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INTRODUCTION

Both today’s medicine and our hope for medicine in the future are dominated
by genetic research and the expectation that the discovery of genes, and the
understanding of their function and regulation, will improve public health
considerably. Many lung diseases are candidates for such benefits.

Although genomic research and gene discovery are progressing swiftly,
the application of this new knowledge to the practice of medicine remains
sparse, spotty, and slow. Meanwhile, for a variety of reasons, the prevalence of
lung diseases has increased and their treatment remains largely palliative.
Many lung diseases are chronic conditions that progress over long periods of
time and often culminate unavoidably in a fatal outcome. Fortunately, there
are many approaches that are available to care quite effectively for these
patients. They include medical and surgical interventions as well as
pharmacological, rehabilitative, and behavioral regimens.

Because this volume presents all of these approaches, and describes how
they can be applied depending on the specific pathology, this is truly a book for
the physician clinician. The editor, Janet Maurer, and the contributors are
themselves individuals who care for patients. The readership will be reminded
of the many options from which the patients can, and will, benefit.
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As the Executive Editor of the Lung Biology in Health and Disease series,
I welcome the opportunity to introduce this volume.

Claude Lenfant, M.D.

Bethesda, Maryland
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PREFACE

In the late 1980s, the emergence of lung transplantation as a therapeutic option
for patients with a variety of end-stage lung diseases focused attention on this
disparate group of suffering but often minimally managed patients. Transplant
teams working with potential lung-transplant candidates discovered that much
could be done to improve the lives of these patients, even though their diseases
were advanced and irreversible. It became clear that certain simple interven-
tions—e.g., pulmonary rehabilitation and oxygen—could greatly improve a
patient’s life. It also became clear that the disparate physiologies of different
end-stage diseases made it necessary to tailor interventions to each specific
disease. Thus this text contains sections on the pathologies and physiologies of
different end-stage processes as well as the state-of-the-art medical manage-
ment of these processes.

The other aspect of managing chronically ill patients that is nearly always
a factor in their function and survival is their social and mental health. It is not
possible to optimally treat a patient with advanced disease without bringing
these issues into focus and addressing them directly; thus the section on quality
of life. Part of this, of course, involves assisting patients and their families in
preparing for a patient’s death and the disruption that this will cause for
everyone.
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An aging population in the setting of high-technology health care means
that an increasing number of patients will live long lives with severe chronic
illness. This text is designed to assist those who care for these patients in
treating their lung disease, their age- and risk-factor-related comorbidities, and
their quality of life.

Janet R. Maurer
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Pathology of Advanced Obstructive Lung Disease

Emphysema, Chronic Bronchitis, Bronchiolitis
Obliterans, and Bronchiectasis

JOSEPH F. TOMASHEFSKI, JR.

Case Western Reserve University School of Medicine

and MetroHealth Medical Center

Cleveland, Ohio, U.S.A.

I. Introduction

Diseases of chronic airflow obstruction (CAO) can be separated into two major
categories: (1) emphysema, a destructive process of lung parenchyma, and (2)
diseases of large and small airways. CAO is one of the most important causes
of chronic respiratory failure and a leading indication for lung transplantation.
In this chapter the pathological anatomy of four major pathways of CAO are
considered: emphysema, chronic bronchitis, bronchiolitis obliterans, and
bronchiectasis. In each condition, morphological features are correlated with
the pathogenesis and physiological parameters of deranged lung function.

II. Emphysema

Pulmonary emphysema is a process in which expansion of distal airspaces is the
result of alveolar septal destruction without obvious fibrosis (1). The
consequence of this slowly evolving remodeling of lung architecture is a
hyperinflated, overly compliant organ having a markedly diminished number
of greatly dilated and simplified gas exchanging units. There are two important
and distinctive anatomical variants of emphysema, suggesting unique
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pathogenetic mechanisms. The two forms are defined by their specific spatial
relationship to the pulmonary acinus—respectively, centriacinar and panacinar
(2). Two minor anatomical variants of emphysema include paraseptal
emphysema (distal acinar emphysema), frequently associated with apical
fibrobullous disease and spontaneous pneumothorax, and paracicatricial
(irregular) emphysema, which accompanies lung parenchymal scars (3). These
minor variants rarely cause chronic respiratory failure.

In order to fully understand the distinctions among the anatomical forms
of emphysema, it is important to conceptualize lung anatomy at the acinar and
lobular level. The pulmonary acinus includes the terminal bronchiole and its
distal divisions (respiratory bronchioles and alveolar ducts) and the alveoli that
they supply (Fig. 1). The secondary lobule is a larger, macroscopically
discernible anatomical unit of lung, composed of approximately three to five
acini, which is incompletely bordered by interlobular septa (Fig. 2) (4). The
secondary lobule is the smallest radiographically defined lung unit and is best
visualized in the anterior subpleural regions, the costophrenic angle, and the
lateral aspect of the lower lobes. By virtue of the anatomical architecture of the
secondary lobule, lesions situated relative to the acinus bear the same
relationship to the lobule. Hence, the terms centriacinar and panacinar
emphysema are respectively synonymous with the nomenclature centrilobular
and panlobular emphysema (5).

In order to adequately evaluate the morphological character of
emphysema as well as to determine its extent and distribution, it is imperative
that the lung be fixed in the expanded state, usually by the intrabronchial
instillation of a preservative such as neutral buffered formalin (6). The type and

Figure 1 Pulmonary acinus. Respiratory bronchiole (rb) communicates with an

alveolar duct (ad). Pulmonary artery branches (arrowheads) accompany airways.
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degree of emphysema are best assessed by macroscopic inspection of lung slices
immersed in water. The simple technique of barium sulfate impregnation can
be applied to enhance the surface topography of the lung parenchyma, making
emphysematous lesions more readily visible (7).

Centriacinar emphysema is the most commonly encountered anatomical
variant and is the type most strongly associated with cigarette smoking (3).
When present in a mild to moderate degree, centriacinar emphysema
preferentially affects the upper lung zones. When severe (i.e., greater than
30% of lung parenchyma involved), emphysematous lesions are more generally
distributed. Macroscopically, centriacinar emphysema appears as discrete
‘‘punched-out’’ holes, often darkly pigmented, surrounded by relatively
normal-appearing parenchyma (Fig. 3). With worsening severity, the
emphysematous areas expand to involve a greater portion of the lobule and
coalesce with adjacent emphysematous lesions, making distinction from
panacinar emphysema difficult (Fig. 4). Histologically, the respiratory
bronchiole and adjacent alveoli are markedly dilated, with loss of alveolar
septa, while lung parenchyma between emphysematous lesions is preserved
(Fig. 5) (8). Short lengths of ‘‘apparently detached’’ septa are a histological
marker of destructive emphysema of all anatomical subtypes (2). The illusion
of free-floating segments of alveolar walls is created when septa are transected
as they traverse enlarged airspaces. Mild fibrosis and alveolar macrophage
accumulation frequently accompany centriacinar emphysematous lesions, and
the supplying terminal bronchiole may be stenotic and inflamed (6,8).

Figure 2 Normal lung. Several secondary lobules are incompletely bordered by

interlobular septa (arrowheads). The visceral pleura is in the left upper corner. Pinpoint

airspaces in the parenchyma are mainly alveolar ducts (v, pulmonary vein). (Barium

sulfate impregnation; scale equals 1 cm.)
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Panacinar emphysema, in contrast, denotes uniform destruction of the
entire acinus and lobule, tends to be more diffusely distributed, and is the
variant of emphysema most common in homozygous alpha1-antitrypsin
deficiency (3,9). Grossly, panacinar emphysema imparts a marked loss of
consistency to the lung parenchyma, which is replaced by uniformly dilated

Figure 3 Moderate centriacinar emphysema with apical bulla (Reid type II). (Barium

sulfate impregnation.)

Figure 4 Confluent centriacinar emphysema. Emphysematous lesions are interspersed

with islands of relatively preserved parenchyma. (Barium sulfate impregnation; scale

equals 0.5 cm.)
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airspaces with enlarged interalveolar fenestrae (Fig. 6) (10). In advanced
emphysema of alpha1-antitrypsin deficiency, the lower lobe tends to be more
severely involved, but all lobes are significantly affected (9). Panacinar
emphysema can also be regional and confined to part of a lobe. Histologically

Figure 5 Centriacinar emphysema. Respiratory bronchiole is destroyed. Note

sclerotic pulmonary artery branches (arrowheads) and apparently detached alveolar

septa.

Figure 6 End-stage panacinar emphysema. Emphysematous airspaces completely

efface secondary lobules. Remnants of interlobular septa (arrowheads) extend from

visceral pleura (p). (Barium sulfate impregnation; scale equals 1 cm.)
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panacinar emphysema exhibits diffuse, extreme loss of alveolar tissue, with
negligible fibrosis. In both panacinar and centriacinar emphysema, alveolar
septal attachments to small airways are reduced (Fig. 7) (11). Panacinar
emphysema is also caused by cigarette smoke; frequently, mixtures of
panacinar and centriacinar emphysema are seen in the same lung, with one
form predominating (12). Morphometric assessment of the internal surface
area (ISA) of the lung and the surface area per unit volume correlates inversely
with the anatomical extent of emphysema, regardless of the histological
subtype (13).

A unique form of panacinar emphysema afflicts intravenous drug abusers
who chronically inject aqueous suspensions of talc-containing pharmaceutical
tablets (14,15). Histologically, numerous brightly birefringent interstitial talc
particles are associated with mild perivascular fibrosis and panacinar
emphysema (15) (Figs. 8 and 9). Individuals with talc-induced emphysema
progress from predominantly restrictive to severe obstructive lung disease, with
increased residual volume, decreased FEV1/FVC ratio, and decreased DLCO

(14). The mechanism by which foreign-body microemboli induce emphysema
may relate to repeated episodes of intracapillary neutrophil sequestration and
release of inflammatory mediators and proteases (16).

The small pulmonary artery branches in severe emphysema usually
exhibit morphological signs of pulmonary hypertension. Vascular remodeling
includes arterial and venous medial muscle hypertrophy and intimal fibrosis,
with longitudinally oriented arterial subintimal smooth muscle cells (Fig. 5)
(17). Smooth muscle is also seen to extend into normally nonmuscularized

Figure 7 Panacinar emphysema. Two membranous bronchioles, nearly devoid of

alveolar septal attachments, reside in emphysematous airspaces. ‘‘Apparently detached’’

septa (arrowheads) are a histological marker of emphysema.
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arteries (17). The cause of these vascular changes is thought to be chronic
hypoxia and sustained vasoconstriction (18). Because of its large reserve, loss
of the pulmonary capillary bed in emphysema makes only a minor contribution
to pulmonary hypertension and right ventricular hypertrophy.

Figure 8 Intravenous drug abuse with diffuse, uniform, fine panacinar emphysema.

(Barium sulfate impregnation; scale equals 0.5 cm.)

Figure 9 Diffusely emphysematous airspaces associated with interstitial perivascular

deposits of birefringent talc particles, accompanied by mild fibrosis (partially polarized

light).
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A. Emphysematous Bullae

A bulla is a ballon-like emphysematous airspace, at least 1 cm in diameter,
usually located in close proximity to the visceral pleura. In contrast, a bleb
represents loculated air that has dissected into the interstitial compartment of
the visceral pleura (19). Reid has defined three morphological types of
emphysematous bullae: a narrow-necked bulla that protrudes above the pleural
surface of the excised lung (type I); a broad-based bulla that extends
superficially into the underlying lung parenchyma (type II) (Fig. 3); and the
giant bulla, which reaches deeply into the underlying lung, replacing a major
portion of the lobe (type III) (Fig. 10) (19). Type III bullae are frequently
associated with respiratory compromise due to compression of adjacent lung
tissue. Bullae may be seen in any of the morphological variants of emphysema.
The term bullous emphysema generically refers to any anatomical subtype of
emphysema in which bullae are prominent.

B. Clinicopathological Correlations

Panacinar and centriacinar emphysema usually cannot be distinguished on the
basis of symptoms, pulmonary function tests or conventional chest x-rays
(20). Physiological parameters of airflow obstruction and increased lung
volumes are seen in both variants. The correlation between lung function tests
and anatomical severity of emphysema is variable and tends to be nonlinear
(20). Using excised lungs, Pratt and colleagues demonstrated marked air
trapping and diminished expiratory flow in symptomatic patients with
panacinar emphysema and, in nonsymptomatic patients, increased total
lung capacity (TLC) with only mildly decreased flow rates and air trapping
(21,22). In lungs with centriacinar emphysema, increasing TLC was observed
with increasing extent of emphysema. Elevated residual volume and decreased
FEV1 were seen in all lungs with more than 30% destruction by centriacinar
emphysema (23).

The radiological diagnosis of emphysema is correlated with increasing
anatomical severity of disease; however, even mild grades of anatomical
emphysema may be detected on chest x-ray (20,24). Although many criteria
have been proposed for the radiological diagnosis of emphysema, the most
consistent abnormalities are depressed and flattened diaphragms and irregular
radiolucencies of lung fields on the posteroanterior roentgenogram, an
abnormal retrosternal airspace, and flattening or even concavity of the
diaphragmatic contour on the lateral roentgenogram (24).

Computed tomography (CT) has been shown to be a useful adjunct in
assessing the presence and severity of emphysema (25). Using high-resolution
CT (HRCT), emphysema can be detected by the presence of areas of
abnormally low attenuation, and centriacinar and panacinar emphysema can
often be discriminated. On HRCT, lesions of centriacinar emphysema are
characterized as multiple small, spotty, or centrilobular lucencies with an upper
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lobe predominance, whereas panacinar emphysema presents as lucent lung
containing small pulmonary vessels with a diffuse or lower lobe accentuation
(26).

C. Pathogenesis

The overriding concept of the pathogenesis of emphysema, which has evolved
from the initial observation by Eriksson of severe emphysema in patients with
congenital deficiency of alpha1-antitrypsin, is that of a protease-antiprotease

Figure 10 Giant bulla (Reid type III) (arrows) which replaces nearly the entire upper

lobe and compresses the lower lobe (L). There is also diffuse panacinar emphysema.

(Barium sulfate impregnation.)
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imbalance, followed by enzymatic degradation of the structural protein elastin
(6,27,28). Cigarette smoke functions in several ways as a mediator of tissue
destruction. Smoking stimulates pulmonary inflammatory cells (neutrophils
and macrophages) to accumulate and activate. Both neutrophil and macro-
phage elastase may be important in the dissolution of lung elastin (29,30).
Respiratory bronchiolitis, the earliest anatomical lesion seen in young cigarette
smokers, channels the centriacinar accumulation of macrophages and sets the
stage for ensuing centriacinar emphysema (31). The morphological degree of
lung parenchymal destruction has been correlated with increased cellularity
(presumably inflammatory cells) in the alveolar walls (32).

Concomitantly, oxidants present in cigarette smoke inhibit the activity of
alpha1-antitrypsin, the most important serum protease inhibitor (33). Recent
observations by Hogg and colleagues further suggest that latent adenoviral
infection predisposes to more frequent and more severe chronic obstructive
pulmonary disease (COPD), possibly explaining the sporadic occurrence of
emphysema in persons with similar smoking histories (34). As alveolar septa
are destroyed, lung elastic recoil is diminished. The reduced number of alveolar
septa tethered to small airways leads to closure of these airways at higher lung
volumes, resulting in air trapping.

III. Chronic Bronchitis

Chronic bronchitis is defined clinically as chronic cough and sputum
production for three successive months in at least two successive years (3).
The causes of chronic bronchitis are many, including industrial irritants and
fumes, repeated infections, and—most importantly—tobacco smoke. Chronic
bronchitis frequently accompanies and contributes to airflow obstruction due
to emphysema; however, chronic bronchitis is rarely a sole cause of end-stage
CAO (20,35).

The morphological hallmark of chronic bronchitis is a thickened
bronchial wall due to mural edema, chronic inflammation, and mucous gland
hyperplasia (Figs. 11 and 12) (3,36). The inflammatory cell population in the
central airways of cigarette smokers consists largely of macrophages and T
lymphocytes (mainly CD8þ lymphocytes), which infiltrate the submucosa and
bronchial glands (37,38). The number of CD8þT cells has been shown to
correlate with the degree of airflow limitation (37,38).

Enlargement of the submucosal mucous glands includes an increase of
mucus-secreting acini with an elevated proportion of mucous to serous cells.
Mucous gland hyperplasia is morphologically assessed using the gland-to-wall
ratio (Reid index), which is calculated by dividing the thickness of the
glandular layer by the distance between the bronchial perichondrium and the
mucosal basement membrane in a well-oriented bronchial cross section (39). In
general, a Reid Index greater than 0.5 is associated with chronic bronchitis (3).
The surface epithelial changes seen in chronic bronchitis include squamous
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metaplasia and goblet cell hyperplasia, although mucus secretion from surface
goblet cells is a minor contribution to overall mucus production. In contrast to
bronchial asthma, the smooth muscle layer of the bronchial wall tends to be
less hypertrophic in chronic bronchitis (40). Mucous stasis and luminal

Figure 11 Chronic bronchitis. Bronchial cross sections (arrows) demonstrate severe

mural thickening and luminal narrowing. Adjacent lung parenchyma is involved by fine

panacinar emphysema. (A, pulmonary artery.) (Barium sulfate impregnation; scale

equals 0.5 cm.)

Figure 12 Chronic bronchitis. Mucous gland layer (G) is markedly hypertrophied

(Reid index, 0.8). (C, cartilage; L, lumen; M, smooth muscle.)
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narrowing due to a thickened airway wall each potentially contribute to airflow
obstruction.

A. Changes in Small Airways

A constant finding in the lungs of patients with chronic bronchitis is
inflammation and structural remodeling of small airways (less than 2mm in
diameter). The histological features in the small airways include chronic
inflammation, fibrosis, smooth muscle hyperplasia, squamous metaplasia,
goblet cell hyperplasia, mucous stasis, and luminal narrowing (41). In patients
with emphysema, inflammation of small airways is most common in
centriacinar emphysema; it tends to be less intense in panacinar emphysema,
including that associated with alpha1-antitrypsin deficiency (9,29). Compared
to nonsmokers, smokers with or without chronic bronchitis exhibit increased
goblet cells and inflammatory cells, including neutrophils, macrophages, and
CD8þT lymphocytes in their peripheral airways (42,43). Most likely, small
airways disease is not directly caused by chronic bronchitis or emphysema but
is due to a common initiating insult, such as cigarette smoke.

Hogg and colleagues have identified the small airways as the most
important site of increased airflow resistance in patients with CAO. They found
that airways less than 3mm in internal diameter contribute approximately 80%
of the total lung resistance in patients with emphysema (44). Smokers have
fewer alveolar attachments to the bronchiolar perimeter than do nonsmokers
(11,45). A correlation between the number of alveolar attachments and a
decline in FEV1 has also been shown, but the relative contribution to airway
resistance caused by inflammation and fibrosis versus the loss of airway
stability and early collapse due to decreased alveolar tethering is uncertain (11).

IV. Bronchiolitis Obliterans

Another important disease of small airways which is both an indication for
lung transplantation and a complication of it, is bronchiolitis obliterans
(46,47). Bronchiolitis obliterans occurs as a result of an inflammatory process
in which the lumens of respiratory and membranous bronchioles are narrowed
or completely obstructed by fibrous tissue. Clinically, patients exhibit dyspnea
and often severe obstructive physiology. The radiographic features include
nodular densities, alveolar opacities, and hyperinflation. The long-term
complications of bronchiolitis obliterans are those attributable to unilateral
hypertransradiency (McLeod’s syndrome), atelectasis, or bronchiectasis
(48,49). Most cases of bronchiolitis obliterans are idiopathic; however, a large
number of specific entities either directly cause bronchiolitis obliterans or are
associated with it (Table 1).

Histologically, bronchiolitis obliterans represents the severe end of the
spectrum of bronchiolar inflammation and is preceded by acute bronchiolitis,
followed by chronic mural inflammation and mucosal ulceration (50,51). Two
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distinctive histological forms of bronchiolitis obliterans are recognized:
proliferative (polypoidal) and constrictive (47). Both variants may be
associated with the same underlying causes (Table 1).

A. Proliferative Bronchiolitis Obliterans

Proliferative bronchiolitis obliterans is characterized by polyps of fibromyxoid
tissue that occlude terminal and respiratory bronchioles and frequently extend
into alveolar ducts. Associated chronic bronchiolar and peribronchiolar
inflammation, intra-alveolar foamy (lipid-laden) macrophages, and varying
degrees of organizing pneumonia complete the histological picture (Fig. 13).
When organizing pneumonia is prominent, the process is designated as
bronchiolitis obliterans organizing pneumonia (BOOP) or cryptogenic
organizing pneumonia (52,53). BOOP may have the same underlying causes
as proliferative bronchiolitis in general, although it usually presents as
restrictive lung disease and radiographically exhibits peripheral alveolar
infiltrates. In contrast to other forms of bronchiolitis obliterans or usual
interstitial pneumonia, BOOP tends to be responsive to corticosteroids.
However, when interstitial fibrosis is also prominent or diffusely present, the
clinical course of BOOP evolves more rapidly and is likely to progress toward
end-stage respiratory failure (Fig. 14) (54,55).

The histological features of proliferative bronchiolitis are fairly stereo-
typic; however, subtle features may indicate specific etiologies. Small

Table 1 Causes of Constrictive and Proliferative Bronchiolitis Obliterans

Constrictive or proliferative Primarily constrictive

Viral and mycoplasmal infections Inflammatory bowel disease

Organ transplantation Mineral dust

Rheumatoid arthritis Asthma, chronic bronchitis

Toxic fumes Sauropus androgynus

Diffuse alveolar damage Diffuse panbronchiolitis

Extrinsic allergic alveolitis Cryptogenic constrictive bronchiolitis

obliteransCystic fibrosis

Drug reactions

Idiopathic

Primarily proliferative

Bacterial and fungal infections

Aspiration

Postobstruction

Eosinophilic pneumonia

Idiopathic BOOPa

a Bronchiolitis obliterans organizing pneumonia.

Source: Ref. 47.
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epithelioid granulomas and nonspecific interstitial pneumonia suggest hyper-
sensitivity pneumonitis, whereas food particles, including birefringent cellulose
fibers, entrapped in the organizing luminal fibrous tissue indicate chronic

Figure 13 Proliferative bronchiolitis obliterans. Lumen of terminal bronchiole

(arrowheads) is occluded by polypoid tuft of organizing fibroblastic tissue. There is

chronic peribronchiolar inflammation.

Figure 14 Bronchiolitis obliterans organizing pneumonia (BOOP), aggressive variant.

Tongues of fibroblastic tissue [Masson bodies (M)] occlude alveolar ducts. The

intervening lung parenchyma is fibrotic and chronically inflamed.
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aspiration. Bronchiolitis obliterans with chronic eosinophilic pneumonia has
been associated with rheumatoid arthritis (56,57). As proliferative bronchiolitis
matures, the bronchiole is effaced by scar tissue. The localization of the scar
adjacent to a muscular pulmonary artery or the demonstration of bronchiolar
elastic fibers or smooth muscle by elastic tissue stains are useful morphological
features indicative of end-stage bronchiolitis obliterans (Figs. 15 and 16)
(47,51).

B. Constrictive Bronchiolitis

Constrictive bronchiolitis is characterized by concentric or eccentric mural or
peribronchiolar fibrous tissue producing a rigid bronchiole with a narrow
lumen (Fig. 16) (47). Constrictive bronchiolitis is probably synonymous with
other clinically similar entities such as adult bronchiolitis, small airways disease,
and cryptogenic obliterative bronchiolitis (58–60). In constrictive bronchiolitis,
the presenting symptom is cough followed by dyspnea. Chest x-ray usually
shows hyperinflation. Pulmonary function tests are consistent with severe
airflow obstruction. A minority of patients appear to respond to steroid
therapy.

The major causes of constrictive bronchiolitis are indicated in Table 1.
Constrictive bronchiolitis in the setting of collagen vascular disease is usually
associated with rheumatoid arthritis. Penicillamine therapy is an important
cause of drug-induced bronchiolitis obliterans, which may confound the
presentation of rheumatoid lung diseases. A recent epidemic of constrictive

Figure 15 Juxta-arterial scar (arrowhead) consistent with completely obliterated

bronchiole (lung transplant bronchiolitis obliterans). A, muscular pulmonary artery.
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bronchiolitis in Taiwan has been linked to ingestion of an extract from the
plant Sauropus androgynus for the purpose of weight reduction (61). Idiopathic
constrictive bronchiolitis obliterans is a rare cause of slowly progressive CAO,
occurring mainly in female nonsmokers who have no other known cause of
bronchiolitis. Histopathologically, very subtle inflammatory features are seen,
primarily in membranous bronchioles (60). As designated in Table 1, there is
significant overlap in the causes of both proliferative and constrictive
bronchiolitis obliterans, suggesting that some cases of constrictive bronchiolitis
may represent the chronic, fibrotic phase of proliferative bronchiolitis
obliterans.

Another important variant of constrictive bronchiolitis is diffuse
panbronchiolitis, which is mainly characterized as a form of sinopulmonary
disease among East Asian people (62). There have been a few reports, however,
of North Americans of Asian or non-Asian descent who have acquired diffuse
panbronchiolitis (63,64). Clinically the disease resembles cystic fibrosis, as
patients develop chronic cough, sputum production, and dyspnea on exertion.
Chest x-rays typically show small nodular shadows with hyperinflation. The
progression of the disease is toward worsening bronchiectasis. Histologically,
diffuse panbronchiolitis causes mural thickening of respiratory bronchioles
with infiltration by lymphocytes, plasma cells, and histiocytes; intraluminal
neutrophils; and localization of foamy macrophages within the bronchiolar
wall (63).

Regardless of the underlying cause, constrictive bronchiolitis ranges
histologically from chronic inflammation with mild scarring to complete

Figure 16 Constrictive bronchiolitis obliterans, idiopathic. There is eccentric

submucosal fibrosis with luminal (L) narrowing and distortion. Remnant elastic lamina

designates boundary of original bronchiolar lumen. (Movat pentachrome stain.)
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obliteration of the bronchiolar lumen. The early lesion is usually a cellular
inflammatory infiltrate, mainly of lymphocytes in the mucosa, bronchiolar
wall, and peribronchiolar connective tissue. Intraluminal neutrophils and
mucosal necrosis may also be seen. Submucosal fibrosis narrows the
bronchiolar lumen either eccentrically or concentrically (Fig. 16). Bronchiolar
narrowing tends to be variably located within the lung. Histological
identification of bronchiolitis obliterans may require multiple samples with
serial sections.

C. Transplant Bronchiolitis Obliterans

Bronchiolitis obliterans is also a major complication of lung transplantation
and an important cause of transplant failure (47). Patients present with
dyspnea and progressive obstruction. The pathogenesis of transplant
bronchiolitis obliterans is thought to represent chronic rejection.

The pathology of lung transplant–associated bronchiolitis obliterans is
primarily that of constrictive bronchiolitis (Fig. 15). The distribution is patchy
but extensive (65). In the early stages, the histological features include cellular
lymphocytic bronchiolitis with ulceration and intraluminal and submucosal
granulation tissue. As the connective tissue matures, the process takes on the
appearance of constrictive bronchiolitis. Associated histological features
include postobstructive cholesterol pneumonia, peribronchiolar fibrosis, and
perivascular lymphocytic infiltrates of acute rejection (47,65,66). Bronchiectasis
with mucous stasis develops in some patients (66,67).

Physiologically, posttransplant bronchiolitis obliterans initially contri-
butes to a reduction in FEF25–75% with preservation of the FEV1/FVC ratio.
As obstruction worsens, FEV1 and FVC decline while RV increases due to air
trapping. TLC may be slightly reduced due to decreased chest wall compliance
related to the transplant procedure and/or mild interstitial pulmonary fibrosis,
which is frequently seen in transplanted lungs (47,66).

V. Bronchiectasis

Bronchiectasis, simply defined, is dilatation of bronchi. Included in this broad
definition are conditions such as traction bronchiectasis secondary to
parenchymal scarring; airway dilatation accompanying atelectasis or paren-
chymal loss, as in emphysema; or transient airway dilatation associated with
pneumonic consolidation. A more selective definition of bronchiectasis is that
of fixed airway dilatation associated with inflammation and destruction of
bronchial mural components. In this section bronchiectasis refers to this latter
entity (68,69).

Bronchiectasis can be further categorized as localized or diffuse.
Localized bronchiectasis due to endobronchial obstruction is most commonly
the result of a neoplasm but may also evolve from events such as aspirated
foreign body, extrinsic compression due to enlarged lymph nodes (e.g., right
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middle-lobe syndrome), or erosion and obstruction by a calcified lymph node
(broncholith). Localized bronchiectasis may also have an infectious etiology,
most important of which is pulmonary tuberculosis. Localized bronchiectasis is
usually treated by surgical resection or elimination of the cause of bronchial
obstruction.

Bronchiectasis that is most likely to be associated with end-stage
respiratory failure possibly necessitating lung transplantation is nonobstructive
diffuse or multifocal bronchiectasis (Table 2). The usual identified cause of this
type of bronchiectasis is chronic or recurrent infection. Frequently, an
underlying congenital or acquired condition will play a role by predisposing
the airways to repeated infectious insults (Table 2). In approximately 50% of
cases of bronchiectasis, however, a specific inciting factor is not identified—i.e.,
‘‘idiopathic bronchiectasis’’ (70). In these patients, childhood respiratory
infections, especially those likely to have produced bronchiolitis obliterans, are
often presumed to have initiated the process of bronchiectasis (49,70).
Congenital syndromes, such as cystic fibrosis or primary ciliary dyskinesia,
by impeding bronchial clearance, promote endobronchial infection, leading to
a recurrent cycle of repeated infection and escalating bronchial injury that
culminates in bronchiectasis (71). Congenital bronchiectasis (Williams-Camp-
bell syndrome), on the other hand, refers to isolated bronchiectasis, present
from birth, which is usually due to a deficiency or abnormality of bronchial
cartilage (72).

Patients with bronchiectasis typically present clinically with cough,
purulent sputum production, wheezing, recurrent pneumonia, and hemoptysis
(69). Frequently purulent sinusitis accompanies bronchiectasis and may

Table 2 Major Causes and/or Predisposing Conditions of Diffuse/Multifocal

Bronchiectasis

Chronic infections

Tuberculosis and nontuberculous mycobacterial infections

Respiratory infections of childhood (presumed cause of idiopathic bronchiectasis)

Bacterial (pertussis)

Viral (adenovirus, respiratory syncytial virus, measles virus)

Hypogammaglobulinemia

Primary ciliary dyskinesia (immotile cilia syndrome, Kartagener’s syndrome)

Cystic fibrosis

Young’s syndrome

Alpha1-antitrypsin deficiency (rare)

Allergic bronchopulmonary aspergillosis

Rheumatoid arthritis (rarely other collagen vascular diseases)

Ulcerative colitis

Congenital bronchiectasis (Williams-Campbell syndrome)
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contribute to its development. The symptoms of bronchiectasis are readily
explained by the pathological anatomical features.

The usual gross appearance of bronchiectasis is that of abnormally
dilated airways, which extend almost to the visceral pleura. Reid defined three
patterns of bronchiectasis based on their bronchographic appearance:
cylindrical, saccular, and varicose (68). In cylindrical bronchiectasis, dilated
bronchi form tube-like structures of uniform caliber. Varicose bronchiectasis
appears as intermittent constriction and dilatation of the bronchial lumen. By
far the most common pattern seen grossly is that of saccular bronchiectasis,
wherein bronchi exhibit progressive dilatation from hilum to periphery (Figs.
17 and 18). With increasing severity of bronchiectasis, there is more
pronounced simplification of the arborizing airway pattern, with loss of
branch points (73). In the most advanced form—i.e., cystic bronchiectasis—
lung tissue is replaced by contiguous, thin-walled cysts.

The distribution of bronchiectasis correlates incompletely with its
underlying cause. For example, in cystic fibrosis, upper-lobe bronchiectasis
may predominate, although all lung zones tend to be affected (74).
Bronchiectasis due to allergic bronchopulmonary aspergillosis also predomi-
nates in the upper lobes, where classically it exhibits central rather than
peripheral airway dilatation. In general, in idiopathic bronchiectasis, the lower
lobes are more heavily involved.

Just as the macroscopic features of bronchiectasis are stereotypic, the
microscopic anatomy tends to be relatively nonspecific and does not indicate
the underlying cause. The bronchial wall is fibrotic and atrophic with loss of
component structures such as smooth muscle, glands, and cartilage (Fig. 19)
(73,75). A variable degree of chronic inflammation, mainly lymphocytes and
plasma cells, infiltrates the bronchial wall and surrounding tissue. Lymphoid
hyperplasia is prominent in follicular bronchiectasis, which may be the result of
an underlying autoimmune or viral etiology (76). Ectatic airway branches
become apposed as the intervening parenchyma is destroyed by chronic
pneumonia and fibrosis (Fig. 19).

The bronchial mucosa may retain its ciliated, pseudostratified configura-
tion, albeit distorted by irregular folds or pseudopapillary projections, or the
mucosa may be replaced by metaplastic squamous epithelium. Mucosal
inflammation is constant, often associated with epithelial erosion or frank
ulceration, in which vascularized granulation tissue becomes a locus of left-to-
right shunting and a source of hemoptysis. The bronchial lumen frequently
contains mucopurulent exudate (Fig. 19). In cystic fibrosis, luminal secretions,
which are extraordinarily viscid, fill and further distend the bronchial lumen. In
allergic bronchopulmonary aspergillosis, on the other hand, the exudate is
granular, with degenerated eosinophils and Charcot-Leyden crystals. The
cavernous interior of bronchiectatic airways is suitable for fungal colonization,
sometimes leading to mycetoma formation.

A striking and constant feature of bronchiectasis is hypertrophy of
bronchial arteries (Fig. 20). An increased number of bronchial artery profiles,
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many having bizarre patterns of muscular hypertrophy, extend through the
bronchial wall into submucosal positions. Erosion of the exposed artery by an
overlying ulcer is a cause of massive, life-threatening hemoptysis. Pulmonary
artery branches also exhibit medial hypertrophy and intimal fibrosis, which
may correlate with pulmonary hypertension.

The morphological features of bronchiectasis are consistent with
concepts of pathogenesis. Sustained inflammation, accompanied by proteolysis
and inflammatory mediators, destroys and weakens the bronchial wall, which
becomes increasingly distended by traction from adjacent scarred or collapsed

Figure 17 Normal bronchial tree of right lung dissected free of lung parenchyma.

Bronchial caliber is tapered from hilum to periphery. Middle-lobe bronchi extend

diagonally to the left.
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parenchyma. The accumulation of luminal exudate provides an additional
internal distending force. Sustained inflammation and structural remodeling
ultimately lead to blind-ended conduits incapable of supporting ventilation.

A. Cystic Fibrosis

End-stage cystic fibrosis (CF)–associated lung disease is an important cause of
respiratory failure due to bronchiectasis. In general, the pathology of
bronchiectasis in CF conforms to the descriptions of bronchiectasis elaborated
above. Massive dilation of bronchiectatic airways (i.e., cystic bronchiectasis) is

Figure 18 Saccular bronchiectasis from a patient with cystic fibrosis. Thick-walled

bronchi project peripherally as dilated, blind-ended pouches. Middle-lobe bronchi

course diagonally to the right.

Advanced Obstructive Lung Disease: Pathology 21



recognized as thin-walled cysts on chest x-ray. Rupture of peripheral
bronchiectatic cysts represents a cause of spontaneous pneumothorax in CF
patients (77). Other salient features of CF-associated lung disease include
marked chronic bronchitis with variable hyperplasia or atrophy of bronchial

Figure 19 Bronchiectasis, cystic fibrosis. Dilated airways, with atrophic, fibrotic

walls, contain mucopurulent exudate.

Figure 20 Cystic fibrosis, central airway. A large, thick-walled bronchial artery (A)

approaches the denuded mucosal surface. There is chronic inflammation and adjacent

mucous gland (G) hyperplasia. L, bronchial lumen.
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glands. Atrophic acini and ductules contain dense, waxy, inspissated
eosinophilic secretion (Fig. 21) (71). Chronic endobronchial infection in CF,
frequently by mucoid strains of Pseudomonas aeruginosa, leads to massive
accumulation of mucopurulent exudate within bronchial lumens (Fig. 19).
Small airways show typical features of purulent bronchiolitis and chronic
constrictive bronchiolitis obliterans (71). Recurrent acute and chronic
organizing bronchopneumonia leads to peribronchial scar formation. The
pathological features of pneumonia due to Burkholderia cepacia resembles
those attributable to P. aeruginosa. B. cepacia may also be associated with a
rapidly progressive clinical course due to severe necrotizing pneumonia (78).
Emphysema is usually minimal in CF, affecting less than 10% of the
parenchymal lung tissue (74,79,80).
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I. Introduction

The pathology of advanced interstitial lung disease usually consists of extensive
fibrosis, which leads to bilateral honeycomb changes within the lung. Multiple
diseases can cause similar honeycomb pathology and a specific etiological
diagnosis usually requires correlation of the pathological features with
radiological and clinical findings. However, some diseases have characteristic
morphological features that will help in defining the etiology in these end-stage
lungs. The following discussion highlights the characteristic gross and
microscopic features of the advanced pathology of pulmonary fibrosis,
sarcoidosis, pulmonary histiocytosis X, autoimmune pulmonary disease, and
lymphangioleiomyomatosis.

II. Pulmonary Fibrosis

Pulmonary fibrosis or scarring is the end stage of a number of diseases that
affect the lung. These diseases include systemic diseases such as connective
tissue disease, pulmonary disease secondary to occupational exposures, and
pulmonary infections. However, most pulmonary fibrosis is idiopathic (1).
Pulmonary fibrosis is most common in middle-aged men and women and, in its
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chronic stage, presents with similar clinical characteristics, including dyspnea,
cough, restrictive physiology, and chest imaging studies that show disease
predominantly in the lower lobes. Though early imaging studies may show a
ground-glass appearance, these findings are followed by reticulonodular
infiltrates, coarse linear shadows, and, finally, small lungs with honeycomb
changes (2).

A. Macroscopic Features of Advanced Pulmonary Fibrosis

The gross features of lungs from patients with end-stage pulmonary fibrosis are
firm and stiff with dense white fibrous tissue diffusely involving the pulmonary
parenchyma, resulting in a weight of two to three times that of a normal lung.
The scarring of the pulmonary parenchyma begins in the periphery and
advances to eventually involve the majority of the lung. As the fibrosis
advances, the obstruction of small airways leads to a remodeling of these
peripheral airspaces into cystically dilated spaces of honeycombing (Fig. 1).
This honeycombing and the irregular scarring of the underlying lung
parenchyma leads to the characteristic nodular appearance of the pleural
surface (Fig. 2). These gross features appear more marked in the lower lobes
though this may be the result of the greater volume of the lower lobes (1).

B. Histopathology of Advanced Pulmonary Fibrosis

Multiple patterns of tissue injury give rise to pulmonary fibrosis (3) through a
sequence of cellular events consisting of inflammation, tissue destruction, and
remodeling (4). This sequence is most commonly seen in the setting of the
idiopathic interstitial pneumonias, including usual interstitial pneumonia
(UIP), nonspecific interstitial pneumonia/fibrosis (NSIP), and diffuse alveolar
damage (DAD). In UIP, this sequence begins at different foci and different
times, producing a pattern of fibrosis of varying ages throughout the lung (Fig.
3). The progression from inflammation to fibrosis includes interstitial widening
and epithelial injury due to a mixed inflammatory infiltrate, followed by
epithelial sloughing, fibroblastic infiltration, and organizing fibrosis (5).
Deposition of collagen by these fibroblasts occurs in the latter stages of
repair; therefore the histopathological picture of UIP is a continuum of
inflammation at the peripheral edge of ongoing injury to irreversible, dense
collagen within the older, inactive areas of the lesion. The presence of the
abundant collagen produces stiff lungs that are unable to clear the airway
secretions, leading to recurrent inflammation of the bronchiolar epithelium
with eventual fibrosis and breakdown of the airway structure. This remodeling
produces mucus-filled ectatic spaces giving rise to the honeycomb spaces of the
advanced pathology (Fig. 4) and may produce a hyperplasia of smooth muscle
around the alveolar ducts and respiratory bronchioles (Fig. 5). Because it
occurs predominantly in the periphery of the lung, involving the subpleura and
interlobular septa, the gross picture is one of more advanced peripheral disease.
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In NSIP and DAD, the injury to the tissue occurs at the same time,
producing a pattern of inflammation and fibrosis that is similar in age
throughout the affected areas of the lung (6). In NSIP, this injury consists of a
widening of the interstitium with chronic, inflammatory cells and varying
amounts of collagen deposition which determines the grade (1–3) of the lesion,
with grade 3 containing the most collagen (Fig. 6). Recent studies show that
73% of these lungs can go on to form honeycomb changes that arise out of a
diffuse pattern of interstitial collagen deposition (7).

In those lungs involved by DAD, the organizing and irreversible fibrosis
occurs within both the alveolar space and the interstitium and may also result
from collapse of alveolar walls (8). The histopathological picture is one of
thickened alveolar septa, intra-alveolar granulation tissue, microcyst forma-
tion, and areas of irregular alveolar scarring (Fig. 7). These microcysts may
progress to large cysts, an adult equivalent of bronchopulmonary dysplasia;
however, this is rare (8).

III. Sarcoidosis

Sarcoidosis is a systemic disease that involves the lung in over 90% of the cases
(9). It most commonly presents in the 20- to 40-year age group; a female
involvement predominates, and, in the United States, African Americans are
more commonly affected than Caucasians (10). The clinical presentation of
pulmonary sarcoidosis is quite variable and 30 to 60% of the patients are
asymptomatic (11). The most common symptoms are cough and dyspnea with
restrictive pulmonary function tests (12). Chest imaging studies are abnormal
in over 90% of patients with sarcoidosis, and the most common finding is
bilateral hilar lymph node enlargement. Within the lung parenchyma, reticular,
reticulonodular, and focal alveolar opacities are most characteristic (13). In
long-standing sarcoidosis, cysts, large bullae, cystic bronchiectasis, or enlarged
pulmonary arteries secondary to pulmonary hypertension may be seen (13,14).

A. Macroscopic Features of Advanced Sarcoidosis

The gross appearance of the lungs in early sarcoidosis is a network of fine
nodules following the lymphatics in the subpleura, down the interlobular septa,
and around the bronchovascular bundle (Fig. 8a). As this pathology advances,
nodules of fibrosis and irregular fibrous scars can be seen and honeycombing
may appear, especially in the upper lobes. Involvement of bronchi and
bronchioles by these granulomas can produce fibrotic narrowing and
occlusion; upper-lobe bronchiectasis (Fig. 9) of either the saccular or
cylindrical types is seen (15). Cicatricial emphysema may develop in the area
of scarring, adding to the destruction of the adjacent lung parenchyma, and
bulla may form and rupture, resulting in spontaneous pneumothoraces that
can be seen in patients with end-stage sarcoidosis (16). In patients with cystic
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end-stage sarcoidosis, aspergillomas can be seen (Fig. 10) and may cause major
or massive hemoptysis (17).

B. Histopathology of Advanced Sarcoidosis

Epithelioid granulomas, predominantly nonnecrotizing, are the characteristic
feature of this disease. They consist of activated macrophages with scattered
giant cells, usually the Langhans’ type, with peripherally arranged nuclei, and a
rim of lymphocytes. The granulomas may have early central necrosis but not
the significant necrosis found in infectious granulomas. A variety of inclusions
including Schaumann and asteroid bodies may be seen. These are not specific

Figure 1 Sagittal section of lung with advanced idiopathic pulmonary fibrosis.

Honeycomb changes are present in the basilar peripheral zones, as is typical (a).

Honeycomb changes consist of ectatic airspaces with mucous plugging (b).
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to sarcoidosis but can be found in a number of granulomatous diseases (18).
The distribution of the granulomas in sarcoidosis tends to occur in the upper
two-thirds of the lung and follows the lines of the pulmonary lymphatics (19)—
in the subpleura, around the bronchovascular bundle, and within the
interlobular septa (Figure 8b). Granulomas involving the mucosa and
submucosa of larger airways may be seen by the bronchoscopist as small
white nodules. In nodular sarcoidosis, the granulomas become confluent and
present as nodular masses within the lung that may measure up to 5 cm in
diameter (20). In active, early sarcoidosis, there can be an accompanying
interstitial pneumonitis; however, this is not a usual feature of the pathology
and if present, will decrease with chronicity (21). The pulmonary blood vessels
are often involved by granulomas, given their distribution along the lymphatic

Figure 1 Continued
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Figure 2 Pleural surface of lungs with advanced idiopathic pulmonary fibrosis. The

nodular surface is typical of these lungs and is similar to that seen in cirrhotic livers.

Figure 3 Open lung biopsy showing variable areas of inflammation, fibrosis and

honeycomb change adjacent to areas of normal lung typical of UIP (68).
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Figure 5 Smooth muscle hyperplasia seen in association with honeycomb changes

(616).

Figure 4 Honeycomb change in UIP with enlarged airspaces with mucous pooling

and intervening dense fibrosis (616).
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routes (22). This granulomatous vasculitis may involve either the pulmonary
arteries or veins and is characterized by granulomas within the vessel wall that
may narrow or obliterate the lumina (Fig. 11) (23).

Chronic pulmonary sarcoidosis is characterized by scarring and fibrosis,
with increased fibroblasts and deposition of type 1 collagen in the distribution
of the granulomas along the lymphatics. This fibrosis involves the interstitium,
causing alveolar wall collapse, and produces large air-filled spaces with a
honeycombing appearance, predominantly in the upper lobes. In end-stage
sarcoidosis, granulomas may be difficult to find, with only the lymphatic
distribution of the fibrosis helpful for making the pathological diagnosis (Fig.
12). This fibrosis has a hyalinized and lamellar character and may contain giant
cells and Schaumann bodies as the only remnant of the previous granuloma-
tous inflammation (Fig. 13). Pulmonary vascular scarring secondary to
granulomatous involvement is commonly seen (24); however, secondary
pulmonary hypertension is unusual (25).

IV. Pulmonary Histiocytosis X (Eosinophilic Granuloma,
Langerhans Cell Granulomatosis of the Lung)

Pulmonary histiocytosis X is one of three systemic diseases that are
characterized by an abnormal proliferation of Langerhans cells. The clinical
spectrum of diseases includes localized lesions, usually in bones or lungs, and

Figure 6 Nonspecific interstitial pneumonia/fibrosis, grade 3, with diffuse interstitial

fibrosis (616).
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disseminated disease with a clinically aggressive course. (26–28). Pulmonary
histiocytosis X, unlike the other two systemic diseases, involves the lungs
exclusively. It is found most commonly in young adults between their third and
fourth decades (29), who present with cough, dyspnea, chest pain, and
spontaneous pneumothorax (30). No gender predominance or occupational
risk is seen; however, more than 95% of the patients are active or former
smokers (27). The role of cigarette smoking in the pathogenesis of pulmonary
histiocytosis X is not understood (31,32). Chest x-rays are usually abnormal in
symptomatic patients (33) but may be nonspecific. The characteristic image
reveals a bilateral reticulonodular infiltrate in the middle and upper lung zones
with sparing of the costophrenic angles (34).

A. Macroscopic Features of Advanced Histiocytosis X

The gross features of pulmonary histiocytosis X vary with age and severity of
disease. Early lesions consist of nodules up to 1 cm in diameter and may, on
rare occasions, contain cavitation (28). These lesions are usually surrounded by
emphysematous change and have a firm white stellate appearance (Fig. 14). As
the disease progresses to more severe and, finally, end-stage pulmonary
histiocytosis X, the lung develops extensive scarring and cyst formation (Fig.
15), producing the pneumothoraces that can be seen in this disease (28,33).

B. Histopathology of Advanced Pulmonary Histiocytosis X

To understand the pathological features of advanced pulmonary histiocytosis
X, it is important to understand the progression of the disease from its early
cellular form through its proliferative phase, where the pattern of fibrosis of its
healed phase is established. Early active lesions are bronchiolocentric and
composed predominantly of Langerhans cells along with scattered eosinophils,
lymphocytes, plasma cells, and polymorphonuclear leukocytes (Fig. 16).
Though identifiable by routine light microscopy, Langerhans cells are more
readily seen using special techniques such as immunohistochemical studies for
S-100 protein or CD1a (35–37) and by ultrastructural analysis, where the
Langerhans cells of histiocytosis X contain distinct cytoplasmic racquet-shaped
granules referred to as Birbeck granules (Fig. 17) (38).

As the lesions progress, the Langerhans histiocytes proliferate and spread
to adjacent alveolar walls and vessels, while the numbers of eosinophils,
lymphocytes and plasma cells increase. This extension into the lung
interstitium produces a star-shaped appearance from low power (Fig. 18).
The underlying bronchiole becomes obliterated by the inflammatory infiltrate
and a desquamative interstitial pneumonitis reaction can be seen in adjacent
alveolar spaces (39). Organizing or intraluminal fibrosis may be seen in
adjacent alveoli and early interstitial fibrosis begins in the peribronchiolar area.
This proliferating phase progresses to a fibrotic phase, where the lesions are
characteristically acellular with collagen deposition in the areas of the infiltrate,
causing obliteration and scarring of bronchioles, vessels, and adjacent alveolar
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walls in a stellate pattern (Fig. 15b). With these lesions, it may be difficult to
diagnosis pulmonary histiocytosis X, given the lack of Langerhans cells
present. The pathologist may need to search multiple tissue sections to find
active lesions and depend on clinical information to support less definitive
findings. Unlike UIP, which has large, irregular patches of scarring with
intervening interstitial inflammation, the fibrosis that results from pulmonary
histiocytosis X produces a symmetrical, discrete, focal scarring with minimal
inflammation in the adjacent alveoli.

Figure 7 Autopsy lung with advanced diffuse alveolar damage with dense

consolidation and microcyst formation (a). Thickened alveolar septa which give rise

to microcyst formation in organizing DAD (b) (640).
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Though most patients recover from pulmonary histiocytosis X,
approximately 10% develop progressive pulmonary disease that results in
end-stage fibrosis (28,40). In this advanced form of the disease, the
bronchiolar-based scarring becomes confluent causing significant distortion
of the normal pulmonary architecture giving rise to thin-walled cysts, a scarred
and nodular pleural surface, and irreversible fibrosis and honeycomb lung
indistinguishable from UIP (27). In addition, pulmonary hypertension is
commonly seen, with one series reporting a greater than 90% incidence in
patients who came to transplantation (41). This hypertension may be the result
of the vascular medial thickening that can be found in advanced pulmonary
histiocytosis X. It may represent a sequela of a vasculitis secondary to the
inflammation from the adjacent bronchocentric nodule (27).

V. Autoimmune Pulmonary Disease

Autoimmune diseases are among the most common of the systemic diseases
that involve the lung (42). These represent a heterogenous group of diseases,
the most common of which include systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), progressive systemic sclerosis (PSS), Sjörgren’s
disease, mixed connective tissue disease (MCT), and dermatomyositis-
polymyositis (DPM). These clinical manifestations vary depending on the

Figure 7 Continued
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disease. However, the common feature that links this group is the
immunologically mediated inflammatory changes within the connective tissues
of the body (43), including the musculoskeletal and vascular system. Within the
lung, this may include the lung parenchyma, tracheobronchial tree, pulmonary
vasculature, pleura, and respiratory muscles (42).

Patients with autoimmune diseases involving the lung usually present
with a myriad of pulmonary symptoms (44). Common symptoms include
shortness of breath, pleuritic chest pain, and restrictive physiology with
imaging studies, including interstitial and alveolar infiltrates, pleural effusions,

Figure 8 Apex of lung with fibrosis from sarcoid, with predominant fibrosis in

subpleura (arrow) and around the bronchovascular bundles (arrowhead) (a). The

distribution of the granulomas in sarcoidosis following the pulmonary lymphatics—in

the subpleura, interlobular septa and around the bronchovascular bundle (b) (68).
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and, occasionally, nodules or mass-like lesions (45). As the pulmonary
involvement progresses, the symptoms and imaging studies of many these
patients resemble clinically those of patients with advanced pulmonary fibrosis
with severe dyspnea and features of honeycomb changes (42).

A. Histopathology of Advanced Autoimmune Pulmonary Disease

The pulmonary pathology of autoimmune pulmonary disease includes a
variety of patterns of injury involving the pleura, parenchyma, small airways,
and vessels. However, the specific pathology for each disease is difficult to
define for a number of reasons. First, the clinical diseases have considerable
overlap, and, second, the pathological patterns are not specific for a particular
disease. Nonetheless, some generalizations can be made regarding which
pathological patterns are more likely to be found in each collagen vascular
disease. These are summarized in Table 1.

Pleuritis, either acute or chronic, is the most common pathological
pattern found in the collagen vascular diseases (42) and can give rise to pleural
fibrosis. Advanced pleural fibrosis with dense, irreversible collagen deposition
is most commonly found in patients with rheumatoid arthritis (46). In this
patient population, necrobiotic (rheumatoid) nodules can also be found but are
seen rarely, mostly in men with advanced seropositive rheumatoid arthritis
who also have subcutaneous nodules (47). The nodules may enlarge to form
cavities within the subpleural area that can result in hemoptysis and
hemothorax or become secondarily infected (48).

Figure 8 Continued
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Parenchymal diseases involving both the interstitium and the alveolar
space may progress to advanced disease in many of these collagen vascular
diseases. The pattern of advanced pathology of many of the interstitial
diseases, such as NSIP and UIP, is indistinguishable to that previously
described (see Sec. II). However, in some diseases, the pulmonary fibrosis may
have distinguishing features. In progressive systemic sclerosis, it may be less
active and result in a finer, more diffuse fibrosis (49). In rheumatoid arthritis,
the fibrosis has a UIP-type pattern, but prominent areas of reactive bronchus-
associated lymphoid tissue (BALT) and increased numbers of fibroblastic foci
of young connective tissue (Fig. 19) may distinguish it from idiopathic UIP
(50).

Figure 9 Upper-lobe bronchiectasis in advanced sarcoidosis.
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Advanced airway pathology in collagen vascular diseases usually takes
the form of constrictive bronchiolitis (49). This irreversible scarring of the
small airways arises out of a chronic lymphocytic bronchiolitis producing
submucosal and eventually transmural scarring of the airway that leads to
complete replacement of the lumen with collagen. Bronchiectasis, though rare,
may also be found, and both pathological patterns are most commonly found
in rheumatoid arthritis (51).

Chronic vascular pathology in the collagen vascular diseases usually
takes the form of pulmonary hypertensive arteriopathy with fibrointimal
thickening and muscular hypertrophy or more advanced changes of
fibrointimal obliteration and angiomatoid lesions. These changes are most
commonly seen in the setting of progressive systemic sclerosis where a
concentric fibrotic narrowing of the lumen (Fig. 20) may result in pulmonary
hypertension (52).

Table 1 Pathological Patterns in Collagen Vascular Diseasesa

SLE RA PSS

Sjörgren’s

disease

Mixed

connective

tissue

disease

Poly-

dermato-

myositis

NSIP þ þ þ þ
BOOP þ þ þ
DAD þ þ
UIP þ þ þ þ
Pulmonary fibrosis, not UIP þ
LIP þ
Lymphoma þ
Vascular intimal sclerosis þ þ þ
Vasculitis þ þ þ þ
Pulmonary hypertension þ þ þ þ
Intra-alveolar hemorrhage þ þ
Pleuritis þ þ þ þ þ
Necrobiotic nodules þ
Constrictive bronchiolitis þ
Follicular bronchiolitis þ
Amyloidosis þ
aþ¼ pathologic pattern is found; rare incidence not included.

Key: SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; PSS, progressive systemic

sclerosis; NSIP, nonspecific interstitial pneumonia; BOOP, bronchiolitis obliterans organizing

pneumonia; DAD, diffuse alveolar damage; UIP, usual interstitial pneumonia; LIP, lymphocytic

interstitial pneumonia.
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VI. Lymphangioleiomyomatosis

Lymphangioleiomyomatosis (LAM) is a rare disease characterized by the
abnormal proliferation of smooth muscle cells within the parenchyma of the
lung and occasionally within extrapulmonary sites such as the lymphatics and
lymph nodes of the retroperitoneum and mediastinum (53). It occurs
exclusively in females in their reproductive years, with an average age at
diagnosis of 30 to 35 years (54), though a case in a man has been reported (55).
Caucasians are most commonly affected and no familial tendency has been
described. A wide variety of lesions have been associated with LAM, including
tuberous sclerosis and/or renal angiomyolipomas (56–58). The most common
presenting symptoms are exertional dyspnea and pneumothorax with

Figure 10 Cystic end-stage sarcoidosis with aspergilloma in apical cavity. (Courtesy

of J. Tomashefski, Jr., MetroHealth Medical Center, Cleveland, Ohio.)
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Figure 12 End-stage sarcoidosis with scarring in the distribution of the lymphatics

and areas of large air-filled spaces with honeycomb-like appearance due to alveolar wall

collapse (68).

Figure 11 Obliteration of pulmonary artery by sarcoidal granulomas. The artery has

some intimal fibroplasia secondary to adjacent inflammation (620).
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Figure 13 End-stage sarcoidosis with area of hyalinized collagen and scattered giant

cells (arrow) as the only remnant of previous granulomas (6100).

Figure 14 Pulmonary histiocytosis X with early emphysematous changes and stellate

lesions (arrow).
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hemoptysis, chest pain, and chylous pleural effusions commonly developing
during the course of the disease (59). Chest x-rays in LAM usually show a
generalized, symmetrical reticulonodular interstitial infiltrate with normal lung
volumes. However, as the disease progresses, the chest x-ray may show
honeycombing differing from that of end-stage interstitial fibrosis in that it
appears more ‘‘delicate’’ (60). Computed tomography (CT) of the chest or high
resolution CT will show extensive cystic degeneration (61).

A. Macroscopic Features of Advanced
Lymphangioleiomyomatosis

Lungs involved by LAM have diffuse, small, thin-walled cysts that range in size
from 5 to 50mm, are round or polygon-shaped, and are scattered throughout
the lung without a clear predilection (61). As the disease progresses, the cysts
may become bigger and coalesce, producing a honeycomb appearance (Fig.
21). However, unlike end-stage lungs of interstitial fibrosis—which are small
and dense, with thick, gray-white fibrous tissue—advanced LAM lungs have a
tan/brown color from the smooth muscle and hemosiderin deposition and are
of normal size (62). In between the cysts may be areas of normal lung
parenchyma, though these are rare in advanced disease. The pleural surface has
blebs protruding throughout and the pleural cavity may have dense fibrous
adhesions because of ruptured cysts and recurrent pneumothoraces. Surgeons
have described a weeping of chylous fluid from the pleural surface due to the
lymphatic obstruction (63).

B. Histopathology of Advanced Lymphangioleiomyomatosis

The lesions of LAM show abnormal accumulations of smooth muscle cells in
the adventitia of the terminal bronchi, in the alveolar walls, around lymphatics
and venules, and in the pleura (Fig. 22). These smooth muscle cells are plump,
spindle-shaped cells with round or ovoid nuclei (Fig. 23). Ultrastructurally,
they contain numerous electron-dense membrane-bound granules consisting of
fine crystal-like lamellae (64). Immunohistochemical studies reveal that they
are immunoreactive to alpha smooth muscle–specific actin, confirming their
myoid lineage (65) and to HMB-45, a monoclonal antibody for melanomas
and melanocytic lesions (64). Within the alveoli are reactive type II
pneumocytes and hemosiderin-laden macrophages. The hemosiderin present
in these lungs is thought to be a result of microhemorrhages secondary to
venous obstruction by the smooth muscle cells.

Early lesions of LAM occur mainly around lymphatics; as the disease
advances, however, these smooth muscle cell proliferations increasingly involve
terminal and respiratory bronchiolar walls, causing their collapse, promoting
emphysema, and contributing to the parenchymal cysts and pneumothorax
(66,67). The amount of smooth muscle gradually increases and—by the time
the disease is at end stage—the entire lung consists of thick nodules of smooth
muscle cells between large, irregular emphysematous spaces (Fig. 24). These
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nodules contain more collagen than those found in early-stage LAM (53). In
addition, around and within the nodules of smooth muscle are slit-like spaces
distended with lymph fluid due to the obstruction of lymphatics. The venules
may also be obliterated, causing pulmonary venous hypertension and
hemoptysis (68).

Figure 15 End-stage pulmonary histiocytosis X with advanced scarring and early cyst

formation (a). (Courtesy of J. Tomashefski, Jr., MetroHealth Medical Center,

Cleveland, Ohio.) Fibrotic phase of end-stage pulmonary histiocytosis X with

obliteration and scarring of bronchioles and vessels, producing a stellate pattern of

fibrosis with adjacent emphysema (b) (616).
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Figure 15 Continued

Figure 16 Early active pulmonary histiocytosis X lesion center on bronchiole (a)

(616). Inflammatory infiltrate is composed of scattered eosinophils, lymphocytes,

plasma cells, and Langerhans cells (b) (6200).
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Figure 16 Continued

Figure 17 Cytoplasmic racquet-shaped granules (Birbeck granules) present within

Langerhans cell cytoplasm.
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Figure 18 Active lesion of pulmonary histiocytosis X with spread of inflammatory

cells into adjacent alveolar walls, producing a stellate appearance (640).

Figure 19 Lung from patient with rheumatoid arthritis and UIP pattern of fibrosis

with prominent areas of reactive BALT (616).
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Figure 20 Small arteriole with concentic fibrotic narrowing in lung from patient with

progressive systemic sclerosis (6100).

Figure 21 Cut surface of an explant lung from patient with lymphangioleiomyoma-

tosis showing large cysts that coalesce to produce a honeycomb-like appearance.
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Figure 23 Plump smooth muscle cells with round or fusiform nuclei in fascicles

(6200).

Figure 22 LAM smooth muscle cells around bronchioles and vessels in lung involved

by lymphangioleiomyomatosis (6100).
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I. Introduction

A. Nomenclature and Classification of Pulmonary Hypertension

Pulmonary hypertension is a common condition that has many causes and
associations and has been the subject of many attempts at classification. In the
majority of patients, clinical examination together with relevant investigations
reveals a cause such as underlying heart or lung disease. These cases have been
classified as secondary pulmonary hypertension. In a small minority of patients,
the cause of the pulmonary hypertension remains unexplained despite
exclusion of predisposing lesions by history, physical examination, chest
imaging, lung function tests, and cardiac catheterization. In 1975, a committee
of the World Health Organization (WHO) suggested that such cases should be
designated primary pulmonary hypertension (1). Unfortunately, many authors
have used this term to refer to the specific entity of unexplained pulmonary
arteriopathy with plexiform lesions, so that in practice it has had two different
meanings. The term unexplained pulmonary hypertension was then introduced
to refer to cases of pulmonary hypertension in which clinical examination and
investigation revealed no cause (2). Pulmonary hypertension has also been
classified as hyperkinetic, passive, obstructive, and vasoconstrictive, according to
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the dominant pathophysiological mechanism involved (3,4). The plethora of
classifications has confused patients, insurance carriers, and some physicians
(5). In an attempt to remedy this problem, a new diagnostic classification of
pulmonary hypertension was proposed at a WHO meeting in 1998 (Table 1).
This classification recognizes that the tissue pathology of pulmonary
hypertension caused by different agents may be similar and the treatment
may be identical (6).

B. Risk Factors for Pulmonary Hypertension

A risk factor for pulmonary hypertension is any factor or condition that is
suspected to play a causal or facilitating role in the development of the disease.
Risk factors—which may include drugs, demographic factors, and other
diseases—must be present prior to the onset of pulmonary hypertension. When
it is not possible to determine whether a factor was present before the onset of
the pulmonary hypertension and it is thus unclear whether it played a causal
role, the term associated condition is used. The precise mechanisms by which
some risk factors produce pulmonary hypertension have not been established.
A subcommittee of the WHO has categorized risk factors according to the
strength of their association with pulmonary hypertension and their probable
causal role (Table 2) (6). Definite indicates an association based on several
different observations, including a major controlled study or a clear epidemic.
Very likely indicates several concordant observations or a general consensus
among experts. Possible indicates an association based on case series, registries,
or expert opinions. Unlikely indicates risk factors that have been proposed but
have not been found to have any association from controlled studies. Definite
risk factors are considered to play a causal role in the development of
pulmonary hypertension.

Based on current available evidence and on personal experience, the
present author differs from the WHO subcommittee and would classify
amphetamines as unlikely and portal hypertension/liver disease, collagen
vascular diseases, and congenital systemic-pulmonary cardiac shunts as definite
risk factors for pulmonary hypertension.

C. Causes of Advanced Pulmonary Vascular Disease

The conditions that are commonly encountered in patients who present for
medical or surgical treatment of advanced pulmonary vascular disease are as
follows:

Systemic-to-pulmonary shunts
Primary pulmonary arterial hypertension
Chronic pulmonary thrombotic and/or embolic disease
Pulmonary veno-occlusive disease
Pulmonary capillary hemangiomatosis

The pathology of these conditions is reviewed in the following paragraphs.
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Table 1 WHO Classification of Pulmonary Hypertension

A. Pulmonary arterial hypertension

1 Primary pulmonary hypertension
a. Sporadic
b. Familial

2 Related to:
a. Collagen vascular disease
b. Congenital systemic-to-pulmonary shunts
c. Portal hypertension
d. HIV infection
e. Drugs/toxins

i. Anorexigens
ii. Other

f. Persistent pulmonary hypertension of the newborn
g. Other

B. Pulmonary venous hypertension

1 Left-sided atrial or ventricular heart disease
2 Left-sided valvular heart disease
3 Extrinsic compression of central pulmonary veins

a. Fibrosing mediastinitis
b. Adenopathy/tumors

4 Pulmonary veno-occlusive disease
5 Other

C. Pulmonary hypertension associated with disorders of the respiratory system

and/or hypoxemia

1 Chronic obstructive pulmonary disease
2 Interstitial lung disease
3 Sleep-disordered breathing
4 Alveolar hypoventilation disorders
5 Chronic exposure to high altitude
6 Neonatal lung disease
7 Alveolar-capillary dysplasia
8 Other

D. Pulmonary hypertension due to chronic thrombotic and/or embolic disease

1 Thromboembolic obstruction of proximal pulmonary arteries
2 Obstruction of distal pulmonary arteries

a. Pulmonary embolism (thrombus, tumor, ova and/or parasites, foreign
material)

b. In situ thrombosis
c. Sickle cell disease

E. Pulmonary hypertension due to disorders directly affecting the pulmonary

vasculature

1 Inflammatory
a. Schistosomiasis
b. Sarcoidosis
c. Other

2 Pulmonary capillary hemangiomatosis

Key: WHO, World Health Organization; HIV, human immunodeficiency virus.
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There is considerable variation in pulmonary vascular reactivity from
individual to individual. This means that the same cause of pulmonary
hypertension may be present in various subjects to the same extent, but the
degree of pulmonary hypertension and the severity of the hypertensive
pulmonary vascular disease may vary considerably.

Table 2 WHO Classification of Risk Factors for Pulmonary Hypertension

A. Drugs and toxins

1. Definite

a. Aminorex

b. Fenfluramine

c. Toxic rapeseed oil

2. Very likely

a. Amphetamines

b. L-tryptophan

3. Possible

a. Meta-amphetamines

b. Cocaine

c. Chemotherapeutic agents

4. Unlikely

a. Antidepressants

b. Oral contraceptives

c. Estrogen therapy

d. Cigarette smoking

B. Demographic and medical conditions

1. Definite

a. Gender

2. Possible

a. Pregnancy

b. Systemic hypertension

3. Unlikely

a. Obesity

C. Diseases

1. Definite

a. HIV infection

2. Very likely

a. Portal hypertension/liver disease

b. Collagen vascular diseases

c. Congenital systemic-to-pulmonary cardiac shunts

3. Possible

a. Thyroid disorders

Key: WHO, World Health Organization; HIV, human immunodeficiency virus.
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II. Systemic-to-Pulmonary Shunts

Shunts between the systemic and pulmonary circulations will increase
pulmonary blood flow. Pulmonary hypertension may develop if the shunt is
large enough and if there is no accompanying pulmonary stenosis to protect
the pulmonary circulation. It is helpful to consider a shunt as being either pre-
or posttricuspid because the risk to the pulmonary circulation is different in
each case.

Pretricuspid shunts occur at the level of the atria and include high atrial
septal defects such as those of the secundum or sinus venosus type (Table 3).
The major factor influencing the magnitude of the left-to-right shunt is the
distensibility of the two ventricles. At birth, the thickness of the ventricles is
similar and their distensibilities do not differ significantly. Therefore there is
little or no shunting of blood through the atrial septal defect. However, once
the right ventricular pressure falls, the wall of the right ventricle becomes
thinner relative to the left ventricle while its distensibility becomes relatively
greater. As a result, a left-to-right shunt develops through the atrial septal
defect, thereby increasing the pulmonary blood flow. In young people with
pretricuspid shunts, the pulmonary blood flow may be three times greater than
normal, but the pulmonary vascular resistance is not elevated because of the
enormous distensibility of the pulmonary vasculature. However, an increase in
pulmonary blood flow of this magnitude for many years eventually leads to the
development of pulmonary hypertension in about 30% of subjects (3).
Hypertensive pulmonary vascular disease is usually delayed until the fourth
decade, only rarely occurring in childhood or early adult life (7).

Posttricuspid shunts are the result of large communications between the
left ventricle or aorta on one hand and the right ventricle or pulmonary arteries

Table 3 Causes of Systemic-to-Pulmonary Shunts

Pretricuspid shunts

Atrial septal defects

Anomalous pulmonary venous drainage

Posttricuspid shunts

Ventricular septal defect

Persistent truncus arteriosus

Single ventricle

Eisenmenger’s complex

Patent ductus arteriosus

Aortopulmonary septal defect

Complete atrioventricular canal defect

Rupture of aortic aneurysm into pulmonary artery

Rupture of ventricular septum after myocardial infarction

Postoperative systemic-to-pulmonary shunt procedure
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on the other. Most of the diseases with posttricuspid shunts are congenital
anomalies of the heart and great vessels, such as ventricular septal defect
(Table 3). Rarely, a posttricuspid shunt may be acquired, as in the case of
rupture of the interventricular septum following myocardial infarction (8). In
posttricuspid shunts such as ventricular septal defect, the magnitude of the
shunt is proportional to the area of the defect and to the difference in pressure
between the two ventricles (3). Associated stenosis of the pulmonary valve
increases the resistance to outflow from the right ventricle and diminishes the
magnitude of the left-to-right shunt. Conversely, stenosis of the aortic valve
elevates left ventricular pressure and increases the shunt of blood into the right
ventricle. At birth, there is normally a rapid fall in pulmonary vascular
resistance as the ductus arteriosus closes and the pulmonary arteries dilate. If a
large ventricular septal defect is present, this fall in pulmonary vascular
resistance and pressure may be delayed for several weeks. Only when the
resistance begins to decline does the left-to-right shunt increase. Thus, affected
infants do not usually develop symptoms during the first 4 weeks of life. The
combination of high pressure and high flow may produce pulmonary vascular
disease as early as the second year of life.

A. Pulmonary Vascular Disease in Systemic-to-Pulmonary Shunts

Hypertensive pulmonary vascular disease develops only in those cases of
systemic to pulmonary shunt in which critical levels of pulmonary artery
pressure and flow are reached and exceeded. The brunt of the disease falls on
the muscular pulmonary arteries and pulmonary arterioles, which may show
spectacular and characteristic changes. Less prominent lesions also occur in the
pulmonary veins and lung parenchyma.

B. Muscular Pulmonary Arteries and Pulmonary Arterioles

Progressive changes develop in the intima and media of muscular pulmonary
arteries and pulmonary arterioles in patients with systemic-to-pulmonary
shunts (9). The lesions tend to follow a sequence irrespective of the precise
nature of the defect causing the shunt but related to a progressive increase in
pulmonary artery pressure and pulmonary vascular resistance on the one hand
and a reduction in pulmonary blood flow on the other. The earliest structural
change is medial hypertrophy of muscular pulmonary arteries, accompanied by
muscularization of pulmonary arterioles. In more severe cases, this is
complicated by a cellular intimal proliferation, which may be followed by
concentric laminar intimal fibrosis. The changes encountered in patients
presenting with advanced pulmonary vascular disease comprise severe
concentric laminar intimal fibrosis, plexiform lesions, dilation lesions, fibrinoid
necrosis, and arteritis. These lesions are associated with high, fixed levels of
pulmonary vascular resistance.

A growing body of literature based on in vivo and in vitro research
supports the concept of phenotypic heterogeneity within the smooth muscle
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cell population of the arterial media (10). Numerous functions are required of
smooth muscle cells under both normal and pathological conditions. These
include contraction, proliferation, and synthesis of matrix proteins. These
different smooth muscle cell functions may require different phenotypes. In
chronic pulmonary hypertension, some medial smooth muscle cells are likely to
hypertrophy and retain contractile functions, whereas others are likely to
exhibit increased proliferation and/or synthesis of collagen and elastin. These
cellular responses are stimulated by hypoxia, mechanical stress, blood-borne
and locally produced mitogens, and growth factors that activate a cascade of
intracellular signaling mechanisms that promote smooth muscle cell growth
and/or matrix protein synthesis (11).

Muscularization and Medial Hypertrophy

The earliest histological evidence of pulmonary hypertension is musculariza-
tion of pulmonary arterioles. The walls of pulmonary arterioles (less than
100 mm in diameter), which are usually devoid of histologically discernible
smooth muscle, develop a thick muscular media sandwiched between distinct
internal and external elastic laminae. Even arterial vessels as small as 30 mm in
diameter become muscularized and resemble small muscular pulmonary
arteries instead of venules, as they do in the normal lung. Ultrastructural
studies in lung biopsy material from children with congenital heart defects have
shown that the new media arises as a result of hypertrophy, division, and
differentiation of precursor smooth muscle cells, pericytes, and intermediate
cells, which are normally found in the nonmuscular and partially muscular
pulmonary arterioles, respectively (12). There is also synthesis of elastic tissue
with the formation of a new internal elastic lamina.

The media of muscular pulmonary arteries becomes hypertrophied and
may be as thick as 25% of the external diameter of the vessel. Ultrastructural
studies have shown that the increase in medial thickness is due both to
hypertrophy of the smooth muscle cells and to a significant increase in collagen
fibers and elastin. There is a rough correlation between medial thickness of the
muscular pulmonary arteries on one hand and elevation of pulmonary arterial
pressure and calculated resistance, on the other (13,14). The endothelial cells of
hypertrophied muscular pulmonary arteries show increased expression of
endothelin-1, which is vasoconstrictor agent and mitogen for smooth muscle
cells and fibroblasts (15).

Intimal Proliferation

Ultrastructural studies of thick muscular pulmonary arteries from patients
with congenital heart disease and primary pulmonary arterial hypertension
have disclosed two distinct types of vascular smooth muscle cell. Most have
abundant electron-lucent cytoplasm, but a minority are more elongated, with
electron-dense cytoplasm—the so-called dark smooth muscle cells. There is
intimate association of light and dark smooth muscle cells. Protuberances of
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dark cells often fit into depressions on the surfaces of light smooth muscle cells
(16). Dark smooth muscle cells from the inner half of the media migrate into
the intima through gaps in the internal elastic lamina (17). These gaps may be
natural or may arise in pulmonary hypertension as a result of elastase activity.
The lumen becomes narrowed as a result of intimal thickening caused by the
accumulation of smooth muscle cells between the endothelial basement
membrane and the internal elastic lamina. The intimal smooth muscle cells
commonly form concentric rings with much intercellular proteoglycan.
Histologically this appears as ‘‘onionskin’’ proliferation. The neointimal
smooth muscle cells synthesize collagen and elastin so that the lumens of
pulmonary arterioles and muscular pulmonary arteries are progressively
narrowed by concentric laminar intimal fibroelastosis. In histological sections,
concentric laminar intimal fibrosis is commonly identified in muscular
pulmonary arteries 100 to 150 mm in diameter, close to their origins from
parent vessels (Fig. 1). It is uncommon below the age of 2 years.

Plexiform Lesions

Plexiform lesions, which signify an advanced form of hypertensive pulmonary
vascular disease, occur in pulmonary arterial branches measuring between 100
and 150 mm in diameter, shortly after their origin from larger arteries. They are
slightly more common in supernumerary arteries than in symmetrical regular
dichotomous branches (18). About one-third of plexiform lesions are intra-
acinar and about two-thirds are preacinar (19). The typical plexiform lesion
has a striking appearance and has two basic elements (Fig. 2). The first consists
of a circumscribed dilatation of a pulmonary artery branch close to its origin
from a parent artery. In this dilated segment, there is destruction of the arterial
wall, with pronounced thinning of the media, loss of smooth muscle cells, as
well as disappearance of the internal elastic lamina (Fig. 3) and sometimes also
the external elastic lamina. The second element is a collection of narrow, slit-
like channels within the dilated segment. These channels, which are lined by
cells with hyperchromatic nuclei, resemble a vascular plexus. The distal part of
the plexiform lesion drains into a dilated and thin-walled vessel, the wall of
which usually consists of a single elastic lamina. This channel, or its branches,
terminates in the alveolar capillaries (20). Plexiform lesions vary in structure
according to their age. In the early stage of their development, they are cellular,
and the vascular spaces are lined by numerous plump cells that have been
identified as endothelial cells (21). The tissue separating the vascular spaces
contains rounded cells and small quantities of collagen. The media of the
parent artery often contains a focus of fibrinoid necrosis that may extend into
the wall of the sac. The vascular spaces commonly contain thrombi. More
advanced plexiform lesions contain large quantities of collagen, which is
deposited between the vascular channels and may encroach on them. The
regions of fibrinoid necrosis and thrombosis undergo organization to form
masses of collagen. Finally, elastic fibers become deposited. These mature

66 Kay



Figure 1 Muscular pulmonary artery from a 25-year-old man with severe pulmonary

hypertension due to a large aortopulmonary septal defect. The lumen is narrowed due to

severe concentric laminar intimal fibrosis. The media is atrophic. A dilated vein-like

branch is located at the lower right side of the artery (arrow). [Miller elastic Van Gieson

stain (EVG), 6200.]
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Figure 2 Transverse section of a muscular pulmonary artery showing a plexiform

lesion. There is thinning of the media and loss of smooth muscle cells. The lumen is

occupied by a plexus of slit-like vascular channels lined by proliferated endothelial cells.

From an autopsy performed on a 10-month-old female infant with a large ventricular

septal defect. [Hematoxylin and eosin stain (HE), 6200.]
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Figure 3 Transverse section of muscular pulmonary artery with a plexiform lesion.

There is destruction of the internal elastic lamina and part of the external elastic lamina.

An arrow indicates the remaining external elastic lamina. From the infant illustrated in

Figure 2. (EVG, 6500.)
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plexiform lesions may appear different from the younger ones but can still be
recognized as dilated sacs containing irregular bands of fibroelastic tissue in
which a plexus of vascular channels persists (Fig. 4). Such mature plexiform
lesions can be mistaken for organized thrombi. Plexiform lesions are observed
mainly in adolescents and adults and are uncommon below the age of 2 years,
although they have been described in infants as young as 8 weeks (22). Their
numbers vary greatly. In some cases, numerous plexiform lesions may be seen
in a single histological section; in other cases, they are so scarce that multiple
sections, sometimes from different blocks are necessary to find them.

Dilatation Lesions

Advanced pulmonary vascular disease is characterized by pronounced
dilatation, often over a considerable length, of pulmonary arterial vessels,
leading to thinning of the arterial wall (Fig. 5). This may decrease the average
thickness of the arterial media considerably. Such an artery may mimic a
normal muscular pulmonary artery. There is progressive replacement of medial
smooth muscle by fibrous tissue. Eventually, virtually all the media may
disappear with the formation of dilatation lesions known as vein-like branches
of hypertrophied muscular pulmonary arteries (9) (Fig. 6). The rare angiomatoid
lesion is a dilatation lesion in which widening of the channels associated with
dilatation and tortuosity of the surrounding distal branches produces a fairly
large, angioma-like mass (20). Dilatation lesions are common in severe
pulmonary hypertension, particularly in adults. They are frequently found in
lungs that contain plexiform lesions, but they may occur in the absence of these
alterations. They seem to occur in a small muscular pulmonary artery just
proximal to a fibrotic occlusion.

Fibrinoid Necrosis and Arteritis

Fibrinoid necrosis usually affects small muscular pulmonary arteries and
pulmonary arterioles. The media is swollen with loss of nuclear detail. It stains
intensely and homogeneously with eosin and by the picro-Mallory and Martius
scarlet blue methods for fibrin. The lumen frequently contains a thrombus.
Fibrinoid necrosis may be the sole lesion in a hypertensive pulmonary artery,
but it is frequently complicated by arteritis. There is an infiltrate of neutrophil
polymorphs that affects all layers of the wall and usually extends beyond the
adventitia into the surrounding lung tissue (Fig. 7). Older lesions undergo
organization with the development of granulation tissue, which involves the
adventitia as well as the media. There is often fragmentation of the elastic
laminae.

Other Vascular and Parenchymal Lesions

Fresh and organizing thrombi are encountered in the muscular pulmonary
arteries of about 30% of patients with congenital heart disease (23). They are
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Figure 4 Muscular pulmonary artery with a mature plexiform lesion. The vessel is

represented by a dilated sac containing irregular bands of fibroelastic tissue, which

separate the vascular channels. From the patient illustrated in Figure 1. (EVG, 6200.)
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Figure 5 Transverse section of a muscular pulmonary artery from the patient with

severe pulmonary hypertension illustrated in Figure 1. Dilatation of the vessel has

caused thinning of the media so that it resembles a normal muscular pulmonary artery.

(EVG, 6200.)
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Figure 6 Dilated vein-like branch of muscular pulmonary artery. The edge of the

parent artery is seen at the top right corner of the picture. From the patient with the

aortopulmonary septal defect shown in Figure 1. (EVG, 6200.)
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Figure 7 Muscular pulmonary artery showing acute arteritis. The media in the lower

half of the picture is intact. In the upper half, it is necrotic and infiltrated by neutrophil

polymorphs that extend into the adventitia. From a 12-year-old girl with cor triloculare

biatriatum. (HE, 6200.)
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probably secondary to endothelial injury caused by the hemodynamic
disturbances (24,25). Longitudinal smooth muscle is commonly encountered
in muscular pulmonary arteries in hypertensive pulmonary vascular disease of
any severity (26). This is a nonspecific change that is not related to the
underlying cause of the pulmonary hypertension. It is frequently seen in
patients over the age of 11 years with congenital heart disease (23). The smooth
muscle cells are arranged in bundles in the intima, where they are situated
within a reduplication of the internal elastic lamina. Longitudinal smooth
muscle may also be encountered within the media or adventitia.

In almost all patients over the age of 5 years with congenital heart
disease, the pulmonary veins show a fibrous or fibrocellular intimal
proliferation (23,27). Many patients show muscularization of the pulmonary
veins, with the development of a medial coat of smooth muscle separated by
two elastic laminae. These venous lesions are probably the consequence of
increased levels of pulmonary blood flow, which may be especially high in
atrial septal defect (9).

Lung parenchymal lesions that occur in patients with pulmonary
hypertension due to congenital heart disease include the presence of increased
numbers of alveolar macrophages, intra-alveolar hemorrhage, hemosiderin-
laden macrophages, focal intra-alveolar fibrosis, cholesterol granulomas, mast
cell hyperplasia, increased neuroendocrine cells in the distal bronchioles, and
peribronchial lymphoid aggregates (4,23).

Reversibility of Pulmonary Hypertension and Vascular Disease

The relation between arterial lesions in open-lung biopsy specimens and the
reversibility of pulmonary hypertension has been examined in patients studied
immediately after the closure of the defect (28) and from 24 hr to 25 years after
surgery (27,29,30). Such studies have shown that medial hypertrophy and
intimal fibrosis of muscular pulmonary arteries are associated with pulmonary
hypertension, which is potentially reversible, while the presence of plexiform
lesions and dilatation lesions is associated with high fixed levels of pulmonary
vascular resistance and irreversible pulmonary hypertension.

It has been possible to study the regression of hypertensive pulmonary
vascular lesions in patients with congenital heart disease in whom banding of
the pulmonary artery was performed (31,32). Two lung biopsy specimens were
available in these patients, one taken at the time of banding and one several
years later at the time of corrective surgery. From such investigations it
appears that medial hypertrophy, cellular intimal proliferation, and mild
concentric laminar intimal fibrosis (occluding less than 20% of the lumen) are
largely reversible. On the other hand, severe concentric laminar intimal fibrosis,
plexiform lesions, dilatation lesions, and fibrinoid processes are irreversible.

It should be understood that the presence of potentially reversible
pulmonary vascular disease is not always synonymous with operability and
immediate postoperative survival (33). Infants and young children with
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congenital heart disease and severe medial hypertrophy of the muscular
pulmonary arteries are especially prone to pulmonary hypertensive crises,
which may cause death during surgery or in the postoperative period.
Presumably these events result from intense vasoconstriction provoked by such
factors as hypoxia and hypovolemia.

III. Primary Pulmonary Arterial Hypertension

The pulmonary vascular and parenchymal lesions that occur in patients with
primary pulmonary arterial hypertension are similar to those found in subjects
with systemic-to-pulmonary shunts. The muscular pulmonary arteries may
show medial hypertrophy, concentric laminar intimal fibrosis (Fig. 8),
plexiform lesions (Figs. 9 and 10), dilatation lesions, fibrinoid necrosis, and
arteritis. In 1975, an expert committee of the WHO recommended that this
pattern of hypertensive pulmonary vascular disease be designated plexogenic
pulmonary arteriopathy (1). Plexogenic pulmonary arteriopathy was envisaged
as a disease with a sequence of changes that might eventually include plexiform
lesions. Plexogenic pulmonary arteriopathy is a subtle term that implies the
potential to develop plexiform lesions. According to the WHO, plexogenic
pulmonary arteriopathy can be diagnosed in the absence of plexiform lesions.
Using this criterion, only 70 to 89% of the cases designated plexogenic
pulmonary arteriopathy actually have plexiform lesions (34–38). The remain-
ing cases have either medial hypertrophy and intimal fibrosis or isolated medial
hypertrophy (Table 4). The recommendation of the WHO has either been
misunderstood or misinterpreted by many pathologists and clinicians, resulting
in much confusion in the literature. Some authors have restricted the diagnosis
of plexogenic pulmonary arteriopathy to cases in which plexiform lesions are
actually present (35). To add to the confusion, reference has even been made to
preplexiform lesions (38). Since it is desirable that pathologists make
morphological diagnoses based on what they can see rather than speculating
on what might develop later, the consultant pathologists associated with the
National Heart, Lung, and Blood Institute Registry of Primary Pulmonary
Pulmonary Hypertension recommended the use of the term pulmonary
arteriopathy with plexiform lesions (37). The criterion for making this diagnosis
is the identification of plexiform lesions in tissue sections.

A. Muscular Pulmonary Arteries and Pulmonary Arterioles

The frequency with which plexiform lesions, isolated medial hypertrophy, and
medial hypertrophy with intimal fibrosis were found in three retrospective and
two prospective studies is shown in Table 4. The pattern of pulmonary vascular
disease that was most commonly encountered was pulmonary arteriopathy
with plexiform lesions. Its incidence in the three retrospective studies ranged
from 70 to 89%, while in the two prospective studies it ranged from 75 to 84%.
The incidence of isolated medial hypertrophy ranged from 0 to 11%, while the
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Figure 8 Muscular pulmonary artery from a 62-year-old woman who developed

primary pulmonary arterial hypertension after taking aminorex. There is mild medial

hypertrophy and severe concentric laminar intimal fibrosis. The edge of an emerging

lateral branch is seen at the 12 o’clock position. (EVG, 6500.)
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Figure 9 Plexiform lesion in an oblique section of a muscular pulmonary artery from

a 42-year-old woman with primary pulmonary arterial hypertension. The lumen

contains a plexus of slit-like vascular channels lined by proliferated endothelial cells.

(HE, 6500.)

78 Kay



Figure 10 Transverse section of another plexiform lesion from the 42-year-old woman

with primary pulmonary arterial hypertension shown in Figure 9. There is destruction

of the internal elastic lamina and media. The wall is represented by the external elastic

lamina. The lumen contains a plexus of slit-like vascular channels lined by proliferated

endothelial cells. (EVG, 6500.)
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incidence of medial hypertrophy and intimal fibrosis ranged from 0 to 30%.
One retrospective series was unusual in that it included three cases (11%) of
isolated pulmonary arteritis (35). Perhaps the most accurate estimate of the
relative frequency of lesions may be obtained from the National Heart, Lung,
and Blood Institute Registry of Primary Pulmonary Hypertension. The pur-
pose of the Registry was to analyze in a systematic and prospective manner the
natural history, epidemiology, pathology, and treatment of unexplained
pulmonary hypertension in a cohort of patients in whom the diagnosis was
established by standardized clinical and laboratory criteria. In a group of 30
patients with primary pulmonary arterial hypertension, 25 had pulmonary
arteriopathy with plexiform lesions (84%), 4 had medial hypertrophy and
intimal fibrosis (13%), and 1 had isolated medial hypertrophy (37).

The endothelial cells of hypertrophied muscular pulmonary arteries show
increased expression of endothelin-1, which is a vasoconstrictor agent and
mitogen for smooth muscle cells and fibroblasts (15). There is ultrastructural
evidence that the cellular intimal proliferation is derived from smooth muscle
cells from the inner half of the tunica media, which migrate into the intimal
through gaps in the internal elastic lamina (16,17). Immunohistochemical
studies have suggested that smooth muscle cells in the media and neointima
actively synthesize collagen in patients with severe primary pulmonary arterial
hypertension (39) and that this process may be modulated by transforming
growth factor-b (40). Fibrosis also occurs in the adventitia of the muscular
pulmonary arteries (41). Muscularization of pulmonary arterioles occurs but is
less common than in patients with systemic-to-pulmonary shunts (23,38).
Plexiform lesions are relatively sparse; they involve 3.9% of arteries in biopsy
tissues and 7% of arteries in autopsy tissues (37). In contrast to systemic-to-
pulmonary shunts, the majority are associated with intra-acinar arteries (19).
In 70% of cases, the plexiform lesions are scantily infiltrated by T cells, B cells,
and macrophages (42). The endothelial cell proliferation in the plexiform
lesions of primary pulmonary arterial hypertension has been reported to be
monoclonal, in contrast to secondary pulmonary hypertension, where it is
reported to be polyclonal (21,43). There is no correlation between the numbers
of plexiform lesions and the pulmonary artery pressure (35,36,44). In two
retrospective studies, dilatation lesions were identified in 50 and 73% of
patients, respectively (35,36). However, in a prospective study, dilatation
lesions were rarely seen (37). Fibrinoid necrosis and arteritis are uncommon
lesions, occurring in about 11% of patients (36).

B. Other Vascular and Parenchymal Lesions

Thrombotic lesions have been reported as occurring in the pulmonary arteries
in 27 to 65% of patients with primary pulmonary arterial hypertension (23,36–
38). They are absent or scarce in children but common in adults (45). The
number of organized and recanalized thrombi in tissue sections appears to be
related to the duration of the illness but not the stage of the disease (45). The
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occurrence of thrombi is independent of the presence of plexiform lesions (45).
Thrombotic lesions occur with equal frequency in pulmonary vascular disease
secondary to systemic-to-pulmonary shunts (23). Apparently the combination
of sustained pulmonary hypertension and age, possibly through endothelial
injury, may elicit thrombosis and its sequelae, which in turn may aggravate the
pulmonary arterial pressure (45). Long-term oral anticoagulant therapy has
been shown to improve survival in patients with primary pulmonary arterial
hypertension (46).

Longitudinal smooth muscle cells are commonly seen in muscular
pulmonary arteries in patients with primary pulmonary arterial hypertension
(23). The smooth muscle cells are arranged in bundles or layers, particularly in
the intima, where they are situated within a reduplication of the internal elastic
lamina. Longitudinal smooth muscle cells may also be seen in the media or
adventitia.

In the majority of patients with primary pulmonary arterial hypertension,
the pulmonary veins show a nonocclusive fibrocellular or fibrous intimal
proliferation (23,35–38). In a few cases, this is accompanied by the
development of a thick medial coat of smooth muscle separated by two elastic
laminae.

The lung parenchymal lesions that occur in primary pulmonary arterial
hypertension are identical to those encountered in systemic-to-pulmonary
shunts (4,23).

C. Risk Factors and Associated Conditions

The hypertensive pulmonary vascular disease associated with aminorex (Fig.
8), fenfluramine, dexfenfluramine, HIV infection, portal hypertension/liver
disease, and collagen vascular disease is identical to that encountered in
primary pulmonary arterial hypertension (4). The plexiform lesions in two
women who developed severe pulmonary hypertension after receiving
fenfluramine were reported to show a monoclonal endothelial cell proliferation
(47).

IV. Chronic Pulmonary Thrombotic and/or Embolic Disease

The terms thrombotic pulmonary arteriopathy (48) and pulmonary arteriopathy
with thrombotic lesions (37) are preferable to the term thromboembolic
pulmonary hypertension, since it is impossible to distinguish between embolic
thrombi and in situ thrombi by microscopy alone (35). Although the embolic
nature of thrombotic pulmonary arteriopathy has been emphasized (34),
sources of such emboli in the systemic veins and the right side of the heart
frequently cannot be demonstrated at autopsy (49–52). It has therefore been
suggested that, in some cases, in situ thrombosis of the pulmonary arteries may
occur (35,51,53).
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Clinically apparent pulmonary embolism recurs in from 8 to 20% of
patients treated for pulmonary thromboembolism (54,55). In view of these
statistics, it is surprising that chronic pulmonary hypertension following
pulmonary embolism is such a rare condition, with a prevalence at autopsy
ranging from 0.15 to 0.38% (54,56). In one study, serial lung scans done in
patients with acute pulmonary thromboemboli showed complete normalization
of the perfusion defects in 86% of patients over a 1-year period, and it was
estimated that less than 2% of these would develop chronic pulmonary
hypertension (51). In a more recent study, 78 patients with acute pulmonary
thomboembolism were subjected to a 1-year follow-up by serial echocardio-
graphy Doppler and a 5-year clinical follow-up. Four patients (5.1%)
developed chronic pulmonary hypertension, and 3 underwent pulmonary
thromboendarterectomy (57).

Chronic pulmonary thrombotic and/or embolic disease occurs in two
forms (50,51). There may be occlusion of the proximal pulmonary arteries or
there may be widespread occlusion of distal muscular pulmonary arteries.
Some patients with occlusion of the proximal pulmonary arteries may
complain of hemoptysis and recurrent episodes of pleuritic pain (50), but the
majority present with increasing dyspnea on exertion (50,58). Patients with
widespread thrombotic occlusion of the distal muscular pulmonary arteries
may be clinically indistinguishable from those with primary pulmonary arterial
hypertension.

A. Thrombotic Obstruction of Proximal Pulmonary Arteries

Chronic thrombotic occlusion of the proximal pulmonary arteries is a rare
entity with an incidence at autopsy ranging from 0.02 to 0.2% (49,56). In most
instances, it is impossible at autopsy to distinguish with certainty between
organized thromboemboli and thrombi formed in situ (49). Some authors have
denied the existence of primary thrombosis of the proximal pulmonary arteries
and stated that the diagnosis is the result of inadequate examination for
sources of emboli (59). However, there are undoubted cases of primary
thrombotic occlusion of the proximal pulmonary arteries in which no source
for embolism could be discovered at autopsy (50,52).

At autopsy, the affected proximal pulmonary arteries are dilated and
either stenosed or completely occluded by gray or yellow firmly adherent
laminated thrombus (49,52). On microscopic examination, small blood vessels
and fibrous connective tissue attach the thrombus to the intimal surface and
extend for a variable distance into the thrombus. The intima shows fibrous
thickening and the underlying media frequently shows basophilic degeneration
resembling cystic medial necrosis (49). Nonocclusive thrombi tend to organize
into fibrous intimal plaques. If the vessel was occluded by the thrombus, the
end result is likely to be a fibrous band (Fig. 11) stretching in a variety of
somewhat bizarre patterns across the lumen of the artery (60). Such fibrous
bands are relatively frequent in elastic pulmonary arteries (Fig. 12) and are a
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Figure 11 Intraluminal fibrous band in a lobar pulmonary artery at autopsy. This

structure represents an old organized and recanalized occluding thrombus.
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Figure 12 The lumen of this longitudinally sectioned elastic pulmonary artery

contains a complex fibroelastic band representing an old organized and recanalized

thrombus. From a 44-year-old man with autopsy-proven chronic thromboembolic

pulmonary hypertension. (EVG, 680.)
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clear indication of previous thrombotic episodes. They may give rise to systolic
murmurs over the lung fields (58) and can be visualized by pulmonary
angiography and pulmonary angioscopy (61). In an autopsy study of 68 cases
of thrombosis of the proximal pulmonary arteries, multiple organized thrombi
were noted in the distal muscular pulmonary arteries in 65% of patients. Recent
pulmonary infarcts were present in 13% of patients, and 74% had right
ventricular hypertrophy. In 35% of cases, the distal muscular pulmonary
arteries were microscopically normal; in 51%, they showed medial hypertro-
phy; in 13%, there was intimal proliferation (49). Plexiform lesions were not
reported.

It is important to consider the diagnosis of thrombosis of the proximal
pulmonary arteries in any patient who presents with dyspnea on exertion, since
this condition can be treated surgically (58,61). There is no surgical plane of
cleavage between the organized thrombus and the intima, so it is necessary to
carry out thromboendarterectomy rather embolectomy. The surgical pathol-
ogy specimen consists of partially organized pale red thrombus adherent to
firm, resilient, gray organized thrombus that merges with the fibrotic intima
(Fig. 13). The underlying media may include abnormal thick vascular channels
representing bronchopulmonary arterial anastomoses.

B. Thrombotic Obstruction of Distal Pulmonary Arteries

The muscular pulmonary arteries and pulmonary arterioles show cushion-like
eccentric patches of intimal fibrosis (Fig. 14). When traced in serial sections,
postthrombotic intimal fibrosis, although almost completely occlusive, often
extends over relatively short distances. Consequently, in random histological
sections, many pulmonary arteries show no intimal thickening at all, and
occluded vessels are often uncommon. When the amount of intimal fibrosis is
assessed morphometrically, the average value is usually low compared to other
forms of hypertensive pulmonary vascular disease, in which intimal fibrosis
affects long segments of the arteries (34). Recanalization may give rise to
colander-like lesions (Fig. 15) and intravascular fibrous septa. Fresh thrombus
is rare (37). It has been stated that medial hypertrophy is either mild or absent
(48), but it was observed in 64% of cases of thrombotic pulmonary arteriopathy
in a retrospective series of cases of unexplained pulmonary hypertension (35).
In a prospective study of unexplained pulmonary hypertension, there was no
significant difference in the frequency of medial hypertrophy when thrombotic
pulmonary arteriopathy was compared with pulmonary arteriopathy with
plexiform lesions (37). Plexiform lesions and dilatation lesions have not been
described in patients with thrombotic pulmonary arteriopathy (34–37,49).
Pulmonary arteritis rarely occurs (35). In a paper purporting to demonstrate
plexiform lesions in patients with chronic thromboembolic pulmonary
hypertension (62), the illustrations depict recanalized thrombi rather than
plexiform lesions (63).
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Figure 13 Pulmonary thromboendarterectomy specimen from a 21-year-old woman

with chronic thromboembolic pulmonary hypertension.
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Figure 14 Muscular pulmonary artery showing a sharply defined intimal fibroelastic

plaque (between two arrows) characteristic of an old organized mural thrombus. Note

the absence of medial hypertrophy. From a 44-year-old man with chronic thromboem-

bolic pulmonary hypertension. (EVG, 6500.)
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Figure 15 The lumen of this muscular pulmonary artery contains multiple fibroelastic

septa (colander-like lesion) characteristic of an old organized and recanalized thrombus.

From the patient with chronic thromboembolic pulmonary hypertension illustrated in

Figure 14. (EVG, 6500.)
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V. Pulmonary Veno-occlusive Disease

The first well-documented case of pulmonary veno-occlusive disease was
published by Höra in 1934 (64). Subsequently, several cases were reported
under a variety of names until pulmonary veno-occlusive disease became the
generally accepted term in 1966 (65). Approximately 150 cases have now been
reported in the literature (66). Pulmonary veno-occlusive disease affects all age
groups and has been reported from all over the world. About 60% of patients
are male and the age range is from 11 days to 76 years. About 40% of patients
are aged 16 years or less. In pulmonary veno-occlusive disease, the
predominant lesions are in the pulmonary veins, but there are also significant
changes in the alveolar capillaries, muscular pulmonary arteries, lymphatics,
and lung parenchyma.

A. Pulmonary Veins

The intrapulmonary veins and venules are narrowed or occluded by intimal
fibrosis (Fig. 16) (65,67). This may consist of either loose, myxoid connective
tissue or dense collagen and elastic tissue, sometimes including occasional
smooth muscle cells (68). Colander lesions and intravascular fibrous septa
indicative of recanalized thrombus are present in the pulmonary veins in most
cases (Fig. 17), but recent thrombus is rarely identified (69). In most cases the
pulmonary veins in the interlobular fibrous septa and the intra-acinar veins and
venules are involved. However, in some cases the lesions are virtually restricted
to the small intra-acinar veins and venules. This makes histological diagnosis
difficult because of the problem of distinguishing small pulmonary veins and
venules from pulmonary arterioles. The proportion of veins and venules
affected varies between 30 and 90% (67). In most cases the venous changes are
equally and evenly distributed throughout both lungs. In a few cases, however,
the veins in some parts of the lungs are affected more than in others. The
pulmonary veins often show medial hypertrophy. Sometimes the thickened
layer of smooth muscle is located between distinct internal and external elastic
laminae. This appearance is termed arterialization, because the affected
pulmonary veins resemble muscular pulmonary arteries. In some cases, these
features are probably secondary to increased pressure in the pulmonary veins
resulting from obstruction in the larger distal venous trunks. In other cases,
where the larger veins are widely patent, the medial hypertrophy and
arterialization may result from direct injury to the vessel wall (69). The lesions
in the pulmonary veins are usually bland, but occasional cases of nonspecific
pulmonary phlebitis (70) and granulomatous pulmonary phlebitis (71) have
been described.

B. Alveolar Capillaries

The alveolar capillaries may show dilatation and severe congestion,
particularly in relation to occluded or narrowed pulmonary venules. Electron

90 Kay



Figure 16 Pulmonary veno-occlusive disease. Transverse section of a pulmonary vein

located in a fibrous interlobular septum. Note the elastic tissue in its wall (arrow). The

lumen is severely narrowed by fibrous tissue. A venule joins the vein at the 7 o’clock

position. Its lumen is also occluded. Open-lung biopsy from a 17-year-old boy with

severe pulmonary hypertension. (EVG, 6500.)
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Figure 17 Pulmonary veno-occlusive disease. The lumen of this pulmonary vein is

occupied by fibrous tissue perforated by two or three vascular channels (colander-like

lesion) indicative of old organized and recanalized thrombus. A dilated lymphatic vessel

is seen at the top left corner of the picture. From the autopsy performed on the 17-year-

old boy illustrated in Figure 16. (EVG, 6200.)
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microscopy has shown thickening of the endothelial cell basement membrane
and electron-dense deposits representing disintegrating extravasated erythro-
cytes (68).

C. Muscular Pulmonary Arteries

In the majority of cases of pulmonary veno-occlusive disease, the muscular
pulmonary arteries show medial hypertrophy (Fig. 18). In 75% of cases, there is
eccentric intimal fibrosis that appears to be postthrombotic in origin.
Intravascular fibrous septa and recent thrombi are encountered in the
pulmonary arteries in 25% of cases (69). Thrombotic lesions in elastic
pulmonary arteries may cause abnormal perfusion lung scans (72). Plexiform
lesions and dilatation lesions have not been identified. Pulmonary arteritis has
been reported but is rare (73).

D. Lymphatics

The lymphatic vessels in the interlobular fibrous septa and in the perivascular
and peribronchiolar connective tissue are frequently dilated (Fig. 19). The
presence of dilated lymphatic vessels within thickened and edematous
interlobular fibrous septa is the morphological basis of the Kerley B lines,
which are seen in the chest radiographs of 20% of cases of pulmonary veno-
occlusive disease. In a patient with pulmonary hypertension, the detection of
Kerley B lines in the absence of left atrial enlargement may be an important
clue to the clinical diagnosis of pulmonary veno-occlusive disease (74).

E. Lung Parenchyma

Interstitial edema is common and most easily recognized in the interlobular
fibrous septa, which become abnormally wide. In long-standing cases,
interstitial fibrosis, which may be severe and extensive, develops in the alveolar
walls (67). A proliferation of type II pneumonocytes (68) and an infiltrate of
lymphocytes and plasma cells frequently accompanies the fibrosis, so that the
histology mimics usual interstitial pneumonia (Fig. 20) (67). Hemosiderin,
derived from extravasated erythrocytes, is present in alveolar macrophages
(Fig. 21) or deposited within the interstitium. Occasionally, hemosiderin
encrusts elastic fibers in the walls of pulmonary blood vessels (Fig. 22) and
alveolar septa, where it may evoke a giant cell reaction. The hemosiderosis may
be so prominent that a diagnosis of idiopathic pulmonary hemosiderosis is
entertained. Nodules of metaplastic bone may occur within the alveolar spaces.
Pulmonary infarction has been observed in a few cases.

F. Etiology of Pulmonary Veno-occlusive Disease

The cause of pulmonary veno-occlusive disease is unknown, but the character
of the venous lesions indicates that thrombosis is an essential factor in the
majority of cases if not all. Changes in the pulmonary arteries have attracted
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Figure 18 Muscular pulmonary artery showing moderate medial hypertrophy and

severe intimal fibrosis. Open-lung biopsy from patient with pulmonary veno-occlusive

disease. (EVG, 6200.)

94 Kay



Figure 19 Dilated lymphatic vessel in widened edematous interlobular fibrous

septum. Note the delicate valve leaflets in the lumen (arrow). Autopsy specimen from

the 17-year-old boy with pulmonary veno-occlusive disease illustrated in Figures 16 and

17. Kerley B lines were visible in his chest radiograph. (EVG, 680.)
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Figure 20 Open-lung biopsy from a 57-year-old man with pulmonary veno-occlusive

disease. There is interstitial fibrosis accompanied by a scanty infiltrate of lymphocytes

and plasma cells and a proliferation of type II pneumonocytes. The alveoli contain

abundant macrophages. (HE, 6200.)
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Figure 21 Pulmonary veno-occlusive disease. The alveoli contain numerous

hemosiderin-laden macrophages. There are interstitial deposits of hemosiderin on the

left side of the picture. Open-lung biopsy from the 57-year-old man shown in Figure 20.

(HE, 6200.)
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Figure 22 Pulmonary veno-occlusive disease. The elastic tissue within the walls of two

pulmonary venules is heavily impregnated with hemosiderin. From the 57-year-old man

illustrated in Figures 20 and 21. (Perls Prussian blue stain, 6500.)
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less attention than those in the pulmonary veins despite the fact that they are
sometimes as severe (69). This suggests that the process is a pulmonary
vascular occlusive disease rather than a condition limited to the pulmonary
veins (75,76). In some cases, the lesions in the arteries appear to be more recent
than those in the veins. This suggests that the process may commence in the
pulmonary veins and that the arteries are affected later. It may be that the
pulmonary veins are more susceptible to injury than the pulmonary arteries.
Normal pulmonary venous endothelium contains less plasminogen activator
than pulmonary arterial endothelium. If an infective or toxic agent damaged
pulmonary vascular endothelium, plasminogen activator might be depleted in
the pulmonary veins before the pulmonary arteries, with the subsequent
encouragement of thrombosis in the pulmonary veins (77).

A wide variety of risk factors and associations of pulmonary veno-
occlusive disease have been described (Table 5). Most of these are based on

Table 5 Conditions Associated with Pulmonary Veno-occlusive Disease

Genetic factors

Occurrence in siblings

Intrauterine occurrence

Infection

Toxoplasmosis

Measles

Epstein-Barr virus infection

Cytomegalovirus infection

Human immunodeficiency virus infection

Toxic exposures

Household cleaning powder

Bleomycin

Mitomycin

Carmustine

Transplantation

Bone marrow

Kidney

Autoimmune disorders

Rheumatoid arthritis

Systemic lupus erythematosus

Systemic sclerosis

Hormonal factors

Pregnancy

Oral contraceptives

Miscellaneous

Hypertrophic obstructive cardiomyopathy

Myocarditis

Sarcoidosis

Unilateral hypertransradiant lung
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reports of single cases and small series of cases. Discussion of these is outside
the scope of this chapter; they are reviewed in detail elsewhere (4,78). It is
unlikely that a single etiological agent is responsible for all cases of pulmonary
veno-occlusive disease. It is probably best regarded as a syndrome rather than
an etiological entity, although a final common pathway, probably thrombosis,
is likely (78).

VI. Pulmonary Capillary Hemangiomatosis

This is a rare cause of pulmonary hypertension. It was first described in 1978
(79), and by 2000 a total of 28 cases had been reported (80). Males and females
are affected in approximately equal numbers, with an age range from 12 to 71
years (mean 27 years). About 25% of patients are aged 14 years or less.

A. Pathology

The condition is characterized by an aggressive proliferation of small vessels
resembling capillaries, which invade the interlobular fibrous septa, pleura,
alveolar septa (Fig. 23), and walls of bronchi, pulmonary arteries, and
pulmonary veins (Fig. 24) (81). Perineural and intraneural involvement has
also been reported (82). In the alveolar walls, a reticulin stain reveals
contiguous back-to-back masses of capillaries growing on both sides of the
septa (81,83). The infiltration of the walls of pulmonary veins and venules
commonly induces partial obstruction or even occlusion of the lumen (Fig. 25).
There is intimal fibrosis and many veins show arterialization, with a distinct
media of smooth muscle bounded by internal and external elastic laminae.
Some of the capillaries that infiltrate the walls of small pulmonary veins
increase in size to form thin-walled, sinusoids that protrude into the lumen
(84). Other thin-walled vessels form vascular halos around small pulmonary
veins and pulmonary arterioles (85). In most cases of pulmonary capillary
hemangiomatosis, the endothelial cells have bland nuclei. However, in one case
there was hyperchromasia and pleomorphism of endothelial nuclei (79).

The pulmonary arteries show medial hypertrophy, and there is
muscularization of pulmonary arterioles. Plexiform lesions, arteritis, and
organized thrombi have not been seen in the small pulmonary arteries. The
alveoli show recent and old hemorrhage. They contain large aggregates of
hemosiderin-laden macrophages. There may be iron encrustation of elastic
tissue in the pulmonary arteries and veins and alveolar septa. Subpleural
bone metaplasia has been reported, but significant interstitial fibrosis is
uncommon.

B. Etiology

Pulmonary hypertension in pulmonary capillary hemangiomatosis appears to
be secondary to occlusion of veins and venules by invading capillaries (81,82).
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Figure 23 Pulmonary capillary hemangiomatosis. Numerous small vessels resembling

capillaries infiltrate the alveolar walls; they appear as empty round or oval spaces.

Open-lung biopsy from a 31-year-old man with severe pulmonary hypertension. (HE,

6200.)
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Figure 24 Pulmonary capillary hemangiomatosis. Transverse section of a pulmonary

venule occluded by capillary hemangiomatosis. Note the smooth muscle in the wall of

the venule (arrow) and the involvement of the adjacent alveolar walls by capillary

hemangiomatosis. From the 31-year-old man shown in Figure 23. (HE, 6500.)
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Figure 25 Pulmonary capillary hemangiomatosis. Transverse section of a pulmonary

venule occluded by capillary hemangiomatosis. Note the elastic tissue in the wall of the

venule (arrow) and the involvement of the adjacent alveolar walls by capillary hemangio-

matosis. From the 31-year-old man shown in Figures 23 and 24. (EVG, 6500.)
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About 50% of patients complain of hemoptysis, and hemothorax occurs in
about 15% of cases. Hemoptysis is rare in pulmonary veno-occlusive disease.
The nature of pulmonary capillary hemangiomatosis is unclear. The existence
of sheets of small blood vessels in the lung is suggestive of a hamartoma (85).
However, if the disease is hamartomatous, it is surprising that the mean age of
the patients is 27 years and that the disease has been reported in a 71-year-old
man (79). The aggressively infiltrative nature of the process, which sometimes
involves nerves, and the occasional occurrence of hyperchromasia and
pleomorphism of nuclei are more in keeping with a low-grade vascular
neoplasm.

Pulmonary capillary hemangiomatosis must be distinguished from
Kaposi’s sarcoma. Capillary hemangiomatosis is characterized by fairly
regular, well-formed capillaries rather than the irregular slits lined by spindle
cells that occur in Kaposi’s sarcoma. Most cases of pulmonary Kaposi’s
sarcoma show eosinophilic, hyaline, periodic acid–Schiff (PAS)-positive
intracytoplasmic globules (86), which have not been described in pulmonary
capillary hemangiomatosis. The condition must also be distinguished from
diffuse pulmonary hemangiomatosis that occurs in children (87). The latter
appears to be a true vascular malformation, often involving several organs.
The vascular channels resemble cavernous hemangiomas and are much larger
than than those of pulmonary capillary hemangiomatosis. Pulmonary capillary
hemangiomatosis appears to be a distinct morphological entity separate from
pulmonary veno-occlusive disease (81). However, some authors (36) have had
difficulty in distinguishing pulmonary capillary hemangiomatosis from
pulmonary veno-occlusive disease with so-called pseudoangiomatous features
(88).

Pulmonary capillary hemangiomatosis has been described in association
with hypertrophic cardiomyopathy, systemic lupus erythematosus, Takayasu’s
aortoarteritis, and scleroderma (80,89). In one study, isolated foci of
pulmonary capillary hemangiomatosis were identified in 8 of 148 (5.7%)
consecutive autopsies (80). The lesions ranged in diameter from 0.6 to 5 cm and
were visible on gross examination in three cases. There was minimal invasion of
small pulmonary arteries and veins but no vascular occlusion. The patients did
not have pulmonary hypertension and there was no capillary proliferation in
other organs.

VII. Lung Biopsy in Advanced Pulmonary Vascular Disease

A biopsy specimen measuring 2:56261 cm from an adult lung or a
proportionately smaller specimen from a child will usually include blood
vessels that are representative of the lungs as a whole (90). The lingula of the
left upper lobe is a favorite site for biopsy because of its accessibility. It has
been suggested that the lingula is inappropriate because the pulmonary arteries
in this segment have thicker medial and intimal layers (91). However, other
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studies have failed to observe any significant differences between the
pulmonary arteries in various parts of the lungs, including the lingula
(92,93). Accordingly, there seems to be no good reason why the lingula should
be excluded as a biopsy site.

Surgical lung biopsy specimens should be fixed in a state of distention.
Otherwise, collapse of lung tissue may lead to crenation of the elastic laminae
and induce a state of spurious medial hypertrophy in muscular pulmonary
arteries. Lung biopsy specimens are most conveniently fixed by injecting them
through multiple punctures in the pleura with a 25-gauge butterfly needle
connected to a 5-mL syringe (94). This technique may induce slight edema of
the interlobular fibrous septa. This does not lead to difficulties in interpretation
and is a small price to pay for the excellent display of pulmonary
microanatomy.

The walls of blood vessels are composed essentially of collagen, smooth
muscle, and elastic tissue. Using the conventional hematoxylin and eosin
staining method, all these tissues appear pink and cannot be distinguished from
one another. Accordingly, it is necessary to use a connective tissue stain such as
the Miller elastic–van Gieson method (95) for evaluating the pulmonary
vasculature. Representative sections should also be stained by the Perls
Prussian blue method for ferric iron to detect hemosiderosis, which is one of
the features of chronic pulmonary venous hypertension (Figs. 21 and 22).

A. Lung Biopsy in Systemic-to-Pulmonary Shunts

In most patients with congenital heart disease, careful measurements of the
pulmonary vascular resistance and calculation of the ratio between the
pulmonary vascular resistance and the systemic vascular resistance give reliable
indications of the state of the pulmonary vascular bed, obviating the need for
routine open-lung biopsies. If a reliable assessment of the pulmonary vascular
resistance cannot be made, it may be necessary to perform a lung biopsy to
evaluate the state of the pulmonary arteries and decide whether the defect
should be repaired. An open-lung biopsy in such patients may yield valuable
information, but it should not be undertaken without careful consideration of
the risks involved. Mortality and morbidity rates of 20 and 13%, respectively,
have been reported when an open-lung biopsy has been used as an isolated
procedure in children with congenital heart disease (33) Intraoperative frozen
sections are inadequate to assess hypertensive pulmonary vascular disease
because of the necessity for multiple well-stained sections (33,48).

B. Lung Biopsy in Unexplained (Primary) Pulmonary Hypertension

Histopathological classification of hypertensive pulmonary vascular disease in
lung biopsy specimens can be achieved accurately and reproducibly, as shown
by the 96% interobserver agreement between the pathologists and by the good
correlation between premortem and postmortem diagnoses in the National
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Heart, Lung and Blood Institute Registry of Primary Pulmonary Hypertension
(37).

In patients with clinically unexplained pulmonary hypertension, plexi-
form lesions are pathognomic for primary pulmonary arterial hypertension,
but it is important to realize that 27 to 63% of patients with plexiform lesions
may also show recanalized thrombi. Thrombotic obstruction of distal
pulmonary arteries is diagnosed by seeing evidence of organized thrombi in
the absence of plexiform lesions. Fresh thrombus is rarely seen in open-lung
biopsies from patients with thrombotic pulmonary arteriopathy. Occasionally,
difficulty may be encountered in distinguishing between an organized
recanalized thrombus with a florid endothelial cell proliferation (Fig. 26) and
a plexiform lesion. Pulmonary arteries containing organized and recanalized
thrombi usually have intact internal and external elastic laminae (Fig. 27),
whereas these structures are destroyed at the site of plexiform lesions (Fig. 10).

Chronic pulmonary venous hypertension, such as occurs in pulmonary
veno-occlusive disease and pulmonary capillary hemangiomatosis, produces
profound changes in the lung parenchyma. Mistaken diagnoses of usual
interstitial pneumonia and idiopathic pulmonary hemosiderosis are not
uncommon in lung biopsy specimens from patients with pulmonary veno-
occlusive disease. If a lung biopsy shows interstitial fibrosis or hemosiderosis, it
is important to pay particular attention to the pulmonary veins and venules to
avoid an erroneous diagnosis. In most cases of pulmonary veno-occlusive
disease, the muscular pulmonary arteries show medial hypertrophy and
eccentric intimal fibrosis. Sometimes the arterial lesions may be more
prominent than those in the pulmonary veins, so it is important to examine
the pulmonary veins in detail to avoid missing occlusive lesions. The diagnosis
of pulmonary veno-occlusive disease may be particularly difficult when the
occlusive lesions are restricted to the intra-acinar veins and venules because of
the difficulty in distinguishing them from pulmonary arterioles. Some cases of
pulmonary capillary hemangiomatosis may be misdiagnosed as pulmonary
veno-occlusive disease. A reticulin stain and immunohistochemistry for factor
8 and CD 31 (Fig. 28) are very helpful in identifying the invasive capillary
proliferation. Plexiform lesions do not occur in either pulmonary veno-
occlusive disease or pulmonary capillary hemangiomatosis.

VIII. Risks and Benefits of Lung Biopsy

Open-lung biopsy is potentially hazardous, and it may be questioned whether it
is worthwhile subjecting the patient to the risk of the procedure. In individual
patients, the value of the information to be gained must be carefully weighed
against the risks of the procedure. In a prospective study of unexplained
pulmonary hypertension, 1 of 23 patients submitted to open-lung biopsy died
as a result of the procedure (37).
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Figure 26 Oblique section of a muscular pulmonary artery containing an organizing

thrombus with a florid endothelial cell proliferation that might be misinterpreted as a

plexiform lesion. From the patient with chronic thromboembolic pulmonary hyperten-

sion illustrated in Figures 14 and 15. (HE, 6200.)
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Figure 27 Oblique section of the same muscular pulmonary artery, as shown in

Figure 26, containing an organizing thrombus with a florid endothelial cell prolifer-

ation. Note the intact internal and external elastic laminae (arrow), which distinguish a

thrombus from a plexiform lesion. Compare with Figure 10. (EVG, 6200.)
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Figure 28 Pulmonary capillary hemangiomatosis. The cells lining the infiltrating

capillary-like structures express CD 31 and appear as black circles and ovals. The large

oval space (curved arrow) just above the center of the picture is the narrow lumen of a

pulmonary venule. (Immunohistochemistry for CD 31, 6500.)
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The therapies currently available for treating patients with unexplained
pulmonary hypertension are vasodilators, anticoagulants, and lung or heart-
lung transplantation. Qualitative histological examination of lung tissue does
not provide a basis for predicting how individual patients will respond to
vasodilator agents (96). However, quantitative morphological analysis of the
initial open-lung biopsy specimen did prove helpful in predicting acute
responsiveness to vasodilator agents and the subsequent clinical course of
patients with primary pulmonary arterial hypertension and thrombotic
obstruction of distal pulmonary arteries. An intimal area of more than 18%
of the vascular cross-sectional area had an 85% predictive value for identifying
the patients who did poorly during the first 36 months of follow-up (96).

At the World Symposium on Primary Pulmonary Hypertension in 1998,
it was stated that there is little evidence that lung biopsy provides clinically
useful information in most patients and that it was not recommended as a part
of the routine evaluation of patients with suspected primary pulmonary
hypertension (6). A disadvantage of not performing lung biopsy is that a
definitive diagnosis will not be established, because primary pulmonary arterial
hypertension, thrombotic obstruction of distal pulmonary arteries, pulmonary
veno-occlusive disease, and pulmonary capillary hemangiomatosis are often
indistinguishable clinically (37). These four conditions are distinct pathological
entities with diverse etiologies. Unless a biopsy is performed, the clinician will
not know which disease is being treated. Pulmonary vasodilators have an
established role in the treatment of primary pulmonary arterial hypertension,
but there are theoretical reasons why vasodilators may not be effective in
pulmonary veno-occlusive disease and pulmonary capillary hemangiomatosis
and may, in fact, worsen the cardiopulmonary status. If the muscular
pulmonary arteries dilate but the resistance of the pulmonary veins remains
fixed, an increase in transcapillary hydrostatic pressure may ensue and produce
florid pulmonary edema (78). Fatal pulmonary edema has been reported in
patients with pulmonary veno-occlusive disease (66) and pulmonary capillary
hemangiomatosis (89) treated with vasodilator agents.

References

1. Hatano S, Strasser T. Primary Pulmonary Hypertension. Report of Committee.

Geneva: World Health Organization, 1975.

2. Fishman AP. Unexplained pulmonary hypertension. Circulation 1982; 65:651–

652.

3. Dexter L. Pulmonary vascular disease in acquired and congenital heart disease.

Arch Intern Med 1979; 139:922–928.

4. Kay JM. Vascular disease. In: Thurlbeck WM, Churg AM, eds. Pathology of the

Lung, 2nd ed. New York: Thieme, 1995:931–1066.

5. Voelkel NF, Tuder RM. Severe pulmonary hypertensive diseases: a perspective.

Eur Respir J 1999; 14:1246–1250.

110 Kay



6. Rich S. Executive Summary from the World Symposium on Primary Pulmonary

Hypertension. Geneva: World Health Organization, 1998.

7. Haworth SG. Pulmonary vascular disease in secundum atrial septal defect in

childhood. Am J Cardiol 1983; 51:265–272.

8. Shillingford JP, Kay JM, Heath D. Perforation of interventricular septum

following myocardial infarction. Am Heart J 1970; 80:562–569.

9. Heath D, Edwards JE. The pathology of hypertensive pulmonary vascular disease.

A description of six grades of structural changes in the pulmonary arteries with

special reference to congenital cardiac septal defects. Circulation 1958; 18:533–547.

10. Stenmark KR, Mecham RP. Cellular and molecular mechanisms of pulmonary

vascular remodeling. Annu Rev Physiol 1997; 59:89–144.

11. Voelkel NF, Tuder RM. Cellular and molecular mechanisms in the pathogenesis

of severe pulmonary hypertension. Eur Respir J 1995; 8:2129–2138.

12. Meyrick B, Reid L. Ultrastructural findings in lung biopsy material from children

with congenital heart defects. Am J Pathol 1980; 101:527–542.

13. Yamaki S, Wagenvoort CA. Plexogenic pulmonary arteriopathy. Significance of

medial thickness with respect to advanced pulmonary vascular lesions. Am J

Pathol 1981; 105:70–75.

14. Wagenvoort CA, Nauta J, Van der Schaar PJ, Weeda HWH, Wagenvoort N.

Effect of flow and pressure on pulmonary vessels. A semiquantitative study based

on lung biopsies. Circulation 1967; 35:1028–1037.

15. Giaid A, Yanagisawa M, Langleben D, Michel RP, Levy R, Shennib H, Kimura S,

Masaki T, Duguid WP, Stewart DJ. Expression of endothelin-1 in the lungs of

patients with pulmonary hypertension. N Engl J Med 1993; 328:1732–1739.

16. Heath D, Smith P, Gosney J. Ultrastructure of early plexogenic pulmonary

arteriopathy. Histopathology 1988; 12:41–52.

17. Smith P, Heath D, Yacoub M, Madden B, Caslin A, Gosney J. The ultrastructure

of plexogenic pulmonary arteriopathy. J Pathol 1990; 160:111–121.

18. Yaginuma G, Mohri H, Takahashi T. Distribution of arterial lesions and collateral

pathways in the pulmonary hypertension of congenital heart disease: a computer

aided reconstruction study. Thorax 1990; 45:586–590.

19. Jamison BM, Michel RP. Different distribution of plexiform lesions in primary

and secondary pulmonary hypertension. Hum Pathol 1995; 26:987–993.

20. Wagenvoort CA. The morphology of certain vascular lesions in pulmonary

hypertension. J Pathol Bacteriol 1959; 78:503–511.

21. Tuder RM, Lee S-D, Cool CC. Histopathology of pulmonary hypertension. Chest

1998; 114:1S–6S.

22. Wagenvoort CA. The pulmonary arteries in infants with ventricular septal defect.

Med Thorac 1962; 19:354–361.

23. Caslin AW, Heath D, Madden B, Yacoub M, Gosney JR, Heath D. The

histopathology of 36 cases of plexogenic pulmonary arteriopathy. Histopathology

1990; 16:9–16.

24. Hall SM, Haworth SG. Onset and evolution of pulmonary vascular disease in

young children: abnormal postnatal remodelling studied in lung biopsies. J Pathol

1992; 166:183–186.

25. Hoffman JIE, Rudolph AM, Heymann MA. Pulmonary vascular disease with

congenital heart lesions: pathologic features and causes. Circulation 1981; 64:873–

877.

Pathology of Advanced Vascular Disease 111



26. Heath D. Longitudinal muscle in pulmonary arteries. J Pathol Bacteriol 1963;

85:407–412.

27. Haworth SG. Pulmonary vascular disease in ventricular septal defect: structural

and functional correlations in lung biopsies from 85 patients, with outcome of

intracardiac repair. J Pathol 1987; 152:157–168.

28. Heath D, Helmholz HF, Burchell HB, DuShane JW, Kirklin JW, Edwards JE.

Relation between structural changes in the small pulmonary arteries and

immediate reversibility of pulmonary hypertension following closure of ventricular

and atrial septal defects. Circulation 1958; 18:1167–1174.

29. Rabinovitch M, Keane JF, Norwood WI, Castaneda AR, Reid L. Vascular

structure in lung tissue obtained at biopsy correlated with pulmonary hemody-

namic findings after repair of congenital heart defects. Circulation 1984; 69:655–

667.

30. Braunlin EA, Moller JH, Patton C, Lucas RV, Lillehei CW, Edwards JE.

Predictive value of lung biopsy in ventricular septal defect: long-term follow-up. J

Am Coll Cardiol 1986; 8:1113–1118.

31. Dammann JF, McEachen JA, Thompson WM, Smith R, Muller WH. The

regression of pulmonary vascular disease after the creation of pulmonary stenosis.

J Thorac Cardiovasc Surg 1961; 42:722–734.

32. Wagenvoort CA, Wagenvoort N, Draulans-Noe Y. Reversibility of plexogenic

pulmonary arteriopathy following banding of the pulmonary artery. J Thorac

Cardiovasc Surg 1984; 87:876–886.

33. Wilson NJ, Seear MD, Taylor GP, LeBlanc J, Sandor GGS. The clinical value and

risks of lung biopsy in children with congenital heart disease. J Thorac Cardiovasc

Surg 1990; 9:460–468.

34. Wagenvoort CA, Wagenvoort N. Primary pulmonary hypertension. A pathologic

study of the lung vessels in 156 clinically diagnosed cases. Circulation 1970;

42:1163–1184.

35. Bjornsson J, Edwards WD. Primary pulmonary hypertension: a histopathologic

study of 80 cases. Mayo Clin Proc 1985; 60:16–25.

36. Burke AP, Farb A, Virmani R. The pathology of primary pulmonary

hypertension. Mod Pathol 1991; 4:269–282.

37. Pietra GG, Edwards WD, Kay JM, Rich S, Kernis J, Schloo B, Ayres SM,

Bergofsky EH, Brundage BH, Detre KM, Fishman AP, Goldring RM, Groves

BM, Levy PS, Reid LM, Vreim CE, Williams GW. Histopathology of primary

pulmonary hypertension. A qualitative and quantitative study of pulmonary blood

vessels from 58 patients in the National Heart, Lung, Blood Institute, Primary

Pulmonary Hypertension Registry. Circulation 1989; 80:1198–1206.

38. Madden BP, Gosney J, Coghlan JG, Kamalvand K, Caslin AW, Smith P, Yacoub

M, Heath D. Pretransplant clinicopathological correlation in end-stage primary

pulmonary hypertension. Eur Respir J 1994; 7:672–678.

39. Botney MD, Liptay MJ, Kaiser LR, Cooper JD, Parks WC, Mecham RP. Active

collagen synthesis by pulmonary arteries in human primary pulmonary hyperten-

sion. Am J Pathol 1993; 143:121–129.

40. Botney MD, Bahadori L, Gold LI. Vascular remodeling in primary pulmonary

hypertension. Potential role for transforming growth factor-b. Am J Pathol 1994;

144:286–295.

112 Kay



41. Chazova I, Loyd JE, Zhdanov VS, Newman JH, Belenkov Y, Meyrick B.

Pulmonary artery adventitial changes and venous involvement in primary

pulmonary hypertension. Am J Pathol 1995; 146:389–397.

42. Tuder RM, Groves BM, Badesch DB, Voelkel NF. Exuberant endothelial cell

growth and elements of inflammation are present in plexiform lesions of

pulmonary hypertension. Am J Pathol 1994; 144:275–285.

43. Lee SD, Shroyer KR, Markham NE, Cool CD, Voelkel NF, Tuder RM.

Monoclonal endothelial cell proliferation is present in primary but not secondary

pulmonary hypertension. J Clin Invest 1998; 101:927–934.

44. Yamaki S, Wagenvoort CA. Comparison of primary plexogenic pulmonary

arteriopathy in adults and children. A morphometric study in 40 patients. Br Heart

J 1985; 54:428–434.

45. Wagenvoort CA, Mulder PGH. Thrombotic lesions in primary plexogenic

pulmonary arteriopathy. Similar pathogenesis or complications? Chest 1993;

103:844–849.

46. Chaouat A, Weitzenblum E, Higenbottam T. The role of thrombosis in severe

pulmonary hypertension. Eur Respir J 1996; 9:356–363.

47. Rubin RM, Radisavljevic Z, Shroyer KR, Polak JM, Voelkel NF. Monoclonal

endothelial cells in appetite suppressant-associated pulmonary hypertension. Am J

Respir Crit Care Med 1998; 158:1999–2001.

48. Wagenwoort CA, Mooi WJ. Biopsy Pathology of the Pulmonary Vasculature.

London: Chapman & Hall, 1989.

49. Presti B, Berthrong M, Sherwin RM. Chronic thrombosis of major pulmonary

arteries. Hum Pathol 1990; 21:601–606.

50. Goodwin JF, Harrison CV, Wilcken DEL. Obliterative pulmonary hypertension

and thrombo-embolism. Br Med J 1963; 1:701–711, 777–783.

51. Rich S, Levitsky S, Brundage BH. Pulmonary hypertension from chronic

pulmonary thrombo-embolism. Ann Intern Med 1988; 108:425–434.

52. Case Records of the Massachusetts General Hospital (Case 38–1981). N Engl J

Med 1981; 305:685–693.

53. Egermayer P, Peacock AJ. Is pulmonary embolism a common cause of chronic

pulmonary hypertension? Limitations of the embolic hypothesis. Eur Respir J

2000; 15:440–448.

54. Widimsky J. Acute pulmonary embolism and chronic thromboembolic pulmonary

hypertension: is there a relationship? Eur Respir J 1991; 4:137–140.

55. Carson JL, Kelley MA, Duff A, Weg JG, Fulkerson WJ, Palevsky HI, Schwartz

JS, Thompson BT, Popovich J Jr, Hobbins TE, Spera MA, Alavi A, Terrin ML.

The clinical course of pulmonary embolism. N Engl J Med 1992; 326:1240–1245.

56. Owen WR, Thomas WA, Castleman B, Bland EF. Unrecognized emboli to the

lungs with subsequent cor pulmonale. N Engl J Med 1953; 249:919–926.

57. Ribeiro A, Lindmarker P, Johnsson H, Juhlin-Dannfelt A, Jorfeldt L. Pulmonary

embolism: one-year follow-up with echocardiography Doppler and five year

survival analysis. Circulation 1999; 99:1325–1330.

58. Moser KM, Auger WR, Fedullo PF, Jamieson SW. Chronic thrombo-embolic

pulmonary hypertension: clinical picture and surgical treatment. Eur Respir J

1992; 5:334–342.

59. McLachlin J, Paterson JC. Some basic observations on venous thrombosis and

pulmonary embolism. Surg Gynecol Obstet 1951; 93:1–8.

Pathology of Advanced Vascular Disease 113



60. Perez MT, Alexis JB, Ferreira T, Garcia H. Pulmonary artery fibrous bands.

Report of a case with extensive lung infarction andsuperinfection with Coccidioides

immitis, Pseudomonas, and acid fast bacilli. Arch Pathol Lab Med 1999; 123:170–

172.

61. Peterson KL. Acute pulmonary thromboembolism. Has its evolution been

rededfined? Circulation 1999; 99:1280–1283.

62. Moser KM, Bloor CM. Pulmonary vascular lesions occurring in patients with

chronic major vessel thromboembolic pulmonary hypertension. Chest 1993;

103:685–692.

63. Kay JM. Pulmonary vascular lesions in chronic thromboembolic pulmonary

hypertension (correspondence). Chest 1994; 105:1619–1620.
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Management of Advanced Chronic Obstructive
Pulmonary Disease

DENIS E. O’DONNELL and NHA VODUC
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Kingston, Ontario, Canada

I. Introduction

Chronic obstructive pulmonary disease (COPD) is a common cause of
morbidity and mortality worldwide. It is currently the fourth leading cause
of death in North America and the only major cause of death and disability
that continues to rise (1–4). Over the next 20 years it is projected that
unprecedented numbers of patients with advanced symptomatic COPD will
require expert medical assistance (5). This review discusses a comprehensive
management approach for patients with severe COPD. Such an approach is
primarily based on our current understanding of the pathophysiological
underpinnings of this diverse group of obstructive disorders. Particular
emphasis is placed on how best to achieve effective symptom control, since
this is the most challenging goal for the management of patients with more
advanced disease. The rationale for the various current pharmacological and
nonpharmacological interventions and their relative clinical efficacy in
achieving improvements in dyspnea, exercise capacity, and health status are
reviewed.

In the recent GOLD consensus statement (5), COPD is defined as ‘‘a
disease state characterized by airflow limitation that is not fully reversible.’’
This airflow limitation is generally progressive and is the result of an abnormal
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inflammatory response of the airways and lung parenchyma to tobacco smoke
and other noxious exposures. Clearly, COPD is a complex group of disorders
with diverse pathophysiological and clinical manifestations. Given this
diversity, an individualized approach to management that is based on a
rigorous evaluation of the patient’s impairment and disability is likely to yield
best results.

In this review, advanced COPD is defined as severe airway obstruction
(i.e., forced expiratory volume in one second (FEV)1.0< 50% predicted) with
persistent incapacitating dyspnea and exercise intolerance. In such patients,
troublesome symptoms may persist despite escalating bronchodilator therapy.
To manage these patients effectively, considerable health care resources are
required: the components of a comprehensive management plan are outlined in
Figure 1. The goals of management are presented in Table 1 (5).

Figure 1 Stepwise approach to management of COPD. Therapy is escalated as the

disease progresses. Sx¼ surgery; Inh¼ inhaled.
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II. Pathophysiology of Exercise Intolerance in COPD

A. Exercise Limitation in COPD

In order to develop a rationale for the management of the disabled COPD
patient, we must first consider the pathophysiology of exercise intolerance and
dyspnea.

Exercise limitation is multifactorial in COPD. Recognized contributing
factors include (1) ventilatory limitation due to impaired respiratory system
mechanics and ventilatory muscle dysfunction, (2) metabolic and gas exchange
abnormalities, (3) peripheral muscle dysfunction, (4) cardiac impairment, (5)
intolerable exertional symptoms, and (6) any combination of these inter-
dependent factors. The predominant contributing factors to exercise limitation
vary among patients with COPD or, indeed, in a given patient over time. The
more advanced the disease, the more of these factors come into play in a
complex integrative manner.

B. Ventilatory Mechanics in COPD

COPD is a heterogeneous disorder characterized by dysfunction of the small and
large airways and by parenchymal and vascular destruction, in highly variable
combinations. Although the most obvious physiological defect in COPD is
expiratory flow limitation, due to reduced lung recoil (and airway tethering
effects) as well as intrinsic airway narrowing, the most important mechanical
consequence of this is a ‘‘restrictive’’ ventilatory deficit due to dynamic lung
overdistention or hyperinflation (DH) (6,7). When expiratory flow limitation
reaches a critical level, lung emptying becomes incomplete during resting tidal
breathing and lung volume fails to decline to its natural equilibrium point (i.e.,
the relaxation volume of the respiratory system). End-expiratory lung volume
(EELV), therefore, becomes dynamically and not statically determined and
represents a higher resting lung volume than in health (6,8). In flow-limited
patients, EELV is, therefore, a continuous variable that fluctuates widely with
rest and activity.When ventilation ð _VVEÞ increases in flow-limited patients, as, for
example, during exercise, increases in EELV (or DH) are inevitable (Figs. 2 and

Table 1 Goals of COPD Management

Prevent disease progression

Relieve symptoms

Improve exercise tolerance

Improve health status

Prevent and treat complications

Prevent and treat exacerbations

Reduce mortality

Source: Ref. 5.
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3).MinorDH can occur in the healthy elderly, but atmuch higher _VVE and oxygen
consumption ð _VVO2

Þ than in COPD (6). For practical purposes, the extent of DH
during exercise depends on the extent of expiratory flow limitation, the level of
baseline lung hyperinflation, the prevailing ventilatory demand, and the
breathing pattern for a given ventilation (6).

The extent and pattern of DH development in COPD patients during
exercise is highly variable. Clearly, some patients do not increase EELV
during exercise, whereas others show dramatic increases (i.e., > 1L) (6,9,10).
We recently studied the pattern and magnitude of DH during incremental
cycle exercise in 105 patients with COPD (FEV1:0 ¼ 37+13% predicted;
mean+ SD) (6) (Figs. 2 and 3). In contrast to age-matched healthy control
subjects, the majority of this sample (80%) demonstrated significant increases
in EELV above resting values: dynamic inspiratory capacity (IC) decreased
significantly by 0:37+0:39L (or 14+15% predicted) from rest (6). Similar

Figure 2 Flow-volume loops showing the effects of exercise on tidal volume in COPD

and in health. The outer loops represent the maximal limits of flow and volume. The

smallest loops represent the resting tidal volumes. The thicker loops represent the

increased tidal volumes and flows seen with exercise. The dotted lines represent the IC

maneuver to TLC, which is used to anchor tidal flow-volume loops within the respective

maximal loops. Healthy subjects are able to increase both their tidal volumes and

inspiratory and expiratory flows. In COPD, expiratory flow is already maximal during

resting ventilation. In order to increase expiratory flow further, these patients must

hyperinflate.
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levels of DH have recently been reported in COPD patients after completing
a 6-min walking test while breathing without an imposed mouthpiece (11).
For the same FEV1.0, patients with lower diffusion capacity (DLCO< 50%
predicted), and presumably more emphysema, had faster rates of DH at
lower exercise levels, earlier attainment of critical volume constraints (peak
VT), greater exertional dyspnea, and lower peak _VVE and _VVO2

when compared
with patients with a relatively preserved DLCO (6). In the latter group, the
magnitude of change in EELV from rest to peak exercise was similar to that
of the group with low DLCO, but air trapping occurred predominantly at a
higher _VVO2

and _VVE at the end of exercise. Patients with predominant
emphysema likely had faster rates of DH because of reduced elastic lung
recoil (and airway tethering) and an increased propensity to expiratory flow
limitation. In this group, DH is often further compounded by a greater
ventilatory demand as a result of higher physiological dead space, reflecting
greater ventilation perfusion abnormalities (12). The extent of DH during
exercise is inversely correlated with the level of resting lung hyperinflation:
patients who were severely hyperinflated at rest showed minimal further DH
during exercise (6).

Figure 3 Changes in operational lung volumes are shown as ventilation increases with

exercise in COPD and in age-matched healthy subjects. End-expiratory lung volume

(EELV) increases above the relaxation volume of the respiratory system (Rrs) in COPD,

as reflected by a decrease in inspiratory capacity (IC), while EELV in health either

remains unchanged or decreases. ‘‘Restrictive’’ constraints on tidal volume (VT, solid

area) expansion during exercise are significantly greater in the COPD group from both

below (increased EELV) and above (reduced IRV as EILV approaches TLC). IRV ¼
inspiratory reserve volume; ERV ¼ expiratory reserve volume; EILV ¼ end-inspiratory

lung volume; TLC ¼ total lung capacity. (From Ref. 6.)
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Tidal Volume Restriction and Exercise Intolerance

The resting inspiratory capacity (IC) and, in particular, the dynamic IC
during exercise [and not the resting vital capacity (VC)] represent the true
operating limits for VT expansion in any given patient. Therefore, when VT

approximates the peak dynamic IC during exercise, or the dynamic end-
inspiratory lung volume (EILV) encroaches on the total lung capacity (TLC)
envelope, further volume expansion is impossible, even in the face of
increased central drive and electrical activation of the diaphragm (13) (Figs. 2
and 3).

In our study, using multiple regression analysis with symptom-limited
peak _VVO2

as the dependent variable and several relevant physiological
measurements as independent variables [including FEV1.0 and _VVE expressed
as a percent of maximal ventilatory capacity] peak VT (standardized as percent
predicted VC) emerged as the strongest contributory variable, explaining 47%
of the variance (6). Peak VT, in turn, correlated strongly with both the resting
and peak dynamic IC. It is noteworthy that this correlation was particularly
strong (r¼ 0.9) in approximately 80% of the sample, who had a diminished
resting and peak dynamic IC (i.e., <70% predicted). Studies by Tantucci et al.
(14) have provided evidence that such patients with a diminished resting IC
have demonstrable resting expiratory flow limitation by the negative expiratory
pressure (NEP) technique. Recent studies have confirmed that patients with a
reduced resting IC and evidence of resting expiratory flow limitation have
poorer exercise performance when compared with those with a better preserved
resting IC with no evidence of expiratory flow limitation at rest (6,15,16).

DH and Inspiratory Muscle Dysfunction

DH results in increased elastic loading of the inspiratory muscles and
compromises their ability to generate pressure. The net effect of DH during
exercise in COPD is, therefore, that the VT response to increasing exercise is
progressively constrained despite near maximal inspiratory efforts (17). The
ratio of tidal esophageal pressure swings relative to maximum (Pes/PImax) to
tidal volume (expressed as VT/VC or VT/predicted IC) is significantly higher at
any given work rate or ventilation in COPD as compared with health (17). The
negative effects of DH are listed in Table 2.

C. Dynamic Hyperinflation and Dyspnea

Dyspnea intensity during exercise has been shown to correlate well with
concomitant measures of dynamic lung hyperinflation (17,18). In a multiple
regression analysis with Borg ratings of dyspnea intensity as the dependent
variable versus a number of independent physiological variables, the change in
EILV (expressed as percent of TLC) during exercise emerged as the strongest
independent correlate (r2¼ 0.63, p¼ 0.001) in 23 patients with advanced COPD
(average FEV1.0, 36% predicted) (18). The change in EELV and change in VT
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(components of EILV) emerged as significant contributors to exertional
breathlessness and, together with increased breathing frequency, accounted for
61% of the variance in exercise Borg ratings (18). A second study showed
equally strong correlations between the intensity of perceived inspiratory
difficulty during exercise and EILV/TLC (r2¼ 0.69, p< 0.01) (17). Dyspnea
intensity also correlates well with the ratio of effort (Pes/PImax) to tidal volume
response (VT/VC) (17). This increased effort-displacement ratio in COPD
ultimately reflects neuromechanical dissociation (or uncoupling) of the
ventilatory pump (Fig. 4).

Current evidence suggests that breathlessness is not only a function of the
amplitude of central motor output but is also importantly modulated by
peripheral feedback from a host of respiratory mechanoreceptors (for
comprehensive reviews, see Refs. 19–22). Thus, the psychophysical basis of
neuromechanical dissociation likely resides in the complex central processing
and integration of signals that mediate (1) central motor command output (23–
25) and (2) sensory feedback from various mechanoreceptors that provide
precise instantaneous proprioceptive information about muscle displacement
(muscle spindles and joint receptors), tension development (Golgi tendon
organs), and change in respired volume or flow (lung and airway mechan-
oreceptors) (26–35). Awareness of the disparity between effort and ventilatory
output may elicit patterned psychological and neurohumoral responses that
culminate in respiratory distress, which is an important affective dimension of
perceived inspiratory difficulty.

Further indirect evidence of the importance of DH in contributing to
exertional dyspnea in COPD has come from a number of studies showing that
dyspnea was effectively ameliorated by interventions that reduced operational
lung volumes (either pharmacologically or surgically) or that counterbalanced
the negative effects of DH on the inspiratory muscles (continuous positive
airway pressure) (36–43). Consistently strong correlations have been reported
between reduced Borg ratings of dyspnea and reduced DH during exercise in a

Table 2 Negative Effects of Dynamic Hyperinflation During Exercise

:Elastic/threshold loads

:Pes/PImax ‘‘effort’’

Inspiratory muscle weakness

9=
;

Reduced VT expansion ;CLdyn

?tachypnea :VD/VT

:PaCO2

9>=
>;

Early ventilatory limitation to exercise

:Exertional dyspnea

;Cardiovascular function
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number of studies following various bronchodilators and lung volume
reduction surgery (36–43).

It must be emphasized that dyspnea is a complex, multidimensional
symptom in COPD and that the mechanical factors outlined above and/or
alterations in ventilatory demand, although instrumental, may not explain
dyspnea causation in all patients with COPD. In some patients, other factors
may be predominant (e.g., inspiratory muscle weakness, arterial oxygen
desaturation or hypercapnia (28) independent of increased ventilation, or
cardiac factors that are currently poorly understood). It follows, therefore, that
each patient should be assessed on an individual basis so that identifable and
potentially reversible factors can be recognized.

D. Ventilatory Limitation and Gas Exchange Abnormalities
in COPD

Arterial hypoxemia during exercise commonly occurs in patients with severe
COPD as a result of the effect of a fall in mixed venous oxygen tension on low
ventilation/perfusion lung units and shunting (44). In severe COPD, both the
ability to increase lung perfusion and distribute inspired ventilation throughout
the lungs during exercise is compromised (44). Resting physiological dead
space is often increased, reflecting ventilation/perfusion inequalities, and fails
to decline further during exercise as is the case in health (12,44,45). To
maintain appropriate alveolar ventilation and blood gas homeostasis in the

Figure 4 Statistical correlations between Borg dyspnea ratings, end-expiratory lung

volume (EELV), and the ratio of inspiratory effort (esophageal pressure relative to

maximum, Pes/PImax) to the tidal volume response (VT standardized for vital capacity)

at a standardized level of exercise in COPD. (Data from Ref. 17.)
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face of increased physiological dead space (VD/VT), minute ventilation must
increase. In this regard, several studies have confirmed high levels of
submaximal ventilation during exercise in COPD compared with health
(12,46,47).

In more advanced COPD, arterial hypoxemia during exercise occurs as a
result of alveolar hypoventilation (48,49). The reduced exercise ventilation
relative to metabolic demand may reflect reduced output of the central
controller or a preserved or amplified central respiratory drive in the presence
of an impaired mechanical/ventilatory muscle response. The evidence that CO2

retention during exercise is the result of reduced central or peripheral
chemosensitivity or inspiratory muscle fatigue is inconclusive. We recently
concluded that CO2 retention during exercise occurred in part because of
greater dynamic restrictive constraints on tidal volume (secondary to DH) in
the setting of a fixed high physiological dead space during exercise (50).

Increased Ventilatory Demand During Exercise in COPD

The effects of the mechanical derangements in COPD outlined above are often
amplified by concomitantly increased ventilatory demand (Fig. 5). A high VD/
VT that fails to decline with exercise is the primary stimulus for increased
submaximal ventilation in this population. Other factors contributing to
increased submaximal ventilation include early lactic acidosis, hypoxemia, high
metabolic demands of breathing, low arterial CO2 set points, and other
nonmetabolic sources of ventilatory stimulation (i.e., anxiety). As we have
seen, the extent of DH and its consequent negative sensory consequences in
flow-limited patients will vary with ventilatory demand (6). There is abundant
evidence that increased ventilatory demand contributes to the causation of
dyspnea in COPD: intensity of dyspnea during exercise has been shown to
correlate strongly with the change in _VVE or with _VVE expressed as a fraction of
maximal ventilatory capacity (18). Flow-limited patients with the highest
ventilation will develop limiting ventilatory constraints on flow and volume
generation and greater dyspnea early in exercise (6). For a given FEV1.0,
patients who have greater ventilatory demands have been shown, in one study,
to have more severe chronic activity-related dyspnea (12). Moreover, relief of
exertional dyspnea and improved exercise endurance following interventions
such as exercise training (51), oxygen therapy (52), and opiates (53) have been
shown to result in part from the attendant reduction in submaximal ventilation
(see below).

E. Peripheral Muscle Dysfunction and Exercise Intolerance
in COPD

Recently, there has been heightened interest in the role of abnormalities of
peripheral muscle structure and function in exercise limitation in COPD (for
excellent comprehensive reviews, see Refs. 54 and 55). The importance of
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increased leg effort as an exercise-limiting symptom in COPD was first
highlighted by Killian et al. (56).

Peripheral muscle dysfunction is a potentially reversible cause of exercise
curtailment in COPD and is currently the focus of intense study (57–66).
Abnormalities of peripheral muscle structure and function have now been
extensively documented in COPD (54,55). Many of these abnormalities
ultimately represent the effects of reduced activity levels or immobility because
of overwhelming dyspnea. These abnormalities include loss of muscle mass and
mitochrondrial (aerobic) potential and compromised oxidative phosphoryla-
tion, which results in an exaggerated dependence on high-energy phosphate
transfer and anaerobic glycolysis (57,62). Severe peripheral muscle weakness,
due in part to disuse atrophy, has been reported in several studies (57,59). In a
number of studies, lactate thresholds (i.e., the _VVO2

at which lactate begins to
increase) have been shown to be lower in COPD than in health (63,64). Thus,
in exercising COPD patients, there is excessive accumulation of metabolic
byproducts that impair contractility and increase the propensity to fatigue.
Early metabolic acidosis (and increased CO2 production through acid
buffering effects) may stimulate increased ventilation and hasten the onset of
critical ventilatory limitation. Moreover, an acidic milieu, with an altered ionic
status (e.g., increased potassium) of the active peripheral muscle, may also

Figure 5 The combination of expiratory flow limitation (EFL) and accelerated

ventilation ( _VVE) during exercise contributes to dynamic lung hyperinflation (DH) and

exercise intolerance. VD/VT¼ physiological dead space; Pst¼ static lung recoil;

Dr¼ airway resistance; LVRS¼ lung volume reduction surgery.
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stimulate resident metaboreceptors, which may have important effects on
ventilatory and sympathetic stimulation, as has been demonstrated in patients
with congestive heart failure (54,67,68).

Muscle biopsies in COPD have shown reduced capillarization with
preserved or decreased capillary to fiber ratios (60–62). These muscles show
consistent reductions in type I slow-twitch, high-oxidative, low-tension,
fatigue-resistant muscle fibers (60–62). There is an increased preponderance
of type II fibers, which would be expected to be associated with an increased
velocity of contraction, a reduced mechanical efficiency, and increased
fatigability (68). General muscle wasting (cachexia) in COPD has been
associated with low circulating levels of anabolic steroids, growth hormone,
and altered circadian rhythms of leptin production in COPD (69–72). It has
recently been shown that exercise in COPD patients accelerated free radical
formation (73). If these free radicals are not scavenged by antioxidants, they
can result in extensive damage to membranes and the cation cycling proteins
(74). Other well-recognized factors that contribute to peripheral muscle
weakness in COPD under certain circumstances include chronic oral steroid
therapy, malnutrition, and the effects of hypoxia, hypercapnia, and acidosis
(54).

III. Assessment of the Dyspneic Patient

Current stratification of COPD severity is primarily based on the measurement
of FEV1.0. However, the FEV1.0 correlates poorly with disability and health
status. A more rigorous evaluation of patients can be undertaken by
quantification of impairment, disability, and handicap (Table 3). This more
comprehensive approach is likely to be more valuable in optimizing manage-
ment and evaluating therapeutic responses.

A. The Patient Interview

The first step in evaluating dyspnea intensity and the resultant functional
disability in a given patient is a comprehensive history and physical
examination. Generally, dyspnea is first experienced during activity and
progresses insidiously over time, so that the patient is rarely certain about the
precise onset of his or her symptoms. Avoidance of activity is an effective
dyspnea-relieving strategy in symptomatic COPD patients. Patients are often
unaware that they have made significant lifestyle modifications so as to avoid
provoking dyspnea. Thus, they may learn to accomplish a given physical task
at a considerably reduced pace or to avoid certain activities that they know will
precipitate dyspnea. Because of this long-term behavioral adaptation, the
caregiver may have to question the patient extensively to uncover the specific
circumstances where dyspnea is experienced during common daily activities. A
number of simple questions have traditionally been used to elicit the magnitude
of the task required to induce dyspnea in a given individual. These include the
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following: ‘‘How far can you walk on a level surface before experiencing
shortness of breath?’’ ‘‘How many flights of stairs can you climb before getting
short of breath?’’ ‘‘While walking, can you keep pace with someone who does
not have breathing problems?’’ ‘‘Can you talk and walk at the same time?’’ The
intensity of dyspnea and the resultant functional disability can be assessed by
‘‘self-rated’’ magnitude-of-task questionnaires, such as the Medical Research
Council (MRC) scale, or by an interview using the more comprehensive
Baseline Dyspnea Index (BDI) (75–80). Cardiopulmonary exercise testing
(CPET) can also be used to accurately evaluate exertional dyspnea intensity
and functional disability (see below).

B. Physical Examination

Physical examination is notoriously unreliable in assessing the presence or
severity of COPD. The relationship between specific physical findings and
dyspnea intensity is poorly defined. Simply observing the patient during the
minor activity of undressing or moving to the examination couch may confirm
historical information related to the level and intensity of the patient’s activity-
related dyspnea. Respiratory distress may be evident in an inability to complete
sentences. Patients may be seen to spontaneously adopt pursed-lip breathing or
to favor the leaning forward position in their efforts to ameliorate dyspnea.
Physical findings may give clues to the underlying pathophysiology and source
of dyspnea in some patients. Severe thoracic hyperinflation is readily identified
in patients with more advanced disease. However, the physical evaluation of
lesser levels of hyperinflation is insensitive. Physical features that are suggestive
of lung hyperinflation include an overexpanded chest, accessory muscle use at
rest, reduced thoracic motion despite maximal inspiratory efforts, tracheal tug,
supraclavicular and intercostal recession during inspiration, indrawing of the
lateral aspects of the lower ribs during tidal or deep inspiration (originally
described by William Stokes in 1837) (81), and a tympanic percussion note over

Table 3 Patient Evaluation/Stratification

Symptoms (BDI, MRC)

Body mass index (BMI)

Spirometry impairment

Hyperinflation (IC, FRC)

DLCO and CT scan

Exercise performance: disability

Peak _VVO2

Ventilatory reserve

Gas exchange

Peripheral muscle strength

Health status handicap
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the thorax with diminished cardiac and liver dullness. Auscultation of the chest
may be insufficiently sensitive to detect airway obstruction in patients with
COPD, but markedly reduced breath sounds bilaterally in the face of maximal
inspiratory effort are suggestive of emphysema. Prolonged forced expiratory
time (measured by stethoscope at the trachea) may be the only auscultatory
abnormality in some patients with COPD (82). Wheeze and crackles are
nonspecific but may cause the clinician to suspect additional cardiopulmonary
pathology, which may contribute to dyspnea in a particular patient.

C. Investigations

A chest radiograph may reveal features of lung overinflation or highlight
possible comorbid conditions. Simple spirometry (FEV1.0), forced vital
capacity (FVC) and the FEV1.0/FVC ratio are useful for diagnostic purposes
and to assess the severity of airway obstruction. Spirometric inspiratory
capacity (IC) and slow (or timed) vital capacity (VC) provide indirect
information about the level of resting lung hyperinflation (i.e., functional
residual capacity and residual volume, respectively). Patients with a resting IC
of <70% predicted generally have resting expiratory flow limitation (6,15,16).
The FEV1.0/FVC ratio may suggest a concomitant restrictive ventilatory
problem. Maximal and tidal flow–volume loops give qualitative, imprecise
information about the extent of expiratory flow limitation present at rest. If
possible, the rate of decline of the various pulmonary function parameters over
time should be evaluated in order to assess the time course of disease
progression in that individual.

Single-breath diffusion capacity for carbon monoxide (DLCO) is also
measured and is characteristically reduced in emphysema or other conditions
where the pulmonary vasculature is attenuated. For a given FEV1.0, those with
a reduced diffusion capacity (i.e., <50%) have greater chronic activity-related
dyspnea, greater exertional dyspnea, and poorer exercise tolerance than those
with a better preserved DLCO (6,12). Plethysmographic lung volumes quantify
the level of lung hyperinflation and identify coexistent restriction. Broncho-
dilator reversibility testing with a short acting beta2 agonist may identify
patients with acute reversible bronchoconstriction. However, a single negative
test in the laboratory is an insensitive measure of potential long-term clinical
responses and should not, therefore, influence pharmacological choices.
Bronchodilator responsiveness testing using bronchodilator combinations,
while measuring changes in lung volume as well as expiratory flow rates may
predict sustained clinical benefits of bronchodilators better than the traditional
approach (83). In patients with severe resting hyperinflation, substantial
reductions in air trapping (i.e., > 0.5 L reduction in residual volume) can occur
in the absence of change in the FEV1.0 (84).

A high-resolution computed tomography (CT) scan may be indicated to
demonstrate the extent and pattern of emphysema and the presence of bullae,
usually suspected from the plain radiograph. Newer high-resolution CT
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scanning techniques are likely to provide more precise quantification of
emphysema and airway abnormalities than currently available technologies. In
dyspneic patients for whom volume reduction surgery is being considered, CT
imaging together with radioisotope ventilation perfusion scanning can provide
information about the pattern and heterogeneity of disease and can help
identify discrete areas of emphysema that can be targeted for removal.
Maximal inspiratory pressures (MIPs) measured at functional residual capacity
(FRC) and residual volume (RV) by a manometer using a mouth occlusion
technique, as well as maximal expiratory pressures (MEPs) measured at TLC,
may identify ventilatory muscle weakness as a potential contributor to
dyspnea. These tests are highly motivation-dependent and imprecise but may
identify patients with persistent critical inspiratory muscle weakness who will
require more formal neuromuscular evaluation. The patient’s weight and
nutritional status should also be recorded: patients with progressive weight loss
may need additional nutritional and diagnostic assessment. Weight has been
shown to be an important prognostic indicator in COPD.

D. Cardiopulmonary Exercise Testing (CPET) in COPD

CPET, using an incremental cycle ergometry protocol, has traditionally been
used to evaluate exercise performance in COPD. Standard CPET measures the
following physiological responses: metabolic load [oxygen uptake ( _VVO2

) and
carbon dioxide output ð _VVCO2

Þ], peak power output, ventilation ð _VVEÞ, breathing
pattern, arterial oxygen saturation, heart rate, electrocardiogram, oxygen
pulse, and blood pressure. Increasingly, exertional symptom assessment using
validated scales (i.e., Borg and visual analogue scales) is being used during
CPET, and this constitutes an important advance (85,86). Common
physiological responses to incremental cycle exercise in COPD are now well
established (Table 4). Conventional CPET has the potential to yield important
clinical information on an individual patient basis: (1) it provides an accurate
assessment of the patient’s exercise capacity that cannot be predicted from
resting physiological measurements; (2) it measures the perceptual responses to
quantifiable physiological stimuli (i.e., _VVO2

, ventilation, and power output); (3)
it can provide insight into the pathophysiological mechanisms of exercise
intolerance and dyspnea in a given patient (e.g., excessive ventilatory demand,
arterial oxygen desaturation); and (4) it can identify other coexistent conditions
that contribute to exercise limitation (i.e., cardiac disorders, intermittent
claudication, musculoskeletal problems, etc.). The results of CPET can also
assist in developing individualized exercise training protocols, and sequential
CPET can be used to evaluate the impact of therapeutic interventions in
patients with COPD.

Exercise Flow-Volume-Loop Analysis

One shortcoming of traditional CPET is that it gives little or no information
about the prevailing dynamic ventilatory mechanics during exercise. This
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information is arguably important in the assessment of mechanisms of exercise
intolerance in a given patient. In this regard, exercise flow-volume loops can
provide a noninvasive assessment of dynamic mechanics and allow greater
refinement in the evaluation of the ventilatory constraints to exercise (6,87)
(Fig. 2).

Serial IC measurements can be used to track end-expiratory lung volume
(EELV) during exercise (Figs. 2 and 3). This approach is based on the
reasonable assumption that TLC does not change appreciably during exercise
in COPD and that reductions in dynamic IC must, therefore, reflect increases
in EELV or dynamic hyperinflation (DH) (9). However, regardless of any
possible changes in TLC with exercise, progressive reduction of an already
diminished resting IC means that VT becomes positioned closer to the actual
TLC and the upper alinear extreme of the respiratory system’s pressure-volume
relationship, where there is increased elastic loading of the respiratory muscles.
We have recently shown that IC measurements during constant-load cycle
exercise are both highly reproducible and responsive in patients with severe
COPD provided that due care is taken in their measurement (10).

Changes in the dynamic volume components during exercise can be
measured by a combination of serial IC and tidal volume measurements: end-
inspiratory lung volume (EILV) can be calculated by adding EELV to VT (Fig.
3). The operating lung volumes during exercise dictate the length-tension and
the force-velocity characteristics of the ventilatory muscles and influence
breathing pattern and the quality and intensity of dyspnea. Moreover, dynamic
volume measurements give clear information about the extent of mechanical
restriction during exercise in COPD (Figs. 2 and 3). Inspiratory reserve volume
(IRV) during exercise, in particular, provides an indication of the existing
constraints on VT expansion. Similarly, the reserves of inspiratory and
expiratory flow can be evaluated by measuring the difference between tidal

Table 4 Typical Abnormalities During Exercise in COPD

Significant dyspnea and leg discomfort

Reduced peak _VVO2
and work rate

Low maximal heart rate

Elevated submaximal ventilation

Low peak ventilation

High ratio of ventilation to maximal ventilatory capacity ( _VVE=MVC)

Blunted VT response to exercise, with increased breathing frequency

High deadspace (VD/VT)

Variable arterial oxygen desaturation

PaCO2
usually normal but may increase

Reduced dynamic IC with exercise (i.e., dynamic hyperinflation)

Reduced IRV at low work rates

High VT/IC ratios at low work rates
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flow rates and those generated at the same volume during maximal maneuver
(Fig. 2).

E. Field Tests of Exercise Performance

A number of exercise test protocols are available and include tests of functional
disability, such as timed walking distances and combined tests of physiological
impairment and disability using incremental or constant-load protocols during
cycle ergometry or treadmill testing. These various tests provide different but
complementary information for the purpose of clinical assessment; the choice
of test depends on the type of clinical information required.

Timed Walking Distances

Timed walking distance tests are the most popular and widely used exercise
tests in clinical practice. The 6-min walking distance (6MWD), in particular,
has been shown to be a simple, reproducible test and is an acceptable general
measure of functional disability in COPD patients (88). No normative
population data are available for 6MWD, so comparison of exercise
performance across individuals is not possible at present. To ensure
satisfactory test-retest reproducibility with this field test, care must be taken
in the conduct of the test to account for learning effects with repeated testing
and the strong influence of patient motivation on test performance. Timed
walking distances have the disadvantage that the ‘‘work rate’’ cannot be
controlled: work rate may be highly variable between tests, thus confounding
comparisons.

Physiological measurements, other than heart rate and arterial oxygen
saturation, are difficult to perform during corridor walking and little data are
available on the validity of Borg scaling of symptoms and of IC measurements
during this 6-min test. The 6MWD has been repeatedly shown to have
satisfactory responsiveness following interventions such as exercise training,
volume reduction surgery, and lung transplantation in COPD, but this test
may be less sensitive for assessment of bronchodilator therapy or inhaled anti-
inflammatory agents. There is currently no consensus as to the quantification
or stratification of disability in COPD using the 6MWD, nor is it clear what
improvement in the 6MWD constitutes a clinically meaningful response to
interventions. Six-min treadmill walking, which facilitates concurrent physio-
logical measurement, and the shuttle test (where work rate is better controlled)
are currently being tested as alternatives to the traditional 6-min walk test and
may prove to be superior (89).

Submaximal Exercise Endurance Testing

Constant-load, submaximal exercise tests—with measurements of dynamic
ventilatory mechanics, symptom intensity and endurance time—may have
wider application than incremental exercise testing or field walking tests for the
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purposes of therapeutic evaluation. We have recently shown that constant-load
cycle exercise, conducted at approximately 60% of the predetermined maximal
work rate, was highly reproducible when measured on four occasions over an
8-week period of clinical stability in 29 patients with advanced COPD (10).
Such tests have the potential to provide new insights into the interface between
physiological impairment and disability and how both these parameters can be
favorably altered by therapeutic interventions.

As already mentioned, quantitative flow-volume-loop analysis during
constant-load exercise protocols offers a noninvasive assessment of dynamic
ventilatory mechanics. The greater the increase in dynamic IC during exercise
following pharmacological or surgical volume reduction, the lesser the
inspiratory threshold and elastic load on the inspiratory muscles. Conse-
quently, mechanical restriction and the extent of neuromechanical uncoupling
of the respiratory system are improved. It has become clear that even small
increases in dynamic IC (on the order of 0.3 to 0.4 L) translate into clinically
meaningful improvements in dyspnea and exercise tolerance in severely
hyperinflated patients with COPD (6,39).

Exercise endurance time measured during constant-load cycle protocols
has been shown to be highly responsive to such interventions as bronchodi-
lators (39), exercise training (47), oxygen therapy (52), volume reduction
surgery (42), and noninvasive ventilatory assistance (36), where improvements
in the range of 30 to 40% over control have been reported. Preliminary
information suggests that acute responses of this magnitude reflect sustained
increases of daily activities, but this question requires further study.

F. Peripheral Muscle Strength Testing

In addition to assessment of ventilatory and cardiovascular reserves during
CPET, it is also important to assess the status of the peripheral muscles
required to perform the task of locomotion. The extent of peripheral muscle
weakness has been shown to correlate well with the intensity of perceived
exertional leg discomfort (56). As already mentioned, peripheral muscle
weakness is not uncommon in advanced COPD and will respond to targeted
training of appropriate intensity and duration. There is no consensus as to the
most suitable strength test for patients with COPD. We measure isokinetic
peak torque (using a Cybex II or LIDO dynamometer). We test the muscles
throughout a specified range of motion at a controlled angular velocity of 30,
60 and 90 degrees per second. Similar trials are performed for each muscle
group. The highest torque of the trials is recorded for each muscle group at
each angular velocity and expressed as a percent of predicted normal (90–92).

G. Measurement of Quality of Life

Comprehensive questionnaires have recently been developed that are designed
to evaluate the impact of diseases such as COPD on quality of life (93–96).
These health-related quality-of-life instruments permit a rigorous evaluation of

Management of Advanced COPD 133



the far reaching implications of chronic dyspnea and other respiratory
symptoms on mood and psychological well-being, impairment, handicap,
disability, and lifestyle restriction in individual patients (93–96). Reliability and
validity estimates have been published for a number of health-related quality-
of-life questionnaires, and these have been used increasingly in the evaluation
of therapeutic interventions such as pulmonary rehabilitation (93–96), volume
reduction surgery (100), and short-and long-acting bronchodilators (97–99).
Although these questionnaires provide valuable comprehensive clinical
information, their administration is time-consuming. They are currently used
in the clinical trial setting and not routinely in daily clinical practice. In the
future, the development of more simplified, abbreviated quality-of-life
questionnaires may prove to have broader clinical utility.

IV. Management

A. Education

Patient education has been recognized by the GOLD Consensus Committee as
a pivotal component in the management of COPD (5). Current management
paradigms for COPD are physician-centered, ‘‘reactive’’ in nature, and
primarily based on pharmacological therapy. For advanced symptomatic
COPD, a more comprehensive, ‘‘proactive’’ multidisciplinary approach that
addresses the physical, psychological and social underpinnings of this chronic
disease state is likely more appropriate. There is now preliminary evidence that
structured educational programs increase knowledge about COPD, improve
quality of life, and result in a reduction in health service utilization (101,102).
In a recent study, Bourbeau et al. (102) show that an educational program
delivered by a trained case manager (with close follow-up of patients) can
result in significantly reduced hospital emergency visits, unscheduled office
visits, and hospitalizations over a 1-year period. However, education alone
does not improve exercise tolerance or exertional dyspnea (103) (Fig. 6). To
improve dyspnea and exercise performance, supervised educational programs
should incorporate individualized exercise training. Future studies are needed
to determine the health impact and economic feasibility of supervised, long-
term, home-based and community-based exercise programs. Components of an
educational program for advanced COPD are provided in Table 5.

B. Bronchodilator Therapy

Until recently, an arbitrary increase in FEV1.0 has been used as a primary
indicator of bronchodilator efficacy. Currently, new therapeutic agents are
more rigorously evaluated in terms of their impact on ventilatory mechanics,
disability, and handicap (Fig. 7).

Bronchodilator therapy is the first step in the management of patients
with symptomatic COPD. All classes of bronchodilator therapy (i.e., inhaled
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beta2 agonists, inhaled anticholinergics, and oral theophyllines) have been
shown to improve exertional dyspnea and increase exercise capacity in COPD
patients when tested in placebo-controlled studies (36–38,97,104–107). The
mechanisms of these beneficial effects are complex and not fully elucidated.
From the available literature on the topic, a few generalizations are possible
(36–38,97). First, meaningful improvement in symptoms, activity levels, and
quality of life occur in the presence of modest or no changes in FEV1.0 after
bronchodilator therapy. Second, the single laboratory bronchodilator rever-
sibility test is not predictive of symptomatic responses to that agent. Third,
different patients respond differently to different classes of bronchodilators or
to a single class of bronchodilators over time. Fourth, combination
bronchodilator therapy may have synergistic effects on respiratory symptoms
in COPD. Fifth, the mode of delivery and doses of bronchodilators must be
carefully individualized for maximal benefit.

Our understanding of the mechanisms by which bronchodilators can
potentially relieve exertional dyspnea and improve exercise endurance has
recently increased. Bronchodilators improve airway function and reduce the
resistive and elastic loads on the respiratory muscles. Belman et al. (37), in an
elegant mechanical study, showed that relief of dyspnea following albuterol
(salbutamol) therapy in advanced COPD correlated well with reduction in
operational lung volumes as well as a reduction in inspiratory effort required
for a given tidal volume change, the latter being an index of neuromechanical
coupling of the respiratory system. In that study, important reductions in lung
volume occurred in the presence of only minimal changes in FEV1.0. Similarly,
Chrystyn et al. (38) showed that improvement in exercise endurance (6MWD)
following incremental oral theophylline therapy was associated in a dose-

Figure 6 The effects of a pulmonary rehabilitation program versus education only on

perceived breathlessness in COPD (*p < 0:05). (From Ref. 103.)
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Table 5 Components of an Education Program

Smoking cessation

Basic information: pathophysiology

Rationale for medical Rx

Effective inhaler technique

Self-management plan

Coping skills development

Strategies to alleviate dyspnea

Decision making re AECOPD

Advanced directives/end-of-life issues

Identify educational resources

Figure 7 By improving respiratory mechanics and/or gas exchange, bronchodilators

may improve dyspnea, activity levels, health status or quality of life, and sleep quality in

COPD. Improvements in mechanics and/or gas exchange may also lead to reductions in

the frequency and/or severity of acute exacerbations in COPD (AECOPD).
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response manner, with the reduction in resting plethysmographic FRC and
trapped gas volume (plethysmographic versus helium-derived lung volumes).
Again in this study, there was little change in the postbronchodilator FEV1.0.
We have shown (39), in a placebo-controlled study, that relief of exertional
dyspnea and improved exercise endurance following acute anticholinergic
therapy [nebulized ipratropium bromide (IB) 500 mg] in advanced COPD
correlated well with improvement in dynamic IC measurements, which reflect
dynamic changes in dynamic EELV. Changes in IC-derived measures such as
EILV, IRV, and the VT/IC ratio also correlated well with reduced exertional
dyspnea measured by the Borg scale. Because of the bronchodilator-induced
increase in expiratory flow rates over the tidal volume range, patients could
maintain the same or greater ventilation at lower operational lung volumes
with a more efficient breathing pattern and lesser degrees of mechanical
restriction during exercise (39) (Fig. 8). This translated into reduced dyspnea
and a delay in ventilatory limitation, with subsequent improvement in exercise
endurance, by an average of 32% over control values (Fig. 8). Increased IC and
IRV following ipratropium meant that VT at end-exercise was positioned on
the lower, more linear, portion of the respiratory system’s pressure-volume
relationship, where there is reduced elastic and inspiratory threshold loading of
the inspiratory muscles. Therefore, less pressure is required for a greater tidal
volume response after ipratropium compared with placebo.

Short-Acting Bronchodilators—Practical Considerations

Although the guidelines of the American Thoracic Society (ATS) for the
management of COPD recommend high dosages of short-acting bronchodi-
lators [e.g., ipratropium bromide (20 mg), four to six puffs at intervals of 4 to
6 hr], dose-response relationships, at least using the FEV1.0 as the outcome
measure, are relatively flat in COPD (108,109). However, despite the lack of
scientific evidence, clinical experience has shown that greater symptom control
can be achieved with higher dosages of anticholinergics in selected patients.
The nebulized route of delivery has not been shown to be superior to the
metered-dose inhaler (MDI) with spacer device in terms of the FEV1.0 response
in stable COPD patients (112). However, patients with advanced COPD often
express a personal preference for the wet nebulizer over the MDI. For patients
who have low maximal inspiratory pressures because of hyperinflation and
who are unable to hold their breath for the requisite 8 to 10 sec following an
MDI inhalation, the nebulized route may be preferable. Decisions about the
optimal route of delivery should be made on an individual basis. Combination
products (e.g., ipratropium bromideþ albuterol) have been shown to have
greater effects on the FEV1.0 than either agent given alone and are more
convenient for the patient (113–115).
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Long-Acting Bronchodilators

Long-acting beta2 agonists (LABA), such as salmeterol and formoterol,
provide sustained 24-hr bronchodilatation and therefore have a theoretical
advantage over multiple short-acting bronchodilator dosing regimes. These
agents may also improve sleep quality and relieve troublesome early-morning
symptoms. Moreover, the long-term mechanical improvements as a result of
sustained volume reduction (to a level that is seen after surgical volume
reduction) may improve inspiratory muscle function and exercise capacity to a
greater extent than multiple short-acting bronchodilator dosing (116) (Table
6). In a 12-week randomized trial in 780 patients with COPD who received
formoterol (12 or 24 mg), placebo, or ipratropium (40 mg four times daily),
formoterol (in both dosages) was superior to ipratropium with respect to
symptom relief and improved quality of life. In a 12-week study with 411
patients, salmeterol was compared with placebo and ipratropium (99). A
significant improvement with salmeterol compared with placebo was seen at
four out of six time points, although ipratropium was significantly superior to
placebo at all time points (99). Salmeterol has also been shown to improve

Table 6 Attributes of Bronchodilators in COPD

Salmeterol Tiotropium

Improve lung mechanics [ [

Relieve/reduce dyspnea [ [

Improve health status [ [

Reduce frequency and/or

severity of exacerbations

[ [

Improve exercise tolerance ? [

Modify disease

progression

_ _

Few side effects [ [

Figure 8 Responses to bronchodilator therapy (nebulized ipratropium bromide,

500 mg) are shown. As postdose maximal expiratory flow-volume relationships improve,

tidal flow-volume curves at rest can shift to the right—i.e., lung hyperinflation is

reduced as reflected by an increased IC (top panel). Exertional dyspnea decreased

significantly (*p < 0:05) in response to bronchodilator therapy (middle panel).

Operational lung volumes improve in response to bronchodilator therapy—i.e.,

mechanical constraints on VT expansion are reduced as IC and IRV are increased

significantly (*p < 0:05) (lower panel). (Adapted from Ref. 103.)

Management of Advanced COPD 139



quality-of-life measurements as measured by the St. George’s Respiratory
Questionnaire (SGRQ). In a 16-week placebo-controlled study, 50 and 100 mg
of salmeterol given twice daily produced similar improvements in FEV1.0.
Health status, as measured by the SGRQ total score, however, improved only
with the lower dose, possibly because of better tolerability (98). Mean overall
changes from baseline in SRGQ scores exceeded the accepted clinically
meaningful threshold for the questionnaire (98). Salmeterol has also been
shown to favorably affect rates of acute exacerbations in COPD (99). In 20
patients with severe hyperinflated COPD, salmeterol has been shown to acutely
improve peak symptom-limited _VVO2

and to relieve exertional dyspnea. These
improvements clearly correlated with increased resting and exercise IC (117).

Tiotropium

Tiotropium is a new, once-daily inhaled anticholinergic agent with prolonged
M3-receptor antagonist activity. In a study of over 900 patients, tiotropium
(18 mg once daily) significantly improved SGRQ scores compared with baseline
and placebo (118). At the end of the year, the differences between tiotropium
and placebo (SGRQ impact scores) exceeded the clinically significant threshold
of four units (p < 0:01). Tiotropium has been compared with placebo and
ipratropium in four replicate clinical trials at a dosage of 18 mg daily via
Handihaler. Significantly greater improvements of trough FEV1.0 and FVC,
and morning and evening peak flows were seen with tiotropium with no
evidence of tachyphylaxis (119,120). Placebo-controlled and ipratropium-
controlled trials have shown that tiotropium treatment resulted in reduced
incidence of exacerbations, later onset of first exacerbation, fewer exacerba-
tions per patient per year, delayed onset of first hospitalization due to COPD
exacerbations, and fewer hospitalizations per patient per year (119,120).

Transition Dyspnea Index (TDI) focal scores for dyspnea were
statistically significantly greater in the tiotropium group compared with the
placebo group at all time points (119,120). Similarly, in the ipratropium-
controlled studies, mean TDI focal scores were significantly greater in the
tiotropium group compared with the ipratropium group at all time points.
Between group differences in TDI focal scores in the placebo and ipratropium
controlled studies at intervals during the study showed approximately a one-
unit difference in the TDI, which is believed to be the minimally clinically
significant improvement (119,120). Additional recent studies in 187 patients
with COPD have shown significant sustained volume reduction as indicated by
a decreased residual volume and improved inspiratory capacity during
tiotropium compared with placebo (121,122). These volume improvements
correlated with improved exercise endurance and reduced intensity of dyspnea
at a standardized work rate. Moreover, exercise endurance, measured by
constant-load cycle ergometry, improved progressively over the 42 days of the
trial (121,122).

140 O’Donnell and Voduc



Oral Theophylline

The ATS Guidelines recommend adding sustained-release theophyllines if
patients remain breathless despite adequate short-acting inhaled bronchodila-
tors. Oral theophyllines have been shown to reduce breathlessness and improve
exercise tolerance in COPD. These improvements appear to be associated with
reduction in thoracic gas volumes in a dose-dependent manner (38). A small
open-label study in patients with poorly reversible bronchoconstriction found
an average increase in the TDI focal score of 2.5 following sustained-release
theophylline therapy (123). Improvements of this magnitude are likely to be
clinically meaningful. A study by McKay et al. (124) in 15 COPD patients
using inhaled beta2 agonists and ipratropium plus placebo, low-dose theophyl-
line (9.1+ 2.3mg/L), or high dose theophylline (16.8+ 4.2mg/L) for a total of
7 weeks found minor improvements in FEV1.0 and FVC but significant
improvements in dyspnea (p > 0:05) in the higher-dose group. ZuWallack et al.
(125) conducted a randomized, double-blind, double-dummy, parallel-group
trial in 943 patients with COPD. Patients were randomly assigned to receive
salmeterol (42 mg twice daily) alone or in addition to oral theophylline for 12
weeks. Combination treatment with salmeterol plus theophylline provided
significantly (p < 0:05) greater improvements in pulmonary function and
symptoms (p < 0:05) and significantly fewer COPD exacerbations ðp < 0:023Þ.
Patients benefited from the combination treatment without a resulting increase
in adverse sequelae. These findings collectively justify a trial of added oral
theophyllines to achieve serum levels of 10 to 20 mg/mL in symptomatic COPD
patients. The potential advantage of theophylline over short-acting beta2
agonists is that it provides 24-hr bronchodilatation and delivery to the
peripheral bronchi is assured. However, intolerable side effects often preclude
their routine use.

Summary—Bronchodilators

The primary aim of bronchodilator therapy is to improve symptoms and
exercise performance. Sustained pharmacological lung volume reduction is one
factor that has been linked to improvements in these outcomes (Table 6). In
patients with persistent symptoms, who require frequent short-acting
bronchodilators, tiotropium or a long-acting beta2 agonist should be
prescribed. There are currently insufficient information to recommend
combination therapy of tiotropium with LABA or with inhaled cortico-
steroid-LABA combinations. However, an additive or synergistic benefit is
anticipated for these combinations. If tiotropium is selected, then further
symptom control can be achieved by adding a short acting beta2 agonist, either
in regular dosing or on an as-needed basis. If salmeterol or formoterol is
prescribed, then combined ipratropium-albuterol (taken regularly or when
required) should maximize symptom control. Oral theophylline remains a
third-line agent but can be added to LABA to enhance symptom control in
selected patients.
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C. Inhaled Steroids

Although neither the GOLD guidelines nor the previous ATS recommenda-
tions include inhaled corticosteroids (ICS) as part of first-line therapy in
COPD, studies have noted that almost 50% of patients with COPD will be
prescribed ICS (126). Part of this practice may be due to the failure of clinicians
to recognize that the inflammatory processes in COPD and asthma are distinct.
While there is clear evidence in asthma that treatment with ICS results in both
a reduction in airway inflammation and a clinical improvement, the evidence
supporting this practice in COPD has been more modest. Physicians treating
patients with COPD must weigh this modest benefit with the cost of potentially
lifelong treatment and risk of adverse events, acknowledging that, in patients
with extreme functional limitation from severe COPD, even small improve-
ments may be clinically relevant.

Effect of ICS on Markers of Inflammation

If ICS does indeed modify the inflammatory process associated with COPD,
then one would logically be able to measure the effect on markers of
inflammation. Indeed, several studies have attempted to do so. The major
weaknesses of these studies include small patient numbers, variable treatment
periods, and heterogeneity in the choice of inflammatory markers. Typically,
20 or fewer COPD patients were assessed for periods between 2 and 8 weeks. A
wide variety of inflammatory markers were studied, ranging from number of
sputum neutrophils (127) to metalloproteinase levels (128) to interleukin (IL)-8
and tumor necrosis factor (TNF)-alpha levels (129) to a ‘‘bronchitis index’’
[based on bronchoscopy and bronchoalveolar lavage (BAL) results] (139). Not
surprisingly, the results of these studies are varied, with some showing a
biochemical ‘‘benefit’’ from ICS (127,132) but others not demonstrating any
evidence of reduced inflammation. Interpreting the negative results is difficult,
as the findings may reflect either a lack of benefit from ICS or inadequacy of
the markers employed to measure inflammation. Conversely, one may not be
able to extrapolate positive results from laboratory testing to clinical outcomes.
At this point, the only clear conclusion from these studies is that they have
been unable to definitively demonstrate or exclude a benefit for ICS in COPD.

Effect of ICS on Disease Progression

Most ICS trials include measurement of FEV1.0 as a marker of disease
progression. Although it could easily be argued that FEV1.0 is, at best, a crude
predictor of individual functional limitation in COPD, it does correlate with
mortality risk and is widely available. Early studies were limited by small
patient numbers (133,134), biased patient selection [preselection of patients
with steroid-responsive disease (134)], and/or inclusion of asthmatic as well as
COPD patients (135). The last 4 years, however, have seen the publication of
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several large, well-designed randomized placebo-controlled trials examining
the effect of ICS on FEV1.0.

The first major trial was by the International COPD Study Group
(Paggiaro) (136). This trial enrolled 281 patients with a wide range of severity
(FEV1.0 35–90%). The treatment arm was given fluticasone 500 mg twice daily.
Follow-up was limited to 6 months. At that time, there was a 9.4% (0.15-L)
difference in FEV1.0 between the two treatment arms.

The Copenhagen City Lung Study was the next major trial (135). In
contrast to the Paggiaro study, it enrolled 290 patients with disease of mild to
moderate severity (the average postbronchodilator FEV1.0 was 86% of
predicted). Patients were treated with a total daily dose of 1200 mg budesonide
for 6 months followed by 800 mg for 30 months. The average rate of decline in
FEV1.0 was 41.8 and 45.1mL/year for the untreated and treated arms,
respectively, which was not significantly different. The EUROSCOP trial
included much larger numbers (n¼ 912) of current smokers, but included only
patients with mild to moderate COPD (mean FEV1.0 77% predicted) (135).
Again, no significant difference in FEV1.0 was noted after 3 years treatment
with 800 mg of budesonide per day.

The ISOLDE study is arguably the most relevant to this chapter, as it
included the patients with relatively more severe disease than those in the other
trials: the mean FEV1.0 in the study population was 50% of predicted (137).
However, even this study excluded patients with very severe disease
(FEV1.0< 0.8 L). This study, as well, failed to demonstrate any significant
alteration in the decline of FEV1.0 with ICS (fluticasone, 500 mg twice daily).

The most recent ICS trial is the Lung Health Study (138), which enrolled
1116 patients with mainly moderate COPD (mean FEV1.0 64% predicted).
Treatment with 1200 mg per day of triamcinolone did not offer any benefit in
FEV1.0. Thus, the findings of the four largest ICS trials to date suggest that ICS
does not have any major impact on FEV1.0.

Effect of ICS on COPD Exacerbations

It can be argued that a reduction in frequency of exacerbations is more
clinically relevant than small changes in FEV1.0. This may be particularly true
in patients with severe disease, who are more likely to require medical attention
and hospitalization with even small changes in spirometric measurements.
Most of the above trials recorded the number of exacerbations as either a
primary or secondary endpoint. Unfortunately, the term exacerbation was
defined principally by the need to seek medical attention without any specific
criteria.

The number of COPD exacerbations was the primary endpoint in the
International COPD Study Group trial. There was no significant difference
between ICS and placebo in total number of exacerbations, although there
were less combined ‘‘moderate’’ and ‘‘severe’’ exacerbations (defined as
requiring treatment by family physician and hospitalization, respectively).
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These results were somewhat contradicted in the Lung Health Study, which
showed that ICS reduced ambulatory visits but did not impact on
hospitalization. In the Copenhagen study, there was no difference between
number of COPD exacerbations in the ICS arm versus placebo. In both cases,
the frequency of exacerbation was low (0.36 per patient per year), likely
reflecting the mild disease in the study population. Frequency of exacerbations
was not measured in the EUROSCOP trial.

The first large study to demonstrate a reduction in total exacerbations
was the ISOLDE study, which, as mentioned above, included patients with
more severe disease than the other studies. ISOLDE defined an exacerbation as
a ‘‘worsening of respiratory symptoms that required treatment with oral
steroids or antibiotics, or both, as judged by the general practitioner.’’ An
important weakness of this study was that 43% of the treatment arm and 53%
of the placebo arm withdrew during the trial; the most common reason for
withdrawal was ‘‘frequent’’ exacerbations (frequent was not defined). Despite
this potential bias against ICS, the investigators still noted a statistically
significant reduction in the frequency of exacerbations (0.99 versus 1.32 per
year). This finding was accompanied by a slowing of the decline in health status
(assessed by questionnaire). Although the withdrawal of patients with frequent
exacerbations makes generalization of this result difficult, the ISOLDE study
raises the possibility that ICS may be beneficial in COPD patients with
frequent exacerbations.

Adverse Effects

Given that the potential benefit of ICS (reduction in frequency of exacerba-
tions) is small, the decision to add ICS to therapy must take into consideration
the possibility of adverse effects. Because patients with COPD are often
prescribed short courses of systemic steroids as well, it is somewhat difficult to
assess the frequency of adverse events attributable purely to ICS. Oral
candidiasis and hoarseness are probably the most common adverse effects from
ICS, each occurring in less than 5% of treated patients over 6 months (134).
Despite the relatively low systemic absorption of ICS, there is a potential for
systemic side effects. Increased bruising was noted in the ISOLDE study (137).
Laboratory evidence of adrenal suppression as also been noted (134), but
clinical adrenal crises have not been reported. Of arguably greatest importance
is the risk of osteoporosis: the Lung Health Study was the first large ICS trial
to demonstrate a significant difference in bone density associated with ICS
(138). The clinical relevance of this in terms of fracture risk remains undefined
(and probably underestimated), as long-term follow-up of COPD patients on
ICS is not available.

ICS—Summary

In summary, for patients with severe COPD, ICS may reduce the frequency of
exacerbations. This conclusion is essentially based on the findings of two
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studies (137,138). There is no evidence that progression of disease, at least
measured by FEV1.0, is altered by ICS alone, although there may be a slowing
of the decline in health status. The evidence demonstrating a synergistic effect
with the combination of ICS and LABA is appealing, although the magnitude
of benefit remains modest. This benefit must be weighed against a risk of
adverse events, particularly of osteoporosis—a risk of unknown magnitude—
as well as the cost of lifelong treatment. In patients with severe disease, in
whom exacerbations are frequent and potentially associated with hospitaliza-
tion and loss of independence, ICS (perhaps with LABA) may be a worthwhile
adjunct to multimodality therapy. Several questions regarding ICS and COPD
remain. The optimal dose is unknown: 500 mg of flucticasone twice daily was
used in the ISOLDE trial, but a smaller dose may offer similar clinical benefit
and less systemic absorption. Ideally, one would like to be able to predict which
patients potentially stand to benefit from ICS or to clearly assess a clinical
response to ICS on an individual basis, but neither is possible for the present.

D. Exercise Training

Patients who, despite optimized combination pharmacotherapy, have persis-
tent activity-related dyspnea and exercise curtailment should be encouraged to
undergo exercise training. The aim of exercise training is to break the vicious
cycle of skeletal muscle deconditioning, progressive dyspnea, and immobility
so as to improve symptoms and activity levels and restore patients to the
highest level of independent function. All symptomatic patients should be
encouraged to engage in regular activity and to avoid the inevitable drift
toward an inactive lifestyle. Formal exercise training is generally provided
within the context of a comprehensive, multidisciplinary pulmonary rehabilita-
tion program that includes education, psychosocial support, occupational
therapy, and nutritional advice. It is now well established that the exercise
training component of the rehab program is pivotal in explaining the benefits
of improved exercise capacity and reduced dyspnea. In this regard, Ries et al.
(130) randomized 119 COPD patients to a comprehensive educational program
alone or to a pulmonary rehabilitation program that incorporated supervised
exercise training. In contrast to the ‘‘education group,’’ where minimal
improvement occurred, the subgroup randomized to exercise training showed
highly significant improvements in exercise endurance, symptom-limited peak
_VVO2

, and chronic activity-related dyspnea (103) (Fig. 6).
Initial skepticism about the value of exercise training has now yielded to a

general acceptance of the beneficial effects of this modality as an effective
symptom-relieving strategy in patients with advanced COPD. Certainly there is
now abundant evidence for important subjective and objective benefits as a
result of exercise training, at least in the short term. Casaburi pooled the results
of 37 uncontrolled studies to evaluate the effects of aerobic training on exercise
capacity in 933 patients with COPD (average FEV1.0¼ 1.1 L) (139). Despite
vast differences in exercise training protocols, patients almost invariably
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achieved meaningful improvements in exercise performance and activity levels.
Several recent controlled trails have provided unequivocal evidence of clinical
benefit. Strijbos et al. (140) randomized patients to a 12-week pulmonary
rehabilitation program with exercise (n¼ 30) or no treatment (n¼ 15):
exertional dyspnea ratings fell significantly in the exercise group and not in
control. Reardon et al. (141) similarly showed that patients (n¼ 10)
randomized to a 6-week exercise training program significantly improved
exertional dyspnea and treadmill exercise duration as well as chronic dyspnea
measured by the TDI; whereas no improvements were evident in those
randomized to control (delayed treatment). Cockcroft et al. (142) randomized
dyspneic patients to a treatment group (i.e., 6 weeks of exercise training) and
the usual care group who received no exercise training. After 6 weeks, 2 of 16
control patients and 16 of 18 treated patients improved dyspnea, 12-min walk
distance, and peak oxygen uptake. Goldstein et al. (143) showed that patients
randomized to an 8-week inpatient intensive multimodality exercise program
significantly improved exercise endurance (i.e., 6MWD), dyspnea, and quality
of life, whereas no significant benefits were found in untreated patients.
Moreover, the improvement in exercise endurance persisted at least over the 6-
month period of observation in the study.

Two recent metanalyses examined the effectiveness of pulmonary
rehabilitation, including exercise training, and confirmed the clinical benefits.
Lacasse et al. (144) analyzed the results of 14 randomized control trials and
found significant improvements in dyspnea, exercise performance (6MWD
increased by an average of 55.7) and health-related quality-of-life indices.
Cambach et al. (145) combined the results of 18 acceptable pulmonary
rehabilitation studies and reported overall significantly beneficial effects in the
6MWD and all four categories of the Chronic Respiratory Questionnaire.

Mechanisms of Improved Dyspnea Following Exercise Training

Physiological mechanisms of improved dyspnea and exercise performance are
not fully understood. Mechanisms include (1) reduced ventilatory demands
secondary to improved aerobic capacity or increased efficiency (146–149), (2)
increased inspiratory muscle strength and endurance (146), (3) improved
breathing pattern with a greater efficiency of CO2 elimination (146,149), and
(4) habituation to dyspnea or increased tolerance of dyspneogenic sensory
perturbations.

Peripheral Muscle Training

Most rehabilitation programs incorporate specific strength training of the
peripheral muscles. Exercise training has been shown to improve peripheral
muscle function and perceived leg discomfort in both moderate and severe
COPD (146–149). Measurable improvements in peripheral muscle function,
including strength and endurance, have been consistently reported (147,146).
Quadriceps muscle biopsies have confirmed increased aerobic enzyme
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concentrations and increased capillary density after supervised training (148).
_VVO2

kinetics are faster after training and blood lactate levels are lower at a
standardized work (149). Perceived leg discomfort is significantly less at any
given work rate following exercise training and contributes to improved
exercise endurance, particularly in patients where leg discomfort was the
primary locus of sensory limitation prior to program entry (47,51).

Upper Limb Training

Many patients with advanced COPD may experience severe breathlessness
during upper extremity activity (e.g., combing hair, showering, lifting objects,
etc.) (150–153). In some instances, dyspnea during this type of activity may
exceed that experienced during lower limb weight bearing tasks. Dyspnea
during arm exercise may result from the associated high ventilatory demands
for a given _VVO2

, which potentially could aggravate dynamic hyperinflation in
flow-limited patients (150–152). Additionally, the upper limb muscles are
anchored to the thorax and can serve as accessory muscles of inspiration. It
follows that if these muscles are used for their peripheral locomotor function in
patients who depend on their supportive role in ventilation, dyspnea may arise
when other inspiratory muscles such as the diaphragm are suddenly burdened
with a greater share of the work of breathing. In several studies, weight training
of upper extremities resulted in greater improvement in endurance and reduced
dyspnea during upper limb exercise compared with control in patients with
advanced COPD (152–155). Upper limb training should, therefore, be
incorporated into multimodality exercise training protocols and may be
particularly beneficial in those patients whose dyspnea is regularly provoked by
upper extremity exercise.

E. Breathing Retraining

Various breathing retraining techniques have been advocated for the
improvement of dyspnea in symptomatic patients with COPD (155–160).
Attempts to retrain patients to adopt a slower, deeper breathing pattern are
variably successful. The rationale behind retraining is that the adoption of a
more efficient breathing pattern, with reduced relative physiological dead space
and improved efficiency of CO2 elimination, will cause _VVE reduction, which
should, in turn, reduce perceived dyspnea. Many patients trained in this
technique adopt a slower, deeper pattern when supervised but generally quickly
resort to their spontaneous faster breathing pattern when they believe they are
unobserved. This is not surprising, since the rapid, shallow breathing pattern
characteristically adopted by patients with more advanced disease, particularly
during activity, likely represents the optimal compensatory strategy for
intrinsic mechanical loading (i.e., elastic loading). A rapid, shallow breathing
pattern would act to minimize the intrathoracic pressure perturbations and the
associated respiratory discomfort. Moreover, a slower, deeper pattern may
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actually accentuate mechanical loading and breathing discomfort in some
patients, and this is clearly not desirable.

Diaphragmatic breathing (159,160) has been advocated for many years as
a dyspnea-relieving strategy in advanced COPD. The patient is instructed to
allow the abdominal wall to move outward during slow inspiration, usually in
conjunction with slow expiration through pursed lips (159,160). Some studies
have provided evidence that this technique provides some alleviation of
dyspnea, while others have not. The potential mechanisms of dyspnea relief
during diaphragmatic breathing are also unclear. Putative mechanisms include
altered pattern of ventilatory muscle recruitment or avoidance of excessive
increases in breathing frequency during or following activity, with resultant
avoidance of dynamic hyperinflation. Diaphragmatic breathing may serve to
distract patients from distressing dyspnea and may serve as an anxiety-relieving
strategy or relaxation technique that hastens recovery from acute dyspneic
episodes.

Alterations in breathing pattern (i.e., increased tidal volume, reduced
frequency) as a result of interventions that increase resting IC, such as
pharmacological volume reduction, are likely to be more successful than
breathing retraining in contributing to dyspnea relief (146). Under these
circumstances, a slower, deeper breathing pattern has been shown to contribute
to improved Borg ratings of dyspnea during exercise (146).

Pursed-Lip Breathing

Pursed lip breathing (PLB) is a breathing technique adopted spontaneously by
many patients with COPD as a dyspnea-relieving strategy, usually during acute
episodes provoked by activity, anxiety, or intercurrent respiratory tract
infections. Traditionally, patients are taught this technique as a component
of pulmonary rehabilitation programs. PLB involves active expiration through
a resistance created by constricting or pursing the lips (155,156). The
nasopharynx has been shown to be occluded during PLB (161). Expiration is
prolonged, and tidal volume generally increases, with modest transient
improvements in gas exchange. PLB is thought to be more common in
patients with advanced COPD, particularly those with emphysema. While
patients who spontaneously adopt PLB clearly derive symptomatic relief,
symptomatic responses in those who are instructed in the technique are highly
variable and unpredictable. The mechanisms of dyspnea relief during PLB are
conjectural, and current mechanistic theories are mainly based on clinical
observation. Attempts have been made to study the possible physiological
mechanisms of dyspnea relief during PLB by applying external resistive loads,
but these loads imperfectly simulate actual PLB. Possible dyspnea-relieving
factors during PLB include altered breathing pattern (i.e., slower and deeper)
with improved ventilation/perfusion ð _VV= _QQÞ relationships, improved arterial
oxygen desaturation (156,162) and CO2 elimination, altered pattern of
ventilatory muscle recruitment (i.e., more expiratory muscle recruitment,
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which can optimize diaphragmatic length and assist inspiration), attenuation of
dynamic airway compression (163) and reduced lung hyperinflation as a result
of reduced breathing frequency and prolongation of expiratory time. Like
diaphragmatic breathing, PLB may serve as a useful relaxation technique that
relieves anxiety and helps patients avoid regression to respiratory panic during
acute episodes of dyspnea. While no consensus exists about the precise
neurophysiological mechanisms of dyspnea relief during PLB, clinical
experience has shown that the technique is undoubtedly beneficial in some
patients. Thus, instruction in PLB should be provided by skilled instructors as
part of the rehabilitation program. Those who derive symptomatic benefit will
habitually resort to this technique during episodes of dyspnea.

F. Inspiratory Muscle Training

When inspiratory muscles are functionally weakened, greater motor command
output or effort is required to maintain a given ventilation during rest and
exercise (21,26). Intensity of dyspnea has been shown to increase when the
inspiratory force required during tidal breathing increases as a fraction of
maximal force-generating capacity (21). Theoretically, therefore, interventions
that increase inspiratory muscle strength should reduce the level of neural
activation and inspiratory effort required during tidal breathing, with resultant
reduction in dyspnea. In practice, the effectiveness of specific inspiratory
muscle training using a variety of techniques (voluntary isocapneic hypercap-
nia, inspiratory resistive loading, and inspiratory threshold loading) has been
inconsistent (164). One metanalysis of 17 clinical studies concluded that there is
insufficient evidence to recommend specific inspiratory muscle training for
routine clinical purposes (165). Earlier studies, which employed resistive
loading, have been criticized because of the uncertainty of the training
stimulus, since breathing pattern was not controlled. Similarly, breathing
frequency was not targeted in a number of studies employing inspiratory
muscle threshold loading. Definitive conclusions from the literature are,
therefore, difficult to draw and the prevalence of true inspiratory muscle
weakness among patients with COPD remains unknown. One drawback is that
the current measurements of inspiratory muscle strength, such as maximal
occlusion pressures, are highly effort-dependent and are also dependent on the
lung volume at which they are measured (166). Thus, the validity and
reproducibility of these measurements are uncertain. More accurate assess-
ments of muscle function, using techniques such as phrenic electromagnetic
stimulation or sniff esophageal pressure recording, have limited availability
(167,168). Patients deemed to have inspiratory muscle weakness based on MIPs
may not have actual functional weakness. In fact, a recent study has provided
evidence that inspiratory muscle strength is preserved or even relatively
increased in severe COPD (169). Patients with advanced COPD may not
respond to inspiratory muscle training if weakness is due to severe nutritional
depletion, chronic hypoxia and hypercapnea, steroid myopathy, or electrolyte
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imbalance. Notwithstanding the general lack of evidence that specific
inspiratory muscle training is a useful dyspnea-relieving measure, a few
important controlled studies have shown that inspiratory muscle training,
using targeted resistive or inspiratory threshold training, improves dyspnea and
exercise endurance in patients with COPD and that these improvements
correlate with physiological data (i.e., increased MIP) (170,171).

Further studies are required to identify the subgroup of patients with
COPD who are more likely to benefit from specific inspiratory muscle training.
Studies are also needed to define the optimal mode of training, including
training threshold and duration. While we await definitive information on the
value of inspiratory muscle training, it seems reasonable to identify patients
with severe inspiratory muscle weakness and to institute specific measures to
improve function aimed at reversing the underlying problem (i.e., nutritional
supplementation, correction of electrolytes, withdrawal of high-dose steroid
therapy, etc.). These measures, in conjunction with an exercise training
program where the training stimulus is targeted to high and sustained
ventilation levels, should conjointly improve inspiratory muscle function to a
level comparable to that achieved by inspiratory muscle training (146). Studies
are currently under way to assess the effects of treatment with anabolic steroids
or a growth hormone analogue, in conjunction with exercise training, on
ventilatory muscle function, dyspnea, and exercise duration in patients with
advanced COPD.

Follow-Up

Most controlled studies to date, have focused on the short-term benefits of
pulmonary rehabilitation. One recent study by Griffiths et al. (172) has shown
that over a period of 1 year, many of the subjective and objective benefits of
exercise training are lost. Careful follow-up to ensure adherence to home-based
exercise programs together with a vigorous proactive approach to the
management of COPD exacerbations would likely yield better long-term
results, but this remains to be established in clinical studies.

V. Oxygen Therapy

While large, controlled studies have provided convincing evidence of the
beneficial effects of continuous oxygen therapy on survival in severely
hypoxemic patients with COPD, the effects of such therapy on chronic
symptoms is unknown (174–177). The effect of oxygen on dyspnea in a given
individual with symptomatic COPD is entirely unpredictable, and the
mechanism(s) of dyspnea relief in those who do respond are not fully
understood. Potential mechanisms include reduced ventilatory drive and
hypoventilation as a result of diminished hypoxic drive from peripheral
chemoreceptors (175,176) or from reduced activity generated metabolic
acidosis (177).
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Interpretation of the available literature on this subject is compounded
by considerable interstudy variability in (1) baseline dyspnea severity and
degree of resting and exercise hypoxemia in study patients, (2) the
concentration of added oxygen, (3) the exercise protocols used (i.e., endurance
versus incremental), and (4) the mode of oxygen delivery (high flow versus
demand reservoir). Therefore it is not surprising that studies which have
specifically addressed mechanisms of dyspnea relief during added oxygen have
yielded conflicting results. In particular, the question of whether the relief of
dyspnea is solely a function of the attendant reduction of ventilation or is
independent of this effect has not been conclusively answered. Some studies in
normals and in patients with COPD, during rest and exercise, have shown that
dyspnea relief is independent of ventilation (175,176), while others have not
(177,178). Reduced peripheral chemoreceptor activity in response to oxygen,
and the attendant reduced ventilation, has long been thought to be a primary
mechanism of dyspnea relief in COPD (175,176). However, one recent study
has shown that other mechanisms are equally plausible. In patients with
advanced disease but with mild hypoxemia, reduction of standardized Borg
ratings during added oxygen compared with room air was shown to be directly
related to reduced submaximal ventilation, which, in turn, correlated strongly
with reduced metabolic acidosis (i.e., reduced blood lactate concentrations)
(52,177). Reduced blood lactate concentrations likely reflect improved oxygen
delivery and/or utilization at the peripheral muscle level during supraphysio-
logical levels of oxygen (i.e., oxygen 60%).

Several other studies have shown that dyspnea decreases at a given
ventilation during added oxygen or that the reduction in dyspnea during
oxygen seemed disproportionate to the small reductions in ventilation that
were induced (175–180). Possible explanations for this phenomenon include a
variety of oxygen-induced physiological effects: (1) reduced respiratory muscle
impedance as a result of reduced airways resistance (181) or reduced dynamic
hyperinflation (secondary to altered breathing pattern for a given _VVE), (2) delay
in inspiratory muscle fatigue because of increased oxygen enriched blood
perfusion to the muscles, (3) altered central perception of dyspneogenic stimuli,
and (4) decreased afferent inputs from pulmonary vasculature or right heart
chambers secondary to acute or chronic decreases in pulmonary artery pressure
(175–182). The relative importance of these various factors are difficult if not
impossible to quantify and likely vary between individuals. Moreover, several
of these factors in combination (i.e., reduced _VVE and factors that reduce
dyspnea for a given _VVE) may have additive effects on dyspnea relief.

Three recent studies have provided evidence that patients with moderate
to severe COPD but with only mild exercise hypoxemia benefit from
supplemental oxygen therapy during exercise in terms of reduced exertional
dyspnea and improved exercise endurance (52,177,183,184). Improvement in
exercise endurance during oxygen was related to reduced ventilation, with an
attendant decrease in the rate of DH and a concomitant increase in
submaximal inspiratory reserve volumes (Fig. 9). Reduced operating lung
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volumes delayed critical mechanical limitation of ventilation, with correspond-
ing improvements in dyspnea and exercise endurance (177). In normoxic
COPD patients, improvements in operating lung volumes and endurance time
increase in a dose-dependent manner with the fractional concentration of
oxygen (FIO2

) until reaching a plateau at the 50% level (FIO2
¼ 0.5) (184).

Ambulatory oxygen may serve as a useful adjunct to exercise
reconditioning, promoting increased mobility and activity levels in sympto-
matic COPD patients. Ambulatory oxygen therapy may be used as an adjunct
to formal exercise training, allowing patients to achieve and sustain higher
training levels, and theoretically helping them to achieve greater physiological
training effects.

There is no consensus on what level of arterial oxygen desaturation
should warrant consideration for ambulatory oxygen in patients who are not
hypoxemic at rest. Reimbursement criteria for ambulatory oxygen from
various government agencies and insurance companies vary greatly, and
general recommendations cannot be made at this time in the absence of
evidence for long-term beneficial effects. One approach suggested by the ATS is

Figure 9 Exercise responses during hyperoxia (breathing 60% O2) and room air (RA)

are shown in patients with advanced COPD. During hyperoxia, dyspnea and exercise

endurance are significantly improved during constant-load exercise. Ventilation,

breathing frequency (F) and operating lung volumes are significantly reduced

(*p < 0:05, difference at isotime exercise). See text for abbreviations. (Adapted from

Ref. 247.)
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that ambulatory oxygen should be recommended for patients whose resting
arterial oxygen is less than 55mmHg or between 55 and 60mmHg with
significant desaturation during activity (174). Currently, there is no agreement
as to what constitutes significant arterial oxygen desaturation during exercise.
Since a positive symptomatic response to oxygen therapy is unpredictable in a
given patient, a single-blind, case-controlled study should be conducted to
identify responders. We employ a treadmill constant-load endurance test at
approximately 70% of the patients predetermined maximum work rate or _VVO2

,
the patient is randomized to room air or oxygen, and endurance times and
Borg ratings of dyspnea are recorded. The added oxygen should be sufficient to
maintain oxygen saturations greater than 90% during exercise. We recommend
ambulatory oxygen for those patients whose endurance times on oxygen are
prolonged by greater than 25% of the control value or whose Borg ratings are
diminished by greater than one unit at a standardized exercise time (highest
equivalent work rate) (52,177). Alternative protocols involve stair climbing or
walking (including 6MWD) with a reliable pulse oximeter, with measurement
of endurance time and dyspnea at the end of exercise.

Further studies are required to examine the long-term effects of oxygen
(continuous or ambulatory) on chronic activity related dyspnea, functional
status, and quality of life. Studies are under way to assess the value of adjunct
ambulatory oxygen therapy during exercise training in COPD. Given the cost
of long-term ambulatory oxygen, evidence-based criteria need to be developed
for patient selection, oxygen prescription, and optimal mode of delivery.

For patients with COPD in the terminal phases of their illness, who are
dyspneic at rest, oxygen therapy may provide some relief regardless of their
level of resting hypoxemia (185,186). Therefore a trial of oxygen is justified in
these patients for palliative purposes and treatment should be offered to those
who are shown to derive benefit.

VI. Case Summary

To illustrate the effectiveness of a combined-modality approach in the
management of a patient with severe COPD, changes in resting and exercise
physiological data are provided in response to treatment with bronchodilators,
ambulatory oxygen, and exercise training. It is clear that a myriad of small
changes of physiological parameters (that are not normally measured)
culminate in clinically meaningful improvements in the patient’s symptoms
and exercise capacity (Fig. 10) (Table 7).
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Figure 10 Sequential plots of dyspnea intensity (Borg scale ratings) over time during

constant-load submaximal cycle exercise testing in a breathless patient with advanced

COPD. Note the cumulative effects of various interventions on dyspnea and exercise

endurance. (From Ref. 248.)

Table 7 Management of Dyspnea in COPD: Postintervention Changes (D) from

Baseline

Transition Dyspnea Index *3

DFEV1.0 : 6% predicted

DFRC ; 400mL

DEELVdyn (standard exercise) ; 420mL

DIRVdyn (standard exercise) : 350mL

DVentilation (standard exercise) ; 5L/min

DBreathing frequency (standard exercise) ; 6 breaths per minute

DMIP : 30% (*22 cmH2O)

DMEP : 25% (*23 cmH2O)

DInspiratory muscle endurance : *3 6
DQuadricep strength : 25%

DQuadricep endurance : 40%
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VII. Adjunctive Therapies

A. Narcotic and Sedative Drugs

Opiates

Opiate therapy has been used for centuries in the treatment of respiratory
distress. Over time, the knowledge that these drugs are powerful respiratory
depressants has led to their more restricted use as dyspnea-relieving
medications. A number of controlled, crossover, randomized studies have
shown that oral opiates (morphine, dihydrocodeine, hydrocodone) in small
numbers of patients with COPD have shown modest but significant acute
improvements in exertional dyspnea and in exercise capacity compared with
placebo (183–194). However, side effects during acute opiate administration
are commonly reported and include drowsiness, hypercapnia, hypotension,
confusion, and constipation (188–198).

The mechanisms of acute dyspnea alleviation during opiate therapy in
COPD are multifactorial. Opiates have been shown to depress respiratory
drive, both at rest and during exercise. Reductions in submaximal exercise
ventilation and hypercapnia have been reported in a number of acute studies
(187,188). As is the case during oxygen therapy, reduced ventilation or a
reduced rate of rise of submaximal ventilation may result in improved dynamic
mechanics in flow-limited patients and a delay of the point of ventilatory
limitation, with attendant improvement in dyspnea and exercise capacity.
Additionally, reduced central motor command output may, of itself, modulate
dyspnea independent of the changes in mechanics and inspiratory muscle
function that may accompany reduced ventilation. The study of Light et al.
(187) demonstrated that relief of dyspnea at a standardized submaximal
exercise work rate was related to reduced ventilation. However, these authors
also noted that dyspnea ratings were diminished at any given submaximal
ventilation. This latter observation suggests that other factors are instrumental
in dyspnea relief, such as altered central processing of neural signals that would
otherwise mediate dyspnea. These mechanisms have been postulated to explain
opiate-induced increases in breath-holding time (199) and increased tolerance
to hypoxia and hypercapnia (189). Additionally, opiates may alter mood, cause
euphoria, or address the affective dimension of breathlessness in some
individuals, thus allaying anxiety and respiratory panic.

Despite the favorable results of acute opiate administration in the
laboratory setting (187,194), the results of studies examining the long-term
effects of opiate therapy have yielded inconsistent results (192). Woodcock et
al. (195) demonstrated that higher-dose hydrocodeine (30mg three times daily)
provided symptom alleviation but resulted in intolerable side effects, whereas
lower dosages (15mg three times a day), provided significant dyspnea relief and
improved exercise tolerance, with minimal side effects (196). In the study of
Rice et al. (200), COPD patients were randomized to codeine (30mg four times
a day) or promethazine (25mg four times a day) for a 1-month period and
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showed no improvement in either dyspnea or exercise tolerance, while
significant side effects developed in some patients. Small but significant
increases in Paco2

in the group as a whole were noted during codeine
administration. Eiser and coworkers (197) conducted a placebo-controlled
study of oral diamorphine (2.5 or 5mg for 2 weeks each) in 8 patients with
severe COPD and noted no improvement in dyspnea or exercise intolerance
but also no increased drowsiness or hypercapnia.

Opiates delivered by nebulizers have not been shown to be superior to
any mode of opiate delivery in symptomatic COPD patients. Earlier theories
that topical opiates may exert their dyspnea-relieving effects via pulmonary
opiate receptors have not been substantiated (193,201,202). The efficacy of
inhaled opiates appears to depend on the degree to which the drug is absorbed
into the bloodstream and the consequent reduction in central ventilatory drive
(202).

While the role of long-term opiates in advanced symptomatic COPD
remains controversial, it is generally accepted that these drugs are very useful
as a palliative measure for some patients in the terminal phases of their illness
(203–206). Dosages must be carefully individualized to obtain maximum
symptomatic benefit while minimizing adverse effects to the patient. From a
perusal of the available literature, the routine use of opiates cannot be
recommended for symptomatic COPD patients, given the propensity of these
drugs to cause serious side effects. Further studies are required to develop more
precise guidelines for their use. Studies are also required to determine if the
earlier introduction of lower dosages of opiates in a subpopulation of severely
dyspneic COPD patients can diminish the respiratory depressant effects of the
drugs that occur when higher dosages are administered acutely to patients with
ventilatory compromise. Tolerance to the respiratory depressant effects have
been reported in patients in whom long-term low-dose opiates are prescribed
primarily for pain relief (207); it is not known whether similar tolerance could
develop in COPD patients when opiates are prescribed for dyspnea relief.

B. Anxiolytics

Anxiolytics have the potential to relieve dyspnea by depressing respiratory
drive in response to hypoxemia or hypercapnia or by altering the affective
response to perceived respiratory discomfort. Despite the earlier demonstration
of a beneficial effect of diazepam in a small, single-blinded study in ‘‘pink and
puffing’’ COPD patients (208), several subsequent controlled studies have
failed to show consistent improvements in dyspnea and exercise tolerance over
placebo (205,206). Moreover, these drugs were often poorly tolerated and
caused excessive drowsiness. Studies using diazepam, alprazolam, and
promethazine in symptomatic COPD patients did not demonstrate improve-
ments in dyspnea or exercise capacity, at least when examining group
responses. However, negative group responses obscured impressive improve-
ments in some individuals (192,199,208–210). Buspirone, a newer anxiolytic
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agent, has been tested in dyspneic COPD patients on the basis of this drug’s
theoretical advantage of not causing respiratory depression. In a randomized
controlled study by Singh et al. (211), 6-week therapy with buspirone (10 to
20mg PO), in 11 COPD patients with mild to moderate anxiety did not result
in significant improvements over placebo in dyspnea, exercise tolerance, or
anxiety scores. By contrast, Argyrapoulous et al. (212) showed significant
improvements in mood, dyspnea, and exercise endurance using buspirone
(20mg daily) in patients with moderately severe COPD. In this study, the drug
was well tolerated and there was no depression in respiratory drive or
deterioration in arterial blood gases.

The limitations of the available studies on sedatives and anxiolytics
include small sample sizes and uncertainty as to whether study subjects actually
suffered from morbid anxiety in addition to dyspnea. There is currently
insufficient evidence to recommend the routine use of anxiolytics in breathless
COPD patients. However, a trial of anxiolytic therapy is reasonable on an
individual basis in dyspneic patients, particularly those with severe anxiety or
frequent respiratory panic attacks. Pharmacological treatment should ideally
be provided in conjunction with psychological counseling and instruction in
relaxation techniques. Simple measures such as avoidance of excessive beta2-
agonist medication, instruction in breathing relaxation techniques, and short-
acting anxiolytics such as lorazepam may successfully abort spiraling
respiratory panic attacks in those predisposed to them.

C. Lung Volume Reduction Surgery

Bullectomy has been advocated for many years for patients with COPD who
have disabling breathlessness and localized bullous disease (213). There is
evidence that this procedure can provide impressive and often sustained
symptomatic relief in selected patients with giant, well-demarcated bullae
(greater than one-third of the hemithorax) that are judged to be compressing or
collapsing more normally functioning adjacent lung tissue (212–219). Patients
with smaller bullae and more diffuse background emphysema are less likely to
attain significant long-term benefits (289–293). The overall success rate of
bullectomy in a given individual is dictated by the balance between the
functional gains achieved by surgery and the rate of decline of pulmonary
function with time. Although bullectomy has been performed for more than 50
years, the mechanisms of symptom benefit have only recently been system-
atically explored. The objective outcome measure of interest in previous studies
has traditionally been the FEV1.0, which may only indirectly reflect alterations
in the ventilatory mechanics relevant for dyspnea relief; parameters such as
reduced thoracic gas volume are likely more important (218).

Another type of surgical procedure for volume reduction was proposed
by Brantigan in the late 1950s and has recently been reevaluated by Cooper
and others (219,100), who have brought significant technical advancements to
the original procedure. Volume reduction surgery (VRS) for patients with
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severe thoracic hyperinflation is currently being investigated in large,
randomized controlled trials. The original concept behind Brantigan’s
procedure was that the removal of peripheral, nonfunctioning, space-
occupying emphysematous lung tissue should enhance static recoil of the
surgically reduced lung (219). This should result in an associated increase in
radial tethering of hitherto collapsed airways in expiration and should promote
lung emptying. Brantigan did not emphasize the additional potential benefits of
this surgery with respect to ventilatory mechanics and inspiratory muscle
function (219).

There are many parallels between the mechanical effects of giant
bullectomy and modern volume reduction procedures with respect to the
potential underlying mechanisms of their common benefits in patients with
advanced COPD (i.e., reduced dyspnea and improved exercise tolerance). Both
procedures result in reduction of plethysmographically determined thoracic gas
volumes with reduced end-expiratory volume of the lung and chest wall
(213,215,220,221). In both procedures, total lung capacity and residual volume
have been shown to contract (213,215,220,221). Both procedures lead to
volume recruitment (to a variable degree) of previously compressed or
collapsed lung (283).

Dynamic expiratory flow rates have been shown to increase with both
procedures, likely as a result of a combination of volume recruitment (i.e.,
increased VC) and enhanced static recoil of the lung in expiration (222,233).
Following removal of space-occupying destroyed alveolar units, transpulmon-
ary pressures can more effectively expand the adjacent, presumably more
normally compliant alveolar units. VC recruitment after VRS usually occurs in
association with reduced residual volume, due to more effective lung emptying
on expiration. The shift of the static recoil curve downward and to the right has
been demonstrated with both procedures (223–225). Part of the improvement
in dynamic flow rates undoubtedly relates to this mechanism; however, it must
be remembered that the effects of enhanced recoil would be expected to be less
marked in patients in whom irreversible intrinsic airways disease contributes
importantly to baseline (preoperative) flow limitation. Following removal of
noncommunicating bullae or peripheral alveolar units, FEV1.0/FVC ratios
show little change (i.e., FEV1.0 increase commensurate with FVC) (225,226).
The effects of both procedures on expiratory flow limitation are variable, and
significant flow limitation may still be present after surgery, albeit at lower
operational lung volumes (226).

Bullectomy has been shown to improve inspiratory muscle function
(227,228). In one study, MIPs measured at FRC increased significantly by 40%
(p < 0:01) 3 months postsurgery in 8 patients with severe COPD and unilateral
bullectomy (226). The MIPs improve in the short term, presumably because of
enhanced length-tension relationships of the diaphragm and other inspiratory
muscles. Volume reduction surgery also has been shown to improve geometric
configuration of the diaphragm (reduced radius of curvature), to reduce elastic
loading, and to enhance ventilatory muscle coordination.
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Improvements in arterial oxygenation are also common to both
procedures, likely a result of enhanced _VV= _QQ relationships in the newly
recruited and previously compressed alveolar units (215,220,221). As expected,
a reduction in the resting physiological dead-space ratio is rarely seen following
bullectomy, as the majority of bullae are believed to be noncommunicating
(215). Similarly, physiological dead space would not be expected to change
after VRS, since the peripheral emphysematous tissue targeted for resection is
believed to be largely redundant and nonfunctioning. However, relative dead
space may be reduced because of increased tidal volume.

Effects of Volume Reduction Surgery on Exertional Dyspnea

Both bullectomy and VRS have been shown to reduce activity-related dyspnea
and improve exercise endurance. Following unilateral bullectomy and VRS in
8 patients with advanced COPD, 99% of the variance in improved Borg ratings
was explained by a combination of reduced end-expiratory lung volume,
reduced breathing frequency, and increased VC (226). The mechanisms of
dyspnea relief following VRS have been investigated in two recent studies.
Martinez et al. (40) showed that reduced Borg ratings of exertional dyspnea
following VRS correlated well with reduced EELV and reduced autoPEEP.
Thus, VRS reduces the threshold and elastic loads on the inspiratory muscles.
Laghi et al. (41) found a close association between improved exertional
dyspnea and exercise endurance as well as enhanced neuromechanical coupling
of the diaphragm as a result of reduced lung volumes following volume
reduction surgery.

Other beneficial effects of VRS that could contribute to alleviation of
dyspnea include (1) reduced mechanical constraints on tidal volume expansion
and reduced breathing frequency for a given ventilation, (2) increased efficiency
of CO2 elimination because of reduced relative physiological dead space, (3)
improved _VV= _QQ relations and increased arterial oxygen saturation, (4) reduced
ventilatory demand in some patients, and (5) favorable hemodynamic effects
(218). The net effect of VRS is to improve the relationship between inspiratory
muscle effort, which diminishes relative to maximum, and the tidal volume
response to exercise. Therefore, as is the case with bullectomy, less effort is
required for a given tidal volume after VRS (228,229).

VRS and exercise training likely have important synergistic effects;
improved mechanics, reduced ventilatory demand, and improved peripheral
and ventilatory muscle function all combine to achieve greater symptom
control and activity levels. In most centers offering VRS, the procedure is
bracketed by supervised exercise retraining programs (100). VRS, therefore,
would appear to have a sound physiological rationale and should be
considered as an option for greatly debilitated patients who remain severely
breathless despite optimal pharmacotherapy, oxygen therapy, and pulmonary
rehabilitation. While early results are promising, it would appear that only a
minority of selected patients with localized heterogeneous emphysema who do
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not have any comorbid conditions are suitable (222). Because of an
unacceptable mortality risk, VRS is contraindicated in patients with
homogeneous emphysema who have a DLCO of less than 25% predicted
(228). It must be remembered that the magnitude of symptom alleviation
achieved with this costly surgery, which carries a significant morbidity, is in
some instances comparable to that achieved by supervised exercise training. A
great deal of additional information is required to determine the ultimate role
of VRS as a dyspnea-relieving procedure in patients with disabling COPD. In
particular, controlled studies must determine whether the beneficial effects seen
in acute studies are sustained in the long term.

VIII. Management of Acute Exacerbation of COPD

There is no current consensus with respect to the definition of acute
exacerbation of COPD (AECOPD). In 1999, the Aspen Lung Conference
attempted to formulate a working definition of AECOPD as ‘‘a sustained
worsening of the patients’ condition from the stable state, and beyond day-to-
day variations, necessitating a change in regular medications in patients with
underlying COPD’’ (229). Dyspnea is usually the most prominent symptom of
exacerbations. Acute COPD exacerbations that require hospitalization carry a
10% mortality (230–233). Mortality rates are even higher (40–59%) in older
patients with comorbid illnesses (233). Exacerbations result from tracheobron-
chial infections and air pollution, in variable combinations. Viral infections
with the rhinovirus and influenza A and B are now believed to be more
common in causing AECOPD than previously thought. Health-related quality
of life has been shown to be negatively influenced by AECOPD (234,235).
Symptoms of severe dyspnea and exercise intolerance may persist for months
following AECOPD, with little change in the FEV1.0 (234,235). AECOPD can
quickly neutralize the subjective and objective benefits of exercise training
programs in advanced COPD. Several recent studies have shown that
therapeutic interventions such as inhaled steroids, ipratropium, salmeterol,
and tiotropium can reduce the frequency and/or severity of AECOPD
(98,99,113,114,236). The effects likely reflect the more sustained and effective
symptom control with these agents, leading to diagnostic ‘‘downgrading’’ of
AECOPD to common colds or upper respiratory tract infections.

The pathophysiology of AECOPD is complex. Small airway dysfunction
and increased expiratory flow limitation in the setting of increased ventilatory
demand (secondary to _VV= _QQ inequalities or fever), causes severe dynamic lung
hyperinflation (DH) (Fig. 11). The attendant reduced exercise capacity results
in rapid deconditioning and skeletal muscle weakness, which may be
aggravated by high-dose oral steroids and possibly by the release of systemic
inflammatory mediators. Management should be directed toward suppressing
inflammation, treating bacterial infection if present, improving small airway
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function, reducing lung hyperinflation, and active mobilization (low-level
exercise training) to avoid rapid deconditioning.

The management of AECOPD in patients presenting to the physician’s
office is briefly outlined below. Management of AECOPD requiring
hospitalization is comprehensively reviewed elsewhere.

Bronchodilators

The principal goal of management is the optimization of pulmonary function.
Bronchodilators play a key role in this regard. A combination of short-acting
inhaled beta2 agonists (salbutamol) and anticholinergics (ipratroprium) is
recommended; although, strictly speaking, this has not been demonstrated to
be superior to either agent alone in the setting of COPD exacerbations (237).
These inhaled medications may be administered by metered-dose inhaler
(MDI, with spacer) or nebulizer. Despite evidence suggesting that MDI is
equal to a nebulizer (238) or possibly even superior to one (239), many
clinicians will opt for the latter during severe exacerbations, recognizing that
patients with severe exacerbations may not be sufficiently cooperative to use
the MDI. There is no evidence suggesting that long-acting beta2 agonists
improve pulmonary function above that provided by regular dosing with short-
acting medications in the setting of COPD exacerbation. In the rare situation

Figure 11 An example showing the impact of acute exacerbations of COPD

(AECOPD) on lung function. Expiratory airflow limitation (EFL) is increased and

the tidal flow-volume loop shifts toward TLC, indicating a reduced inspiratory capacity

(IC) and dynamic lung hyperinflation (DH). The combination of increased ventilatory

demand and EFL amplifies DH. _VVE ¼ ventilation; VD/VT¼ physiological dead space;
_VVO2

¼ oxygen uptake.
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where inhaled bronchodilators are not available, intravenous beta2 agonists
may be used, although studies involving exacerbations of asthma have failed to
demonstrate any benefit with the addition of intravenous beta2 agonists to
regular dosing with inhaled bronchodilators (240). Previously, methylxanthines
(theophylline) were routinely used in the treatment of exacerbations. However,
two randomized clinical trials (RCTs) specifically examining the effect of
methylxanthines on COPD exacerbations failed to demonstrate any additive
benefit above standard inhaled bronchodilator therapy (241,242,244).

Steroids

Steroids are frequently used during exacerbations of COPD. Prior to 1999, the
evidence supporting this practice was very limited. A double-blind, RCT by
Albert et al., involving 44 patients, suggested an improvement in FEV1.0

compared to placebo 24 hr after the initiation of therapy (243). However the
clinical significance of this finding is unknown. Other studies had failed to
demonstrate that steroids consistently reduce hospitalization, intubation, or
mortality.

Two RCTs on this topic were published during the summer of 1999. The
larger of the two (in fact, the largest RCT up to date on this subject) was the
Veterans Affairs Cooperative Study (SCCOPE) (244). This trial included 271
patients with COPD exacerbations randomized to one of three arms: placebo, 2
weeks of systemic steroids, and 8 weeks of steroids. Despite no difference in
mortality and intubation rates, the authors reported a significant reduction in
‘‘treatment failures.’’ The clinical relevance of this finding is questionable when
one considers that commencement of steroids by the treating physician outside
of study protocol was included in the definition of ‘‘treatment failure.’’ The
only clear clinical benefit was a marginally shorter duration of hospitalization
(9.7 versus 8.5 days, p¼0.03) in patients treated with steroids.

The smaller RCT (56 patients) by Davies et al. (245) was able to
demonstrate a 60-mL improvement in FEV1.0 at 5 days using only 30mg
prednisolone for 14 days. As in the SCCOPE trial, this was associated with a
modestly shorter hospitalization (7 versus 9 days, p¼0.027).

Despite the very modest benefit demonstrated, the latest GOLD
guidelines as well as many clinicians recommend the use of systemic steroids
during COPD exacerbations. What remains to be determined is the optimal
dose and duration of therapy. The SCCOPE trial used the largest dose of
steroids to date (125mg solumedrol q6h for 3 days, followed by a tapering dose
of prednisone), while the Davies trial demonstrated a similar reduction in
hospitalization using a much smaller dose. Finally, clinicians who decide to
prescribe steroids must be mindful that the long-term side effects of
corticosteroid therapy, particularly with regard to bone mineral density and
peripheral muscle function, remain unquantified.
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Antibiotics

The use of antibiotics in AECOPD remains controversial. They are more likely
to be useful in patients with increasing symptoms and increased volume or
purulence of sputum. Many clinicians also include antibiotics in the treatment
of COPD exacerbations. The major trial supporting this practice was published
by Anthonisen et al. (246). Anthonisen demonstrated that a 10-day course of
antibiotics was of benefit in outpatient exacerbations characterized by at least
two of the following three findings: increased dyspnea, sputum volume and
sputum purulence. The actual magnitude of benefit from antibiotics is
uncertain because ‘‘dangerously ill’’ patients were excluded. Furthermore, the
major outcome of ‘‘treatment success’’ was defined as absence of symptoms by
21 days—hospitalization or death was not specifically examined.

The optimal choice of antibiotics is unknown. Patients treated in the
Anthonisen trial were prescribed TMP-SMX, doxycycline, or amoxicillin at the
discretion of the treating physician. Since that time, antibiotic resistance
patterns have changed, and both second-generation macrolides (azithromycin)
and ‘‘respiratory’’ fluroquinolones (levofloxacin, moxifloxacillin, gatifloxacil-
lin) have become available. These agents offer potentially broader antimicro-
bial coverage (e.g., againstMycoplasma), but it should be emphasized that they
have not been demonstrated to be superior to older antibiotics. Thus, treatment
of COPD exacerbations with older antibiotics remains reasonable.

IX. Summary

COPD represents a complex group of disorders that show great pathophysio-
logical and clinical diversity. Given this diversity, rigorous assessment of the
individual patient’s impairment, disability, and handicap is required to
optimize management strategies. A comprehensive management plan is needed
to achieve maximal therapeutic impact in the symptomatic COPD patients.
Education is a pivotal component. Bronchodilator therapy will maximize
volume reduction and improve dyspnea and exercise endurance. Agents such as
tiotropium and long-acting beta2 agonists, which provide sustained 24-hr
bronchodilatation and volume reduction, represent a definite advance in
therapy. Short-acting bronchodilators can be added to long-acting agents to
enhance symptom control, but dosages must be individualized. The role of
inhaled steroids in the management of advanced COPD is not established.
Preliminary information suggests that these agents may be beneficial in
alleviating dyspnea and in improving health status in COPD, but the results of
ongoing trials are awaited to provide a definitive answer.

Supervised exercise training is the next step in the management of COPD
patients and has been shown to significantly increase activity levels and to
improve dyspnea and the overall health status of patients. To maintain these
benefits, careful follow-up and patients’ adherence to a home-based training
schedule is imperative. For selected individuals, other interventions—such as
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ambulatory oxygen therapy, anxiolytics or opiates, and lung volume reduction
surgery—may be indicated. Prompt detection and aggressive management of
exacerbations of COPD are crucial in order to avoid prolonged morbidity, and
even mortality.

An individualized, comprehensive approach to management that
incorporates combined pharmacological therapies and exercise training can
maximize symptom control, exercise capabilities, and health status, even in
patients with advanced disease.
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Interstitial lung diseases (ILDs) are a heterogeneous group of disorders with
varying histological appearances characterized by a disruption of the
pulmonary parenchyma (1). Although the incidence is difficult to estimate
with accuracy, Coultas and colleagues completed an epidemiological study in a
New Mexico county suggesting an overall incidence of 31.5 per 100,000 in
males and 26.1 per 100,000 in females (2). Importantly, pulmonary fibrosis and
idiopathic pulmonary fibrosis (IPF) together accounted for 46.2% of all ILDs
in males and 44.2% of those in females.

As a consequence of progressive lung destruction and increasing
ventilatory, circulatory, and skeletal muscle impairment, structural and
functional reserves are reduced and exercise intolerance and exertional dyspnea
inexorably proceed becoming more prominent and disabling in patients with
advanced interstitial lung disease. Given their important clinical consequences,
this chapter reviews resting and exercise physiological assessment in patients
with advanced ILD, focusing on current scientific knowledge and technical
advances, emerging concepts in exercise limitation, and the clinical implica-
tions and potential applications of such assessment in patient management.
The role of clinical exercise testing in functional assessment/monitoring in
clinical decision analysis is also discussed.
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I. Physiological Abnormalities

Physiological assessment, which includes a functional or exercise component, is
increasingly utilized in clinical practice in order to optimize patient manage-
ment and provide answers to questions not available from resting pulmonary
function tests. Importantly, resting pulmonary and cardia function testing
cannot reliably predict exercise performance and functional capacity ( _VVO2

peak) in individual patients with ILD (3–5). Furthermore, in advanced disease,
pulmonary function parameters may be remarkably similar among the
different disease categories. FVC, FEV1, and total lung capacity (TLC) have
been inconsistent predictors of _VVO2

max in patients with ILD. Although patient
with abnormally low (<70% predicted) resting carbon monoxide diffusing
capacity (DLCO) are likely to experience abnormal exercise gas exchange, DLCO

is a poor predictor of gas exchange abnormalities during exercise in patients
with ILD (3,4–6) and asbestos exposure (5). Even though exertional dyspnea is
a common symptom in patients with ILD, exercise often stops due to leg
discomfort, chest pain, or fatigue rather than dyspnea (7–9). Furthermore,
exercise limitation in most patients is thought to be multifactorial (10–14).
Importantly, resting cardiopulmonary measurements are unable to prioritize/
quantitate exercise-limiting factors important for reducing symptoms, initiat-
ing/monitoring therapeutic interventions, and potentially improving quality of
life for patients with advanced ILD. Finally, subjective measures of a patient’s
quality of life reveal a stronger correlation with exercise tolerance than with
either spirometry or oxygenation in patients with COPD (15); such information
in patients with ILD remains incompletely characterized. Last, maximal
exercise testing can be safely performed in the vast majority of patients
(12,16,17).

Exercise testing has been felt to be uniquely well suited to the evaluation
of patients with interstitial lung disease. Several clinical exercise testing
modalities are available for functional assessment and include 6-min walk tests
(6MWT), graded exercise testing, and cardiopulmonary exercise testing. The
6MWT is practical, simple to perform, and does not require high-tech
equipment or advanced technical training (18–20). It addresses the global and
integrated submaximal (and for some possibly even maximal) exercise
response, but it is unable to provide specific information on the function of
each contributing organ system involved in exercise and of the mechanism of
exercise limitation (20). Standard cardiac exercise stress tests primarily
endeavor to identify ischemic heart disease and generally cannot define
underlying pathophysiology in patients with exercise intolerance of nonis-
chemic origin (21–25). The diagnostic potential of standard exercise testing can
be enhanced by the concurrent measurement of respiratory gas exchange.

Cardiopulmonary exercise testing (CPET) involves the measurement of
oxygen uptake ( _VVO2

), carbon dioxide output ( _VVCO2
), and minute ventilation ( _VVE)

in addition to monitoring 12-lead electrocardiography (ECG), blood pressure,
and pulse oximetry (SpO2) during a symptom-limited exercise tolerance test.
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Measurement of arterial blood gases provides important information on
pulmonary gas exchange. CPET is valuable in identifying mechanisms of
exercise limitation (i.e., heart, lungs, blood, and/or skeletal muscles) and in
detecting early disease. As CPET is reported to be safe in patients with
pulmonary hypertension and significant arterial desaturation due to primary
pulmonary hypertension, a similar safety profile would be anticipated for
patients with advanced ILD (12,16,17,26). Indications for cardiopulmonary
exercise testing in patients with ILD appear in Table 1.

For clinical exercise testing purposes, electronically braked cycle
ergometry is preferable, although treadmill testing is an acceptable alternative
if quantitation of work is not critical. Symptom-limited incremental exercise
protocols with increases in work intensity of 5 to 25W/min are widely used.
Ideally, exercise should last 8 to 12min; however, in advanced disease, it is
likely that lesser durations of exercise will be achieved. Recently, constant work
protocols (based on peak CPET results) have become popular, especially in
assessing therapeutic interventions (7,8,27) and for corroborating pulmonary
gas exchange when an arterial catheter is not an option (28). Computerized
exercise systems permit an impressive number of variables to be measured
during CPET (Table 2).

For patients with ILD, pulmonary gas exchange variables maybe
particularly helpful, especially when tests of arterial blood gases are being
performed. The reproducibility of CPET measurements in patients with ILD is
generally good as assessed byMarciniuk et al., who studied six patients with ILD
(three with IPF) during three maximal exercise studies over a 28-day period (29).
The coefficient of variation was quite acceptable for maximal _VVO2

(5.3%) and
oxygen saturation (2.5%). The reader is referred to other sources for a more
thorough evaluation of CPET methodology, equipment, and protocols
(12,17,23,24) and the current approach to interpretation of CPET results (12,22).

In general, for patients with early or occult ILD, CPET is efficacious in
the early detection of subtle pulmonary gas exchange abnormalities not
revealed by routine testing. This is important in establishing a timely diagnosis,

Table 1 Indications for Cardiopulmonary Exercise Testing in ILD

Objective assessment of symptoms

Detection of early (occult) gas exchange abnormalities

Overall assessment/monitoring of pulmonary gas exchange

Determination of magnitude of hypoxemia and for O2 prescription

Determination of potential exercise limiting factors

Documentation of therapeutic responses

Specific clinical applications

Exercise evaluation and prescription for pulmonary rehabilitation

Evaluation for impairment-disability

Evaluation for lung or heart-lung transplantation
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accurate physiological severity assessment, as well as permitting the monitoring
of therapeutic interventions (3,4,6,30–37). Whether CPET, in particular
exercise pulmonary gas exchange, has prognostic value for IPF is controversial
and requires additional investigation (38,39).

The role of CPET in evaluating patients with interstitial lung disease for
pulmonary rehabilitationandforpatient selection/monitoringpre-andpost–lung
transplantation remains incompletely characterized andunderutilized in patients
with ILD and requires additional prospective evaluation. Currently, both the
6MWTandCPETare used for functional assessment.A 6MWT is a useful tool in
the assessment of when to list patients for transplantation, with 6MWD< 400m
predicting death with a sensitivity of 0.80, specificity of 0.27, positive predictive
value of 0.27, and negative predictive value of 0.91 (40). The six minute walk
distance and SpO2 desaturation but not exertional dyspnea correlated with
baseline lung function variables using stepwise multiple regression analysis in 40
patients with ILD (41). Recent work in patients with primary pulmonary

Table 2 Measured and Derived Variables and Indices During Cardiopulmonary

Exercise Testing

Variablesa Noninvasive Invasive (ABGs)

Work Work Rate

Metabolic _VVO2
, _VVCO2

, R, AT (also

known as LT)

Lactate

Cardiovascular HR, ECG, BP, O2 pulse,

DHR/D _VVO2

Ventilatory _VVE, VT, fb, _VVE/MVV,

IC, VT/IC, EELV, EILV,

EILV/TLC

Pulmonary gas exchange SpO2, _VVE/ _VVCO2
, _VVE/ _VVO2

PETO2, PETCO2

SaO2, PaO2, PAO2�PaO2,

VD/VT

Acid base pH, PaCO2, HCO3
�

Symptoms Dyspnea, leg fatigue, chest

pain

a Abnormality of a variable does not necessarily define exercise limitation in that category.

Key: ABGs, arterial blood gases; _VVO2
, oxygen uptake; _VVCO2

, carbon dioxide output; R, respiratory

exchange ratio; AT, anaerobic threshold; LT, lactate threshold; hr, heart rate; ECG,

electrocardiogram; BP, blood pressure; O2 pulse, oxygen pulse; _VVE, expired minute ventilation;

VT, tidal volume; fb, breathing frequency; _VVE/MVV, ventilatory reserve; PETO2, end-tidal pressure of

oxygen; PETCO2, end-tidal pressure of carbon dioxide; IC, inspiratory capacity; VT/IC, ratio of tidal

volume to inspiratory capacity; EELV, end-expiratory lung volume; EILV, end-inspiratory lung

volume; SpO2, pulse oximetry; _VVE/ _VVCO2
, ventilatory equivalent for carbon dioxide; _VVE/ _VVO2

,

ventilatory equivalent for oxygen; SaO2, arterial oxygen saturation; PaO2, arterial oxygen tension;

PAO2�PaO2, alveolar-arterial oxygen pressure difference; VD/VT, ratio of physiological dead space

to tidal volume; pH, hydrogen ion concentration; PaCO2, arterial carbon dioxide tension; HCO3
�,

bicarbonate.

Source: Modified from Ref. 11.
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hypertension has confirmed that reductions in _VVO2
peak reflect reduced cardiac

output and functional capacity and that CPET and 6MWT test provide
complementary information in the evaluation of these patients (26).

Whether a 6MWT and/or CPET should be used depends on the questions
being asked and the available resources; both provide complementary albeit
different information (11,12,20). It is likely that 6MWT results will not replace
CPET in circumstances in which information not available from 6MWT results
is necessary for clinical decision making. This includes determination of
etiology of exercise limitation, need for an individualized exercise prescription
(for pulmonary rehabilitation prior to transplantation), system-based mon-
itoring of therapeutic interventions including effect(s) of pulmonary rehabilita-
tion and transplantation, and gauging capacity for physical work, which are
important for disability impairment evaluation. In general, 6MWT results are
too imprecise under these circumstances, as recently noted in clinical
commentary on 6MWT in cardiac patients (42). Additional prospective
evaluation in patients with ILD is required.

A. Pathophysiology

The majority of ILDs share common physiological abnormalities (43)
(Table 3).

A restrictive ventilatory defect is typically reflected by a downward and
rightward shift of the static expiratory pressure-volume curve. The lung recoil
is increased over the range of the inspiratory capacity with a reduction of total
lung capacity (TLC) and vital capacity (44–46); the coefficient of retraction
(pleural pressure at TLC/lung volume at TLC) is elevated compared to normal
subjects (30,44). The mechanisms for these changes in compliance are
multifactorial and include loss of lung volume (46–49), reduced alveolar
distensibility (47,50–54), reduced alveolar size (50,55), and increased surface
tension due to abnormalities of surfactant (56,57).

Table 3 Patterns of Physiological Abnormalities in Selected Interstitial Lung Diseases

Disease FVC FEV1/FVC DLCO TLC

Exercise

P(A� a)O2

Idiopathic pulmonary fibrosis ; $ : $ ; ; $ : :
Connective tissue disease ; : $ : $ ; ; ; $ : $
Sarcoidosis ; $ : $ ; ; $ ; $ : $
Langerhans cell histiocytosis ; $ : $ ; ; $ : :

Key: FVC¼ forced vital capacity; FEV1, forced expiratory volume in 1 sec; DLCO diffusing

capacity; TLC, total lung capacity; P(A� a)O2
, alveolar–arterial oxygen tension gradient.

:, increase; ;, decrease; $, remain the same.

Source: Ref. 401.
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B. Flows and Lung Volumes

Typically static lung volumes are reduced in ILDs. The vital capacity (VC) is
reduced to a greater extent than the functional residual capacity (FRC) (43). In
compiling data from several reported series, Gottlieb and Snider reported a
mean reduction in FRC to 79% predicted compared with a reduction in VC to
63% and TLC to 72% predicted (58). Both the tidal volume and inspiratory
capacity are reduced, with the ratio of VT to IC (VT/IC) increased compared to
normal subjects (8) (Fig. 1). The TLC, determined by the balance between lung
and chest wall recoil and inspiratory muscle strength, is usually less severely
affected due to the normal or near normal chest wall recoil and the preserved
inspiratory muscle function in most patients (51,58,59). The residual volume
(RV) is well preserved in most cases and the RV/TLC ratio is frequently
increased (58,60–65). Airway function, defined by spirometric measurements, is
usually well preserved in ILD, although airflow obstruction may be frequent in
sarcoidosis (66–79) and rheumatoid arthritis (80–82). Conflicting reports using
more sophisticated testing have been published regarding small airway

Figure 1 Operational lung volumes at rest at a standardized _VVO2
of 50% predicted

maximum ( _VVO2
max), and at peak exercise in normal subjects and in patients with ILD.

Values are mean+SE. TLC, total lung capacity; IRV, inspiratory reserve volume;

EELV, end-expiratory lung volume. Inspiratory capacity (IC) is significantly reduced in

patients with ILD (p< 0.01). (From Ref. 8.)
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function (65,83,84). Unfortunately, the abnormalities are not specific and the
magnitude of the changes varies widely from patient to patient.

Two groups have described atypical physiological presentations in
patients with IPF with preserved lung volumes (85,86). Cherniack and
colleagues confirmed a higher FVC and TLC in smokers than never smokers
(85). Similarly, Doherty et al. examined a group of 48 patients with cryptogenic
fibrosing alveolitis, of which 21 demonstrated a normal VC (>80%
predicted)(86). Those with preserved VC were more likely to be male (76
versus 48%) current smokers (57 versus 22%) and to have a heavier lifetime
history of cigarette smoking (38 versus 25 pack-years). The TLC was also
significantly higher in the group with preserved VC (90.1 versus 64.7%
predicted). Importantly, there was no difference in prognosis or treatment
between the two groups; high-resolution computed tomography (HRCT)
confirmed a similar degree of pulmonary fibrosis in the two groups, although
concomitant emphysema was much more likely in the group with a preserved
VC (86 versus 19%). It is evident that superimposed smoking can alter the
typical physiological presentation of IPF.

C. Gas Exchange

Diffusing capacity (DLCO) is typically reduced in ILD to a greater extent than
the lung volume at which it is measured (65). In addition, the diffusing capacity
appears to be decreased to a greater extent with IPF than for other ILDs (4,87).
For example, Dunn et al. noted a DLCO of 45% predicted in 21 patients with
IPF compared with 79% predicted in 20 patients with sarcoidosis, despite
similar lung volumes (87). A similar difference was noted in DLCO/alveolar
volume (VA) (54 versus 97% predicted).

D. Exercise Capacity

Exercise Limitation

Many factors contribute to exercise limitation in patients with advanced ILD
(Table 4). Current scientific knowledge appreciates that exercise limitation or
low _VVO2

max achieved in patients with advanced respiratory illness is complex,
usually multifactorial, and as such not limited by any single component of the
O2 transport/utilization process but rather by their collective quantitative
interaction (12). Although several factors may be involved, one factor often
predominates, possibly because of its multisystem impact (i.e., hypoxemia)
with variable contributions to exercise intolerance from the other factors.
Presently, the magnitude of each factor’s relative contribution to exercise
intolerance in patients with advanced ILD remains incompletely characterized.

Multiple factors contribute to the increased ventilatory requirement
during exercise in patients with advanced ILD (Table 5). Importantly, whereas
ventilatory constraint(s) (limitation) have traditionally been thought to be
primarily exercise-limiting in patients with ILD, recent work has suggested that
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hypoxemia, not respiratory mechanics, appears to be the predominant factor
contributing to exercise limitation during incremental exercise (27,88). In the
first of two noteworthy studies, supplemental O2 (60%) was administered to 7
patients with ILD and impaired room air exercise performance manifested by ;
_VVO2

peak, ; peak work rate, and SaO2 ; 11%. Supplemental O2 sufficient to
prevent arterial desaturation resulted in significant improvement in exercise

Table 4 Mechanisms of Exercise Limitation in Advanced ILD

Respiratory

Pulmonary gas exchange impairment

Arterial hypoxemia

Inefficient ventilation

Increased dead-space ventilation

Ventilatory mechanical dysfunction

Respiratory muscle dysfunction

Circulatory

Reduced stroke volume

Abnormal heart rate response

Abnormal pulmonary (pulmonary hypertension) and systemic circulation

Hemodynamic consequences of increased intrapleural pressures

Abnormal blood (anemia, carboxyhemglobin)

Peripheral factors

Skeletal muscle dysfunction

Neuromuscular dysfunction

Peripheral circulatory abnormalities

Malnutrition, medication effects

Deconditioning

Perceptual symptoms

Dyspnea, leg fatigue, generalized fatigue

Environmental

Motivation, psychosocial effects

Exercise limitation is multifactorial

Source: Adapted from Ref. 22.

Table 5 Factors Contributing to Increased Ventilatory Requirements During Exercise

in Patients with Advanced ILD

Increased dead-space ventilation (VD/VT)

Inefficient ventilation

Hypoxemia

Early-onset metabolic acidosis

Pulmonary hypertension

Nonchemical stimuli (lung receptors)

Increased central drive
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performance (: _VVO2
peak, : peak work, : anaerobic threshold), which the

authors suggested, most likely resulted from increasing O2 delivery to
exercising muscles. Also, despite improvement of mean _VVO2

peak by about
20% with supplemental O2, _VVO2

peak was still only 67% of predicted,
suggesting that other factors were involved and presumably that exercise
limitation was multifactorial.

A subsequent study that evaluated the impact of supplemental O2 (60%)
and added dead space in 7 patients with ILD corroborated that hypoxemia and
not mechanics limits exercise in ILD (88). Additionally, exercise tidal flow-
volume loop analysis of 7 patients with ILD has also suggested that respiratory
mechanics were not the cause of exercise limitation (7) (see ‘‘Exercise
Ventilatory Mechanics,’’ below). However, a cautionary note is offered.
From a clinical perspective, some patients with ILD, perhaps early in their
disease or with different subtypes, appear predominantly ventilatory-limited
(12)(see case #4 of Ref. 12). Whether these patients will develop circulatory
limitation as hypoxemia continues due to progressive parenchymal and
vascular destruction remains unknown. Current knowledge would suggest
that despite the excessive respiratory muscle function burden associated with
advanced ILD, respiratory muscle fatigue, if present, is apparently not an
important factor in exercise limitation (27,88–90).

A recent provocative retrospective analysis of 42 patients with ILD
suggested that exercise limitation is primarily due to pulmonary circulatory
pathophysiology rather than ventilatory mechanics. (91). Reduced peak _VVO2

values were more often due to pulmonary vascular disease than impaired
ventilatory mechanics, as measured during incremental exercise. The degree of
circulatory dysfunction was proportional to the severity of underlying lung
disease. Although based on suboptimal data analysis, the pathophysiological
discussion highlighting the importance of impaired O2 transport in exercise
limitation in patients with ILD is attractive (91), especially when coupled with
the data from the hypoxemia/supplemental O2 studies cited previously (27,88).
It is possible that the improvement in peak _VVO2

with supplemental O2 is partly
due to improvement in pulmonary hemodynamics or cardiovascular function,
as evidenced by the improvement in peak _VVO2

being strongly correlated with
resting DLCO (27). Prospective studies designed to answer questions of
circulatory dysfunction as the predominant exercise-limiting factor in ILD
are required. These studies should include analysis of ILD subtypes, including
the impact of disease severity and progression. (Can patients present as
ventilatory-or combined ventilatory/circulatory-limited and progress to circu-
latory-limited, or do patients usually remain circulatory-limited? Are outcomes
different for those who are circulatory-limited versus ventilatory limited?)

Abnormal symptom perception (especially breathlessness, leg/general
fatigue, etc.) is an important stated cause of exercise cessation in patients with
advanced ILD (see ‘‘Dyspnea,’’ below). This may be associated with apparent
nonphysiological limitation to exercise ( _VVE/MMV< 85%, peak heart
rate< 85% or 15 beats). Evaluating submaximal trending of exercise responses,
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especially heart rate responses (see ‘‘Cardiovascular Abnormalities,’’ below), in
this challenging scenario can be helpful. Deconditioning, peripheral muscle
dysfunction, and nutritional status (12,92–94) are increasingly recognized to be
important cocontributors to exercise limitation in patients with chronic lung
disease, including patients with advanced ILD. A vicious cycle of (progressive)
symptoms, especially dyspnea and fatigue, leads to a reduction in physical
activity and increasing deconditioning. This is compounded by episodes of
decompensation often requiring steroids, weight loss, malnutrition, loss of
muscle mass, and consequent skeletal muscle dysfunction and mental
depression. Although an extensive and expanding database on theses topics
are available for patients with chronic heart failure and chronic obstructive
pulmonary disease (COPD), because of similarities due to chronic respiratory
illness, application to patients with advanced ILD may also be possible.
Additional work is required.

Typical Exercise Responses in Patients with Advanced ILD

Although underlying etiology may vary, functional physiological assessment in
patients with advanced ILD reveals common pathophysiological character-
istics usually associated with severe often end-stage lung disease and its adverse
multisystem impact. This is in contrast to functional ILD assessment
performed at an earlier stage, in which a spectrum of respiratory (restrictive
mechanical and pulmonary gas exchange) and cardiovascular abnormalities
may be observed; whether the predominance of any particular pattern reflects
differences in disease severity and/or ILD subtypes (see below) is unknown.
Typical CPET responses in patients with advanced ILD appear in Table 6. An
illustrative case study including tabular and graphic data appear in Table 7 and
Figure 2, respectively.

Patients with advanced ILD exhibit reduced maximal or peak aerobic
capacity ( _VV02

peak), maximal work rate (WRpeak), and submaximal exercise
endurance compared to age-and sex-matched normal subjects (3,29,32,95–97).
The reduction in aerobic capacity ( _VVO2

max) is related to resting pulmonary
function, including FEV1 (% predicted), total lung capacity (% predicted), and
DLCO (% predicted) and can be useful for disability (functional capacity to
perform physical work) assessment in patients with advanced ILD (32,98).
Resting DLCO may be the best correlate of _VVO2

max in patients with ILD
(r¼ 0.76, p< 0.001) (91). However, despite significant correlation between
these resting indices and _VVO2

max, results of routine pulmonary function testing
alone may not be sufficiently reliable in predicting or quantitating exercise
responses, exercise limitation, or disability in the individual patient, as noted
previously (3,99–103). This may be particularly important in patients with
nonventilatory reasons for stopping exercise (104).
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Table 7 Maximal Cardiopulmonary Incremental Exercise Test in a Patient with

Biopsy-Proven Interstital Pulmonary Fibrosis

JH, 56-year-old Caucasian Male. Height, 175 cm; Weight, 83 kg; Diagnosis: biopsy

proven IPF. FVC, L 3.02 (66%) FEV1, L 2.59 (40%); DLCO, mL/min/mmHg, 15.48

(53%); TLC, L 4.53 (67%); MVV calc, L/min 141 (40x FEV1). Reason for testing:

Evaluation for exercise intolerance, progressive exertional dyspnea, and desaturation.

Protocol: 20 w/min incremental cycle ergometry to volitional exhaustion.

Variable Peak % Predicted Variable Rest Peak

Work rate (W) 140 68% SaO2, % 94% 85%
_VVO2

, L/min 1.34 55% SpO2, % 96% 86%

AT, L/min 0.94 (38%)a>0.97 PaO2, mmHg 84 56

D _VVO2
/DWR L/min/w 6.8 N (>8.29) PaCO2, mmHg 40 38

HR, bpm 145 83% pH 7.40 7.34

DHR/D _VVO2
bpm/L/min 72 <50 PAO2�PaO2, mmHg 5 55

O2 pulse,mL/beat 9.2 66% VD/VT 0.51 0.53
_VVE, L/min 83 59%b

fb, br/min 47 <60
_VVE/ _VVCO2

, at AT 45 <34

RER 1.10

a AT as percent of _VVO2
peak predicted.

b _VVE peak/MVV (%).

Stop: fatigue 10/10 (BORG

Scale)

Table 6 Typical CPET Responses in Advanced ILDa

Symptoms: dyspnea, leg discomfort, generalized fatigue

; Aerobic capacity ( _VVO2
) peak, ; work

; Anaerobic threshold (AT)

Abnormal pulmonary gas exchange

: _VVE/ _VVCO2
and : _VVE/ _VVO2

responses

; PaO2
, : PAO2–PaO2, ; SaO2

:/$ VD/VT responses

$ PaCO2 and $ PETCO2

Abnormal cardiovascular responses

; Peak heart rate, : HR at submaximal _VVO2
(abnormal HR- _VVO2

) relationship,

DHR/D _VVO2
> 50

; O2 pulse

ECG abnormalities: RVH, RAE, RAD, RBBB

Abnormal ventilatory responses

; _VVE peak, : submaximal _VVE (abnormal _VVE versus _VVO2
and _VVE versus _VVCO2

relationships)

Normal or : _VVE/MVV (no ventilatory reserve)

; VT, : fb, (or blunted VT response)

; IC, : VT/IC, $ EELV, : EILV/TLC

Key: CPET, cardiopulmonary exercise testing; ILD, interstitial lung diseases; :, increase;

;, decrease; $, remain the same; RVH, right ventricular hypertrophy; RAE, right atrial

enlargement; RAD, right axis deviation; RBBB, right bundle branch block.
a See text for discussion.
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Figure 2 J.H.—Graphic representation of a maximal, incremental cardiopulmonary

exercise test in a subject with biopsy-proven interstitial pulmonary fibrosis. These

graphic data are 1-minute interval averaged. The results are compared with calculated

reference values obtained from several sources (dashed lines). (A) Plot oxygen uptake

( _VVO2
) versus work rate reveals a reduced aerobic capacity ( _VVO2

peak), work rate (W),

and markedly abnormal _VVO2
-WR relationship: (B) Plot of heart rate (HR) versus _VVO2

reveals a hypercirculatory pattern (:DHR/D _VVO2
¼ 72, normal <50), evidenced by

elevated HR responses at submaximal levels of _VVO2
. The control population for this

ILD cohort group achieved a maximal HR¼ 82% predicted. This patient achieved

HR¼ 83% predicted, suggesting apparent physiological (circulatory) limitation. The O2

pulse was reduced. (C) Plot of _VVCO2
(carbon dioxide production) versus _VVO2

(modified

V-slope) reveals a low anaerobic threshold; (D) Plot of minute ventilation ( _VVE) versus

carbon dioxide output ( _VVCO2
) demonstrates an abnormal slope (lower 95% CI< 34) with

significant ventilatory reserve at peak exercise. (E) A blunted tidal volume (VT) increase

and increased respiratory frequency (f) versus _VVO2
reveals a rapid shallow breathing

pattern, (F) Ventilatory equivalents for O2 ( _VVE/ _VVO2
) and CO2 ( _VVE/ _VVCO2

) versus _VVO2
are

abnormally high throughout exercise, reflecting inefficient ventilation due mostly to

increased dead-space ventilation. (G) Minute ventilation ( _VVE) versus _VVO2
demonstrates a

hyperventilatory response and significant ventilatory reserve at peak exercise. (H)
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Exercise Ventilatory Mechanics

The impaired resting ventilatory mechanics (reduced operational lung volumes/
capacities, increased elastic recoil at FRC, and reduced compliance—all
reflections of abnormal pressure-volume relationships) exacerbate respiratory
demand–capacity relationships during exercise (24,105,106).

Demand Versus Capacity

Factors contributing to the increased ventilatory demand during exercise in
patients with advanced ILD include increased ventilatory requirements (Table
5) associated with the increased metabolic demand as well as body weight,
mode of testing, etc. (107). These factors are responsible for the marked
increase in submaximal minute ventilation (abnormal _VVE– _VVO2

relationship),
but with reduced maximal minute ventilation (Figs. 2 and 3b). Ventilatory
capacity estimated from direct measurement of the MVV or calculated (FEV1

40) is reduced mostly due to abnormal ventilatory mechanics but may also be
affected by ventilatory muscle function, genetics, aging, and the multisystem
impact of chronic disease (94,107,108). Mechanical ventilatory limitation
( _VVEmax approaching or exceeding ventilatory capacity) may or may not occur,
with the latter more likely in patients with advanced ILD, especially IPF
(7,27,88,109). Consequently, the ventilatory reserve, an index of ventilatory
demand ( _VVEmax) to ventilatory capacity (MVV), may be reduced (high VE/
MVV) or normal. Interestingly, in patients with sarcoidosis, the ventilatory
reserve is often reduced, especially in patients with higher radiographic stages
of disease (110), in those with symptoms (111), and in those with poorer
pulmonary function (112).

Exercise Tidal Flow–Volume Loop Analysis, Negative Expiratory
Technique

Alternatively, exercise tidal flow–volume loop analysis provides a visual index
of ventilatory constraint by aligning (for comparison) flow-volume loops
obtained during exercise with maximal resting flow–volume loops (extFVL/
MFVL) (107,113). The volume and flow-rate differences between the exercise
tidal flow – volume loop and MFVL curve maybe useful for determining

Arterial O2 tension (PaO2), alveolar–arterial O2 gradient difference PAO2
–PaO2

, SpO2,

and SaO2 versus _VVO2
demonstrates no hypoxemia, normal PAO2

–PAO2
, SpO2, and SaO2

at rest with hypoxemia (DPaO2¼ ; 28mmHg), an abnormally widened PAO2
–PaO2

(: to

55mmHg, normal <35mmHg) and significant desaturation (SpO2 ; D10mmHg

decreasing throughout exercise) and at peak exercise. (I) Physiological dead space to

tidal volume ratio (VD/VT) and arterial CO2
tension (PaCO2) versus _VVO2

reveals an

abnormal increase in VD/VT from rest to exercise and a PaCO2
response that is only

slightly changed. Consequently, the acid-base status at peak exercise reveals a metabolic

acidosis without the appropriate respiratory compensation. Exercise stopped due to

fatigue 10/10 (Borg scale).
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ventilatory limitation (constraint). A recent study of seven patients with ILD
using exercise tidal flow–volume loop analysis revealed that patients were not
breathing near their maximal ventilatory capacity and that respiratory
mechanics were not exercise-limiting (7). Interestingly, patients who stop
exercise due to dyspnea (n¼ 4) experience significant expiratory flow limitation,
increased EELV (see below), abnormal inspiratory flow loops, and less arterial
desaturation compared to those who stop due to leg fatigue (n¼ 3) (Fig. 4) (7).
This implies that expiratory flow limitation in some ILD patients contributes to
the dyspnea of exercise, although additional studies would be necessary to
corroborate these findings (7). However, using the negative expiratory pressure
(NEP) technique, in which a negative pressure (5–10 cm) at the mouth is applied
during expiration and then determining whether ventilation increases, failed to
show evidence of obstruction when applied in patients with ILD (114).

Because of lung volume constraints on VT expansion, patients with
advanced ILD exhibit a rapid shallow breathing pattern during exercise, with

Figure 3 Responses to exercise in normal subjects and patients with ILD. (a)

Dyspnea. (b) Minute ventilation ( _VVE). (c) Breathing pattern [breathing frequency (f)]. (d)

Esophageal pressure (Pes). Values are means +SE. Borg, Borg scale; _VVO2
, O2 uptake;

VT, tidal volume; PImax, maximal inspiratory pressure. Pes measurements were obtained

in only 8 of 12 patients with ILD. All slopes are significantly greater (p, 0.05) in patients

with ILD than in normal subjects. (From Ref. 8.)
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increases in minute ventilation achieved mostly by increases in respiratory
frequency, with low VT and minimal changes in end-expiratory lung volume
(EELV) (TLC-IC¼EELV) compared to normal subjects (7,8,95,116) (Figs. 1,
and 3c). Usually, VT increases during exercise by encroaching upon IRV and
ERV, resulting in increases in end-inspiratory lung volume (EILV) and
decreases in EELV, respectively (7,8,117) (Fig. 1). As a result of increased
elastic recoil at FRC, ERV is reduced and the blunted VT increase occurs
through encroachment on IRV. Consequently, VT represents a greater
percentage of a blunted IC increase (VT/IC) from rest and compared to normal
subjects (7,8) (Fig. 1). The IC as an index of operational lung volumes during
exercise can be measured utilizing either spirometry or exercise tidal flow
volume loop–maximal flow-volume loop analysis (7,107,117). Peak VT/VC is
usually although not invariably normal (118,119). Abnormal lung mechanics
and the increased elastic load associated with lung fibrosis (120) as well as
increased afferent reflexes originating from the lung and/or chest wall have
been suggested as the reasons for increased respiratory drive and consequent
increased ventilatory requirements seen in these patients (121) (Table 5).

The rapid shallow breathing strategy during exercise correlates with
disease severity (120,122) and may contribute to the impressive exertional
dyspnea that patients with ILD experience by breathing at a higher lung
volume (: EILV/TLC), thereby increasing the elastic work of the respiratory
muscles (7,8); it may minimize the work of breathing by possibly enabling the
respiratory muscles to maintain force development without (diaphragmatic)

Figure 4 Maximal and exercise tidal flow-volume loops in patients with ILD. Left:

Patients who stopped secondary to dyspnea. Right: Patients who stopped due to leg

fatigue. Minimal change was observed in EELV in both groups, with the group

complaining of dyspnea demonstrating significant expiratory flow limitation. (From

Ref. 7.)
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fatigue (95), and does not appear to be significantly affected by morphine
administration (123) or by supplemental O2 administration (27,88).

Finally, it is well appreciated that at rest, patients with ILD adapt a rapid
shallow breathing pattern, as normal subjects do not. This is thought to be due
to the combined influences of altered mechanical constraints and increased
central output from the respiratory controller for CO2, thereby avoiding
hypercapnia and excessive dead space ventilation; thus it minimizes respiratory
effort and reduces dyspnea. The impact of departing from this pattern and
whether patients with restrictive lung disease can do it volitionally—and,
furthermore, what the effects on dyspnea would be—was addressed in a recent
well-designed study (124). In that study, breathing pattern was nonobstruc-
tively monitored over 1 hr in 10 patients with restrictive lung disease and 7
controls and then, on a separate day, dyspnea was monitored (Borg scale)
while all subjects copied different tidal volumes and respiratory frequencies.
Small variations from average resting tidal volume caused marked increases in
dyspnea in patients, and the relationship was parabolic (r2¼ 0.97; p< 0.001),
demonstrating that patients with restrictive lung disease adopt a rather
monotonous (tightly constrained) breathing pattern, probably as a deliberate
strategy to avoid dyspnea (124). This is consistent with what is observed during
exercise.

Pulmonary Gas Exchange

Patients with advanced ILD will usually have resting hypoxemia and a widened
PAO2–PaO2, which is exacerbated during exercise, with consequent impressive
arterial desaturation, reduced PaO2

, and abnormal increases in PAO2–PaO2

observed (3,4,6,32,125,126). Multiple mechanisms—including ventilation per-
fusion ( _VV/ _QQ) mismatching, O2 diffusion limitation, and low mixed venous
PO2—have been shown to contribute to the abnormally increased (PAO2–
PaO2) (125,127,128). Whereas earlier explanation emphasized diffusion
limitation for the ‘‘alveolar-capillary block syndrome’’ (129), current under-
standing based on the multiple inert gas exchange technique emphasizes the
importance of _VV/ _QQ mismatching and quantifies the contribution of limited O2

diffusion to (PAO2–PaO2) at rest at 19%, increasing to only 40% with exercise
(125). Earlier work had reported 30% with exercise (127).

_VV/ _QQ mismatching results from pulmonary vascular involvement and is
clinically manifest by two patterns: high _VV/ _QQ mismatch, associated with
capillary destruction and consequent increased VD/VT, and inefficient ventila-
tion ( _VVE/ _VVCO2

) or low _VV/ _QQ mismatch, resulting from rapid transit times
through unaffected areas (‘‘shunt-like effects’’), with reduced PaO2 and
widened (PAO2–PaO2). Although high _VV/ _QQ abnormalities occur more
commonly and correlate better with _VVO2

max, most patients with ILD (65%)
possess both high and low _VV/ _QQ abnormalities (91). Hypoxemia in patients with
ILD may also be a consequence of right-to-left intracardiac shunting through a
patent foramen ovale resulting from increased right-sided heart pressures (23).
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Exercise PAO2–PaO2 has been reported to best correlate with histological
index in patients with pneumoconiosis and or interstitial pneumonia (130) and
to correlate strongly with cellularity and fibrosis in patients with IPF when
resting and peak exercise PaO2

did not (30). The increase in (PAO2–PaO2) with
exercise in IPF has also been shown to correlate with DLCO and DL/ _VVA (%
predicted) (38). In another study of 15 patients with IPF, DL/ _VVA (% predicted)
correlated with extent of _VV/ _QQ mismatching, extent of O2 diffusion limitation,
and exercise PAO2–PaO2 (125). Interestingly, in that study, patients with higher
vascular tone (as determined by supplemental O2 breathing release from
hypoxic vasoconstriction) demonstrated better overall _VV/ _QQ matching, as has
previously been reported in patients with primary pulmonary hypertension
(131). The clinical implications, as speculated by the authors, were that patients
with early IPF and less anatomic derangement of the pulmonary vasculature
would be more capable of adjusting _VV/ _QQ matching to maintain normal or near
normal PaO2

, whereas in more advanced disease (greater fibrosis), the
pulmonary circulation progressively loses this ability as pulmonary hyperten-
sion develops, with consequent marked worsening of pulmonary gas exchange;
furthermore, the impact of a worsening _VV/ _QQ during exercise would be amplified
because of the greater fall in mixed venous PaO2

, shorter transit times, and
shorter residence time for O2 equilibrium (125).

Exercise arterial desaturation has been shown to correlate with resting
DLCO measurements in patients with ILD (132). Although the prediction of
exercise desaturation from resting DLCO measurements in patients with ILD
may not be consistently reliable (6,133,134), patients with DLCO below 70% are
more likely to desaturate (6). When DLCO is less than 50% predicted, patients
are more likely to develop pulmonary hypertension and an abnormally
widened PAO2–PaO2 during exercise (64). Cor pulmonale usually occurs with
DLCO< 30%. The exercise impairment reported in patients with Langerhans
cell granulomatosis is purportedly due to pulmonary vascular dysfunction and
is reflected in resting DLCO correlating with _VVO2

max, Wmax, PAO2–PaO2 and
VD/VT exercise responses (135).

Exercise-induced hypoxemia may impair performance not only by
increasing ventilatory requirements with consequent abnormal ventilatory
and dyspnea responses (see ‘‘Dyspnea,’’ below) but perhaps also by adversely
impacting myocardial and circulatory function during exercise. Several
mechanisms have been proposed (see ‘‘Cardiovascular Abnormalities’’ and
‘‘Exercise Limitation,’’ below). These include the following:

1. Reduction of O2 transport via hypoxic vasoconstriction (and the
attendant increase in right ventricular afterload), resulting in a
reduction in right ventricular ejection fraction) (136). Consequently,
right ventricular end-diastolic volume increases and the interven-
tricular septum abnormally shifts leftward—impacting left ventricu-
lar compliance, diastolic filling, myocardial contractility, left
ventricular stroke volume and thereby reducing cardiac output.
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This phenomenon is thought due to ventricular interdependence and
has been reported in patients with right ventricular pressure and
volume overload (137).

2. Hypoxemia during exercise significantly correlates with pulmonary
hypertension (138,139) and purportedly exacerbates resting pulmon-
ary hypertension, thus increasing morbidity in patients with ILD
(139–141).

3. Exercise-induced hypoxemia lowers the O2 content of blood, thereby
reducing oxygen pulse and _VVO2

max.
4. Patients with exercise-induced hypoxemia may experience an

additional cardiac stress as hypoxia increases heart rate, supposedly
through the stimulation of circulating catecholamines (142), thereby
increasing the possibility of myocardial ischemia.

Supplemental O2 breathing has been suggested for relieving myocardial
ischemia and improving exercise performance in patients with exercise-induced
hypoxemia (143). The major functional consequence of arterial hypoxemia
during exercise in patients with advanced ILD is that it may result in reduced
O2 transport to exercising muscles (32,140,144,145) and to the heart (143). The
impressive improvement in exercise performance with supplemental O2

breathing suggests that arterial hypoxemia and, in turn, reduced O2 transport
to exercising muscles are major contributing factors to exercise limitation in
patients with ILD (see ‘‘Exercise Limitation,’’ above (27)).

Inefficient Ventilation

The ventilatory equivalent for _VVCO2
( _VVE/ _VVCO2

) is a good noninvasive estimator
of efficiency of ventilation. Inefficient ventilation manifested by increased _VVE/
_VVCO2

responses due primarily to increased VD/VT and excessive ventilation due
to hypoxemia and mechanoreceptor stimulation are usually observed
throughout exercise and contribute to the increased ventilatory requirement
associated with advanced ILD (Table 5). Failure of VD/VT responses to
decrease normally with exercise is anticipated; usually, VD/VT either remains
the same or increases as a reflection of severe _VV/ _QQ mismatching
(21,23,24,32,38,125). VD/VT determined noninvasively using PETCO2 yields
unreliable results (146). The PaCO2 usually remains unchanged from rest but
may increase or decrease (32). Consequently, the acid-base status at peak
exercise often reveals a mixed disturbance: metabolic acidosis without the
appropriate respiratory compensation or metabolic acidosis and metabolic
alkalosis (see illustrative case study, Table 7, Fig. 2).

Cardiovascular Abnormalities

Cardiovascular abnormalities during exercise are common and reflect
predominantly pulmonary vascular and right ventricular dysfunction, but
they may also include left ventricular dysfunction. The development of
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pathological circulatory limitation may depend on several factors, including
specific ILD entity, severity of underlying pulmonary parenchymal and
pulmonary vascular involvement, the time course of disease progression—
including pulmonary hypertension—and ultimately the heart’s inability to
maintain adequate cardiac output in the face of increased pulmonary
hypertension, progressive hypoxemia, and worsening mechanical derangement.
Pulmonary hypertension is common in advanced ILD, present both at rest and
during exercise and reflecting usually severe disease. Consequently, the
elevation of pulmonary artery pressures with exercise can be impressive
despite the administration of supplemental O2 (142,147). Because of ventricular
interdependence, patients with severe pulmonary disease and pulmonary
hypertension manifest reduced right ventricular ejection fraction and abnormal
leftward bowing of the interventricular septum, resulting in reduced left ventri
cular ejection fraction, which may improve with transplantation (137,148).

The HR– _VVO2
relationship reveals higher HR values at rest and at

submaximal levels of _VVO2
in patients versus normal subjects (95). Alternatively,

this relationship can be expressed as the heart rate response (DHR/D _VVO2

between maximal and baseline values, normal< 50) (149). In patients with
advanced ILD, a hypercirculatory heart rate response pattern (DHR/
D _VVO2

> 50) is often revealed (Fig. 2). Low peak HR responses are usually
observed, especially in more severe disease, as exercise terminates early.
Because of symptom limitation, physiological limitation may not be achieved.
Abnormal heart rate responses are often accompanied by a reduced stroke
volume (122,140,150), electrocardiographic abnormalities (151), and evidence
of biventricular dysfunction (136,150). Cardiovascular dysfunction may result
from both hypoxemia (as noted previously) and the increased intrapleural
pressures that are often seen in patients with deranged respiratory mechanics
associated with ILD (105,106). Both preload (reduced left ventricular filling)
and increased left ventricular afterload effects may result (152,153). The O2

pulse is reduced, which may reflect several factors, including reduced stroke
volume, hypoxemia, and deconditioning. Early-onset metabolic acidosis with a
low anaerobic threshold (AT) commonly occurs and most probably reflects
pulmonary vascular circulatory dysfunction (O2 transport) (91) as well as
contributions from skeletal muscle dysfunction and deconditioning (O2

utilization) (12). Interestingly, one group has recently confirmed that impaired
exercise performance in patients with scleroderma was related to the presence
of pulmonary hypertension (154).

Dyspnea

As with other chronic cardiorespiratory disorders, dyspnea is a prominent
symptom contributing to premature exercise termination in many patients with
ILD, with leg fatigue and generalized fatigue reported in others (10,155).
Ratings of exertional dyspnea using three different measurement tools have
been validated for use in patients with ILD during exercise and have been
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shown to significantly correlate with resting DLCO (8) and impaired exercise
pulmonary gas exchange (156). More recent work reported by O’Donnell et al.
(JAP) using the Borg scale (157) has expanded our understanding of the
relationship between exertional dyspnea, mechanical derangements, and
reduced exercise capacity by referencing dyspnea ratings to physiological
variables during incremental and constant work exercise in 12 patients with
ILD and 12 age-matched normal subjects (8). The Borg oxygen uptake ( _VVO2

)
slope was used as an index of exertional dyspnea and revealed significant
differences between groups, with earlier onset and greater exertional dyspnea
noted at submaximal values of _VVO2

in patients with ILD (Fig. 3a); a more rapid
shallow breathing pattern (Fig. 3c) was also observed, as was greater
inspiratory effort during exercise in patients with ILD than in normal subjects.
This was evidenced by the elevated slope of the relationship between
esophageal pressure/maximal inspiratory pressure [(Pes)/ PImax] and _VVO2

(percent predicted) (Fig. 3d). Previous work had also reported that exertional
dyspnea was significantly related to increased ventilatory effort and increased
muscle work in patients with ILD (7,155).

In this noteworthy study by O’Donnell et al., both qualitative and
quantitative differences in exertional dyspnea between groups were observed
(8). Although both groups describe increased ‘‘work and/or effort’’ and
‘‘heaviness of breathing,’’ only patients with ILD (as opposed to normal
subjects) used the following descriptors at the end of exercise: ‘‘unsatisfied
inspiratory effort,’’ ‘‘increased inspiratory difficulty,’’ and ‘‘rapid breathing.’’
At symptom-limited peak exercise, when dyspnea intensity and inspiratory
effort (esophageal pressure to maximal inspiratory pressure ratio or Pes/PImax,
percent predicted) were similar, the distinct qualitative differences between
groups were attributed to the differences in ventilatory demand and ventilatory
mechanics—i.e., reduced inspiratory capacity, heightened awareness of
mechanical constraint on tidal volume expansion (:Pes/VT), and tachypnea
(see ‘‘Ventilatory Mechanics,’’ above) in patients with ILD. Importantly,
different physiological factors appeared to contribute to the intensity of
exertional dyspnea in each group. The best correlate of the Borg- _VVO2

slope was
the resting VT/IC in patients with ILD (r¼ 0.58, p< 0.05), while in normal
subjects it was the slope of Pes/PImax– _VVO2

(r¼ 0.60, p< 0.05), suggesting that in
patients with ILD, exertional dyspnea is more likely related to mechanical
constraints on volume expansion than to indices of inspiratory effort.
Additional work in this area is required.

II. Clinical Applications

Pulmonary function testing is often used and recommended in the management
of patients with ILD (158,159). Potential clinical applications include (1) aiding
in diagnosis, (2) establishing disease severity, (3) defining prognosis, and (4)
monitoring response to therapy and disease progression. Given the enormous
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number of ILDs (>150) (160,161), a review of all ILDs is beyond the scope of
this text. In this review, we discuss in detail salient physiological features of
several of the most common interstitial lung diseases presenting in advanced
stages, including idiopathic pulmonary fibrosis, pulmonary fibrosis complicat-
ing connective tissue disorders, sarcoidosis, and eosinophilic granuloma.

A. Pulmonary Function Testing and Differential Diagnosis in ILDs

Physiological presentation of ILDs are not specific, particularly in patients
with advanced disease. PFT data should be used in conjunction with clinical,
radiographic, and histological information. In patients with appropriate
symptoms, PFTs can serve as early diagnostic tools. In a report of 44 dyspneic
patients with normal chest radiographs and biopsy-proven ILD, decreases in
DLCO were observed in 73%, while reductions in VC or TLC were noted in 57
and 16% of patients, respectively (162). Interestingly, pulmonary function tests
may be abnormal even in patients with a normal HRCT. One group noted
abnormal PFTs (FVC mean 72% and DLCO/ _VVA mean 72% predicted) in three
patients with normal HRCT scans and open lung biopsies demonstrating ILD
(163). Resting PFTs may be normal in the early phases of IPF (62,164). Risk
and colleagues identified two patients with biopsy-proven IPF who had normal
pulmonary mechanics and a DLCO> 70% predicted; however, P(A-a)O2

at rest
and exercise was abnormal (6).

Several groups have tried to differentiate ILDs based upon patterns of
physiological aberrations (65). Residual volume is often elevated in asbestosis
(165), silicosis (166) and hypersensitivity pneumonia (167) but is normal or
reduced in IPF/UIP (65). Gas exchange (as assessed by DLCO) is disproportio-
nately reduced in IPF/UIP compared to sarcoidosis or asbestosis, even at
comparable lung volumes (87,168). Unfortunately, there is considerable
overlap in these findings, which limits the practical clinical value of these
differences.

Several groups have highlighted the importance of histological classifica-
tion of pulmonary fibrosis, with a survival advantage reported for nonspecific
interstitial pneumonia (NSIP), desquamative interstitial pneumonia (DIP), and
respiratory bronchiolitis interstitial lung disease (RBILD) compared to UIP
(169–174). It appears that the physiological patterns are similar between UIP
and NSIP (Table 8). In both UIP and NSIP, decreased lung volumes and DLCO

are noted (170–174). One group reported no difference between these two
entities in spirometry or DLCO, but the TLC was lower in UIP (170); the latter
finding has been confirmed by others (175). Others found slightly greater
impairment in DLCO in UIP compared to NSIP (171,174,176). In contrast,
some investigators have reported no significant differences in TLC or DLCO

between NSIP and UIP (173,174).
Differences in CPET response(s) may be noted between different specific

ILD types (4,122). Patients with interstitial pulmonary fibrosis (IPF)
experience a greater degree of arterial desaturation and abnormal pulmonary
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gas exchange during exercise than do patients with sarcoidosis (87) and those
with cryptogenic fibrosing alveolitis, scleroderma type (139,177). A similar
degree of desaturation from rest to exercise in patients with UIP (92% rest
versus 85% exercise) and NSIP (93 versus 83%) has been reported (170,174).
Although patients with ILD have traditionally been thought to be ventilatory-
limited, a recent retrospective analysis has suggested that circulatory factors
may be primarily exercise-limiting (91). It would appear that patients with IPF
(141,178) may be more likely circulatory-limited, as are those with scleroderma
(179) and patients with cryptogenic fibrosing alveolitis, scleroderma type
(139,177). However, this provocative concept requires additional work for IPF
and for other ILD entities. Some investigators have suggested that patients
with sarcoidosis may have disproportionate cardiovascular abnormalities due
to associated left-and right-sided myocardial involvement (136,150,180).
Additional investigation is necessary. The coexistence of a high _VVE/MVV (no
Ventilatory reserve [VR]) and cardiovascular abnormalities and limitations
may signal the presence of combined exercise limitation.

III. Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is the prototype of ILDs manifesting
themselves with restrictive physiology and impaired gas exchange (160,181): it

Table 8 Physiological Patterns of Usual Interstitial Pneumonitis and Nonspecific

Interstitial Pneumonia

Study

Number of

patients

FVC

(% pred)

TLC

(% pred)

DLCO

(% pred) PaO
2

Nagai et al.

(171)

NSIP 31 74 — 56 70

UIP 64 70 — 44 76

Daniil et al.

(173)

NSIP 15 73 72 44 74

UIP 15 74 66 44 69

Bjoraker at al.

(170)

NSIP 14 80 76 50 —

UIP 63 79 68 48 —

Nicholson et

al. (174)

NSIP 28 71 — 39 10.6 KPA

UIP 37 72 — 44 10.8 KPA

Flaherty et al.

(175)

Fibrotic NSIP 28 73 78 51 —

Cellular NSIP 5 72 78 69 —

UIP 106 67 73 51 —

Key: NSIP, Non-specific interstitial pneumonia; UIP, usual interstitial pneumonia.

Source: Modified from Ref. 401.
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is associated with the histopathological pattern of usual interstitial pneumonia
(UIP) (160,169,181). Recent reviews emphasize that other idiopathic interstitial
pneumonias (IIPs) share clinical and physiological features that mimic UIP but
have a better prognosis and are far more responsive to therapy (160,169).
Current recommendations from international consensus statements restrict the
term IPF to patients with idiopathic UIP (160,161). In the following discussion,
we use the term UIP when patients in published series were specifically
classified as UIP (not simply IPF or CFA). For general discussion, we use the
term IPF/UIP to emphasize the fact that the clinical entity IPF should be
restricted to patients with the histopathological pattern of UIP.

A. Pulmonary Function Testing and Diagnosing IPF/UIP

IPF/UIP patients characteristically exhibit reduced lung volumes, normal or
increased expiratory flow rates, increased FEV1/FVC ratio, and reduced
DLCO(160,182,183). Hypoxemia or a widened P(A-a)O2

, accentuated by exercise,
is a cardinal feature of IPF (160,182,183). Impairments in gas exchange (DLCO)
and oxygenation may be evident early in the course of the disease, even when
spirometry and lung volumes are normal (87). The reduced DLCO reflects loss of
pulmonary capillary volume ventilation as well as perfusion abnormalities
(160). A restrictive defect is characteristic of IPF/UIP, but lung volumes may
be normal if emphysema coexists (86,182,184). In this context, DLCO and
oxygenation are disproportionately reduced (86,182,184). Cardiopulmonary
exercise testing (CPET) demonstrates hypoxemia; widened A-aO2 gradient;
reduced oxygen consumption ( _VVO2

); increased dead space (VD/VT); increased
minute ventilation for the level of oxygen consumption; high-frequency, low-
tidal-volume breathing pattern; and a low O2 pulse (8,27,183).

B. Pulmonary Function Testing and Disease Severity

IPF is a heterogeneous disorder with varying degrees of inflammation and
fibrosis (63,185). Several investigators have examined the potential for
physiological measurements to differentiate between fibrosis and inflammation
(31,85,186–188). Gaensler et al. noted a ‘‘fair correlation’’ between histological
severity of IPF on open-lung biopsies and physiological indices (130). Crystal
and colleagues noted a ‘‘good’’ correlation between fibrosis and the coefficient
of retraction and the change in exercise PaO2 and P(A-a)O2 but a ‘‘poor’’
correlation with spirometry, lung volumes, DLCO, or resting gas exchange in 18
patients with IPF (164). In a more detailed analysis, Fulmer and colleagues
described a semiquantitative histological analysis of open lung biopsies in 23
patients with IPF (30). Physiological studies performed included spirometry,
lung volumes, DLCO, static volume–pressure relationships, and steady-state
exercise gas exchange. Most parameters of lung distensibility correlated with
the extent of fibrosis but not with cellularity. Spirometry, lung volumes and
DLCO correlated poorly with histological abnormality, but exercise gas
exchange [PaO2 and P(A-a)O2], corrected for achieved _VVO2

, correlated best
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with histological fibrosis and, to a lesser extent, cellularity (30). In another
study of 14 untreated patients with IPF and 7 with pneumoconioses, gas
transfer and lung volumes correlated with the extent of fibrosis and cellular
infiltration; however, physiological parameters could not discriminate alveolitis
from fibrosis (189). Cherniack et al. used a complex semiquantitative
histological scoring system in 96 patients with IPF (85). No significant
correlations were noted between histological fibrosis and any physiological
parameter. However, the DLCO correlated with ‘‘desquamation’’ of cells within
the alveolar space. Significant differences were noted between morphological-
physiological correlations in never smokers and ever smokers. Exercise gas
exchange correlated with histological fibrosis only in never smokers.

Watters et al. developed a composite score incorporating clinical
(dyspnea), radiographic (chest radiograph), and physiological parameters—
i.e., the CRP score (31). The physiological component of the CRP included
spirometric measures, lung volume (thoracic gas volume), DLCO corrected for
alveolar volume, and resting and exercise PaO2 corrected for achieved _VVO2

. The
CRP score correlated better with a semiquantitative histological total
pathology score. A more recent study from the same institution suggests that
a modified CRP scoring system incorporating additional clinical features and
radiological findings provided improved correlations with histopathological
abnormality (190).

Among pulmonary functional parameters, DLCO correlates better with
extent of disease on HRCT scans than lung volumes or spirometry (39,177).
British investigators analyzed HRCT scans in 68 patients with CFA; 14 had
concomitant emphysema (177). Extent of fibrosing alveolitis and emphysema
on CT were independent determinants of functional impairment. Among the
14 patients with emphysema, lung volumes (FVC and TLC) were preserved
and DLCO and PaO2 were reduced. In patients without emphysema on CT, the
extent of disease on CT correlated with percent predicted DLCO (r¼� 0.68),
oxygenation desaturation with exercise (r¼ 0.64), and the physiological
component of the CRP score (r¼� 0.62); spirometry or lung volumes were
less helpful (177). Another study of 39 patients with IPF observed moderate
correlations between global extent of lung involvement on HRCT, with DLCO

(r¼� 0.40, p¼ 0.03) and FVC (r¼� 0.46, p¼ 0.003) (39). In addition, the
extent of ground-glass opacities (GGO) correlated with FVC (r¼� 0.58,
p¼ 0.0001 (39). Both the extent of GGO and overall global extent of disease on
CT correlated with PaO2 at peak exercise. Another study of 38 patients with
pulmonary fibrosis associated with Hermansky-Pudlak syndrome observed
similar correlations between the extent of disease on HRCT and FVC
(r¼� 0.66) and DLCO (r¼� 0.66) (191). Unfortunately, such global physio-
logical correlations are of doubtful clinical value in individual patients.
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C. Pulmonary Function Testing and Prognosis in Idiopathic
Pulmonary Fibrosis

The value of physiological studies in predicting prognosis or responsiveness to
therapy is limited (65). Physiological parameters provide only a rough estimate
of severity of disease but cannot accurately discriminate inflammation from
fibrosis (85,87,189). Severe derangements in physiological tests (e.g., PFTs, gas
exchange, oxygenation) predict a worse prognosis and lower survival rates
(39,185,192–197). Numerous studies cited higher mortality rates when FVC or
DLCO were severely impaired. However, the thresholds for predicting higher
mortality vary. For FVC, values associated with higher mortality
included< 67% predicted (192)< 60% predicted (62) > 10% decrease in VC
in 1 year (195). Others studies cited worse survival when DLCO was severely
impaired, but the cutoff points for DLCO included <30% predicted (198),< 45%
predicted (62,64),< 39% predicted (199), and >20% decrease in 1 year (195). It
is of interest that one group reported reductions in DLCO< 45% predicted to be
associated with an increased incidence of pulmonary hypertension (200).
Changes in TLC are less predictive of prognosis or survival, but some studies
cited higher mortality rates when TLC was< 78% predicted (184) or< 80%
predicted (201). In a study of 56 patients with IPF, parameters associated with
worse survival included (1) an initial FVC< 60% predicted, (2) DLCO< 40%
predicted, (3) mean pulmonary artery pressure> 30mmHg, or (4) age over 40
years at first symptoms (62). A retrospective study of 244 patients with CFA
noted that decreased FVC was an independent predictor of increased mortality
(202). Another retrospective study of 99 patients with IPF treated with
corticosteroids (þ/�azathioprine), suggested that survival was worse in
patients with a pretherapy TLC< 78% predicted or VC< 83% predicted
(184). Interestingly, DLCO, PaO2 at rest, P(A-a)O2 and PaO2 with exercise did
not predict survival in that series (184). Increased FEV1/FVC ratio has also
been associated with diminished survival (203). Some investigators have
suggested that changes in oxygen saturation with exercise correlated with
subsequent disease progression in IPF (38,182). Most recently, one group
identified patients with IPF/UIP referred for lung transplantation (n¼ 115)
and examined baseline clinical, physiological, and radiological features that
predicted 2-year survival (199). A DLCO< 39% predicted and increased fibrotic
abnormality on HRCT of the chest were the best predictors of survival (199).
The presence of greater lung stiffness appears to provide additional predictive
value (204).

In summary, prognosis appears poorer in patients with severe decreases
in FVC, TLC, DLCO or oxygenation but the correlations are inexact. Recent
studies suggest that HRCT may be superior to physiological parameters in
ascertaining prognosis or responsiveness to therapy (194,205). A predominant
ground-glass pattern on HRCT scan predicts a high rate of responsiveness to
corticosteroid therapy, whereas ‘‘reticular’’ or ‘‘honeycomb’’ patterns predict a
low rate of responsiveness to therapy (39,177,194,206). Gay et al. prospectively
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examined 38 patients with biopsy-proven IPF (194). Using receiver operating
characteristic curve analysis, only semiquantitative estimates of HRCT and
histological fibrosis predicted survival. Importantly, no physiological para-
meter was predictive, nor did there parameters enhance the ability of HRCT to
predict prognosis. A recent study has confirmed the predictive value of
semiquantitative HRCT estimates of fibrotic abnormality but noted that the
DLCO % predicted added predictive value to the HRCT findings (199).

D. Pulmonary Function Testing and Monitoring Response
to Therapy and Disease Progression

PFTs are frequently used in clinical practice to determine disease progression
and response to therapy. Given the limited morphological-physiological
correlations described earlier and the need for simple, patient-friendly
diagnostic studies, most clinicians rely on spirometry, lung volumes, DLCO,
and measurement of arterial oxygenation. To understand the threshold of
change in these parameters, which may be clinically significant, one needs first
to appreciate the variability of these physiological indices.

The American Thoracic Society has provided detailed guidelines
standardizing spirometric measurement (207). The variability in FVC is well
defined among normal subjects and patients with pulmonary disease (207). In
addition, recent guidelines provide standardization for DLCO (208). Despite
these standards, significant variability remains. Kangalee and Abboud
reported inter- and intralaboratory variability in testing of a single, normal
subject during a 13-year period (209). The coefficient of variation was lowest
for spirometry and for intralaboratory testing. Variability was significant
greater for TLC and DLCO, particularly in the interlaboratory measurement of
DLCO. Care must be taken in interpreting serial physiological studies,
particularly the DLCO (210). As such, most investigators define clinically
significant changes in spirometry for patients with IPF as a change in FVC> 10
to 15% (185,192,195,198,201,211–213) and 20% for DLCO (65,195,198,211,212).
Data on the reproducibility of exercise testing in IPF patients are sparse.

Pulmonary function tests are valuable in the serial evaluation of patients
with IPF/UIP. Stack et al. noted an improved survival in IPF patients
demonstrating an early rise in FVC> 10% with corticosteroid therapy (213).
Augusti and colleagues performed serial PFTs in 19 patients with IPF (214); a
decrease in FVC, TLC, or DLCO by 1.5 years was noted in patients who
continued to progress during the 3 years of follow-up. Van Oortegem et al.
retrospectively reviewed 25 patients with IPF; improvement in FVC or DLCO

after 3 months of therapy predicted stability or improvement during long-term
follow-up (215). Hanson et al. described 58 IPF patients who survived at least 1
year from the initiation of therapy and had serial spirometry (195). Survival
was better in patients with an improved or unchanged FVC at 1 year compared
to patients exhibiting a 10% reduction in FVC. Similarly, survival was worse
among patients experiencing 20% decline in DLCO after 1 year of therapy. The
concordance between both of these studies was good; no patient with improved
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FVC had a fall DLCO. Interestingly, measurement of resting or exercise
oxygenation provided no incremental value. Xaubet et al. followed 23 patients
with IPF for a mean of 7.5 months after initial assessment (39). The overall
extent of abnormality in HRCT correlated with changes in DLCO (r¼�0.57)
and FVC (r¼�0.51).

The clinical, radiological, physiological (CRP) score represents a
potentially more accurate method for assessing response to therapy in IPF.
Response is defined as 10-point drop in CRP; stability,< 10-point change;
nonresponse (NR), 10-point rise in CRP (31). One group has recently identified
that responders or stable patients (based on CRP score) after 3 months of
corticosteroid therapy had an improved long-term survival compared to NR
(216). Unfortunately, the CRP is cumbersome and has not been validated.
Direct comparisons between CRP scoring and simpler pulmonary function
testing are required.

IV. Collagen Vascular Diseases

Pulmonary complications of collagen vascular diseases (CVDs) are protean
and are important causes of morbidity and mortality (161,217). The spectrum
of histopathological disorders includes UIP, NSIP, cellular or follicular
bronchiolitis, bronchiolitis obliterans (with or without organizing pneumonia),
alveolar hemorrhage, and pulmonary vasculitis (161,217–219). Pulmonary
fibrosis—indistinguishable clinically, physiologically, and radiographically
from IPF/UIP—can complicate each of the CVDs (220). Although the course
of pulmonary fibrosis complicating CVD (CVD-FA) is more indolent than that
of IPF (220), severe and even fatal respiratory failure can result. Optimal
therapy of CVD-FA remains controversial, but corticosteroids and immuno-
suppressive or cytotoxic agents have been used with success (221,222).

A. Progressive Systemic Sclerosis (Scleroderma)

Scleroderma [or progressive systemic sclerosis (PSSc)] is a systemic disease that
causes fibrosis (sclerosis) and vasculopathy of skin, kidney, gastrointestinal
tract (particularly esophagus), muscle, heart, and lung (223). Although the
disease usually progresses indolently over years, it can rarely exhibit a more
fulminant course. Chronic interstitial lung disease and pulmonary hypertension
are common features, occurring in more than three-quarters of patients with
PSSc (217,224). Less common pulmonary manifestations include recurrent
aspiration pneumonia (among patients with severe esophageal dysmotility),
bronchiolitis obliterans, pulmonary hemorrhage, and bronchioloalveolar cell
carcinoma (217,224). Fibrosing alveolitis is a common cause of death due to
PSSc (217,225,226), with postmortem studies documenting pulmonary fibrosis
in 74 to 100% of patients with PSSc (227,228). Given this high frequency of
lung involvement, pulmonary function has been studied by many investigators
over the past several decades.
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B. Pulmonary Function Testing and Diagnosis

Published data evaluating PFTs in patients with scleroderma are extensive
(61,229–246). Interstitial lung disease (fibrosing alveolitis) is more common in
patients with diffuse PSSc compared than in those with the more limited
CREST (calcinosis, Raynaud’s phenomenon, esophageal dysfunction, scler-
odactyly, and telangiectasia) variant. Skin involvement in CREST is limited to
the distal extremities; severe visceral involvement is mild or absent (247). The
most characteristic features of FA in PSSc include reductions in DLCO and lung
volumes. Decreases in TLC were noted in 32 to 67% of patients with PSSc;
decreases in FVC in 11 to 77% of patients (223). In one report of 101 patients
with PSSc (17 localized, 84 systemic), PFTs were normal in 54%; mild,
moderate, and severe restrictive defects were observed in 26, 10 and 10%
respectively (229). In general, increasing severity of PSSc is associated with
worse lung function. Owens et al. contrasted PFTs in 88 patients with CREST
variant with tests obtained from 77 patients with diffuse PSSc (236). Mean
FVC was lower in patients with diffuse PSSC (87% predicted) compared to
patients with CREST (94% predicted); the DLCO was lower in patients with
CREST, which likely reflects pulmonary hypertension—more common in
patients with the CREST variant (223). Similarly, pulmonary dysfunction is
worse in patients with PSSc compared to patients with systemic lupus
erythematosus or rheumatoid arthritis (239). Reduced muscle strength has
been suggested as a cause of pulmonary dysfunction in PSSc (248,249). In PSSc
patients with a history of smoking, a depressed DLCO but preserved TLC were
noted (177).

Isolated decrease in DLCO is common (177,237,238,245,246,250,251) and
is the most sensitive of the static PFT parameters in detecting lung involvement
in scleroderma (233,252,253). Some investigators have suggested that a
decreased DLCO is more likely in smokers (254). In a review of 815 patients
with scleroderma seen at the University of Pittsburgh between January 1972
and December 1987, a total of 339 (42.6%) had a restrictive defect; 152 (19%)
had an isolated reduction in DLCO (<80% predicted) (237). Among the patients
with only a decrement in DLCO, 11% developed pulmonary hypertension (which
was ultimately fatal in all patients). Pulmonary hypertension is more frequent
in patients with DLCO< 55% predicted or FVC (% predicted)/ DLCO (%
predicted) ratio >1.4. Previous reports (238) suggested that DLCO is a sensitive
marker of pulmonary vascular involvement (177,255). However, decreases in
DLCO can also reflect parenchymal involvement (256). Interestingly, DLCO may
vary with changes in ambient temperature (257). This may be caused by
reduced perfusion following cold exposure (i.e., an intrapulmonary correlate to
Raynaud’s phenomenon) (258). Some investigators have cited a high frequency
of airway disease in patients with PSSc (242,244,245), but this may reflect a
concomitant history of cigarette smoking (61,243).

Routine PFTs may miss PSSc patients with mild parenchymal lung
disease. In a prospective study of 34 patients with PSS, chest radiographs were
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abnormal in 29% of patients with normal PFTs (234). More sophisticated
physiological measurements are more sensitive in identifying parenchymal lung
disease. Pistelli et al. reported abnormal lung compliance in 17 of 18 patients
with PSS, including three with normal DLCO; 10 patients had reduced lung
volumes (241). Others have reported that static lung compliance may be a more
sensitive marker for defining decreased lung function in PSS (244,259,260).
Static lung compliance is higher in smokers with PSSc (254). Exercise
impairment is common in scleroderma patients; this is often associated with
elevated ventilatory response(177,232,261–263). CPETs are often normal, even
in patients with normal pulmonary mechanics. In one study, 78 patients were
evaluated. CPET was performed in 12 patients with PSS with normal DLCO;
exercise VD/VT was abnormal in 12; in 9 patients, widened P(A� a)O2

was noted
during exercise (263) (Fig. 5). When parenchymal or pulmonary vascular
disease is suspected but routine PFTs are normal, CPET may be useful.

C. Pulmonary Function Testing and Disease Severity

Numerous investigators examined correlations between measures of disease
severity and physiological testing. In 34 PSSc patients who had open-lung
biopsies, inverse correlations were found between DLCO and the degree of
interstitial fibrosis (r¼�0.46) and loss of lung architecture (r¼�0.40) on open
lung biopsy (77). British investigators evaluated the pattern and extent of
HRCT abnormalities in 59 patients with PSSc without overt pulmonary
hypertension to determine correlations with spirometry, lung volumes, DLCO,
exercise gas exchange, and CRP scores (177). DLCO correlated better with
HRCT than spirometry, lung volumes, or exercise values. In a separate study,
correlations between FVC and DLCO and HRCT were found in patients with

Figure 5 (a) Correlation between resting, baseline DLCO (% predicted), and VD/VT in

78 patients with systemic sclerosis. (b) Correlation between resting, baseline DLCO (%

predicted) and p(PA–PaO2) in 78 patients with systemic sclerosis. (From Ref. 263.)
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IPF or PSSc (177). HRCT correlated with exercise gas exchange in patients
with IPF but not PSSc; greater impairments in gas exchange during exercise
were noted in patients with IPF. A similar finding, albeit with lower correlation
coefficients (DLCO versus HRCT, r¼�0.50 and TLC versus HRCT, r¼�0.39),
was documented by another group (264). Others confirmed good correlations
between DLCO and HRCT (r¼ 0.70) and a better correlation between VC and
HRCT (r¼ 0.83) (265). Abnormal cell profiles on bronchoalveolar lavage
(BAL) increase as the DLCO decreases (266). Lower DLCO and FVC correlate
with worsening radiographic and histopathological derangements. DLCO and
FVC appear to be the optimal physiological parameters to gauge disease
severity in PSSc patients, although HRCT may better serve this role.

D. Pulmonary Function Testing and Prognosis in PSS

The prognosis of scleroderma is closely tied to the development of visceral
disease, including renal, cardiac, and pulmonary involvement (223,225,267–
269). Five-year survival ranges from 17 to 45% in PSSc patients with
pulmonary involvement (220,240,270–273). Several groups have examined the
ability of PFTs to predict long-term survival. Peters-Golden et al. identified the
DLCO as most predictive of survival in 71 patients followed for a mean of 5
years (240). Five-year survival was only 9% among patients with a DLCO< 40%
predicted compared to 75% survival when the DLCO exceeded 40% of predicted
values (Fig. 6). An obstructive ventilatory pattern was also associated with a
lesser 5-year survival (240). A separate group has recently validated that a
DLCO< 40% predicted adversely impacts survival (274). Similar results in a
larger cohort of patients with PSSc has also been reported (275). Another study
cited 5-year survival in PSSc patients with fibrosing alveolitis (FA) of 17%
(220). Survival in PSSc-FA is better than patients with IPF with comparable
degrees of pulmonary dysfunction, even when matched for extent and pattern
of disease on HRCT (220). In a multivariable analysis, a threshold of> 50%
predicted for DLCO was an independent predictor of survival. Similarly, a
recent multivariable model identified the presence of proteinuria, an elevated
sedimentation rate and a DLCO< 70% predicted as most predictive of survival
in 280 patients with scleroderma (276). The importance of a DLCO< 70%
predicted has been confirmed by a large Canadian study (267).

The pathophysiological basis for the influence of DLCO on survival may
reflect its correlation with pulmonary vascular involvement (237). Severe
reductions in FVC is associated with worse survival. In one retrospective study
of 890 patients with PSSc, 10-year survival was worse in patients with
FVC< 50% predicted compared to patients than moderate (FVC 50–75%
predicted) or mild restriction (FVC> 75% predicted) (235). In this series of
patients, 116 (14%) had severe disease; 40% of deaths were directly attributed
to restrictive lung disease and in 27% lung involvement was a major
contributing factor. These data were incorporated in a disease severity scale
for PSSc (277). In this project, an international study group developed an
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organ-specific disease severity scale. For lung involvement, the FVC, DLCO,
radiographic and clinical data were incorporated into a multivariable model, as
illustrated in Table 9. In both cohorts (1980–1987 and 1988–1993) mortality
increased as the severity of lung disease worsened. A modification of this
system has recently been validated (273).

E. Pulmonary Function Tests and Monitoring Response
to Therapy and Disease Progression

Several groups have examined serial PFTs in patients with PSSc. The
conclusions have varied, in part depending on the nature of the study
(retrospective versus prospective), the type of patient studied (limited versus
diffuse scleroderma), the severity of pulmonary disease at baseline, and
differences in clinical parameters (disease duration, treatment, demographic
variables) (222,235,237,245,246,252–254,278–280). There is substantial hetero-
geneity in serial changes during follow-up. In an early study, Colp et al.
followed 16 patients with PSSc for a mean of 4.6 years; lung volumes or DLCO

fell in only three patients (279). Others noted similar findings (246). In contrast,
Bagg and Hughes noted gradual progression of restrictive abnormality (253). A

Figure 6 Cumulative survival function in patients with systemic sclerosis who had a

DLCO above and below 40% predicted. A significantly lower survival is noted in patients

with DLCO< 40% predicted (p< 0.01). (From Ref. 240.)
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similar gradual progression was reported by Schneider et al., who performed
serial PFTs in 38 patients followed over a mean of 63 months (278). The overall
trend was of a slowly progressive restrictive defect; the mean rate of loss in
FVC was more than three times the normal rate of FVC loss. Interestingly, the
drop in DLCO was similar to the expected normal loss. In the 27 patients who
had serial measurements of both FVC and DLCO, these parameters were normal
or improved in only 3 patients. The same group performed serial PFTs in 24
patients followed for approximately 5 years (245). The mean rate of change for
pulmonary function was not different than normal; substantial variability was
noted with changes in DLCO, lung volumes, and spirometry occurring
independent of each other (245). Interestingly, in the study of Steen et al.,
DLCO rose by> 20% in approximately half of 73 patients followed for a mean
of 5.4 years after initial evaluation; DLCO normalized in 27% during the follow-
up period.

Two recent prospective studies examined serial change in pulmonary
function. In one study of 61 patients, annual rates of change in PFTs included
FVC (�51mL/year); TLC (�66mL/year); DLCO (�1.29mL/min/mmHg per
year) (254). During the 3.1 years of follow-up, few patients changed from
initially normal to abnormal results and the average symptoms did not appear
to progress. The initial lung function had no significant influence on the
subsequent rate of change. In a larger group of 176 patients, most of whom had
limited disease (71%), DLCO normalized in 16%; 44% of patients with an
initially normal PFTs developed an isolated reduction in DLCO (280). Few
patients with an initially isolated reduction in DLCO (the most frequent initial
physiological pattern) progressed to restrictive pulmonary disease.

Although the course of FA complicating PSSc is usually indolent, some
patients exhibit a more rapid course. Factors associated with a deteriorating
course and increased risk of pulmonary hypertension include peripheral
vascular involvement, digital pitting or ulcerations, severe Raynaud’s
phenomenon, and a history of smoking (245,281). The presence of increased
neutrophils on BAL (a surrogate marker of alveolitis) has been associated with
an accelerated loss of lung function (252,282) and more extensive fibrosis on
HRCT (220). While controlled randomized therapeutic trials have not been
done, favorable responses have been noted with corticosteroids or immuno-
suppressive agents (220,235,283). One retrospective study cited greater
improvement in vital capacity in PSSc patients treated with cyclophosphamide
(CP) compared to D-penicillamine, corticosteroids, no therapy, or immuno-
suppressive agents other than CP (235). In a prospective open trial, PFTs
improved in 14 of 18 patients treated with oral CP (2–2.5mg/kg/day) plus
prednisone (283). Therapy may improve pulmonary function in a subset of
PSSc patients with alveolitis. In a recent study, serial changes in pulmonary
function and survival were assessed in 103 scleroderma patients who had BAL
or lung biopsy (222). Cyclophosphamide was administered to 39 patients with
initial ‘‘alveolitis’’ (by BAL or lung biopsies); 30 with alveolitis did not receive
cytotoxic therapy; 34 patients had no evidence of alveolar inflammation at
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initial visit (222). Change in DLCO, FVC, and survival were worse in untreated
patients with alveolitis. While randomized controlled trials are essential to
determine optimal therapy, these data support a trial of cytotoxic or
immunosuppressive therapy for a subset of patients with a deteriorating
course or surrogate markers of alveolitis (e.g., by HRCT or BAL). Since the
natural history of FA in PSSc is highly variable, longitudinal measurements of
PFTs are essential to monitor the course. Since spirometric and gas exchange
variables may change independently of each other, it is wise to monitor both
spirometry and DLCO serially.

V. Rheumatoid Arthritis

Pleuropulmonary complications of rheumatoid arthritis (RA) are protean and
include fibrosing alveolitis (FA) (also termed rheumatoid lung disease),
obliterative bronchiolitis, lymphocytic infiltration of small airways, pleural
effusions, rheumatoid nodules, pulmonary vasculitis, pulmonary hypertension,
bronchiectasis, and infectious or toxic complications of cytotoxic drug therapy
(217,284–286). The presence of FA in RA varies widely (3–41%) among
published studies, which reflects heterogeneous patient populations and
different methods to detect disease (217). Aberrations in HRCT scans have
been cited in 19 to 52% of patients with RA, even in the absence of pulmonary
symptoms (287–290). The presence of extent of FA does not correlate with the
extent, duration, or activity of the articular or systemic components (217). The
course of FA complicating RA (i.e., rheumatoid lung disease) is usually
indolent, but 1 to 4% of patients developed severe, disabling FA (217).
Treatment of rheumatoid lung disease is similar to FA complicating other
collagen vascular diseases (CVDs).

A. Pulmonary Function Testing and Diagnosis

Pulmonary function tests reveal restrictive defects or reduced DLCO in 10 to
40% of patients with RA, even in the absence of specific symptoms
(286,288,291,292). This is particularly true in advanced disease. Abnormalities
in milder disease have been identified by numerous groups. Banks et al.
contrasted 342 patients with RA from a university hospital rheumatology clinic
with 265 controls from other outpatient clinics (291). A mild restrictive defect
was noted in the RA cohort, particularly among nonsmokers; the DLCO was
decreased in 27% of RA patients. Seven patients had clearly defined interstitial
disease. Similarly, in a prospective study of 155 RA patients and 55 control
subjects, a restrictive component and low DLCO were more common among
patients with RA (293). Several investigators noted reductions in DLCO (up to
40% of patients in some series) (294–296), but the confounding effect of
cigarette smoking could not be excluded in many patients (297–299). Gabbay
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et al. examined 36 adults with newly diagnosed RA (joint symptom
duration< 2 years) from hospital or community practices (288). Chest
radiographs, HRCT, PFTs, HRCT, BAL, and 99 mTc-DTPA nuclear scanning
were prospectively assessed. Abnormalities consistent with ILD were noted in
58% of patients; PFTs were consistent with ILD in 22%; BAL and HRCT were
abnormal in 52 and 33% of patients, respectively. Cervantes-Perez et al.
prospectively examined 140 patients with RA, 25 of whom had open-lung
biopsies (300). Twelve patients had normal lung function (DLCO not measured)
despite an abnormal lung biopsy in eight. Bronchoscopic and radiographic
techniques appear to be more sensitive in identifying ILD in RA patients. In an
effort to predict ILD in RA (defined as abnormal BAL findings), 58
nonsmoking patients were studied by Popp et al. (301). Abnormalities on
BAL cell profiles were detected in 42 patients (73%) (i.e., >15% lymphocytes,
>3% neutrophils, or >250,000 cells per milliliter); by logistic regression
analysis, male gender, a lower FVC and changes in several laboratory
parameters were associated with an increased likelihood of ILD. Both FVC
and DLCO are useful in detecting ILD in RA patients, but smoking history may
be a confounding factor. Respiratory muscle abnormality has also been
identified in patients with RA (302,303). Most recently, a prospective study of
150 patients with RA underwent HRCT and PFT (290). A total of 28 patients
(19%) exhibited HRCT features of FA; 7 demonstrated an FVC < 80%
predicted and 23 a DLCO< 75% predicted. Interestingly, 52% of patients
without FA demonstrated a reduced DLCO. As such, the sensitivity and
specificity of pulmonary function tests in RA remains unclear. HRCT may be
more more sensitive in identifying ILD in this patient population.

Although controversial, airway disease has been the most frequent
physiological aberration in some studies of RA. Bronchiolar abnormalities are
well described in these patients (304). In a prospective study of female never
smokers with RA, airflow obstruction was documented by spirometry in 50%
(81). In a prospective case-control study comparing 100 RA patients and 88
control subjects, airflow obstruction was noted in 16% of nonsmoking RA
patients compared with none of the controls (82). In contrast, Sassoon and
colleagues suggested that airway dysfunction in RA likely reflected factors
other than the RA (84). Two groups examined airway function physiologically
and radiographically. Cortet et al. studied 64 patients with spirometry, DLCO,
and HRCT (83). Small airway dysfunction was present in 13% of patients; the
most frequent radiographic correlates were bronchiectasis (30%), pulmonary
nodules (28%), and air trapping (25%). In a similar study, abnormalities of
HRCT were noted in 35 of 50 patients (70%) (80). Airflow obstruction was
noted in 9 (18%), as defined by a reduced FEV1/FVC and small airway disease
in an additional 5 patients by more sensitive tests. The prevalence of airway
hyperreactivity was higher in RA patients (55%) compared to controls (16%) in
one study (305). Radiological confirmation of bronchiectasis was noted in 12 of
150 patients prospectively studied using HRCT (290).
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B. Pulmonary Function Testing and Disease Severity

The heterogeneity limits the ability to establish clear cut conclusions regarding
disease severity (223). In an unselected cohort of patients with RA and known
lung disease (n¼ 336), multivariable analysis was utilized to identify
abnormality in pulmonary function tests (FVC< 80%, n¼ 42 or DLCO< 80%
predicted, n¼ 64) (306). Age, male gender, smoking history, and measures of
RA activity were related to abnormal pulmonary function testing. The
association between increased RA joint disease and greater decrease in FVC
and TLC was also noted by Hyland and colleagues (293). In contrast, others
found no correlation with decrease in DLCO and multiple clinical indices (298)
or with the presence of small airways disease (84).

C. Pulmonary Function Testing and Prognosis

The significant clinical heterogeneity impairs the ability to define clear
prognostic factors in rheumatoid lung disease (223). In two studies, the
survival of patients with rheumatoid arthritis and ILD was decreased by 3.5 to
4.9 years (296,307). Hakala examined all RA patients hospitalized between
1978 and 1982 in Finland (296). Among 57 patients hospitalized with ILD, 8
had probable drug-induced disease and 49 had pulmonary fibrosis attributed to
RA. Five-year survival in the latter group was only 39%; progressive
pulmonary fibrosis was the cause of death in 80% of these patients. Patients
who died had a lower FVC at the time of admission (62% predicted) compared
to survivors (78% predicted); DLCO was similar in both groups (51 versus 53%
predicted). It is evident that a rough correlation exists between low FVC and
increased mortality. One group has recently suggested that DLCO< 54%
predicted at presentation is 80% sensitive and 93% specific in defining
progressive RA-associated FA (308).

D. Pulmonary Function Testing and Monitoring Response
to Therapy and Disease Progression in RA

Longitudinal changes in PFTs were reported by Linstow et al. (309). This
group examined 63 RA patients with an initial normal FVC (102% predicted)
but a mildly decreased DLCO (70% predicted) over 8 years of follow-up.
Interestingly, FVC decreased slightly (to 95% predicted) whereas DLCO rose (to
85% predicted). No correlation was noted between changes in pulmonary
function and drug therapy. Similarly, others noted little effect of methotrexate
therapy on pulmonary function (spirometry, lung volumes, and DLCO) over a
mean treatment period of several years (310,311). In contrast, Dayton et al.
noted a mild increase in RV during an average period of 4.4 years of low-dose
methotrexate therapy (312). Little change was noted in other lung volumes,
spirometry, or DLCO. In contrast, others noted mild decrements in FVC (2.2%)
and DLCO/VA (4.8%) during methotrexate therapy; these changes did not
predict the development of methotrexate pneumonitis (incidence of 3.2%)
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(313). In contrast, a clinically significant decrement in DLCO (11%) was noted in
42 RA patients treated with varying treatment regimens; the 28 patients treated
with D-penicillamine experienced a less severe decrement in DLCO (7%) (314).
We believe spirometry and DLCO are the most useful parameters to assess and
follow the course of ILD in RA patients (223).

VI. Polymyositis and Dermatomyositis

Pleuropulmonary complications of polymyositis (PM) or dermatomyosisis
(DM) are protean and include fibrosing alveolitis (FA), respiratory failure
secondary to neuromuscular weakness, aspiration pneumonia due to weakness
of the pharyngeal musculature, diaphragmatic paresis or dysfunction,
obliterative bronchiolitis, and opportunistic infections (217,219). Fibrosing
alveolitis complicates PM or DM in 3 to 10% of patients (217). Interestingly,
the histopathological picture of nonspecific interstitial pneumonia is much
more frequent in this disease, likely accounting for the improved survival noted
with interstitial disease complicating this disorder (315). The severity of FA
does not correlate with the course of the muscle disease or systemic features
(217,316). Serological markers identify patients at greatest risk for FA.
Circulating antibodies to the enzyme histidyl-tRNA-synthetase (anti-Jo1, anti-
PL7, and anti-PL-12) or KJ are present in a majority of patients with PM or
DM with FA but in < 20% of patients with PM or DM without FA (217,316).
The presence of Jo-1–positive antibodies does not appear to impact survival in
patients with associated ILD (315). Clinical features and management of FA
complicating DM or PM are similar to those of other CVDs (217).

VII. Overlap Syndrome and Mixed Connective Tissue
Disease

Overlap syndrome is characterized by clinical manifestations overlapping with
two or more of the five major CVDs [e.g., PSSc, RA, PM, DM, or systemic
lupus evy them atosus (SLE)] (217). Mixed connective tissue disease (MCTD)
displays overlapping features of CVDs, high-titer circulating antibodies (anti-
RNP) to a ribonuclease-sensitive extractable nuclear antigen (ENA), and a
speckled antinuclear antibody (ANA) (217,317). Pulmonary complications
occur in up to 85% of patients with MCTD. Of these, FA and pulmonary
hypertension are the most common and important (217,318). Fibrosing
alveolitis develops in 25 to 85% of patients with MCTD during the course of
the disease (217,317). The clinical expression of FA complicating MCTD is
variable. Treatment is similar to FA complicating other CVDs.
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VIII. Sjögren’s Syndrome

Sjögren’s syndrome (SS) is characterized by lymphocytic infiltration and
destruction of exocrine glands and symptoms of xerostomia and/or xeropthal-
mia (sicca syndrome). SS may occur as a primary syndrome (pSS) or as a
secondary syndrome (sSS) in the context of a specific autoimmune disorder
(e.g., RA, SLE, PM, DM, or PSSC) (217). Pulmonary manifestations of
primary and secondary SS include FA, lymphoid interstitial pneumonia (LIP),
lymphoproliferative disorders (pseudolymphoma or lymphoma), xerotrachea,
pleural effusions, and bronchiolitis obliterans with organizing pneumonia
(BOOP) (217). The reported incidence of FA complicating SS ranges from 9 to
55%, reflecting variations in the diagnostic testing and populations studied
(217,319–322). PFTs are abnormal in 25 to 44% of patients with SS (217,319–
322). In one recent study of 37 consecutive patients with primary Sjögren’s
syndrome and normal chest radiographs, abnormal HRCT images were noted
in 24 (65%) (323). Interestingly, HRCT was normal in four patients with
abnormal pulmonary function, while pulmonary function was normal in seven
patients with abnormal HRCT. As such, PFT and HRCT are likely
complementary in the identification of pulmonary disease complicating
Sjögren’s syndrome. The course of FA complicating SS is variable, and
treatment is not well defined.

IX. Sarcoidosis

Sarcoidosis, a multisystemic granulomatous disease of uncertain etiology,
involves the lung or intrathoracic lymph nodes in more than 90% of patients
(324–327). The clinical spectrum of sarcoidosis is protean, but pulmonary
manifestations predominate (324,328). Extrapulmonary involvement is com-
mon and may be the presenting or dominant feature (328,329). The histological
hallmark of sarcoidosis is non necrotizing (noncaseating) granulomata,
characterized by multinucleated giant cells, epithelioid cells, mononuclear
phagocytes, and lymphocytes (325). Chest radiographs are abnormal in more
than 90% of patients with sarcoidosis (324,325). The most characteristic feature
is bilateral hilar lymphadenopathy (BHL) with or without concomitant right
paratracheal lymph node enlargement (324,325). Parenchymal infiltrates are
present in 25 to 50% of patients (324,325). The clinical course is variable.
Spontaneous remissions occur in nearly two-thirds of patients, but the course is
chronic in 10 to 30% (328). Chronic sarcoidosis involving lungs or
extrapulmonary organs can be debilitating; fatalities occur in 1 to 4% of
patients (324,325). Treatment of sarcoidosis is controversial (327). Corticos-
teroids are the mainstay of therapy for patients with symptomatic or
progressive disease. Short-term responses are often dramatic, but relapses are
common with cessation or taper of the drug. Immunosuppressive or cytotoxic
drugs have been used in patients refractory to or intolerant of corticosteroids
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(327). Long-term efficacy of any form of therapy has not been proven. Lung
transplantation is an option for patients with end-stage sarcoidosis (330).

X. Pulmonary Function Tests in Sarcoidosis

A. Pulmonary Function Testing and Diagnosis in Sarcoidosis

PFTs in sarcoidosis typically reveal a restrictive pattern with a reduction in the
DLCO (87,324), although one study suggested that airflow limitation may be the
most common abnormality in newly diagnosed patients (77). Lung function is
often normal in patients with lower radiographic stages of disease (324,331).
Abnormality in PFTs are detected in approximately 20% of patients with
radiographic stage I sarcoidosis but are present in 40 to> 70% of patients with
interstitial infiltrates (stage II, III, or IV)(74,324,332–337). In the setting of a
negative chest radiograph (stage 0), several groups noted decreased in FVC in
15 to 25% of patients and in DLCO in 25 to 50% (67,74,77). Interestingly, in 4
patients with a normal CT scan, 3 had abnormal spirometry and reduced DLCO

(338). Reductions in DLCO is most sensitive of the easily available diagnostic
studies (339,340).

Measurement of lung compliance has been performed in research settings
(70,75,341–344) and may be a sensitive measure of parenchymal involvement
(345). Only 4 of 18 patients with stage I radiographic disease had a normal VC,
DLCO and lung compliance in one early study (346). Similarly, in one series,
20% of patients with reduced compliance had normal VC and TLC (345).
However, measurement of compliance has no clinical value in individual
patients. Aberrations in CPET have been cited in up to 47% of patients with
sarcoidosis (principally ventilatory limitation or increased VD/VT with exercise
(112,180). In one study 4 of 14 patients with stage 0 or I sarcoidosis displayed
ventilatory limitation during exercise (110). In a separate study, 4 of 14
asymptomatic subjects exhibited ventilatory limitation (111). In a study of 23
patients with mild pulmonary sarcoidosis (6 had normal VC and DLCO), CPETs
were abnormal in 9 of 20 (45%) evaluable patients, including 2 patients with
normal PFTs (180). Miller and colleagues performed CPET in 30 sarcoidosis
patients with normal spirometry; DLCO was normal in 21 and 13 had normal
chest radiographs (112). Ventilatory abnormalities during maximal exercise
testing were detected in 14 patients (47%) (112). CPET abnormalities (e.g.,
excessive ventilation to oxygen consumption and abnormal VD/VT), were noted
in 8 of 9 patients with a low DLCO compared to 11 of 21 with a normal DLCO. A
widened P(A� a)O2

gradient was seen predominantly in patients with reduced
DLCO (112). Similarly, in a series of 32 patients, exercise-induced desaturation
correlated with resting DLCO; patients with a baseline DLCO< 55% predicted
had a greater fall in PaO2

during exercise (347). Most recently, Medinger et al.
examined, retrospectively, PFT and CPET results in 48 patients with biopsy-
proven sarcoidosis (348). Interestingly, for patients with the least radiographic
disease, the physiological measures most significantly associated with radio-
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graphic stage were DP(A-a)O2 and DP(A-a)O2/D _VVO2. CPET is more sensitive
that static PFTs in assessing work capacity (344), but its practical value is
limited.

Airway involvement in sarcoidosis was first recognized in 1941, when
Benedict reported an asthma-like picture in a young patient with sarcoidosis
who had bronchoscopic evidence of mucosal infiltration with epithelioid
granulomas (349). Subsequent studies noted airway obstruction in one-third or
more of patients with pulmonary parenchymal involvement (69,77,350,351).
Airway obstruction in sarcoidosis may be attributed to various mechanisms,
including narrowing of the bronchial wall due to either granulomatous lesion
or fibrotic scarring (69,350,352,353), compression by enlarged lymph nodes,
airway distortion due to pulmonary fibrosis (76,353), small airway disease, or
bronchial hyperreactivity (66,68,71–73,77). Small airways disease is common in
sarcoidosis. In one study of 18 patients with restrictive lung disease and
parenchymal infiltrates on chest radiographs, all 18 displayed abnormal airway
function by at least one test (73). One study of 107 patients with newly
diagnosed sarcoidosis noted that airflow limitation, characterized by decreased
FEV1/FVC ratio, was the most common physiological abnormality, present in
61 patients (57%) (77). Reductions in DLCO were noted in 29 (27%); only 7 (6%)
had a restrictive defect (77).

Importantly, in patients with greater degrees of fibrotic parenchymal
distortion, more severe abnormalities in large airway obstruction may be
present (74,79,354). In the study of Sharma et al., severe decrements in FEV1/
FVC were seen in patients with stage II/III (15%) or stage IV disease (33%)(74).
Corticosteroids may be efficacious in patients with endobronchial sarcoidosis
and airflow obstruction (78). However, progressive airflow obstruction may
occur. Coates and Neville retrospectively analyzed 32 patients with intrathor-
acic sarcoidosis (16 smokers); airflow obstruction (defined as FEV1/
FVC< 0.70) was noted in 1 of 6 nonsmokers and 6 and 16 smokers at
presentation (355). After a mean of 4 years of follow-up (range 1–21 years), 10
of 16 smokers and 5 of 16 nonsmokers had persistent airflow obstruction by
spirometry.

Increased airway hyperactivity in response to methacholine challenge has
been documented in sarcoid patients (356–358). Bechtel et al. reported
exaggerated bronchial hyperreactivity to methacholine in 50% of patients
with stage I and stage II sarcoidosis (357). Clinically this may result in chronic
hacking cough. The exact mechanism of this bronchial hyperreactivity is not
clear, but it may reflect granulomatous inflammation involving the bronchial
mucosa. Fridman et al. demonstrated granulomata in bronchial mucosal
biopsies in 63% of patients with sarcoidosis (359). Similarly Shorr et al. noted
that all sarcoid patients with airway hyperreactivity demonstrated abnormal
endobronchial findings compared to similar bronchoscopic findings in only
45.5 % of sarcoid patients without airway hyperreactivity (360). The relation-
ship of this airway hyperreactivity and subsequent abnormalities in airway
function remains undefined.
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B. Pulmonary Function Testing and Disease Severity
in Sarcoidosis

Several studies have examined correlation between PFTs and various
pathological, chest radiographic, CT, and BAL parameters. Correlations
between physiological and pathological abnormalities are imprecise (331). In
one early study, granuloma density correlated with tidal volume, minute
ventilation, and increased anatomic dead space (343). A subsequent study
demonstrated a weak but significant correlation between reduction in DLCO

and the degree of parenchymal lung change (as assessed by percutaneous
needle biopsies) (361). In a complex study that assessed approximately 80
histological features from open-lung biopsy specimens, the ‘‘mean interstitial
cell index’’ correlated with FVC (r¼�0.37) and DLCO (r¼�0.38)(362). Huang
et al. evaluated pathological-physiological correlations in 81 sarcoidosis
patients who had open-lung biopsies (363). DLCO correlated with the presence
of granulomata, interstitial pneumonitis, and overall lung pathology. Reduc-
tions in FVC correlated only with the overall lung pathology. Despite some
rough correlations, these diverse studies affirm that physiological parameters
are unable to predict the histological severity of disease (340,343,361–363).

Numerous authors correlated pulmonary function in sarcoidosis with
semiquantitative chest radiography. Using a modification of the International
Labor Organization (ILO) classification scheme in 211 patients with
sarcoidosis, McLoud et al. found that radiographic severity correlated best
with FVC (r¼�0.49) and DLCO (r¼�0.32) (340). Others found similar modest
correlations (364,365). A review of conventional CTs performed in 27 sarcoid
patients noted that nodular opacities correlated with less severe dyspnea and
larger lung volumes than predominantly irregular opacities (p< 0.05) (365). CT
provided superior pictorial display than chest radiographs but was no better
than chest radiography in estimating functional or clinical impairment (365).
Brauner et al. found moderate to poor correlations between either HRCT or
chest radiography and pulmonary function (366). Other investigators
corroborated that the extent of disease on CT correlated poorly with
functional impairment (367). Radiographic-physiological correlations are
improved when HRCT using semiquantitative scoring systems are applied
(365,368). Semiquantitative scores from CT demonstrated inverse correlations
with FVC (r¼�0.81) and, to a lesser extent, with DLCO(r¼�0.49) (338). More
recently, Hansell et al. confirmed inverse correlations between the FVC, FEV1,
FEV1/FVC and DLCO and reticular pattern on HRCT (369). Few other
radiographic features correlated with physiological parameters. Another study
found that reticular and fibrotic abnormalities on HRCT correlated modestly
with physiological aberrations, but mass opacities or confluence did not (370).
More recently, Abehsera et al. have confirmed that TLC, VC, and DLCO were
significantly lower in sarcoid patients with honeycomb pattern on HRCT,
while the FEV1 was lower in patients with bronchial distortion (371). These
various studies suggest that the extent and pattern of HRCT correlate roughly
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with physiological parameters. However, direct measurement of physiological
parameters is required to extent the degree of pulmonary functional
impairment.

C. Pulmonary Function Testing and Prognosis in Sarcoidosis

The natural history of sarcoidosis is heterogeneous. Most patients stabilize or
improve over time, but 10 to 30% develop progressive pulmonary dysfunction
(324). Most well-defined adverse prognostic factors are clinical in nature (328).
Numerous authors have examined the role of baseline physiological measure-
ments to predict long-term outcome. Maña et al. examined multiple
parameters collected at baseline and their correlation with persistent disease
activity over follow-up (372). Using Cox proportional-hazard modeling,
variables that independently influenced the persistence of activity over time
included age > 40 years [relative risk (RR) of 1.67], Angiotensin converting
enzyme (ACE) level (RR 1.45), male sex (RR 1.8), and FVC< 80% predicted
(RR 2.17). Some studies have suggested improved response to corticosteroids
among patients with low DLCO (341), but most studies found that pulmonary
functional parameters cannot predict long-term outcome (373–376). In a
separate study, reduced DLCO discriminated between patients who worsened
compared to those who remained stable or improved (377). Not surprisingly,
mortality due to sarcoidosis is higher among patients displaying more severe
physiological impairment (378).

D. Pulmonary Function Testing and Monitoring Response
to Therapy and Disease Progression in Sarcoidosis

Although the predictive value of baseline PFTs is limited, sequential studies are
important to follow the course of the disease. PFTs provide quantifiable,
objective measures of the evolution of disease (and assess response to therapy).
Numerous studies have shown that the vital capacity improves more frequently
than the DLCO (379–381), TLC (344), or arterial oxygenation (331).
Importantly, the VC and DLCO share a common direction of change in over
two-thirds of patients; discordant changes occur in fewer than 5% of patients
(331,382). Given the variability of DLCO and the expense of full lung volumes
(by helium dilution or body plethysmographic techniques), spirometry and
flow-volume loops are the most useful and cost-effective parameters to use in
following the course of the disease. Additional studies—such as DLCO, TLC, or
gas exchange—have a role in selected patients. Criteria for assessing
‘‘response’’ or improvement have not been validated. However, most
investigators define a change in FCV> 10 to 15% or DLCO> 20% as significant
(65,331,383–385). Responses to therapy are often evident within 6 to 12 weeks
of initiation of therapy. In some patients, improvement in FVC may be seen
within 3 weeks of therapy (Fig. 7) (386).
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XI. Langerhans Cell Histiocytosis (Pulmonary Eosinophilic
Granuloma)

Langerhans cell histiocytosis (LCH) (also termed Langerhans cell granuloma-
tosis or pulmonary eosinophilic granuloma) is a rare disease of unknown
etiology occurring almost exclusively in cigarette smokers (136,387–393).
Predominant symptoms include cough, dyspnea, and pneumothorax
(135,387,390–393). HRCT scans in LCH are distinctive, and reveal numerous
thin-walled cysts, preferentially involving the upper and middle lung zones
(136,366,392,393).

A. Pulmonary Function Testing and Diagnosis in Langerhans Cell
Histiocytosis

Aberrations in PFTs are noted in> 80% of patients with LCH, Typical features
include reductions in DLCO (70–80%) and lung volumes (50–70%), normal or
increased FEV1/FVC ratio, increased RV, and impaired gas exchange
(135,388,390–393). PFTs are normal in 15 to 20% of patients (389,390–393).
Reductions in DLCO are most frequent and may reflect involvement or
destruction of lung parenchyma or pulmonary capillaries (135). Pure restrictive
or mixed obstructive-restrictive patterns may be observed (135,388,390,391). A
pure obstructive defect with reduced FEV1/FVC ratio is uncommon (135).
Obstruction defects may reflect cigarette smoking, concomitant emphysema, or
bronchiolar obstruction that results from the peribronchiolar distribution of
the inflammatory and fibrotic lesions (388). As the disease progresses, cysts and
bullous disease may develop, resulting in air trapping or airflow obstruction
(389,391). Air trapping (increased RV) is noted in nearly 50% of patients with
pulmonary LCH but hyperinflation (TLC> 110%) is uncommon (135,394).
Cardiopulmonary exercise tests in LCH demonstrate reductions in exercise

Figure 7 Rate of improvement in vital capacity in 11 patients related to the duration

of steroid treatment. (From Ref. 386.)
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tolerance, maximal workload, oxygen consumption, and anaerobic threshold;
worsening gas exchange, and increased ratio of dead space to tidal volume (VD/
VT) with exercise (135,393). Crausman et al. performed CPET in 23 patients
with LCH (135). Two subsets were identified on the basis of elastic recoil. The
coefficient of elastic recoil was increased in 12; restriction was present in 11 of
these 12. In contrast, 10 had normal elastic recoil and relatively preserved lung
function. However, exercise capacity was limited in both groups (workload
53%þ /� 3%). The baseline VD/VT ratio or its response to exercise was
abnormal in 16 of 23 patients, suggesting pulmonary vascular disease. Strong
correlations were found between overall exercise performance (% predicted VO2

max) and indices of vascular involvement: i.e., DLCO (r¼ 0.68, p¼ 0.0004),
baseline VD/VT (�0.65; p0.001); exercise VD/VT (r¼�0.67, p¼ 0.0004). Similar
correlations were noted when exercise performance was measured by maximal
workload achieved. Vascular dysfunction likely plays the major role in limiting
exercise capacity, but impaired pulmonary mechanics, airflow obstruction, or
hypoxemia may contribute. A recent study of 21 patients with advanced
pulmonary LCH referred for lung transplantation confirmed the importance of
pulmonary vascular lesions in this disease (394). Among 21 patients in whom
PFTs were performed, the dominant aberration was a reduced DLCO (mean
27% of predicted); other salient features included reduced FEV1 (mean 46%
predicted); reduced PaO2 (mean 53mmHg), increased RV (mean 166%
predicted), and normal TLC (mean 95% predicted). Pulmonary hypertension
was present in all patients (mean PA pressure was 59mmHg), and was
independent of other pulmonary functional parameters. Histopathology of lung
in 12 patients revealed a proliferative vasculopathy involving muscular arteries
and veins. The degree of pulmonary hypertension was greater in LCH
compared to patients with chronic obstructive pulmonary disease (COPD) or
idiopathic pulmonary fibrosis (IPF) with more severe parenchymal destruction
(394). In patients with LCH, no correlations were found between FEV1, FEV1/
FVC, DLCO, PaO2, PaCO2, and mean pulmonary artery pressure (Ppa), cardiac
index (CI), or total pulmonary vascular resistance (TPVRi) (all p> 0.1).
Conversely, in patients with COPD Ppa correlated with FEV1/FVC (r¼ 0.38,
p¼ 0.03) and there was a trend for TPVRi to correlate with PaO2

(r¼�0.035,
p¼ 0.06). In patients with IPF, TPVRi correlated with TLC (r¼ 0.67, p¼ 0.01).
These data suggest that pulmonary hypertension in LCH reflects a primary
vasculopathy and is independent of small airways and lung parenchymal
injury.

B. Pulmonary Function Testing and Prognosis in Langerhans Cell
Histiocytosis

Although data are limited, severe impairment in DLCO or VC has been
associated with a worse prognosis (389,395,396). In one retrospective study of
45 patients with pulmonary LCH, factors associated with diminished survival
by univariate analysis included older age at diagnosis, lower FEV1/FVC ratio,
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high RV/TLC (>0.33), and use of corticosteroids (395). By multivariate
analysis, only older age and lower FEV1/FVC ratio were associated with
diminished survival. A recent large, retrospective study identified multiple
features influencing survival in univariate analysis (397). These features
included a lower FEV1, a higher RV, a lower FEV1/FVC ratio, and a reduced
DLCO. After adjusting for expected survival at 10 years based on life expectancy
in the general population, a lower DLCO, lower FEV1, and higher RV
maintained predictive ability. As such, physiological studies can be used to
establish prognosis in eosinophilic granuloma.

C. Pulmonary Function Testing and Monitoring Response
to Therapy and Disease Progression

Serial PFTs are advised to monitor the course of the disease. Due to its rarity
and variable natural history, optimal therapy for pulmonary LCH is
controversial. Given the central role of cigarette smoking in its pathogenesis
(390,398,399), the disease stabilizes or improves in more than two-thirds of
patients following cessation of smoking (135,389–393). In 15 to 31% of
patients, the disease progresses, with worsening lung function (135,389–393).
Fatality rates range from 6 to 27% (135,389–393). The impact of treatment is
unknown (389–391,395). Lung transplantation is an option for patients with
end-stage pulmonary LCH (393,400).

XII. Summary

Physiological assessment, which includes resting pulmonary function testing, is
valuable in the optimal management of patients with ILD and advanced ILD.
Although it has been suggested that HRCT is superior to physiological
parameters in defining prognosis or responsiveness to therapy for patients with
IPF (194,199), DLCO % predicted appears to have added predictive value to the
HRCT findings (199). Furthermore, this is consistent with other studies, which
have demonstrated that FVC and DLCO are the physiological parameters that
best reflect global extent of disease in IPF using HRCT as a gold standard.
Resting pulmonary function testing is likewise of considerable relevance in the
clinical decision-making process of other ILD subtypes, possibly reflecting that
in advanced stages, a remarkable similarity in pulmonary function parameters
occurs. Therefore serial pulmonary function testing is advised to monitor
therapy and disease progression in IPF and other ILD subtypes. Prognostic
capabilities notwithstanding, resting physiological and radiological modalities,
however, maybe inadequate in providing answers to clinically relevant
questions in the individual patient.

It is reasonable, therefore, that functional physiological assessment may
then be appropriate in the management of patients with advanced ILD. This
may be especially germane for the determination of exercise limitation, which is
multifactorial (10–14) in patients with chronic respiratory illness and reflects
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multisystem problems. Importantly, resting cardiopulmonary measurements
are unable to prioritize/quantitate exercise-limiting factors important for
reducing symptoms, initiating/monitoring therapeutic interventions, and
potentially improving quality of life for patients with advanced ILD.
Additionally, since health status assessment (HRQOL) reveals a stronger
correlation with exercise tolerance than with either spirometry or oxygenation
in patients with other chronic cardiorespiratory disorders, a functional
assessment maybe useful in more optimally managing patients with advanced
ILD. Additional studies in patients with ILD and advanced ILD are necessary,
including which functional modality—i.e., 6-min walk test or CPET—may be
most helpful. The clinical questions being asked and the available resources
will likely be key. Constant work-cycle ergometry has been shown to be
significantly more sensitive than 6-min walk tests in evaluating therapeutic
interventions.

Appreciating that 1) pulmonary gas exchange abnormalities during
exercise have been a good maker of morphologic severity in patients with IPF
(30) and 2) DLCO and DPAO2�PaO2 maybe useful prognostic indicators of
SaO2 over time in IPF (38), and 3) furthermore, that ; PaO2 during exercise
showed a significant association with the extent of ground-glass appearance on
HRCT and overall lung involvement (39), the importance of routinely
measuring exercise pulmonary gas exchange in patients with ILD remains
uncertain, especially as it relates to cost and technical requirements. In general,
functional evaluation has been underutilized in patients with ILD and
advanced ILD, especially in the areas of pulmonary rehabilitation, transplan-
tation, and health status evaluation. Further studies will be necessary to
establish the role of physiological functional assessment and its potential for
enhanced patient management and improved quality of life in individual
patients with advanced ILD.
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I. Introduction

The pulmonary vascular bed provides for the movement of venous blood from
the right to the left heart through a low-resistance conduit with a large surface
area for intimate contact between blood and alveolar gas. In the normal
pulmonary vascular bed, resistance is modulated both by passive factors, such
as lung volume, and active factors, such as alveolar oxygen concentration.
Disorders of the pulmonary circulation are manifest by an increase in
pulmonary vascular resistance, pulmonary hypertension, and the subsequent
development of right heart failure. This chapter explores the unique physiology
of the pulmonary vascular bed and discusses the effect of pulmonary vascular
disease upon rest and exercise physiology.

II. Physiology of the Normal Pulmonary Vascular Bed

A. Pulmonary Vascular Resistance

The equation governing the resistance to blood flow through the pulmonary
vascular bed is derived from Ohm’s law, which states that the electrical
resistance through a circuit is related to the driving force, or voltage, and the
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electrical current. Similarly, vascular resistance is related to the pressure
gradient for flow across the pulmonary vascular bed and the blood flow through
the circuit. Since flow is similar in the pulmonary and systemic circulation while
the pressure gradient for flow through the systemic circulation is *90mmHg
(upstream minus downstream pressure) and the gradient for the normal
pulmonary circulation is only *10mmHg, it can be seen that the pulmonary
vascular resistance is approximately 10% that of the systemic circulation.

However, use of Ohm’s law assumes that the relationship of pressure to
flow in the pulmonary vascular bed is linear, which would be the case if the
circuit were a rigid tube. In a rigid tube with an outflow pressure of zero, the
resistance ðDP=D _QQÞ is constant and equal to the slope of a straight line through
the origin. However, because pulmonary vessels are distensible, the normal
pulmonary vascular bed does not behave like a rigid tube and resistance is not
constant over the physiological range of pressure and flow. The diameter and
resistance of pulmonary vessels vary with pressure, resulting in a curvilinear
relationship between pressure and flow (1). Therefore, the pressure-flow curve
is concave to the flow axis with resistance defined as the instantaneous slope of
this relation. By contrast, true pulmonary vascular resistance (PVR) is the slope
of a line drawn from any particular point on the pressure flow relation to the
origin, or Ppa�Pla/ _QQT, where Ppa¼ pulmonary arterial pressure, Pla¼ left
atrial pressure, and _QQT ¼ cardiac output [Eq (1)].

PVR ¼ Ppa� Pla
�
Qt

ð1Þ

Changes in vascular tone will result in shifts of the pressure-flow relation.
However, changes in pulmonary vascular resistance can result from changes in
tone or from movement along a nonlinear portion of the pressure flow relation
(Fig. 1).

This characteristic of the pulmonary circulation is important to under-
stand when measuring the response of the pulmonary vascular bed to a
pharmacological intervention, as is done with a vasodilator trial. Were cardiac
output (flow) to increase following administration of a vasoactive drug, such as
epoprostenol (due to systemic vasodilation without an effect on the pulmonary
vasculature), then the calculated resistance could decrease without a shift in the
pressure-flow relation. This decrease in calculated resistance could be
misinterpreted as pulmonary vasodilation, when it was due to the distensibility
of the pulmonary circulation. On the other hand, if a pharmacological
intervention such as acute administration of adenosine did cause pulmonary
vasodilation and also an increase in cardiac output, the pressure-flow could
shift such that there was no change in the calculated resistance (2,3). However,
by taking a number of measurements and plotting the pulmonary vascular
pressure-flow relation, the true PVR can be determined.
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B. Passive Regulation of Pulmonary Vascular Resistance

Recruitment and Distensibility in the Pulmonary Vascular Bed

The pulmonary vascular bed has considerable reserve. While it is a low-
pressure, high-flow system at rest, it can, during exercise, accommodate
increases in cardiac output of up to four times resting values, with only a small
rise in the inflow pressure. This phenomenon occurs by the process of both
recruitment and distention. When pulmonary artery pressure is low, many of
the pulmonary capillaries are collapsed without flow; however, as pressure and
flow increase, capillaries that were previously closed begin to open (recruit-
ment), and vessels that were open widen in diameter (distention). This decrease
in pulmonary vascular resistance as pressure increases, through recruitment
and distention, contributes to the curvilinear shape of the pressure-flow
relation (4).

Effect of Lung Volume on Resistance

Because the pulmonary blood vessels have a relatively small amount of
vascular smooth muscle, a low intravascular pressure, and high distensibility,
passive factors such as lung volume and respiration have a considerable effect
on pulmonary vascular resistance. During respiration, changes in lung inflation

Figure 1 The pressure-flow curve. (a) Resistance is defined as the instantaneous slope

of this curve. Were cardiac output (flow) to increase following administration of a

vasoactive drug (A ? B), then the calculated resistance (slope) could decrease without a

shift in the pressure-flow relation. This decrease in calculated resistance can be

misinterpreted as pulmonary vasodilatation. (b) Pulmonary vascular resistance (PVR).

Changes in vascular tone will result in shifts of the pressure flow relation (i ? ii).

However, changes in pulmonary vascular resistance can result from changes in tone (i?
ii) or from movement along a nonlinear portion of the pressure flow relation (x ? y). A

pharmacological intervention caused a reduction in vascular tone (i ? ii) and also a

decrease in cardiac output (A ? B). While there is no change in the calculated resistance

(slope), the true pulmonary vascular resistance (PVR) has decreased.
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affect the diameter of extra-alveolar vessels and of alveolar vessels differently,
resulting in a variation in resistance with changes in lung volume. During lung
inflation, the extra-alveolar compartment—comprising the arteries, arterioles,
veins, and venules—is pulled open by traction of the surrounding elastic lung
parenchyma; during lung deflation, these vessels narrow (5,6). By
contrast, alveolar vessels are exposed to alveolar pressure and the diameter
of these vessels varies indirectly with transpulmonary pressure (alveolar
pressure� pleural pressure) and with lung volume. Factors that increase
lung volume, such as positive end-expiratory pressure (PEEP), compress
alveolar vessels and increase vascular resistance (7).

Effect of Vessel Position on Blood Flow

A four-zone model of pulmonary perfusion has been described, where the
relationship between pulmonary arterial pressure (Ppa), pulmonary venous
pressure (Ppv), and alveolar pressure (Palv) governs the regional distribution of
blood flow in the lungs (8,9). Zone I conditions result in increased alveolar
dead space (VD) at the lung apex where blood flow is impeded because Palv
exceeds both Ppa and Ppv. In zone II Ppa is greater than both Palv and Ppv,
thereby permitting blood flow. However, because Palv remains higher than Ppv
in zone II, changes in Ppv do not have an effect on flow or on upstream
pressures, thereby producing the characteristics of the so-called waterfall effect
or Starling resistor (10,11). Because left atrial pressure is normally well above
alveolar pressure, Zone II is limited to the upper third of the lung. In zone III,
any influence of Palv is removed, as the pulmonary veins are now below the
right atrium and therefore Ppv is greater than Palv. In zone III changes in Ppv
will affect flow and have an effect on upstream pressures. During exercise as
pulmonary blood flow increases, inflow (Ppa) and outflow (Ppv) pressures
increase, thus converting all regions to zone III (12). Finally, zone IV
conditions are described at the lung base where is postulated that the observed
decrease in blood flow results from increased interstitial pressure (13).

C. Active Regulation of Pulmonary Vascular Resistance

Pulmonary vascular resistance is also regulated by numerous active mechan-
isms, including alveolar oxygen tension, autonomic innervation, circulating
vasoactive mediators, and local endothelial–smooth muscle interaction. In the
normal pulmonary vascular bed, acute reduction in alveolar oxygen tension
ðPAO2

Þ causes pulmonary vasoconstriction of the precapillary arteries,
diverting blood to better-ventilated regions and thereby reducing shunt and
maintaining efficient ventilation/perfusion ð _VV= _QQÞ matching. Increased [Hþ]
also causes pulmonary vasoconstriction and can further augment hypoxic
vasoconstriction (14). The mechanism of hypoxic pulmonary vasoconstriction
remains unknown (15).

While the pulmonary circulation is heavily innervated by the autonomic
nervous system—which includes adrenergic, cholinergic and nonadrenergic
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noncholinergic (NANC) systems—the role it plays in regulating the pulmonary
circulation appears relatively minor (16,17). Furthermore, the innervation is
greatest in the proximal elastic arteries and decreases toward the periphery,
suggesting that these nerves modulate pulmonary vascular compliance rather
than resistance (16). The indirect effects of the autonomic nervous system on
cardiac output or venous return are perhaps more significant in the normal
pulmonary circulation.

Pulmonary vascular tone is also influenced by a number of circulating
factors (18). Direct effect of catecholamines on smooth muscle alpha1 and
alpha2 receptors results in vasoconstriction, while vasodilation is mediated by
smooth muscle and endothelial beta1 receptors and endothelial alpha2
receptors. Furthermore, both histamine, stored in basophils or lung mast
cells, and, serotonin (5-HT), produced locally by circulating platelets, mediate
vasoconstriction in the pulmonary circulation.

Complex local endothelial—smooth muscle interaction is involved in
maintaining low pulmonary vascular tone. Under normal physiological
conditions, endothelial cells release predominately relaxing or vasodilator
mediators; however, under certain physiological and pathophysiological
conditions, the balance may shift towards release of constricting mediators
(19,20). The primary endothelium-derived relaxing factors (EDRFs) released
by the pulmonary endothelium are nitric oxide (NO) and prostacyclin (PGI2)
(21). There does not seem to be much tonic release of NO or PGI2 from the
pulmonary endothelium during normal conditions, since inhibition of NO
synthase (NOS) or cyclo-oxygenase does not cause an increase in vascular
resistance. However, during conditions of high tone, such as during hypoxia,
inhibition of NOS or cyclooxygenase potentiates vasoconstrcition, suggesting
that PGI2 modulates these responses. The endothelium produces constricting
factors (EDCFs), which include endothelin, superoxide anion, and the cyclo-
oxygenase–dependent mediators thromboxane and prostaglandin H2. (22). The
recent demonstration of a beneficial effect of endothelin antagonist in
pulmonary arterial hypertension (PAH) supports a role for excessive local
endothelin production in severe PAH (23–25).

III. Pathophysiology of the Pulmonary Vascular Bed

A. Pulmonary Hypertension

Disorders of the Respiratory System and Hypoxemia

Because of the capacity of the pulmonary vasculature to recruit and distend, it
takes destruction of more than half of the normal vascular bed to result in an
increase PVR. Thus, resection of one normal lung should not increase
resistance. Parenchymal lung diseases such as idiopathic pulmonary fibrosis
(IPF) or emphysema cause destruction, distortion or compression and loss of
blood vessels and result in pulmonary hypertension (26–28). Because of the
limited distensibility and recruitabiltiy of blood vessels in these interstitial and
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airway diseases, pulmonary hypertension may be present only when cardiac
output is elevated, as during exercise.

Causes of global hypoxia, which may also cause pulmonary hyperten-
sion, include exposure to high altitude, central hypoventilation, and obesity
hypoventilation syndrome (29,30). People living at altitudes greater than
approximately 10,000 ft (about where alveolar oxygen tension falls below 60–
70mmHg) may have pulmonary hypertension that is mild at rest but can
become pronounced with exercise (31). Long-term exposure to altitude causes
pulmonary vascular remodeling, which increases resistance, although certain
populations have adapted to altitude in a way that protects the pulmonary
vasculature from remodeling (32).

Disorders Affecting the Pulmonary Blood Vessels

Disorders that primarily affect the pulmonary arteries and arterioles may cause
pulmonary hypertension or elevated PVR by causing obliteration or occlusion
of vascular channels. Patients with these disorders often come to medical
attention after the pulmonary hypertension becomes severe, with signs of right
heart failure. They usually complain of dyspnea on exertion and have little
evidence of parenchymal lung disease by radiograph (33).

While the vast majority of patients with pulmonary thromboembolism
will not develop pulmonary hypertension, some patients with recurrent
thromboemboli that do not resolve adequately may develop pulmonary
hypertension due to progressive occlusion of the vasculature. Moser and
colleagues have described a syndrome of pulmonary hypertension due to
chronic thrombotic occlusion of proximal pulmonary arteries. These patients
have symptoms and signs of pulmonary hypertension, including dyspnea on
exertion and peripheral edema. Diagnostic evaluation reveals abnormal
perfusion scans and angiographically demonstrated thrombi in the main and
lobar pulmonary arteries. It is important to diagnose this syndrome, because
surgical thrombendarerectomy may be curative (34,35).

Primary pulmonary hypertension (PPH) is a syndrome characterized by a
pulmonary arterial vasculopathy in the absence of underlying pulmonary
parenchymal or cardiac disease. Patients with this disorder are usually women
in their twenties to forties who present to a physician with dyspnea on exertion
and fatigue. Typically, at diagnosis symptoms have been present for 1 to 2
years and pulmonary artery pressures are elevated substantially at the time of
diagnosis. A familial form of PPH has been described, with autosomal
dominant inheritance (36–40). The pathophysiology of primary pulmonary
hypertension may relate to dysfunctional endothelium. Endothelium has the
capacity produce vasodilator/antithrombotic mediators and vasoconstricting/
prothrombotic mediators. In PPH, it is speculated that a dysfunctional
endothelium creates an initially reversible increase in vasomotor tone, which
chronically will evolve into an irreversible state of elevated resistance due to
vascular remodeling (41,42). In addition to chronic vasoconstriction, the
increased presence of prothrombotic mediators or decreased presence of
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antithrombotic mediators will promote platelet aggregation and release of
platelet-derived vasoactive mediators (e.g., serotonin), both of which may
increase vascular resistance (43,44). Patients with PPH have elevated break-
down products of the potent vasoconstrictors thromboxane and prostaglandin
F2a relative to normal subjects and to patients with secondary pulmonary
hypertension (45).

IV. Physiology of Exercise in Pulmonary Vascular Disease

The clinical diagnosis of pulmonary hypertension requires a resting mean
pulmonary artery pressure of greater than 25mmHg or a mean pulmonary
artery pressure with exercise of greater than 30mmHg (46). The existence of
rest and exercise criteria for the diagnosis of pulmonary hypertension is in
keeping with the observation that there is considerable reserve in the
pulmonary vascular bed. As a result of this reserve, significant vascular
disease may be present before there is sufficient loss of the pulmonary
vascular bed to cause resting pulmonary hypertension. Exercise testing may
uncover early pulmonary vascular disease by demonstrating the loss of the
normal pulmonary vasodilator response to exercise and the inability of the
right ventricle to adequately increase pulmonary blood flow for the exercise-
related increased O2 demand. The increased right ventricular work eventually
causes pulmonary hypertension to become manifest at rest, at which time
cardiac catheterization and/or echocardiography are used to establish the
diagnosis. In clinical practice, exercise testing has been used to noninvasively
grade functional capacity in patients with PPH; performance on exercise tests
has prognostic significance and may be used to evaluate treatment efficacy
(47–50).

A. Response to Exercise in Pulmonary Vascular Disease

During cardiopulmonary exercise testing (CPET), work rate is increased
incrementally to a symptom-limited maximum while the cardiovascular and
respiratory responses to the stress of the increased oxygen requirements ( _VVO2

)
and carbon dioxide output ( _VVCO2

) are measured. The direct relationship
between the _VVO2

and the cardiac output ( _QQ) is described by the Fick equation
[Eq. (2)].

_VVO2
¼ _QQðCaO27C _VVO2

Þ ð2Þ
Similarly, the ventilatory response ( _VVE) to exercise is tightly related to

CO2 output ( _VVCO2
) (51–53).

In one of the earliest studies of exercise in pulmonary arterial
hypertension, symptom-limited exercise was used to compare a control group
of normal volunteers with a group of nine patients with PPH (47). The patients
with PPH had decreased exercise capacity and a decrease in maximal _VVO2

.

Pulmonary Vascular Disease 255



Patients in the PPH group with the highest PVR had the greatest compromise
and were unable to increase their stroke volume in response to exercise.
Subsequently, rest and exercise data were obtained from 11 patients with PPH
studied with progressive, upright cycle ergometry and compared with data
obtained from 11 matched, sedentary control subjects (49). D’Alonzo and
coworkers demonstrated a severe exertional limitation due to cardiovascular
factors in individuals with PPH and an inability to maintain appropriate
oxygen delivery to the body during exercise. They demonstrated a decrease in
peak exercise oxygen consumption and an increase in the regression slope,
relating minute ventilation to carbon dioxide output in patients with PPH (49).
Mean maximal _VVO2

was significantly lower in the PPH group than in controls.
At maximal _VVO2

, the minute ventilation ( _VVE) was similar; however, while no
respiratory impairment was recognized, an exaggerated ventilatory response to
exercise at any level of _VVCO2

was found. Furthermore, maximal heart rate and
oxygen pulse ( _VVO2

/heart rate) was significantly higher in the control group.
Finally, anaerobic threshold occurred earlier during incremental exercise in the
PPH group and correlated with the maximal oxygen pulse achieved in patients
with PPH (49).

In a group of 16 patients with PPH, ages ranging from 6 to 35, Rhodes
and colleagues demonstrated that exercise capacity was reduced below that
predicted for age, height, and gender and was inversely correlated with right
atrial pressure, pulmonary artery pressure, and PVR obtained at cardiac
catheterization. Mean right atrial pressure correlated best with exercise
capacity, while poor exercise capacity identified those PPH patients at high
risk for a poor outcome from cardiac catheterization. Furthermore, the
investigators demonstrated that performance on exercise testing could predict
the response to acute vasodilator drug testing insofar as exercise capacity
greater than 75% of the predicted value identified the two patients who had a
positive response to acute testing (50).

More recently, 53 patients with PPH were evaluated with right heart
catheterization and cycle ergometer CPET studies. Reductions in maximal _VVO2

,
anaerobic threshold, peak O2 pulse, rate of increase in _VVO2

, and ventilatory
efficiency were described. Furthermore, New York Heart Association (NYHA)
functional class correlated well with parameters of aerobic function and
ventilatory efficiency but less so with resting pulmonary hemodynamics (Figs. 2
and 3) (54).

These studies of exercise in pulmonary vascular disease consistently
describe the inability to adequately increase blood flow during exercise,
resulting in a reduced maximal _VVO2

and the failure to meet the exercise O2

requirement. The ventilation of underperfused alveoli results in an increase in
dead-space ventilation, manifest by an increase in _VVE relative to the _VVCO2

during exercise. Furthermore, lactic acidosis occurring relatively early during
exercise, along with hypoxemia, acts as additional stimuli to breathing and
further contributes to the sensation of dyspnea, even though peak _VVE is well
below the maximal voluntary ventilation (Fig. 4) (55).

256 Gaine



Figure 2 Cardiopulmonary exercise test measurements of two patients with moderate

and severe PPH and a normal control subject with similar predicted values. Protocol

consisted of 3min of rest, 3min of unloaded cycling at 60 rpm (Unl.), and ramp WR of

15, 10, and 5W ?min�1, respectively, to maximal tolerance. (a) CO2 versus _VVO2
with

arrows at the respective AT of each subject. (b) Change in _VVO2
versus change in WR,

with dotted line indicating normal slope of 10mL ?min�1 ?W�1. (c) HR versus _VVO2
, with

diagonal dotted lines indicating O2 pulse inmL ? beat�1. (d) Ventilatory equivalent for

CO2 ð _VVE= _VVCO2
Þ versus time, with vertical dashed lines separating rest, unloaded, and

ramp exercise. Characteristic abnormalities of PPH patients depicted are low values for

peak _VVO2
, AT, peak WR, D _VVO2

=DWR, peak HR, and peak O2 pulse. With PPH, resting
_VVE= _VVCO2

values are elevated and tend to remain relatively constant or increase during

exercise, contrasting with lower resting and decreasing _VVE= _VVCO2
during exercise in

normal control subject. Abbreviations: WR; work rate, AT; anaerobic threshold; HR,

heart rate. (From Ref. 54.)
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The 6-Min Walk Test in Pulmonary Vascular Disease

While cardiopulmonary exercise testing (CPET) with gas exchange can be used
to noninvasively measure functional capacity, it can be cumbersome and time-
consuming for routine use. On the other hand the 6-min walk test is very simple
and reproducible, requiring no expensive equipment; it has been used to assess
changes in functional capacity during vasodilator therapy in patients with
pulmonary vascular disease (56,57). The 6-min walk test is considered safe
because it is a submaximal test and patients are self-limited during exercise
(58). The distance walked in 6 min has been shown to correlate closely with
peak _VVO2

and _VVE– _VVCO2
slope in patients with advanced heart failure; it thereby

serves as a useful prognostic indicator (Fig. 5) (59,60). In a study of 34 patients
with PPH, a distance of less than 300m was shown to increase mortality risk by
2.4 (61).

Figure 3 Correlations of peak _VVO2
(percent predicted) and ventilatory equivalent for

CO2 at AT ( _VVE= _VVCO2
at AT) versus NYHA symptom class (top panels) and peak _VVO2

and peak O2 pulse versus AT (bottom panels) in PPH patients during CPET. All

correlations are highly significant. (From Ref. 54.)
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In one study, the 6-min walk test was performed in 43 patients with PPH,
together with cardiopulmonary exercise testing, echocardiography, and right
heart catheterization (62). The distance walked significantly decreased in direct
proportion to the severity of NYHA functional class. Furthermore, the
distance walked correlated with hemodynamic parameters including baseline
cardiac output, total pulmonary resistance, and mean right atrial pressure but
not with mean pulmonary arterial pressure. The distance walked also
correlated strongly with peak _VVO2

, oxygen pulse and _VVE– _VVCO2
slope

determined by cardiopulmonary exercise testing. Among all the noninvasive
parameters measured—including clinical, echocardiographic, and neuro-
humoral—only the distance walked in 6min was independently related to
mortality in PPH during a mean follow-up period of 21+ 16 months (62).

The Effect of Right-to-Left Shunt on the Response to Exercise

A patent foramen ovale (PFO) was demonstrated in 27.3% of 965 autopsy
specimens of human hearts from subjects who were evenly distributed by sex

Figure 4 Pathophysiology of exercise limitation in patients with primary pulmonary

hypertension (PPH). Arrows show pathways leading to dyspnea, fatigue, and exercise

limitation. Abbreviations: PVR, pulmonary vascular resistance; _VVA= _QQ, alveolar

ventilation/perfusion ratio; VD/VT, dead space volume/tidal volume ratio; and PaO2
,

arterial oxygen pressure. (From Ref. 54.)
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and age, with the foramen size increasing with advancing age (63). In normal
persons, right-to-left shunting via a patent foramen ovale (PFO) rarely occurs,
as left atrial pressure exceeds the right atrial pressure (64). Moreover, because a
PFO may be so small or the pressure differences across the septum so minor,
shunt blood flow may not be visible by echocardiography, even during a
Valsalva maneuver (55).

However, in the setting of abnormally high pulmonary artery pressure
and right heart dysfunction, right atrial pressure can exceed left atrial pressure,
especially during exercise, and force venous blood through a PFO for a right-
to-left shunt. This shunted venous blood not only has a low PO2

but also a high
PCO2

and hydrogen ion concentration [Hþ], which stimulate systemic arterial
chemoreceptors and cause hyperventilation. This compensatory hyperventila-
tion increases CO2 unloading, thereby maintaining homeostasis of arterial PCO2

and [Hþ], despite the exercise-induced right-to-left shunt (65). Consequently,
CO2 unloading from the unshunted pulmonary blood flow increases as alveolar
PCO2

falls, but O2 loading increases less because pulmonary capillary PO2

reaches the flat part of the oxyhemoglobin dissociation curve. Thus, ventilation
increases more steeply relative to _VVO2

than _VVCO2
, resulting in a greater increase

in _VVE= _VVO2
than _VVE= _VVCO2

. Even at rest, there are distinctly more gas exchange
abnormalities (higher _VVE= _VVO2

, _VVE= _VVCO2
, and PETO2

and lower PETCO2
and

Figure 5 Kaplan-Meier survival curves according to median value of distance walked

during the 6-min walk test in patients with primary pulmonary hypertension. Patients

walking < 332m had a significantly lower survival rate than those walking farther (log-

rank test, p< 0.001). (From Ref. 62.)

260 Gaine



SpO2
) in the shunt than no-shunt groups (Fig. 6). These pre-exercise

abnormalities can be attributed to hypoperfusion of well-ventilated lung and
probable chronic hyperventilation (54,55).

Effect of Treatment on the Response to Exercise in Pulmonary
Hypertension

The treatment of pulmonary vascular disease has advanced over the past
decade. In one of the earliest studies describing the effect of treatment on
exercise capacity in patients with pulmonary arterial hypertension, D’Alonzo
compared hemodynamics obtained at cardiac catheterization with exercise
performance in 10 patients with pulmonary hypertension. After 8 weeks of
therapy with oral calcium channel blockade, exercise capacity was improved in
the patients who had improved hemodynamics (48). However, because only a
minority of patients are candidates for long-term calcium channel blocker
therapy, epoprostenol, has emerged as the treatment of choice for individuals
with advanced pulmonary arterial hypertension (57). In order to determine the
efficacy of epoprostenol in a dose that can be administered with minimal side
effects, the efficacy of therapy is evaluated by echocardiography (56,66) and/or
right-sided heart catheterization (33). However, because of the potential
morbidity and cost associated with right-heart catheterization, it has been
proposed that exercise testing be used to measure response to therapy (67). A
long-term (19.5+7.5 months) follow-up study of 16 patients with PPH treated
with continuous intravenous epoprostenol demonstrated a significant increase
in peak _VVO2

and peak O2 pulse and a trend toward improvement in peak work
(Fig. 7) (68). More recently the endothelin antagonist bosentan has emerged as
an effective therapy for pulmonary arterial hypertension, with improved
hemodynamics and exercise capacity as measured by the 6-min walk test (69).

However, the mechanisms by which continuous intravenous epoproste-
nol therapy improves exercise tolerance in patients with pulmonary arterial
hypertension are unclear. It has been suggested that the decrease in PVR
observed following long-term epoprostenol therapy may explain the improved
exercise tolerance (70). However, the improvement in exercise tolerance begins
within the first few weeks after epoprostenol initiation, antedating changes in
resting pulmonary hemodynamics (71). In a study of seven patients with PPH
treated with continuous intravenous epoprostenol, hemodynamic variables
were unchanged after 6 weeks of therapy. However, by contrast, the 6-min
walking distance improved in all patients. Changes in the pressure-flow
relationship were also reported. The slope of the mean pulmonary artery
pressure versus cardiac index plot (Ppa/CI plot), which is taken as the
incremental PVR upstream from the site of the closing pressure, significantly
decreased with epoprostenol therapy, suggesting that the improvement in
exercise tolerance seen after 6 weeks of epoprostenol therapy may be due to a
decrease in incremental pulmonary vascular resistance during exercise (72).
Because epoprostenol affected only the slope of the pressure-flow plot without
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Figure 6 The effect of right-to-left shunts on exercise in pulmonary vascular disease.

Average cardiopulmonary exercise test (CPET) responses in the control (n ¼ 20), no-

shunt-PPH (n ¼ 39), and shunt-PPH (n ¼ 18) groups during rest and unloaded cycling.

Changes in mean PETO2
, PETCO2

, _VVE= _VVO2
, _VVE= _VVCO2

, SpO2
, and RER are plotted second

by second from rest to the end of unloaded exercise. SEE values for the last minute of

rest and the periods from 0.5 to 1min and 2.5 to 3min of unloaded cycling are also

shown. At rest, the _VVE= _VVCO2
for the PPH groups differ strikingly from the values in the

control group; at the end of unloaded cycling, the PETO2
, PETCO2

, _VVE= _VVO2
, SpO2

, and

RER of the shunt and no-shunt groups differ strikingly from each other. Abbreviations:

PETO2
, end-tidal O2; PETCO2

, end-tidal CO2; RER, carbon dioxide elimination/oxygen

consumption ( _VVCO2
= _VVO2

). *p< 0.05 and **p< 0.001 for differences from control group;

{p< 0.05 and {p< 0.001 for differences between shunt and no-shunt groups for each

time period using a two-tailed repeated ANOVA; $p< 0.05 and }p< 0.001 for

differences from each group’s resting values using a paired t-test. (From Ref. 65.)
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changing resting pressures and flows, the extrapolated pressure intercept,
which is commonly taken as the mean, closing pressure increased slightly (Fig.
8) (72). Therefore the slope of multipoint Ppa versus CI curves (true PVR)
probably better describes the functional state of the pulmonary vasculature in
patients with PPH than a single resistance determination at rest (73–75).

Alternatively, it has been proposed that since decreased perfusion of the
ventilated lung—i.e, increased physiological dead space ventilation (VD/VT)—
results in inefficiency of ventilation, improved perfusion to the ventilated lung
resulting from medical therapy might be a useful measure of treatment efficacy.
Thus, the _VVE= _VVCO2

ratio may be useful in measuring the severity of decreased
perfusion to the ventilated lung, and the change in _VVE= _VVCO2

ratio might be
useful to evaluate the effectiveness of a drug for treating patients with PPH
(67).

B. Exercise-Induced Pulmonary Hypertension

The diagnosis of pulmonary hypertension requires demonstration of an
elevated mean pulmonary artery pressure at rest or during exercise (76).
Unfortunately, the symptoms of early pulmonary hypertension are nonspecific,
resulting in a mean delay in diagnosis of PPH of up to 2 years from symptom
onset: as a result, the vast majority of patients have advanced disease
unresponsive to conventional oral vasodilators at the time of diagnosis (46,77).
Moreover, a significant degree of pulmonary vascular disease can be present
before pulmonary hypertension and overt right ventricular dysfunction are
evident at rest on echocardiography or catheterization. Therefore conditions of

Figure 7 Peak work as percent predicted (mean+SD) just before starting PGI2 and

at three follow-up intervals. *p< 0.05; þp¼ 0.001 versus baseline. (From Ref. 68.)
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increased pulmonary blood flow, as during exercise, allow for the uncovering
of early pulmonary vascular disease (68,78).

Asymptomatic members of two families with familial PPH were studied
to determine whether they had an abnormal pulmonary artery systolic pressure
(PASP) response on Doppler echocardiography to supine bicycle exercise and
to determine whether exercise response might uncover those with the familial
PPH mutation and therefore potentially early preclinical disease. Of the 52
family members studied with normal PASP at rest, 14 revealed an abnormal

Figure 8 Relation between mean pulmonary artery pressure and cardiac index before

(closed circles) and after (open circles) prostacyclin therapy. (From Ref. 72.)
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PASP response to exercise. All 14 of those with this abnormal exercise
response, but only 2 of 27 of the remainder with a normal exercise response
shared the risk haplotype linked to chromosome 2q31–32 (79). Similarily, there
are individuals in whom resting hemodynamics are normal but who develop
marked elevations in pulmonary pressure with exercise (80,81). Some of these
individuals will undoubtedly have early PPH; however, the natural history of
exercise-induced PPH is unknown at present (80). It is conceivable that these
patients represent a variant of PPH with a relatively benign natural history.
Alternatively, this phenomenon may represent reduced pulmonary vascular
compliance of an otherwise normal pulmonary circulation.

Preclinical pulmonary vascular disease may also be exposed by exposure
to high altitude. High-altitude pulmonary edema (HAPE) has been described
at lower altitudes in individuals with pre-existing conditions affecting the
pulmonary circulation. For example, HAPE has been described in patients
with an absent right pulmonary artery who had normal pulmonary artery
pressures at rest but an abnormal, exaggerated response to exercise (82,83). A
recent case report described a patient who had been exposed to anorexigens
and who had normal pulmonary artery pressures but developed high altitude
pulmonary edema (HAPE) at lower altitude. Supine leg exercise produced a
mean pulmonary pressure of 33mmHg, resulting in the diagnosis of PPH based
on exercise catheterization data (31).

The hemodynamic response to exercise may vary with the type of work
performed and the muscle groups involved. Arm exercises result in greater
increases in heart rate, ventilation, and lactate formation than leg exercises at a
comparable degree of oxygen uptake (84,85). The higher ventilatory response
to arm exercises does not correlate with the degree of anaerobic work or the
concentration of lactate in the arterial blood (86). The systemic vascular
resistance remains higher with arm exercises, probably because the inactive
large blood vessels of the lower limb muscle fail to dilate. Furthermore, higher
sympathetic tone is observed during arm versus leg exercises. Patients with
pulmonary vascular disease may complain of dyspnea with upper arm
exercises, as in showering or combing hair, sooner than of significant
impairment in ambulation. Upper arm exercises in the supine position are an
excellent method of determining the response to exercise in individuals during
catheterization (86).

The evolution of pulmonary hemodynamics in stable, mild to moderate
hypoxemic chronic obstructive lung disease has also been explored. Two
right-heart catheterizations were performed at a mean time interval of
6.8+2.9 years in 131 patients. At the time of enrollment, no patient had
pulmonary hypertension. However, 76 patients had exercise-induced pulmon-
ary hypertension. Resting and exercising pulmonary artery pressures were
independent predictors at the initial catheterization for the subsequent
development of pulmonary hypertension. The progression, however, was
rather slow, with the average change for the group as a whole being of
þ0.4mmHg/year (87).
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V. Conclusion

The pulmonary circulation provides a low-resistance conduit with a large
surface area for the movement of venous blood from the right to the left heart.
Disorders of the pulmonary vascular bed are manifest by an increase in
pulmonary vascular resistance and pulmonary hypertension, with the
subsequent development of right heart dysfunction and failure. This increase
in pulmonary vascular resistance results in the inability to adequately increase
blood flow during exercise and results in a reduced maximal _VVO2

and the failure
to meet the exercise O2 requirement. Ventilation during exercise of under-
perfused alveoli results in an increase in dead-space ventilation, manifest by an
increase in _VVE relative to the _VVCO2

. Furthermore, lactic acidosis occurring
relatively early during exercise, along with hypoxemia, acts as additional
stimuli to breathing and further contributes to the sensation of dyspnea in
pulmonary vascular disease. Measurement of exercise capacity, either with
formal CPET or the 6-min walk test, correlates closely with the severity of
pulmonary vascular disease and prognosis.
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Chronic obstructive pulmonary disease (COPD) is defined as a progressive
respiratory disease characterized by airflow limitation that is not fully
reversible (1,2). This definition includes several distinct pathophysiological
conditions, including chronic bronchitis and emphysema. Chronic bronchitis is
defined clinically by the presence of a daily, productive cough for more than 3
months with a duration of more than 2 successive years; emphysema is
pathologically defined by an enlargement of airspaces (3,4); abnormalities of
small airways are frequently seen (5). Importantly, most patients have features
of all three of these pathological conditions (4).

The incidence, morbidity, and mortality of COPD continue to rise
throughout the world (6). In the United States, COPD affects more than 16
million individuals and is the fourth leading cause of death (6,7). More
importantly, of the four most common causes of death in the United States,
COPD is the only one that continues to rise in prevalence. Recent estimates
suggest that the economic impact of COPD is >$15.5 billion, with the majority
($6.1 billion) spent on hospitalizations. An additional $4.4 billion was
estimated to have been spent on physician or other professional fees, $2.5
billion for drug therapy, $1.5 billion for nursing home care, and an additional
$1.0 billion for home care services (8).
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Recently, one group examined these expenditures in a cohort of patients
(n¼ 413) with COPD of varying severity followed for a maximum of 60 months
(mean 47+ 10 months) at a university medical center in the United States (8).
COPD severity was staged using criteria recently defined by the American
Thoracic Society (Table 1) (1). Patients with the most severe COPD (stage III)
experienced the highest yearly cost of therapy ($10,812) compared with those
with moderate COPD (stage II, $5037) and mild COPD (stage I, $1681). In
addition, a separate analysis of a Medicare database from 1992 found per
capita expenditures for a Medicare beneficiary with COPD to be 2.4 times that
of all beneficiaries (9). The most expensive 10% accounted for almost 50% of all
expenditures; higher comorbidity was associated with increased expenditures.
The majority of the costs have been attributed to long-term oxygen therapy
and hospitalizations (10). Importantly, the indirect costs of COPD in the
United States are also staggering, with recent estimates suggesting that
increasing severity of COPD is associated with work losses (11).

Data regarding prevalence, morbidity, and economic burden in other
parts of the world are more difficult to identify. The Global Burden of Disease
Study estimated a worldwide prevalence of COPD in 1990 of 9.34 per 1000 men
and 7.33 per 1000 women and estimated that COPD would become the fifth
leading cause of disability-adjusted life years lost in 2020, trailing only ischemic
heart disease, unipolar major depression, road traffic accidents, and
cerebrovascular disease (12,13). The Global Initiative for Chronic Obstructive
Lung Disease (GOLD) workshop has presented data on three European
countries demonstrating a similar disease burden, ranging from per capita
dollar expenditures of $60 to $65 compared with $87 in the United States (2).
Clearly COPD represents a major health care problem.

I. Goals of Therapy

COPD is generally a progressive disease, with increasing severity resulting in
increasing symptoms, greater impairment in health-related quality of life

Table 1 Physiological Approach to Staging Disease Severity in COPD Patients

Guideline

Severity of

obstruction

British Thoracic

Society (14)

American Thoracic

Society (1)

Global Initiative for

Chronic Obstructive

Lung Disease (2)

Mild (I) 60–79% predicted 50–65% predicted >80% predicted and

FEV1/FVC< 70%

Moderate (II) 40–59% predicted 35–49% predicted 30–80% predicted

Severe (III) <40% predicted <35% predicted <30% predicted
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(HRQol), more frequent exacerbations, and greater health care costs (8). As
such, management should be comprehensive in nature. The GOLD workshop
(2) recently recommended an excellent management plan consisting of

Assessing and monitoring disease
Reducing risk factors
Managing stable disease
Managing exacerbations

Furthermore, effective management was stated to include

Preventing disease progression
Alleviating symptoms
Improving exercise tolerance
Improving health status
Preventing and treating complications
Preventing and treating exacerbations
Reducing mortality

The various therapeutic options for the treatment of COPD are discussed
in the context of these recommendations.

II. Assessing and Monitoring Disease

A. Diagnosis

The diagnosis of COPD remains a clinical art, particularly as early diagnosis
and appropriate staging are important. The broad definition, as suggested by
international guidelines, includes a disease of airflow obstruction that is not
fully reversible, an appropriate risk factor, and chronic symptoms (cough,
sputum production, dyspnea, chest tightness) (1,2,14). Cough is generally one
of the first symptoms identified in COPD (15,16), and recent data have
suggested that excess sputum production is associated with an excess rate of
FEV1 decline, an increased rate of subsequent hospitalization (17), and a
greater impairment in quality of life (18). As such, patients with cough are
appropriate candidates for early diagnostic testing to ensure an early diagnosis
(19). Similarly, dyspnea is a frequent symptom that tends to be progressive and
is important in the genesis of the progressive decline in HRQol (18,20,21). In
fact, some investigators have confirmed that quantification of dyspnea adds
valuable independent information in stratifying disease severity (20,21).

The physical examination can suggest the presence of wheezing and
airflow obstruction but is a crude and insensitive means of detecting more
severe disease (3,22,23). In a recent review of 44 studies examining the value of
clinical examination in diagnosing airflow obstruction, Holleman and Simel
identified no single item or combination of items that ruled out airflow
obstruction; objective wheezing, barrel-chest deformity, rhonchi, hyperreso-
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nance, subxyphoid apical impulse, and objective measurement of prolonged
expiration were the most useful signs in suggesting the presence of airflow
obstruction (24). Although forced expiratory time can be helpful in suggesting
the presence of disease, judging severity of disease by physical examination is
notoriously difficult (3). For example, during an exacerbation in 90 patients
with known COPD, only 38% of the physician’s estimates of disease severity
were accurate; 48% of estimates were high and 14% were low (25).

Given the limitations of the clinical examination, it is evident that
confirmation of airflow obstruction is required to assure an accurate diagnosis.
Fortunately, this is easily done with spirometry, a widely available,
standardized, and relatively inexpensive diagnostic study (19,26). A detailed
discussion of the physiological evaluation of patients with suspected airflow
obstruction is presented elsewhere in this volume. The presence and extent of
bronchoreversibility and its diagnostic value in COPD remains a controversial
topic (3). In fact, some degree of bronchoreversibility is often seen in patients
meeting diagnostic criteria for COPD (27). Interestingly, some have suggested
that bronchoreversibility in the setting of COPD is associated with increased
sputum eosinophilia, a picture more typical of asthma (28). Spirometric data
are also used to stratify the severity of airflow obstruction. In this way the
FEV1 as a percent of predicted has been utilized to define severe, moderate, and
mild disease, as enumerated in Table 1 (1,2,14). These criteria, although
arbitrary in nature, identify patient groups with increasing health care costs (8)
and progressively worsening HRQol (29).

The role of additional diagnostic testing to identify features of asthma,
emphysema, chronic bronchitis, or chronic bronchiolitis in individual patients
remains controversial (3). Although asthma is not considered in the diagnosis
of COPD, in clinical practice these diseases are not discrete entities and
demonstrate significant overlap (5). In fact, Figure 1 illustrates this mix of
structural and inflammatory overlap. Interestingly, as noted elsewhere in this
volume, increasing attention is being devoted by numerous investigative groups
to defining the predominant inflammatory processes involved in the
pathogenesis of COPD (5,30–33). Furthermore, these biological differences
likely influence the time course of disease. In a sentinel study, one group
identified an improved survival and lower rate of decline in FEV1 over 10 years
of follow-up in patients with a clinical diagnosis of asthma compared to those
with nonatopic, smoking-related obstructive disease (34). These data suggest
that defining subsets of patients with COPD may have prognostic and potential
therapeutic value. The optimal approach to the differential diagnosis of
patients with COPD remains unclear, although it likely includes the use of
advanced radiological techniques, including high-resolution computed tomo-
graphy (3).

Radiological studies have assumed an increasing role in the evaluation of
patients with COPD, particularly computed tomography (CT) (35,36). CT
provides excellent visual anatomical detail for detecting, characterizing, and
quantitatively determining the severity of emphysema. CT demonstrates
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greater accuracy than chest radiography, while high-resolution CT (HRCT) is
more accurate than conventional CT (37,38). Furthermore, emphysema
severity on CT correlates well with the pathological severity of emphysema,
using either visual scoring systems or quantitative analysis based on Hounsfield
unit (HU) threshold measurements (38–42). Similarly, quantitative analysis of
emphysema correlates with decreasing diffusing capacity of the lung (DLCO)
(43) and is useful in identifying emphysema, usually mild, in patients with an
isolated decrement in DLCO (44). Recently, O’Brien et al. identified 110 patients
(mean age 66.5 years) who presented to their general practitioner with an
episode of acute exacerbation of COPD (45). When patients recovered 2
months later, detailed physiological testing and HRCT were performed. An
abnormal spirometry was noted in 88% of the patients; a decreased FEV1 was
confirmed in 70%. Emphysema was present in 51% of the patients, while
bronchiectasis was noted in 29%. The influence of such additional diagnostic
testing on subsequent medical therapy in individual patients requires further
investigation.

Figure 1 A typical nonproportional Venn diagram of chronic obstructive pulmonary

disease (COPD). There is overlap among the most common subsets of COPD, including

the extent of bronchoreversibility. (From Ref. 5.)
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B. Monitoring

As COPD is generally a progressive disorder, close serial monitoring is
important in optimizing therapeutic interventions (46). Symptomatic monitor-
ing includes quantifying the severity and frequency of cough. In addition,
worsening dyspnea strongly influences HRQol in these patients (20,21,29).
Similarly, identifying and treating exacerbations of disease are important
interventions, as these acute deteriorations in clinical status have a significant
effect on pulmonary function, which can take several weeks to recover (47).
Furthermore, exacerbations have a significant impact on impaired HRQol in
these patients (48,49). The role of serial physiological monitoring remains
poorly defined, although serial spirometric monitoring may provide a
diagnostic advantage over a single test (19,50). Furthermore, it is important
to keep in mind that patients with COPD are at risk of developing other
smoking-related illnesses, such as bronchogenic carcinoma and coronary artery
disease.

C. Reducing Risk Factors

Cigarette smoking remains the most common risk factor for the development
of COPD. As such, smoking cessation is a vital component in a comprehensive
approach to the COPD patient. A detailed description is beyond the scope of
this work, but comprehensive reviews of the topic have recently been presented
(51–53). The Public Health Service Report recommends a five-step program for
intervention in smokers (Table 2) (52).

A comprehensive approach to smoking cessation intervention is ideal and
should include counseling. Three types have been shown to be effective:
practical counseling, social support as part of treatment, and social support
arranged outside of treatment (2). Pharmacotherapy has advanced significantly
over the past decade. As nicotine is the primary agent leading to addiction (54),
an aggressive approach to therapeutic nicotine replacement has proven
effective, with many forms available (52,53,55,56). Recent data have suggested
that the antidepressants buproprion and nortriptyline increase long-term quit
rates (52,53,57).

The importance of smoking cessation has recently been confirmed by the
Lung Health Study, a randomized trial of current smokers with borderline to
moderate impairment of pulmonary function (58). Approximately 6000
subjects were recruited and followed up to 5 years; half were randomized to
an aggressive smoking cessation program plus anticholinergic therapy and the
other to usual therapy plus anticholinergic therapy. At least 35% of the subjects
were able to quit smoking for extended periods of time, while 22% were able to
quit and sustain cessation for 5 years (compared to 6% in the usual-care
group). As Figure 2 illustrates, those participants who were able to discontinue
smoking and remained sustained quitters exhibited a small increase (of 57mL)
in lung function over the first year, compared to a fall (of 38mL) in those who
continued to smoke. In addition, the sustained quitters had reduced rates of
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FEV1 decline over the following 4 years (34mL/year) compared to those who
continued to smoke (decline of 63mL/year).

Although data are more limited, in certain environmental settings
exposure to occupational gases or particles as well as indoor and outdoor
pollution may be instrumental in the development of COPD (2). Therefore
avoidance of these exposures may prove an important intervention to
decreasing disease development or progression.

III. Medical Management of the Stable Patient with COPD

Given the global impact of disease in COPD patients, its management must be
multifactorial. Early therapeutic interventions were aimed at improving
physiological derangement. Therefore many investigators attempted to address
treatment response in terms of improvement in airflow limitation, the hallmark
of COPD diagnosis (46). Unfortunately, by definition COPD patients do not
experience complete reversibility after the administration of bronchodilators.
Furthermore, relief of symptoms correlates only weakly with changes in
spirometric indices (54). As discussed elsewhere in this volume, recent data
have confirmed the importance of lung hyperinflation, particularly with
exercise, in the genesis of exertional limitation in patients with COPD (59–63).
Therefore alternative physiological techniques are now employed in assessing

Table 2 Five-Step Program for Intervention in Smokers

Component Description of component

ASK Systematically identify all tobacco users at every visit.

Implement an officewide system ensuring that, for every patient at

every clinic visit, tobacco-use status is queried and documented.

ADVISE Strongly urge all tobacco users to quit.

In a clear, strong, and personalized manner, urge every tobacco user

to quit.

ASSESS Determine willingness to make a quit attempt.

Ask every tobacco user if he or she is willing to make a quit attempt

at this time.

ASSIST Aid the patient in quitting.

Help the patient with a quit plan; provide practical couseling;

provide intratreatment social support; help the patient obtain

extratreatment social support; recommend use of approved

pharmacotherapy except in special circumstances; provide

supplementary materials.

ARRANGE Schedule follow-up contact.

Schedule follow-up contact, either directly or via telephone.

Source: Ref. 52.
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the benefits of specific therapeutic interventions (59). In addition, the GOLD
participants, in acknowledging the limitations of relying in single physiological
outcomes, have appropriately recommended a more comprehensive approach
to the treatment of patients with COPD. Thus therapeutic goals include
preventing disease progression, alleviating symptoms, improving exercise
tolerance, improving health status, preventing and treating complications,
preventing and treating exacerbations, and reducing mortality (2). In
discussing available therapeutic alternatives, we attempt, whenever possible
in the following discussion, to present a comprehensive assessment of
treatment outcomes.

Numerous therapeutic alternatives have been studied and used clinically
in COPD patients. These have included medical therapies such as broncho-
dilators, corticosteroids, and mucolytics. Similarly, nonpharmacologic thera-
pies have included oxygen therapy and pulmonary rehabilitation. Given the
improvements in disease staging of COPD patients (1,2,14,46), a stepwise
approach has been advocated by many international groups. Figure 3
illustrates the ‘‘COPD escalator,’’ showing in the form of a graph a stepwise

Figure 2 Mean postbronchodilator FEV1 for participants in the smoking intervention

and placebo group who were sustained quitters (open circles) and continuous smokers

(closed circles). (From Ref. 58.)
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approach to therapy in COPD. A similar, tabular representation is presented in
Table 3, adapted from the GOLD guidelines (2).

A. Bronchodilator Therapy

Bronchodilators have constituted the mainstay of therapy in COPD for many
years and remain cornerstones of treatment in all published recommendations.
They are used to improve pulmonary function and exercise capacity, relieve
symptoms, decrease frequency and severity of exacerbations, improve quality
of life, and, ideally, decrease disease progression and mortality. Numerous
classes of bronchodilators are currently available for clinical use including
anticholinergics, beta agonists, and methylthanxines.

Anticholinergics

The anticholinergic agents are derived from belladonna and other alkaloid
plants, which have been used in the treatment of pulmonary disorders for
centuries. Over the past several decades, increased knowledge has been
accumulated that better defines the cholinergic pathways in the lung.
Furthermore, increased selectivity in antimuscarinic agents has created a class
of agents with an excellent therapeutic profile (54,64). There are multiple
muscarinic receptors in the lung, including periganglionic excitatory (M1) and
smooth muscle (M3) receptors that stimulate smooth muscle contraction and
secretion of mucus (54,65). In contrast, inhibitory postganglionic muscarinic
receptors (M2) can downregulate acetylcholine release and thereby limit the
magnitude of vagally mediated bronchoconstriction (54); these M2 receptors
have recently been shown to be functional in patients with stable COPD (66).

Figure 3 COPD escalator. Summary of the principal components of a management

plan for COPD. Note that as disease severity increases, symptoms and signs become

more obvious, while the number of treatments used rises. (From Ref. 14.)
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Until recently, available anticholinergic agents have been quarternary
derivatives of anticholinergic compounds. These compounds do not cross
biological barriers easily but, unfortunately, block all muscarinic receptors
(54). The new generation of anticholinergic compounds, including tiotropium,
exhibit the unique pharmacological property of binding to all muscarinic
receptors with varying duration of binding. As such, the slow dissociation from
M3 receptors (t1/2 of 35 hr compared to 16min for ipratropium) and a faster
dissociation from M2 receptors (t1/2 of 3.6 hr) creates a functional receptor
subtype selectivity of M3 and M1 over M2 receptors (65). These properties and
accumulating clinical data (discussed subsequently) have generated increased
enthusiasm over their use in COPD patients.

Use of anticholinergics in COPD patients has been demonstrated to yield
measurable improvement in airflow, which is at least equal and in many settings
better than can be achieved with beta agonists (54,67). Of 38 published studies
comparing anticholinergic agents and short-acting beta agonists reviewed by
Chapman et al., all but 2 found the anticholinergic agents to be equal and
generally superior to short acting beta agonists (68). In addition, several studies
have confirmed the ability of anticholinergic drugs to induce bronchodilation
even when beta agonists have failed to improve airflow (69,70). Potential
reasons for these differences include the predominant effect of anticholinergic
agents on central airways versus the more peripheral effect of beta agonists and
a decrease in mucus production with anticholinergic therapy (67).

Unfortunately, few studies have administered equivalent doses of
anticholinergic agents and beta agonists, making a clear interpretation difficult
(67). For example, in stable COPD, two puffs of an anticholinergic drug
produce greater bronchodilation than two puffs of a beta agonist, likely
representing a dose effect (67).

An additional beneficial effect of anticholinergic therapy includes a
longer duration of action in comparison to short-acting beta agonists, as
demonstrated by numerous investigators. Braun et al. compared the
spirometric effect of ipratropium (two puffs), albuterol (two puffs) and
placebo in a group of 25 patients with severe, baseline airflow obstruction
(FEV1 34% predicted) (71). Interestingly, 15 patients did not demonstrate a
15% improvement in FEV1 after the administration of metaproterenol but
experienced improvement after the administration of ipratropium. The long-
term effect of anticholinergic therapy has been studied in a systematic review of
pooled data from seven randomized controlled trials comparing ipratropium
bromide and beta agonists (72). After 3 months of therapy, mean improvement
in FEV1 was significantly higher in the ipratropium arm of the studies (mean
28-mL increase) than the beta agonist studies (mean 1-mL decrease, p< 0.05).
All seven trials demonstrated a decline in the acute effect of beta agonist
treatment with prolonged treatment; five of seven studies demonstrated
improvement in the acute effect of ipratropium.

Unfortunately, long-term therapy with ipratropium does not influence
progression of COPD (58). Recent studies have defined the role of tiatropium
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in patients with COPD; four comparative studies are presented in Table 4.
Dose-ranging studies have suggested a dose of 18 mg/day as optimal from
efficacy and safety analyses (73); this dosage resulted in significant short- and
long-term bronchodilation (see Table 4). In addition, recent long-term studies
have suggested better preservation of bronchodilation with tiotropium
compared to ipratropium (Fig. 4).

The response to exercise after anticholinergic therapy has recently been
reviewed in a systematic analysis (74). Seventeen studies were described in
detail; the majority of studies examining steady-state exercise confirmed a
response (three of four single-dose studies and all of three maintenance-dose
studies). Of 12 studies, 9 confirmed an effect on maximal exercise capacity.
Two published studies have suggested an increasing effect of higher doses on
exercise tolerance (75,76). A recent study compared the effect of oxitropium
bromide (400 mg) versus placebo in 38 patients with severe COPD (FEV1 40.8%
predicted) (77). Endurance testing proved the most sensitive in detecting the
effects of the inhaled anticholinergic agent. The mechanism underlying the
benefit in maximal exercise tolerance after inhalation of ipratropium has been
defined in a study of 500 mg of nebulized ipratropium versus placebo (78).
Although no difference was noted in spirometry, exercise endurance, or
exercise dyspnea after placebo administration, improvements were noted after
ipratropium. In addition, the change in exercise endurance time and exercise
dyspnea correlated best with the change in inspiratory capacity, a measure of
dynamic hyperinflation.

In addition to improving pulmonary function and exercise capacity,
inhaled anticholinergic agents have been demonstrated to improve symptoms.
In the pooled studies described by Rennard et al., significant improvements
were noted in dyspnea after ipratropium inhalation in patients who were ex-
smokers (72). Similar improvements have been noted in several large studies of
ipratropium and long acting beta agonists. In patients with severe COPD
(FEV1 37% predicted) patients treated with either ipratropium or salmeterol
experienced similar improvements in transitional dyspnea index (TDI) scores at
weeks 2, 4, 6, 8, 10, and 12 (79). In a study with similar methodology, the
improvements in dyspnea with ipratropium administration were more modest,
only achieving statistical significance from placebo in the first 6 weeks of a 12-
week study (80). In contrast, other investigators have not identified a difference
in total symptom scores between inhaled ipratropium and placebo (81),
potentially reflecting a difference in methodology. Tiotropium has resulted in
greater statistical and clinically significant improvements in TDI compared to
placebo in a 1-year study (82). Interestingly, tiotropium demonstrated a greater
improvement in TDI compared with ipratropium during 1 year of therapy (83).

Improvement in HRQol has been recently described. Mahler et al. noted
an improvement in the chronic respiratory disease questionnaire (CRDQ) with
ipratropium administration for 12 weeks compared with placebo (79).
Interestingly, a similar study did not confirm these findings (80), nor did a
recent study utilizing the St. George’s respiratory questionnaire (81). Two
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studies (Table 4) have confirmed that a greater proportion of patients using
tiotropium experiencing clinically significant improvements in HRQol using
the St. George’s respiratory questionnaire than those using placebo (82) or
ipratropium (Fig. 5) (83). Given the important effect of exacerbations on
HRQol, the impact of anticholinergic therapy on this outcome has recently
been reported. Three groups failed to identify a beneficial effect of ipratropium
use, although the definitions of exacerbations varied (79–81). Two long-term
studies have confirmed a lower frequency of exacerbation with tiotropium
compared to placebo (82) or ipratropium (83) (Table 4). Interestingly, a recent
pharmacoeconomic analysis of two placebo-controlled, 3-month-long, ran-
domized studies of ipratropium versus ipratropium plus albuterol or albuterol
alone has been published (84). These investigators confirmed a significant
decrease in exacerbation frequency in the ipratropium arms that translated into
a marked decrease in total treatment costs compared to albuterol alone (Fig.
6). Interestingly, the same group has reported that the use of ipratropium alone
or in combination with a beta agonist resulted in a lower total cost of care for
patients with stages I to III COPD (8). On the basis of these data, these

Figure 4 Mean forced expiratory volume in 1 sec (FEV1) before and during the 3 hr

following inhalation of tiotropium (~) or ipratropium (&) at baseline or day 1 (—) and

after 8 days (-----) and 364 days (---). (From Ref. 83.)
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investigators have suggested a pharmacological algorithm to therapy in COPD
patients emphasizing the early use of an anticholinergic agent. Given the
further advantages noted with tiotropium, it is expected that a similar if not
greater pharmacoeconomic advantage will be seen with this anticholinergic
agent.

Figure 5 (a) Mean St. George’s Respiratory Questionnaire (SGRQ) total score over 1

year for the tiotropium (~) and ipratropium (&) groups (—— baseline). (b) Proportion

of patients with an improvement in SGRQ total score of5 four units for the tiotropium

( ) and ipratropium (&) groups during the 1-year study. *p < 0:05; **p < 0:001.
(From Ref. 83.)
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Beta Adrenergic Agonists

Although there is little sympathetic innervation of airway smooth muscle,
sympathomimetics have been documented to be efficacious and, until recently,
have been the mainstay of COPD management (54). Detailed discussions of the
effects of short- and long-acting beta agonists have recently been published
(67,74,85–87). In addition, alternative mechanisms for these long-acting agents
have recently been detailed (88).

B. Short-Acting Beta Agonists

Short-acting beta agonists have been evaluated in numerous studies and have
been shown to cause bronchodilation, although the magnitude of this effect has
been highly variable (67). A recent review of the effects of bronchodilators on
exercise capacity described the results reported in 14 such studies demonstrat-
ing a change in FEV1 ranging from 93 to 240mL (74). Some of this variability
is inherent to individual patient variability. One large study demonstrated that
more than two-thirds of COPD patients who had a 410% increase in FEV1

after an inhaled bronchodilator at baseline demonstrated an increase 515% at
some time during the 3-year trial (89). An additional source of variability lies in
the dose of beta agonist administered; higher doses may result in further
increases in FEV1 (67), although this may be seen in only a minority of patients
(90). Unfortunately, higher dosing may be associated with tremor, tachycardia,
and tachyphylaxis (54). The available beta agonists differ in the time of onset,

Figure 6 Total treatment costs over the 85-day follow-up period for the three

treatment groups. (From Ref. 84.)
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degree of beta2-receptor selectivity, and the duration of onset, as outlined in
Table 5. A recent prospective study has confirmed the value of short-acting
beta agonists as ‘‘as needed’’ medications, in contrast to regular use (91). In a
randomized, double-blind, placebo-controlled crossover trial in 53 COPD
patients, Cook et al. randomized patients (mean FEV1 33.6% predicted) in a
crossover fashion to inhaled albuterol (200 mg four times per day) versus
placebo; all patients received regular ipratropium bromide, beclomethasone,
and open-label inhaled albuterol as needed. The patients in the regular-use arm
used twice as much albuterol as those in the ‘‘as needed’’ arm. Despite this
greater use of short-acting beta agonist, there were no differences in
spirometry, quality of life, symptoms, or 6-min walk distance. These data are
important, as regular use of short-acting beta agonists has been associated with
tachyphylaxis of spirometric improvement (72). Whether ‘‘as needed’’ use
negates this phenomenon is not clear. These data support the role of short-
acting beta agonists as rescue therapy, as outlined in the recent GOLD
guidelines (2).

A recent systematic review of 14 studies described the effects of short-
acting beta agonists on exercise capacity (74). Steady-state exercise improved in
approximately half of the studies, although lesser improvements were noted in
maximal exercise tests. Furthermore, recent studies have confirmed that
improvements noted in exercise capacity after beta agonist inhalation relate to
improved dynamic hyperinflation (92) or improved right-heart function (93).
Similarly, contradictory data have been published regarding changes in
HRQol. Guyatt et al. reported that inhaled salbutamol improved HRQol, as
measured by the chronic respiratory questionnaire (CRQ), in 19 COPD
patients (94). In contrast, quality-of-life scores were not improved in 207
COPD patients (mean FEV1 34.1% predicted) treated with nebulized albuterol
(95). Additional data are required to reconcile these differences.

C. Long-Acting Beta Agonists

Recently, beta agonists with a prolonged duration of action have become
clinically available (see Table 5). The effects noted with these agents has been
the source of recent, detailed reviews (67,85–87). These agents have been
documented to result in significant bronchodilation in COPD patients (85).
Although the onset of action of salmeterol appears to be somewhat shorter
than with other inhaled beta agonists or inhaled anticholinergic agents, its
duration of action has been longer than the comparators with the exception of
inhaled formoterol and oral bambuterol, which are similar (86). These data
must be interpreted with caution, as significant interpatient variability has been
reported. For example, in a single-blind crossover study of salbutamol (200 mg),
salmeterol (50 mg), formoterol (24 mg), and placebo in 16 COPD patients (mean
FEV1 39.3% predicted), a similar time of onset to improvement of FEV1 by
15% was noted among the beta agonists (96). Interestingly, the onset of action
was more rapid with inhaled formoterol in 9 patients, while it was more rapid
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in 5 patients after inhaled salmeterol. Recently, formoterol and salbutamal
have been shown to result in a similar onset of bronchodilation (97,98). The
potency of salmeterol and formoterol seem to be similar (85). One recent study
has suggested that salmeterol has greater potency than formoterol in patients
with severe COPD (mean FEV1 21.5% predicted) (99), while another suggested
similar results in a less severely ill population (mean FEV1 35.4% predicted)
(100). Therefore some have suggested that formoterol is more active in mild to
moderate COPD while salmeterol is more active in patients with severe disease
(85). Interestingly, treatment with salmeterol does not preclude a further
bronchodilator response to salbutamol (101,102).

Several large studies have examined the role of long-acting beta agonists
during long-term therapy in COPD patients. Some of these studies are
enumerated in Table 6. The studies of Mahler et al. (79) and Rennard et al. (80)
used a similar format in comparing salmeterol with ipratropium bromide. In
both studies the majority of patients experienced acute bronchoreversibility to
albuterol challenge. The peak improvement in FEV1 was similar between both
bronchodilators, although the duration of effect was longer with salmeterol
(Fig. 7). In both studies, although the peak effect was less in patients without
bronchoreversibility to albuterol, significant bronchodilation was noted with
both ipratropium and salmeterol in contrast to placebo. These data support the
data of others, confirming that the absence of acute bronchoreversibility to
short-acting beta agonists does not preclude physiological improvement with
long-acting beta agonists (103). Similar findings were noted by Dahl and
colleagues, who compared two doses of formoterol with ipratropium and
placebo (81). Both doses of formoterol exhibited a greater area under the curve
for FEV1 response than placebo and ipratropium; ipratropium demonstrated a
statistically significant bronchodilation compared with placebo.

An improvement in symptoms is a consistent finding in these studies of
long acting beta agonists. Both Mahler et al. (79) and Rennard et al. (80)
confirmed an improvement in dyspnea with both salmeterol and ipratropium.
These data expand earlier data confirming a reduction in dyspnea with resistive
breathing after the administration of salmeterol (104). Similarly, Dahl and
colleagues noted an improvement in global symptom scores with both
formoterol doses compared to placebo; a significant improvement for the
dose of 14 mg bid compared to ipratropium (p¼ 0.009) was noted, while the
improvement with the dose of 24 mg bid approached significance (p¼ 0.06).
Despite improvement in symptoms, neither Mahler et al. or Rennard et al.
were able to demonstrate an improvement in 6-min walk distance. These
findings are consistent with the findings of other studies (105,106). As reviewed
by Liesker et al., minor changes have been noted in studies of maximal exercise
testing (74). One group has suggested an improved distance walked with
salmeterol and ipratropium compared to placebo, while the time to recovery of
SaO2

after exercise was improved with both bronchodilators (107). A separate
group has noted a greater inspiratory capacity during submaximal exercise
with salmeterol versus ipratropium 6hr after dosing, although the IC was

Management of Nonbronchiectatic COPD 289



T
a
b
le

6
B
li
n
d
ed
,
C
o
n
tr
o
ll
ed

S
tu
d
ie
s
o
f
L
o
n
g
-A

ct
in
g
B
et
a
A
g
o
n
is
t
T
h
er
a
p
y
>
1
2
W
ee
k
s
in

D
u
ra
ti
o
n
in

C
O
P
D

P
a
ti
en
ts

S
tu
d
y

A
g
en
t

N

S
tu
d
y

d
u
ra
ti
o
n

B
a
se
li
n
e
F
E
V
1

R
es
u
lt
s

F
E
V
1

B
et
a
a
g
o
n
is
t

(p
u
ff
s
p
er

d
a
y
)

T
o
ta
l

H
R
Q
o
l

sc
o
re

P
a
ti
en
ts

w
it
h

cl
in
ic
a
ll
y

si
g
n
ifi
ca
n
t
D

P
er
ce
n
t
w
it
h

ex
a
ce
rb
a
ti
o
n

B
o
y
d
et

a
l.

S
M

5
0
mg

b
id

2
2
9

1
6
w
ee
k
s

1
.3
1
L

N
R

N
R

N
R

2
1
%

(1
0
6
)

S
M

1
0
0
mg

b
id

2
1
8

1
.2
3
L

2
5
%

P
l

2
2
7

1
.3
1
L

2
6
%

M
a
h
le
r

S
M

4
2
mg

b
id

1
3
5

1
2
w
ee
k
s

4
2
.1
%

p
re
d

S
M

>
IP

>
P
l

2
.0

7
.1

a
4
6
%

a
2
0
.7
%

et
a
l.
(7
9
)

IP
3
6
mg

q
id

1
3
3

3
7
.0
%

p
re
d

2
.4

6
.8

a
3
9
%

a
3
0
.8
%

P
l

1
4
3

4
0
.8
%

p
re
d

N
R

2
.1

2
7
%

3
2
.9
%

R
en
n
a
rd

S
M

4
2
mg

b
id

1
3
2

1
2
w
ee
k
s

1
.2
2
L

S
M

¼
IP

>
P
l

1
.8

a
1
0
.3

4
6
5

2
8
.8

et
a
l.
(8
0
)

IP
3
6
mg

q
id

1
3
8

1
.2
8
L

2
.1

a
9
.2

4
1
%

2
6
.8

P
l

1
3
5

1
.3
0
L

2
.6

6
.8

3
8
%

3
0
.4

D
a
h
l
et

a
l.

(8
1
)

F
M

1
2
m
g
b
id

1
9
4

1
2
w
ee
k
s

1
.3
3
L

(4
6
%
p
re
d
)

F
M

1
2
¼
F
M

2
4

1
.2

a
4
1
.7

a
N
R

N
R

F
M

2
4
m
g
b
id

1
9
2

1
.3
1
L

(4
5
%
p
re
d
)

F
M

1
2
/F
M

2
4
>
P
l

1
.7

a
4
3
.5

a
N
R

N
R

IP
4
0
m
g
q
id

1
9
4

1
.2
9
L

(4
5
%
p
re
d
)

F
M

1
2
/F
M

2
4
>
IP

2
.0

b
4
7
.2

c
N
R

N
R

P
l

2
0
0

1
.2
9
L

(4
4
%
p
re
d
)

IP
>
P
l

2
.5

4
6
.8

N
R

N
R

290 Martinez et al.



Z
u
w
a
ll
a
ck

S
M

4
2
mg

b
id

3
1
0

1
2
w
ee
k
s

4
0
.1
%

p
re
d

S
M

þ
T
h
eo

>
S
M

>
1
.8

þ
7
.6

4
5
%

1
8
.1
%

et
a
l.
(1
5
3
)

S
M

þ
T
h
eo

3
1
3

4
0
.8
%

p
re
d

T
h
eo

1
.5

þ
1
2
.7

5
4
%

1
2
.8
%

d

T
h
eo

3
1
5

4
0
.7
%

p
re
d

2
.0

þ
8
.6

4
2
%

1
9
.7
%

C
a
zz
o
la

et
S
M

5
0
m
g
b
id

2
0

1
2
w
ee
k
s

*
1
.1
5
L

S
M

¼
S
M

þ
F
P

N
R

N
R

N
R

N
R

a
l.
(1
0
2
)

S
M

þ
F
P

2
5
0
m
g
b
id

2
0

*
1
.1
4
L

2
5
0
,
S
M

þ
F
P
5
0
0
,

S
M

þ
F
P

5
0
0
m
g
b
id

S
M

þ
T
h
eo

S
M

þ
T
h
eo

2
0

*
1
.1
7
L

2
0

*
1
.2
2
L

a
p
<
0
.0
5
co
m
p
a
re
d
to

p
la
ce
b
o
.

b
p
<
0
.0
5
co
m
p
a
re
d
to

F
M
1
2
a
n
d
F
M
2
4
.

c
p
<
0
.0
5
co
m
p
a
re
d
to

F
M

1
2
.

d
p
<
0
.0
5
S
M

þ
T
h
eo

v
er
su
s
T
h
eo
.

K
ey
:
N
R
,
n
o
t
re
p
o
rt
ed
;
H
R
Q
o
l,

h
ea
lt
h
-r
el
a
te
d

q
u
a
li
ty

o
f
li
fe
;
F
M
,
fo
rm

o
te
ro
l;

B
A
L
,
b
ro
n
ch
o
a
lv
eo
la
r
la
v
a
g
e;

T
R
I;

tr
ia
m
ci
n
o
lo
n
e;

S
M
,
sa
lm

et
er
o
l;

IP
,

ip
ra
tr
o
p
iu
m
;
P
l,

p
la
ce
b
o
;
L
,
li
te
r;

T
h
eo
,
th
eo
p
h
y
ll
in
e;

F
P
,
fl
u
ti
ca
so
n
e
p
ro
p
io
n
a
te
.

Management of Nonbronchiectatic COPD 291



similar 1 hr after dosing; dyspnea ratings were similar with both broncho-
dilators (108).

Significant data have been published defining the effect of long-acting
beta agonists on HRQol in COPD patients, as enumerated in Table 6.
Instruments utilized to assess HRQol have included a multidimensional general
health questionnaire (SF-36) (109–111) and disease-specific instruments. The

Figure 7 Change from baseline was analyzed within each group and by responsivity

strata over a 12-hr period of serial pulmonary function testing at day 1 (left) and day 84

(right). The mean change from baseline at FEV1 in the salmeterol group (combined

population) was significant (indicated by asterisk; p < 0:001) for each serial assessment

at all visits. Within the ipratropium group, change from baseline was significant

(p < 0:026) for all serial assessments except for hour 0 (predose) at day 84. Significant

differences in serial FEV1 between salmeterol and ipratropium treatment groups are

indicated with a plus sign. (From Ref. 79.)
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latter include the Chronic Respiratory Disease Questionnaire (CRDQ)
(79,80,112,113) and the St. George’s Respiratory Questionnaire (SGRQ)
(81,106,111,112). Representative results are illustrated in Figure 8, which
confirms a clinically significant change in the SGRQ with salmeterol 50 mg bid
compared with salmeterol 100 mg bid or placebo (111). Similar, clinically
important improvement has been confirmed when formoterol 12 mg bid was
compared with placebo but not with 24 mg bid. Given the important
relationship between HRQol and exacerbations of disease in patients with
COPD (48,49), several groups have examined the effect of long-acting beta
agonists on exacerbations. As enumerated in Table 6, a consistent decrease in
exacerbation percentage has not been documented in all studies. One group has
demonstrated a statistically longer time to exacerbation when comparing
salmeterol, ipratropium, and placebo (Fig. 9). Importantly, salmeterol has been
demonstrated to result in a lesser decrease in PaO2

than albuterol (114). A large
analysis involving three cohort studies (12,294 patients treated with nedocro-
mil, 15,407 with salmeterol, and 8098 with bambuterol) suggested an increased
risk of adverse cardiac side effects with an oral beta agonist (bambuterol) but
not with inhaled salmeterol (115). A smaller study of 12 COPD patients with
pre-existing cardiac arrhythmias and hypoxemia (PaO2

< 60mmHg) examined
the effect of formoterol 12 mg bid, formoterol 24 mg bid, salmeterol 50 mg bid,
and placebo (116). A higher heart rate and more frequent supraventricular or
ventricular premature beats were noted with higher-dose formoterol than
lower-dose formoterol or salmeterol. Therefore long-acting beta agonists seem
to have favorable side-effect profiles.

D. Combination of Inhaled Bronchodilators

Given the different modes of action of anticholinergic and beta agonist agents,
it is logical to consider their combination in the management of symptomatic

Figure 8 Change in St. George’s Respiratory Questionnaire (SGRQ) total score over

16 weeks. Error bars are 95% confidence intervals. A reduction in score indicated

improved health. (From Ref. 20.)
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COPD. Indeed, many have examined the clinical and physiological effects of
such combinations. Several studies have confirmed that the combination of
ipratropium and short-acting beta agonists results in a greater physiological
response than either agent administered separately (117–129). Other investi-
gators have not confirmed these findings (130–132); some have suggested that
the combination does not provide benefit over maximal doses of either agent
alone (130), particularly higher doses of beta agonists (133). In a retrospective
study of two randomized, double-blind, parallel, multicenter trials, Dorinsky
and colleagues examined spirometric responses to the MDI administration of
ipratropium bromide (36 mg qid), albuterol base (180 mg qid), or an equivalent
combination of both drugs (120). Defining spirometric responses as increases in
FEV1 of 12 and 15%, the combination of bronchodilators proved more
effective than either agent alone. A similar improvement has been demon-
strated when nebulized (versus MDI) bronchodilators were compared (95).
Interestingly, some investigators have suggested that beneficial effects of
combination therapy are realized when the antimuscarinic therapy is
administered before the beta agonist (134–136).

Some investigators have examined the combination of anticholinergic
agents and long-acting beta agonists. The results have been contradictory. One

Figure 9 Kaplan-Meier survival analysis of time to first exacerbation. A significantly

higher percentage of salmeterol-treated patients completed the study without experien-

cing a COPD exacerbation than did either ipratropium-treated ðp ¼ 0:0411Þ or placebo-
treated ðp ¼ 0:0052Þ patients. (From Ref. 79.)
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group has suggested that the combination of salmeterol and ipratropium was
not more effective than salmeterol alone (137), while another group has
suggested that the combination of formoterol plus ipratropium was more
effective than ipratropium alone but did not provide additional bronchodila-
tion to formoterol alone (138). Similarly, the combination of oxitropium
bromide and formoterol yielded additional bronchodilation (139), although
this effect may depend on the dose of bronchodilator administered (140) and
the timing of bronchodilator administration (139). Most recently, the
combination of ipratropium (40mg qid) and formoterol (12 mg bid) has
resulted in a greater improvement in spirometry compared with salbutamol
(200 mg qid) plus ipratropium (40 mg qid) (141). Long-term studies of these
combinations are scarce. Van Noord et al. examined the effects of 12 weeks of
salmeterol (50 mg bid) alone, salmeterol (50 mg bid) in combination with
ipratropium (40 mg qid), and placebo (142). Interestingly, the combination
produced a greater peak increase in FEV1 (12%) compared to salmeterol alone
(7%). A similar, albeit of lesser magnitude, advantage to the combination was
noted after 12 weeks of treatment (5% increase in FEV1 for salmeterol
compared to 8% for salmeterol plus ipratropium).

Limited data have been published examining the effect of combined
bronchodilator therapy on exercise capacity (74). Unfortunately the results on
submaximal and maximal testing have been inconsistent. Additional improve-
ment in symptoms with combination therapy have been marginal in some (95)
but significant in other studies (119,141). During short-term treatment, the
combination of formoterol/ipratropium provided better symptomatic relief
than salbutamol/ipratropium (141); symptom scores using the SGRQ followed
a similar improvement. Interestingly, a differential improvement in symptoms
was not consistently seen during 12 weeks of therapy with salmeterol alone
versus salmeterol plus ipratropium (142). These investigators noted a decrease
in exacerbation rate between the groups treated with placebo (36%), salmeterol
(23%), and salmeterol plus ipratropium (13%). The differences proved
significant only in the patients treated with combination bronchodilation. In
a separate publication, these investigators noted a clinically significant
difference in mean symptom scores of the SGRQ with salmeterol and
combination therapy compared with placebo (112). Similarly, the proportion
of patients experiencing a clinically meaningful improvement in the Chronic
Respiratory Questionnaire was greater with combination bronchodilation
(40%) than with salmeterol monotherapy or placebo (112). An improved
pharmacoeconomic picture has been suggested for the combination of an
anticholinergic agent and beta agonists as described above. In fact, a recent
analysis of a computerized prescription and hospitalization database in
Saskatchewan, Canada, has confirmed a decrease in overall costs of therapy
with a combination product of ipratropium and a beta agonist (RR 0.83, 95%
CI 0.76 to 0.92) (143). These data support the use of combinations of
bronchodilators in symptomatic patients with COPD. The ideal sequence of
short-acting beta agonists, long-acting beta agonists, anticholinergic agents,
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and their combination remains controversial. Further prospective studies are
required to better define the optimal sequence of inhaled bronchodilator
therapy in symptomatic patients with COPD.

Methylxanthines

Methylxanthines such as caffeine and theophylline have been used to treat
respiratory disorders for many decades (54), although the use of theophylline
has decreased over the past decade; a recent summary of 10 bronchodilator
trials performed between 1987 and 1995 identified a decrease in theophylline
use from 63.4 to 29.0% (144). This change in practice pattern reflects the
controversy regarding theophylline’s benefits (67,145), the availability of
alternative bronchodilator regimens (see above) (85), and theophylline’s
narrow therapeutic spectrum (67). Investigators over the past several decades
have confirmed that theophylline is a weak bronchodilator in patients with
COPD. In reviewing 15 studies involving COPD patients, vas Fragoso and
Miller reported an improvement in FEV1 ranging from 10 to 21% (145); the
variability in results was felt to reflect differences in study format, patient
characteristics, and treatment duration. Investigators have attempted to
identify those patients more likely to experience spirometric improvements
with theophylline therapy. Some have felt that patients experiencing an acute
bronchodilator response to a short-acting beta agonist would be more likely to
benefit from theophylline (146). Others have not confirmed these results
(147,148). For example, Thomas et al. showed no significant correlation
between acute FEV1 bronchoreversibility and improvement after theophylline
therapy (149). Similarly, Murciano et al. noted significant bronchodilation in
60 patients with ‘‘irreversible’’ airflow obstruction (150). A limited number of
studies have compared various beta/agonists and theophylline administered
alone or in combination. In general the mean increase in FEV1 has been
similar; when administered in combination, statistically significant additive
effects have been observed (145,151). Data comparing theophylline and long-
acting beta agonists are scarce. In general, the beta agonists seem to be more
active in the short term, although the difference becomes less marked with
prolonged therapy (85). In fact, the bronchodilatory effect of theophylline is
most often achieved with prolonged administration (145). Salmeterol and
theophylline have been demonstrated to result in similar spirometric
improvements by several groups (152,153); the combination has been
demonstrated to result in additional bronchodilation (153). Importantly, in
this latter study, 150 of 1185 screened patients were unable to tolerate
theophylline during a wash-in period and 30 additional patients were unable to
achieve therapeutic theophylline levels (153). One may conclude, therefore, that
theophylline may provide additional bronchodilation but is unlikely to be an
effective initial bronchodilator.

Theophylline has been demonstrated to have additional beneficial effects,
including improving mucociliary clearance, respiratory muscle function,
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cardiovascular function, and respiratory drive (67,145). Two of three studies
have demonstrated improvements in mucociliary clearance (145). Similar
controversy has been noted in studies examining the effect of theophylline on
respiratory muscle function. For example, two of four studies examining
transdiaphragmatic pressures have demonstrated a beneficial effect with
methylthanxine therapy (67,145). Similarly, contradictory data have been
presented suggesting that theophylline improves diaphragmatic fatigue
resistance (67,145). Theophylline has been demonstrated in several studies to
decrease pulmonary artery pressures, increase cardiac output, and improve
right and left ventricular ejection fracture (145); the effects were more evident
in patients without cor pulmonale (154,155), although this has not been
confirmed by all (156). These additional effects may aid in explaining benefits
in addition to spirometric changes that have been described with theophylline.
For example, although theophylline provided only a small degree of
bronchodilation compared to high-dose inhaled salbutamol and ipratropium,
one-third of patients treated with additional theophylline experienced
improved symptoms in one trial (157). Similarly, some but not all studies
have suggested an improved exercise tolerance in patients treated with
theophylline (74). In addition, a large study of salmeterol, theophylline, or
the combination of the two confirmed additional improvement in dyspnea,
symptom-free days and HRQol in patients treated with the combination of
bronchodilators (153). Importantly, exacerbations were experienced by fewer
patients treated with combined therapy (48 in 40 patients) than in those treated
with theophylline alone (96 exacerbations in 62 patients) or salmeterol alone
(71 exacerbations in 56 patients; p ¼ 0; 02). It should be noted that theophyl-
line therapy may not improve the cost-effectiveness of care. In a pharmacoe-
conomic analysis, Hilleman and colleagues noted that theophylline therapy
alone was associated with greater treatment costs ($1946) in patients with
milder COPD than ipratropium alone ($1362) or beta agonists alone ($1542)
(8). Thus theophylline therapy is probably not the ideal bronchodilator,
particularly in patients with milder disease.

The role of methylxanthines in COPD will likely be expanded by the new
generation of phosphodiesterase receptor inhibitors. These enzymes have direct
bronchodilating effects; similarly, PDE 4 receptors are present on inflamma-
tory cells (54). Therefore inhibition of PDE 4, one of ten isoenzyme families,
would be expected to result in an anti-inflammatory effect (158). One such
agent, cilomilast, has been extensively studied (159). In a recent 6-week trial,
424 patients with severe COPD (FEV1 46.8% predicted) were randomized to
two doses of cilomilast or placebo (160). Cilomilast 15mg demonstrated the
maximal improvement in FEV1 compared with placebo; this effect was most
evident in the sixth week of treatment. Modest improvements were noted in
HRQol. Thus, given the potential anti-inflammatory effect of methylxanthines,
a potential beneficial effect would be expected in reducing exacerbation
rate.
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E. Corticosteroids

The role of corticosteroid therapy in COPD remains a highly controversial
issue (161,162). The role of inflammation has been accepted and described by
numerous authors (33). As recently reviewed, neutrophilic and lymphocytic
inflammation have been described in the central airways of COPD patients,
while a more intense lymphocytic inflammatory process (particularly
CD8þ lymphocytes) is present in the peripheral airways and parenchyma
(33). Given the presence of inflammation in COPD patients and the known
benefit of steroids in asthmatics (163), inhaled corticosteroids have frequently
been used in clinical practice to treat patients with COPD. In fact,
approximately 40% of COPD patients were receiving inhaled corticosteroids
in recent analyses (144,164,165), rising from 13.2% in 1985 to 41.4% in 1995 in
one study (144). The role of steroids in stable COPD has been reviewed by
numerous authors in recent years (161,166–168).

As there is an active inflammatory process in patients with COPD, it is
reasonable to expect an anti-inflammatory effect of corticosteroids, as noted in
asthma (163). Unfortunately the inflammatory process in COPD patients
differs from that of asthmatics, with a preponderance of neutrophils; this
process may be less susceptible to the anti-inflammatory effect of corticoster-
oids (163,169). Numerous recent studies have examined the biological effect of
inhaled steroids in patients with COPD (see Table 7). It is evident that some
investigators have suggested little effect in COPD patients inhaling corticos-
teroids (169–173), while others have noted favorable effects on neutrophilic
inflammation (174–176). This variability may reflect differences in patient
selection, potency and dosage of inhaled steroids, duration of therapy, and
endpoints reflecting inflammation. The importance of patient selection is
highlighted by recent studies examining the effects of short-course oral steroid
therapy in COPD patients. Several groups have suggested that an objective
physiological response to oral steroid therapy is more likely to be seen in
patients with eosinophilic airway inflammation (177–180). Some have
suggested that this reflects patients with a similarity to asthmatics (168). Not
all investigators have confirmed these findings (169). Importantly, some
investigators have suggested that steroid responsiveness occurs as frequently in
patients with physiological features of emphysema as in those without such
features (181). Shedding light on this controversy, Fujimoto et al. examined
steroid responsiveness in 24 patients with COPD with severe airflow
obstruction (FEV1 40.5% predicted) as well as anatomical emphysema
documented by computed tomography (182). After 2 weeks of 20mg
prednisone daily, 12 patients experienced a greater than 12% increase in
FEV1; a significant relationship was noted between the percentage increase in
FEV1 and sputum eosinophil number.

Physiological endpoints after short-term steroid therapy have been
examined by numerous groups. Reports regarding oral steroid therapy have
been conflicting. A metanalysis of controlled trials performed through 1989
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was reported by Callahan et al. (183). Response was defined as an increase in
FEV1 of 20%, and subjects in these trials achieved this level of change 10%
more frequently after taking oral steroids than after placebo. As mentioned
earlier, numerous groups have suggested that a subset of patients may be more
susceptible to the beneficial effects of oral steroids (177–179,182). Interestingly,
one group has suggested that these beneficial effects may continue past 14 days
of steroid therapy (184). Long-term data with oral steroids are scarce. Two
such retrospective studies noted a favorable effect of prednisolone on FEV1

over a 20-year period (185). Interestingly, in a randomized study of elderly
patients with ‘‘steroid-dependent’’ COPD, discontinuation of oral steroids did
not result in a significant change in spirometric or other functional indices
(186). Given the potential risks of oral steroid therapy (187), further data are
required to adequately assess the risks and benefits of such therapy.

In an effort to improve the risk profile, multiple investigators have
examined the role of inhaled steroids in COPD patients, as recently reviewed
by several groups (161,163,167,168). Table 8 enumerates recent randomized,
placebo-controlled studies in COPD patients. It is evident that physiological
response is unusual, although some studies have suggested a significant
response in some patients. Clear conclusions are limited by the varying study
formats, different steroids and dosages, as well as a wide range of treatment
durations. A clear definition of which patients are most likely to benefit
remains unclear. Several large, randomized studies of inhaled steroids with
long duration of follow-up have been published in the last several years; the
majority of these studies emphasized long-term change in pulmonary function,
as described in Tables 9 and 10. The patients enrolled varied widely between
the trials, with two enrolling patients with milder disease (188,189) while the
others included patients with more severely impaired lung function (190–192).
The majority of the studies excluded patients with reversibility to beta agonists
(188,190,191) and to oral steroids (189). Similarly, most studies included
predominantly active smokers (188,189,192), while the others included
predominantly ex-smokers (190,191). A wide range of equivalent steroid doses
were employed (161), with the highest being utilized in the ISOLDE (191) and
the International COPD Study Group (190). None of the studies demonstrated
a consistent change in the rate of decline in FEV1 over the course of follow-up
(see Table 10), although different statistical models were used in these trials.
Interestingly, the International COPD Study Group demonstrated a mild
improvement in FEV1 in patients treated with fluticasone for 6 months.
Similarly, the EUROSCOP investigators demonstrated a change in FEV1

favoring the budesonide group (þ 17mL/year versus � 81mL/year) over the
first 6 months of the trial, although the subsequent decline was similar between
the two groups. Interestingly, the subsequent slopes differed based on the
number of pack years smoked, with a more favorable effect of steroids in those
patients who had smoked the least (< 35 pack years). The ISOLDE trial
demonstrated the largest initial effect, which was significantly greater in ex-
smokers, although the subsequent decline was similar between the treatment
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groups (Fig. 10). The differences between the studies likely reflect differences in
study designs, patients enrolled, steroid dose used, or the statistical analyses
employed (161). Minor improvements in selected patient populations cannot
be excluded. O’Brien et al. recently demonstrated a mild decrement in
pulmonary function in an elderly group of patients in whom long-term
beclomethasone therapy was discontinued (193). Nevertheless, it is unlikely
that inhaled corticosteroids alter deterioration in pulmonary function to any
great extent.

As described earlier in the discussion of bronchodilators, spirometric
results are imperfect measures of treatment response in COPD. Hence several
groups have examined additional endpoints in the investigation of steroid
therapy. A borderline survival advantage with fluticasone therapy was
suggested by the ISOLDE investigators (Fig. 11), and an improvement in
respiratory symptoms was reported by two groups (190,192). A greater degree
of deterioration in HRQol has been noted with placebo therapy compared to
fluticasone therapy using the St. George’s Respiratory Questionnaire (Fig. 12)
(194). Using the SF-36, one group noted little change with inhaled
triamcinolone (192), although the ISOLDE investigators demonstrated
significant differences in the rate of decline in 4 of the 8 domains with
fluticasone (Fig. 12) (194).

An important potential benefit of steroid therapy is a modulation of
exacerbation frequency (see Table 10). The International COPD Study Group,
which was powered to detect differences in exacerbation frequency, noted no
difference in the overall incidence of exacerbations; importantly, more patients
treated with placebo experienced moderate or severe exacerbations (those
requiring physician visits or hospitalizations) (86 versus 60%, p < 0:001) (190).
The ISOLDE study, which included exacerbations as a secondary endpoint,
demonstrated a decrease in the rate of exacerbations from 1.32 per year with
placebo to 0.99 per year with fluticasone therapy; similarly, the rate of
withdrawals secondary to respiratory disease was lowered by fluticasone (19
versus 25%, p ¼ 0:034) (191). Interestingly, the studies that enrolled mildly
affected patients demonstrated less impressive results, although exacerbations
were imprecisely defined in these trials. An additional interesting insight is
provided by a recent observational study utilizing the Ontario version of the
Canadian Institute for Health Information hospital discharge database (195).
These investigators examined outcome in all 22,260 patients above 65 years of
age who were discharged from the hospital with a principal diagnosis of COPD
between 1992 and 1996. Admission data were linked to subsequent inhaled
steroid prescriptions and subsequent death or rehospitalization for COPD
during year after the index hospitalization. Of the patients studied 11,481
received at least one inhaled steroid prescription within 3 months of discharge,
compared to 11,139 who did not. After adjustment for age, gender, other
medications, and comorbidity, the group receiving inhaled steroids after
hospital discharge experienced an improved COPD hospitalization-free
survival (Fig. 13). Similarly, an analysis of newly physician-diagnosed COPD
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Figure 10 Mean FEV1 (liters) after bronchodilator by time from start of double-blind

treatment. Numbers reflect patients with valid reading at each time point. Measure-

ments within 4 weeks of exacerbation are excluded. Direct comparisons of FEV1 means

at each time point are not possible because fewer patients remained in the study as it

progressed. (From Ref. 191.)

Figure 11 Survival of patients in the Inhaled Steroids in Obstructive Lung Disease

(ISOLDE) trial, using an intention to treat population and Kaplan-Meier statistics.

Fluticasone propionate dosage was 500 mg twice daily. (From Ref. 161.)
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Figure 12 Slope of deterioration in health status calculated using estimates from a

random coefficients hierachical model. The regression estimates are weighted by the

number of observations and the variance contributed by each patient. A higher SGRQ

score or a lower SF-36 score indicates worse health status. All SGRQ component scores

are shown, together with selected SF-36 scores. (From Ref. 194.)
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patients in the U.K. General Practice Research Database suggested a survival
advantage in patients treated with fluticasone propionate (FP) plus salmeterol
(hazard ratio, HR 0.48, 95% CI 0.31–0.73) or FP alone (HR 0.62, 95% CI 0.45–
0.85) compared to a reference group treated with other bronchodilators but not
inhaled corticosteroids or long-acting b2-agonists (195a). The totality of these
data suggests that inhaled steroids may have a role in the treatment of patients
with more severe disease as judged by more severely impaired pulmonary
function, frequent exacerbations, or COPD-related hospitalization.

It should be noted that steroids have well-defined side effects, which may
be more problematic in an elderly COPD patient. The potential side effects of
systemic and topical steroids have been ably reviewed by several groups
(166,167,187,196,197). Numerous potential side effects have been described
with chronic steroid use, including topical effects, adrenal suppression, effects
on bone, gastrointestinal toxicity, psychiatric effects, infectious complications,
glucose intolerance, myopathic changes, cutaneous effects, cardiovascular
effects, and ocular toxicity (166,167,187).

Figure 13 Adjusted probability of hospitalization-free survival in patients with

chronic obstructive pulmonary disease who did and did not receive inhaled

corticosteroids postdischarge (within 90 days of discharge). (From Ref. 11.)
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The most feared adverse reactions have been the bone side effects
(197,198). It has been estimated that between 30 and 50% of patients receiving
long-term steroids will experience fractures and that the risk of fracture
increases to 50 to 100% for those taking oral steroids (198). Patients with
COPD are particulary susceptible to osteoporosis, given their age, inactivity,
comorbidity, and potentially medication use (197). Although some studies have
suggested that patients with mild COPD are not at increased risk of bone
abnormalities with ICS (196), others have suggested that worsening respiratory
disease increases the potential risks of steroids (199). A recent cross-sectional
study has shed light on these questions. McEvoy and colleagues evaluated the
association between steroid use and vertebral fractures in 312 patients, 50 years
of age or older, with COPD (200). Patients were categorized as those who never
used steroids (n¼ 117), those who used only inhaled steroids (n¼ 70) and those
who were administered systemic steroids for at least 2 weeks (at least 5mg/day
or 10mg as needed) during their lifetime (n¼ 125). Importantly, the prevalence
of one or more vertebral fractures was 48.7% in those patients who were never
administered steroids, 57.1% in the inhaled steroid users, and 63.3% in those
who were administered systemic steroids. Compared with never steroid users,
those who used systemic steroids were approximately two times more likely to
have vertebral fractures (OR 1.80, 95% CI 1.08–3.07); this association was
particularly strong in those on continuous systemic steroids (prednisone daily
or as needed for at least 6 consecutive months) (OR 2.36, 95% CI 1.26–4.38).
The relationship of steroid use was weaker for inhaled steroids; those patients
using inhaled steroid only were slightly more likely to have experienced a
vertebral fracture (OR 1.35, 95% CI 0.77–2.56). The recent data from long-
term studies of ICS in COPD have provided additional data. The EUROSCOP
investigators examined bone density in 102 patients in the budesonide group
and 92 patients in the placebo group (188); no difference was noted during
follow-up in bone density nor on the frequency of fractures (based on two sets
of spine radiographs obtained in 653 subjects). The ISOLDE investigators
noted no difference in new vertebral fractures (2.4% in fluticasone recipients
versus 4.6% in placebo recipients) (191). Importantly, the Lung Health Study II
investigators examined bone density in 412 patients; a significant decrease in
bone mineral density was confirmed with triamcinolone therapy in both men
and women (192). Therefore, although there may be benefits to steroid therapy
in COPD patients, it must be carefully weighed against the real risk of potential
toxicity.

F. Mucolytics

Mucus production is a frequent symptom in patients with COPD. Moreover,
increasing or a change in the character of sputum production is frequently seen
during an exacerbation of disease activity (201). Mucolytic drugs increase the
expectoration of sputum by reducing hypersecretion or the viscosity of the
secretions (202); hence these drugs would be expected to have a beneficial
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impact on exacerbations in patients with COPD. A recent detailed, systematic
review examining the role of oral mucolytic drugs in these patients has been
published (203). These authors culled 23 randomized, placebo-controlled trials
of oral mucolytic drugs taken for at least 2 months. In these studies, regular use
of these agents was associated with a reduction of 0.07 exacerbations per
patient month (95% CI �0.08 to �0.05). Therefore the odds ratio for having no
exacerbation in the study period with mucolytic drug therapy compared with
placebo was 2.22 (95% CI 1.93 to 2.54). The reduction in the exacerbation rate
was greater in the two studies with patients with an FEV1 <50% predicted
(reduction of 0.13 per patient month). In addition, the reduction was greater
for studies that lasted 3 months or less (0.13 per subject) than for those that
lasted over three months (0.06 per subject) suggesting that the benefit was seen
early in the course of therapy. In addition, mucolytic therapy was associated
with a reduced number of days of illness and days that subjects took
antibiotics. Interestingly, changes in spirometric indices were minor. Thus a
wider role for these agents may be appropriate in selected patients, including
those with greater airflow obstruction and/or more frequent exacerbations.

G. Long-Term Oxygen Therapy

One of the few therapeutic interventions that can positively affect survival in
patients with COPD is the appropriate delivery of long-term oxygen therapy
(204). Several randomized trials have consistently documented an improved
survival in patients so treated as recently reviewed in a systematic Cochrane
review (205). The five trials are summarized in Table 11. It is evident that
oxygen therapy has improved survival in patients with more severe hypoxemia
(206,207). The Medical Research Council (MRC) trial confirmed improved
survival with O2 administered for at least 15 hrs/day (206) while the Nocturnal
Oxygen Therapy Trial (NOTT) trial confirmed a survival advantage for oxygen
therapy continuously throughout the day compared to nocturnal administra-
tion (207). It therefore appears that continuous therapy is appropriate in
patients that meet criteria for advanced hypoxemia (see Table 12), although a
plausible mechanism for the improvement in survival is not clear (205). The
role of oxygen therapy in patients with less severe hypoxemia remains unclear.
In studies of patients with milder daytime hypoxemia (208–210), oxygen
therapy did not result in significant benefits, although all studies were limited
by low power. Two of these studies included patients with documented
nocturnal desaturation (208,210). Further data from one of these groups
defined the serial changes noted in patients with mild resting hypoxemia (PaO2

63.4mmHg) who exhibited nocturnal hypoxemia (n¼ 35) or no nocturnal
desaturation (n¼ 29) (211). Although the number of patients available for
follow-up after 2 years was limited, there was no difference in survival or right-
heart function in either group; this suggests that nocturnal desaturation may
not be a transitional state before worsening daytime hypoxemia. The effect of
oxygen therapy on quality of life in these trials is difficult to ascertain. The
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MRC investigators noted general improvement in the sense of well-being,
appetite, and general alertness with oxygen therapy (206). The NOTT trial
reported small improvements in neuropsychological function and quality of life
with continuous oxygen therapy (207,212). Further data are required to better
define the role of O2 therapy with milder hypoxemia, including exercise induced
desaturation.

H. Pulmonary Rehabilitation

Pulmonary rehabilitation is a therapeutic intervention for COPD that has
become more widely used, although it remains a method that is hotly debated
in some circles. In part, this debate has risen from questions regarding the
pathophysiology of improvement in COPD patients, questions regarding its
overall utility and efficacy in all levels of COPD severity, and questions
regarding the appropriate method that the therapy is delivered. The goals of
pulmonary rehabilitation are to reduce symptoms, decrease disability, increase
participation in physical and social activities, and improve overall quality of
life in patients with COPD (213,214). These benefits occur in the face of
irreversible lung architectural abnormalities because pulmonary rehabilitation
addresses the presence of secondary comorbidities such as muscular
deconditioning (215). Since pulmonary rehabilitation addresses ‘‘nonpulmon-
ary’’ comorbidity, pulmonary function measurements such as FEV1, FVC, and
bronchial reversibility typically do not show significant changes and should not
be used as outcome measures for improvement with pulmonary rehabilitation.
The physiological rationale for the benefits seen remains an area of active

Table 12 Potential Indications for Long-Term Oxygen Therapy in COPD

O2 therapy Indications

Continuous Resting PaO2
455 mmHg or O2 saturation 4 88%

Resting PaO2
of 56–59mmHg or O2 saturation of 89% with any of

the following:

Dependent edema

P pulmonale on the electrocardiogram

Erythocythemia (hematocrit > 56%)

Resting PaO2
> 59 mmHg or O2 saturation > 89%

Reimbursable only with additional documentation justifying O2

prescription

Noncontinuous O2 flow rate and number of hours per day must be specified

During exercise, PaO2
4 55 mmHg or O2 saturation 4 88% with

low-level exercise

During sleep, PaO2
4 55 mmHg or O2 saturation 4 88% with

associated complications, including pulmonary hypertension,

daytime hypersomnolence, and cardiac arrhythmia

Source: Adapted from Ref. 204.
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research. A reduction in ventilatory demand for similar activities appears to be
a principal effect of physiological training (216–221). In addition, there is
significant improvement in peripheral and ventilatory muscle function
(218,219,222–225), although this has not been a consistent finding (226).

Clear benefits of pulmonary rehabilitation have been seen in improving
exercise capacity and decreasing levels of breathlessness with exercise. A
metanalysis of 14 randomized trials has been reported (227). In the 11 trials
that measured maximal exercise capacity, the pooled effect size achieved
significance, corresponding to an improvement of 8.3W (95% CI 2.8–16.5). In
addition, an improvement in 6-min walk distance of 55.7m (95% CI 27.8–92.8)
was noted in these studies. More consistent beneficial effects were seen in
improving HRQol. A second, more recent systematic review has reached
similar conclusions (228). The improvement in perceptions of dyspnea and in 6-
min walk distance from an outpatient trial of pulmonary rehabilitation have
been found to diminish but persist up to 2 years following a comprehensive 6-
month program of pulmonary rehabilitation followed by maintenance
rehabilitation of 6 months duration. The maintenance program did not have
prescribed exercise targets, nor did the patients participate in controlled
exercise regimens. The patients in the pulmonary rehabilitation arm of the
study were found to have statistically significant lower frequency of
exacerbations (3:7+2:2) as compared to controls (6:9+3:9) (229). Other
recent studies have confirmed the benefit of similar long-term maintenance
from pulmonary rehabilitation programs (229–232).

Patients with COPD who are candidates for pulmonary rehabilitation
include those with chronic respiratory impairment who, despite optimal
medical management, are persistently symptomatic, have reduced exercise
tolerance, or experience a restriction in activities (214). Severity of symptoms,
disability, and handicap—not the severity of the physiological impairment—
should be the primary characteristics that determine the need for pulmonary
rehabilitation (233). In a study of 38 men with a mean FEV1 of 55:1+19:8%
predicted, all patients along the spectrum of severity of disease demonstrated
increases in peak values for work rate and oxygen uptake (220). Less severe
stages of COPD as defined by ATS criteria were found to respond to a trial of
pulmonary rehabilitation in a similar fashion to their more severe counterparts.
In a study of 151 patients with stages I, II, or III of COPD based on ATS
criteria, all three groups increased their 6-min walk distance from baseline to
follow-up after a 12-week trial of exercise rehabilitation. There was a trend for
the mild and moderate groups to have greater increases in distance than the
severe group (stage III). All three groups also showed significant improvements
in their dyspnea and fatigue scores by disease-specific quality-of-life measures
(234). Similarly, one group has demonstrated functional benefits in patients
independent of age (235). Exclusion criteria for a rehabilitation program
should be limited to (1) conditions that might interfere with the patient
undergoing the rehabilitative process and (2) conditions that might place the
patient at undue risk during exercise training (215).
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Pulmonary rehabilitation should be a multimodal therapeutic interven-
tion. Elements of a comprehensive program should include education,
psychosocial/behavioral intervention, exercise training, ventilatory muscle
training in selected patients, and clear outcome assessment
(214,215,221,236,237). A clear delineation of improved clinical efficacy
between inpatient, outpatient, and home rehabilitation has not been clearly
made. Each program format has shown some therapeutic benefit (238–245).
The important element is the comprehensive nature of the program, with
incorporation of all of the elements described above. Guidelines for exercise
prescription have been recently published (246,247).

Clearly, comprehensive pulmonary rehabilitation is a useful adjunctive
therapy in situations where medical therapy for COPD has been maximized.
COPD of all levels of clinical severity can benefit with improved exercise
tolerance, perceived improvement in quality of life, and, likely, a reduction in
health care utilization. Significant improvement or change in routine
pulmonary function parameters is not expected, nor are they routinely found.
Pulmonary rehabilitation should be a routine part of the overall comprehensive
care of patients with COPD.

IV. Medical Management of the COPD Patient During
an Exacerbation

As detailed above, COPD is associated with a significant economic burden.
The majority of the cost attributed to COPD is associated with hospitalizations
(9,248). Therefore the effective prevention or at least the effective outpatient
management of COPD exacerbations has the potential to significantly decrease
the economic burden of COPD by decreasing the number of hospitalizations.
Furthermore, exacerbations of COPD significantly worsen individual patients’
quality of life (QOL). In a recent study by Seemungal et al., patients having
more that two exacerbations during a 1-year period had a significantly worse
QOL as measured by the SGRQ compared to patients with two or fewer
exacerbations per year (48). Other studies have also identified the number of
exacerbations (49) and readmission for COPD as factors associated with
decreased QOL (249). Finally Seemungal et al. evaluated the time course to
recovery for patients with a COPD exacerbation (47). The median time for
symptomatic recovery was 7 days (range 4–14 days); however, nearly 5% of
patients failed to recover after a 3-month period and 3.4% of patients had
another exacerbation prior to completely resolving their first exacerbation. In
the following sections we briefly outline information regarding the treatment of
COPD exacerbations. Several excellent recent reviews (2,250,251) have
addressed this topic; their conclusions, in conjunction with supporting data,
are presented in this chapter.
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A. Bronchodilators

Both inhaled beta agonists and anticholinergic agents can decrease obstruction
during COPD exacerbations. The magnitude of improvement varies between
studies but was recently summarized as between 15 and 29% for FEV1 and
FVC over a period of 60 to 90min (250). A recent evidence-based review
concluded that short-acting beta agonists and anticholinergic inhaled
bronchodilators have comparable effects on spirometry and a greater effect
than parenterally administered bronchodilators (251). The combination of an
anticholinergic agent with a beta agonist has the potential for increased
therapeutic benefit by combining agents with different mechanisms of action.
Studies evaluating the combination of these agents have shown varied results
but on average do not seem to support the routine use of multiple agents for
COPD exacerbations (251). It has been suggested that factors such as onset of
action (more rapid with beta agonists) and the propensity for side effects
(which may be lower with ipratropium bromide) be considered for initial
therapy for patients having an exacerbation (250). It also seems reasonable to
add a second agent to patients’ medications if they are having exacerbations
through their current home regimens. The evidence for and against the utility
of adding a methylxanthine to inhaled bronchodilators is also conflicting
(250,251), and the high incidence of adverse reactions makes it difficult to
recommend their routine use for COPD exacerbations.

B. Corticosteroids

Several studies have evaluated the effect of corticosteroid therapy for the
treatment of hospitalized patients with COPD exacerbations. The largest study
evaluated 271 patients from 25 Veterans Affairs medical centers (252). Patients
were randomized to placebo or one of two steroid treatment arms (SoluMedrol
125mg/day for 3 days followed by either a 15-day or 8-week taper). Both
corticosteroid groups were associated with a faster improvement in FEV1, a
lower number of treatment failures (Fig. 14) (252), and a shorter length of
hospital stay. Patients in the corticosteroid groups were also more likely to
experience complications of treatment; hyperglycemia was the most common.
In a more recent study, investigators randomized patients hospitalized with a
COPD exacerbation to methylprednisolone, 0.5mg/kg every 6 hr for 3 days,
followed by either no further steroids or a taper completed on day 10 (253).
Patients treated with a longer course of corticosteroids experienced a greater
improvement in FEV1. Investigators from the United Kingdom randomized 56
patients admitted with a COPD exacerbation to a smaller dose of prednisone
(30mg daily for 14 days) versus placebo (254). Patients treated with prednisone
had a faster and greater improvement in FEV1 (26% predicted to 32%
predicted for placebo versus 28% predicted to 42% predicted for prednisone;
p< 0.0001). The median length of stay was also shorter in the steroid treated
group (7 days versus 9 days; p ¼ 0:027). Interestingly, there was no difference
in percent predicted FEV1 at the 6-week follow-up between the two groups. In
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a study of 27 outpatients with COPD exacerbations presenting to either clinic
or emergency department, Thompson et al. randomized patients to treatment
with 9 days of prednisone (60mg for 3 days, 40mg for 3 days, and 20mg for 3
days) or placebo (254a). Patients treated with prednisone had a faster and
greater improvement in oxygenation and FEV1 while experiencing fewer
treatment failures (0 versus 57%; p¼ 0.002).

Inhaled corticosteroids may be an alternative to oral corticosteroids for
the treatment of COPD exacerbations. Maltais et al. randomized 199 patients
to either placebo, nebulized budesonide (2mg every 6 hr), or oral prednisone
(30mg every 12 hr) (255). Both active treatment arms had a greater
improvement in FEV1 compared to placebo, although there was no difference
between budesonide and oral prednisone. The incidence of serious adverse
events was similar in all groups, although the patients in the oral prednisone
group experienced a higher incidence of hyperglycemia.

These studies suggest that corticosteroids are beneficial for the treatment
of patients with COPD exacerbations. Although the best dose and duration of
therapy are not known, it appears that for inpatients a moderate dose
(approximately 30mg/day) for a period of approximately 2 weeks seems
reasonable. Fewer data are available for outpatients, although a taper over an
approximate 10-day period seems reasonable. Further studies are required to

Figure 14 Kaplan-Meier estimates of the rate of first treatment failure at 6 months,

according to treatment group. (From Ref. 252.)
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better define the role of inhaled corticosteroids for the management of
inpatients and outpatients with COPD exacerbations.

C. Antibiotics

Bacteria are thought to be at least a contributing factor in 50 to 70% of COPD
exacerbations (256); for these exacerbations, antibiotics should have a
beneficial effect. The metanalysis by Saint et al. evaluated nine placebo-
controlled trials for the treatment of COPD exacerbations (257) and identified
a modest improvement in peak flow for the patients treated with antibiotics. A
more recent placebo-controlled trial (258) for mechanically ventilated patients
with a COPD exacerbation compared treatment with an antibiotic to placebo
and found a marked decrease in mortality (4 versus 22% p¼ 0.01), days on
ventilator (6.4 versus 10.6; p¼ 0.04), and length of stay (14.9 versus 24.5 days;
p¼ 0.01) for patients who received an antibiotic. The differential magnitude of
benefit between these studies is striking and likely relates to different patient
populations and potentially to the prevalence of causal bacteria. One of the
best studies evaluating which patients benefit from antibiotic therapy was
performed by Anthonisen et al., who looked at 362 exacerbations in 173
patients (201). Patients with at least two symptoms (more dyspnea, more
sputum volume, increased sputum purulence) were more likely to benefit from
treatment with antibiotics compared to placebo. A more recent study evaluated
the impact of sputum purulence and found that 32 of 34 patients with an
exacerbation and mucoid sputum resolved their exacerbation without
antibiotic therapy (259). Patients with purulent sputum were treated with
antibiotics, and 77 or 87 resolved their exacerbation. These data suggest that
multisymptom COPD exacerbations, or at least patients with new purulent
sputum, are more likely to benefit from antibiotic therapy. The optimal choice
of antibiotic remains controversial. The most likely pathogens are Haemophilus
influenzae, Moraxella catarrhalis, and Streptococcus pneumoniae; patients with
more severe obstruction (FEV1 <50% predicted) are more likely to have
infection with H. influenzae and Pseudomonas aeruginosa (260). This has led
some (261–263) to advocate the use of broader-spectrum antibiotics for
patients with more severe obstruction or other factors associated with a higher
risk of relapse, such as more than four exacerbations in the previous year,
home oxygen therapy, history of pneumonia/sinusitis, comorbid cardiopul-
monary disease, and chronic steroid use (264–266). Although limited data
suggest that treatment with initial broader-spectrum antibiotics may be
associated with a lower total cost (267,268), this has not been confirmed in
other trials (264), and further studies looking at antibiotic stratification
schemes for the treatment of COPD exacerbations are needed.

D. Mucolytics

A recent analysis of five randomized controlled trials concluded that
pharmacological mucus-clearance strategies do not shorten the course of
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treatment, although they may improve symptoms (251). The agents evaluated
in these trials included domiodol, bromhexine, ambroxol, S-carboxymethyl-
cysteine, and potassium chloride.

E. Oxygen Therapy

Oxygen therapy has been described as a cornerstone of hospital treatment for
COPD exacerbations (2). The benefits include decreasing pulmonary vasocon-
striction, decreasing right-heart strain and possible ischemia and improving
cardiac output as well as subsequent oxygen delivery to the central nervous
system and other vital organs (251). The concern regarding oxygen use is that it
may lead to hypercarbia and subsequent respiratory failure. A recent review
found that the administration of supplemental oxygen was associated with an
increase in paCO2

in most patients; however, most patients did not require
subsequent mechanical ventilation (251). Patients with combined baseline
hypercarbia and more severe hypoxemia had the highest risk of requiring
mechanical ventilation following the administration of supplemental oxygen
(251). Therefore oxygen should be administered for patients with a COPD
exacerbation, with a goal oxygen saturation of 90 to 92% (PaO2

60–65mmHg)
(250).

F. Noninvasive Positive-Pressure Ventilation

Noninvasive positive-pressure ventilation (NPPV) has the potential benefit of
resting fatigued muscles and subsequently preventing the need for endotracheal
intubation and mechanical ventilation. The decreased need for mechanical
ventilation and a potential survival advantage has been seen in several studies,
which were recently reviewed (251). Patients suggested to benefit include those
with worsened dyspnea with use of accessory muscles and paradoxical
abdominal motion, acute respiratory acidosis and hypercarbia (pH 7.30–
7.35, paCO2

45–60mmHg), worsening oxygenation, and tachypnea (respiratory
rate >25 breaths per minute) (2,250). Patients not likely to benefit or excluded
from trials include those with respiratory failure, cardiovascular instability,
impaired mental status, agitation/uncooperative state, high aspiration risk,
recent facial or gastroesophageal surgery, craniofacial trauma, and extreme
obesity (2,250).

V. Conclusion

COPD is a common health problem with major repercussions on patient
quality of life and survival. Furthermore, these patients utilize a large
proportion of health care resources worldwide. Unfortunately, the impact of
this disease is expected to worsen as the population ages and smoking
continues. A comprehensive approach to medical management can improve
physiology, quality of life, and, hopefully, long-term survival.
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I. Overview

The true incidence of bronchiectasis is unknown because many patients are
asymptomatic in early stages of the disease. Cystic fibrosis (CF) is the best
understood of the bronchiectatic diseases; it is the most common cause of
diffuse bronchiectasis in the United States and Europe. While many of the
disease management modalities initially developed for the treatment of
bronchiectasis have been applicable in CF, a growing number of clinical trials
in CF have resulted in new treatment approaches that have also proven useful
in bronchiectasis. This chapter provides a review of the pathogenesis,
diagnosis, and management of bronchiectasis unrelated to CF. We then turn
to the pathophysiology of CF, presenting the current tools and theoretical
constructs in the medical management of CF. Due to space limitations, many
of the related medical conditions and psychosocial issues—such as diabetes
mellitus, sinusitis, nasal polyps, osteoporosis, and reproductive health in cystic
fibrosis—are not covered.
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II. Bronchiectasis: An Introduction

Bronchiectasis remains an important cause of advanced lung disease. If
unrecognized, it may lead to progressive deterioration in lung function and cor
pulmonale. Although this disease has been recognized for many years and was
first described by Laennec in his classic monograph in 1819, bronchiectasis
remains a difficult diagnostic and management problem for today’s physicians
(1).

Bronchiectasis is characterized pathologically by marked irreversible
bronchial dilatation caused by recurrent inflammation and infection. Histori-
cally, the predominant causes of bronchiectasis were viral and severe
necrotizing bacterial pneumonias. Modern medical interventions—powerful
antibiotics and routine immunizations—have significantly reduced the
incidence of this disease and changed the spectrum of likely etiologies.

III. Pathology

Over the years there have been a number of attempts to classify the
pathological patterns of bronchiectasis. The most widely used classification
system was established in 1950 by Reid, who compared the pathological
abnormalities in surgically resected lobes to those seen by bronchography.
Although these patterns of bronchiectasis—cylindrical, varicose, and saccu-
lar—have been useful for correlating anatomical findings with radiographic
abnormalities, they do not impact the clinical management of the patient.
Many of the diseases which cause bronchiectasis can produce any or all of the
patterns described by Reid.

Permanent changes in bronchial anatomy result from inflammatory
destruction of the elastic and muscular components of the airway wall. In
general, the macroscopic findings of bronchiectasis include abnormally dilated
airways with or without mucous plugs extending to the pleural surface, dilated
bronchial arteries, edematous and inflamed bronchial mucosa, and numerous
abscesses. Microscopic findings include thickened, dilated bronchial walls with
inflammatory infiltrate, replacement of the ciliated airway epithelium with
squamous or columnar epithelial cells, mucous gland hypertrophy, and
formation of extensive anastomotic networks between the bronchial and
pulmonary circulation. In advanced cases, there is loss of the elastin layer and
destruction of bronchial muscle and cartilage (2).

IV. Pathophysiology

Regardless of etiology, an initial inflammatory insult damages the bronchial
wall to a sufficient degree to predispose the patient to recurrent bacterial
infections. This then perpetuates the vicious cycle of additional inflammation
and bronchial destruction.
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The severe bronchial inflammation is easily visible in pathological
specimens. Several studies have also demonstrated elevations in surrogate
markers of inflammation in patients with bronchiectasis. For example,
it has been shown that the exhaled breath of patients with bronchiec-
tasis has significantly elevated levels of hydrogen peroxide (a product
of activated neutrophils) when compared to that of age-matched normal
controls (3).

The sputum from patients with bronchiectasis is of three types: mucoid,
mucopurulent, and purulent (4). The degree of sputum purulence has been
directly correlated with the severity of bronchial inflammation. Purulent
sputum contains increased numbers of neutrophils and neutrophil products,
such as myeloperoxidase and neutrophil elastase (5). Interestingly, bronchial
biopsy specimens from stable patients with only mucoid sputum also
demonstrate increased numbers of neutrophils. This suggests that a stimulus
for neutrophil recruitment persists even after resolution of the acute
inflammatory event (6,7). Airway secretions from patients with bronchiectasis
have recently been shown to have increased levels of proinflammatory
cytokines, such as interleukin-8 (IL-8), interleukin-1 (IL-1), and tumor necrosis
factor alpha (TNF-a). In addition, the inflammatory cells in the airway release
toxic substances, such as collagenases and proteolytic enzymes, that can
promote airway damage (8–11).

Investigations into discovering novel ways to reduce airway inflammation
are in progress. Recently an in vitro study demonstrated that blocking
neutrophil chemotactants such as IL-8 and leukotriene B4 reduced the ability
of sputum from patients with bronchiectasis to attract neutrophils (12).
Hopefully, these types of studies will lead to a better understanding of the
destructive inflammatory stimulus and lead to new therapeutic options.

V. Etiology

Bronchiectasis is the end result of numerous pathogenic processes that
predispose the patient to recurrent bronchial inflammation and infection
(13). Historically, severe bacterial infections in childhood with Staphylococcus
aureus, Streptococcus pneumoniae, Bordetella pertussis, and Mycobacterium
tuberculosis were most commonly associated with bronchiectasis (14). Disease
could be focal or multifocal, depending on the anatomical distribution of the
infection. Viral infections with influenza or measles virus also caused
bronchiectasis, either by inflicting direct bronchial damage or by permitting
superinfections with bacterial pathogens. In the modern era, immunizations
and early treatment with broad-spectrum antibiotics have significantly reduced
acute primary respiratory infections as common causes of bronchiectasis. One
notable exception has been the emergence of pulmonary infections with
atypical mycobacterial organisms, especially Mycobacterium avium-intracellu-
lare (MAI). These granulomatous infections, once presumed to represent
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benign colonization in the healthy host, have now been clearly implicated in the
development of focal or multifocal bronchiectasis (15). Numerous genetic,
immunological, and environmental conditions have also been associated with
the development of bronchiectasis. Some of these conditions are discussed
below.

VI. Focal Bronchiectasis

The primary cause of focal bronchiectasis in developing countries is severe
childhood infection (Table 1). In developed countries, endobronchial narrow-
ing or obstruction with resultant postobstructive infection is probably the most
important cause of focal bronchiectasis. Endobronchial obstruction can be
caused by aspiration of a foreign object, endobronchial tumors, amyloidosis,
external compression from enlarged lymph nodes, vascular structures,
mediastinal fibrosis or malignancy, and by inflammatory disorders of the
airway such as relapsing polychondritis or ischemic injury. Although further
discussion of these entities is beyond the scope of this article, it is important to
consider them in the differential diagnosis (16).

VII. Diffuse Bronchiectasis

Diffuse bronchiectasis, because it is the result of widespread injury to the
airways, is more likely to be progressive and to cause respiratory insufficiency
(Table 2). Many causes of diffuse bronchiectasis have been described; they can
be categorized into several general groups, including genetic disorders,
immunodeficiency states, conditions characterized by an exaggerated immune
response, toxic inhalation, diffuse infection, and miscellaneous disorders (17).
These conditions are discussed in further detail below.

Table 1 Causes of Focal Bronchiectasis

Bronchial obstruction

Tumor

Foreign body

Inspissated secretions

Lymphadenopathy

Infection

Bacterial pneumonia

Childhood infection (pertussis, measles)

Mycobacterial

Miscellaneous

Bronchopulmonary sequestration

Allergic bronchopulmonary aspergillosis (ABPA)
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A. Genetic Predisposition

As mentioned earlier, the most common genetic predisposition to bronch-
iectasis is CF. Another autosomal recessive disorder that can cause diffuse
bronchiectasis is primary ciliary dyskinesia. Normal ciliary function is critical
for clearing airways of bacteria and other proinflammatory particles.
Structural ciliary abnormalities such as absence of the dynein arms (a large,
multisubunit ATPase that interacts with microtubules to generate force)
renders airway cilia immotile, and predisposes the patient to frequent
infections of the airways and sinuses. Male patients are often infertile, since
dyskinetic or immotile cilia also impair sperm motility. Recently, several genes
encoding various subunits of dynein arms have been identified, and further

Table 2 Causes of Diffuse Bronchiectasis

Infectious

Bacterial

Mycobacterial

Bordetella pertussis

Viral (measles, influenza)

Genetic

Cystic fibrosis

Dyskinetic cilia syndrome

a1-Antitrypsin deficiency

Immunodeficiency states

Chronic granulomatous disease

Common variable immunodeficiency

X-linked agammaglobulinemia

HIV infection

Immune-mediated

Allergic bronchopulmonary aspergillosis

Rheumatoid arthritis

Sjögren syndrome

Inflammatory bowel disease

Systemic lupus erythematosus

Chronic lung allograft rejection

Anatomical abnormalities

Swyer-James syndrome

Williams-Campbell syndrome

Mounier-Kuhn syndrome

Traction bronchiectasis

Miscellaneous

Yellow-nail syndrome

Toxic fume inhalation
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study should provide new insight into structural and functional ciliary
abnormalities (18).

B. Immunodeficiency States

Patients with immune system impairments, especially humoral immunodefi-
ciency states, have a predilection for developing recurrent respiratory infections
with encapsulated micro-organisms. Patients with both primary and secondary
hypogammaglobulinemias have been reported to have an increased incidence
of bronchiectasis (19,20).

Defects in cell-mediated immunity may also contribute to bronchiectasis
by impairing optimal development of a humoral response to bacterial infection
or by predisposing the patient to recurrent viral infections. Recently, HIV-
infected patients have been described to have progressive pulmonary disease
from bronchiectasis (21).

C. Excessive Immune Responses

An exuberant or inappropriate immune response may also cause bronchiec-
tasis. For example, bronchiectasis from allergic bronchopulmonary aspergil-
losis (ABPA) is caused by severe airway inflammation from an exaggerated
host response to colonizing Aspergillus organisms (22). Several autoimmune
diseases—such as rheumatoid arthritis, Sjögren’s syndrome, and inflammatory
bowel disease—have also been associated with bronchiectasis (23). A unique
example of immune-mediated bronchial injury occurs in the setting of lung
transplantation. The alloimmune response leads to bronchiolar inflammation
and eventually fibrosis and obliteration. These obstructed airways hinder
clearance of airway secretions; thus patients are likely to have recurrent airway
infections and to develop bronchiectasis (24).

D. Anatomical Abnormalities

Certain anatomical abnormalities can also predispose the patient to diffuse
bronchiectasis. Traction applied to the airway from parenchymal recoil in
patients with pulmonary fibrosis can cause bronchial dilatation and subsequent
pooling of airway secretions. This may lead to recurrent infection and
bronchiectasis (25).

Another disorder, known as the Mounier-Kuhn syndrome, is defined by
diffuse abnormal dilatation and atrophy of muscular and elastic tissues of the
trachea and bronchi (26). These large floppy airways can result in pulmonary
obstruction, impaired cough mechanics, and retention of mucus, which can
lead to frequent pneumonias and bronchiectasis. Bronchiectasis has also been
associated with a rare congenital disorder known as the Williams-Campbell
syndrome, which is characterized by a deficiency of cartilage in subsegmental
bronchi, and results in collapse of distal airways during expiration and airway
obstruction (27).
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E. Atypical Mycobacterial Infection

Although infections are less likely to cause bronchiectasis in this era, an
important exception is infection due to atypical mycobacterial organisms. In
the United States, there has been an increase in the prevalence of patients with
chronic infection from atypical mycobacterial organisms (28). The most
common respiratory pathogens are Mycobacterium avium-intracellulare (MAI)
and Mycobacterium kansasii. Traditionally, nontuberculous mycobacterial
pulmonary infections were thought to have a predilection for patients with an
underlying chronic lung disease or defects in cell-mediated immunity. Often,
these patients presented with an upper lobe fibrocavitary disease that mimicked
tuberculosis. Positive cultures from otherwise healthy patients were felt to
simply represent benign colonization. Recently, however, it has become clear
that these organisms are pathogenic in healthy hosts and can cause progressive
pulmonary disease, which may ultimately lead to bronchiectasis (15,29,30). A
recent autopsy study of several patients with MAI infection and bronchiectasis
demonstrated extensive granulomatous inflammation in association with
bronchiectatic airways. Immunohistochemical techniques and pathological
evaluation indicated that MAI infection was likely the cause of the destructive
changes (31).

Unfortunately, it has been difficult to predict which patients will develop
progressive disease. Many reports have described the occurrence of MAI
infection and bronchiectasis, especially in the right middle lobe or lingula, in
thin, healthy elderly women without underlying parenchymal disease or history
of tobacco smoking. The term Lady Windermere syndrome was subsequently
coined to describe this unusual pattern of infection and lung disease (32). Why
these patients are particularly prone to develop infection and disease is unclear.
Attempts to more specifically identify which patients are most likely to develop
progressive lung disease from atypical mycobacterial infection have been
disappointing so far. In a small study, 57 patients with previously diagnosed
MAI were followed for more than 12 months without treatment. This study
suggested that certain characteristics—such as an elevated erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), and serum carbohydrate
antigen 19-9 (CA19-9), as well as increased neutrophils in the bronchoalveolar
lavage—might predict a group of patients with a high risk of developing
progressive disease in the absence of treatment (33,34).

F. Toxic Substances

Inhalation or ingestion of numerous substances has been reported to be
associated with bronchiectasis. Some of these toxins include smoke, anhydrous
ammonia, mustard gas, gastric acid, mineral oil, and paraquat (35–39). Almost
any substances that can acutely damage bronchiolar epithelium can initiate a
process leading to irreversible bronchiolar damage and bronchiectasis.
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G. Miscellaneous

As mentioned above, any process that initiates bronchial inflammation and
damage can trigger a vicious cycle of infection, additional inflammation, and
increased airway damage. Occasionally, however, the mechanism of bronch-
iectasis development cannot be readily explained. One such example is the
yellow-nail syndrome, a rare disorder in which patients develop yellow nails,
pleural effusions, lymphedema, and bronchiectasis. Although the lymphedema
and pleural effusions are though to arise from hypoplasia or atresia of the
lymphatic system, the etiology of the bronchiectasis remains a mystery. Some
have hypothesized that bronchiectasis may be secondary to hypoplasia of the
bronchial lymphatics or due to immunodeficiency from the loss of immuno-
globulin loss (40).

VIII. Clinical Features

A. Symptoms

The hallmark of the disease is persistent or recurrent cough with production of
purulent sputum, typically greater than 20mL per day. Many patients have
systemic symptoms such as fever, anorexia, and weight loss. Sinusitis is often
present as well. Hemoptysis is usually scant but occasionally can be life-
threatening. In the later stages of disease, patients develop progressively
increasing dyspnea and symptoms of cor pulmonale.

B. Physical Examination

Physical examination, although often normal, may reveal clues to suggest
bronchiectasis. Fetid breath is a classic but now rarely seen sign. Auscultation
of the chest reveals diffuse or focal rales and rhonchi. Signs of airway
obstruction such as wheezing, a prolonged expiratory phase, or a midinspira-
tory squeak may be present. Digital clubbing can be seen, as can evidence of
cor pulmonale.

Physical findings can also suggest a more specific etiology. For example,
vasculitic skin lesions or joint deformities may indicate that a collagen vascular
disease is present. Nasal polyposis should alert the clinician to the possibility of
CF.

C. Radiology

The plain chest radiograph may be normal in up to 20% of cases. When
present, findings include ‘‘tram tracks’’ representing thickened bronchial walls,
cystic spaces with or without air-fluid levels, nonspecific increase in
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bronchovascular markings, atelectasis, and hyperinflation (14). High-resolu-
tion computed tomography (HRCT) scan of the chest, on the other hand, has
excellent sensitivity for detecting bronchiectasis and is now considered to be the
diagnostic imaging tool of choice. HRCT findings include mucoid impaction;
cystic airways with air-fluid levels; the ‘‘signet ring’’ sign, which occurs when
the internal bronchial diameter is larger than its adjacent pulmonary artery
(Fig. 1), and tram tracks, or dilated airways extending to mediastinal pleura or
within 1 cm of the costal pleura, reflecting the lack of normal tapering of
bronchi (Fig. 2) (41).

Figure 1 ‘‘Signet rings’’ of a bronchiectatic lung. Two signet rings comprising a

pulmonary vessel adjacent to dilated bronchi are identified.
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D. Pulmonary Function Testing

Pulmonary function testing (PFT) can also be normal in early or localized
disease. The most common pattern is obstruction with a reduced FEV1 and
FEV1/FVC ratio and hyperinflation. PFT may demonstrate a mixed
obstructive and restrictive pattern in the setting of significant atelectasis or
parenchymal fibrosis from chronic inflammation. In advanced disease, arterial
hypoxemia and hypercapnia may be present and the diffusion capacity is
reduced. In addition, patients with bronchiectasis often have abnormal airway
hyperreactivity (42).

Figure 2 ‘‘Tram tracks’’ of a bronchiectatic lung. Tram tracks, representing dilated

airways with thickened bronchial walls extending into the periphery, are clearly visible.
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E. Diagnostic Approach

Once the diagnosis of bronchiectasis is entertained, an organized diagnostic
plan should be employed. An important distinction should be made between
focal and diffuse bronchiectasis, as the differential diagnosis and diagnostic
approach diverge. Figure 3 outlines our approach.

Historically, bronchography was considered the ‘‘gold standard’’ for the
diagnosis of bronchiectasis. This test required deposition of contrast material
within the airways and was associated with significant risks such as

Figure 3 Diagnostic algorithm for bronchiectasis. CXR, chest x-ray; HRCT,

high-resolution computed tomography; AFB, acid fast bacilli; SPEP, serum protein

electrophoresis; RAST, radioallergosorbent test.
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bronchospasm, increased ventilation/perfusion ð _VV= _QQÞ mismatching, and
anaphylaxis. Currently, this test has been largely replaced by HRCT. With
its 1.5-to 5.0-mm cuts, HRCT has a greater than 90% sensitivity and specificity
for diagnosing bronchiectasis (14,42a).

F. Specific Diagnostic Tests

Patients who have diffuse bronchiectasis warrant additional testing to identify
a primary etiology. Some of these studies include the following:

Sweat chloride and DNA testing for CF (43)
Sputum culture to evaluate for atypical mycobacterial infections
Quantification of immunoglobulins and HIV testing to evaluate for
immunodeficiency states

Ciliary studies and semen analysis to determine if a ciliary disorder is
present (44)

Aspergillus skin testing and serum IgE levels to identify patients with
possible ABPA (22)

G. Bronchoscopy

Fiberoptic bronchoscopy generally does not have a diagnostic role in patients
with diffuse bronchiectasis unless it is used to obtain adequate microbiological
samples for mycobacterial, fungal, or other unusual organisms. Patients with
focal bronchiectasis, on the other hand, should undergo bronchoscopic
inspection of the airways to exclude endobronchial obstruction as a nidus
for recurrent infection. Bronchoscopy can be useful in patients with significant
hemoptysis to localize an area of bleeding or to tamponade a bleeding segment
until an appropriate therapeutic intervention can be performed (45).

H. Sputum Analysis

Sputum culture may be helpful in guiding therapy and predicting prognosis in
patients with bronchiectasis. The organisms most commonly isolated from the
sputum of patients with bronchiectasis include Staphylococcus aureus,
Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis,
and mucoid and nonmucoid Pseudomonas aeruginosa. Numerous studies
have demonstrated that patients with CF who are colonized with P. aeruginosa
have more severe bronchiectasis and a more rapid decline in lung function.
Recent studies in patients with bronchiectasis unrelated to CF reveal similar
findings (46). Currently, it is not clear whether P. aeruginosa colonization is a
cause or simply a marker of rapidly declining lung function. It has been clearly
shown, however, that patients colonized by P. aeruginosa have a poorer quality
of life than patients with similar lung function but colonized by other
organisms (47).
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I. Medical Treatment: Supportive

Since bronchiectasis is defined by irreversible damage to the bronchi,
supportive therapy is aimed at treating acute flares and slowing the decline
in lung function. Treatment can be general and applied to all patients with
bronchiectasis or specific to the underlying cause of bronchiectasis.

J. Antibiotics

Antibiotics remain the most important therapeutic option for treating and
preventing acute exacerbations of bronchiectasis. Surprisingly few data exist on
the optimal duration, route of administration, and choice of antibiotics. The
complex bacteriology of sputum in patients with bronchiectasis makes the
selection of a narrow-spectrum antimicrobial agent based on sputum analysis
difficult. In fact, a recent retrospective study of 123 patients with bronch-
iectasis, revealed that greater than 47.5% of patients demonstrated two or more
organisms in the sputum, and 8.5% had four or more pathogens (48). It is clear
that the antibiotic chosen should provide superior coverage for S. pneumoniae
and H. influenza. Particular attention must be paid to the presence of S. aureus
and P. aeruginosa, especially in patients with CF. Mild flareups may be treated
with oral antibiotics.

Intravenous Antibiotics—Acute Flare

Patients who fail oral therapy often require intravenous antibiotics,
administered on either an inpatient or outpatient basis. Treatment of patients
with Pseudomonas infections should generally be with two sensitive antibiotics
to reduce the risk of developing antibiotic resistance. Important antipseudo-
monal antibiotics include the fluoroquinolones, ureidopenicillins, carbape-
nems, some third- and fourth-generation cephalosporins, and aminoglycosides
(1,49,50). Optimal duration of treatment has not yet been determined, but most
clinicians generally recommend a prolonged course of antibiotics, often up to
several weeks.

Chronic Antibiotic Therapy

As mentioned earlier, patients with both CF and non-CF bronchiectasis who
are colonized with P. aeruginose have a more rapid decline in lung function
than patients colonized with other organisms (46,51). This evidence has
prompted many clinicians to chronically treat infected patients with
antipseudomonal antibiotics to prevent acute exacerbations and reduce
bacterial load. The development of oral antipseudomonal agents such as the
quinolones has made this an even more attractive therapeutic option. However,
few data exist to support a beneficial role of chronic therapy, even with rotating
antibiotics. In addition, the risk of developing strains of highly resistant
organisms precludes recommending this mode of therapy routinely.

Management of Bronchiectasis and CF 351



Aerosolized Antibiotics

Another form of treatment that is gaining increasing popularity is the use of
aerosolized antibiotics. This form of drug delivery has important theoretical
advantages. The drug can be delivered at very high concentrations directly into
the airways without significant systemic absorption, thus reducing the risk of
antibiotic resistance and systemic toxicity (52). Although aerosolized anti-
biotics were first developed in the 1950s, side effects such as bronchospasm
prevented their widespread utilization. Improvements in antibiotic preparation
and delivery as well as coadministration with a beta agonist to prevent
bronchospasm have made aerosolized antibiotics an important therapeutic
option. Recently, studies in patients with CF have demonstrated that
aerosolized tobramycin resulted in improved lung function, decreased
Pseudomonas sputum density, decreased use of systemic antipseudomonal
antibiotics, and decreased number of days spent in the hospital (53). Smaller
studies have suggested a similar benefit in patients with bronchiectasis from
other causes (54–56). The largest study was a randomized, placebo-controlled
multicenter study of 74 adult patients with bronchiectasis unrelated to CF or
allergic bronchopulmonary aspergillosis and high-density P. aeruginosa
cultured from the sputum. The study divided the 74 patients into two
treatment groups, one receiving 300mg of inhaled tobramycin twice a day for 4
weeks and another receiving placebo. After a 2-week observation period, the
patients in the treatment group reported greater improvements in their general
health status (62 versus 38%) and a 4.8 log10 reduction in sputum P. aeruginosa
density. However, the patients in the treatment group did not demonstrate an
improvement in lung function (60). Further study is required to see whether
inhaled antibiotics will play an important role in the treatment of non-CF
bronchiectasis. In the future, newer delivery systems such as dry-powder
metered-dose inhalers may make the administration of inhaled antibiotics less
cumbersome, less costly, and less time-consuming than with current nebulized
techniques (58).

Other Antibiotics

Investigations into the treatment of diffuse panbronchiolitis—another disorder
characterized by progressive decline in lung function, copious sputum
production, and colonization with P. aeruginosa—indicate that long-term
macrolide therapy can stabilize disease progression and reduce the incidence of
acute exacerbations (59,60). These studies prompted a small, double-blind,
placebo-controlled pilot investigation into the role of low-dose erythromycin in
patients with bronchiectasis. Ten control patients received placebo tablets and
14 patients with idiopathic bronchiectasis received 500mg of erythromycin
twice a day for 8 weeks. At the end of the study period, the treatment group had
better forced expiratory volume in 1 sec (FEV1), forced vital capacity (FVC),
and 24-hr sputum volume (61). The mechanism behind this improvement in
both diseases remains unclear. It is certainly not due simply to its antimicrobial
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effect, since most of the study patients were heavily colonized with P.
aeruginosa, a pathogen that is not susceptible to macrolide antibiotics.
Laboratory studies suggest that the beneficial effect may be due to
immunomodulatory properties such as inhibition of neutrophil chemotaxis
(62). If these results confirmed by larger studies, macrolide therapy may become
an important, relatively nontoxic option for chronic suppressive therapy.

K. Airway Clearance

Since airway secretions obstruct airflow and promote respiratory infections, it
seems logical that methods to promote airway clearance would be beneficial.
These measures called are called bronchopulmonary hygiene physical therapy.
They include chest percussion, postural drainage, humidification, and special
coughing and forced exhalation techniques with or without the use of flutter
valves or vibrating vests. Although studies demonstrating benefit have been
conducted primarily in patients with CF, it is reasonable to extend these
observations to patients with bronchiectasis unrelated to CF (63).

L. Bronchodilators

Since many patients with bronchiectasis develop obstructive lung disease,
bronchodilator therapy has been advocated for treatment; however, the
mechanisms of airway obstruction in bronchiectasis are not well understood. It
is likely that multiple factors such as mucosal edema, plugging of small airways
with purulent secretions, glandular hyperplasia, peribronchiolar fibrosis, and
bronchiolar collapse during expiration—in addition to bronchial hyperrespon-
sive—play a role in the development of airway obstruction (64). In addition,
these drugs may be beneficial because of their theoretical ability to enhance
mucociliary clearance. Unfortunately but not unexpectedly, small observa-
tional studies have demonstrated only marginal improvement in lung function.
Thus, bronchodilator administration should be reserved only for patients who
demonstrate increased airway hyperreactivity and a response to therapy (65).
Clinicians have also used long-acting beta2 agonists. Further research is
necessary to determine whether these drugs have a therapeutic role.

M. Anti-inflammatory Agents

Anti-inflammatory therapy with systemic steroids is not recommended for
most patients with bronchiectasis because of numerous side effects of therapy
and the potential for increased risk of infection secondary to immunosuppres-
sive properties. Bronchiectasis patients with immune-mediated disorders may
require steroid therapy to control disease activity, although the benefit of long-
term inhaled steroids remains to be demonstrated. A recent preliminary
investigation reported that a short course of inhaled steroids did not
significantly change lung function measured by spirometry despite reduction
in certain inflammatory mediators in the sputum (66,67). Further investigation
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is needed to determine whether longer courses of inhaled steroids will improve
lung function and delay disease progression.

Inhaled indomethacin has been reported to diminish bronchorrhea in
patients with bronchiectasis unrelated to CF. Unfortunately this small study
did not report a benefit in other objective measures (68).

N. Mucolytics

Mucolytic therapy to thin respiratory secretions and facilitate their clearance
has been advocated by some experts in the management of bronchiectasis. In
1994, an aerosolized recombinant human DNase (rhDNase) was approved as a
mucolytic agent for the management of CF exacerbations after a large phase
III multicenter trial investigating this agent revealed a modest (5%)
improvement in FEV1 as well as a slight reduction in disease exacerbations
after 6 months of therapy (69). Whether the cost of therapy and its modest
benefit justifies its use in CF remains controversial. A recently completed trial
in patients with idiopathic bronchiectasis revealed that rhDNase was not
effective and perhaps even harmful (70). Another mucolytic agent, bromhex-
ine, was evaluated in a small study. At high doses, patients demonstrated
reductions in sputum production and cough. Unfortunately, these patients did
not show improvements in lung function (71). Thus, at this time, there is little
evidence to recommend widespread use of mucolytics in patients with
bronchiectasis.

O. Inhaled Hyperosmolar Agents

In experimental studies, hypertonic saline has been demonstrated to improve
tracheobronchial clearance, probably by osmotically inducing liquid to move
onto the airway surface and hydrating dry inspissated secretions (72). Inhaled
dry-powder mannitol has been reported to have similar effects on tracheo-
bronchial clearance. Two small studies by the same group investigated the
effect of inhaled dry-powder mannitol in patients with bronchiectasis and
reported that dry-powder mannitol increases short-term tracheobronchial
clearance and reduces mucus retention. No adverse side effects were noted
(73,74). Future investigation will determine if hyperosmolar agents will result
in clinically meaningful improvements.

P. Miscellaneous

All patients with bronchiectasis should receive routine immunizations. These
immunizations should include an annual influenza vaccine and a pneumococcal
vaccine, administered every 5 to 10 years. Other measures to consider include
supplemental oxygen therapy for hypoxemic patients either at rest or on
exertion, optimization of nutritional status, pulmonary rehabilitation, and
noninvasive positive-pressure ventilation for associated hypercapnia.
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Q. Medical Treatment: Specific

Patients who develop bronchiectasis related to underlying primary diseases
should be treated with appropriate specific therapy. For example, infections
with MAI should be treated with clarithromycin or azithromycin with rifabutin
and ethambutol. Patients with allergic bronchopulmonary aspergillosis or
collagen vascular disease often require treatment with corticosteroids to
control disease activity and patients with hypogammaglobulinemia may benefit
from immunoglobulin replacement therapy.

R. Surgical Therapy

The first surgical resection of bronchiectasis was performed in 1901; since that
time, a variety of operations including segmentectomy, lobectomy, and
pneumonectomy have been utilized for treatment of this disease. With
improvements in medical therapy, the role of surgical therapy has become
increasingly controversial. However, patients should be considered for surgical
resection if they have localized disease that is refractory to medical manage-
ment or if they are unwilling to undergo chronic medical therapy. Preoperative
management typically involves aggressive chest physiotherapy and a 2-week
course of appropriate antibiotic therapy. During anesthesia, an epidural
catheter is placed for regional anesthesia and continued for several post-
operative days. The patient is then intubated with a double-lumen tube to
avoid spillage of purulent secretions into the contralateral lung. In the present
era, mortality for surgery in appropriate patients is about 2%, with most deaths
occurring in patients undergoing complete pneumonectomy. In a recent
retrospective review of the surgical experience with bronchiectasis at the Mayo
Clinic, over 80% of the patients reported complete relief or significant
improvement in their preoperative symptoms. However, complications from
surgery occurred in over 24% of patients and included atelectasis requiring
bronchoscopy, prolonged air leak (over 10 days), empyema, pneumonia,
postoperative hemorrhage requiring reexploration, arrhythmias, postpneumo-
nectomy pulmonary edema, respiratory failure, and bronchopulmonary fistula
formation (75).

An absolute indication for surgery is the presence of massive hemoptysis,
especially if adequate control cannot be achieved by interventional techniques
such as bronchial artery embolization (76,77). Some have argued that because
of the low surgical mortality and high chance of curing or significantly
improving patients’ symptoms, surgery should be performed earlier in the
disease course (78). In the absence of randomized or controlled clinical trials
comparing medical therapy to surgical intervention, it is not possible to make a
general recommendation for earlier intervention.

Patients with severe end-stage lung disease from generalized bronchiec-
tasis should be referred to a specialized center for consideration of bilateral or
heart-lung transplantation (79,80).
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S. Prognosis

As mentioned previously, the prognosis for patients with bronchiectasis has
improved dramatically with vaccinations and powerful medications. Never-
theless, bronchiectasis and its related complications continue to provide a
significant challenge for afflicted patients and their physicians. Prognosis
depends primarily on the underlying etiology of bronchiectasis as well as local
factors such as airway colonization by resistant virulent organisms. Overall,
patients with CF appear to have the poorest prognosis, with mean survival into
the fourth decade, while patients with bronchiectasis from other causes tend to
have a better but more varied prognosis.

Patients with bronchiectasis continue to pose new diagnostic and
management challenges. However, with a thorough, well-conceived evaluation,
the disease can be suspected, diagnosed, and treated, with resulting improved
survival and quality of life for the patient (2).

IX. Cystic Fibrosis: An Introduction

Cystic fibrosis (CF) is the most common inherited autosomal recessive genetic
disease among Caucasians. There are approximately 30,000 children and adults
in the United States with CF, and the frequency of this disorder among North
American Caucasians is about 1 per 2500 live births (81). CF is a disorder of
the exocrine glands characterized by thick viscous mucous secretions that lead
to dysfunction in several organ systems, including the airways, pancreas,
hepatobiliary, and reproductive systems. CF pathology alters the chemical
properties of mucus so that it obstructs airways and exocrine ducts. In the
lungs, the thickened mucus fosters bacterial growth leading to frequent
pulmonary infections and a chronic inflammatory state. CF lung disease is
characterized by thick occlusive mucus, recurrent infection, and inflammation
that impair local host defense mechanisms and lead to progressive bronch-
iectasis (Fig. 4). This vicious disease cycle repeats throughout the patient’s
lifetime, eventually leading to respiratory failure, which is the principal cause
of death in CF patients. The most common clinical manifestations of CF
include endobronchial inflammation (i.e., chronic recurrent airways obstruc-
tion), pancreatic insufficiency with intestinal malabsorption, meconium ileus,
fatty infiltration of the liver, focal biliary cirrhosis, glucose intolerance, and an
increased risk of heat prostration arising from severe salt depletion. Improved
medical management—particularly of CF pulmonary disease, which accounts
for approximately 98% of CF mortality—has transformed CF from a fatal
disease where patients rarely reach adulthood to a chronic illness with most
patients attaining adulthood. Because of these improvements in disease
management, the average life expectancy in CF is into the fourth decade of life.
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X. Pathogenesis

A. Cystic Fibrosis Transmembrane Conductance Regulator

The most important advancement in elucidating the pathogenesis of CF came
in 1989, with the identification and cloning of the gene on the long arm of
chromosome 7, which encodes the cystic fibrosis transmembrane conductance
regulator (CFTR) (82). CFTR is found on the apical cell membrane of
secretory epithelial cells. In normal individuals, this protein regulates the
exchange of sodium and chloride across epithelial cells. Thus, CFTR has a
significant role in controlling the volume and electrolyte composition of airway
secretions. Absence or dysfunction of CFTR results in dysfunctional or altered
chloride channels. While the clinical manifestations of CF appear to result
from defective transepithelial ion transport, scientific controversy remains
regarding the underlying mechanism of this effect. A number of theories—
some conflicting—have been suggested. They include defective intracellular
vesicular function, leading to abnormal protein processing, loss of the ability to
regulate other membrane transporting proteins, defective airway submucosal
gland secretion, abnormal composition of airway surface liquid (ASL), a
reduction in intrinsic antimicrobial action, and hyperabsorption of airway fluid
(83).

One hypothesis proposes that defective or absent CFTR affects chloride
retention at the cell membrane, causing dehydration of the ASL. This
alteration in ASL causes an increased uptake of sodium and water at the
cellular membrane. Some researchers believe that this series of osmotic
compensations facilitates the production of abnormally viscous mucus and

Figure 4 Vicious cycle of CF pathophysiology.
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greatly contributes to—if not causes—impaired ciliary clearance, fostering a
bacterial breeding ground in the CF airways (84,85).

An alternate hypothesis suggests that chloride and sodium are not
absorbed by airway epithelia, which leads to ASL that is normally hydrated
but with a significantly increased chloride concentration (86). This hypothesis
is bolstered by studies suggesting that beta defensins, antimicrobial peptides
found in the normal lung, become inactive in high chloride concentrations,
thus facilitating survival of lung pathogens (86a). If the ASL contains too much
salt for normal antimicrobial action, the addition of a hypotonic solution to
dilute ASL will ameliorate the condition. If the ASL is underhydrated, the
addition of hypertonic solution to draw water into the airway could be
efficacious. Several drugs aimed at treating ion imbalances are currently under
investigation.

Final resolution of the pathophysiology of CF will significantly enhance
opportunities for the development of new therapeutic agents and improve the
medical management of declining pulmonary function in CF patients.
Bolstered in the interim by new findings such as these, researchers continue
to investigate mechanisms, techniques, and agents to ameliorate the ion
imbalance present in the CF airways.

B. CFTR Class Mutations

To date, more than 1000 CFTR mutations have been identified. Five
classifications have been designated to describe functional differences at the
cellular level and identify mechanisms of CFTR dysfunction (Table 3) (87).
Class I mutations result in defective CFTR synthesis, leading to a defect in
protein production and a loss of function. Class II mutations cause defective
processing of the CFTR protein. Class III mutations affect the regulation and
activation of CFTR at the cell surface, and class IV mutations interfere with
chloride channel conductance. Class V mutations result in reduced CFTR
synthesis.

The class II delta F508 mutation—a phenylalanine deletion on the gene—
is the most prevalent of the CF mutations. Individuals with this delta F508
mutation make up *70% to 75% of the North American CF population. The
delta F508 mutation produces defects in folding of the CFTR protein; thus the
defective protein is rejected and degraded prematurely. A small amount of
defective CFTR is incorporated into the cell membrane and results in
abnormal functioning of the chloride channel. Delta F508 is usually
accompanied by pancreatic insufficiency.

Genotype-phenotype relationships in CF are not predictable. The
correlation between genotype and severity of airways disease is low, but the
relationship between genotype and pancreatic insufficiency is robust. Genotype
also influences the presence of meconium ileus, age at diagnosis, sweat chloride
concentrations, and male infertility.
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XI. Current Medical Management of CF

At present, there is no definitive treatment or cure for CF. Medical
management of airways disease is based on three principles: airway clearance,
management of infection, and management of inflammation. Recent improve-
ments in median survival (almost 40 years) reflect more aggressive medical
management tactics, which are sometimes accompanied by complementary and
alternative medicine (i.e., meditation and relaxation techniques, chiropractic)
to combat the clinical consequences of the basic CF defect.

A. Airway Clearance Techniques

Thick neutrophil-derived mucous secretions retained in the airways are a
hallmark of CF. They contribute to its pathophysiology in three ways: (1)
mechanical obstruction of airways with viscous secretions, leading to a
ventilation/perfusion regulatory defect and overinflation of the lungs; (2)
exacerbation of infection due to decreased clearance and stagnation of mucus;
and (3) exposure to inflammatory mediators, such as cytokines and
leukotrienes, as well as increased levels of elastase, which result in
bronchospasm and eventually progressive parenchymal injury and fibrosis.

Mobilization of secretions by means of percussion and postural drainage
is the cornerstone intervention in CF. Removal of secretions helps preserve lung
function where peak expiratory flow rates are too low to clear mucus even with
coughing. Airway clearance is still an essential part of daily CF care. In mild to
moderate CF, it may be required only once a day, while patients with severe
airways disease may need to undergo physical clearance of airways several times
a day. It may be performed in conjunction with aerosolized bronchodilators or
mucolytics to aid in mobilization and expectoration of secretions.

In a study of older children with mild to moderate CF airways
obstruction, patients receiving regular chest physiotherapy (CPT) showed an
increase in peak expiratory flow rate (PEFR) 30min after therapy. When CPT
was discontinued for 3 weeks, both FVC and peak flow rates were reduced.
This decrement was reversible with resumption of CPT (88).

Postural drainage uses gravity-assisted positions to aid in clearance; it
can be performed alone by the patient or with assistance. Postural drainage
with percussion is the only airways mobilization technique available for use in
infants and small children, and it is frequently effective in older CF patients as
well. The major drawback of this technique is that if the patient requires
assistance, issues of autonomy and quality of life may be negatively affected. In
addition, some patients experience symptoms of gastroesophageal reflux
following postural drainage. A variety of forced expiratory maneuvers such
as ‘‘huff and cough’’ also have been introduced and can be performed in
conjunction with postural drainage or percussion. Autogenic breathing (self-
drainage) uses controlled breathing techniques to optimize airflow in the
bronchi and mobilize secretions. Although autogenic breathing can be time-
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consuming, it is easy to learn and can be practiced anywhere without
assistance. In addition, some patients find autogenic breathing to be relaxing.

Several devices including the Flutter (VarioRaw SA), the Positive
Expiratory Pressure (PEP) mask (Astra Meditech), the Vibracare percussor
(General Physiotherapy), and the Vest Airway Clearance System (Advanced
Respiratory Inc.; a product formerly marketed as the THAIRapy1 vest) are
also available. The Flutter is a small handheld device that resembles a pipe.
When patients exhale into it, rapid air pressure fluctuations are induced in the
airways, helping to vibrate secretions loose. PEP masks may help prevent
airways closure during expiration and increase collateral ventilation. The mask
may also be adapted to deliver bronchodilators prior to postural drainage. The
Vest Airway Clearance System is a chest wall oscillator, worn as a vest, which
is coupled to a compressor. The vest is expensive and not portable; some
patients find it uncomfortable or restrictive.

Personal characteristics—such as activity level, lifestyle, age, and
psychosocial issues—may play a role in determining the selection of one or
more therapeutic techniques. Different types of airway clearance techniques
may be needed for each patient. Carefully matching patient and airway
clearance techniques will enhance adherence.

B. Exercise

The role of exercise in CF care cannot be overemphasized. As with any
individual, it enhances cardiovascular fitness and functional capacity, helps
manage mood, and improves quality of life. In CF patients, exercise has been
shown to slow the decline in lung function (89), and it is considered an essential
adjunct to airway clearance techniques. Patients should be encouraged to
participate in aerobic exercise such as walking, cycling, or swimming three to
four times per week.

C. Nutrition

Chronic undernutrition is a serious and common problem in CF patients. In
children, undernutrition may lead to growth failure and pubertal delay.
Undernutrition in CF results from the increased energy expenditures created
by the extra effort required to breathe, the battle against chronic infection, and
abnormalities in digestion and nutrient absorption. While pancreatic exocrine
insufficiency is probably the leading cause of impaired nutrient absorption,
reduced bile salts and increased intestinal mucus may also contribute.

Pancreatic insufficiency in CF results in intestinal malabsorption of fats,
proteins, and, to some degree, carbohydrates. Mean fecal fat excretion is high,
resulting in poor weight gain, chronic abdominal discomfort, deficiency of
subcutaneous fat and muscle tissue, and deficiencies of fat-soluble vitamins (A,
D, E, K), essential fatty acids, and albumin. Patients with pancreatic
insufficiency require lifelong lipase replacement therapy. Close monitoring is
important due to the increased risk of fibrosing colonopathy that has been
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associated with high-dose lipase therapy (90). A recent CF Adult Care
Consensus Report (91) recommends the prescription of proprietary brands of
pancreatic enzyme products, since generic products may not dissolve in an
equivalent manner and could be less effective.

CF patients should eat a high-calorie diet that is unrestricted in fat, with
liberal salt intake and vitamin-plus-mineral supplementation. It is generally
recommended that CF patients receive 120 to 150% of the recommended daily
allowance for caloric intake (92,93) to counter the unfavorable energy balance.
Children experiencing growth problems may benefit from supplemental
nighttime enteral feedings. The importance of maintaining body weight has
been demonstrated in several studies. Body wasting has been shown to be a
significant predictor of survival independent of pulmonary function, arterial
blood oxygen, or carbon dioxide tensions (94). The same study found that as
nutritional status worsens, the probability of death for any percent predicted
FEV1 increased significantly. Patients who were >110% over their ideal body
weight had a better prognosis than those whose weight was normal. This
supports findings from an earlier study in which better median survival rates
were associated with better nutrition in one center when compared to another
(95).

D. Complementary and Alternative Medicine in CF

Complementary and alternative medicine (CAM)—such as acupuncture,
massage, various forms of energetic medicine and hypnosis—may have a
place in CF palliative care. These therapies may provide relief for some of the
symptoms that accompany CF, such as pain, anxiety, and moodiness or
depression. However, these therapies must be considered as complements rather
than alternatives to standard medical therapy.

Few controlled studies of CAM have been carried out in CF, but trials of
acupuncture, chiropractic, and massage have shown these approaches to be
beneficial in asthma, which shares some characteristics with CF, including
airways inflammation, bronchial obstruction, increased airways secretions,
dyspnea, and wheezing.

E. Acupuncture

Acupuncture is one of the more accepted and regulated forms of CAM
available in the United States. Along with other eastern medical approaches,
acupuncture aims to correct the flow of vital energy, or qi in Chinese medicine,
throughout the body. According to this system, diseases arise from blockages
or weakness in qi. Qi can be unblocked by inserting fine needles or deeply
pressing (acupressure) on active points along energy lines known as meridians.
Acupuncture may reduce pain by enhancing the flow of endorphins or by
modifying efferent pain signals.

A 1997 National Institutes of Health (NIH) Consensus Report (96)
concluded that acupuncture was safe and effective in treating several
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conditions, including pain and asthma, where it can be used as part of a
comprehensive management program or as an acceptable alternative capable
of reducing the need for inhaled corticosteroids. Acupuncture may be helpful
in managing some common CF symptoms, including gastrointestinal
problems, sinusitis, pain, and anxiety.

F. Massage

Massage has been used successfully to improve lung function, reduce anxiety,
and to improve mood in asthma. In one study (97), children with asthma
received either 30min of massage by parents over three areas of the body or
standard relaxation exercises. In the massage group, children aged 4 to 8 years
of age showed improvements in peak flow rates (PFR), FVC, and FEV1. Both
parents and children were found to have reduced levels of anxiety. In 9- to 14-
year-olds, salivary cortisol levels were lower. Stress reduction may play an
important role in CF as well and may be reflected by improved immune and
nutritional status and reduced dyspnea (97).

G. Self-Hypnosis

A trained physician or an accredited hypnotherapist can teach self-hypnosis in
several sessions. This technique appears to be beneficial in reducing anxiety and
controlling the discomforts of the disease and may enhance patients’ feelings of
self-control. In a study of CF patients5 7 years of age, 49 subjects agreed to be
taught self-hypnosis by their pulmonologists (98). The study subjects used the
technique for relaxation, relief of pain associated with headache and medical
procedures, to improve the palatability of medications, and for control of other
CF symptoms.

H. Herbal Remedies and Nutritional Supplements

Herbal remedies and nutritional supplements are used by many patients with
chronic diseases such as CF. Informal investigations done at Boston Children’s
Hospital suggested that pediatric and adult CF patients use herbal remedies
and nutritional supplements often. Such products could include herbal teas and
remedies; vitamin, mineral, and nutritional supplements; homeopathic
remedies; and probiotics (to restore intestinal function while receiving
antibiotics). Importantly, the unsupervised use of high-dose vitamins and
herbs is most likely to cause harm. Throughout the literature, herbal remedies
have been reported to be associated with untoward side effects, herb–drug
interactions and, in some cases, serious medical conditions (99,100). For
example, Gingko biloba inhibits platelet aggregation and has been associated
with cases of spontaneous bleeding. In CF patients, use of Ginkgo biloba may
contribute to hemoptysis. St John’s wort, widely promoted as an antidepres-
sant, also may produce dry mouth, dizziness, confusion, gastrointestinal
symptoms, allergic reactions, and fatigue. Patients need to be informed of
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possible risks when choosing these products and of the importance of
consulting with their physicians before initiating any changes to their
established routine of care.

A variety of nontraditional therapies may be helpful to some CF patients.
Although the medical benefits are presently controversial, not objectively
measurable, and have yet to be determined, the majority of herbal and
nutritional supplements do no harm and patients may experience a strong
placebo effect. The simple act of making choices about complementary
therapies may enhance a patient’s feelings of being in control, which can be
therapeutic. Data have demonstrated that reductions in anxiety and depres-
sion, as well as increases in physical and psychological comfort, may be
attained through alternative therapies, including therapeutic touch, reiki (a
Japanese form of healing), and aromatherapy. Physical movement and
positioning techniques—such as the Feldenkrais method, the Alexander
technique, and yoga—may improve breath control, strength, and flexibility.

XII. Medical Management of CF Airways Disease

Increasingly, data suggest that early and aggressive treatment of CF airways
disease is important to preserve lung function, improve health status, and
enhance patients’ quality of life. Chronic infection and pulmonary exacerba-
tions (PEs) contribute to CF morbidity and mortality both directly and
indirectly.

A. Treatment of Infection

Improvements in antibiotic therapy represent the single most important
contribution to increased longevity and improved quality of life that is now
attainable for CF patients. Antibiotics are employed to reduce bacterial load,
decrease airways inflammation, and reduce airways obstruction. In the
management of PEs, antibiotics improve the CF patient’s clinical status and
may be used as prophylactic maintenance therapy to suppress chronic infection
and slow disease progression. In very young or newly colonized CF patients, it
may be possible to achieve bacterial eradication with early, aggressive
antibiotic intervention.

The predominant organisms found in CF airways evolve based on age
and health status of the patient. At birth, S. aureus predominates, however, by
the onset of the second decade of life, P. aeruginosa becomes more prevalent.
H. influenzae, Stentotrophomonas maltophilia, and Burkholderia cepacia are less
prevalent. Colonization by Pseudomonas is significant because, once estab-
lished in the airways, it evolves to the ‘‘mucoid’’ form. Mucoid strains produce
a thick layer of biofilm composed of alginate, an exopolysaccharide. The
mucoid biofilm confers several survival advantages that render the organism
difficult to control. It is believed to be important in aiding bacterial adherence
to epithelial cells and in making the organisms resistant to mucociliary
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clearance. It may protect against destruction by antibacterials as well as by
leukocytes and phagocytes (101,102). Figure 5 shows the significant survival
differences according to the presence or absence of mucoid strains of P.
aeruginosa (103).

The presence of mucoid strains of P. aeruginosa is virtually pathogno-
monic of CF; mucoid Pseudomonas is rarely observed in the airways infection
of any non-CF patient.

B. Bacterial Eradication

One of the most aggressive approaches in the management of CF airways
disease today is bacterial eradication. At the initial detection of infection,
aggressive targeted intervention offers clinicians the best chance to eradicate
the organism(s). Successful eradication is more likely to be achieved in very
young or newly colonized CF patients and in CF patients colonized with
nonmucoid strains of P. aeruginosa. Eradication may require an extended
period of antibiotic therapy. In a study (104) of 15 newly colonized CF patients
receiving 80mg tobramycin formulated for inhalation twice daily for 12
months, P. aeruginosa eradication was achieved in 14 of 15 subjects.
Eradication was maintained in most patients after the termination of therapy.

A sputum culture can provide valuable treatment information to
optimize the impact of antibiotic therapy. Annual or more frequent culture
intervals in CF patients can provide clinicians with an accurate assessment of
the airways bacterial status and facilitate the choice of appropriate antibiotic
therapy to minimize loss of lung function and disease progression.

Figure 5 Presence of mucoid Pseudomonas aeruginosa in cystic fibrosis patients.

(From Ref. 103.)
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C. Treatment of Pulmonary Exacerbations

Antimicrobial therapy is universally employed for the treatment of Pulmonary
exacerbations (PEs) characterized by acute, subacute, or gradual worsening in
pulmonary symptoms. PEs may be due to viral infection, bacterial coloniza-
tion, or allergic reactions, or they may be idiopathic. Recent data from the
Epidemiologic Study of Cystic Fibrosis indicate that the correlation between the
initiation of antibiotic therapy and slowing the decline in lung function in
patients with PEs is highly inconsistent (105). On closer examination,
researchers recognized that the inconsistent finding might reflect the absence
of definitive clinical criteria for diagnosis of a PE. This led the group to
establish a consensus panel and to develop a list of common signs and
symptoms associated with PEs (Table 4) (106).

Acute or subacute PEs can be treated with intravenous, oral, or inhaled
antibiotics. The goal of parenteral therapy in treating a severe PE is to return
the patient to his or her baseline pulmonary status and level of sputum
production. Intravenous treatment is generally reserved for patients with severe
PEs, and treatment duration of 2 to 3 weeks is usually sufficient. In selecting an
antibiotic regimen, it is important to select appropriate antibiotics on the basis
of sputum cultures and bacterial sensitivity testing and to administer the agents
at sufficient dosages. Antibiotic combination therapy is less apt to lead to the
emergence of drug-resistant bacterial strains. This is likely due to the potential
synergy of the combined agents against P. aeruginosa. Drug synergy testing
also is available to aid in harnessing this effect. In addition, clinicians must be
aware that differences in the volume of distribution and rate of elimination in
CF patients require higher doses and shorter dosing intervals for many
antibiotics (107).

Table 4 Signs and Symptoms of Pulmonary Exacerbation

Increased cough

Increased sputum production and/or a change in appearance of expectorated sputum

Fever (5100.5 8F (438 8C) for at least 4 hr in a 24-hr period) or more than one occasion

in the previous week

Weight loss51 kg or 5% of body weight associated with anorexia and decreased dietary

intake or growth failure in an infant or child

School or work absenteeism (because of illness) in the previous week

Increased respiratory rate and/or rate of breathing

New findings on chest examination (e.g., rales, wheezing, crackles)

Decreased exercise tolerance

Decreased FEV1 of 510% from previous baselines study within past 3 months

Decreased hemoglobin saturation (as measured by oximetry) of 510% from baseline

value within past 3 months

New finding(s) on chest radiograph

Source: Adapted from Ref. 106.
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Although the choice of specific agents depends on susceptibility testing
and local resistance patterns, combinations such as an aminoglycoside
(e.g., gentamicin or tobramycin) plus a beta lactam (including the
semisynthetic penicillins and cephalosporins such as ceftazidime) are
frequently employed in this setting. If S. aureus is isolated in sufficient
concentrations to require treatment, a penicillin/sulbactam combination may
be used. However, increasing resistance may mandate the use of vancomycin
or clindamycin. Because of the potential complexity of such therapy, clinicians
need to routinely review all aspects of a medical regimen to assess patient
adherence and response to treatment as well as the potential side effects of
medications.

Home intravenous therapy, which is less costly and less disruptive of the
patient’s life, may be appropriate for those who do not require hospitalization
otherwise; however, close monitoring of the patient’s status and progress is
critical. For patients with frequent PEs or those who require long-term home
care, a central intravenous line may be placed. A professional home care
company may be able to provide valuable support and to permit the use of
home care during parenteral therapy.

Oral antibiotic therapy is useful only in mild or moderate PEs and to
reduce the use of IV antibiotics. Oral therapy is limited by the small number of
drugs that remain effective against P. aeruginosa. Oral ciprofloxacin is
frequently used and is efficacious in patients who have not received many
courses of it for prior exacerbations. However, resistance is a problem with
ciprofloxacin monotherapy; it is best reserved for brief, intermittent courses.
Aerosolized antibiotics may be given in place of oral antibiotics for mild
to moderate exacerbations, but there is a paucity of data supporting their
use.

While PEs are clearly an important contributor to the loss of lung
function in CF patients, spirometry measurements continue to decline even in
the absence of an acute exacerbation in patients without severe pulmonary
disease (Fig. 6) (108). Therefore, the assumption supporting symptom-guided
treatment, such that the majority of tissue damage leading to decreased
pulmonary function largely results from PEs, may be erroneous. This finding
would suggest the need for intermittent chronic therapy rather that symptom-
guided treatment. Several approaches to prophylactic maintenance therapy
have been developed.

D. Chronic Suppressive Antibiotic Therapy

Some centers—notably in Denmark—have employed scheduled parenteral
antibiotic therapy several times per year for suppressive therapy. Retrospective
and uncontrolled studies have suggested that scheduled therapy with 2-week
courses of parenteral antibiotics four times per year, regardless of symptoms,
may improve survival (109). However, a recent randomized trial comparing
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scheduled prophylactic maintenance therapy versus standard therapy for
exacerbations showed no difference in outcome between groups (110). Inhaled
antibiotic therapy using tobramycin for inhalation (TOBI) represents the most
widely studied form of chronic prophylaxis in CF patients.

Figure 6 Declines in lung function in the absence of a pulmonary exacerbation in

cystic fibrosis patients without severe disease. Distribution of FEV1 at (a) baseline

testing (mean 69% predicted) and (b) repeat testing (mean 54% predicted) in 30 subjects,

showing significant decline in FEV1 in the period between assessments (mean time

interval, 6.3 years). (From Ref. 108.)
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E. Inhalational Therapy in Cystic Fibrosis

Nebulized Antibiotics

Systemic antibiotic therapy via the oral or parenteral route is often associated
with systemic toxicity (e.g., the hearing loss and kidney damage seen with
systemic aminoglycosides). In addition, respiratory tract infection often shows
a poor response to systemic antimicrobial therapy due to low drug penetration
into bronchial secretions and the altered pharmacokinetic disposition of certain
classes of antimicrobials. These drawbacks have led to experimentation with
the direct application of antimicrobials into the respiratory tract to maximize
therapeutic effect by delivering higher concentrations of the drug directly to the
site of infection. Direct application may also reduce dosages necessary for
therapeutic effect.

Over the past 50 years, antibiotic inhalational therapy using gentamicin,
tobramycin, colistin, carbenicillin, ticarcillin, neomycin, polymixin, amphoter-
icin B, and ceftazidime have been used with some success in patients with CF.
However, these drugs, which were formulated for intravenous use, presented
significant drawbacks, including bronchospasm, coughing, irritation, bad taste,
foaming when aerosolized, and incompatibility with normal saline. Many of
these side effects were related to preservatives and other additives found in the
intravenous solutions that were nebulized.

The formulation of antibiotics for aerosol delivery is significantly
different from that for intravenously delivered drugs. Tolerability, effectiveness
of therapy, and drug delivery depend on osmolality, pH, and antibiotic
concentration. The solution should be free of any preservatives (e.g., such as
phenol—a neurotoxin, and bisulfites) that may cause bronchospasm when
administered by inhalational therapy. Preservatives may also have a bad taste
or may slow nebulization rates. The addition of detergents, such as
methylparaben, can affect particle size and drug dispersal in situ. Osmolality
affects cough and bronchoconstriction. The osmolality of inhaled solutions
should be >150 and <550mOsm/kg (111). It has been shown in asthma
patients that acidic aerosols can cause bronchoconstriction in direct proportion
to pH. Airway resistance may increase significantly if the pH is 42 (112,113).

It is challenging to deliver consistent levels of drug by inhalation because
of anatomical differences and variations in breathing patterns and coughing.
Certain drugs—including antibiotics, recombinant products, and other large
peptides—must be delivered via nebulizer. Agents to be nebulized should not
foam or precipitate. Nebulizers are intrinsically inefficient, delivering only part
of the dosage to the lungs. Factors that can influence pulmonary drug
distribution include aerosol particle size, aerosol velocity, inspiratory flow rate,
lung volume, and airway caliber. When particles are too small in size, they are
deposited mainly in the alveoli. This can increase systemic absorption and the
antibiotic may fail to reach the site of infection. Particles that are too large are
deposited more proximally in the oropharynx and the central airways. The
choice of nebulizer/compressor system has an important impact on the

Management of Bronchiectasis and CF 369



pharmacodynamic results for all inhaled therapeutics. Not all aerosol delivery
systems are recommended for all inhaled drugs.

A metanalysis of the use of continuous nebulized gentamicin, tobramy-
cin, colistin, and ceftazidime prepared from intravenous formulations in the
treatment of chronic Pseudomonas infections concluded that they decreased
bacterial load, decreased the frequency of PEs requiring supplemental
antibiotic therapy, and decreased the decline in pulmonary function (114).
However, because of the adverse effects associated with the use of ‘‘home
brews’’ based on intravenous formulations of antibiotics, tobramycin
formulated for inhalation (TOBI) is the most commonly used. Inhaled colistin
is widely used in Europe. However, bronchospasm is a common problem.
Controlled trials are required to establish its benefits relative to other inhaled
drugs.

In a multicenter, double blind, placebo-controlled study of intermittent
high-dose tobramycin for inhalation, 520 patients were randomized to receive
either 300mg nebulized tobramycin twice daily in 28-day on/off cycles for 6
months or placebo (53). At 24 weeks, the TOBI group showed a 10% increase
in FEV1 versus a 2% decrease in controls ðp < 0:001Þ. The tobramycin group
also showed decreased significant reduction in Pseudomonas density in sputum
and was less likely than placebo-treated patients to be admitted to hospital or
to require intravenous antibiotics.

An open-label extension study (115) demonstrated continued safety and
maintenance of pulmonary function above normal for up to 96 weeks. These
findings suggest that the reduction of Pseudomonas density by chronic
intermittent suppressive therapy helps preserve lung function in CF.

The Microbiology of Nebulized Antipseudomonal Therapy

The long-term microbiological consequences of chronic antipseudomonal
therapy are still unclear, and there is concern over the emergence of resistant
Pseudomonas strains as well as the level of intrinsically aminoglycoside-
resistant strains of B. cepacia and S. maltophilia, the possible decreases in
tobramycin susceptibility and deleterious effects on the microbiology of the CF
airway. Several studies (116–118) showed the emergence of tobramycin-
resistant strains within 3 to 6 months of continuous therapy and an increase in
tobramycin minimum inhibitory concentration (MIC). The resistant Pseudo-
monas strains regained sensitivity after the discontinuation of aerosol therapy.
These data suggest that parenteral antibiotic breakpoints may not predict
response to combination intravenous therapy in CF patients (119).

While antimicrobial susceptibility testing is recommended to optimize the
management of PEs and for surveillance, further studies are needed to
elucidate the significance of bacterial resistance in the management of CF
airways disease.
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Inhaled Mucolytic Therapy

Tenacious mucus plugs are virtually universal in CF. The viscosity of CF
airway mucus is partly due to the breakdown products of bacteria, neutrophils,
and other cellular debris. DNase cleaves DNA found in this debris, decreasing
its viscosity and facilitating expulsion of mucus.

In the 1990s, an aerosolized recombinant human DNase (rhDNase)
became available as a mucolytic. In a recent study of 474 young CF patients
with mild to moderate airways disease (mean FVC 102% predicted, mean
FEV1 95–96% predicted), patients receiving rhDNase showed an early
improvement in FEV1, which was maintained for the course of the study
(Fig. 7) (120). At week 96, the difference in FEV1 between active treatment and
placebo was about 3%. FEF25–75, which was 85% predicted at the start of the
study, was increased nearly 4% in the treatment group and declined by
approximately 4% from baseline in the placebo group. By the end of the study,
24% of the placebo group and 17% of the treatment group had had at least one
PE. It was calculated that the risk of a first PE was reduced by about 34% in
the rhDNase group (119). The authors concluded that early intervention with
rhDNase [Pulmozyme (dornase alfa recombinant) Inhalation Solution,

Figure 7 Mean change in FEV1 from baseline—a 2-year trial of dornase alfa. Vertical

bars represent + standard error of the mean. (From Ref. 120.)
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manufactured by Genentech, Inc., South San Francisco, CA] results in a
substantial reduction in exacerbations and a sustained benefit in lung function.
These finding clearly demonstrate the importance of early initiation of therapy
to prevent loss of lung function, even in young patients who initially present
with mild lung disease. It has been suggested that aggressive treatment in
young or newly diagnosed patients may be more beneficial to long-term health
and maintenance of pulmonary function than later aggressive therapy, when
lung function has already shown a significant decline.

In a large phase III randomized, double-blind placebo-controlled trial,
patients treated with DNase 2.5mg daily or twice daily for 24 weeks showed
reductions in PEs (28 and 37% in the once- and twice-daily groups,
respectively). Time spent in the hospital (*1.2 fewer days over 6 months)
and on intravenous antibiotics (*2.5 fewer days) was not substantially
different between the two treatment groups and the placebo group. Never-
theless, even those patients who did not show improvements in spirometry
showed decreased P. aeruginosa density (69). Postmarketing surveillance data
has confirmed the safety of Pulmozyme, and it is appropriate to administer the
drug during either a stable period or during a PE. Hoarseness, voice alteration,
and chest pain were occasionally seen.

Currently 49% of CF patients in the United States use rhDNase (121). It
is unclear at present which patients benefit from this therapy, as some
individuals show very little clinical response. However, many clinicians believe
that its impact on the frequency of respiratory tract infections is significant
enough to support therapeutic trials in many patients. Some studies suggest
that results after 3 months of rhDNase therapy predict response at 12 months
(122).

Inhaled hypertonic saline has been suggested as a mucolytic. It appears to
improve mucociliary clearance and increases coughing. In a short trial of 6%
hypertonic saline in patients with mild to moderate disease, patients reported
improvements in the feeling of chest clearance. FEV1 was improved 15%
compared to results obtained with isotonic saline inhalation (123). Longer
studies will be required before this therapy can be widely recommended for
routine use.

Inhaled Bronchodilator Therapy

Bronchodilators may be of value in CF patients with airway hyperreactivity or
those who have concomitant asthma. Nebulized beta-adrenergic agonists are
the agents most commonly prescribed in this setting. Two studies (124,125)
indicated that patients treated with albuterol showed a sustained reversal of the
decline in lung function. Beta agonists are generally well tolerated by CF
patients, although some show paradoxical decreases in flow rates after
inhalation. Some patients may show greater improvement on the antic-
holinergic ipratropium bromide. This is particularly true of adults, who may
have greater bronchoreactivity and secretions than younger CF patients.
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Others may do best on a combination of a beta agonist and an anticholinergic
agent. A therapeutic trial is warranted for patients whose bronchospasm is not
sufficiently controlled by either therapy alone.

F. Treatment of Inflammation

It is clear that airways infection and inflammation account for most CF
morbidity and mortality, but there is a continuing controversy as to which
comes first. The traditional view has been that inflammation resulted from
repeated bacterial infections in an environment of reduced mucociliary
clearance and mucous stasis. However, later studies (126) suggested that
airway inflammation is already present in the early neonatal period and may
exist independently of infection. Several groups reported increased levels of the
proinflammatory cytokine, interleukin-8 (IL-8) and of neutrophils and
neutrophil-derived elastase in the bronchoalveolar lavage fluid of children as
young as 4 weeks of age, even in the absence of infection (127,128). At this
point, there is still controversy as to whether the regulation of the
inflammatory response is abnormal in CF airways from birth or whether
inflammation is secondary to infection.

While this question remains unresolved, several approaches currently
exist to manage inflammation with the goal of reducing the rate of decline in
lung function, slowing the progression of airways disease, and contributing to
quality of life. The most frequently used at present are oral and inhaled
corticosteroids and ibuprofen.

One study of alternate-day or daily prednisolone (2mg/kg/day for 2
weeks followed by an additional 10 weeks at 1mg/kg qod) showed
improvements in lung function and decreased markers of inflammation
(129). However, a large, randomized, multicenter trial compared alternate-
day prednisone at either 1 or 2mg/kg to placebo and found an increased
incidence of cataracts, glucose intolerance and growth deficits (130). Although
steroids were beneficial to long-term pulmonary function in patients infected
with P. aeruginosa, the adverse effects are considered to be too great for routine
use, particularly in growing children.

Inhaled corticosteroids have been proposed as a way of avoiding the
systemic adverse events that occur with oral dosing. Studies using beclometha-
sone 400 mg/day (131) and budesonide (800 mg bid) (132) have failed to show a
demonstrable benefit on markers in inflammation. Higher doses of inhaled
corticosteroids may to be promising, but further study is needed before this
approach can be safely recommended.

In another approach designed to manage inflammation, high-dose
ibuprofen (20–30mg/kg up to 1600mg bid) was shown to slow the progression
of lung disease in patients with mild CF ðFEV1 > 60%Þ, particularly in patients
5 to 12 years of age (133). In this 4-year double blind, placebo-controlled trial,
patients were randomized to receive ibuprofen or placebo in addition to
standard CF care. Intent-to-treat analysis after 4 years showed a 40% relative
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reduction in the annual rate of pulmonary decline in ibuprofen-treated
patients. This group also gained 0.2% of ideal body weight while the placebo
group lost nearly 4%.

Later analysis of these data showed the greatest benefit in patients aged 5
to 12 years who were adherent to therapy. These patients showed a decline in
FEV1 of approximately 1.5% per year compared to approximately 4.2% per
year in placebo-treated patients.

While the use of anti-inflammatories is theoretically of benefit, the only
agents available at present have drawbacks or limited applicability. The search
for effective anti-inflammatory therapy with fewer side effects continues.

G. Lung Transplantation

Despite advances in all areas of CF care, 85% of patients die of lung disease. At
present, bilateral lung transplantation is the only alternative to the treatment of
end-stage CF airways disease. The first lung transplant in a CF patient was
performed in 1983. Table 5 lists indications and contraindications for lung
transplantation, although there is some variability by center.

Although these criteria may appear quite straightforward, in fact the
decision to pursue lung transplantation is extremely complicated. Emotional
and physical strength as well as significant psychosocial and financial resources
are required to make the decision to undergo the procedure and to endure the
long wait for an organ, which can be 18 to 24 months. The stresses on both
patient and family are significant. Recovery can be debilitating and the
requirement for lifelong immunosuppression adds to the stresses associated
with transplantation.

The earliest lung transplants in CF patients consisted of en bloc heart and
lung grafts from cadaver donors. However, this operation has been replaced by
bilateral single-lung transplants with bibronchial anastomoses. Although some
lung diseases can be treated with single-lung transplantation, this is not
possible in CF patients because of the likelihood of transmission of infection

Table 5 Potential Contraindications for Lung Transplantation in Cystic Fibrosisa

Liver disease with significant hepatocellular dysfunction or portal hypertension

Severe malnutrition (<80% of ideal body weight)

Extensive pleural scarring from prior thoracic surgery

Ventilator dependence (excluding noninvasive ventilation)

Airway colonization with Burkholderia cepacia

Aspergilloma with extensive pleural reaction

Severe osteoporosis with history of vertebral compression fractures

aPolicies regarding transplantation of patients with the above features vary among centers and

none should be viewed as an absolute contraindication.

Source: Ref. 152.
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from the remaining lung into the immunocompromised donor lung and the
effect of rejection prophylaxis and treatment on the remaining native lung.

Recently, the technique of living-related lobar transplantation has been
introduced, whereby a single lobe is transplanted from each of two donors.
This approach appears to be as successful as cadaveric transplantation and
potentially offers the advantages of scheduling the procedure, less stress on
patient and family, the opportunity to better screen donors for infectious
diseases, and less ischemia time for the donor organ.

The posttransplant prognosis is variable. One large series (134) is
reporting 1- and 3-year survival rates of 84 and 61%, respectively. Most
recipients of successful transplants have improved lung function, exercise
tolerance, and quality of life.

XIII. The Future

At the beginning of the twenty-first century, we are entering what might be
termed the ‘‘golden age’’ of CF therapeutics. With the data from the Human
Genome Project and the new understanding of CF provided by the cloning of
CFTR, we are closer than ever before to understanding the pathogenesis of this
complex disease and to developing novel therapeutic strategies, like developing
gene therapy to replace the mutated CFTR with wild-type CFTR in an effort
to correct the underlying genetic defect. Pharmacological interventions include
new approaches to the management of airway infection and inflammation,
methods of improving the function of mutant CFTR, and ways of modifying
airway ion transport. Another promising outgrowth of our deepened under-
standing of the genetic basis of CF is the burgeoning science of pharmaco-
genetics—genetics in the service of pharmacotherapy to elucidate how genes
influence individual responses to treatment. This new science will expand our
ability to tailor treatment based on microgenetic differences rather than
employing the current ‘‘one size fits all’’ therapeutic paradigm.

The Cystic Fibrosis Foundation’s Therapeutic Development Grants
Program and its phase I and II clinical trials network, the Therapeutics
Development Network, have been developed to aid in the advancement of
promising therapies.

Two new strategies, high-throughput screening and DNA microarrays,
have contributed significantly to drug discovery and overall understanding of
CF therapeutics. High-throughput screening relies on robotic equipment to
screen thousands of compounds per day based on lead compounds with some
known activity against CF. At present, this technique is being used to screen
for compounds that affect normal processing and functioning of CFTR
mutants. The use of DNA microarrays is central to the translation of data
generated by the Human Genome Project and other initiatives such as the
Pseudomonas Genome Project. This technology involves the hybridization of
fluorescent-labeled DNA/cDNA probes made from total cellular mRNA to an
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array of DNA representing human genes. This enables measurement of cellular
levels of mRNA (135) and thus the simultaneous monitoring of the gene
expression of thousands of genes. Microarray technology in conjunction with
information about the genomic sequence of P. aeruginosa is presently being
employed to put all of the Pseudomonas genes onto microchips that can be used
to compare drug-resistant and drug-sensitive P. aeruginosa.

A. Gene Therapy

While all of the therapies discussed here are capable of ameliorating symptoms,
preserving lung function, and improving quality of life, none is capable of
reversing the underlying defect in CFTR.

Since the 1989 cloning of CFTR, hopes for an eventual cure have been
pinned upon the development of gene therapy to replace the mutated CFTR
gene with normal copies. At present, gene therapy is being targeted to CF
airways disease. The therapy would likely be delivered during the neonatal
period before the development of CF lung disease. Unfortunately, there is a
wide divergence between what can be executed in vitro and what can be
accomplished in a living system. Although in vivo gene transfer has been
accomplished in CF, many barriers to successful gene therapy in CF remain
(136–140).

Choice of Vector

Several different types of vectors, both viral and nonviral, have been developed
and subjected to clinical testing in CF patients. For gene therapy to be
effective, the normal gene must reach the cell and result in long-term expression
of normal CFTR. Most groups have used viral vectors made from adenovirus
(Ad) and adenovirus-associated viruses (AAV) for gene transduction into the
cell. Drawbacks to these vectors include concerns about host safety and the
immunological disposition of the viral vectors. Adenoviruses, which are
naturally efficient at infecting the airways, have been used most often in human
studies. Although efficient for gene transfer, these vectors had dose-limiting
side effects arising from innate host immune responses to the viral proteins
(140–142). Later generations of Ad vectors were manufactured with fewer or
no viral genes, resulting in less destruction via cell-mediated immunity and
prolonged expression in some animal models (143). Unfortunately, it has been
shown that neutralizing antibodies to these vectors develop following repeated
administration. At present, based on airway epithelial cell turnover rates, it is
thought that successful gene therapy will rely on repeated administration at
approximately monthly intervals.

Several strategies—including encasing the vector in a nonimmunogenic
coating, modifying immunogenic epitopes or inducing tolerance to wild-type
adenoviruses—have been proposed to circumvent this problem (144).

Adenovirus-associated vectors (AAVs) are also being developed. These
vectors can enter the host cell genome and become latent, affording the
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possibility of long-duration gene transfer. So far, animal studies have not
revealed immunogenic or inflammatory responses to these vectors.

Retroviruses, with some structural genes deleted to permit insertion of
normal CFTR genes, integrate into the host cell genome and may be capable of
long-duration expression. A modified Sendai virus vector, which may be
capable of efficient gene transfer following only brief contact with host
receptors, is also promising.

Cationic liposomes are lipid-DNA complexes that usually have a
positive-charged cationic end, which enhances interaction with DNA, and a
hydrophobic lipophilic end that promotes cellular uptake and membrane
fusion (137,144,145). They enter the cell by endocytosis. These vectors appear
to be less efficient than viral vectors, with a shorter duration of gene transfer,
because they do not incorporate into the host cell genome and may not
continue to be expressed with cell division. However, they appear not to
stimulate immune and inflammatory responses, thus permitting repeat dosing.

Other hindrances that remain to be overcome before correction of the
genetic defect can become a reality include how to penetrate the characteristic
thick mucus and how to avoid mucociliary clearance systems. If this can be
reliably effected, which airways cells will be the most appropriate targets for
gene transfer, and do they have receptors for gene transfer at their apical
surface? The highest levels of CFTR are expressed in the serous cells of the
submucosal glands. Nebulized delivery of vectors is most apt to reach the
surface epithelial cells that express much lower levels of CFTR. Is delivery to
these cells sufficient to effect long-term expression of CFTR? Although it has
been shown that 5% of normal CFTR function results in about 50% normal
chloride transport (146), no clinical trials have reported correction of sodium
ion transport. Will incomplete gene transfer be capable of restoring other
functions of normal CFTR? These and other questions remain to be answered
before the goal of gene therapy in CF can be reached.

B. Future Pharmacotherapy

While gene replacement therapy is the long-term hope of CF therapy, there are
other avenues for correcting the underlying defect. One approach is to improve
the function of CFTR, since it is estimated that as little as 10% of normal
CFTR function is sufficient for the correction of chloride—though not
sodium—channels (147). Although it has been shown that cooling CF cells or
treating them with glycerol improved delta F508 folding and increased its
delivery to its correct position on the apical cell membrane, at present neither
method is practical for clinical use. High-throughput screening is being
employed to search for compounds capable of promoting normal folding.
Several compounds in the flavinoid and benzoquinoliziniums have shown
promise in vitro.

In another approach, the aminoglycoside gentamicin has been shown to
be capable of partially correcting stop mutations that result in the absence of
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functional CFTR. The application of gentamicin 0.3% nasal drops resulted in
beneficial changes in nasal potential difference in patients who were
homozygous for stop mutations (148).

Several xanthines, particularly 8-cyclopentyl-1,3-dipropylxanthine (CPX)
and 4-phenylbutyrate, a drug used to treat Hansen’s disease, appear capable of
increasing chloride efflux in vitro (149,150), though neither has yet shown
clinical efficacy. The isoflavone genistein, which can activate both mutant and
normal CFTR, may be capable of potentiating drugs that increase CFTR on
cell surfaces (150).

Another approach involves the development of synthetic cationic
peptides that could act synergistically with antibiotics to replace normal lung
antimicrobial peptides (defensins), which may be inactivated by high salt
concentrations in the ASL of CF patients. However, the success of this
approach will depend on the final verdict regarding the salt concentration of
ASL in this disease (151). One new antibiotic based on the hypothesis that lung
defensins function is compromised in CF, IB367, is presently in clinical trials.

XIV. Summary

The twentieth century witnessed a revolution in the diagnosis, understanding,
and treatment of CF. It can no longer be considered a childhood disease whose
victims rarely survive into adulthood, but rather as a disease of childhood
onset with 37% of patients currently 18 years of age and older (121). It is now
clear that the three-tiered approach to CF therapy—management of secretions,
infection, and inflammation—is theoretically correct. The contributions of the
gene revolution and related new drug development techniques will continue to
add new therapies to the existing armamentarium. The highest hopes lie farther
in the future, when gene therapy may well be capable of correcting the defect in
CFTR early in life, before its absence or malfunction leads to the full cascade
of clinical disease events.
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Pulmonary Interstitial Disease

Idiopathic, Autoimmune, and Drug-Related
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I. Introduction

The idiopathic interstitial pneumonias (IIPs) are a heterogeneous group of
nonneoplastic disorders resulting from injury to the lung parenchyma. They
comprise a number of clinicopathological syndromes that are sufficiently
different from one another to be designated as separate disease entities (1).
Idiopathic pulmonary fibrosis (IPF) is the commonest subgroup in patients
with suspected IIP and is a fatal condition (2). The prevalence of IPF has been
estimated to be between 20 and 30 per 100,000 of the general population (3).
Most patients are between 40 and 80 years old, with a mean age of 65 years.
Men are affected more commonly than women by a ratio of 2 to 1. The natural
history of IPF appears to be progressive in all cases, with a mean survival of 2.9
years (4). A number of possible factors involved in the pathogenesis of IPF
have been described, including genetic factors (5,6), autoimmune responses
(5,6), infection (7,8), cigarette smoking (5), and environmental injury (9). In
particular, exposure to wood dust or metal dust (9), acid reflux (10), and
Epstein-Barr virus coinfection (11) may lead to repeated injury, resulting in
progressive tissue remodeling. This chapter deals with 1) the classification of
idiopathic interstitial pneumonias (IIPs), 2) connective tissue disorders and IIP,
3) drug-induced pulmonary disease, 4) drug therapy for IPF, and 5) the
management of patients with advanced pulmonary fibrosis.
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A. Usual Interstitial Pneumonia

Usual interstitial pneumonia (UIP) is the histopathological pattern that is
synonymous with the clinical syndrome of IPF and accounts for 65% of IIP
cases (1). UIP reduces the surface area of the lung and obliterates pulmonary
vessels, resulting in ventilation perfusion mismatch, hypoxemia, and breath-
lessness. The histological features show fibrotic areas of varying age and
activity (2). Typically, honeycombing is interspersed with areas of relatively
normal lung tissue. Interstitial inflammation is mild, and fibroblastic foci are a
major characteristic feature (2). The clinical diagnosis of IPF is based upon
three criteria: (1) exclusion of other causes of interstitial lung disease (ILD); (2)
abnormal pulmonary function tests (PFTs), showing a restrictive pattern and/
or decreased diffusing lung capacity (DLCO); and (3) a radiological pattern on
high-resolution computed tomography (HRCT) showing bibasilar reticular
abnormalities and minimal ‘‘ground glass’’ attenuation (1). A clinical diagnosis
is usually adequate for diagnostic purposes (12). Therefore surgical biopsy is
generally considered unnecessary, particularly in light of a significant risk
associated with it. Utz et al., in a study of 60 UIP patients undergoing surgical
lung biopsy, demonstrated a mortality of 17% within 30 days of the procedure
(13). However, if there are atypical features on HRCT—including nodules or
predominant ground glass attenuation or consolidation, particularly in a
younger patient—consideration should be given to surgical biopsy. As

Table 1 Histological Classification in Idiopathic Interstitial Pneumonias (IIP)

Idiopathic pulmonary fibrosis (IPF)/usual interstitial pneumonia (UIP)

Nonspecific interstitial pneumonia (NSIP)

Desquamative interstitial pneumonia (DIP)

Respiratory bronchiolitis–associated interstitial lung disease (RBILD)

Acute interstitial pneumonia (AIP)

Table 2 Diagnostic Criteria for UIP/IPF

Major criteria

Exclusion of other causes of interstitial lung disease

Abnormal pulmonary function tests—restrictive pattern and/or reduced DLCO

Typical bibasilar reticular abnormalities with minimal ground-glass opacities on

HRCT scans

Minor criteria

Age> 50 years

Insidious onset of otherwise unexplained dyspnea on exertion

Duration of illness less than or equal to 3 months

Bibasilar, inspiratory crackles (dry or ‘‘Velcro’’ type in quality)
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indicated above, UIP has a poor prognosis, with a median survival of 2.9 years
(4).

B. Nonspecific Interstitial Pneumonia (NSIP)

Surgical lung biopsies of patients with IIP occasionally reveal a chronic
interstitial pneumonia that lacks the characteristic variegate pattern of UIP.
This is referred to as NSIP (14). These lesions are characterized by a relatively
uniform appearance at low magnification due to a cellular interstitial infiltrate
of mononuclear inflammatory cells associated with varying degrees of
interstitial fibrosis. Introduction of the term NSIP by Katzenstein et al. led
to a reappraisal of the classification of IIP (14). However, NSIP is likely to
have been formerly described by Scadding et al. as ‘‘cellular’’ cryptogenic
fibrosing alveolitis (CFA) (6). Within the group of patients described as having
CFA, it was recognized that a subgroup of patients had a favorable prognosis
associated with a uniformly cellular change on biopsy in a manner comparable
to NSIP (4). NSIP is the commonest histological pattern of IIP associated with
systemic sclerosis (15). The clinical presentation of NSIP is similar to that of
UIP but affects younger patients, mean age 57 years. HRCT shows bilateral
symmetrical ground-glass opacities or mixed bilateral airspace consolidation
and interstitial thickening, but the specificity of HRCT based diagnosis of
NSIP is unknown (16). NSIP patients have a good prognosis with a median
survival of greater than 10 years (17).

C. Desquamative Interstitial Pneumonia (DIP)

DIP is a distinct clinicopathological entity that differs substantially from UIP
(2). It is rare, with an incidence <3%, and it typically affects cigarette smokers
in their fourth or fifth decade of life. Most patients present with a subacute
(weeks to months) illness characterized by dyspnea and cough. HRCT shows
ground-glass attenuation. Lung biopsy reveals uniform, diffuse intra-alveolar
macrophage accumulation (1). As a consequence, it has been suggested that
DIP should be renamed as ‘‘acute macrophage pneumonia.’’ Clinical
recognition of DIP is important because the prognosis is excellent, and it
responds to corticosteroid treatment. It rarely progresses to advanced
pulmonary fibrosis and is associated with an overall survival of about 70%
after 10 years (4).

D. Respiratory Bronchiolitis–Associated Interstitial Lung Disease
(RBILD)

Like DIP, RBILD is a rare condition found in current or former cigarette
smokers, typically during their fourth or fifth decades of life (18). The clinical
presentation resembles that of patients with other IIP, including cough,
breathlessness, and sparse crackles on auscultation. HRCT scanning shows
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mild, diffuse, fine reticulonodular opacities in a bibasilar distribution. RBILD
is characterized histologically by the presence of pigmented intraluminal
macrophages within first- and second-order respiratory bronchioles. The
changes are patchy at low magnification and have a bronchiolocentric
distribution, accompanied by a patchy submucosal and peribronchiolar
infiltrate of lymphocytes and histiocytes. RBILD appears to be a relatively
benign and self-limited condition (19).

E. Acute Interstitial Pneumonia (Hamman-Rich Syndrome)

Acute interstitial pneumonia (AIP) is a rare, fulminant form of lung injury that
presents acutely, usually in a previously healthy individual (20). Symptoms
include fever, shortness of breath, and cough. This acute presentation is
comparable to acute respiratory distress syndrome (ARDS), differing only in
that it is not preceded by a catastrophic event (i.e., the condition is idiopathic).
Ventilatory support is invariably required. AIP has a poor prognosis, with a
mortality of up to 70% (20). Diffuse bilateral airspace opacification is seen on
chest radiograph, and HRCT scans show bilateral, patchy, symmetrical areas
of ground-glass attenuation (Fig. 1). Bilateral areas of airspace consolidation

Figure 1 HRCT of a patient with acute interstitial pneumonia. There is bilateral

symmetrical ground-glass attenuation interspersed with areas of consolidation.
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may also be present (21). The lung biopsy typically shows diffuse involvement,
although there may be variation in the severity of the changes among different
histological fields. Features typical of diffuse alveolar damage (DAD)—
including edema, hyaline membranes, and interstitial acute inflammation—are
characteristically seen (22). Loose organizing fibrosis is mostly seen within
alveolar septa, but it may also be observed within airspaces. The latter pattern
may be a prominent feature in more than one-third of cases. If the patient
survives, complete recovery is possible. However in approximately 25% of
cases, the process can recur, progressing to chronic interstitial fibrosis
potentially requiring lung transplantation (20).

II. Interstitial Lung Disease in Connective Tissue Disorders

A. Interstitial Lung Disease in Rheumatoid Arthritis

Ellman and Ball first observed an association between interstitial lung disease
(ILD) and rheumatoid arthritis (RA) in 1948 (23). ILD associated with RA is
most common in men (M:F¼ 3:1) between 50 to 60 years of age and is most
frequently associated with seropositive and erosive joint disease (28). A study
of 36 patients with recent-onset rheumatoid disease (joint symptoms <2 years)
demonstrated that 58% of patients had evidence of ILD on either chest x-ray,
HRCT, bronchial lavage, or lung physiology (24). However, pulmonary
involvement was clinically apparent in only 14% of patients (24). The onset of
pulmonary symptoms usually postdates the onset of joint symptoms by up to 5
years. In a HRCT surveillance study of 84 RA patients, heterogeneous changes
were identified. Bronchiectasis in the absence of fibrosis occurred in 30% of
patients, pulmonary nodules in 22%, subpleural micronodules in 17%, ground-
glass attenuation in 14%, nonseptal linear attenuation in 18%, and
honeycombing in 10% (25). In another HRCT study, bullous emphysema
was an additional common finding, occurring in 66% of patients (26). This
emphasizes that smoking is an important risk factor for ILD in RA. In a study
of 336 RA patients, it was observed that in those with a >25 pack-year
smoking history, there was a significant association with radiographic evidence
of ILD (27). If surgical lung biopsy is completed, a spectrum of findings may be
present, including inflammatory disease, a mixed pattern, or more commonly
UIP (29). The prognosis and natural history of IIP associated with RA is not
precisely defined, but in general it appears to be better than IPF. However,
when hospital admission for pulmonary disease is required, the median
survival is limited. In a study of 49 RA patients who required hospitalization
for ILD, the median survival was only 3.5 years (30).

B. Systemic Sclerosis and Interstitial Lung Disease

Pulmonary disease is the second most common visceral complication after
esophageal involvement in patients with systemic sclerosis (31). The two main
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pulmonary manifestations are interstitial lung disease (ILD) and pulmonary
vascular disease. ILD occurs in more than 75% of patients with systemic
sclerosis and vascular disease in approximately 10% (32). ILD is seen in both
diffuse and limited cutaneous scleroderma, although it usually occurs at an
earlier stage and may progress more rapidly in diffuse sclerosis. The most
common symptoms of ILD are fatigue, breathlessness on exertion, and a dry
cough. A pronounced reduction in DLCO is usually associated with a restrictive
pattern on pulmonary function testing (33). The presence of reduced DLCO and
normal lung volumes may suggest isolated vascular disease. ILD is a significant
determinant of outcome in systemic sclerosis and is now the most common
disease-related cause of death. In patients with diffuse cutaneous systemic
sclerosis and pulmonary disease, the median survival is 78 months (34).
Although ILD in systemic sclerosis is associated with a reduced survival among
patients with systemic sclerosis, the survival is more favorable than in patients
with isolated IPF. This may be explained by the fact that up to 50% of patients
with IIP associated with systemic sclerosis have a histological diagnosis of
NSIP (14). In systemic sclerosis patients with isolated pulmonary hypertension,
the prognosis may be poor. Systemic sclerosis patients with pulmonary
hypertension and a DLCO of less than 25% of predicted have a median survival
of less than 1 year (34).

C. Systemic Lupus Erythematosus (SLE) and Interstitial Lung
Disease

Acute lupus pneumonitis—presenting as cough, dyspnea, pleuritic pain,
hypoxemia, and fever—has been reported to occur in 1 to 4% of patients
with SLE (35). However, controversy exists as to whether acute lupus
pneumonitis is a unique entity. In a large autopsy study, every case of clinically
diagnosed lupus pneumonitis could be explained by other factors such as
infection, aspiration, cardiac dysfunction, or uremia (36). Chronic interstitial
pneumonitis has been reported to occur in 3 to 13% of SLE patients (37).
Asymptomatic pulmonary disease is thought to be relatively common, as
abnormalities in pulmonary function tests have been documented in up to two-
thirds of SLE patients (38,39). Fenlon et al. (38) assessed chest radiographs,
pulmonary function tests, and HRCT scans in 34 SLE patients. Eleven patients
were judged to have interstitial lung disease on HRCT scanning, nine of whom
were asymptomatic. Therefore symptomatic chronic interstitial peumonitis is
rarely a dominant feature of SLE and severe pulmonary fibrosis is very
uncommon (35). Forinstance in an autopsy based study moderate or severe
pulmonary fibrosis was documented in only four of 120 SLE patients (36).
Histological features of chronic interstitial pneumonitis complicating SLE are
of the nonspecific pneumonia pattern including varying degrees of chronic
inflammatory cell infiltrates, peribronchial lymphoid hyperplasia, interstitial
fibrosis, and hyperplasia of type 2 pneumocytes (35). Data relating to the
specific treatment of interstitial pneumonitis in SLE are scanty. Cortico-
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steroids, and or immunosuppressive, agents would be the recommended
treatment.

III. Drug-Induced Pulmonary Disease

A. Amiodarone Pulmonary Disease

The most serious adverse effect of amiodarone is interstitial pneumonitis,
which occurs in 5 to 15% of patients (40). Although exceptions occur,
pulmonary toxicity correlates more closely with the total cumulative dose
rather than with serum drug levels (40). Interstitial pneumonitis is usually
recognized after 2 months of therapy, especially in patients in whom the daily
dose exceeds 400mg (40). Amiodarone-induced interstitial pneumonitis is
characterized by a nonspecific interstitial pneumonitis predominantly com-
posed of mononuclear cells, type II cell hyperplasia, and fibrosis. A
characteristic finding in all patients exposed to amiodarone is the presence of
numerous foamy macrophages in the airspaces (41). An organizing pneumonia
with or without bronchiolitis obliterans [cryptogenic organizing pneumonia
(COP) pattern] is seen in approximately 25 percent of cases (42). Acute lung
injury is a rare but potentially fatal form of pulmonary toxicity. It is
characterized by a fulminant course in patients being treated with amiodarone
who have undergone surgery (43) or pulmonary angiography (44). The
diagnosis of amiodarone-induced pneumonitis can be difficult in certain
circumstances, for instance, may mimic pulmonary edema in patients with left
ventricular dysfunction, or elderly IPF patients may give a remote history of
coincidental amiodarone exposure. These patients are usually unsuitable
candidates for tissue biopsy. Therefore criteria have been devised to facilitate
the diagnosis of amiodarone-induced pulmonary toxicity (Table 3), the
treatment of which consists primarily of stopping amiodarone. Corticosteroid
therapy is indicated in severe cases and for patients with mild disease in whom
amiodarone withdrawal is not desirable. Due to its accumulation in fatty

Table 3 Criteria for Amiodarone-Induced Pulmonary Toxicitya

New or worsening signs or symptoms

New abnormalities on chest roentgenogram

A decline in total lung capacity (15%) or in DLCO (>20%)

Presence of foamy macrophages in the airspaces

A CD8þ lymphocytosis in lavage fluid

Histological evidence showing diffuse alveolar damage, organizing pneumonia,

interstitial pneumonitis, or fibrosis

Improvements in lung manifestations following withdrawal of the drug (with or without

steroid therapy)

aThree or more of these criteria suggest the ‘‘clinical diagnosis’’ of amiodarone pulmonary toxicity.
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tissues and long elimination half-life (approximately 45 days), pulmonary
toxicity may initially progress despite amiodarone cessation and may recur
upon premature steroid withdrawal. The prognosis of amiodarone lung disease
is generally favorable. Three-quarters of patients may stabilize or improve after
withdrawal of the drug with or without corticosteroid treatment (45). Death
attributable to amiodarone pneumonitis is believed to occur in 10 percent of
cases, although the actual mortality in clinical practice may be less (46).

B. Cyclophosphamide Pulmonary Disease

Cyclophosphamide-induced pulmonary injury is rare. There are two patterns
of pulmonary toxicity: an acute pneumonitis that occurs early in the course of
treatment and a chronic progressive fibrotic process that occurs after
prolonged therapy (47). In the acute presentation, symptoms of dry cough
and dyspnea occur 1 to 6 months following initiation of therapy. HRCT shows
diffuse ground-glass attenuation. The diagnosis is difficult, as infection needs
to be excluded. Discontinuation of the drug and institution of corticosteroid
therapy may result in complete resolution (47). Late-onset pulmonary toxicity
develops in patients who have received prolonged therapy. The disorder differs

Figure 2 A chest x-ray of a patient exposed to cyclophosphamide for 5 years. There is

bilateral pleural thickening and interstitial fibrosis as well as a small right basal

pneumothorax. This is an example of cyclophosphamide-induced pulmonary fibrosis.
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from UIP in that clubbing and inspiratory crackles are rare, and the reticular
infiltrates on HRCT do not have the typical bibasilar predominance seen in
UIP (47). Bilateral pleural thickening of the middle and upper zones is a
common feature, allowing differentiation from UIP (Fig. 2) (48). Late-onset
pulmonary toxicity appears not to respond to corticosteroids. Cyclopho-
sphamide withdrawal is advised and treatment is largely supportive. Lung
transplantation may be considered in selected cases remote from malignancy or
in those patients with quiescent autoimmune disease (47).

C. Busulfan-Induced Pulmonary Disease

Busulfan was the first cytotoxic drug to be associated with pulmonary toxicity
(49). Symptomatic pulmonary injury is estimated to occur in fewer than 5% of
patients (50). Occult pulmonary injury may occur in many patients exposed to
the drug (51). The mechanism of busulfan-induced lung injury is unknown.
Direct toxicity of busulfan to epithelial lining cells is suggested, but cytological
and histological findings are nonspecific. Lung biopsy specimens reveal
pneumocyte dysplasia, atypical bronchial lining cells, mononuclear cell
infiltration, and fibrosis (52). The risk of pulmonary toxicity due to busulfan
appears to correlate with the cumulative dose. The threshold dose beyond
which the risk of pulmonary toxicity may increase is 500mg (53). The interval
between initiation of therapy and onset of pulmonary symptoms is usually
greater than 4 years. However, symptoms may occur early, after only 8
months, or late, up to 10 years following onset of busulfan exposure (50). The
diagnosis of busulfan-induced pulmonary toxicity is usually established
clinically and is a diagnosis of exclusion. Withdrawal of the drug is the initial
step, but there are anecdotal reports of responses to corticosteroids (54).

D. Bleomycin-Induced Lung Disease

Bleomycin therapy may lead to a life-threatening pneumonitis that is dose- and
time-dependent and progresses to interstitial pulmonary fibrosis in up to 10%
of patients (55). Bleomycin is inactivated in vivo by bleomycin hydrolase, a
cytosolic aminopeptidase. This hydrolase is active in all tissues with the
exception of the skin and lungs, which accounts for the toxicity of the drug to
these organs (55). High concentrations of oxygen are believed to increase the
risk of bleomycin-induced lung injury (56). Oxygen therapy may result in
oxygen radical formation, augmenting bleomycin lung injury. Symptoms of
bleomycin-induced lung injury usually develop 1 to 6 months after treatment
and include dyspnea, dry cough, and substernal chest pain. HRCT
demonstrates a bilateral subpleural fibroproliferative infiltration (57). The
mortality due to bleomycin pulmonary toxicity in a study of 180 patients
treated for germ-cell tumors between 1991 and 1995 was 2.8% (58).
Corticosteroids or other anti-inflammatory therapy would be the recom-
mended treatment for bleomycin-induced fibrosis.
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E. Carmustine (BCNU)–Induced Lung Disease

Carmustine was formerly a compound frequently used in the treatment of
malignant brain tumors. Pulmonary fibrosis is a recognized complication
occurring in 20 to 30% of patients (59). The total cumulative amount of
administered carmustine and female gender are independent variables
associated with the development of lung disease. Formerly, lung disease was
reported as occurring within 3 years of exposure to the drug (59). However, it is
now recognized that pulmonary fibrosis can occur up to 20 years after exposure
to the compound following a prolonged symptom-free period (60). Carmus-
tine-induced fibrosis is characterized by an upper lobe distribution (61). No
specific treatment is recommended, but given a remote history of malignancy,
lung transplantation can be considered.

IV. Drug Therapy for UIP/IPF

Historically, the concept that inflammation of the lower respiratory tract
(alveolitis) leads to pulmonary fibrosis has resulted in the use of anti-
inflammatory therapy for IPF. As a consequence, oral corticosteroids are
considered to be the cornerstone of treatment, while other therapies—including
immunosuppressive, cytotoxic, and antifibrotic agents—have also been
utilized. To date, no pharmacological therapy has been proven to alter or
reverse the clinical course of IPF (62). As a consequence, some authors have
gone so far as to argue that current anti-inflammatory therapy for IPF
provides no benefit and may even be detrimental (5,63).

A. Corticosteroids

Corticosteroids constitute the recommended therapy for UIP despite the
absence of any randomized placebo-controlled trial. In initiating corticosteroid
treatment in IPF, it is recommended to do so as early as possible with the hope
of slowing progression of the disease. What constitutes the most effective dose
and period of treatment is also unknown. A dose of 0.5mg/kg/day for 4 weeks
followed by does reduction to 0.25mg/kg/day has been advocated (62). The
application of corticosteroids is based on a variety of historical reports. In a
retrospective analysis of 127 patients who received oral corticosteroid therapy
with a follow-up of 4 years, 17% of patients demonstrated an objective
response to treatment (64). In this study, corticosteroid therapy identified a
subgroup with an improved survival who were younger and who had a more
cellular lung biopsy. In retrospect, these patients may now be reclassified as
suffering with NSIP. Carrington et al. (65) described 40 DIP patients and 53
UIP patients among whom 66% of the DIP patients responded to
corticosteroid therapy compared to 11% of UIP patients. Therefore a trial of
corticosteroids may have a role in selecting patients with suspected treatment-
responsive disease (DIP, NSIP), particularly younger patients below 65 years
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of age (64). By implication, the majority of patients not responding to
corticosteroid therapy may have UIP. These patients are commonly elderly
(mean age 65 years), male, have a BAL characterized by an excess of
neutrophils and HRCT with honeycombing, traction bronchiectasis, and no
ground-glass attenuation. Flaherty et al. (66) have prospectively identified 30
side effects in UIP patients exposed to corticosteroid therapy in line with
international guidelines. Of these patients, 76% complained of insomnia, 73%
became cushingoid, and 61% suffered with irritability and blurred vision. In
light of the significant side-effect profile of corticosteroids, and the lack of
documented efficacy in UIP, IPF patients should be exposed to corticosteroids
only after careful consideration.

B. Cytotoxic and Antifibrotic Agents

A number of alternative cytotoxic, immunomodulatory, and antifibrotic agents
have been employed in the treatment of IPF, usually administered in
conjunction with oral corticosteroid therapy. These agents include azathio
prine, cyclophosphamide, colchicine, methotrexate, penicillamine, cyclospor-
ine, and interferon gamma.

Azathioprine

Azathioprine, which is commonly used as a steroid-sparing agent in IPF, is a
purine antagonist that inhibits DNA synthesis resulting in suppression of
cellular and humoral immunity. Raghu et al. (67) suggested that the use of
azathioprine at 3mg/kg/day in conjunction with corticosteroids conferred a
survival advantage over those patients receiving oral corticosteroids at 20mg/
day. In this study, age was identified as an important determinant of outcome.
When the survival analysis was adjusted for age, there was a significantly better
survival in those patients receiving azathioprine. However, 27% of patients
died in the first year, and a difference in survival became apparent only after 4
years of follow-up. We now recognize that survival beyond 3 years is unusual
in patients with UIP; therefore, inadvertently, the prolonged survival
associated with azathioprine may reflect the fact that 63% of the azathioprine
patients were female. Nevertheless, the trend toward improved survival from a
prospective randomized study has resulted in azathioprine and corticosteroids
being a recommended form of therapy. As a consequence, the American
Thoracic Society (ATS) guidelines recommend a dose of 2 to 3mg/kg/day to a
maximum dose of 150mg/kg/day (62). Gastrointestinal side effects—including
nausea, vomiting, and diarrhea—are common. Patients exposed to azathio-
prine who are deficient in thiopurine methyltransferase are at increased risk of
bone marrow suppression. Mild thiopurine methyltransferase deficiency occurs
in 11% of the general population.
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Cyclophosphamide

Cyclophosphamide has been administered widely as therapy for IPF because it
impairs neutrophil activity. O’Donnell et al. (68) demonstrated a cyclophos-
phamide-induced reduction in bronchoalveolar lavage (BAL) neutrophil
concentration. In this 6-month study, 14 patients receiving cyclophosphamide
1.5mg/kg had a significant reduction in BAL neutrophil count in comparison
to 14 patients receiving corticosteroid therapy. A randomized study of
cyclophosphamide in patients with biopsy-proven IPF compared prednisolone,
60mg/day tapering to 20mg on alternate days, to cyclophosphamide 100mg/
day plus prednisolone 20mg on alternate days (69). These data were widely
interpreted as suggesting that cyclophosphamide conferred a significant
survival advantage. However, the data were biased in favor of cyclopho-
sphamide. More than 50% of patients receiving cyclosphosphamide had a total
lung capacity of greater than 80% predicted, in contrast to greater than 50% of
patients receiving prednisolone alone, who had a total lung capacity below 60%
of predicted. In spite of this physiological advantage in favor of cyclophos-
phamide, there was still no significant difference in survival between the two
groups. Intravenous cyclophosphamide is an alternative to oral cyclophos-
phamide and results in a lower total cumulative dose of cyclophosphamide
being administered to patients. A patient being given 100mg of oral
cyclophosphamide per day for 3 weeks receives a total dose of 2.1 g. In
contrast, pulse intravenous cyclophosphamide on a three-weekly basis results
in a dose of between 800 and 1500mg being administered episodically. As a
result, intravenous cyclophosphamide is associated with less risk in terms of
carcinogenesis, but it is labor-intensive and demands appropriate nursing
infrastructures. There is no randomized study involving the use of intravenous
cyclophosphamide, but an open, noncontrolled study (70) reported on 33
patients, 30% of whom died in the first 6 months of the study period. This
study demonstrated that intravenous cyclophosphamide had little impact in
patients with progressive disease but facilitated steroid tapering in patients who
selected themselves out as having nonprogressive disease. Because cyclophos-
phamide has little effect on survival, the impact of potential side effects is of
considerable importance. Nausea, alopecia, and bone marrow suppression are
common reversible side effects. Infertility, hemorrhagic cystitis, and malig-
nancy are particularly significant adverse effects. Patients with Wegener’s
granulomatosis receiving cyclophosphamide have a threefold increased risk of
carcinoma (71). This is important to IPF patients, as they are inherently at a
greater risk for the development of lung cancer (72). Patients with IPF are
recognized as having increased p53 oncogene expression in pulmonary tissues
(73). Late after lung transplantation, malignant disorders are the second
commonest cause of death (15%) in IPF patients (Fig. 3) (74). This may reflect
the use of cyclophosphamide in IPF patients prior to transplantation. These
concerns argue for a critical review of the traditional role that cyclophos-
phamide therapy has in the treatment of UIP.
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Cyclosporine

As many IPF patients are under the care of physicians with an interest in
transplantation, increasing numbers of patients have been exposed to
cyclosporine therapy. Cyclosporine is an immunophylin-binding drug that
forms a complex with cyclophylin and inactivates calcineurin. Calcineurin is an
enzyme critical to the transcription of cytokines, including IL-2, IL-3, IL-4, IL-
5, interferon-g, and tumor necrosis factor a. In IPF patients awaiting lung
transplantation, cyclosporine has been advocated as an effective means of
facilitating steroid withdrawal or reduction. In a study by Venuta et al. (75), 10
patients receiving high-dose prednisolone (>50mg/day), were given cyclospor-
ine (4–7mg/kg/day). Achieving cyclosporine levels of 300 to 400 ng/mL,
facilitated the reduction in dose of steroids, and this resulted in a mild
improvement in the 6-min walk test in 5 of 10 patients. These were encouraging
results, as inevitably patients awaiting transplantation have advanced disease,
although these 10 patients were receiving questionably high doses of
corticosteroids. The application of cyclosporine facilitating dose reduction of

Figure 3 A thoracic CT scan of a patient 5 years after a right single-lung transplant

for IPF. The transplanted lung is normal. In the left native lung there is an

intrapulmonary mass and an associated pleural effusion. This is a non-small-cell lung

cancer occurring in the native IPF lung.
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corticosteroids and maximizing exercise capacity is an acceptable therapeutic
goal. Two other open, nonrandomized studies have reported on the application
of cyclosporine in IPF. Moolman et al. (76) described the impact of
cyclosporine administered for 9 months in 10 patients, of whom 5 patients
had IPF and 5 had histological features suggestive of NSIP. While receiving
cyclosporine 3mg/kg/day, all 5 patients with NSIP and 3 patients with UIP
experienced an improvement in exercise capacity and vital capacity. Alton et al.
(77) evaluated once-daily cyclosporine at a dose of 5mg/kg/day in 10 patients
in whom cyclophosphamide therapy had failed. Survival analysis suggested
that there was an improvement in survival of 2.5 to 5 months in comparison to
a matched historical control group of 7 patients receiving cyclosporine. Further
studies are required before cyclosporine can be recommended as form of
therapy, particularly as cyclosporine is a fibrogenic compound.

Colchicine

In vitro studies have demonstrated that colchicine is an inhibitor of fibroblast
function, particularly fibroblast proliferation and collagen synthesis (78).
However, it has little effect on other cytokines important in the fibrotic disease
process, particularly transforming growth factor b (79). Colchicine has been
advocated as a potential treatment of IPF following a study in which it was
administered to 23 patients who had received previous corticosteroid therapy
(80). While receiving colchicine 600mg/day, 30% of patients improved, 30%
remained stable, and 40% worsened. Douglas et al. (81) have subsequently
emphasized the favorable outcome of IPF patients receiving colchicine in
contrast to prednisolone. In a prospective, randomized study, 12 subjects
treated with prednisolone experienced a higher incidence of serious side effects,
a more rapid decline in pulmonary function, and reduced survival, compared
to 14 patients treated with colchicine alone (81). These data emphasize that
corticosteroid therapy had negligible efficacy and more side effects than
colchicine, which had negligible efficacy but a favorable side-effect profile.

Methotrexate

Methotrexate is a folic acid analog that inhibits the enzyme dihydrofolate
reductase. Its immunosuppressive properties can probably be attributed to
inhibition of replication and function of T lymphocytes and possibly B
lymphocytes. It may also interfere with neutrophil chemotaxis. There are very
few published reports using methotrexate in IPF, probably because of its
known pulmonary toxicity. At present there is no evidence to support its
application in IPF.

Penicillamine

Several animal studies suggest a possible role for penicillamine in the treatment
of fibrotic lung disorders. However, controlled trials of penicillamine therapy
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in IPF do not exist. There are a number of open-label, nonrandomized
uncontrolled trials (82,83) and one case series in the literature (84)
demonstrating that penicillamine has little or no benefit in IPF, and side
effects appear to be frequent. If this drug is initiated, 125 or 250mg is given
orally as a single daily dose, with gradual increments to a final dose of 500mg/
day. It is thought that a response to treatment requires 3 to 6 months of
therapy.

Antioxidants

The antioxidant substance glutathione is deficient in the alveolar lining fluid of
IPF patients (85). Therefore augmenting the availability of this substance may
reduce the oxidative damage contributing to the pathogenesis of IPF. The
administration of N-acetylcysteine (NAC) has been shown to elevate BAL
glutathione levels in IPF patients (86). A single 12-week open-label study of
oral NAC 600mg 3 times per day in a group of 18 patients receiving
maintenance immunosuppression has been undertaken (87). This study
reported that NAC administration was associated with an improvement in
lung function. These data are encouraging, and the low side-effect profile of
this therapy suggest that this therapeutic approach deserves further study.

Perfenidone

Perfenidone is an agent that inhibits transforming growth factor beta ðTGF-bÞ
stimulated collagen synthesis, decreases the extracellular matrix, and blocks
fibroblast proliferation in vitro. One open label phase II trial of the drug in 54
patients with IPF has suggested that it may result in the stabilization of lung
function (88). Perfenidone appeared to facilitate the withdrawal of conven-
tional therapy in 38 patients. One- and 2-year survival was 78 and 63%
respectively (88). The drug administered to a maximum dose of 3600mg/day
was reasonably well tolerated, with nausea and photosensitivity as the most
commonly reported adverse effects. Further studies are required of this
potentially important compound.

Interferon Gamma 1b

Interferon gamma 1b is a potential therapeutic compound for the treatment of
IPF. This is because in animal studies, interferon gamma has been shown to
inhibit fibroblast and collagen synthesis. Furthermore, it is recognized that
patients with IPF have reduced levels of interferon gamma in BAL compared
to controls (89). Therefore it is believed that there may be an imbalance
between interferon gamma and TGF-b in IPF patients. Ziesche et al. (90) have
attempted to redress this imbalance by administering interferon gamma to
UIP patients. In an open-label, randomized pilot study, they showed that
patients receiving interferon gamma demonstrated a statistically significant 9%
improvement in total lung capacity over 1 year and a reduction in TGF-b
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expression in tissue obtained by serial transbronchial biopsy. In this study,
IPF patients received interferon gamma 200mg three times per week with
7.5mg of oral corticosteroids per day, and the control patients received a
symptom-driven schedule of oral corticosteroids. The IPF patients were
carefully selected on the basis of two criteria: first, a failure to respond to
steroids over 1 year and, second, histological evidence of UIP acquired by
open-lung biopsy. This diligent selection process and efforts to exclude
patients with potentially steroid-responsive disease (i.e., NSIP) may have
introduced a selection bias inadvertently. To identify patients with progressive
disease from whom a surgical biopsy and serial transbronchial lung biopsies
can be obtained is unusual. Another important factor to be considered in
interpreting the data is that the control group, who clearly had steroid
unresponsive disease, were exposed to oral corticosteroids (25–50mg),
potentially worsening lung function. This decline in the control group may
have been due to the promotion of Epstein-Barr virus replication within the
pulmonary tissue or to the increase in body-mass index with corticosteroids.
The deterioration in control patients receiving corticosteroids alone conferred
an advantage on the group receiving interferon gamma, which highlights the
necessity for novel therapies for UIP-pattern IPF to be compared with either
placebo or no treatment. Nevertheless, this study represents an important step
forward, and if these benefits are confirmed in other studies, the use of
interferon gamma 1b could represent a significant advance in the treatment
of IPF.

V. Management of Patients with Advanced Pulmonary
Fibrosis

A. Oxygen Therapy

Historically, physicians have had some reluctance toward prescribing oxygen
therapy, because of the hypothetical disadvantage of augmenting oxygen
radical production. However this has not been substantiated. In a multivariate
analysis of variables associated with disease progression (91), oxygen therapy
was not associated with a decline in the clinical status of the patient. Indeed
there are two complementary avenues of data demonstrating that oxygen
therapy is beneficial. First, it has been shown that in patients with pulmonary
fibrosis, an acute challenge of oxygen therapy significantly reduces the mean
pulmonary artery pressure in those patients with secondary pulmonary
hypertension. Second, it has been demonstrated that nocturnal hypoxemia is
associated with daytime impairment of quality of life and that the
administration of nocturnal oxygen therapy attenuates the daytime symptoms
and improves quality of life (92). Patients should be warned of the side effects
of oxygen therapy, which are predominantly local, in that the cold, dry oxygen
can irritate the nose, causing dryness and epistaxis. An alternative method of
oxygen delivery is the transtracheal route, but its application is often
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determined by local medical practice or physician interest. Briefly, a small stent
is placed percutaneously under local anaesthetic, and following the develop-
ment of a mature tract, a catheter is placed in the trachea. Complications
include mucous plugging, local infection, and potentiation of the patient’s
existing cough. One theoretical advantage to transtracheal oxygen is that by
reducing the upper airway dead space, there is less oxygen and air admixture,
promoting oxygen delivery and reducing workload.

It should not be forgotten when prescribing oxygen therapy that both the
concentration and flow should be considered. It is reasonable to titrate the
oxygen therapy according to resting oxygen saturations, but it must be
remembered that augmented flows of oxygen are required immediately
following exercise and coughing in order to correct for oxygen deficit. It is
difficult to administer greater more than 4L of oxygen per minute for patients
while they are actively exercising; and therefore they should be advised to have
additional supplemental oxygen supply available to them in circumstances
where intense exercise is required. For instance, an additional cylinder
delivering a higher flow of oxygen should be available at the top of the stairs.
In this context, in order to prevent distressing breathlessness, early considera-
tion should be given to altering the patient’s environment. In particular a stair
lift should be contemplated for a patient with a short life span, because
bureaucratic delays may prevent the timely provision of a stair lift. Many IPF
patients utilize portable breath-activated oxygen delivery systems in order to
conserve oxygen, allowing prolonged mobilization from the patient’s home.
This is a useful strategy, but it must be remembered that if patients with
advanced disease become extremely tachypnoeic, the breath-activated delivery
system may not keep pace with the rate of breath. Paradoxically then, in
advanced disease, the patient might be advised to use a continuous rather than
intermittent supply when away from the home and to compensate the shorter
supply time by bringing an additional cylinder.

B. Pulmonary Hypertension

An important but underemphasized feature of advanced IPF is secondary
pulmonary hypertension. This results from (1) hypoxemia, (2) architectural
disruption of the arterial bed by fibrosis, (3) in situ arteriolar thrombosis, and
(4) imbalance of vasomotor tone. The management of hypoxemia is critical
and has been dealt with above, while the cessation of the fibroproliferative
process remains as the major challenge in the treatment of IPF. Anti-
coagulation potentially offers some protection against vascular thrombosis.
There are no data to support the application of anticoagulation in IPF.
Anticoagulation in IPF patients awaiting lung transplantation must be
undertaken with care and judgment and specifically is ill advised in patients
with marked pleural disease. However, it is the authors’ practice to
anticoagulate patients with advanced IPF and secondary pulmonary
hypertension provided that they can easily be subjected to anticoagulation
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surveillance and have no contraindications. An imbalance of vasomotor tone
is also believed to be an important factor in the development of secondary
pulmonary hypertension in IPF. Endothelial-cell production of the vasodi-
lators prostacyclin and nitric oxide (NO) is thought to be impaired in patients
with secondary pulmonary hypertension. Correction of these deficiencies
might thus be a therapeutic measure for IPF. Olschewski et al. (93) have
demonstrated, in an acute challenge study, that nebulized iloprost signifi-
cantly reduces pulmonary artery pressures without augmenting the pulmon-
ary shunt. Although attractive, because nebulized therapy should target
normal ventilated parts of the lung, nebulized iloprost is not without practical
problems and has not been shown to be beneficial when administered
chronically. Significantly, iloprost must be nebulized every 3 hr, and a specific
ultrasonic nebulizer that achieves particles of less than 3 mm is recommended
(94). Encouragingly, there is no evidence to suggest that the cessation of
nebulized iloprost results in rebound pulmonary hypertension in a fashion
similar to inhaled nitric oxide (NO). Inhaled NO has also been successfully
applied in IPF and secondary pulmonary hypertension. Channick et al. (95)
demonstrated that the inhalation of NO in IPF patients with secondary
pulmonary hypertension led to a significant fall in pulmonary artery pressure.
The therapeutic application of NO is potentially limited by the lack of
availability of suitable delivery systems for outpatients, although a recent
report describes the chronic application of NO to an IPF patient as a bridge
to lung transplantation (96). In this study, using a pulsed delivery system, the
patient continued to receive outpatient inhaled NO for 30 months while
waiting for lung transplantation. Exercise and echocardiogram studies in this
patient, after 3 months of inhaled NO, showed an improvement in arterial
oxygenation, pulmonary hypertension, and exercise tolerance (96). With
continuing advances in the treatment of primary pulmonary hypertension,
novel strategies including oral sildenafil are emerging for the management of
secondary pulmonary hypertension.

C. Reflux

Another important concomitant problem in IPF patients is oesophageal reflux.
Tobin et al. (10) have demonstrated that IPF patients have a significantly
increased incidence of acid reflux in comparison to control subjects. Utilizing
ambulatory esophageal pH monitoring, 16 of 17 IPF patients, compared to 4
of 8 controls, had an increased incidence of acid reflux. Very importantly only
25% of these IPF patients actually had symptoms pertaining to reflux.
Therefore it is advisable to treat all IPF patients with proton pump inhibitors.

D. Cough

Cough is a major problem in IPF patients. There are no data in the literature as
to what is the best management strategy for this problem. The cough may be
dry, but many patients may produce large amounts of mucoid sputum. Inhaled
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beclomethasone, which is administered using the HFA propellant in order to
achieve small airway distribution, may offer relief to some individuals. Cough
is frequently associated with reflux esophagitis; therefore, in patients
complaining of cough, reflux therapy should be administered. In the authors’
experience, nebulized lignocaine and nebulized narcotic therapy do not
substantially ameliorate the symptoms.

In the advanced stages of pulmonary fibrosis, cough frequently
precipitates profound hypoxemia. In this circumstance, it is important to
administer high-flow oxygen, over and above what the patient normally uses,
to ameliorate the hypoxemia.

E. Pneumothorax

Another problem that arises in patients with IPF is the development of a
spontaneous pneumothorax. If this occurs early in the course of disease, it
should be treated aggressively. Surgical pleurodesis should be considered in
order to prevent profound respiratory failure should the pneumothorax recur.
Alternatively, pneumothorax frequently signals a terminal phase of disease. In
this circumstance, it should be acknowledged that palliative care is the key
component of management, and surgical treatment or ventilation should be
avoided.

F. Minimalism/Best Supportive Care

The majority of IPF patients are ‘‘nonresponders’’ to medical therapy. These
patients are commonly elderly, male, have a BAL characterized by an excess
of neutrophils, and a HRCT with honeycombing, traction bronchiectasis, and
no ground-glass attenuation. In these patients, particularly those above 65
years of age, a strategy of minimalism should be considered (63). Minimalism
involves avoiding immunosuppression, dose reduction, and drug withdrawal.
There are little or no data to support chronic corticosteroid therapy or
second-line therapy in patients with advanced disease. Indeed, much of the
data support a strategy of minimalism. Johnson et al. (69) demonstrated that
low-dose corticosteroid therapy was as effective as high-dose steroid therapy,
and the addition of cyclophosphamide failed to improve survival. Douglas et
al. (97) highlighted the concept of minimalism by demonstrating that in well-
matched but clinically stable patients, corticosteroid therapy was associated
with a decline in lung physiology. In contrast, colchicine was associated with
preservation of lung function. Raghu et al. (67) and Lok et al. (98) have
demonstrated that older patients in particular fail to benefit from intensive
immunosuppression. Therefore minimalism/best supportive care should be
acknowledged as a specific and important treatment strategy in patients with
IPF, particularly elderly IPF patients and those awaiting lung transplanta-
tion.
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G. Referral for Lung Transplantation

IPF has an extremely limited prognosis, with a median survival of 2.9 years
(4). After the failure of medical treatment, single-lung transplantation results
in an actuarial survival of 73% at 1 year and 57% at 3 years (99). In the
United States, lung transplantation for IPF has been shown to confer an
improved survival compared with patients remaining on the waiting list (74).
A limited window of opportunity exists to refer IPF patients for lung
transplantation. The short transplant window is reflected in the high
mortality rate in IPF patients awaiting lung transplantation (74). Currently,
the median waiting period for single-lung transplantation in the United
Kingdom is 351 days [confidence interval (CI) 293 to 427 days]. Given an
expected median survival of 34 months after the diagnosis of IPF and a mean
waiting list for transplantation of 12 months, there is a window of just 22
months for referral for transplantation. It is because of this limited transplant
window and the difficulty predicting survival that IPF patients in the United
States are given a 3-month waiting advantage compared with patients with
emphysema (100). Despite this, IPF patients still have the highest death rate
while awaiting lung transplantation (74). International guidelines recommend
that symptomatic patients with IPF below 65 years of age should be
discussed with the transplant center after a failed trial of corticosteroid
therapy and referred in any of the following circumstances: DLCO< 50 to
60%, FVC< 60 to 70%, resting hypoxia or pulmonary hypertension (101).
Since the publication of these guidelines, two important concepts have been
developed. First, Gay et al. (102) have emphasized that lung function is a
poor marker for survival. This corroborates previous data, which showed
that there was no correlation between morphological fibrosis and lung
function. Second, it has been demonstrated that HRCT quantification of the
extent of fibrosis is superior to histological quantification of fibrosis in
predicting survival (103). In light of these developments, recent data have
shown that 2-year survival can be estimated in IPF patients, potentially
optimizing the timing of transplantation. The model described utilizes simple
criteria, including HRCT fibrosis score and DLCO. In a study 136 IPF patients
below 65 years of age, a DLCO of less than 40% of predicted combined with a
HRCT fibrosis score of greater than 2 has a sensitivity and specificity of 80%
in predicting 2-year survival (104).

H. Organization of Care

To resolve the continuing difficulty in treating patients with IPF, there is an
urgent need for ongoing randomized therapeutic trials. The absence of
randomized studies facilitates the poor outcome experienced by IPF patients.
The development of ‘‘shared care’’ specialist clinics should facilitate early
referral and encourage the recruitment of adequate numbers of patients at an
early stage of their disease to power randomized studies (105). Lok et al. have
reported that IPF patients attending a specialist fibrosis clinic have a
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significantly better survival rate than those IPF patients who attend a general
pulmonary service (105). Appropriately designed studies are needed at a time
when a variety of agents—including perfenidone, antioxidants, interferon, and
endothelin antagonists—have been shown to have potential as therapeutic
agents in IPF. Therefore scientifically oriented pulmonologists need to dispense
with the philosophy of patient ownership and collaborate with centers with a
declared interest that also offer transplantation as an alternative to failed
medical therapy. Encouragingly, this concept is being increasingly adopted,
with practical examples including the Greater Manchester Lung Fibrosis
Consortium, the Michigan Fibrotic Lung Disease Network, and the Mayo
Clinic Fibrosis Network.
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I. Sarcoidosis

A. Overview of Chronic Sarcoidosis

Sarcoidosis is a systemic disease of unknown etiology characterized by
lymphocytic and granulomatous inflammation and organ dysfunction. It can
produce a spectrum of pulmonary manifestations ranging from asymptomatic
infiltrates on chest x-ray to end-stage fibrosis and respiratory failure and has a
tendency to relapse and remit unpredictably. Although the lung and the
intrathoracic lymph nodes are involved in over 90% of cases, virtually any
organ can be affected (1), including the eye, skin, liver, brain, and peripheral
lymph nodes. Some presentations of acute sarcoidosis, such as the combination
of bilateral hilar adeonopathy and erythema nodosum, can be so unmistakable
that the diagnosis can made on clinical grounds alone and managed by
observation. In most cases of acute or chronic sarcoidosis, however, an
insidious or protean presentation, an atypical feature, or progressive organ
dysfunction compels the clinician to seek a definitive diagnosis based on the
demonstration of noncaseating granulomata in tissue samples. Even with
pathological confirmation of granulomatous change, the clinical context is also
critical, since tuberculosis, histoplasmosis, berylliosis, lymphoma, and a host of
other diseases can mimic sarcoidosis (2). The overall prognosis of sarcoidosis is
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excellent, with spontaneous resolution occurring in almost two-thirds of cases
(3,4), but the remaining patients may develop persistent or progressive disease
associated with significant morbidity and mortality (5). Of those with chronic
disease, one-fourth will eventually die of respiratory failure (6).

The basic tenet in the treatment of chronic pulmonary sarcoidosis is that
therapy has never been proven to alter the course of the disease, so that
decisions to treat are based on alleviation of symptoms alone. This discussion
focuses on difficult management issues in chronic sarcoidosis, including
predicting which patients will develop persistent or progressive disease,
deciding which symptoms warrant initiation of treatment, choosing the dose
and duration of chronic corticosteroid therapy, and the selection and timing of
alternative agent use. The elements of sarcoidosis pathophysiology that form
the basis for various therapeutic strategies are also reviewed. Other sarcoidosis
topics covered in this volume include pathology (Chap. 2), pulmonary
physiology (Chap. 5), and extrapulmonary disease (Chaps. 15 and 16).

B. Pathogenesis of Chronic Sarcoidosis

The histological hallmark of sarcoidosis is the noncaseating granuloma (Fig.
1), composed of giant cells, epitheloid cells, and lymphocytes (7,8). The
granuloma results from a response to an as yet undiscovered antigen that has

Figure 1 Noncaseating granuloma of sarcoidosis characterized by giant cells,

palisading histiocytes, and lymphocytes.
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been processed by the macrophage and then presented to antigen-specific T
lymphocytes (9,10). Most of the T cells in sarcoid granulomas are CD4þ,
interspersed among the epitheloid cells and giant cells. At sites of active
disease, striking increases in CD4þ lymphocytes and increased CD4þ/CD8þ
ratios are characteristic (11,12). The predominant T-lymphocyte populations in
active lesions have been shown to express a Th1 cytokine pattern, although
Th2 lymphocytes are also present (13–15). Th1 cytokine secretion likely
contributes to the induction of the immune response, T-cell replication, and
activation of monocytes. T lymphocytes are thought to be the key mediators of
the alveolitis phase of sarcoidosis, and increased levels of CD4þ cells in
bronchoalveolar lavage have been shown to correlate with disease activity (16)
(Fig. 2). In general, chronic disease develops more commonly in patients who
have persistent elevation in the CD4/CD8 ratios in bronchoalveolar lavage
(BAL), while spontaneous remission is often heralded by a fall in the CD4/
CD8 ratio into the normal range (17). Although Th2 lymphoctyes may
contribute to disease resolution, the Th2 response may also lead to fibrosis
(18). Interleukin-4 (IL-4), a signature Th2 cytokine, has been shown to
augment fibroblast proliferation and collagen production (19). Furthermore,

Figure 2 Hypothetical scheme of the cellular and molecular basis for persistence and

progression of sarcoidosis. The (þ) or (�) denotes pro- or anti-inflammatory effects of

the cytokine, respectively.
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IL-4 inhibits the expression of many interferon (IFN)-g–inducible genes and
the ability of IFN-g to suppress fibroblast proliferation.

Lymphocytes are not the only activated cell type in sarcoidosis, however
(9). Sarcoidosis macrophages spontaneously release proinflammatory cyto-
kines, such as IL-1, IL-6, IL-12, tumor necrosis factor alpha (TNF-a), and
granulocyte macrophage colony-stimulating factor (GM-CSF) (20–26). Fibro-
blasts deposit collagen at the periphery of the granuloma in the early phases of
the disease, which matures and organizes in the chronic phase. Although
fibroblasts have traditionally been regarded as effector cells that produce
matrix components under the influence of T cells and macrophages, there is
mounting evidence that fibroblasts play an important role in the perpetuation
of chronic sarcoidosis (27). Alveolar fibroblasts have been shown to elaborate
stem cell factors (SCF), which stimulate proliferation of hematopoietic
progenitor cells involved in mast and stromal cell interaction (28). Alveolar
fibroblasts also indirectly induce recruitment of eosinophils via the elaboration
of IL-5 (28) and enhance capacity for IL-6 secretion in vitro (29,30).

Neutrophils may also contribute to the pathogenesis of chronic fibrotic
sarcoidosis. IL-8 levels in BAL are elevated during the chronic phase (31,32),
and Roth et al. found that patients with advanced disease including fibrosis or
bullous changes on chest radiographs had increased BAL neutrophilia
compared to those with early disease (33). Elevated plasma leukocyte elastase
levels were demonstrated in patients with fibrotic radiological changes, which
implies the presence of ongoing activation of neutrophils (34).

The events driving the transition from the inflammatory alveolitis phase
of sarcoidosis to fibrosis are not fully understood, but increasing attention has
been focused on TNF-a and other monocyte/macrophage derived chemokines
(35). TNF-a signaling plays a role in the upregulation and secretion of
profibrotic cytokines, including transforming growth factors alpha and beta
(TGF-a, TGF-b) and platelet-derived growth factors (PDGFs) (36,37) and
animal data suggests that TNF-a may be important for early activation of the
fibrotic process. In a mouse model of asbestos-induced lung fibrosis, animals
that are deficient in TNF-a receptors do not develop early fibroproliferative
lesions (38). In patients with sarcoidosis, increased expression of members of
the TNF receptor superfamily have been demonstrated on T lymphocytes (39).
Subjects with stage 1 sarcoidosis have increased amounts of TNF-soluble
receptors compared to stage 2 and 3 patients, perhaps representing a
homeostatic mechanism that quenches chronic inflammation from excessive
TNF-a stimulation. Polymorphisms of the TNF-a gene promoter and the
TNF-b intron 1 have been described in sarcoidosis, but thus far they do not
appear to correlate with the level of TNF production (40). The TNFB 1 allele
was reported to be a marker of chronic disease (41), whereas the TNFA 2 allele
was found more frequently in patients with Lofgren’s syndrome, with a high
rate of spontaneous resolution (42).

Several centers have presented provocative evidence that sarcoidosis may
have an infectious or environmental etiology. The spatial clustering of cases in
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a study from the Isle of Man suggested possible person-to-person transmission
or common exposure to an environmental agent (43,44). Clustering of disease
has also been described among nurses (45,46), firefighters (47), and personnel
on U.S. Navy aircraft carriers (48). Cell wall–deficient acid-fast bacilli have
been grown from the blood of patients with sarcoidosis (49), and genetic
evidence of the presence of mycobacteria has been detected in some studies
(50), but not in others (51) using specific primers and the polymerase chain
reaction. Furthermore, Ishige et al. reported the presence of Propionibacterium
acnes or granulosum DNA in the lymph node biopsies of 15 patients with
sarcoidosis (52).

C. Diagnosis

The differential diagnosis of chronic pulmonary sarcoidosis encompasses all
fibrosing lung diseases, as well as a variety of infectious granulomatous
disorders such as histoplasmosis and tuberculosis. There are few physical
findings to assist the clinician in differentiating between the possibilities.
Extrapulmonary manifestations of sarcoidosis such as acute arthritis, lupus
pernio, or uveitis are obviously helpful diagnostically. Clubbing is frequent in
patients with idiopathic pulmonary fibrosis and is uncommon in sarcoidosis,
but it can occur with virtually any end-stage disease. Auscultation of the lung is
remarkably uninformative in sarcoidosis and rarely reveals crackles except
when there is superimposed pulmonary edema or pneumonia (53). Neuro-
logical manifestations, especially cranial neuropathies, occur in about 5% of
patients with sarcoidosis. Pleural effusions, hemoptysis, and spontaneous
pneumothorax are rare in sarcoidosis but do occur. Punched out bone lesions
on radiographs of the hands and feet, hypercalcemia, and elevated liver
enzymes are also found in patients with sarcoidosis. Restrictive ventilatory
defects are observed on pulmonary function testing in virtually all patients with
chronic pulmonary sarcoidosis, and obstructive lung disease is present in
approximately 20% especially smokers with concomitant emphysema. Reduc-
tion in DLCO is common in fibrotic sarcoidosis but are generally less severe
than in patients with interstitial pulmonary fibrosis (IPF) (54). Chest x-ray and
CT scanning of the chest (Fig. 3) identify characteristic features of chronic
sarcoidosis, including nodular and fibrotic peribronchiolar changes, cystic
destruction, and honeycombing; these modalities can help to exclude
alternative diagnoses such as cancer (55,56) or myocobacterial or fungal
infection (57). The diagnostic yield of transbronchial biopsy is reduced in
chronic sarcoidosis (58) compared to acute sarcoidosis; rare patients may
require larger tissue samples obtained by video-assisted thoracoscopic biopsy.
Biopsy of alternative sites—such as the liver, peripheral lymph nodes, and
skin—may also be considered in patients with extrapulmonary disease.
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Figure 3 High-resolution CT scans of chronic pulmonary sarcoidosis revealing

bronchostenosis (a) and fibrocystic change (b).
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D. Clinical Features That Predict Persistence or Progression
of Chronic Sarcoidosis

Geraint James defined chronic sarcoidosis as disease that is present for more
than 2 years (59,60). He noted that some features of sarcoidosis, such as lupus
pernio and neurological diseases, were associated with a low rate of remission,
while others, such as erythema nodusum, were associated with a high rate of
spontaneous resolution within 2 years. Other manifestations of sarcoidosis that
have been associated with chronicity include age equal to or greater than 40
years, dyspneic presentation, splenomegaly, absence of erythema nodosum,
and progressive parenchymal infiltrates on x-ray (61) (Table 1).

The percentage of patients with chronic disease varies between regions,
perhaps reflecting different ethnic backgrounds among the studied popula-
tions. Race is one of several factors that predict chronicity, and, in general,
black patients have a worse prognosis (62). For example, a patient population
in Philadelphia (63) consisting predominantly of African Americans had a
higher relapse rate than a Caucasian population treated in Iowa (64). The
percentage of patients who required continued corticosteriod therapy varied
widely, from 18% in a mostly Irish population in Iowa (64) to 4% in an Italian
cohort (65) to 53% in predominantly African-American population (63,64).

E. Radiographic Features of Chronic Sarcoidosis That Predict
Persistence or Progression

The hallmark of chronic pulmonary sarcoidosis is fibrosis (Fig. 3). The chest
radiograph may demonstrate reticular pulmonary infiltrates, hilar retraction,
cystic changes, and bullae. Parenchymal lesions in sarcoidosis are character-
istically distributed along bronchovascular bundles and lymphatics, especially
in the upper lobes, in contrast to IPF, which has a proclivity for subpleural and
basilar regions of the lung. Septal lines and subpleural nodules may be present.

Table 1 Predicting Progression of Sarcoidosis

Markers associated

with spontaneous

remission

Markers associated with

potential reversibility

Markers associated with

persistence or progression

Erythema nodosum Ground-glass appearance on Neurosarcoidosis

high-resolution computed Lupus pernio

tomography of the chest Black race

Splenomegally

Age> 40

Absence of erythema nodosum

Dyspneic presentation

Radiographic stage I Radiographic stages II, III, IV
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Cystic spaces may become colonized with Aspergillus, and intraluminal fungus
balls and air-fluid levels may be seen. Pneumothoraces, pleural thickening, and
pleural effusion (rarely) can occur (66,67).

Calcification of hilar or mediastinal nodes may be seen in long-standing
sarcoidosis (68). The radiographic presentation of sarcoidosis may be difficult
to distinguish from that of chronic fungal or tuberculosis infection (69).
Computed tomography (CT) of the chest (especially using high-resolution
algorithms) is more sensitive than conventional chest radiography for defining
the extent of pulmonary involvement, but it is usually not required to diagnose
or stage sarcoidosis (70).

Wurm (71) and Scadding (72) classified involvement on chest x-ray in
sarcoidosis into five stages: stage 0, no abnormality; stage I, bilateral hilar or
paratracheal adenopathy with clear chest x-ray; stage II, hilar adenopathy with
pulmonary infiltration; stage III, pulmonary infiltration without hilar
adenopathy; and stage IV, evidence of pulmonary fibrosis (Table 2). Although
the Scadding roentgenographic classification was not designed for assessment
of extent or activity of the disease, it correlates well with chronicity and the
frequency of spontaneous resolution (72). Radiographic changes generally
improve or stabilize in patients with hilar adenopathy alone (radiographic
stage I), but tend to persist or progress in patients with parenchymal infiltrates
(stages II and III). More recently, the chest CT scan has also been used to
predict progression and guide therapy. For example, ground-glass changes,
while uncommon in sarcoidosis, suggest active inflammation that may be
amenable to therapy (73). In contrast, honeycombing, traction bronchiectasis,
distortion of lung parenchyma, volume loss, linear bands, bronchiectasis, cystic
radiolucencies, and bullae are characteristic of end-stage fibrosis that does not
warrant aggressive therapies with substantial toxicities.

Table 2 Prognosis Based on Roentgenographic Classifications

Stage Chest film findings Prognosis

0 Normal

I BHLa only Spontaneous remission in

70–85%

II BHL with parenchymal

infiltrates

Spontaneous remission in

30–60%

III Parenchymal infiltrates

without BHL

Spontaneous remission in

<20%

IV Pulmonary fibrosis Persistent disease

aBilateral hilar adenopathy.
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F. Other predictors

The baseline level of angiotensin converting enzyme, which is elevated in 30 to
50% of patients with sarcoidosis, is not predictive of deterioration or
improvement and should not be used as a basis for initiation of therapy.
Gallium scanning is also unhelpful (74). The identities and amounts of various
inflammatory cells and markers in BAL fluid have not proved to be reliable
predictors of the course of disease in sarcoidosis.

G. Treatment

The universally accepted indication for initiating treatment in patients with
pulmonary sarcoidosis is for the amelioration of symptoms. The most common
symptoms prompting intervention are dyspnea, persistent disabling cough
unresponsive to conservative measures, and bronchoscopic evidence of
bronchostenosis (Table 3). Corticosteroids have been the mainstay of therapy
for chronic sarcoidosis since the 1950s (75,76). Most patients with chronic
sarcoidosis will require treatment for symptoms at some point during their
clinical course, and some will require treatment indefinitely. Moderate to low
initiating doses (0.5–0.7mg/kg) produce symptomatic and limited radiographic
improvement in most patients (17,77–79). Once initiated, the steroid trial
should continue for at least 3 months and be tapered slowly to a maintenance
level. Decisions to continue treatment should be based on objective responses
such as improvement in pulmonary function tests, radiographic shadowing, or
performance on the 6-min walk test.

Predictable side effects—including weight gain, cataracts, fluid retention,
glucose intolerance, bone loss, and susceptibility to infection—limit the dose
and duration of prednisone use. Therefore diligent attempts to taper the drug
to levels below 15mg/day should be made. The efficacy of chronic
corticosteroid therapy in sarcoidosis is not proven, and randomized trials
have failed to demonstrate long-term benefit for the patients beyond the time
on treatment. Patients with radiographic evidence of end-stage fibrosis—such
as extensive honeycombing, bronchiectasis, or cystic changes—should not be

Table 3 Indications for Therapy of Chronic Sarcoidosis

Pulmonary Extrapulmonary

Dyspnea Chronic uveitis

Debilitating cough, refractory to Iritis

conservative measures Hypercalcemia

Cardiac involvement

Lupus pernio

Neurosarcoidosis
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subjected to prolonged steroid trials or toxic agents if their initial clinical
response is poor; they should be considered for early transplant evaluation.
Inhaled corticosteroids can be tried in patients with persistent cough, (80) and
stenting can be considered for patients with bronchostenosis (81). Given the
high frequency of relapses when therapy is discontinued, the relatively safety of
low daily or every-other-day prednisone therapy—and anectodal evidence that
chronic suppression may prevent fibrotic manifestations of the disease—some
investigators favor long-term, low-dose therapy to control symptoms and
sustain radiographic and pulmonary function stability (82). However, some
patients progress to end-stage fibrosis even while being treated with
corticosteroids (83), and recurrence of sarcoidosis in aggressively immunosup-
presed transplant patients is well documented (84–87). All patients on chronic
steroids should be evaluated for osteoporosis and treated appropriately to
minimize bone loss.

H. Alternative Agents—Overview

Corticosteroids are clearly the most efficacious available agents for the
treatment of sarcoidosis. The use of alternative agents should be limited to
patients who progress despite steroid therapy, those with intolerable side
effects from steroids, or those who refuse to take them. Unfortunately, the
benefits of all alternative agents used for the treatment of sarcoidosis are
uncertain, there are few data on which to base informed decisions, and the
toxicities for most of the drugs outlined below are substantial.

Antimalarials

Chloroquine and hydroxychloroquine were both initially developed for
treating malaria but were subsequently found to have anti-inflammatory
properties in rheumatoid arthritis (88,89). The efficacy of chloroquine in the
treatment of cutaneous sarcoidosis has been well established (90,91), but the
benefits of antimalarials for treatment of pulmonary sarcoidosis are less clear.
In a double-blind trial involving 57 patients, the British Tuberculosis
Association reported that chest radiographs improved in the chloroquine-
treated sarcoidosis patients compared to those on placebo at 4 and 6 months
but not at 12 months (92). In another study, Siltzbach and associates treated 43
patients with cutaneous and pulmonary sarcoidosis with chloroquine for a
period of 8 months (range 4 to 17 months) (93). All patients had intrathoracic
sarcoidosis, but some were asymptomatic and 14 had concomitant cutaneous
involvement. None of the patients had received prior corticosteroid therapy.
Chest radiographs improved in 11 of 14 patients with stage I disease; 14 of 18
patients with stage II disease; and 6 of 11 patients with stage III disease.
Improvement in chest radiographs was generally apparent within 1 to 3
months, with maximal improvement by 3 to 6 months. The study was
inconclusive, however, because of difficulty in differentiating the effects of
chloroquine therapy from spontaneous improvement. Baltzan et al. conducted
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the first randomized trial of chloroquine in patients with biopsy-proven chronic
sarcoidosis (94). In their study, 23 patients with symptomatic chronic
sarcoidosis were treated with chloroquine for a period of 6 months. This
initial treatment led to a significant improvement in symptoms, pulmonary
function, angiotensin-converting enzyme (ACE) level, and extent of disease
based on lung gallium scan. Patients were randomized to the maintenance
chloroquine therapy group (250mg/day) or to an observation group (n¼ 8
patients). The treated group showed a slower decline in pulmonary function
and had fewer relapses than the observation group. This study suggested that
chloroquine might be effective in patients with chronic sarcoidosis. The major
complication of chloroquine treatment is ocular toxicity (95), which can be
minimized by using lower dosages (96), treating with hydroxychloroquine
rather than chloroquine (97), or discontinuing therapy at the first sign of visual
impairment based on biannual funduscopic and visual field examinations (98).

Methotrexate

Methotrexate (MTX) is a folate antagonist with potent anti-inflammatory and
immunosuppressive properties. The mechanism of action of MTX in
sarcoidosis is unknown, but the effect does not appear to be T lymphocyte-
dependent (97,99). Low-dose MTX suppressed alveolar macrophage cytokine
release and lymphocytic alveolitis in a study of 12 patients with active
pulmonary sarcoidosis (100,101). The use of MTX as a corticosteroid-sparing
agent or alternative in patients who are intolerant of corticosteroid therapy has
been reported, though many of the studies were conducted by a small number
of investigators (102–104). Lower et al. reported favorable responses to MTX
in 14 of 16 patients with chronic sarcoidosis (101), most of whom were
unresponsive to treatment with corticosteroid therapy for at least 2 years.
Symptomatic improvement on MTX therapy was noted within 4 to 6 months,
but objective improvement was delayed for up to 6 months. The same
investigators also reported the outcome of a long-term follow-up of 50 patients
treated with oral MTX for at least 2 years (105). Most of the patients had
received corticosteroids before the initiation of MTX. Overall, 33 (66%)
patients had favorable responses, and a corticosteroid-sparing effect was noted
in 25 of 30 patients. There is still no randomized study of the efficacy of MTX
in chronic sarcoidosis, and the use of this agent is not without complications,
including pulmonary, hematological, and hepatic toxicity (106–109). Routine
hepatic enzyme studies have not been shown to be reliable for predicting drug-
induced liver injury (110), and liver biopsy every 1 to 2 years is recommended
(111). MTX may be considered for patients with chronic sarcoidosis who are
intolerant of or unresponsive to corticosteroid therapy.

Azathioprine

Azathioprine is a purine analog that is metabolized intracellularly to 6-
mercaptopurine, its active form. This compound inhibits DNA synthesis and
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has pronounced suppressive effects on T and B lymphocytes (112). The
effectiveness of azathioprine as an immunosuppressive and anti-inflammatory
agent has been well established in autoimmune disorders and inflammatory
bowel diseases (113–115). However,there are only a handful of reports of the
effect of azathioprine in chronic sarcoidosis. Although some centers have
reported a favorable response (116–118), the trials have generally involved
small numbers of patients and were not placebo-controlled. Azathioprine has
been used as corticosteroid-sparing agent (116,119), as a second-line agent for
patients unresponsive to corticosteroids (118), and for patients with chronic
relapsing disease (116). Some investigators contend that azathioprine is
effective for corticosteroid-sparing purposes but has limited activity in patients
who do not respond to corticosteroids (120). Collectively, the available data
suggests that azathioprine might be a reasonable alternative or adjunct to
corticosteroids in some patients with chronic sarcoidosis, but additional studies
will be needed to clarify its place in the treatment armamentarium.

Cyclosporin A

Cyclosporin A inhibits T-lymphocyte function by blocking interleukin 2 (IL-2).
Although cyclosporin A has in vitro lympholytic properties suggesting that it
may be an ideal agent in sarcoidosis, its in vivo efficacy has been disappointing
(121). Wyser and associates found no significant differences in response
between the treatment groups randomized to cyclosporin A alone or
cyclosporin A with corticosteroids (122). Although some favorable responses
had been reported in the treatment of cutaneous and neurosarcoidosis (123–
125), available data do not support the use of cyclosporine A for treating
patients with chronic pulmonary sarcoidosis.

Alkylating Agents

Chlorambucil has been studied as a potential alternative for patients with
chronic pulmonary sarcoidosis who are not responding to or are intolerant of
corticosteroids. Although two studies have reported some favorable responses
(126,127), enthusiasm for this agent has been dampened by serious adverse side
effects, including myelosuppression (128) and induction of secondary
neoplasms (129,130).

Tumor Necrosis Factor Alpha (TNF-a) Antagonists

The inhibition of TNF-a function using soluble TNF receptors (Etanercept) or
monoclonal antibodies to TNF-a (Infliximab) has been approved for the
management of refractory Crohn’s disease and rheumatoid arthritis (131–133),
two chronic diseases where TNF-a plays a central role in the pathogenesis of
tissue injury. The finding that TNF-a levels are high in the sputum, BAL fluid,
and lymph nodes of patients with sarcoidosis has suggested the possible utility
of anti-TNF agents in the chronic, refractory forms of the disease (134–136).
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Recently, two groups reported their experiences with the use of anti-TNF
antibodies in patients with chronic sarcoidosis (137,138). One of these,
Baughman and associates, treated three patients with chronic pulmonary
sarcoidosis that was refractory to corticosteroids and other immunosuppres-
sive treatment with 5mg/kg of anti-TNF-a IgG. There was objective
improvement in the index organ function in all patients. A follow-up study
by the same investigators involving 11 patients also showed significant
improvement in 10 of 11 patients treated (139). Other drugs known to inhibit
TNF-a activity have also been reported to have potential utility in the
treatment of chronic pulmonary sarcoidosis, including pentoxyfylline (140) and
thalidomide (141,142). In addition to inhibiting TNF-a release from alveolar
macrophages (143,144), thalidomide had also been shown to inhibit IL-12
production from monocytes (145). IL-12 is an essential cytokine for Th1
differentiation (146). Firm conclusions and recommendations regarding anti-
TNF-a strategies in sarcoidosis must await the results of randomized trials. The
use of these agents can be complicated by reactivation of tuberculosis and
dissemination of histoplasmosis (147,148).

I. Cytokine Modulation

Other key Th2 cytokines that have been reported to play important roles in the
pathogenesis of pulmonary fibrosis—such as IL-4, IL-10, IL-5, and IL-13—are
promising targets for monoclonal antibody-based treatments of sarcoidosis.
Treatment with antifibrotic cytokines, such as gamma interferon 1b which has
shown promise in patients with idiopathic pulmonary fibrosis, may also be
considered (149). This approach has the theoretical potential to worsen
granuloma formation and alveolitis in sarcoidosis, however.

J. Inhaled Corticosteroids

Inhaled corticosteroids may have utility in the treatment of sarcoidosis. At the
cellular level, the use of inhaled corticosteroids was shown to decrease BAL T
lymphocytosis and change the phenotype and functional characteristics of
alveolar macrophages (150). Inhaled corticosteroids also decreased the ACE
level and beta2 microglobulin level when compared to placebo (151). In several
studies, treatment with inhaled steroids improved symptom scores without
significant differences in pulmonary function studies or radiographic findings
(152–154). However, other investigators have found no significant differences
between inhaled corticosteroids and placebo (80,155). Although no aerosol
studies have specifically targeted patients with chronic pulmonary sarcoidosis,
we believe that an empiric trial of inhaled corticosteroids, given their favorable
safety profile, is a reasonable approach to patients with endobronchial
sarcoidosis who have increased airway reactivity and/or persistent cough.
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K. Transplantation

Lung transplantation is the last resort for patients with end-stage lung disease
(156,157). Patients with sarcoidosis are generally young and fit candidates for
transplantation, but multiorgan involvement and multiorgan failure are
relative and absolute contraindications, respectively (158). The 5-year survival
of patients transplanted for chronic sarcoidosis is comparable to that for other
lung diseases (87). Single-lung transplantation is the most common procedure,
although double-lung and heart-and-lung transplantation have been success-
fully performed (159–161). While clinically silent recurrence identified by tissue
biopsy is not uncommon, organ failure or mortality due to recurrence is rare
(84–87). The prevalence of acute rejection and obliterative bronchiolitis is not
different from lung transplantation for other lung diseases (87,162). A recent
study reported that nearly 50% of their listed sarcoidosis patients died while
awaiting lung transplantation (163); this highlights the importance of early
enrollment, especially in patients with elevated right atrial pressures (163).

L. Summary

The management of chronic sarcoidosis is challenging. For most patients,
deciding when to initiate therapy with corticosteroids and how long to continue
them is the major clinical issue. Minimizing steroid-induced side effects by
titrating to the lowest effective dose, treatment with antiosteoporotic therapy,
and vigilance for glucose intolerance, cataracts, and infection are critically
important responsibilities for the clinician. In cases where steroids fail,
alternative therapies with cytotoxic agents, antimalarials, and anticytokine
agents are available, although data supporting their efficacy are inconclusive.
There are several promising therapies on the horizon that have emerged from
recent advances in our understanding of the pathogenesis of sarcoidosis (164).

II. Lymphangioleiomyomatosis

A. Overview

Lymphangioleiomyomatosis (LAM) is an uncommon, progressive, cystic lung
disease of women that is characterized by diffuse infiltration of the pulmonary
parenchyma with histologically benign smooth muscle-like cells (165).
Extrapulmonary disease manifestations—including axial lymphadenopathy,
abdominal lymphangiomyomas, and renal, hepatic or abdominal angiomyo-
lipomas—also occur in LAM. LAM presents both sporadically (S-LAM), and
in patients with tuberous sclerosis (TSC-LAM) (166), an autosomal dominant
syndrome characterized by hamartomatous growths in multiple organs
including skin, eye, kidney, and central nervous system. Although LAM
occurs almost exclusively in women, radiographic cystic changes consistent
with LAM (167) and biopsy-confirmed disease have also been reported in men
with TSC (168). Registry-based efforts to locate LAM patients in the United
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States (169), France (170), and the United Kingdom (171) have yielded a value
for minimum prevalence of 2 to 6 per million women. Recent studies, however,
indicate that LAM occurs in up to 26 to 39% of women with TSC, suggesting a
total of over 100,000 LAM patients worldwide (172–174). The clinical course
of LAM varies widely, from relatively stable disease over decades to
relentlessly progressive dyspnea on exertion, recurrent pneumothoraces, and
chylous pleural effusions. After an average age of onset of 35 years, the mean
survival is frequently reported to be less than 10 years (170,175–178), but recent
data suggest a more optimistic prognosis (179–181). LAM is often radio-
graphically undetectable in the early stages, when the clinical presentation
mimics asthma. For these reasons, the diagnosis is delayed for an average of 5
years or more, and most patients seen in practice and studied in clinical series
present with advanced disease (170,175–178).

B. Genetics and Pathogenesis

Great strides in our understanding of the genetic basis of LAM have been
made in the past few years. Clinicians have long suspected, based on nearly
identical histopathological presentations, that the cystic lung disease familiar
to neurologists who follow patients with TSC and the sporadic LAM seen by
pulmonary physicians treating adults may have a common genetic basis
(182,183). TSC is known to result from mutations in either of two tumor
suppressor genes, the hamartin gene (TSC1) on chromosome 9 (9q34) (184) or
the tuberin gene (TSC2) locus on chromosome 16 (16p13.3) (185,186). TSC is a
tumor-suppressor syndrome, meaning that mutational events that cause
complete loss of the growth-suppression function of hamartin or tuberin
result in the formation of a tumor. Both the maternal and paternal alleles must
be ‘‘hit’’ for unrestricted growth to occur. In most cases of TSC, the patient
inherits a bad copy of a TSC gene from a parent, or develops a mutation
during embryogenesis or development, and then suffers a second sponta-
neously occurring, inactivating mutation in a somatic organ or tissue. The
mechanism by which hamartin and tuberin regulate cellular proliferation is not
known, but coimmunoprecipitation experiments demonstrating that the two
proteins interact intraceullularly suggest that their molecular pathways
converge. Tuberin contains a Rap1-GAP homology domain near its COOH
terminus (185) and has been shown to have Rap1-GAP activity (187) as well as
Rab5 Gap activity (188). Tuberin has also been reported to bind to calmodulin
via a specific COOH terminal domain and to be involved in cell cycle control
and transcriptional events (189,190). Hamartin may play a role in cellular
adhesion events and rho-dependent signaling for actin stress fiber formation
through interactions with ezrin-radixin-moesin (ERM) proteins (191).

Over 600 mutations have been identified in TSC1 and TSC2, including
protein truncating mutations, missense (TSC2 only) and nonsense mutations,
splice mutations, and small and large deletions and insertions (192–194).
Although familial TSC results from inheritance of germ line mutations, de
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novo mutations arising during embryogenesis account for two-thirds of TSC
cases. TSC-LAM has been reported in patients with mutations in either TSC1
or TSC2 (194), but TSC2 related LAM appears to be much more common.
Recent data suggest a reduced rate of germline and sporadic mutations in
TSC1. Overall, the clinical presentation of patients with TSC1 and TSC2
disease are quite similar, although a recent detailed study has suggested that
TSC1 mutations may produce somewhat milder disease (192).

The presence of TSC genetic abnormalities in sporadic LAM patients
were independently identified and jointly reported by Smolarek and Henske in
1998. They found loss of heterozygosity (LOH) for TSC2 in AMLs and lymph
nodes from patients with S-LAM (195), but TSC mutations were not found in
the circulating blood cells from S-LAM patients (196). Carsillo et al.
subsequently demonstrated the presence of missense and protein truncating
TSC2 mutations associated with LOH in the lesional lung and kidney tissue of
patients with S-LAM (197). Interestingly, the circulating lymphocytes and
perilesional normal lung and kidney tissue in S-LAM patients were free of
detectable TSC2 mutations. These data suggest that S-LAM may arise through
two somatic mutations rather than the more typical tumor suppressor
mechanism involving a combination of a germline mutation and a somatic
mutation. The lack of any documented cases of mother-daughter transmission
of S-LAM, which has been reported TSC-LAM (198), is also consistent with a
somatic origin for biallelic mutations in patients with S-LAM. To date, only
TSC2 mutations have been reported to cause S-LAM.

Additional genetic and clinical evidence suggests that the smooth muscle
cell infiltration and cystic degeneration of lung tissue in LAM may be a
consequence of seeding of the lung with ‘‘benign’’ angiomyolipoma cells. This
hypothesis was original proposed by Carsillo et al., based on the finding of
matching TSC2 mutations in the kidney and lung lesions of four LAM patients
(199). The data are consistent with either a subdetectable level of mosaicism for
TSC2 mutations or with benign metastasis of tumor forming cells from the
kidney to the lung (or lung to kidney). The recurrence of LAM in the donor
lung of LAM patients who have undergone lung transplant is also consistent
with the metastatic theory, although in two studies the proliferating lesional
cells appeared to be of donor origin (200–202). In a small prospective study of
female TSC patients, lung cysts were more frequently associated with large or
problematic angiomyolipomas, raising the possibility that more extensive
kidney tumors may more readily seed the lung and cause cyst formation (173).
This mechanism may not apply to all LAM cases, since only about 50% of S-
LAM patients have radiographically apparent angiomyolipomas (203). It is
possible, however, that the LAM cells that are deposited in the lung could
originate from other sources, such as CT-invisible angiomyolipomas, axial
lymph nodes, and lymphangiomyoma, which are present in at least an
additional 25% of patients (204). The metastatic theory of LAM pathogenesis
is provocative and controversial; if validated, it may provide new opportunities
for early intervention in LAM.
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Whether LAM cells have pulmonary or extrapulmonary origins, there is
intense interest in the mechanism of accumulation of LAM cells in the lung and
the relationship between smooth muscle cell infiltration and cystic change.
LAM cells may accumulate because of a persistent proliferative stimulus,
which may be extrinsic or intrinsic, or a failure of apoptosis. Two reports that
the proliferating cells in recurrent LAM lesions posttransplant are donor
derived suggest a circulating mitogenic stimulus (200–202). Recent data
indicate that tuberin- and hamartin-deficient mesenchymal cells derived from
angiofibromas secrete substances that stimulate the proliferation of tuberin-
and hamartin-sufficient endothelial cells (205). In another study, LAM cells
exhibited robust expression of Bcl-2, an antiapoptotic cell surface molecule,
possibly contributing to an imbalance between proliferation and cell death in
LAM (206). It is also possible that proliferating LAM cells are ‘‘bystanders’’ in
a reactive response to an unknown lung injury. The finding that some early
LAM lesions have pronounced cystic changes in the presence of only trivial
smooth muscle cell infiltration is consistent with this notion. A more widely
held hypothesis is that LAM cells express metalloproteinases and other matrix-
degrading enzymes that produce cystic changes. Hayashi et al. described
increased expression of MMP-2, MMP-9, and MMP-1 without an associated
increase in immunostaining for tissue inhibitors of metalloproteinases (TIMPs)
(207). The authors speculated that elastin degradation may play a role in cyst
formation in LAM through an increase in MMP-2 and MMP-9 that is
unbalanced by an increase TIMPs.

C. Epidemiology

The incidence of TSC-LAM has previously been estimated at 0.1 to 1% of TSC
patients in a review of cases in the literature through 1971 and 2.3% of TSC
patients that presented to the Mayo Clinic over a 43-year period (208). A recent
retrospective analysis of abdominal and chest CT scans indicated that LAM
may affect up to 26% of women with TSC, and two recent prospective series
indicated that up to 34 to 39% of women with TSC have cystic changes
consistent with LAM (172,173). The estimated incidence of tuberous sclerosis
is 1 per 6000 to 11,000 births, and the estimated North American and
worldwide prevalence of TSC is 40,000 and 1 million people, respectively (209).
Based on these data, and the equal gender distribution of TSC, there may be as
many as 10,000 patients with LAM in the North America and 200,000 LAM
patients worldwide.

D. Clinical Presentation

The screening of female TSC patients for lung cysts identifies a LAM
population with far fewer disease manifestations than are seen in the S-LAM
patient population. The finding that up to 40% of women with TSC had cystic
pulmonary changes was quite surprising, because based on the paucity of TSC-
LAM reports in the literature, these patients come to medical attention
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relatively infrequently. There are several possible explanations for these
discrepancies, including the fact that TSC-LAM may be a milder disease than
S-LAM or that TSC comorbidities may limit life span or prevent TSC-LAM
from becoming a health priority for TSC patients. Prior to 2001, there were
only two series of TSC-LAM patients in the literature, both involving fewer
than 10 patients (167,210). In the more recent Costello study, 7 of 9 patients
had presenting pulmonary complaints of dyspnea or pneumothorax, and all of
those had severe obstructive physiology and advanced cystic changes on
HRCT of the chest (167,174). While 8 of 9 had renal AML, none had chylous
complications. Franz et al. reported that 3 of 9 of the cyst-positive TSC
patients identified by CT screening of currently asymptomatic patients had a
remote history of pneumothorax. Most patients had mild to moderate cystic
changes on HRCT of the chest, and there were no chylous complications (173).
Although definitive conclusions must await a properly designed study, it seems
likely that LAM manifestations will prove to be similar in TSC and non-TSC
patients who present with breathlessness—with the possible exception of a
reduced incidence of chylous effusions in TSC-LAM patients (174).

Symptomatic LAM patients may be identified very early or very late in
their disease course, depending on the disease manifestations that bring them
to medical attention. Acute or subacute shortness of breath or chest pain due
to pneumothorax or chylous pleural effusion may be the presenting features of
patients with a wide range of pulmonary involvement, including those with
very few pulmonary cysts. Therapeutic intervention in these ‘‘early’’ patients
may have the greatest potential impact. The most common presentation,
however, is progressive breathlessness (170,171,176,177). LAM patients who
present with chronic progressive dyspnea on exertion usually have advanced
cystic changes on chest x-ray or HRCT scanning of the chest (Fig. 4).
Additional atypical presentations of LAM include abdominal mass, flank pain
due to hemorrhage into an angiomyolipoma, ascites, chyloptysis, chyluria,
hemoptysis, or chylopericardium.

E. Diagnosis

The differential of the thin walled, cystic lung disease of the type seen in LAM
includes emphysema or pulmonary Langerhans cell histiocytosis (PLCH), also
known as pulmonary histiocytosis X or eosinophilic granuloma. Centrilobular
emphysema and pulmonary histiocytosis X are very uncommon in nonsmoking
patients, but genetic emphysema due to alpha1-antitrypsin deficiency must be
excluded. In the nonsmoker with normal alpha1-antitrypsin levels, the
diagnosis of pulmonary LAM can be made on clinical grounds on the basis
of typical, diffuse, thin-walled cystic changes on HRCT scanning of the chest
and at least one other associated feature, including known tuberous sclerosis,
renal or lymphatic masses containing fat density on CT or ultrasound scanning
of the abdomen, chylous ascites, chylous pleural effusion or other chylous
collection, or aberrant drainage (e.g., chyluria). Recurrent pneumothoraces in
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Figure 4 High resolution CT scans of early LAM in an asymptomatic TSC patient

screened for cystic changes (a) and a sporadic LAM patient who presented with

dyspnea (b).
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a young nonsmoking female are suggestive of LAM, but even in the face of a
consistent HRCT, they are not generally specific enough to obviate the need
for tissue confirmation.

F. Treatment

LAM is empirically managed with antiestrogen therapies, based largely on the
observed gender restriction and reports that birth control pills and pregnancy
can worsen the disease (211,212). However, there is no convincing evidence
that these strategies are effective. There have been no prospective randomized
trials of hormonal therapy, and the available literature is limited to isolated
case reports, metanalyses of compiled case reports, and retrospective case series
that are inconclusive. The state of the science is such that ‘‘no pharmacologic
treatment’’ for pulmonary LAM manifestations is generally accepted as a
completely reasonable alternative for LAM patients at all disease stages.

Antiestrogen therapies were first suggested as a treatment for LAM in
1969 and first implemented by Shuman in 1979 (213). There are isolated reports
of disease stabilization with oophorectomy (214–216), but Taylor et al.
described no effect of castration on disease course in a series of 16 patients
analyzed retrospectively (217), and there is currently little support for this
aggressive therapy. Progesterone has been used as an empirical therapy for
LAM for decades. The first reported use of medroxprogesterone acetate, by
McCarthy et al. in a single LAM patient, was associated with resolution of her
pleural effusion, cessation of hemoptysis, and improved gas exchange and
exercise tolerance (218). Worsening of her clinical status with withdrawal of
therapy and apparent remission upon reinstitution provided convincing
evidence for efficacy. Unfortunately, such dramatic responses have not been
realized for most of the hundreds of patients who have received the drug
following that report, and the empirical suprapharmacological dose chosen,
400mg IM, has become the standard of care for LAM (217). This dose, which
is much higher than what is routinely used for birth control or suppression
of menstruation (the typical medroxyprogesterone dose is 150mg IM every
3 months), often results in significant side effects of mood swings, fluid
retention, and fatigue. There is significant accumulation of this lipophilic drug
in fat stores, and many LAM patients who are withdrawn from medroxy-
progesterone 400mg IM do not resume menstruation for up to 8 to 12 months.
Because of these problems, some clinicians have chosen to use oral progestins
at more conventional doses, such as those that are routinely used to suppress
the growth of uterine fibroids [e.g., norethrindone acetate (Aygestin) at 10 to
20mg/day PO], and to titrate to cessation of menstruation or to a targeted
serum estrogen level. This modification of the most commonly used LAM
therapy, while logical, is untested in the literature.

Whether progesterone has an effect on the progression of LAM has been
debated. The proposed mechanism of action is that the drug downregulates
estrogen receptor expression, antagonizes estrogen action, and suppresses

434 Alabi and McCormack



estrogen levels, albeit less effectively than other agents, such as GnRH
agonists. Four small case studies have suggested that progesterone may
stabilize disease progression in some patients (170,177,178,219), especially
those with chylous effusions and ascites. The latter result may contain inherent
bias, since effusions are perhaps the most measurable manifestation of LAM.
Improvements, based on outcomes of dyspnea or an increase in FEV1, were
uncommon but consistently reported in all four series. A retrospective study
from the United Kingdom suggested that progesterone reduced the rate of
decline in FEV1 in premenopausal LAM patients from � 170 to � 47ml/year,
although the effect did not quite reach statistical significance (p¼ 0.06).
Progesterone treatment did slow the decline in diffusion capacity for carbon
monoxide (DLCO) from � 2.15 to � 0.19mL/min/mmHg per year (p< 0.05)
(220). Although the available data concerning the clinical efficacy of
progesterone are flawed by retrospective design, concomitant use of multiple
treatments and heterogeneity in patient populations, the anecdotal reports of
benefit, the reasonable safety profile, and the lack of any acceptable alternative
will likely continue to perpetuate its use until a definitive clinical trial is
performed.

G. Other Therapies

GnRH agonists such as goserelin and leuprolide have been used in a few
patients, but these agents are expensive and there are not enough data
concerning their effects on progression of LAM to formulate a recommenda-
tion (177,222,223).

Antiestrogen therapy with tamoxifen, a partial estrogen antagonist, is
generally not recommended because of a low rate of clinical response and
isolated case reports of clinical worsening (215). Aggressive therapies—
including ovarian radiation and oophorectomy—are no longer used because
of the lack of proof of efficacy and the often irreversible effects on bone mass.
Similarly, there is no support for the use of corticosteroids, cytotoxic agents, or
androgens (224,225).

Patients with LAM should been treated with supplemental oxygen to
maintain saturations greater than 90% with rest, exercise, and sleep. Bone
densitometery should be routinely obtained at baseline and, as part of routine
follow-up, and bone loss aggressively treated. LAM patients on antiestrogen
therapies are at increased risk for atherosclerotic cardiovascular disease, and
should be screened for hyperlipidemia and counseled regarding diet and
exercise.

Agents that have been discussed as potentially promising future therapies
include Akþ pathway inhibitors such as rapamycin, aromatase inhibitors,
metalloproteinase inhibitors, cytokines that inhibit smooth muscle prolifera-
tion such as interferon-a, angiogenesis inhibitors, and the tyrosine kinase
inhibitor imatinib mesylate (Gleevec).
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H. Special Management Issues in LAM

Pulmonary Transplantation

The first successful LAM transplant procedure was a heart-lung transplant
performed in 1983 (226,227), and the first reported single-lung transplant for
LAM occurred in 1988. At the time of this writing, there have been well over
100 LAM transplants worldwide. A retrospective analysis of the outcome of
lung transplantation for LAM was reported by Boehler et al. (228). They
compiled questionnaire data on 34 LAM patients who were treated at 16
transplant centers from 1983 to 1995, including 3 patients with known TSC.
The average ages of the patients at disease onset, diagnosis, and transplanta-
tion were 29+ 8, 34+ 10, and 40+ 9 years, respectively. Almost all patients
had chronic dyspnea; disease manifestations also included a history of
pneumothorax in 25, chylothorax in 7, and chylous ascites in 1 patient. Of
the total, 26 patients had severe obstructive physiology, 3 had restrictive
defects, and 3 had a mixed picture. One patient with relatively well-preserved
lung function was transplanted for recurrent and persistent pneumothoraces.
The overall survivals after 1 and 2 years were 69 and 58%, figures not
substantially different from the values for pulmonary transplantation
performed for other lung diseases. Extensive pleural adhesions in more than
half of the patients caused significant intraoperative problems, including
moderate to severe hemorrhage in 4 patients, repeat thoracotomy in 2 patients,
and 1 intraoperative death. There were 4 additional early deaths due to acute
lung injury and anastomotic dehiscence and 11 deaths from 2 to 43 months
posttransplant, including 8 due to infection, 2 due to bronchiolitis obliterans
and 1 due to metastatic nephroblastoma transferred by the lung allograft. One
year after surgery, the average FEV1 of 25 patients was 49% percent of
predicted. The postoperative course was complicated by 35 episodes of
pneumonia and 37 episodes of acute rejection. There were also 6 episodes of
pneumothorax in the native lung after single-lung transplantation in 5 patients
and chylothorax in 3. There was one episode of recurrent LAM discovered at
autopsy of a patient who died from disseminated aspergillosis. Of 26 patients
with available follow-up, 8 were receiving continued hormonal therapy for
LAM and 18 were on no LAM-specific therapy. The conclusion of the study
was that, despite excessive LAM complications of intraoperative hemorrhage
due to adhesions, pneumothorax in the native lung following single-lung
transplant, and recurrence of LAM in the allograft, pulmonary transplantation
is a valuable therapeutic alternative for patients with end-stage LAM.

Recurrence

The three case reports of recurrent LAM in the donor allograft of LAM
patients who have undergone lung transplants are precious experiments of
nature that have much to teach us about the pathogenesis of LAM (200–202).
The transplant recipients in studies from Munich, St. Louis, and Pittsburgh
were females 34 to 45 years of age and each received a lung from a male donor
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(Table 4). All three women succumbed to infection or acute respiratory failure
20 to 30 months posttransplant. Progressive deterioration in lung function due
a worsening obstructive defect and repeated episodes of rejection/bronchiolitis
suggested chronic bronchiolitis obliterans (BO) in the Munich and St. Louis
cases, but pathological confirmation of BO was present only in the Munich
case. This led the authors to speculate that recurrent LAM may have
contributed to airflow obstruction in the St. Louis patient. In the case from
Pittsburgh, the patient presented with a pneumothorax in the grafted lung,
which could have been due to recurrent LAM. Very few details of the terminal
emergency room visit were available for that patient, however, and the
evidence that LAM may have contributed to the deterioration in graft function

Table 4 Clinical Features of Posttransplant LAM Recurrences

Clinical feature Munich Pittsburgh St. Louis

Age at transplant 34 45 41

Cause of death Acute respiratory

failure

Sepsis ARDS/Aspergillus

pneumonia

Transplant to

death

24 months 30 months 20 months

Donor lung Male 15-year-old male 16-year-old male

Angiomyolipoma ? 86 56 4 cm Not present on CT

Lymphadenopathy þ þ ?

Hormonal agents

posttransplant

? ? �

Complications Reject/

bronchiolitis

Reject/

bronchiolitis

Reject/

bronchiolitis

Posttransplant

pneumonia

Pneumonia, graft PE/pneumonia

native lung

�

Physiology

posttransplant

Progressive

obstruction

? Progressive

obstruction

Bronchiolitis

posttransplant

þ þ �

Stains and probes

Desmin þ ? þ
smooth muscle

actin

þþþ ? þþþ

Vimentin þþþ ? þþþ
HMB-45 þþþ ? ?

Estrogen/

progesterone

þ/þ ? ?

FISH Y

chromosome

þ þ ?

Key: PE, pulmonary embolism; ARDS, acute respiratory distress syndrome; CT, computed

tomography.
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in either case must therefore be considered circumstantial. The pathology of
the LAM lesion in all three patients revealed multifocal involvement of the
walls of blood vessels and bronchioles by proliferation of spindle cells that
generally mirrored the lymphatic investment of the structures. In at least two of
the cases, the lesion did not appear to involve the alveolar septa extensively,
which is an uncommon finding in more advanced LAM. These cases may
represent our best opportunities to observe the development of a LAM lesion
within a defined time frame. The immunohistochemical staining characteristics
described in two studies were consistent with a smooth muscle lineage for the
lesional cells. However, only the Munich case was stained with the HMB-45
antibody, which is relatively specific for LAM. It is important to note in this
context that smooth muscle lesions have been described in the transplanted
lung of an emphysema patient (229), suggesting caution in attributing the
smooth muscle pathological changes to LAM in the St. Louis and Pittsburgh
cases without corroborating HMB-45 antibody data. In the Pittsburgh and
Munich patients, in situ hybridization with a Y-chromosome probe suggested
that the proliferating cells in the LAM lesion were of male (donor) origin, but
more recent FISH and genetic analysis of the recurrent lesion in the St. Louis
patient indicated that the cells were from the recipient (229a). Candidate sites
for the origin of a mitogenic stimulus or a metastatic cell may have been the
angiomyolipoma, which was present in the Pittsburgh patient; lymphadeno-
pathy, which was present in the Munich and St. Louis patients; or the native
lung in all three patients. Since recurrent LAM has never been directly
implicated in compromised graft function, recurrent disease should not be a
factor in determining candidacy or single- versus double-lung transplant.

Pleural space Complications

Recurrent pneumothoraces and chylous pleural effusions are common in
patients with LAM and present challenging management problems, because
interventions have the potential to increase the risk of complications upon
subsequent lung transplantation. Of 35 patients evaluated at the National
Institutes of Health (NIH), 24 had at least one pneumothorax, and the average
number of pneumothoraces per patient was 5+ 6 (176). Small pneumothoraces
occupying less than 15% of the hemothorax are occasionally detected on
screening x-rays and CT scans of LAM patients and may be managed with
observation in some cases, with careful follow-up. Conservative management
with chest-tube drainage may be a reasonable approach for symptomatic first
pneumothoraces, especially in patients who are candidates for lung transplant
and who have had a sclerosis or pleurodesis procedure on the contralateral
hemithorax. In a British study, however, 20 of 30 (66%) patients treated
conservatively for a first pneumothorax had recurrences in the ipsilateral
hemithorax (223). Approximately 60% of those treated conservatively for the
second and third pneumothoraces also had recurrences. These data suggest
that LAM patients who suffer a first pneumothorax are very likely to have
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recurrences and chemical pleurodesis with talc after a first event is our
preferred approach, especially for patients who have limited access to health
care, who fly frequently, or in those with life-threatening presentations such as
tension or bilateral pneumothoraces. Pleural abrasion, talc poudrage or
pleurectomy may be considered for patients with recurrent pneumothoraces
following chemical pleurodesis (170).

Chylothorax occurs in 20 to 30% of LAM patients at some point in their
disease course (230–232). Small to moderate-sized, stable, chronic chylous
effusions are not inflammatory, do not cause plural fibrosis, and do not
necessarily require intervention. Chylothoraces requiring repeated taps for
alleviation of dyspnea or chronically draining chylothoraces in patients with
indwelling chest tubes can cause severe protein and nutrient depletion. A
retrospective analysis suggests that progesterone may reduce chylous pleural
effusions, especially in combination with oophorectomy, but these data are not
conclusive. Other medical interventions have included a medium-chain
triglyceride diet and hyperalimentation (233). Octreotide, which has been
used for the treatment of chylothorax in other conditions, is currently under
evaluation for problematic chylous effusions in LAM. Surgical interventions
that have been reported include chemical or surgical pleurodesis, ligation of the
subdiaphragmatic thoracic duct, and pleuroperitoneal, pleurocutaneous, and
pleurovenous shunts (234).

Other Chylous Complications

Other chylous complications—including chyloptysis, chylopericardium,
ascites, chyluria—can be major management problems in patients with LAM
(170,171,176,177). Somatostatin and the better-tolerated peptide analog
octreotide, which have been successfully used for treatment of chylous ascites
due to other conditions (235–237), are currently being evaluated for some of
these in LAM manifestations but no data are yet available.

Pregnancy

There are several case reports of worsening of LAM during pregnancy
(212,238–243). In a British study, 28 of 50 LAM patients had been pregnant
(223). All but 7 had their children before the onset of symptoms, including 4
who had developed their first symptom with pregnancy and 3 who had become
pregnant after symptoms had developed. Complications of chylous pleural
effusions (2 patients), one or more pneumothoraces (3 patients), and
requirement for lung surgery (3 patients) occurred in 5 of 7 patients, an
incidence that was 11 times higher than the average 9-month complication rate
for nonpregnant patients. In the French study, 9 of 46 patients with a history of
pregnancy reported that the onset of LAM symptoms began during
childbearing, but only 2 reported a marked exacerbation of LAM (170).
Several LAM patients have borne children without obvious adverse
consequences, but in most cases no objective baseline pulmonary were data
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available for comparison because the diagnosis of LAM followed the
pregnancy (221). Only a carefully performed prospective study can definitively
determine the safety of pregnancy in women with LAM.

Meningiomas

Of 250 female patients with LAM followed at a clinical protocol at the NIH, 8
were found to have meningiomas on screening CT and magnetic resonance
imaging (MRI) of the brain (221). Three of the women had TSC, including one
who had two meningiomas, and five of the women did not have TSC, including
one with seven tumors. The rest of the women had only one meningioma. Five
of the patients with meningiomas had been treated with progesterone. Size and
clinical manifestations due to the tumor were not reported. Based on the 2:1
female-to-male prevalence of meningiomas, the presence of progesterone
receptors on the surface of cells in LAM, evidence that progestins are
mitogenic for meningioma cells, and the uncertain clinical efficacy of progestins
in LAM patients, the authors recommended that LAM patients with
documented meningiomas not be given progestins for LAM.

I. Summary

The current therapeutic options for LAM patients include watchful observa-
tion, progestin therapy at suprapharmacological or conventional doses, or
GnRH agonist therapy. Given the bone and cardiovascular risks of
antiestrogen therapies and the uncertain benefits of currently available
therapies, we generally avoid treatment of asymptomatic patients. No therapy
or progestins (usually low-dose) is considered for patients who have had an
initial pneumothorax or who have stable symptomatic disease, and progestins
(high- or low-dose) or GnRH agonists are recommended for patients who wish
to try therapy for progressive disease, recurrent pneumothoraces, or
chylothoraces.

III. Langerhans Cell Histocytosis

A. Overview

Pulmonary Langerhans cell histocytosis (PLCH), also referred to as pulmonary
histiocytosis X or pulmonary eosinophilic granuloma, is an uncommon,
smoking-related, diffuse interstitial lung disease that primarily affects young
adults (244,245). While PLCH is most commonly isolated to the lungs, some
patients may also present with pituitary and bone involvement. Langerhans cell
(LC) infiltration of multiple organs—including lung bone, skin, pituitary
gland, liver, lymph nodes, and thyroid—occurs in neoplastic disorders of
children known as systemic histiocytosis X, Letterer-Siwe disease, or Hand-
Schuller-Christian disease (246). Protean presentations of these diseases can
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mimic PLCH. This discussion is limited to PLCH, the form of LC infiltration
that is most frequently encountered by specialists in adult pulmonary medicine.

Patients with PLCH are typically smokers who present with worsening
dyspnea, cough, or spontaneous pneumothorax associated with reticular
pulmonary infiltrates. The hallmark of LCH is a pulmonary parenchymal
lesion containing an abundance of dendritic (Langerhans) cells in a
bronchiolocentric pattern that mirrors the distribution of LC cells in the
normal lung. The LCH lesion has a stellate appearance at low power under the
microscope and a nodular appearance on HRCT scanning of the chest. Cystic
degeneration of the lung parenchyma often coexists with nodular changes until
the late stages of the disease, when cystic changes predominate. The natural
history of LCH usually includes a favorable outcome but varies considerably,
ranging from spontaneous remission to progressive respiratory deficiency and
death.

B. Pathogenesis

LCs, the only cells of dendritic lineage in the lung, are normally present in the
tracheobronchial epithelium, where their main function is to recognize and
process inhaled antigens. The morphology of pulmonary LCs is similar to that
of LCs in other tissues (247); the cells can be easily identified by their abundant
eosinophilic cytoplasm, reniform nuclei, intracytoplasmic organelles (Birbeck
bodies) seen on electron microscopy (248), and the universal expression of
CD1a and S100 glycoproteins (249). LCs increase in number in the presence of
damaged epithelium and with increases in the levels of GM-CSF (250), which is
known to occur as a result of cigarrette smoking. LC-rich interstitial
granulomatous inflammation in mice is induced by exposure to tobacco smoke
(251). The prevailing theory is that factors in cigarette smoke—including
particulates, P glycoprotein, and other molecules—promote the recruitment
and activation of LCs within the lung. The finding that CD1þ and/or S100
cells isolated from patients with LCH are clonal has confirmed suspicions of
the neoplastic basis of these diseases (252). A single study that analyzed the
clonality of lesions in patients with PLCH found that most lesions (71%) were
not clonal (253). In 5 of 13 patients, clonal nodules were found, but in 3 of
those cases nonclonal lesion were also present. Given the mixed nature of these
results, the fact that the HUMARA assay used to assess clonality can produce
artifactual results, and that clonal proliferation can occasionally be seen with
inflammatory disorders (253), these authors felt that the data were most
consisent with a reactive rather than a neoplastic pathogenesis for PLCH.
Patients with diffuse LCH in childhood may develop radiographic evidence of
lung involvement with cystic and nodular changes years later, in some cases
possibly precipitated by cigarette smoking (254,255).
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C. Presentation

The prevalence of LCH is unknown, but the disease appears to affect young
people more commonly. Early studies suggested a male predominance for
PLCH (256), perhaps reflecting the demographics of smoking in the middle of
the 20th century, but more recent series reveal an equal gender distribution
(257) or a slight female predominance (258). The disease appears to be more
prevalent in Caucasians, unusual in African Americans, and virtually
nonexistent in Asians. Although almost all patients with isolated pulmonary
LCH are smokers, only a tiny fraction of smokers develop LCH. There is no
evidence for familial clustering to suggest an inheritable genetic basis for
PLCH other than a single case report of father-to-son transmission in 1973
(259). PLCH occurs predominantly in young adults aged 20 to 40 years (259).
Virtually all (90–100%) patients in recent series smoke cigarettes (245,260) and
are frequently quite heavy tobacco users based on average daily tobacco
consumption (261). Most patients with PLCH have symptoms (75%), usually
cough and dyspnea, but fortuitous discovery on routine chest x-rays is the
method of ascertainment in up to 36% of patients in some series (262).
Although spontaneous pneumothorax is a commonly reported complication, it
occurs during the course of illness in only about 25% of patients. About one-
third of patients present with systemic symptoms of fever, malaise, or weight
loss, which may stimulate a search for malignancy or chronic infection.

D. Diagnosis

Chest roentgenotgrams reveal reticulonodular changes in a diffuse bilateral
and symmetrical pattern, often with an upper and middle lung zone
predominance that spares the costophrenic angles (Fig. 5). The HRCT
appearance may reveal multiple nodules associated with thin-walled cysts in
the upper lung zones in the early stages, evolving into a predominant cystic and
diffuse pattern as the disease progresses (263) (Fig. 5). In the most advanced
cases, the lung parenchyma becomes almost completely replaced by reticular
networks of interconnecting cysts. Pulmonary physiology may be normal in the
face of radiographic changes in up to 10 to 15% of patients and obstructive,
restrictive, or mixed patterns of airflow limitation have been reported. Lung
volumes are often normal or even slightly increased, with a reduced vital
capacity (VC) and normal or increased residual volume (RV). The presence of
predominantly obstructive physiology with normal or increased lung volumes
in the setting of diffuse interstitial changes on x-ray should suggest PLCH or
LAM (264). Bronchoscopy with bronchoalveolar lavage can be quite useful in
the evaluation of patients with PLCH (265). The presence of >5% LCs in the
bronchoalveolar lavage fluid, identified by immunostaining for LC marker
CD1a, is highly suggestive of PLCH (266,267). Unfortunately, the sensitivity
for this threshold level is quite low (<25%), and lower levels of CD1a in BAL
(2–3%) are diagnostically indeterminate, a picture also seen in heavy smokers
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Figure 5 Radiographs from a patient with PLCH demonstrating reticular interstitial

markings sparing the costophrenic angles on chest x-ray (a) and diffuse cystic change on

HRCT (b).
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and patients with other interstitial lung diseases. Transbronchial biopsy has a
low diagnostic yield in PLCH because of the patchy nature of the disease, but it
has been reported to produce useful information in 10 to 40% of cases (268).
PLCH can be difficult to distinguish from emphysema, fibrocystic sarcoidosis,
granulomatous infections such as tuberculosis and histoplasmosis, lymphan-
gioleiomyomatosis, and several other disorders. In the appropriate clinical
context, the clinical diagnosis of PLCH may be sufficiently certain to obviate
the need for lung biopsy by thoracoscopy or thoracotomy. For instance, in
smokers presenting with worsening dyspnea, cough, or pneumothorax
associated with a compatible HRCT (upper and middle lobe–predominant
cavitary nodules and cystic pulmonary parenchymal changes) and >5% LC in
BAL, the diagnosis of LCH may be made without tissue biopsy. In atypical
cases, wedge biopsy by thoracotomy or thoracoscopy is recommended, and CT
should be used to identify regions which contain nodules for the surgeon to
target. Since there are no known effective therapeutic interventions for other
than smoking cessation, the major justification for biopsy may be to rule out
other treatable illnesses (e.g., sarcoidosis, hypersensitivity pneumonitis) or to
provide an incentive for the patient to quit smoking.

E. Prognosis

The natural history of PLCH is variable. Most patients do well, with
stabilization, improvement, or remission either spontaneously or while
receiving corticosteroids. About 10 to 20% of patients suffer a downhill course
leading to respiratory insufficiency and cor pulmonale. Recurrent pneu-
mothoraces, multisystem disease, extremes of age, systemic symptoms, major
abnormalities in pulmonary function, and extensive cystic changes with a
reduced diffusion capacity are associated with a poor prognosis (262,269).
Pregnancy has been reported to exacerbate diabetes insipidus associated with
PLCH but does not appear to cause deterioration in lung function (270,271).
Lung carcinoma and lymphoma may occur with increased frequency in
patients with PLCH, and PLCH has been reported in few patients after
treatment with chemotherapy and radiation therapy for cancer (272–277).

F. The Recurrence of LCH in Lung Transplantation

To our knowledge, there have been four cases of recurrent LCH in lung-
transplant patients reported in the English literature (278–280). The
characteristics of the patients depicted in Table 5 suggest that LCH can recur
in patients with multifocal disease as well as those with disease restricted to
lung, even in patients that deny resumption of smoking after transplant.
Although the number of cases is small, the fact that three of four recurrences
were reported in patients with diffuse disease may suggest that this
posttransplant complication is more likely in patients with multiorgan
involvement. Recurrence despite the use of prednisone and other immunosup-

444 Alabi and McCormack



pressive drugs in the posttransplant period challenges the rationale for the use
of cytoxic and glucocorticoid therapy in the treatment of the histiocytoses.

G. Management of PLCH

Spontaneous resolution had been described in several patients after smoking
cessation, and all patients should be encouraged to discontinue tobacco use
(281–283). Persistent symptoms develop in only about 25% of patients (258),
and 5 to 6% will develop progressive end-stage disease, in some cases
culminating in death from respiratory failure. There is no proven pharmaco-
logical treatment for progressive PLCH, although steroids continue to be
widely prescribed for progressive and symptomatic disease. A few success
stories with the use of corticosteroid therapy continue to fuel this approach
(258,284,285). In one series, corticosteroids were found to be associated with
improvement in symptoms and radiographic infiltrates but not with improve-
ment in pulmonary function (262). A trial of corticosteroids is appropriate in
nonsmoking patients with nodular changes on HRCT or chest x-ray, systemic
symptoms, and/or progressive disease. A tapering course of prednisone over 6
to 12 months beginning at 0.5 to 0.75mg/kg is a typical regimen for these
patients.

The use of cytotoxic therapy in LCH has also been reported, especially in
patients with multisystemic involvement (286,287). Data to support the use of
chemotherapeutic agents in PLCH are lacking; if these agents are used at all

Table 5 Clinical Features of Posttransplant PLCH Recurrences

Clinical features Burke Corris Mornex Mornex

Age at diagnosis 27 32 19 27

Age at transplant 29 32 22 31

Original site of involvement Lung Lung, pituitary Lung, bone Lung, pituitary

Type of transplant Double Single Single

Single

Time to recurrence (years) 2 2 1 1

Smoking posttransplant No No Yes Yes

Immunosuppression Azathioprine,

cyclosporine,

prednisone

Azathioprine,

cyclosporine,

prednisone

Azathiorpine, cyclosporine,

prednisone

?

Stain for S100 Yes Yes ? Yes

CD1 ? ? Yes ?

Clonality of lesion ? ? ? ?
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they should be restricted to salvage regimens for patients with progressive
disease and who fail corticosteroids.

Pamidronate therapy is effective in the treatment of bone pain in patients
with osteolytic lesions from LCH (288). Pamidronate was reported to reduce
bone pain in a 14-year-old boy with with long-standing multisystemic LCH
that had been refractory to treatment with corticosteroids and cytotoxic agents
(289). Speculation that bisphosphonates may also be useful in the treatment of
PLCH is supported by the antimacrophage properties of these agents (290).

H. Summary

PLCH is an uncommon smoking-related interstitial lung disease that is usually
associated with a favorable outcome. Smoking cessation is the most important
intervention, and corticosteroids may have utility in patients who progress
after tobacco use is discontinued. The role of cytotoxic therapy is PLCH is
unclear.
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I. Introduction

Pulmonary vascular disease can be classified in many different ways. This
variability and diagnostic classification has been problematic. In 1998, at the
Primary Pulmonary Hypertension World Symposium, clinical scientists from
around the world proposed a new diagnostic classification system (Table 1). It
categorizes pulmonary vascular disease by common clinical features reflecting
the recent advances in the understanding of pulmonary hypertensive diseases
and the similarity between primary pulmonary hypertension and pulmonary
arterial hypertension associated with conditions such as collagen vascular
diseases, congenital systemic to pulmonary shunts, portal hypertension, HIV
infection, and drugs and toxins. The classification separates those cases of
pulmonary arterial hypertension from pulmonary venous hypertension and
pulmonary hypertension associated with disorders of the respiratory system,
pulmonary hypertension due to chronic thrombotic and/or embolic disease,
and pulmonary hypertension due to disorders directly affecting the pulmonary
vasculature. This diagnostic classification supports the use of many of the
therapeutic modalities that have been demonstrated to be efficacious for
primary pulmonary hypertension in patients who have pulmonary arterial
hypertension associated with these other conditions.

Pulmonary hypertension is defined as a mean pulmonary artery pressure
greater than 25mmHg at rest or greater than 30mmHg during exercise.
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Table 1 Diagnostic Classification of Pulmonary Hypertension

A. Pulmonary arterial hypertension

1. Primary pulmonary hypertension

a. Sporadic

b. Familial

2. Related to

a. Collagen vascular disease

b. Congenital systemic to pulmonary shunts

c. Portal hypertension

d. HIV infection

e. Drugs/toxins

(1) Anorexigens

(2) Other

f. Persistent pulmonary hypertension of the newborn

g. Other

B. Pulmonary venous hypertension

1. Left-sided atrial or ventricular heart disease

2. Left-sided valvular heart disease

3. Extrinsic compression of central pulmonary vein

a. Fibrosing mediastinitis

b. Adenopathy/tumors

4. Pulmonary veno-occlusive disease

5. Other

C. Pulmonary hypertension associated with disorders of the respiratory system and/or

hypoxia

1. Chronic obstructive pulmonary disease

2. Interstitial lung disease

3. Sleep-disordered breathing

4. Alveolar hypoventilation disorders

5. Chronic exposure to high altitudes

6. Neonatal lung disease

7. Alveolar-capillary dysplasia

8. Other

D. Pulmonary hypertension due to chronic thrombotic and/or embolic disease

1. Thromboembolic obstruction of proximal pulmonary arteries

2. Obstruction of distal pulmonary arteries

a. Pulmonary embolism (thrombus, ova and/or parasites, foreign material)

b. In situ thrombosis

c. Sickle cell disease

E. Pulmonary hypertension due to disorders affecting the pulmonary vasculature

1. Inflammatory

a. Schistosomiasis

b. Sarcoidosis

c. Other

2. Pulmonary capillary hemangiomatosis
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Whether the pulmonary hypertension is due to increased flow or resistance
(Table 2) depends on its cause (Table 3). Pulmonary artery wedge pressure will
be normal in the absence of left heart obstruction or dysfunction causing
pulmonary venous hypertension. To diagnose primary pulmonary hyperten-
sion, one must exclude all secondary causes as well as associated disorders
(Table 1) and demonstrate a normal pulmonary artery wedge pressure.

Although there is no cure for pulmonary hypertension, recent advances
in therapeutic interventions have resulted in significantly improved hemody-
namics, quality of life, and survival since the first case of primary pulmonary
hypertension was reported over a century ago (1). The therapeutic approach
that has evolved over the past two decades for primary pulmonary
hypertension is also now being used for the treatment of pulmonary arterial
hypertension associated with systemic-to-pulmonary shunts, connective tissue
diseases, and other conditions related to pulmonary arterial hypertension, as
listed in Table 1. The overall goal of treatment is to increase survival and
improve quality of life. The treatment of patients with pulmonary arterial
hypertension depends upon an accurate assessment of its cause(s) (Table 1).
When an underlying cause is identified, therapy should first be directed at the
cause with additional therapy as needed for residual pulmonary hypertension.
Underlying diseases associated with pulmonary hypertension complicates the
medical management decision making. For example, there is a subset of
patients with chronic obstructive pulmonary disease (COPD) and pulmonary
hypertension. Although there are no data to support this, we currently believe
that if the pulmonary hypertension is out of proportion to the COPD, these
patients should be treated with therapy similar to that for primary pulmonary
hypertension. Conversely, if there is mild pulmonary hypertension with COPD,
the treatment should be directed at the COPD and not the pulmonary
hypertension.

II. General Measures

Once a diagnosis of pulmonary arterial hypertension has been confirmed, it is
important to counsel the patient regarding physical activity. Patients should

Table 2 Classification of Pulmonary Hypertension

Type Classification

Hyperkinetic P¼R6F

Pulmonary vascular obstruction or

pulmonary venous hypertension

P¼R6F

Key: P, pulmonary artery pressure; R, pulmonary vascular resistance; F, pulmonary blood flow.
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engage in activities to the extent of their physical capabilities. Physical activity
can be associated with marked increases in pulmonary artery pressure (2).
Patients should avoid performing isometric exercises and physical activities
that produce chest pain, presyncope, or syncope.

Respiratory tract infections cause significant problems for patients with
pulmonary hypertension. These infections result in ventilation/perfusion
mismatching and subsequent alveolar hypoxia, which can produce a
catastrophic event if not aggressively treated. Fever higher than 101 8F should
be treated with antipyretics to minimize the consequences of increased
metabolic demands. Decongestants and other alpha-acting drugs should be
avoided due to cardiovascular effects. Annual influenza vaccination and
regular pneumococcal vaccination is recommended as a preventive measure
unless there are specific contraindications.

Nonsteroidal anti-inflammatory agents during pregnancy should be used
with caution, since their maternal use has been implicated in the pathogenesis
of pulmonary hypertension of the newborn (3). Appetite suppressants should
not be used, since they are known to cause pulmonary arterial hypertension (4).
Pregnancy and parturition produce dramatic hemodynamic and hormonal
changes that are poorly tolerated by patients with pulmonary hypertension.
Abrupt deterioration and death can occur, particularly during the postpartum
period (5–7). Due to this experience, pregnancy is contraindicated for patients
with pulmonary arterial hypertension. Oral contraceptive agents that contain
estrogen should be avoided, if possible, due to the increased risk of
thromboembolic events, which could potentially aggravate pulmonary
hypertension (8,9). Exposure to high altitude can worsen pulmonary
hypertension by producing hypoxic-induced pulmonary vasoconstriction due
to alveolar hypoxia. Although airplane travel in a pressurized cabin should be
safe, supplemental oxygen therapy may be advisable. Phlebotomy is helpful
with cyanotic congenital heart disease, in which severe hypoxemia has
produced symptomatic polycythemia. Caution is advised in order to avoid

Table 3 Causes of Pulmonary Hypertension

Type Causes

Reversible

Hyperkinetic VSD or PDA

Pulmonary venous hypertension Mitral stenosis, pulmonary venous

obstruction, or left ventricular failure

Irreversible

Pulmonary vascular obstruction Primary pulmonary hypertension

Eisenmenger’s syndrome

Key: VSD, ventricular septal defect; PDA, patent ductus arteriosus.
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depletion of iron stores and reduction of the circulating blood volume. Diet or
medical therapy, if needed, should be used to prevent constipation so as to
avoid the effects of the Valsalva maneuver on the venous return to the right
side of the heart, which can precipitate syncope.

III. Anticoagulation

Patients with severe pulmonary hypertension are at risk for a thrombotic event
due to their sedentary lifestyle, venous insufficiency, dilated right heart
chambers, and sluggish pulmonary blood flow. Even a small pulmonary vascular
obstruction by thrombus can be life-threatening in patients with compromised
pulmonary vascular beds that have little ability to dilate or recruit unused vessels.
Patients with pulmonary hypertension frequently die suddenly; not uncom-
monly, fresh intrapulmonary clots are found on postmortem examination. In
primary pulmonary hypertension, chronic anticoagulation has been demon-
strated to increase survival rates in adults (10,11). Efficacy of anticoagulation has
not been demonstrated in children (12). The usefulness of anticoagulation in
patients with Eisenmenger’s syndrome has not been studied, but because the
pulmonary vascular lesions are the same as in primary pulmonary hypertension,
the rationale exists for consideration of low-dose anticoagulation in patientswith
Eisenmenger’s syndrome as well. Warfarin has been the anticoagulant of choice,
which was shown in previous studies to improve survival. The optimal dose of
warfarin in these studies was not determined although the range of antic-
oagulation recommended is to achieve an international normalized ratio (INR)
of 1.5 to 2.0. However, different clinical circumstances (e.g., documentation of a
procoagulant state or chronic thromboembolic disease) may require dose
adjustment to maintain a higher INR as clinically indicated. For patients at risk
for bleeding (e.g., portal pulmonary hypertension with varices, or calcinosis,
Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, teleangectasia
(CREST) patients with esophageal dysmotility dose adjustment) may be needed
to maintain a lower INR to avoid bleeding. Heparin administered subcuta-
neously in doses of 5000 to 10,000U twice daily may be a suitable alternative,
although the long-term side effects of heparin, such as osteopenia and
thrombocytopenia, can be troublesome. Intravenous heparin use for patients
when needed should be used to maintain a PTT of 1.3 to 1.5 times the control.
Additionally, low-molecular-weight heparin (Lovenox) in doses of 40mg
subcutaneously once or twice daily is another suitable alternative for adequate
anticoagulation. What optimal anticoagulant should be used remains unclear
and requires further investigation.

IV. Oxygen

Ventilation/perfusion mismatching occurs in many patients with pulmonary
arterial hypertension. This results in hypoxic and hypercapneic pulmonary
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vasoconstriction, further exacerbating the underlying pulmonary arterial
hypertension. Supplemental low-flow oxygen alleviates the arterial hypoxemia
and attenuates the pulmonary hypertension in patients with chronic pulmonary
parenchymal disease. If patients have significant mixed venous oxygen
desaturation with activity caused by increased oxygen extraction in the face
of a fixed oxygen delivery, they may benefit from ambulatory supplemental
oxygen. Some patients also desaturate with sleep without evidence of
obstructive apnea and may benefit from oxygen with sleep. The use of
supplemental oxygen with sleep to slow the progression of polycythemia in
patients with pulmonary arterial hypertension associated with congenital
systemic-to-pulmonary shunts has been suggested (13). Patients with severe
right heart failure with hypoxemia at rest resulting from a markedly increased
oxygen extraction should be treated with continuous oxygen therapy.

V. Cardiac Glycosides and Diuretics

The efficacy of cardiac glycosides and diuretics in patients with pulmonary
arterial hypertension is unknown. Since the cause of death in many patients
with pulmonary hypertension is right heart failure, drugs that will improve
right ventricular performance are often used, although there are no data to
support this practice. The use of digitalis concomitantly with calcium channel
blockers may counteract the potentially negative inotropic effects of calcium
channel blockers (10). Specific care should be taken to avoid digitalis toxicity,
which can be exacerbated with hypoxemia and/or diuretic-induced hypokale-
mia. Diuretics are useful for reducing the increased intravascular volume and
hepatic congestion seen in patients with right heart failure. However, excessive
diuresis should be avoided, as patients with a right ventricle that is preload-
dependent are at risk for a fall in cardiac output with excessive diuresis.
Aggressive monitoring of serum electrolytes is needed to avoid the risks of
digitalis toxicity, hypokalemia, and hypomagnesemia.

VI. Vasodilators

The original use of vasodilator agents to treat patients with pulmonary arterial
hypertension was initially based on the premise that pulmonary vasoconstric-
tion is present to varying degrees and that even small reductions in right
ventricular afterload produce substantial improvement in right ventricular
output. This concept is supported by pathological studies demonstrating
medial hypertrophy of the muscular pulmonary arteries as an early consistent
feature of pulmonary arterial hypertension (14). Wagenvoort and Wagen-
voort’s early hypothesis that vasoconstriction precedes and contributes to a
fixed obstruction (15) initially focused vasodilator therapy on patients with a
large vasoconstrictive component, and the failure of acute pulmonary
vasodilation was compatible with the concept of a ‘‘fixed’’ irreversible
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pulmonary vascular bed. The goal of treatment with vasodilators is to reduce
pulmonary artery pressure and increase cardiac output without producing
symptomatic systemic hypotension. This effect may be achievable with oral
calcium channel blockers in approximately 20% of adults (10) and 40% of
children (12) with primary pulmonary hypertension.

Acute vasodilator testing is performed during a right-heart catheteriza-
tion as part of an initial assessment of patients with pulmonary arterial
hypertension to determine whether patients fit into the category of ‘‘responder’’
versus ‘‘nonresponder’’ (Fig. 1). A response to acute vasodilator testing is
defined as a fall in mean pulmonary artery pressure by 520% with no change
or an acute increase in cardiac output (using nitric oxide, intravenous
prostacyclin, or intravenous adenosine). The ‘‘responders’’ represent a group
of patients with a more vasoreactive pulmonary arterial bed, perhaps
representing a different subset of patients with pulmonary arterial hypertension
than ‘‘nonresponders’’ and/or representing patients diagnosed and evaluated
earlier in the course of the disease when reversal of muscular hypertrophy
occurs. ‘‘Nonresponders’’ may represent those with advanced disease and
histopathological changes of intimal proliferation and fibrosis as well as
plexiform lesions, which may undergo pulmonary vascular remodeling with
long-term prostacyclin treatment.

VII. Calcium Channel Blockers

Calcium channel blockers inhibit calcium influx through the slow channel into
cardiac and smooth muscle cells. Their usefulness in primary pulmonary

Figure 1 Treatment algorithm of primary pulmonary hypertension prior to the

availability of prostacyclin analogs, endothelin receptor antagonists, inhaled nitric oxide

as well as other novel therapeutic agents under clinical investigation. (*Responder to

testing with inhaled NO or IV. Prostacyclin defined as a fall in the mean pulmonary

arterial pressure of 520% without a fall in the cardiac output.)
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hypertension is believed to be based on their ability to cause vasodilation of the
pulmonary vascular smooth muscle. Chronic calcium channel blockade is
efficacious for patients who demonstrate a response to acute vasodilator
testing. In contrast, patients who do not respond acutely fail to respond to
long-term calcium channel blockade (10,15) and are unlikely to benefit from
chronic therapy. Calcium channel blockers reduce pulmonary artery pressure,
increase cardiac output and survival, and improve symptoms and exercise
tolerance in responders. Although most studies have used calcium channel
blockers at relatively high doses, the optimal dosing for patients with
pulmonary arterial hypertension remains unknown. Because of the frequent
reporting of significant adverse effects with calcium channel blockade in these
patients (e.g., systemic hypotension, right ventricular failure, and death),
calcium channel blockers should not be used in patients in whom acute
effectiveness has not been demonstrated.

VIII. Prostaglandins

The use of prostacyclin or a prostacyclin analog for the treatment of
pulmonary arterial hypertension is supported by a demonstration of an
imbalance of thromboxane to prostacyclin metabolites in patients with primary
pulmonary hypertension and demonstration of a reduction in prostacyclin
synthase in the pulmonary arteries of patients with pulmonary arterial
hypertension (16). Nonresponders to acute vasodilator testing are often
treated with other vasoactive agents, including chronic intravenous epopros-
tenol, which surprisingly has resulted in what looks like remodeling of the
pulmonary vascular bed (17–22), most likely due to other effects of
prostacyclin rather than its vasodilator effects (i.e., antiproliferative effects).
This has translated to improved hemodynamics, quality of life, and survival in
patients with primary pulmonary hypertension (Fig. 2). Chronic therapy with
prostacyclin analogs (e.g., aerosolized iloprost, subcutaneously administered
treprostinil, or oral beraprost) will hopefully further our understanding of
prostacyclin’s mechanisms of action in addition to its vasodilator and
antiaggretory properties.

Chronic intravenous epoprostenol has been evaluated in prospective
randomized clinical trials of primary pulmonary hypertension and demon-
strated improved exercise tolerance, hemodynamics, and survival in patients
who were New York Heart Association (NYHA) functional class III or IV
(17–19). Chronic intravenous prostacyclin was also studied in patients with
pulmonary arterial hypertension associated with the scleroderma spectrum of
diseases and demonstrated an improvement in exercise tolerance and
hemodynamics in patients who were functional class III or IV (22). The
mechanisms of action of the chronic effects of epoprostenol are very likely to
be multifactorial, including lowering of the pulmonary artery pressure,
increasing cardiac output, and increasing systemic oxygen transport. The
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optimal dose of intravenous epoprostenol for pulmonary arterial hypertension
remains uncertain. The starting dose is 1 to 2 ng/kg/min with incremental
increases, especially during the first several months of initiation. The
development of tolerance to the effects of intravenous epoprostenol remains
unknown; some patients appear to need periodic dose escalation. A mean dose
after 1 year is approximately 20 to 40 ng/kg/min for most patients, although
there seems to be significant patient variability of the ‘‘optimal’’ dose (23).
Continuous intravenous epoprostenol has also been used to treat patients with
pulmonary arterial hypertension associated with congenital systemic-to-
pulmonary shunts, portal hypertension, HIV, drugs, toxins and anorexigens,
with reported improvement in exercise capacity and hemodynamics, although

Figure 2 Comparison of survival probabilities between patients treated with

prostacyclin and historical controls. Kaplan-Meier observed survival probability curves

for New York Heart Association class III and IV patients treated with prostacyclin

(n¼ 17) and historical controls from the National Institutes of Health Registry (NYHA

class III and IV patients receiving standard therapy including anticoagulant agents,

n¼ 31). Survival function was calculated at 6-month intervals for 5 years. Survival was

significantly improved in the patients treated with prostacyclin (p¼ 0.045). The 1-, 2-,

and 3-year predicted survival rates estimated by the NIH Primary Pulmonary

Hypertension Registry equation for the patients treated with prostacyclin were 63.2,

50.4, and 41.1%, respectively; for the historical controls, the predicted survival rates

were 65.2, 52.1, an 42.4%, respectively. (From Ref. 18.)
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a survival benefit has not been demonstrated. Because epoprostenol is
chemically unstable at neutral pH/room temperature and due to its short half-
life (1–2min), it requires a continuous intravenous system for chronic
treatment. Permanent central venous access is required to administer the
medication. The delivery system for continuous intravenous epoprostenol is
associated with risks, including local infection, sepsis, abrupt drug interrup-
tion and line injury, or dislodgment as well as side effects from the drug itself,
which include nausea, diarrhea, headache, arthralgias, and facial flushing. The
side effects influence the overall risk/benefit of the therapy and have prompted
clinical trials using alternative delivery systems that may enhance efficacy,
improve safety, and reduce side effects. Clinical trials with the prostacyclin
analog treprostinil (administered subcutaneously) have demonstrated
improved exercise capacity, hemodynamics, and quality of life. In addition,
clinical trials are also evaluating the efficacy of two additional prostacyclin
analogs: iloprost (by inhalation) and beraprost (with oral administration). The
use of prostacyclin analogs in less severely ill patients will be desirable, as they
require less complex delivery systems compared with chronic intravenous
epoprostenol.

Treprostinil (Remodulin) is a chemically stable tricyclic benzindene
analog of prostacyclin, which also shares the same pharmacological actions as
epoprostenol. It is chemically stable at room temperature and has a neutral pH
and a half-life of 3 to 4 hr when administered subcutaneously (24). In a
randomized trial, subcutaneous treprostinil improved exercise capacity,
hemodynamics, and clinical signs and symptoms in patients with primary
pulmonary hypertension and pulmonary hypertension associated with
connective tissue diseases or congenital heart defects (25,26). Treprostinil
(administered subcutaneously) was approved in 2001 by the Food and Drug
Administration for the treatment of pulmonary arterial hypertension. Like
epoprostenol, subcutaneous treprostinil is started at 1 ng/kg/min and slowly
increased to achieve an ‘‘optimal dose.’’ Side effects are pain, erythema, and
induration at the injection site as well as other prostacyclin-like side effects
(e.g., nausea, diarrhea, headache, and flushing).

Iloprost, a more stable synthetic analog of prostacyclin (in open-label
uncontrolled trials), has been shown to improve hemodynamics and exercise
capacity when administered short- and long-term (27,28). It has a molecular
structure similar to that of prostacyclin and works through prostacyclin
receptors present in vascular endothelial cells. Iloprost is also more stable than
prostacyclin and may be stored at room temperature without any protection
from light. It has a half-life of 20 to 30min (29). Iloprost is used outside of the
United States and has not been approved by the Food and Drug
Administration (FDA) at the time of this publication. Intravenous iloprost
has also been used acutely and chronically in patients with pulmonary arterial
hypertension. Although further controlled studies are warranted to compare its
efficacy to that of epoprostenol, intravenous iloprost has the benefit of being
stable at room temperature and being more affordable than epoprostenol.
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Beraprost sodium is an oral prostacyclin analog. It is a chemically stable
and orally active prostaglandin I2 derivative with a substantially longer half-life
(t1/2: 1.11+1 hr). The drug has properties similar to those of epoprostenol and
increases red blood cell flexibility; it decreases blood viscosity and limits
platelet aggregation, produces vasodilatation, and decreases platelet adhesion
to the endothelium as well as disaggregating platelets that have already
clumped. Its potency is approximately 50% of epoprostenol. Preliminary data
from Japan (open-label uncontrolled) suggests that Beraprost, is efficacious,
improving hemodynamics and survival in patients with primary pulmonary
hypertension (30,31). It has also been suggested to improve hemodynamics and
NYHA functional class in patients with primary and secondary pulmonary
hypertension (32). Currently, the first multicenter randomized study to
evaluate the effects of Beraprost when compared with placebo on disease
progression in patients with pulmonary arterial hypertension is under away.
Results are anticipated in 2003. Beraprost is used outside of the United States
and has not been approved by the Food and Drug Administration at the time
of this publication.

IX. Endothelin Receptor Antagonists

Endothelin-1 is the most potent vasoconstrictor identified to date. It has been
implicated in the pathogenesis of pulmonary arterial hypertension, providing
the rationale for endothelin receptor antagonists as promising drugs for the
treatment of pulmonary arterial hypertension (33) (Fig. 3). Plasma ET-1 levels
are known to be increased in patients with pulmonary arterial hypertension
and inversely correlate with prognosis (34,35). There are at least two different
receptor subtypes. ETA receptors are localized on smooth muscle cells and
mediate vasoconstriction and proliferation, while ETB receptors are found
predominantly on endothelial cells and are associated with (1) endothelin-
dependent vasorelaxation by the release of vasodilators—i.e., prostacyclin and
nitric oxide; (2) clearance of endothelin; and (3) vasoconstriction on smooth
muscle cells as well as bronchoconstriction. Both ETA and ETB receptors play
a fundamental role in pulmonary vasoconstriction, inflammation, proliferation
of smooth muscle cells, and fibrosis. In addition, because ETB receptors may be
upregulated on smooth muscle cells in certain pathological conditions as well
as ‘‘cross talk’’ occurring between ETA and ETB receptors. Whether a dual ET
receptor antagonist or a selective ETA receptor antagonist will prove more
efficacious remains to be determined (36,37). The dual oral receptor endothelin
antagonist bosentan was approved for the treatment of pulmonary arterial
hypertension by the FDA in 2001. The target dose of bosentan is 125mg bid
after being started at 62.5mg bid for 4 weeks. Randomized clinical trials
demonstrated improved exercise capacity measured by the 6-min walk test and
improved hemodynamics (35). Adverse events associated with endothelin
receptor antagonists include increased levels on liver function enzyme studies,
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which may require a decrease in dose or discontinuation of therapy. At the
time of publication, bosentan is the only FDA-approved endothelin receptor
antagonist. Clinical investigation is also under way to evaluate whether a
selective ETA receptor antagonist such as sitaxsentan will be more efficacious
than a dual endothelin receptor antagonist.

X. Nitric Oxide

Nitric oxide activates guanylate cyclase in pulmonary vascular smooth muscle
cells, which increases cyclic GMP and decreases intracellular calcium
concentration, thereby leading to smooth muscle relaxation (Fig. 4). When
inhaled, the rapid combination of nitric oxide with hemoglobin inactivates any
nitric oxide diffusing into the blood, preventing systemic vasodilatation. Nitric
oxide is therefore a potent and selective pulmonary vasodilator when
administered by inhalation. The usefulness of inhaled nitric oxide as well as
possible other agents that may increase endogenous levels of nitric oxide (38)
may also prove to be beneficial for their antiproliferative effects as well as their
vasodilator effects. Although there is considerable experience with the use of
inhaled nitric oxide as a short-term treatment for pulmonary hypertension in a
variety of clinical situations, the role of inhaled nitric oxide as a chronic
therapy for pulmonary hypertension remains under clinical investigation.

Figure 3 Endothelin system in vascular tissue. ET-1, endothelin-1; BIG-ET-1,

proendothelin-1; ECE, endothelin-converting enzyme; NO, nitric oxide; PGl2,

prostacyclin.
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Furthermore, histological studies demonstrating reduced levels of nitric oxide
synthase in the pulmonary vasculature of patients with primary pulmonary
hypertension provides rationale and justification for the development of gene
replacement therapy.

XI. The Future

At present, treatment for pulmonary vascular disease remains challenging, as
the exact etiology of the disease is often unknown. If one views pulmonary
vascular disease as a multifactorial condition with various mechanisms
involved in its pathobiology, the role for distinct agents (i.e., prostacyclin
analogues and endothelin receptor antagonists) can be perceived. At the
present time, while chronic intravenous epoprostenol remains the ‘‘gold
standard’’ of treatment for patients who do not respond to acute vasodilator
testing or who are unresponsive to conventional agents, chronic intravenous
epoprostenol is invasive and not without risk due to its delivery system. The
recent attempt to compound this medication for delivery by oral, subcuta-
neous, and inhaled routes is a step in the right direction. However, at the
present time, it is too early to say if these agents will be as efficacious as chronic

Figure 4 The nitric oxide pathway.
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intravenous epoprostenol. In addition, the use of endothelin receptor
antagonists also appears to be extremely promising. There will likely be
many new developments in the next several years as trials with these novel
therapeutic agents are completed. Whether these newer agents will, in fact,
replace chronic intravenous epoprostenol in selected patients remains
unknown. Based on distinct mechanisms of action of these various agents, a
role for combination therapy may further improve the efficacy of a patient’s
pulmonary arterial hypertension regimen—e.g., combining endothelin receptor
antagonists with either intravenous epoprostenol or with a prostacyclin analog.
Furthermore, future investigations with other agents—such as inhaled nitric
oxide, phosphodiesterase inhibitors (e.g., type 5 to increase or maintain cyclic
GMP activity or type 3/4 to increase or maintain cyclic AMP activity)
substrate loading agents (e.g., arginine to increase nitric oxide production) as
well as consideration of elastase inhibitors—should further improve treatment
options for patients with pulmonary arterial hypertension. By following a wide
variety of approaches, there is considerable promise in the development of
novel therapeutic modalities for pulmonary arterial hypertension. In addition
to the reversal of vascular remodeling, stimulation or enhancement of normal
endothelial cell function may be possible.

XII. Conclusion

As our understanding of the pathogenesis of pulmonary arterial hypertension
evolves, newer strategies for its treatment are being developed and
implemented. Further clarification of the mechanisms of the development
and perpetuation of the pulmonary arterial hypertension process will
undoubtedly lead to refinement in treatment strategies for pulmonary arterial
hypertension. We hope that by increasing our understanding of the
pathogenesis and pathophysiology of pulmonary vascular disease, we will
one day be able to prevent or cure pulmonary arterial hypertension as opposed
to only providing palliative therapy. Despite this, recent therapeutic advances
have significantly improved the outcome for patients with pulmonary vascular
disease.
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I. Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity
and mortality. It currently ranks as the fourth leading cause of death in the
world, and further increases in prevalence and mortality are predicted in the
coming decades (1). COPD is a heterogeneous disease and includes patients
who suffer from emphysema, asthmatic bronchitis, chronic bronchitis, or a
mixture of the above. It is estimated that of the 16 million individuals
diagnosed as having COPD, approximately 2 million suffer predominately
from emphysema. Emphysema is a progressive disorder characterized by
destruction of alveolar-capillary exchange units. Emphysema patients have a
large economic burden and a markedly impaired quality of life.

Over the past several decades, significant improvements have been made
in the care of patients with COPD. These include the development of new
bronchodilators, the use of supplemental oxygen, recognition of the benefits of
adequate nutrition, and pulmonary rehabilitation—all of which improve
patients’ quality of life—and the implementation of lung transplantation in
selected individuals (1). However, because of the high prevalence of the disease,
its progressive nature, and its high morbidity and mortality, the above
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interventions are still inadequate to treat the large number of patients afflicted
with emphysema. Understandably, the promise of lung volume reduction
surgery (LVRS) as a novel approach to surgically improve expiratory flow
limitation, alleviate dyspnea, improve exercise performance, and, most
importantly, improve the quality of life was enthusiastically and broadly
embraced by emphysema patients, pulmonologists, and thoracic surgeons.

Since the reintroduction of LVRS 8 years ago, significant amounts of
data have accumulated regarding its short- and long-term effects on lung
function and exercise performance. Moreover, the introduction of LVRS has
also precipitated a new debate on the introduction of surgical therapy in the
clinical arena and the need to subject new surgical techniques to clinical
investigation via prospective, randomized, and controlled clinical trials.

This chapter summarizes the most recent data regarding the physiological
basis for LVRS, the short- and long-term outcomes of LVRS, and the most
current guidelines for optimal patient selection.

II. Pathophysiological Basis for Lung Volume Reduction
Surgery

The hallmarks of COPD are peripheral airways inflammation and destruction
of the lung parenchyma, resulting in the development of emphysema. The
abnormal inflammatory response that characterizes COPD is manifest as
chronic inflammation in the peripheral airways, lung parenchyma, and
pulmonary vasculature. In various regions throughout the lung, inflammatory
cells in the forms of macrophages, T lymphocytes (predominately CD8þ), and
neutrophils are found (2). A variety of cytokines—including leukotriene LTB4,
interleukin 8 (IL-8), tumor necrosis factor alpha (TNF-a), and others—are
released, all of which are capable of further damaging lung tissue and
perpetuating inflammation (3). Besides inflammation, an imbalance between
proteinases and antiproteinases, and oxidatives stresses are additional path-
ways contributing to the pathogenesis of poorly reversible or nonreversible
airflow obstruction and lung tissue destruction (1).

Lung parenchymal destruction in emphysema patients typically manifests
itself as centrilobular emphysema, a process that denotes dilatation and
destruction of the respiratory bronchioles. In milder forms of the disease, these
lesions predominate in the upper lung regions; but in advanced disease states,
the lesions appear diffusely throughout the entire lung and also involve
destruction of the pulmonary capillary bed.

Expiratory airflow limitation is the hallmark physiological change that
occurs in patients with COPD, a key not only to the diagnosis of the disease
but to its severity. Expiratory airflow limitation occurs in emphysema due to a
reduction in lung elastic recoil (e.g., the driving pressure that promotes
expiratory flow) and airways obstruction (caused by hypersecretion of mucus,
mucous gland hypertrophy, airways mucosal engorgement, and bronchocon-
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striction) that inhibits airflow. Emphysema contributes to airflow limitation by
reducing lung elastic recoil as a result of lung tissue destruction as well as
destruction of alveolar attachments, which limits the patency of the small
airways.

As a consequence of expiratory airflow limitation, the volume over which
the lung and chest wall operates increases, because the outward recoil of the
chest wall is now opposed by significantly less inwardly directed lung recoil,
thereby placing the chest wall and inspiratory muscles at mechanical
disadvantage. Breathing at elevated lung volumes not only places the
inspiratory muscles at a mechanical disadvantage but also increases their
elastic load secondary to the development of intrinsic positive end-expiratory
pressure (PEEPi). Elevated lung volume and the development of PEEPi may
also adversely affect cardiac function by limiting venous return and increasing
right ventricular impedance.

Further compounding the negative consequences of emphysema on
respiratory mechanics is the development of abnormal gas exchange.
Ventilation perfusion ð _VV= _QQÞ mismatch results in an elevation of physiological
dead space, which further increases the patient’s ventilatory load in order to
maintain normal gas exchange. Figure 1 is a schematic showing the various
effects of emphysema on lung and chest wall function.

The physiological derangements described above as a consequence of
advanced emphysema are further exacerbated by conditions that provoke
greater ventilatory demands—such as exercise, diseases like pneumonia, or

Figure 1 Protease-mediated destruction of alveolar walls. Effects of emphysema on

lung and chest wall mechanics. Definitions: _VVA, alveolar ventilation; RV, right

ventricular; MVO2
, mixed venous oxygen content; CO, cardiac output; PEEPi, intrinsic

positive end-expiratory pressure.
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exacerbations of COPD. Since patients with advanced emphysema breathe at
rest at the outer limit of the expiratory flow curve, higher ventilatory demands
cannot be offset by increased expiratory flow, thereby producing dynamic
hyperinflation. This vicious cycle of expiratory airflow limitation, dynamic
hyperinflation, _VV= _QQ imbalance, and impaired right ventricular function all
contribute to the patient’s sense of breathlessness, limited functional
performance, and a severely impaired quality of life.

III. History of Lung Volume Reduction Surgery

A. Background

The anatomical consequences of emphysema—producing a hyperinflated
thorax, and a depressed and flattened diaphragm—have been the subject of
investigation and attempted surgical therapy for the last 50 to 75 years. As a
result, early attempts were made to surgically reduce lung volume or make an
over-distended and stiffened chest wall more compliant. Several procedures—
including costochondrectomy, thoracoplasty, pneumoperitoneum, phrenic
nerve interruption, glomectomy, and radical hilar nerve stripping—were all
endorsed for short periods of time, based on anecdotal reports of subjective
improvement. However, the lack of objective controlled data coupled with a
lack of consistent results from other practitioners caused each of the
procedures to be abandoned. Only resection of a giant bulla remains a useful
intervention when performed in patients without evidence of diffuse
emphysema. Resection of an isolated bulla has been shown to decrease
dyspnea, improve lung function, increase exercise tolerance, and also improve
diaphragmatic function (4–7). It is believed that all of these functional and
physiological improvements associated with bullectomy are the results of a
surgical reduction in lung volume, which results in improvements in lung, chest
wall, and respiratory muscle mechanics (7).

In 1957, Brantigan and colleagues published their experiences with a
surgical procedure aimed at downsizing the lung in patients with severe diffuse
emphysema (8–10). Brantigan and colleagues (8) hypothesized that in patients
with severe emphysema and hyperinflation, downsizing of the lungs would
restore toward normal the outward radial traction on the small airways,
thereby facilitating expiratory airflow. Brantigan emphasized that the
procedure was ‘‘an operation directed at restoration of a physiologic principle’’
and ‘‘not concerned with removal of pathological tissue.’’ He performed his
procedure through a standard thoracotomy, performing multiple lung
resections and plications and also incorporated radical hilar stripping to
denervate the lung.

Brantigan and colleagues (10) reported subjective improvement in 75% of
patients for periods up to 5 years; however, the procedure was associated with
a 16% postoperative mortality. Furthermore, no objective data were provided
to supplement the subjective reports of patients improvement. Because of the
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high mortality and lack of objective data, Brantigan’s procedure never gained
full acceptance or widespread application.

B. Subsequent Developments

In 1991, Wakabayashi et al. (11) performed thorascopic laser ablation of
multiple bullae in 22 patients with diffuse emphysema. CO2 laser beams were
applied to the external surface of the bullae to shrink them, thereby reducing
lung volume. These investigators also reported a subjective improvement in
patients’ symptoms but provided little in the way of objective data. Moreover,
his report included not only those with diffuse emphysema but also some
patients with isolated bullous disease, thereby potentially overstating the
benefits in reporting mean group data for those suffering from nonbullous
emphysema.

In 1993, Cooper and colleagues (12) modified the procedure of Brantigan
and colleagues and performed bilateral LVRS in 20 consecutive patients by
removing 20 to 30% of each lung via stapled resections through a median
sternotomy. Postoperatively, they reported a significant increase in FEV1, an
improvement in resting hypoxemia, improved quality of life, and a marked
relief of dyspnea. Modifications of Brantigan’s technique by Cooper included
the use of a median sternotomy; placement of a thoracic epidural for analgesic
relief—thereby avoiding the need for systemic narcotics or respiratory
depressants; automatic cutting stapling devices, which were buttressed with
bovine pericardium to decrease the development of postoperative air leaks at
the staple line; and radiographic imaging—including computed tomography
(CT) and quantitative lung perfusion scans—which helped target those lung
regions with the worst emphysema for resection. Based on the favorable
reports presented by Cooper and colleagues, significant interest was rekindled
in lung resection for severe emphysema. Soon after his initial report, a number
of reports using unilateral or bilateral lung resections via median sternotomy,
lateral thoracotomy, or video-assisted thorascopic surgery (VATS) were
reported from a number of different centers. Although most of the reports
demonstrated positive results with the use of LVRS, a number of problems
were encountered in interpreting the data.

C. Controversies Resulting in Developing the National
Emphysema Treatment Trial

Problems encountered in reviewing early LVRS reports included inconsistent
follow-up of patients, varying surgical techniques used to perform LVRS,
variable patient selection criteria, lack of control groups, different endpoints
for defining success, and inconsistent and sometimes inadequate characteriza-
tion of patients receiving LVRS. The effect of incomplete data on biasing the
interpretation of data in longitudinal studies was highlighted by Butler et al.
(13). These investigators determined the reasons why patients dropped out
without further follow-up after LVRS, and assessed the characteristics between
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those subjects who came back for follow-up compared to those who did not.
Patients who did not present for follow-up had a long-term mortality of 27%,
considerably greater than those who did comply with follow-up testing (3%,
p< 0.05). The authors interpreted their data as showing that long-term
mortality following LVRS may be biased in the direction of underestimating
true mortality if incomplete follow-up is encountered.

Despite limited data, LVRS cases soared in number from 1994 through
1996. An estimated 1212 LVRS operations were performed in Medicare
patients between July 1994 and December 1995 (14). At the end of December
1995, LVRS was being performed in 37 states, and the number of claims
submitted to Medicare for LVRS peaked in December 1995 to 169 claims per
month. The average Medicare reimbursement per procedure was $31,398.
Based on the projected number of patients suffering from emphysema who
conceivably could be candidates for LVRS, it was estimated that expenditures
by Medicare for LVRS could be as high as $1 billion.

Following implementation of a specific ICD-9 code for LVRS, Medicare
identified 722 claims for LVRS that used the code between October 1995 and
January 1996 (15). Of these patients, approximately 30% (n¼ 215) died within
18 months of LVRS, a mortality rate considerably higher than that reported or
projected by the available published medical data at that time (15). Analysis by
Medicare also demonstrated that Medicare beneficiaries receiving LVRS used
hospital rehabilitation or long-term care facilities considerably more following
LVRS compared to the calendar year preceding LVRS. These factors were
used by Medicare officials to underscore in an outcomes report that published
studies may be biased toward being more favorable than truly reflected in
patients who actually received LVRS. Furthermore, Medicare officials
hypothesized that since LVRS patients appeared to be a high risk for
postoperative mortality, a control group was necessary in order to distinguish
between the impact of LVRS in comparison to the impact of the disease itself.

In December of 1995, the Health Care Financing Administration
(HCFA) issued a noncoverage policy for all LVRS procedures (based on the
lack of medical evidence and potential for excessive morbidity and mortality
among Medicare beneficiaries) (15). The HCFA asked the Center for Health
Care Technology (CHCT), a part of the Agency for Health Care Policy and
Research, to undertake a complete review of the available evidence, both
published and unpublished, on the effects of LVRS. In April 1996, the CHCT
report was released, based on the analysis of approximately 2800 patients
reported to them from 27 institutions. The report concluded that ‘‘the available
data did not permit a scientific conclusion regarding the risks and benefits of
LVRS.’’ The report further commented that ‘‘some patients appeared to
benefit from LVRS, at least in the initial postoperative period,’’ but that a
‘‘significant amount of data was incomplete, with limited follow-up.’’ They
recommended a controlled clinical trial be undertaken to further assess the
efficacy of this procedure, both its long- and short-term effect, in a
comprehensive manner. Moreover, they recommended a prospective trial
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comparing LVRS to optimized medical treatment while simultaneously
providing Medicare financial coverage.

Later on in that same month of April 1996, HCFA and the National
Heart, Lung, and Blood Institute (NHLBI) both signed an agreement to
participate in such a study, with Medicare providing reimbursement for the
clinical costs of the trials. This unique partnership between Medicare and the
NHLBI broke new ground, and the study became known as the National
Emphysema Treatment Trial (NETT).

The NETT has been promoted as precedent-setting in establishing a
cooperative effort between the nation’s largest insurance payer and its premiere
scientific agency for research in pulmonary disease with the hope of providing a
model for future assessment of new medical or surgical interventions. It was
also the intention that Medicare beneficiaries be provided controlled access to a
promising but in some respects unproven surgical procedure while scientifically
valid data were collected to further guide clinical use and reimbursement
decisions.

Circumstances surrounding the suspension of reimbursement for LVRS
payment by Medicare; the requirement for participation in a prospective,
randomized, controlled trial evaluating the effectiveness of a new surgical
procedure in order to receive LVRS financial coverage; coupled with the
pressures placed upon physicians by a severely impaired and desperate patient
population were factors contributing to making the issue of LVRS and the
NETT one of controversy and heightened interest.

IV. Outcome of Lung Volume Reduction Surgery

In general, numerous published studies to date have shown that LVRS in
carefully selected patients with diffuse emphysema led to an improvement in
lung function, exercise capacity, and quality of life. In addition, LVRS has also
been shown to decrease the need for supplemental oxygen and steroid therapy
and to improve dyspnea. However, the impact of LVRS on these different
outcome measures are variable across different institutions, and the
magnitudes of physiological and subjective improvement are modest compared
to the initial report by Cooper and colleagues (12). The beneficial effects
appear to peak at 3 to 6 months following LVRS and are maintained for an
additional 3 to 4 years, followed by a gradual decline in lung function similar to
the progressive decline encountered with the natural history of emphysema.
The variability in clinical outcome reported following LVRS is due to multiple
factors, including different selection criteria (homogeneous versus hetero-
genous emphysema, preoperative pulmonary rehabilitation versus no rehabi-
litation, etc.), different surgical techniques used between investigators (laser
versus stapled resection, unilateral versus bilateral); and differences in outcome
measures reported (pre- versus postbronchodilator expiratory flow rate, 6-min
walk test versus cardiopulmonary exercise study). Outside of a prospective,
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multicenter, randomized trial on LVRS, the currently reported outcome on
LVRS should be interpreted with these limitations in mind. In this review, both
the short- and long-term effects of LVRS on lung function, gas exchange,
cardiopulmonary exercise, and quality of life are reviewed in detail.

A. Short-Term Results (<12 Months)

Spirometry

Early reports detailing the benefits of LVRS focused on the improvement in
forced expiratory airflow, specifically, forced vital capacity (FVC) and forced
expiratory volume in 1 sec (FEV1). When Cooper and colleagues (12) reported
their experience in their first 20 patients who underwent bilateral LVRS via
sternotomy, the mean improvements in FEV1 and FVC were 82 and, 27%,
respectively. In their follow-up study on 150 patients, the postoperative
increases in FEV1 and FVC 6 months after LVRS were reported as 51 and
20%, respectively (16). However, the magnitude of the increases in FEV1 after
surgery reported by other investigators have been variable, ranging between 13
and as high as 96% compared to baseline (17–25). It is important to remember
that not all patients show an improvement in spirometry after LVRS, which
may not be apparent in studies reporting only group mean data. In one study,
34% of the patients who underwent bilateral LVRS via median sternotomy had
less than 20% improvement in FEV1 3 to 6 months after surgery (22). Table 1
summarizes postoperative changes in spirometry reported by published studies
to date. The variability in postoperative changes in FEV1 after LVRS are
highlighted in Figure 2.

Several factors may contribute to the variability in improvement in
spirometry after LVRS. From the mechanistic viewpoint, taking into account
the coupling of the lung and chest wall properties, the extent of air trapping as
measured by residual volume/total lung capacity has been proposed as one of
the best predictors of the magnitude of improvement in FVC and FEV1 after
LVRS (26). From clinical studies published to date, several preoperative
factors have been suggested as important in predicting the magnitude of
improvement in spirometry after LVRS. These include the pattern of
distribution of emphysema (27–29), the type of surgical techniques utilized
(30–33) and whether unilateral or bilateral LVRS was performed (30,34). Each
of these factors is discussed separately in the subsequent sections.

Lung Volumes

As the name implies, the aim of LVRS is to remove 20 to 30% of each lung to
reduce lung volume and thereby decrease hyperinflation and air trapping due
to emphysema. On average, both TLC and RV are reduced by 10 to 20% and
15 to 30%, respectively, at 3 to 6 months after bilateral LVRS. Likewise, the
reported decreased in lung volume is variable, with the decrease in TLC
ranging from 1 to 23% and RV between 3 and 46%, as shown in Table 1. In
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general, decreases in TLC and RV following bilateral LVRS are greater
following bilateral stapled LVRS than unilateral (34) or laser surgical resection
(33). Thus the amount of lung tissue removed and the surgical techniques
utilized account for some of the variability of the reported decreases in lung
volumes after surgery.

The reduction in lung volume following LVRS also results in decreases in
the dimensions of the thoracic cage. Using radiography and CT of the chest,
Lando and colleagues showed that the conformational changes in the rib cage
dimension was mainly due to decreases in the middle to lower anteroposterior
rib cage diameters (35). These changes in the dimensions of the thoracic cage
are seen 3 months post-LVRS and are maintained for at least 1 year post-
LVRS.

Diffusion Capacity

The effect of LVRS on diffusion capacity (DLCO) has not been consistently
reported in the majority of studies. Some studies reported a slight increase in
DLCO while others showed no significant change after surgery. In an animal

Figure 2 The magnitude of postoperative changes in FEV1 after LVRS either by

median sternotomy or video-assisted thoracoscopic surgery can be variable among

individual patients. (From Ref. 22.)

Lung Volume Reduction Surgery 491



model of emphysema, the DLCO decreases in proportion to the amount of lung
tissue removed (36). In a recent report from the National Emphysema
Treatment Trial (NETT), patients who underwent bilateral LVRS who had a
preoperative DLCO< 20% of predicted and an FEV1< 20% had a 30-day
mortality rate of 16% compared to no deaths over the same time period in
patients who were treated medically (Fig. 3) (37). Based on this initial analysis
of the NETT data, the entry criteria have been modified to exclude patients
who have an FEV1 of <20% of predicted and either homogenous emphysema,
or very low diffusion capacity (<20% of predicted). In essence, patients with
very severe emphysema and homogenous emphysema involvement should be
referred for lung transplantation.

Arterial Blood Gas

The initial report on the effect of LVRS on gas exchange showed a modest
increase in the partial pressure of oxygen in the arterial blood (PaO2

) and a
decrease in the partial pressure of carbon dioxide in arterial blood (PaCO2

).
Cooper and colleagues showed a increase in PaCO2

from the baseline value of
64mmHg to 70mmHg with no significant change in PaCO2

at 6 months
postsurgery in their first 20 patients (12). In their subsequent report of 101
patients, the PaO2

increased by a mean of 8mmHg after surgery, while the
mean PaCO2

decreased by 4mmHg (16). Other investigators have since reported
similar improvements in arterial blood gases after surgery (38–41) while still
others reported contradictory responses in arterial blood gases post-LVRS,
characterized by a significant increase in PaO2

without changes in PaCO2
(42,43)

or vice versa—that is, no significant postoperative changes in PaO2
but a

modest decrease in PaCO2
(44–47). The response of an individual patient is even

more variable, with a wide range of changes in PaO2
(�17 to 29mmHg) and

PaCO2
(�11 to þ 5) reported after LVRS (48).
The conflicting reports by different centers on the effect of LVRS on gas

exchange are unclear but are likely to be multifactorial and related to
differences in patient selection, surgical techniques, and inaccuracies in
measuring PaO2

in patients receiving supplemental oxygen via nasal cannula.
In 46 patients who underwent bilateral LVRS via median sternotomy, Albert
and colleagues (48) showed no correlation between changes in PaO2

and PaCO2
,

with preoperative arterial blood gas values, severity of airflow obstruction, the
degree of hyperinflation or air trapping and the severity of diffusion
impairment. In addition, there was also no correlation between the changes
in PaO2

and PaCO2
and postoperative changes in FEV1, RV, TLC, and DLCO. In

contrast, Shade and colleagues (49) showed that changes in PaCO2
significantly

correlated with changes in FEV1 ðr ¼ �0:56; p ¼ 0:0007Þ, maximal inspiratory
pressure PLmax ðr ¼ �0:46; p ¼ 0:009Þ, DLCO ðr ¼ �0:47; p ¼ 0:009Þ, and RV/
TLC ðr ¼ �0:40; p ¼ 0:02Þ. In addition, decreases in PaCO2

after surgery also
correlated with increases in minute ventilation and tidal volume during
maximum exercise. Moreover, this study also showed that patients with the
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Figure 3 Kaplan-Meier estimates of the probability of death in patients who

underwent bilateral LVRS versus medical therapy alone in the NETT study. (a)

Intention-to-treat analysis of patients with FEV1 <20% of predicted with either

homogeneous emphysema pattern or diffusion capacity <20% of predicted. (b)

Subgroup with FEV1 <20% of predicted with homogeneous emphysema pattern. (c)

Subgroup with FEV1 <20% of predicted with diffusion capacity <20%. The difference

between two treatment groups were significant by log-rank test. (From Ref. 37.)
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highest baseline PaCO2
had the greatest declines in PaCO2

and the greatest
increases in DLCO and PImax post-LVRS.

The exact mechanism(s) responsible for the improvements in gas
exchange post-LVRS are unclear but are thought to be due to either
improvements in _VV= _QQ matching after resection of the most diseased portions
of the lung or to an increase in alveolar ventilation (50).

Oxygen Requirement

Some studies have reported a reduction in the requirement for supplemental
oxygen use after LVRS. Some 3 to 6 months after LVRS, several studies have
reported a reduction in the number of patients requiring supplemental oxygen,
anywhere from 16 to 42% (12,16,38,51). Since other studies do not show a
significant increase in PaO2

postsurgery, as previously discussed although not
directly reported, the percentage of patients who are actually able to be weaned
off of supplemental oxygen successfully is probably less than that reported. In
101 patients who underwent bilateral LVRS who were followed for at least 1
year, the number of patients who required long-term supplemental oxygen at
rest decreased from 52 to 16% at 6 months after surgery (16). To a lesser
degree, LVRS also lowered the number of patients who required supplemental
oxygen during exercise from 92% before surgery to 44% at 6 months
postsurgery. Of 56 patients from the same report who were followed up to 1
year postsurgery, most of those who were successfully weaned from
supplemental oxygen were able to maintain an oxygen-free status (16).

In a study looking at oxygen requirements during exercise before and
after LVRS using the American Thoracic Society recommendation for long-
term use of oxygen, Bousama and colleagues (52) showed in their series of 45
patients (bilateral 43), that oxygen requirement during exercise was essentially
unchanged after LVRS. Interestingly, 10 of their patients stopped using oxygen
because of decreased dyspnea despite documented oxygen desaturation during
exercise. More data are needed to determine the actual percentage of patients
who have a reduced need for supplemental oxygen after LVRS, both at rest
with and exercise, and to assess the durability of this response over time.

Six-Min Walk Test

The improvement in exercise capacity is one of the most important outcome
measures reported in LVRS studies. The 6-min walk test, a timed measure of
distance walked, is commonly used as a simple, reproducible measure of
functional capacity. In general, the distance walked in 6min is significantly
increased at 3 to 6 months after LVRS. The average reported percent increase
in 6-min walk distance ranges from 15 to 103% (16,23,39,47,51,53), as shown in
Table 2. This wide variability in reported increases in 6-min walk distance may
be due in part to the inherent limitations of the test itself (learning effect) and
the uncontrolled effect of preoperative pulmonary rehabilitation in some of the
reported studies.
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Cardiopulmonary Exercise Test

An increase in exercise capacity after LVRS as reflected by the 6-min walk test
is supported by similar improvements reported during cardiopulmonary
testing. Several authors have shown that maximum oxygen consumption
( _VVO2 max), total exercise time, maximum workload, and maximum minute
ventilation ( _VVE) are significantly increased 3 to 6 months after unilateral (43) or
bilateral LVRS (23,47,54,55) Table 2. In addition, the increase in _VVE at a given
workload is mainly achieved by an incremental increase in tidal volume with
only a minimal increase in respiratory rate. The increase in exercise capacity is
due mainly to increases in maximum ventilation and resting ventilatory reserve,
which is thought to be due in part to increases in inspiratory and expiratory
flow both at rest and during exercise (23,47,56–58). This favorable ventilatory
pattern during exercise also leads to a decrease in dead space ventilation during
exercise (54). Stammberger and associates (58) showed that the increase in
_VVO2max and _VVEmax after LVRS correlates with increases in FEV1 and the
decreases in hyperinflation as measured by RV/TLC.

LVRS may also improve exercise performance by favorably affecting
cardiac function. Benditt and colleagues (54) showed that the heart rate is
lower at a given workload and the oxygen pulse is higher after LVRS compared
to baseline. Cordova et al. (23) also showed significant increases in oxygen
pulse during exercise in 25 patients for up to 1 year after LVRS. The
mechanism of the improvement in oxygen pulse is unclear, but it is thought to
be caused by improvements in both right and left ventricular function due to a
lower end-expiratory lung volume and possibly a decrease in pulmonary
vascular resistance.

Overall, the improvement in exercise capacity after LVRS is likely due to
a combination of an improvement in expiratory airflow, reduction in the degree
of hyperinflation and improvement in respiratory muscle function and possibly
in cardiac function as well.

Medications

Several investigators have reported that a significant number of patients are
able to discontinue oral corticosteroids after LVRS (16,38,51). In Cooper’s
study, 53% of the patients were on steroids preoperatively, but only 17%
required oral steroids after 6 months and 19% at 1 year after bilateral LVRS
(16). Of their initial 20 patients, only 11% needed oral corticosteroids 2 years
post-LVRS, as compared to 42% preoperatively (16). Miller and others (38)
also reported a significant decrease in the number of patients who required oral
corticosteroids after LVRS (66 versus 28%). Unfortunately, studies reported to
date on steroid withdrawal lack a control group, and specific details on steroid
use and withdrawal were not provided. Furthermore, some studies required
prednisone withdrawal or weaning to <20mg/day during the preoperative
period, which may also have contributed to successful steroid weaning after
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LVRS. Further studies are needed to clarify this finding before firm
conclusions can be drawn.

Dyspnea

Several investigators have reported a significant decrease in dyspnea after both
unilateral and bilateral LVRS (16,38,51,56). Using the indexes of the Medical
Research Council (MRC) for both dyspnea and transitional dyspnea, Cooper
and others were able to show a significant decrease in dyspnea after LVRS
independent of the effect of pulmonary rehabilitation (59). Using the MRC
dyspnea index alone, Argenziano and colleagues showed comparable decreases
in patients who underwent unilateral versus bilateral LVRS (25). In contrast,
using the same MRC dyspnea scale, McKenna and associates (34) showed that
the percentage of patients undergoing unilateral LVRS who complained of
dyspnea with mild exertion (an MRC score of 3-stops for breath every few
minutes; a score of 4-housebound) decreased from 73 to 44% postoperatively,
whereas only 12% of patients who underwent bilateral LVRS experienced the
same degree of dyspnea after surgery. In this study, patients who had bilateral
LVRS had higher increases in FEV1 than those who had unilateral LVRS,
suggesting perhaps that a higher gain in lung function could account for
superior symptomatic relief from disabling dyspnea after bilateral LVRS
compared to the unilateral procedure. However, in the study by Brenner et al.
(32), a weak correlation was found between the changes in FEV1 and dyspnea
index after LVRS. Indeed, 10 of 37 patients who had minimal or no
improvement in FEV1 exhibited significant decreases in the MRC scale of
dyspnea (less dyspneic) post-LVRS. Martinez and colleagues reported similar
observations (56). In 17 patients who showed a significant improvement in
dyspnea, 6 had a less than 20% improvement in FEV1 after bilateral LVRS.
Bingisser and colleagues (41) showed moderate correlations between changes in
the dyspnea score with FEV1 (r¼� 0.44, p< 0.01), residual volume (r¼� 0.44,
p< 0.01), and an improvement in exercise capacity (r¼� 0.73, p< 0.01).
Overall, the improvement in dyspnea after LVRS is probably multifactorial
and due to physiological changes such as an increase in expiratory airflow,
decrease in hyperinflation, increase in respiratory muscle strength (53,59), and
decrease in respiratory drive (60).

Quality of Life

The short-term effect of LVRS on quality of life (QOL), using either disease-
specific health questionnaires or general health-related quality-of-life measures
have been reported by several investigators (16,21,23,61,62). Among the
general health-related quality-of-life measures commonly used are the Medical
Outcomes Survey—Short Form 36 (SF-36), the Nottingham Health Profile,
and the Sickness Impact Profile (SIP). The Chronic Respiratory Disease
Questionnaire and the St. George’s Respiratory Questionnaire are commonly
used disease-specific questionnaires in COPD patients. In Cooper’s initial
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reports of 20 patients and subsequent report of 150 patients who underwent
bilateral LVRS, both the SF-36 and Nottingham Heath Profile showed a
significant improvement 6 months post-LVRS. Specifically, improvements in
measures of vitality, social and physical functioning, general health, and ability
to perform various roles were reported in these studies. Using only the SF-36,
Hazelrigg et al. showed a similar improvement in quality of life following both
staged thoracoscopy and median sternotomy (21). The improvement in social
functioning has been correlated with spirometric improvement, and the
improvement in exercise capacity has shown correlation with an improvement
in physical functioning (47). Using the SIP questionnaire, a tool that measures
136 items of the patient’s perception of his or her daily activities, we found that
the total scores and the patient’s physical and psychological categories of SIP
scores—relating to mobility, ambulation, social interaction, alertness and
emotional well-being—were improved 3 to 6 months after surgery (23).
Moreover, the improvement in SIP scores was associated with reduced
hyperinflation, possibly resulting in a more efficient pattern of breathing and
dyspnea (62).

B. Long-Term Results (>12 Months)

Spirometry

It is clear from the preceding discussion that LVRS results in short-term
improvement in lung function, exercise capacity, and quality of life. In some
patients, it also improves gas exchange and may decrease the need for
supplemental oxygen. However, because emphysema is a slowly progressive
disease, data on the stability of these short-term gains in lung function after
LVRS are limited. In addition, serious concerns regarding the effect of LVRS
on the rate of decline of FEV1 have been raised by Brenner and colleagues (63).
In the study by Brenner et al., the highest rate of decline in FEV1 was seen in
patients who experienced the greatest improvement in FEV1 during the initial 6
months after surgery. Those patients who had the least improvement in FEV1

after surgery had the lowest rate of decline.
To date only few published studies have addressed the long-term stability

of lung function after LVRS. In our report, 13 initial patients who underwent
bilateral LVRS via median sternotomy had increases in FEV1 3 months after
LVRS that were sustained at 12 months of follow-up. In 6 of 13 patients with
data at 18 months postsurgery, the FEV1 remained higher compared to
baseline (0.91+0.37 versus 0.69+0.02L, p<0.12) (23). Gelb and colleagues
showed similar sustained improvements in FEV1 and FVC at 12 months
postsurgery when compared to baseline data (64). However, both FEV1 and
FVC 12 months post-LVRS were significantly lower when compared to 6
months post-LVRS, suggesting that the improvement in lung function post-
LVRS peaks at 6 months. The same trend in FEV1 was reported in 12 patients
by the same authors with up to 24 months of follow-up (65). The initial
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maximum increase in FEV1 at 6 months post-LVRS was followed by a gradual
decline in FEV1, but it still remained higher at 24 months post-LVRS
compared to the preoperative value (0.88+0.08 versus 1.19+ 0.13L, p< 0.02).
More recently, the same group of investigators reported lung function in 26
patients 5 years after bilateral LVRS via VATS (66). Increases in
FEV1> 200mL or FVC> 400mL at 1, 2, 3, 4, and 5 years after LVRS were
seen in 73, 46, 35, 27, and 8% of these patients. The annual rate of decline in
FEV1 was 141+ 60mL/year, with the fastest rate of decline in the initial 1 to 2
years post-LVRS. In 5 patients with serial spirometries (3.8+0.4 performed in
the year prior to LVRS), the rate of decline in FEV1 was similar to their post-
LVRS values. In 11 patients who survived beyond 5 years, the FEV1 decreased
by 149+ 157mL the first year post-LVRS and 78+ 59mL/year over 4 to 4.5
additional years. Based on this study, only 9 of 26, 7 of 26, and 2 of 26 patients
had sustained clinical and physiological improvement at 3, 4, and 5 years
respectively. In the author’s analysis, only the preoperative FVC separated
those patients who achieved significant long-term improvement beyond 3
years. Thus it appears that the improvement in lung function is maintained 3 to
4 years post-LVRS in some patients, but unfortunately the annual of rate of
decline in FEV1 is not increased following LVRS.

The long-term effects of LVRS on patients with cigarette-induced
emphysema do not seem to apply to patients with emphysema due to alpha1-
antitrypsin deficiency. In a study by Cassina et al. (24), the physiological
outcome of 12 patients with alpha1-antitrypsin deficiency and 18 patients with
smoking-related emphysema were compared following bilateral targeted
LVRS. There were no significant differences in these groups in 6-min walk
test or performing dyspnea score, although the FEV1 was lower in the alpha1-
antitrypsin group (24 versus 31% of predicted, p< 0.05). After LVRS, both
groups of patients showed significant short-term improvements in dyspnea
score, 6-min walk test performance, and pulmonary function tests. However,
the improvements in lung function in the group with alpha1-antitrypsin
deficiency returned to baseline at 6 to 12 months after LVRS. Moreover, the
FEV1 decreased further at 24 months, despite optimal medical therapy (Fig. 4).
In contrast, patients with centrilobular emphysema (smoker’s emphysema) had
a slower decline in FEV1 following the initial improvement at 6 months. At the
end of 2 years, the FEV1 remained significantly higher in the smoker’s
emphysema group than preoperative baseline.

The reason for accelerated rate of decline in FEV1 in patients with
alpha1-antitypsin deficiency compared to those with smoker’s emphysema is
unclear. It has been suggested that perhaps basal adhesions in the group with
alpha1-antitrysin deficiency after LVRS may lead to impaired diaphragmatic
function. Alternatively, differences in lung fiber composition and in the
architecture of the connective tissue stroma may predispose patients with
panacinar emphysema to lose lung function more rapidly after LVRS.
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Lung Volumes

The decreases in residual volume and total lung capacity post-LVRS appear to
be maintained for at least 2 years (8,23,66). Cooper et al. showed that the initial
decreases in RV and TLC reported in their first cohort of 20 patients were
maintained at 2 years after LVRS (16). Similarly, we showed a sustained
decrease in lung volumes in 6 patients with 18 months of follow-up (23). Gelb
and associates (65) showed similar sustained decrease in RV and TLC at 2
years in 12 patients who underwent bilateral LVRS via VATS. However at 3
years after LVRS, the same authors showed that not all patients exhibited
sustained decreases in lung volumes; only 9 of 26 patients had significantly
lower RV and TLC at the 3 years post-LVRS (67). In 10 short-term responders
(<2 years) who died, RV and TLC reverted to preoperative values. Thus,
similar to spirometric data, sustained decreases in lung volumes occur in only
some but not all patients at 3 to 4 years post-LVRS.

Figure 4 Changes in FEV1 before and after bilateral LVRS in patients with smoking-

induced emphysema (open circle) (n¼ 18) compared to patients with alpha1-antitrypsin

deficiency (close circle n¼ 12). In patients with alpha1-antitrypsin deficiency. The initial

improvement in FEV1 at 3 months is lost at 12 months after surgery. In constrast,

patients with smoking-induced emphysema had sustained improvement in FEV1 up to

24 months postsurgery. (From Ref. 24.)
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Diffusion Capacity

Limited data are available regarding the effects of LVRS on diffusion capacity
during long-term follow-up. In 12 patients followed up to 24 months post-
LVRS, the diffusion capacity at 2 years remained significantly higher compared
to the preoperative value (43 versus 18% of predicted, p< 0.001) (65). In 9
patients who were considered long-term responders, the diffusion capacity/
alveolar volume ratio remained significantly higher compared to baseline (67).

Gas Exchange and Oxygen Requirements After Lung Volume
Reduction Surgery

In studies that showed initial significant increases in PaO2
and decreases in

PaCO2
after LVRS, very few data have been published regarding its long-term

stability. In 18 patients who underwent bilateral LVRS via thoracoscopy, the
measured PaO2

at baseline, 3 months, and 24 months were 63.3+ 2.6,
70.1+ 2.7, and 64.7+ 3.1mmHg respectively. The short-term increase in PaO2

at 3 months was no longer seen at 2 years after LVRS (20). Similar decreases in
PaO2

to near the baseline values was reported by Gelb and associates in 12
patients at 24 months following bilateral LVRS via thoracoscopy (65).

Similar long-term changes in PaCO2
after LVRS have been reported. The

initial decreases in PaCO2
at 3 months post-LVRS were lost at 24 months in

follow-up, although patients with markedly heterogeneous emphysema were
likely to maintain decreases in PaCO2

at 24 months compared to patients with
homogeneous emphysema (20).

As one would expect, the need for supplemental oxygen depends on the
magnitude of increase in PaO2

after LVRS. In Cooper’s initial cohort of 20
highly selected patients, 26% required long-term oxygen therapy at baseline
compared to zero patients at 12 and 24 months after bilateral LVRS (16).
However, the number of patients who required supplemental oxygen during
exercise increased from 5% at 12 months to 32% at 24 months. Beyond 2 years,
increasing number of patients required supplemental oxygen. In 18 of 26
patients who were oxygen-dependent preoperatively, 78, 50, 33, and 22% of
patients were weaned from oxygen therapy at 1, 2, 3, and 4 years after LVRS
respectively (67).

Six-Min Walk Test

There are few data available regarding the long-term stability in exercise
performance after LVRS. The initial increase in 6-min walk distance seen at 3
to 6 months appears to be maintained at 2 years post-LVRS despite a slight
downward trend in FEV1 (16). We similarly showed sustained increases in 6-
min walk distance in 12 patients at 12 months, and in 6 patients at 18 months
after bilateral LVRS via sternotomy (23). Hamacher and colleagues showed
similar sustained improvements in 6-min walk distance at 24 months post-
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LVRS in patients with heterogenous emphysema who underwent bilateral
LVRS via thoracoscopy (20). Interestingly, in patients with alpha1-antitrypsin
deficiency, the 6-min walk distance at 24 months follow-up remained
significantly higher compared to the preoperative value despite an FEV1 that
was lower than baseline (24) (Fig. 5).

It is unclear to what extent continued pulmonary rehabilitation plays in
the maintenance of the initial gain in exercise capacity, since the majority of
authors do not prescribe maintenance exercise routinely after surgery. We
previously had shown that the initial gain in functional capacity was sustained
by using a maintenance exercise program (55).

Cardiopulmonary Exercise Test

Symptom-limited cardiopulmonary exercise is a better measure of exercise
capacity since it does not have the inherent limitations of the 6-min walk test.
For one thing, the protocol of performing the 6-min walk test is not well
standardized across various studies. In addition, the 6-min walk test is subject

Figure 5 Changes in six-min walk distance before and after bilateral LVRS in patients

with smoking-induced emphysema (open circle) (n¼ 18) compared to patients with

alpha1-antitrypsin deficiency (close circle n¼ 12). Sustained improvement in exercise

capacity in both groups of patients up to 24 months postsurgery. (From Ref. 24.)
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to a learning effect—that is, patients are able to walk more efficiently with
repeated testing even without a specific intervention. Unfortunately, long-term
data on the stability of cardiopulmonary exercise are limited. In 10 patients
followed up to 12 months after bilateral LVRS via median sternotomy, total
exercise time, _VVO2 max, _VVEmax, and tidal volume at peak exercise remained
higher compared to baseline values, although there was a downward trend in
_VVEmax at 12 months and _VVO2max starting at 6 to 12 months (Fig. 6) (23). Gelb
and associates (65) showed a similar downward trend in exercise capacity in 7
patients at 24 months after bilateral LVRS via thoracoscopy. At 24 months
follow-up only, _VVO2max remained significantly higher compared to baseline,
while _VVEmax and VTmax drifted down to preoperative values. At 36 months
follow-up, only 9 of 26 (35%) patients showed a persistent improvement in
exercise capacity. At 5 years post-LVRS, only 2 of 26 patients showed
sustained a clinical benefit, from LVRS (66).

Medications

Of Cooper’s original cohort of 20 patients, 42% were steroid dependent
preoperatively, whereas only 6 and 11% required systemic steroids at 1 and 2

Figure 6 Changes in exercise parameters in 10 patients who underwent bilateral

LVRS. Total exercise time and tidal volume were significantly increased at 3 to 6

months post-LVRS and maintained up to 12 months follow-up. The _VVO2max were higher

at all time points after surgery compared to baseline but did not reach statistical

significance maximum minute ventilation ( _VVEmax) was significantly higher at 3 to 6

months post-LVRS. (From Ref. 23.)
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years following LVRS (16). In the absence of data from prospective
randomized trials, specific guidelines for corticosteroids use, withdrawal, and
the use of objective criteria to assess response to therapy, the current data on
systemic steroid requirement after LVRS remains anecdotal.

Dyspnea and Quality of Life

Like the declines reported in lung function and exercise capacity over time, the
decrease in dyspnea after LVRS also wanes over time, but not necessarily in
tandem with the decrement in lung function. Using the Fletcher scale, 12 of 13
patients had an improvement in dyspnea following LVRS (11 unilateral, 2
bilateral). At 2-year follow-up, only 4 of 12 patients continued to enjoy
symptomatic relief from dyspnea. No patients maintained an improvement in
dyspnea at 48 months follow up (40). In 26 patients with severe emphysema
who underwent bilateral LVRS via VATS, Gelb et al. reported a greater than 1
grade decrease in dyspnea scale at 6 months post-LVRS. At 2, 3, 4, and 5 years
in follow-up, only 69, 46, 27, and 15% of patients were able to maintain an
improvement in dyspnea, respectively (66).

In previously cited studies reporting the long-term outcome following
LVRS, too much emphasis has been placed on the stability of physiological
changes to the exclusion of the long-term impact of LVRS on the quality of
life. Since no correlation has been reported between the improvement in quality
of life and the physiological changes after LVRS, the decrement in lung
function and quality of life may not necessarily occur at the same time point.
We have previously reported that the improvement in the quality of life as
measured using the SIP score is maintained for up to 18 months after bilateral
LVRS (23).

C. Prospective, Randomized, Clinical Trials

The majority of studies that have reported the results of LVRS are limited by
not being prospective, randomized, or controlled trials. Several trials have been
reported that have used a control group; a few recent trials are not only
prospective and randomized but also include appropriate controls.

Meyers and colleagues (68) reported a retrospective study comparing 22
patients who were candidates for LVRS but were denied the operation
secondary to the cessation of Medicare funding, with 65 contemporaneous and
comparable LVRS recipients. Patients denied surgery were similar in all
baseline measurements to those who received LVRS. A comparison was made
between the two groups at 12 and 24 months after baseline data were obtained.
Patients who underwent LVRS in comparison to those who were denied
LVRS, realized improvements in the need for supplemental oxygen at rest and
during exercises decreased steroid requirements were also noted. Furthermore,
the authors found that survival for the patients receiving LVRS was 100% at 12
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months and 64% at 36 months, in contrast to patients receiving LVRS, in
whom the survival was 89% at 12 months and 83% at 36 months.

Although this study’s strength was that it had a comparable control
group, it was limited because of its small number of subjects, its failure to
randomize subjects or to provide follow-up in all subjects in both groups, and
the incompleteness of the data collected (i.e., lack of figures regarding quality
of life, frequency of hospital admissions, lung volumes, and exercise testing).

Wilkens et al. (69) similarly reported the outcomes of LVRS in
comparison to a patient group receiving optimized medical therapy. In this
report, 57 patients with emphysema who met standard criteria for LVRS were
divided into two groups, according to their own decision, to immediately
undergo LVRS or to postpone LVRS for a period 512 months. There was no
significant differences in baseline lung function between the two groups;
however, there was a tendency for better functional status in the patient group
who postponed LVRS. Significant improvements were observed in the LVRS
group compared to the group who decided to postpone LVRS (e.g., control
group) in measurements of FEV1, total lung capacity, residual volume,
dyspnea score, and 6-min walk distance on follow-up visits. Failure to
randomize, variability in LVRS technique (22 had bilateral LVRS, 6 patients
had unilateral LVRS), and short duration of follow-up (i.e., 418 months)
limited the author’s conclusion that LVRS is more effective than medical
treatment for improvement in dyspnea, lung function, and exercise capacity in
patients with severe emphysema.

Recently, however, the results of three prospective, randomized,
controlled trials of bilateral LVRS to optimized medical therapy including
pulmonary rehabilitation have been reported. Criner and colleagues (55)
recruited 200 patients with severe emphysema for a prospective, randomized
trial of pulmonary rehabilitation versus bilateral LVRS with stapling resection
of 20 to 40% of each lung. Spirometry, lung volumes and diffusing capacity,
arterial blood gases, 6-min walk tests, symptom-limited exercise testing, and
quality of life were measured in all patients at baseline and after 8 weeks of
rehabilitation. The patients were then randomized to either 3 additional
months of rehabilitation, or to undergo LVRS. Of 37 patients who met study
criteria and were enrolled into the trial, 18 were assigned to the medical arm; 15
of these 18 completed 3 months of additional pulmonary rehabilitation. A total
of 32 patients underwent LVRS (19 in the surgical arm and 13 who crossed
over from the medical arm). After 8 weeks of pulmonary rehabilitation,
pulmonary function tests remained unchanged compared to baseline data.
However, there was a trend toward a higher 6-min walk distance ð285+96
versus 269+91m; p ¼ 0:14Þ, and total exercise time on maximum exercise
testing was significantly longer compared with baseline ð7:4+2:1 versus
5:8+1:7min; p < 0:001Þ. Among 15 patients who were randomized to the
medical arm and completed 3 months of additional rehabilitation, there was a
trend toward a higher maximum oxygen consumption ð _VVO2 max; 13:3+3 versus
12:6+3:3 mm=min; p < 0:08Þ. In contrast, 3 months post-LVRS, FVC
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ð2:79+0:59 versus 2:36+0:55L; p < 0:001Þ and FEV1 ð0:85+0:3 versus
0:65+0:16L; p < 0:05Þ increased, while TLC ð6:53+1:3 versus 7:65+2:1L;
p < 0:01Þ and residual volume ðRV; 3:7+1:2 versus 4:9+1:1L; p < 0:01Þ
decreased when compared with 8-week postrehabilitation data. Moreover,
PaCO2

decreased significantly 3 months post-LVRS compared with 8-week
postrehabilitation data. The 6-min walk distance, total exercise time, and
_VVO2max were higher after LVRS but did not reach statistical significance.
However, when 13 patients who had crossed over from the medical to the
surgical arm were included in the analysis, the increases in 6-min walk distance
ð337+99 versus 282+100m; p < 0:01Þ and _VVO2max ð13:8+4 versus
12:0+3 mL=kg=min; p < 0:01Þ 3 months post-LVRS were highly significant
when compared to postrehabilitation data. The sickness impact profile, which
was used as a general measure of life, significantly improved 8 weeks after
rehabilitation, with the improvements maintained during 3 months of
additional maintenance rehabilitation. Further improvement was noted in
the quality of life observed 3 months after LVRS compared with the initial
improvement observed 8 weeks after rehabilitation. Following LVRS, there
were three postoperative deaths (9.4%); one patient died before surgery (2.7%).
After LVRS, the number of hospitalizations, the need for mechanical
ventilation and for systemic steroid requirements were reduced. The authors
concluded that bilateral LVRS and the addition of pulmonary rehabilitation
improved static lung function, gas exchange, and quality of life compared with
pulmonary rehabilitation alone but also further suggested larger and longer-
term studies to evaluate the risks, benefits, and durability of LVRS over time.

An additional prospective, randomized, and controlled trial involving a
small number of patients followed for a shorter period of time has also been
reported by Geddes et al. (18). A total of 174 subjects were initially evaluated;
of these, 24 were subsequently randomized to receive medical therapy and 24
patients to undergo LVRS. After 15 patients had been randomized, the
criteria were modified to exclude patients with a DLCO2

<30% of predicted, or
a 6-min walk test below 150m, because deaths were reported in 5 such
patients (3 treated with LVRS and 2 treated medically). All potentially eligible
patients were given intensive medical therapy and completed a smoking
cessation program and a 6-week outpatient rehabilitation program before
randomization to LVRS or medical treatment. Six months after randomiza-
tion, the mean FEV1 had increased by 70mL in the surgical group and
decreased by 80mL in the medical group (p¼ 0.02). Median shuttle walk
distance increased by 50m in the surgical group and decreased by 20m in the
medical group (p¼ 0.02). The quality of life did not differ between the two
groups at 12-month follow up.

The authors reported that 5 out of 24 patients in the surgical group died
(mortality 21%), as did 3 in the medical group (12%, p¼ 0.43). In addition, 5 of
the 19 surviving patients in the surgical group had no benefit from the
treatment.
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Overall, both of the above studies have contributed to the literature in
that they were prospective, randomized, controlled trials, demonstrating that
LVRS has a short-term beneficial effect on static lung function, exercise
capacity, gas exchange, and quality of life, in contrast to optimized medical
therapy, including pulmonary rehabilitation. However, the studies were limited
by their small numbers, their short periods of observation (3 to 6 months), and
the failure to characterize those patients who benefited from LVRS compared
to those who did not.

Most recently, preliminary data has been reported from the National
Emphysema Treatment Trial (NETT)—a randomized, multicentered clinical
trial comparing LVRS with optimized medical treatment, including rehabilita-
tion (37). As previously stated, this study is supported by the National Heart,
Lung, Blood Institute, and the center for Medicare and Medicaid services
(formally HCFA). The main goal of the trial is to compare survival rates and
exercise capacity 2 years after LVRS with results obtained with medical
treatment only. Another important goal of the trial is to identify selection
criteria for LVRS. Inclusion criteria in this trial were broad enough to include
evaluations of subgroups of patients who had traditionally been considered
candidates for LVRS but were present in only small numbers in previously
reported trials.

In this initial report, a total of 1033 patients had been randomized to
receive LVRS or medical therapy by June 2001. In 69 patients who had an FEV1

less than 20% of predicted, with either a homogeneous distribution of
emphysema on high resolution computed tomography (HRCT) of the chest
(chest CT), or carbon monoxide diffusing capacity 420% of the predicted
value, the 30-day mortality after surgery was 16%, as compared with a mortality
of 0% in the medically treated patients (p< 0.01). As compared to medically
treated patients, survivors of LVRS had only small improvements at 6 months
in the maximum symptom-limited exercise testing workload (p¼ 0.06), the 6-
min walk distance (p¼ 0.03), and FEV1, (p< 0.001) but a similar health-related
quality of life. The results of an analysis of functional outcomes in all patients,
which accounted for deaths and missing data, did not favor one form of
treatment over the other. In an additional analysis, patients who had all three
high-risk characteristics (e.g., DLCO <20% of predicted; severe, diffuse
homogeneous pattern of emphysema on chest CT; and FEV1420% of
predicted), had a 30-day mortality rate following LVRS of 25%.

These data suggest that patients who fit the above profile are not suitable
candidates for LVRS because they are at high risk of death; even if they do
survive, they are unlikely to receive significant physiological or functional
benefit. Since this report, the NETT has been modified to exclude patients
exhibiting these characteristics from enrolling into the trial. However, patients
who did not meet the above exclusion criteria continued to be enrolled into the
trial. The results of LVRS compared to medical treatment in the larger cohort
of patients (e.g., approximately 86% of patients randomized into NETT) who
did not meet the above criteria are unknown at the present time.
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V. Techniques of Lung Volume Reduction Surgery

A variety of surgical techniques have been used in LVRS. These techniques
include median sternotomy with bilateral stapling resection (12), VATS
performed unilaterally (42,44) or bilaterally with stapling lung resection
(21,31), and unilateral VATS with laser ablation of emphysematous tissue
(11,70). As previously mentioned, the goal of LVRS is targeted resection of 20
to 30% of the severely emphysematous lung as identified on the preoperative
HRCT scan, quantitative ventilation/perfusion _VV= _QQ scan, and intraoperative
assessment by the thoracic surgeon.

The type of surgery, whether median sternotomy or VATS, depends
largely on the preference of the individual surgeon and the availability of
surgical expertise within institutions (30). Bilateral LVRS—whether performed
via median sternotomy, or VATS—leads to similar improvements in lung
function and exercise capacity (21,22,31), although VATS may be associated
with a lower postoperative morbidity and mortality (71). Laser surgery is
currently no longer recommended for LVRS because of less than satisfactory
results compared to stapled resection (30). In a study by McKenna and
coworkers (33) comparing the efficacy of neodymium-yttrium aluminum
garnet (Nd-YAG) contact laser surgery to stapled lung resection in 72 patients
who underwent unilateral LVRS, there was no difference in postoperative
morbidity and mortality between the two groups. However, patients who
underwent stapled lung surgery had significantly higher improvements in lung
function than did the laser ablation group (FEV1 33 versus 13%).

A. Bilateral Versus Unilateral Lung Volume Reduction Surgery

In appropriately selected patients, bilateral LVRS is preferred over the
unilateral procedure because of greater short-term improvements in lung
function after surgery, with comparable perioperative mortality (21,25,34).
More importantly, bilateral LVRS via VATS results in better 2-year survival
than unilateral LVRS. In a study of 260 COPD patients who underwent LVRS
via VATS (bilateral VATS, 159; unilateral VATS, 110), the overall survival at 2
years was 86.4% after bilateral LVRS compared to 72.6% in patients who
underwent unilateral LVRS (p¼ 0.001) (72). On the other hand, a recent report
involving 673 patients who underwent LVRS showed no survival advantage in
patients who underwent bilateral LVRS compared to unilateral LVRS (73). At
the present time, because of the better functional outcome reported in patients
who have undergone bilateral compared to unilateral LVRS, bilateral LVRS is
the preferred surgical approach. Unilateral LVRS should be considered only in
patients with an asymmetrical distribution of emphysema and pleural
adhesions from prior thoracic surgery (25,30).
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VI. Physiological Mechanisms of Improvement with
Lung Volume Reduction Surgery

Over the last several years, preliminary data have accumulated regarding
proposed mechanisms for the improvement in lung function and exercise
performance in some patients following LVRS. These mechanisms have
included an increase in airflow secondary to an increase in lung elastic recoil
and an increase in airway conductance, an increase in respiratory muscle
strength, a decrease in central neural drive, and improved right ventricular
systolic function following LVRS.

Approximately 70 years ago, Christie (74) hypothesized that the essential
physiological disturbance in emphysema was a loss in lung elasticity, which
precipitated an increase in functional residual capacity (FRC) and resulted in
hyperinflation and thereby adverse effects on the primary and accessory
muscles of inspiration. Butler et al. (75) further demonstrated that, in
emphysema patients, when the FRC increased, measurements of airway
conductance were reduced. In the 1960s, Rogers et al. (76) demonstrated the
effect of removing bullae on airway conductance and the conductance/volume
ratio in patients who had isolated large bullae occupying more than one-third
of a hemithorax, and in three patients with severe diffuse emphysema without
discernible bullae on chest radiographic imaging. In all patients who
underwent lung resection, there was a decrease in FRC and an increase in
airway conductance and the ratio of airway conductance to volume. This
change was sustained for years in patients who had isolated large bullae
removed, but the beneficial effects abated over a period of approximately 10 to
15 months in patients who had more diffuse emphysema. The authors
speculated that the removal of the bullae precipitated an increase in lung elastic
recoil, which triggered an increase in peripheral airway diameter and length,
thereby increasing the lung elastic pressure measured at any given lung volume.

A. Effect of Lung Volume Reduction Surgery on Lung Recoil

Recent theoretical models have also implicated an increase in lung elastic recoil
as the crucial element responsible for the improvements observed post-LVRS.
Fessler and Permut (26) provided a theoretical model supporting the notion
that LVRS improves airflow limitation primarily by restoring the balance
between the lung and the chest wall as a result of decreasing residual volume
more than total lung capacity in patients with severe emphysema and
hyperinflation. They surmised that since total lung capacity is reached when
the force generated by maximum inspiratory contraction balances the elastic
recoil of the lungs and the chest wall, this balance of forces occurs at a lower
total lung capacity (TLC) following LVRS. At the lower lung volumes
encountered post-LVRS, the inspiratory muscles would be optimized to
generate a greater force and lung elastic recoil pressure would also be greater.
The authors concluded that these two features of LVRS—increased lung elastic
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recoil at TLC and the increased ability of the inspiratory muscles to generate
force—are the two most likely physiological factors to explain the beneficial
effects of LVRS. However, these two factors do not necessarily explain the
increase in vital capacity observed post-LVRS. The authors further hypothe-
sized that the ratio of residual volume/total lung capacity (RV/TLC) reflects
the mismatch in size of the lungs to the chest walls observed in patients with
severe emphysema, and that the magnitude and direction of the change in vital
capacity is dominated by the reduction in RV/TLC that occurs following
LVRS. Although the above analysis provides keen insight into the
determinants of airflow limitation, the potential mechanistic benefits of
LVRS outlined by these authors have not been subjected to retrospective or
prospective validation.

Substantial data, however, do exist that demonstrate an improvement in
lung elastic recoil post-LVRS. Sciurba et al. (45) studied 20 patients with
diffuse emphysema following unilateral (n¼ 17) or bilateral (n¼ 3) LVRS. In
all patients, static lung elastic recoil pressure curves were generated using
transpulmonary pressure (e.g., the difference between esophageal pressure
mouth pressure) over a range of lung volumes from TLC to FRC. The authors
found that the mean coefficient of retraction, an indicator of lung elastic recoil,
increased from 1.3+ 0.6 cmH2O before surgery to 1.8+ 0.8 cmH2O after
surgery, (p< 0.001). Moreover, the 16 patients who had the greatest
postoperative increases in lung recoil also achieved a greater distance in
performance of the 6-min walk test than did the 4 patients in whom lung recoil
did not increase (p¼ 0.02). The authors found that the increases in lung elastic
recoil post-LVRS were associated with significant reductions in TLC, RV, and
FRC (p< 0.001). Gelb and colleagues (19) corroborated the findings of Sciurba
and colleagues in showing that LVRS produces at least a short-term increase in
lung elastic recoil, but they extended these results in also showing an increase in
airways conductance. Gelb et al. prospectively investigated 12 consecutive
patients who underwent bilateral LVRS and measured lung function, static
lung elastic recoil, and airway conductance 2 weeks before and 5 to 6 months
after LVRS. After LVRS, they found significant reductions in TLC, FRC, and
RV. Lung elastic recoil pressure increased markedly at TLC, 10.3+ 0.5 to
14.6+ 1.0 cmH2O, (p< 0.001), as did maximal expiratory airflow in every
patient. Further analysis of the maximum expiratory flow–static elastic recoil
pressure curves indicated that conductance of the S segment (Gs) increased
from 0.2+ 0.03 to 0.27+ 0.03 L/sec/cmH2O (p< 0.01) and critical transmural
pressure (PTM

1), decreased from 3.1+ 0.2 to 2.4+ 0.2 cmH2O (p< 0.02).
Furthermore, mean airway conductance increased from 0.14 to 0.22 L/sec/
cmH2O (p< 0.001). The authors concluded that the improvement in maximum
airflow was attributable to both an increased lung elastic recoil, causing an
increase in driving pressure, as well as to its secondary effects on tethering open
the peripheral airways, thereby causing an increased airways conductance, an
increased conductance of the S segment, and a decrease in transluminal
pressure. More recently, Gelb et al. (66) showed, in two long-term responders
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to LVRS (survived 55 years after surgery), that lung elastic recoil pressures
remained increased, as did maximum expiratory flow and conductance of the S
segment, compared to preoperative values.

Not all investigators, however, agree that LVRS produces an improve-
ment in airflow by tethering open the small airways or decreasing dynamic
compression causing small airway collapse. Ingenito et al. (46) used a
mathematical model based on a Taylor expansion of the Pride-Permit equation
of flow limitation to examine changes in tests of spirometry and pulmonary
mechanics pre- and postoperative bilateral LVRS in 37 patients. They used this
mathematical model to examine the relative contributions of changes in lung
compliance, lung recoil pressure, small airway conductance, and small airway
closing pressure to changes in expiratory flow. The investigators found that the
improvement in expiratory flows after LVRS was largely due an increase in
lung recoil pressures, and that large improvements in FEV1 occurred without
significant changes in small airway conductance or small airway closing
pressure. Moreover, they found that large changes in recoil pressure occurred
without changes in lung compliance, supporting the previous arguments of
Fessler and Permut that resizing of the lung to the chest wall—that is, a
disproportionate reduction in RV to TLC—is the primary mechanism by
which LVRS improves lung, chest wall, and respiratory muscle function.

Regardless of the mechanism of the improvement in small airway
function, it appears that large and small airway ventilation is improved
following LVRS. Travaline et al. (50) used xenon-133 washout curves during
lung scintigraphy in patients with severe emphysema. (FEV1 0.69+ 0.04L,
RV/TLC 65+ 2%), both before and 3 months post-LVRS. Xenon-133
washout curves during lung scintigraphy exhibit a biphasic pattern; the first
component of the washout curve corresponds to an initial rapid washout
phase, which reflects larger airways emptying. A second component reflects a
slower washout phase, which represents gas elimination from smaller
peripheral airways. The authors found that the mean improvement in washout
of the large and small airways after LVRS was significantly greater compared
to baseline values and that there was no relationship with respect to post-
LVRS washout and the lung regions that had or had not been operated on. The
increase in small airways ventilation correlated strongly with the increase in
FEV1 (r¼ 0.66, p< 0.0001), and decrease in RV/TLC (r¼� 0.67; p< 0.0001).
Moreover, the increase in small airways ventilation correlated with a decrease
in PaCO2

(r¼� 0.39; p¼ 0.003). The authors concluded that small airways
ventilation is improved following bilateral LVRS regardless of the region of
lung resection.

B. Effect of Lung Volume Reduction Surgery on Diaphragm
Strength

Respiratory muscle strength is reduced in patients with severe emphysema.
Most of the reduction in respiratory muscle strength is believed related to the
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degree of underlying hyperinflation. COPD patients may also have generalized
muscle weakness that may be attributable to the inflammatory process occurring
in these patients coupled with immobility, which causes disuse atrophy, and
also the compounding effect of high-dose systemic steroids. Regardless of the
above mechanisms, however, the effect of LVRS on respiratory muscle strength
and breathing pattern has been a significant focus of attention.

The adverse effects of hyperinflation on diaphragmatic and inspiratory
mechanics have been extensively reported. These include: foreshortening of
diaphragm precontraction length, a reduced radius of curvature of the
diaphragm, impaired diaphragmatic blood flow, decreased diaphragmatic
insertional rib cage action, and a decrease in the area of apposition of the costal
diaphragmatic fibers with the lateral chest wall (77–80). A treatment modality,
such as LVRS, which simultaneously decreases ventilatory workload and
improves respiratory pump function, could have the combined advantage of
diminishing ventilatory workload while simultaneously improving maximum
ventilatory capacity. Several studies have reported on the effects of LVRS on
respiratory muscle recruitment during exercise and on inspiratory muscle
strength. Bloch et al. (81) reported in 19 patients with severe emphysema that
abdominal paradoxical motion monitored by respiratory inductive plethsmo-
graphy decreased significantly during restful breathing after bilateral or
unilateral LVRS. Benditt et al. (57) examined breathing patterns and
respiratory muscle recruitment both before and after LVRS by examining
changes in pleural and gastric pressures. Post-LVRS, reductions in expiratory
esophageal and gastric pressures at rest and at exercise were observed,
suggesting an increased diaphragmatic contribution to breathing. Although
both studies suggest an improvement in diaphragmatic strength is responsible
for the changes in breathing pattern post-LVRS, no measurements of
diaphragmatic strength were provided.

Other studies that examined the effects of LVRS on respiratory muscle
strength, however, produced conflicting results. Teschler et al. (82) examined
the effects of LVRS on inspiratory muscle strength in 17 severely obstructed,
hyperinflated, COPD patients. Twelve of the patients had unilateral LVRS.
Investigators found that mean PImax increased by 52%, and Pdimax sniff

(transdiaphragmatic pressure during maximum sniff maneuver) increased by
28% 1 month postoperatively. On the other hand, Martinez et al. (56)
measured maximum mouth and transdiaphragmatic pressures in 17 patients
before and after bilateral LVRS. They found a 21% increase in PImax after
LVRS but no significant change in Pdimax sniff. Finally, Keller and colleagues
(43) found no effect unilateral LVRS on PImax in 25 subjects despite finding
significant changes in spirometry, lung volumes, 6-min walk tests, and
ventilatory function during maximum exercise testing.

Why LVRS produced conflicting results on respiratory muscle strength in
the preceding reports is unclear, but several reasons can be offered. All of the
above studies reported on only a small number of subjects; further, there was
significant variability in not only the techniques used to measure respiratory
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muscle strength but also in the time point post-LVRS at which the tests were
performed. Furthermore, the effects of a reduction in systemic steroid use or
dose or whether pulmonary rehabilitation or correction of metabolic
abnormalities may have contributed to the patient’s sense of well being and
or respiratory muscle strength were not commented on.

Criner and colleagues (53) reported on the effects of LVRS in 20 patients
who had measurements of maximum static inspiratory and expiratory mouth
pressures and transdiaphragmatic pressures during maximum static inspiratory
efforts and during supermaximal bilateral electrophrenic twitch stimulation.
Nineteen of the subjects had bilateral LVRS and one had unilateral LVRS.
Measurements of respiratory muscle strength, PImax, 74+28 versus
50+18 cmH2O; p < 0:002; Pdimax combined, 80+25 versus 56+29 cmH2O;
p < 0:01; Pdimax sniff 71+7 versus 46+27 cmH2O; p < 0:01; and Pditwitch,
15+5 versus 7+5 cmH2O; p < 0:01) were all greater, post-LVRS. Inspiratory
muscle workload as measured by the tension time index for the diaphragm was
lower following LVRS ð0:07+0:09+0:03; p < 0:03Þ. On multiple regression
analysis, Criner et al. found that increases in PImax post-LVRS correlated
significantly with decreases in RV and FRC trapped gas after LVRS
ðr ¼ 0:67; p < 0:03Þ. Despite a significant correlation between a reduction in
end-expiratory lung volume and an increase in PImax post-LVRS, he failed to
demonstrate a correlation between changes in transdiaphragmatic pressures
with a reduction in lung volume. He hypothesized that a small number of
subjects with a lesser degree of variability in PImax measurement than
measurements of transdiaphragmatic pressures between subjects may have
accounted for his inability to determine such a relationship.

In a subsequent study by the same group (83), however, it was determined
that the effect of bilateral LVRS on diaphragmatic length, hypothesizing that
LVRS, by reducing lung volume, increases diaphragmatic precontraction
length, which would precipitate an increase in diaphragmatic force generation.
To determine the effects of LVRS on diaphragmatic length, Criner et al.
measured diaphragmatic length at TLC using plain chest radiographs in 25
patients before LVRS and 3 to 6 months post-LVRS. A subgroup of 7 patients
had diaphragmatic length measurements made on chest x-rays using films
made within a year before LVRS evaluation. The measurements of dia-
phragmatic length included right hemidiaphragm silhouette length, diaphragm
length on PA chest x-ray (PADL) and the length of the most vertically oriented
position of the right hemidiaphragm muscle, vertical dimension of diaphragm
length (VDML). Diaphragmatic dome height was determined from (1) the
distance between the dome and transverse diameter at the level of the
manubrium and (2) the highest point of the dome referenced horizontally to
the vertebral column. Post-LVRS, they found that PADL increased by
4%ð13:9+1:9 cmH2O to 14:5+1:7 cmH2O; p ¼ 0:02Þ, and VDML increased
by 44% (from 2:08+1:5 cmH2O to 3:0+1:6 cmH2O; p ¼ 0:01) and diaphrag-
matic dome height increased by more than 10%. In contrast, diaphragmatic
lengths were similar in subjects with chest x-rays made before LVRS and 1 year

Lung Volume Reduction Surgery 513



prior to evaluation. An increase in diaphragmatic length also correlated
directly with postoperative reductions in TLC and RV and also with increases
in transdiaphragmatic pressure made during maximum sniff assessment
(Pdimax sniff). The investigators concluded that diaphragmatic lengthening is
one of the most likely mechanisms resulting in the improvements in
diaphragmatic strength observed following LVRS.

Schrager et al. (84) confirmed the effects of LVRS on restoring the
normal diaphragmatic length relationship in emphysematous rats. Five months
after LVRS was performed in the elastase-induced emphysema rodent model,
in situ diaphragmatic length and the length at which maximum diaphragmatic
twitch force was generated were longer in animals undergoing bilateral LVRS
than in those undergoing sham surgery. Moreover, Cassart et al. (85)
performed three-dimensional (3D) reconstructions of the diaphragm using
spiral CT of the chest in 11 patients with severe emphysema before and 3
months after LVRS and compared the results to those from 11 normal subjects
matched for age, sex, height, and weight. They found that post-LVRS,
reduction in lung volume correlated with a more cephalad displacement of the
diaphragm and an increase in the area of apposition of the more vertical
portion of the diaphragm costal fibers with the chest wall.

This improvement in diaphragmatic and inspiratory muscle function
post-LVRS has also been hypothesized to account for a decrease in central
neural drive, which may account for a reduction in dyspnea. Lahrmann (86)
found a decrease in central diaphragmatic drive assessed by root mean square
analysis of the esophageal electromyogram, which correlated with a reduction
in dyspnea. Laghi et al. (87) also found that net diaphragmatic neuromecha-
nical coupling, quantified as the quotient of tidal volume (normalized to total
lung capacity) to the tidal volume change in Pdi (normalized to Pdimax)
improved post-LVRS and also correlated with a reduction in dyspnea
ðr ¼ 0:76; p ¼ 0:08Þ. These studies indicate that an improvement in diaphrag-
matic function may signal an improvement in the electromechanical action of
the diaphragm, thus resulting in a reduction in dyspnea.

C. Effect of Lung Volume Reduction Surgery on Pulmonary
Hemodynamics

Information regarding the effects of LVRS on pulmonary hemodynamics and
cardiac function is limited. Conceptually, LVRS may have varying and even
conflicting effects on pulmonary hemodynamics. On the one hand, LVRS may
cause a reduction in pulmonary vascular resistance by enabling pulmonary
capillary recruitment, secondary to reducing peripheral vascular compression
by hyperinflated lung zones or increasing extra-alveolar vascular tethering
secondary to increased lung elastic recoil. Moreover, a reduction in end-
expiratory lung volume and especially dynamic hyperinflation during exercise
may improve right ventricular preload and decrease the development of large
swings in intrathoracic pressure, which may embarrass both right and left
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ventricular performance. On the other hand, resection of lung tissue could
decrease the vascular bed, thereby leading to an increase in pulmonary vascular
resistance in patients who already have moderate to severe underlying
emphysema.

Sciurba and colleagues (45) reported an improvement in right ventricular
systolic function when estimated by echocardiographic assessment in 20
patients following unilateral or bilateral LVRS. However, two small studies
utilizing right heart catheterization both before and after bilateral LVRS found
no significant changes in pulmonary hemodynamic measurements either at rest
or during exercise compared to baseline assessment (88,89). In contrast,
however, Weg et al. (90) found a rise in group mean pulmonary artery systolic
pressure in 9 patients post LVRS compared to baseline data. However, this
trend was not exhibited in all 9 patients; 3 of the 9 individuals did not have a
significant increase in PA systolic pressure and 2 of the 9 patients had a
reduction in pulmonary vascular resistance, not an increase, post-LVRS. In
fact, mean pulmonary vasculature resistance was not different for the group
post-LVRS in comparison to preoperative data.

Reasons for the discrepancy is findings between the above studies is not
clear but may have much to do with the patients selected in regard to the
magnitude and extent of underlying emphysema and the amount of lung tissue
resected. Powell et al. (91) have shown in a rabbit model of emphysema that
LVRS induced sustained increases in PVR in animals with more severe
emphysema who had larger resections of lung tissue in contrast to animals with
milder forms of emphysema and less extensive resection. Overall, the effects of
LVRS on pulmonary hemodynamics and cardiac function are not clear-cut at
the present time and more extensive study is required.

VII. Complications of Lung Volume Reduction Surgery

The mortality rates post-LVRS range from as low as 0% to as high as 23%
(12,16,18,22,34,55). In carefully selected patients and with an experienced
surgeon, postoperative mortality rate is approximately 5% (16,73). The causes
of postoperative complications and mortality are shown in Table 3. The most
common postoperative complications after LVRS are air leaks, postoperative
respiratory failure, and the development of nosocomial pneumonia.

Techniques to decrease the incidence and duration of air leaks have been
described (92,93). Recently, postoperative gastrointestinal complications have
been reported as a potential serious complication following LVRS (71,94).
Diabetes mellitus, steroid use, low preoperative hematocrit value, and the use
of parenteral meperidine analgesia have been shown to be predictive of serious
gastrointestinal complications after LVRS (94). Rare complications reported
to date include the formation of giant bullae (95), metalloptysis (coughing of
staples) (96), and acute myocardial infarction (97).
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The impact of a particular surgical technique on the incidence of
postoperative complications is now coming to light with widespread use of
LVRS. Roberts and colleagues (71) reported the incidence of postoperative
complications in 136 patients who underwent bilateral LVRS either via median
sternotomy (MS) (n¼ 86) or via the thoracoscopic approach (VATS, n¼ 50).
In the VATS group, 38 patients had a bilateral procedure in the same sitting
while 12 patients underwent staged procedure. The MS patients were older
compared to those in the VATS group (63.9+ 6.8 versus 59.3+ 9.4, p< 0.005)
but were otherwise equally matched for severity of emphysema and functional
impairment. Life-threatening events in this study included perforated bowel,
pneumonia, aspiration, cardiac arrest, mediastinitis, empyema, tension
pneumothorax, seizure, and postoperative bleeding. Patients who had bilateral
LVRS via median sternotomy suffered more life-threatening complications
(22.1 versus 6%, p¼ 0.01) after surgery than did VATS patients. Moreover, MS
patients were likely to be reintubated after the surgery, had a longer stay in the
intensive care unit (ICU), and were more likely to require tracheostomy.

VIII. Patient Selection

A. General Criteria

In most reported case series, only about 20 to 25% of patients with severe
emphysema who were referred for surgery were deemed to be good LVRS
candidates after preoperative evaluation (16,55). Despite numerous published

Table 3 Common Causes of Postoperative Morbidity and

Mortality Following Bilateral Thoracoscopic Lung Volume

Reduction Surgery

Complications Bilateral LVRS (N¼ 343)

Air leak (%) 68

Pneumonia (day) 14

GI complications (%) 8.3

Tracheostomy (%) 6.2

Arrhythmia (%) 8.9

Heimlich valve at discharge (%) 6.0

Reoperation for bleeding (%) 3.1

Operative mortality

Respiratory failure (%) 2

Cardiac related (%) 1.5

Sepsis (%) 0.9

Multiorgan failure (%) 1.2

Pneumonia (%) 0.9

Source: Ref. 73.
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reports, there are no established inclusion and exclusion criteria. More
recently, interim analysis from the National Emphysema Treatment Trial
(NETT) showed higher postoperative mortality in patients who have an
FEV1<20% of predicted with either a homogeneous emphysema pattern on
CT scan of the chest or a diffusion capacity <20% of predicted (37). The
reported 30-day mortality in this subgroup of emphysema patients was 16%,
compared with no deaths in the 70 medically treated patients. Overall, patients
who are considered for LVRS should have spirometric and radiographic
evidence of advanced emphysema and remain symptomatic despite optimal
medical therapy, including pulmonary rehabilitation. This means that the
pulmonary function testing should show evidence of severe, nonreversible
airflow obstruction with a FEV1 in the range of 25 to 45% of predicted
evidence of hyperinflation and air trapping, total lung capacity5100% of
predicted, and residual volume5150% of predicted. The chest radiograph and
HRCT scan should demonstrate emphysematous changes and hyperinflation.
A quantitative _VV= _QQ scan is used to quantify variable regions of perfusion
within each lung field. The HRCT scan in conjunction with the quantitative
_VV= _QQ scan serve to identify lung regions with severe emphysema that can
become targets for resection. The role of LVRS in the overall management of
patients with advanced COPD is shown in Figure 7.

Exclusion criteria include age above 75 years, tobacco usage within
6 months prior to evaluation, evidence of hypercapnia ðPaCO2

>55 mmHgÞ,
and moderate to severe pulmonary hypertension (mean PA systolic pressure

Figure 7 Proposed evaluation of patients with advanced COPD. Medical variables

include (1) PACO2
> 55mmHg, (2) pulmonary artery mean >35mmHg, (3) pleural space

adhesions, (4) comorbid medical conditions. (From Ref. 126.)
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550mmHg). Patients who are obese (body weight >125% of predicted ideal
body weight), undernourished (body weight <75% of predicted ideal body
weight), and who are ventilator-dependent are also similarly excluded.
Published inclusion and exclusion criteria used in NETT are listed in Tables
4 and 5, respectively (98). Preoperative testing commonly used to evaluate
potential LVRS candidates is shown in Table 6.

Table 4 Inclusion Criteria from the National Emphysema Treatment Trial

Assessment Criteria

History and physical Consistent with emphysema

examination BMI, 431.1 kg/m2 (men) or 432.3 kg/m2 (women) at

randomization

Stable with 420mg prednisone (or equivalent)

Radiographic HRCT scan evidence of bilateral emphysema

Pulmonary function

(prerehabilitation)

FEV1, 445% predicted (515% predicted if age 570

years)

TLC, 5100% predicted

RV, 5150% predicted

Arterial blood gas level PCO2
, 460mmHg (Denver criterion: PCO2

, 455mmHg)

(prerehabilitation) PO2
5 45mmHg (Denver criterion PO2

5 30mmHg) on

room air

Cardiac assessment Approval for surgery prior to randomization by

cardiologists if any of the following are present:

unstable angina; LVEF cannot be estimated from the

echocardiogram; LVEF <45%; dobutamine-

radionuclide cardiac scan indicates coronary artery

disease or ventricular dysfunction; arrhythmia (>5

PVCs per minute; cardiac rhythm other than sinus;

PACs at rest)

Exercise Postrehabilitation 6-min walk of 5140m; able to

complete 3min unloaded pedaling in exercise tolerance

test (pre- and postrehabilitation)

Smoking Plasma cotinine level 413.7 ng/mL (or arterial

carboxyhemoglobin 42.5% if using nicotine products)

Nonsmoking for 4 months prior to initial interview and

throughout screening

Key: BMI, body mass index; FEV1, forced expiratory volume in 1 sec; HRCT, high-resolution

computed tomography; LVEF, left ventricular ejection fraction; PAC, premature atrial

contraction; PCO2
, partial arterial carbon dioxide pressure; PO2

, partial arterial oxygen pressure;

PVC, premature ventricular contractions; RV, residual volume; TLC, total lung capacity.

Source: Ref. 98.
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In general, emphysema patients who appear to achieve good results from
LVRS have the following characteristics: heterogeneous bullous changes in the
lung on CT scan (27,99), presence of severe hyperinflation and air trapping
(32), absence of severe hypercapnia and pulmonary hypertension (100), and
ability to participate in outpatient pulmonary rehabilitation (38). Conversely,

Table 5 Exclusion Criteria from the National Emphysema Treatment Trial—Patients

with an FEV1 <20% and with Either Homogeneous Emphysema Pattern on High-

Resolution CT Scan of the Chest or a Diffusion Capacity of <20% Are Now Excluded

from the Study

History Criteria

Previous surgery Lung transplant

LVRS

MS or lobectomy

Cardiovascular Dysrhythmia that might pose a risk during exercise or training

Resting bradycardia (<50 beats per minute): frequent multifocal

PVCs; complex ventricular arrhythmia; sustained SVT

History of exercise-related syncope MI within 6 months and LVEF

<45%

Congestive heart failure within 6 months and LVEF <45%

Uncontrolled hypertension (systolic, >200mm; diastolic,

>110mm)

Pulmonary History of recurrent infections with clinically significant sputum

production

Pleural or interstitial disease that precludes surgery

Clinically significant bronchiectasis

Pulmonary nodule requiring surgery

Giant bulla (>1/3 volume of lung)

Pulmonary hypertension: peak systolic PPA, 545mmHg (Denver

criterion; 550mmHg) or mean PPA, 535mmHg (Denver

criterion: 538mmHg). (Right heart catheter is required to rule

out pulmonary hypertension if peak systolic PPA on

echocardiogram is 545mmHg)

Requirement for >6LO2
to keep saturation 590% with exercise

Radiographic CT evidence of diffuse emphysema judged unsuitable for LVRS

General Unplanned weight loss of >10% usual weight in 90 days prior to

enrollment

Evidence of systemic disease or neoplasia expected to compromise

survival during 5-year period

6-min walk distance 4s140m after rehabilitation

Key: CT, computed tomography; LVEF, left ventricular ejection fraction; LVRS, lung volume

reduction surgery; MI, myocardial infarction; MS, median sternotomy; PPA, pulmonary artery

pressure; PVC, premature ventricular contractions; SVT, supraventricular tachycardia.

Source: Ref. 98.
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preoperative hypercapnia of 545mmHg, 6-min walk test of 4200m either
pre- or postrehabilitation (100), and very low FEV1 with either homogeneous
or diffusion capacity of <20% have been shown to be strong predictors of
increased mortality after LVRS (37). However, we believe that patients should
not be excluded for LVRS in the presence of mild to moderate hypercapnia
alone. We recently showed that patients with moderate to severe hypercapnia
exhibit a significant improvement in spirometry, gas exchange, and quality of
life after bilateral LVRS (101). Although hypercapnic patients showed a lower
preoperative FEV1, lower DLCO, lower PaO2

/FIO2
ratio, and a lower 6-min walk

distance compared to normocapnic patients, the percentage of improvements
in FVC, FEV1, TLC, RV, and RV/TLC were comparable to those in eucapnic
patients. Moreover, there was no difference in morbidity and mortality
between hypercapnic and eucapnic COPD patients.

One of the reasons for the wide range of improvement in pulmonary
function studies that have been published to date is the variability in pattern
and distribution of emphysema across patients. In general, emphysema can be
divided into three histopathological types, although an overlap of histopatho-
logical subtypes is commonly seen in patients with end-stage emphysema. The
most common histopathological type of emphysema due to smoking is
centrolobular emphysema, which predominantly involves the upper lung
zones. In contrast, the predominant histopathological subtype of emphysema
seen in hereditary protease deficiency is the panlobular type, which

Table 6 Preoperative Diagnostic Test for LVRS

Severity and distribution of emphysema

Chest radiograph

High-resolution CT of the chest

Quantitative lung ventilation/perfusion scan

Pulmonary function tests

Spirometry

Lung volume measurements

Diffusion capacity

Arterial blood gas

Exercise test

6-min walk test

Cardiopulmonary exercise test

Cardiac assessment

ECG

Cardiac echocardiogram

Dobutamine-radionuclide cardiac scan if indicated

Right- and left-heart catheterization (selected patients)
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predominantly involves both lower lobes. The third type of emphysema, known
as paraseptal emphysema, tends to occur adjacent to fibrous septa or pleura.
These different anatomical type of emphysema, especially the centriolobular
and the panlobular types, may be seen on HRCT scan of the chest as a
heterogeneous distribution of emphysema, with primary involvement of either
the upper or lower lung zones, respectively. The same qualitative information
on the distribution of emphysema can also be obtained by the quantitative _VV= _QQ
scan. Lung areas with severe emphysematous changes will show decreased
regional perfusion when compared to other lung zones. Intuitively, it makes
sense that emphysematous patients with heterogeneous involvement would
benefit most from LVRS, since the most diseased portion of lung is resected,
thereby improving ventilation to the relatively better preserved lung zones, akin
to the physiological changes following bullectomy. Several reports have shown
that morphological grading of the distribution of emphysema may help predict
the extent of improvement in expiratory airflow following LVRS (27,99,102).

In general, patients who have a heterogeneous pattern of emphysema
appear to have a greater improvement in lung function post-LVRS than
patients with a homogeneous pattern. Since, to a certain extent, the idea of
LVRS can be thought of as a conceptual extension of the rationale behind
bullectomy, it is easy to imagine that patients with a heterogenous emphysema
pattern will have areas of the lung that are more severely destroyed relative to
the rest of the lung parenchyma. The most diseased portions of the lung
identified by HRCT of the chest or quantitative _VV= _QQ lung scanning are
identified as target areas for resection. Indeed, 30% of the patients evaluated
for LVRS by Cooper’s group were excluded from surgery because of a diffuse
pattern of emphysema, without focal areas that could be targeted for resection
(16). In a study specifically evaluating the impact of the distribution of
emphysema on lung function after LVRS, Wisser and coworkers (27) reported
lung function in 47 patients who underwent bilateral LVRS according to the
distribution of their emphysema on their preoperative chest CT scan. The
degree of emphysema heterogeneity (DHG) was divided into grades 1 through
4 (DHG 1 to 4), with the higher grade representing marked heterogeneity of
emphysema. The degree of heterogeneity was found to correlate with the extent
of improvement in spirometry after LVRS ðr2 ¼ 0:11; p ¼ 0:04Þ. The changes
in FEV1 after LVRS according to the assigned to the heterogeneity grade,
DHG 1, 2, 3, and 4, were 60+20%, 42+10%, 82+20%, and 160+29%,
respectively. In a similar study but using a simplified classification of
emphysema, as shown in Figure 8, functional improvement after LVRS was
greatest in patients with markedly heterogeneous emphysema, with an increase
in FEV1 of 81+17%, compared to 44+10% for intermediate heterogenous
emphysema and 34+6% for homogenous emphysema (Fig. 9) (28). It is also
important to remember that patients with homogenous emphysema on CT
scan also had a significant improvement in lung function after LVRS.
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B. Extended Indications for Lung Volume Reduction Surgery

Ventilator-Dependent Emphysema Patients

The prognosis of ventilator-dependent COPD patient is poor, with several
studies reporting 30 to 49%, 2- to 3-year survival rates (103). Unfortunately,
ventilator-dependent COPD patients are often excluded from LVRS evalua-
tion because of pre-existing respiratory failure, significant pulmonary
hypertension, and deconditioning. We recently reported on three ventilator-
dependent COPD patients who were successfully weaned from mechanical
ventilation after LVRS (104). All three had severe COPD (FEV1� 0.41L in
two patients), chronic hypercapnia (PaCO2

� 55mmHg in two patients and

Figure 8 Different patterns of emphysema according to the distribution of alveolar

destruction. (From Ref. 109.)
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70mmHg in one patient), and significant respiratory muscle weakness (mean
maximum inspiratory mouth pressure of 29 cmH2O). In addition, all three
patients had evidence of cor pulmonale by echocardiogram.

All three patients had had multiple episodes of intubation and
mechanical ventilation due to acute exacerbations of their underlying COPD;
at the time of LVRS evaluation, they have been on mechanical ventilation
anywhere from 11 to 16 weeks. All three patients had been on oral steroids,
which were weaned to lowest possible dose prior to LVRS. All patients were
admitted to our Ventilator Rehabilitation Unit, which is a noninvasive
respiratory care unit emphasizing respiratory and whole-body reconditioning
so as to maximize the condition of patients weaning from prolonged
mechanical ventilation. However, despite aggressive medical care, all three
patients failed multiple attempts at weaning.

After LVRS, there was a significant improvement in gas exchange
parameters, as evidenced by an increase in PaO2

/FIO2
and reduction in PaCO2

. In
addition, there was a significant improvement in FVC and maximum
inspiratory mouth pressure. Postoperative complications included persistent
air leaks and one tension pneumothorax. All patients were successfully weaned
from mechanical ventilation after 10 to 21 days and were discharged home.

Since this initial report, we have performed LVRS in three additional
ventilator-dependent COPD patients and have reported their clinical outcome
on prolonged follow-up (mean 12 months) (105). Of the 6 patients we have
reported to date, one died 3 months post-LVRS from sepsis and multiple
system organ failure. Schmid and others (106) reported a patient with severe

Figure 9 Changes in FEV1 before and 3 months after bilateral thoracoscopic LVRS in

patients with (a) homogeneous emphysema, (n¼ 17, p¼ 0.01), (b) intermediately

heterogeneous emphysema, (n¼ 16, p¼ 0.001), (c) markedly heterogenous emphysema

(n¼ 18, p¼ 0.0002). (From Ref. 109.)
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emphysema and mitral stenosis who was originally scheduled to undergo
combined LVRS and mitral valve replacement. However, due to intraopera-
tive complications, LVRS was postponed. The postoperative course was
complicated, including cardiac tamponade, bilateral pneumothoraces, and a
large left bronchopleural fistula. Based on this stormy postoperative course,
the authors concluded that extubation was impossible. The patient subse-
quently underwent LVRS on the third and tracheostomy on the fifth
postoperative days. The patient was decannulated 18 days after LVRS.
Hansson et al. (107) described a dramatic case of a 51-year-old male who
developed bilateral pneumothoraces, respiratory failure requiring mechanical
ventilation, and massive bilateral air leaks who underwent LVRS as an
‘‘emergency and lifesaving procedure.’’ Not only did the patient survive but
his FEV1 at 3 months increased by almost 100%. Like those in our case series,
the patient in this report showed a substantial improvement in respiratory
function 3 months after LVRS. Unlike those in our case series, the patient in
this report was on the ventilator for only a short period of time and therefore
may not have been deconditioned or undernourished, as typically seen in
patients on prolonged mechanical ventilation. Nevertheless, the authors
concluded that LVRS facilitated successful weaning of their patient.

More recently Murtuza et al. (108) reported a patient with severe
emphysema who was admitted with acute respiratory failure. The patient had
had two previous episodes of airway intubation and mechanical ventilation
and had been on nocturnal nasal intermittent positive-pressure ventilation for
12 months. During her hospital stay, she was increasingly difficult to ventilate
despite permissive hypercapnia. CT of the chest showed regional heterogenous
emphysema predominantly affecting both upper lobes. She underwent bilateral
LVRS via a ‘‘clamshell’’ incision on the 18th hospital day. On the 12th
postoperative day, she was able to sustain spontaneous ventilation for an
extended period of time, and was successfully extubated on the 19th
postoperative day. She was discharged on the 30th postoperative day with
oxygen therapy and nocturnal noninvasive positive-pressure ventilation.

Based on our experience and that of other investigators, LVRS in a select
group of ventilator-dependent COPD patients may improve gas exchange,
spirometry, and respiratory muscle function so as to improve functional status
and the ability to be weaned from ventilator support. We believe that only
patients a with heterogenous distribution of emphysema should be considered
for LVRS. Patients with mild to moderate hypercapnia may undergo LVRS
without an increase in morbidity or mortality (101). We would like to
emphasize, however, that our series of patients, described above, were treated
in a special unit geared toward reconditioning the ventilated patients.
Therefore we recommend that surgery in ventilator-dependent COPD should
be done only in centers with a multidisciplinary team that includes
pulmonologists; respiratory, physical, occupational, and speech therapists; a
psychologist, and nutritionists skilled in the care of ventilator-dependent
patients in order to optimize the patient’s overall condition prior to LVRS.
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Lung Cancer/Nodules

Both benign and malignant nodules have been detected in patients referred for
LVRS either during routine preoperative workup [chest radiograph and
conventional CT or HRCT (109–112) at the time of surgery] or after
histopathological review (113,114). The overall incidence of pulmonary
nodules in patients who are referred for LVRS evaluation is between 11 to
40% (109–112). The incidence of lung cancer in patients who undergo
simultaneous LVRS and lung resection is reported to be between 5 and 6%
(109–112,115). In one of the largest case series reported to date, McKenna and
Fischel et al. (110) reported 53 lung masses in 51 of 325 patients who
underwent LVRS. On histological diagnosis, 43 lesions (in 42 patients) were
found to be benign and 11 lesions were non-small-cell lung cancer. The benign
lesions included 20 calcified nodules, 17 granulomas, 4 fibrotic nodules, and 1
hematoma. Two patients had both a granuloma and lung cancer. Of the 11
patients with clinical stage 1 lung cancer, 3 patients were referred for lung
cancer and LVRS, 7 patients were diagnosed by CT during evaluation, and 1
patient was diagnosed after histopathological analysis. Thus the incidence of
lung cancer by routine chest CT in the course of LVRS evaluation was 2%.

CT is the single best ancillary test to diagnose unsuspected pulmonary
nodules in patients who are undergoing LVRS evaluation. In one study
involving 148 LVRS candidates, preoperative CT scans detected 18 pulmonary
nodules that were suspicious for primary lung cancer (112); 16 of these lesions
were resected during LVRS. Nine non-small-cell carcinomas were detected in 8
patients, yielding a 5% incidence of lung cancer. The median size of the
malignant lesions was 1.6 cm (range 1.0 to 3.8 cm), whereas the benign lesions
were 1.0 cm (range 0.7 to 2.0 cm).

In another study involving 281 patients who underwent LVRS, 147
nodules were identified in 111 (40%) patients (109). The majority of lung
nodules were identified preoperatively by chest CT. However, 14 were
identified intraoperatively and another 14 were only identified after careful
histological analysis. Of these nodules, 57 were calcified and were thought to be
benign. Twelve nodules were resected and pathological analysis confirmed the
benign nature of the lesions. The other remaining nodules were followed
clinically and were reported to be stable in size with a mean follow-up of 23
months. On the other hand, there were 20 noncalcified lesions on CT scan,
which were also followed clinically. Nineteen of these nodules remained
radiographically stable after 18.5 months of follow-up, and one nodule was
eventually diagnosed as squamous cell carcinoma, resulting in the patient’s
demise 18 months after the nodule was initially identified. Overall, a total of 78
nodules were resected in this study, of which 61 (78.2%) were benign and 17
(21.8%) were neoplastic. The most common benign diagnosis was granuloma
(29), fibrosis (17), and hematoma (5). Among the neoplastic lesions,
adenocarcinoma (7), squamous cell carcinoma (3), and large cell carcinoma
(2) topped the list. One case each of bronchoalveolar carcinoma, beta-cell
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lymphoma, carcinoid, mesothelioma, and renal cell metastasis was found. The
overall incidence of malignancy in the 281 patients was 6.4% (18 patients). The
size of the primary lung cancer ranged from 0.5 to 3.2 cm with a mean size of
1.6 cm. The size of the primary lung cancer not detected radiographically was
0.76 cm. This study emphasizes that chest CT is not capable of diagnosing all
lung lesions, especially less than 0.75 cm in size.

Based on the above studies involving 754 patients, the incidence of
pulmonary nodules in the course of LVRS workup was 24%. Of these, 4.7%
were unsuspected primary lung cancer. The majority of the diagnosed lung
cancers are in their early stages and can be resected with curative intent. Thus
preoperative CT may serve a dual role, not only to characterize the pattern of
parenchymal destruction due to emphysema but also to detect early,
potentially curable lung cancers. The wide range in the reported incidence of
pulmonary nodules may reflect different study populations, varying definitions
of pulmonary nodules among authors, different methods of detection, and the
variable incidence of benign pulmonary nodules based on geographic location.
Further investigation is required.

Preoperative Evaluation of Lung Nodules for Resection and LVRS

Before LVRS was made possible by advances in thoracic surgical techniques
and modern cardiothoracic anesthesia, the majority of patients with severe
COPD and pulmonary nodules would have been deemed inoperable using
standard preoperative criteria for lung resection owing to their limited
pulmonary reserve. For example, one recent study showed successful
postoperative recovery and short-term improvement in lung function in 11
patients who underwent combined LVRS and resection of pulmonary nodules
(111). If two of the standard preoperative criteria for lung resection were
applied to these patients (postoperative FEV1 of <40% and oxygen
desaturation with exercise to <89%), all 11 would have been classified as at
very high risk for lung resection, and surgical resection would not have been
considered. If an FEV1 of <0.6 L and a predicted postoperative DLCO of
<40%, were applied to the same patient group, 4 of 11 and 4 of 9 patients,
respectively, would have been deemed inoperable surgical candidates. Thus
current experience suggests that standard preoperative criteria for pulmonary
nodule resection may not predict postoperative respiratory insufficiency in
highly select severe COPD patients if resection of the lung nodule is combined
with LVRS. Moreover, several studies have shown no increase in mortality and
morbidity in patients who undergo combined pulmonary nodule surgery and
LVRS compared to LVRS alone (109–112,115).

During preoperative evaluation, patients who are considered for
pulmonary nodule resection and LVRS should have the following questions
answered: (1) Is the patient a good candidate for LVRS? (2) Is the tumor
accessible via bronchoscopy or transthoracic needle biopsy for preoperative
histologic diagnosis? (3) Is the nodule located in an area of the lung with the
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worst emphysema? (4) Are there any hilar or mediastinal nodes that are
suspicious for metastasis on CT scan? These questions should be answered
during the preoperative evaluation period to optimize lung cancer surgery and
to preserve residual lung function.

It is important to remember that all of the patients with severe COPD
who were reported to have pulmonary nodule resection and LVRS were
initially referred for LVRS evaluation. Once the patient fulfills the preoperative
clinical criteria for LVRS, as previously discussed, careful interpretation of the
HRCT scan for regional heterogeneity of emphysema is conducted, since the
expected improvement in lung function after LVRS should counterbalance the
lung tissue removal during lung nodule resection.

The majority of reported patients who have undergone lung nodule
resection and LVRS have not undergone preoperative bronchoscopy or had
transthoracic needle biopsy performed. This is because most of the nodules are
small and located at the periphery of the lung parenchyma, making the yield of
bronchoscopy very low. Additionally, the presence of significant bullous lung
disease increases the risk of pneumothorax, a severe consequence, rendering
transthoracic needle biopsy an infrequently used technique in these patients.
The usefulness of these two procedures needs to be evaluated on a case-by-case
basis. In certain clinical situations, a preoperative histological diagnosis may be
required. Moreover, a preoperative diagnosis of lung cancer should include a
complete staging evaluation to look for unsuspected metastases or other
significant medical problems (e.g., cardiac dysfunction).

The location of the pulmonary nodule is very important in planning the
type of thoracic surgery. Ideally lobectomy with hilar node sampling is the
preferred surgical technique, rather than simple wedge resection, for stage I
lung cancer. Previous studies have shown that lobectomy for stage I non-small-
cell lung carcinoma improves survival and decreases the incidence of local
recurrence (116). However, if the lung cancer is located in an area of relatively
normal lung parenchyma, lobectomy may lead to postoperative respiratory
insufficiency. In this circumstance, wedge resection may be the procedure of
choice to avoid loss of remaining functioning lung tissue (117). If the lung
cancer is located in an area of the lung that is extensively destroyed by
emphysema, then a lobectomy, the surgical choice for optimal lung cancer
surgery, is the preferred surgical procedure (116,118).

An accurate assessment of hilar and mediastinal lymph nodes for
metastatic disease is important for both the treatment and prognosis of
primary lung cancer. This is even more important in this group of patients who
are undergoing LVRS and clinical stage I lung cancer surgical resection, since
mediastinal and subcarinal lymph nodes are inadequately exposed when
median sternotomy is used. Although chest CT has good negative predictive
accuracy in the evaluation of mediastinal lymph node metatasis, it does not
completely rule out mediastinal metastases in patients with stage I disease. In a
recent study involving 575 patients with clinical stage I non-small-cell lung
carcinoma who underwent lobectomy and systematic mediastinal lymphade-
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nectomy, 79 patients (14%) had positive mediastinal lymph metastases on
pathological examination (119). In addition, 54 of the 79 patients had
intraoperatively normal-appearing mediastinal lymph nodes. The authors
concluded that systematic staging of the mediastinal lymph nodes is necessary
in all patients with resectable clinical stage 1 lung cancer. To avoid this
dilemma, preoperative mediastinoscopy should be considered, especially if
median sternotomy is the planned surgical approach.

Outcome of Combined Pulmonary Nodule Resection in Patients
Undergoing Lung Volume Reduction Surgery

Based on the basic guidelines of lung cancer surgery and LVRS previously
discussed, several investigators have reported encouraging early results of
combined solitary pulmonary nodule resection and LVRS in patients with
severe emphysema.

McKenna and associates reported 51 patients who underwent combined
LVRS and pulmonary nodule resection within a larger series of 325 patients
who underwent LVRS (110). The clinical outcomes of 11 patients with clinical
stage I non-small-cell lung cancer who underwent either wedge resection (8) or
lobectomy with lymph node dissection combined with LVRS were reported in
detail. There were no reported perioperative deaths or major complications.
The average length of hospital stay was 8.7 days. Despite substantial lung
resection in addition to the standard LVRS procedure (20–30% of each lung
was resected), the group mean FEV1 significantly increased to 1079mL after
surgery, compared to a baseline value of 654mL. No patients showed any
decline in FEV1 postoperatively. In 4 cancer patients who underwent
lobectomy (3 patients with right upper lobe (RUL) and 1 patient with right
lower lobe (RML)), substantial increases in FEV1 were also observed. Using
the Medical Outcome Study SF-36, the authors reported that 7 of 11 patients
experienced a significant decline in perceived dyspnea postoperatively. The
range of follow-up was between 2 and 22 months, with a mean of 9.7 months.
In 5 patients who had >12 months of follow-up, no tumor recurrences were
documented.

In another large series of 281 severe COPD patients who underwent
LVRS, Hazelrigg and others (109) identified 148 nodules, 78 of which were
resected. Seventeen of the resected nodules were found to be neoplastic on
histopathological examination. Interestingly, 9 of the 17 resected neoplastic
lesions were not diagnosed preoperatively; 2 turned out to be primary lung
cancer. Of the 17 nodules, 13 were primary lung cancer. Among the 13 patients
with lung cancer, 10 had pathological stage I disease, 2 had stage II, and 1 had
stage IV disease. All patients underwent wedge resection and nodal dissection if
malignancy was recognized intraoperatively. The reported overall in-hospital
mortality for the 281 patients was 5%. There were 5 deaths in the neoplastic
group during follow-up: 1 with metastatic renal cell carcinoma, 1 unresectable
mesothelioma, 2 with progression of primary lung carcinoma, and 1 with a
stroke 10 months after surgery. Twelve patients were disease-free with a
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mean follow-up of 14.3 months. No lung function data were provided in this
study.

Do patients who undergo combined LVRS and lung nodule resection
have higher perioperative morbidity and mortality? This question was
answered in part by a retrospective study reported by Ojo and Martinez
(111), who compared the clinical outcome of 11 patients who had combined
lung nodule resection and LVRS (LVRS group), with a cohort of age and sex-
matched lung cancer patients who had undergone standard lobectomy during
the same period (control group). The rate of postoperative complications and
the length of hospital stay between the two study groups were comparable. The
LVRS group had very limited lung reserve prior to surgical resection, while the
control group had normal baseline lung function. In the LVRS group, mean
FEV1 was 26+ 2% of predicted and all patients had oxygen desaturation on 6-
min walk test. In addition, 2 patients had a PaCO2

> 45mmHg. At 3 months
follow-up, the LVRS and nodule resection groups had 47 and 25% increases in
FEV1 and FVC, respectively. Moreover, all study patients reported less
dyspnea after surgery as measured by the Transitional Dyspnea Index. The
study was limited by the small number of patients and by its retrospective
design. In addition, the study groups may not have been comparable, since
only 3 patients from the LVRS group who had stage I non-small-cell lung
carcinoma underwent tumor wedge resection.

The issue of whether hypoxemia, hypercapnia (defined as PaCO2

> 45mmHg). and preoperative steroid dependence would preclude combined
lung nodule resection surgery and LVRS was recently addressed by in a study
of 21 patients with severe emphysema and concomitant pulmonary nodules
(115). Seven patients were deemed inappropriate candidates for combined
LVRS and pulmonary nodule resection based on inclusion and exclusion
criteria previously discussed. Mediastinoscopy was performed only if
suspicious lymph nodes (>1 cm) were detected on CT scan. The surgical
approach was tailored to the anatomical distribution of the lesion in relation to
the preoperative targeted emphysematous areas of the lung. Seven patients
underwent unilateral resection through a posterolateral thoracotomy, one
through a VATS. Three had bilateral LVRS via median sternotomy and 3
through bilateral anterior thoracosternotomy. Due to concern for the
development of persistent air leaks and bronchopleural fistula, routine
intraoperative hilar nodal sampling was not routinely performed. Twelve of
the pulmonary nodules were within the target areas of emphysema resection,
while the remaining 4 nodules required separate wedge resection.

In 14 patients, with severe emphysema (mean FEV1 24+ 5%) who
underwent combined LVRS and pulmonary nodule resection, 10 patients were
oxygen dependent, 5 had hypercapnia, and 5 were steroid dependent. The
mean age of the study group was 69+ 2 years old, with 7 patients older than 70
years old and the oldest being age 80. Sixteen lesions were resected and 9
lesions were non-small-cell carcinoma. All patients were extubated in the
operating room. Three patients had prolonged air leaks (>14 days); one of
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these required surgical repair. One patient had postoperative ileus and another
experienced a transient neurological event. There was one postoperative death
in a patient who had prior ipsilateral lung operation; it was attributed to a large
bronchopleural fistula. At 6 months follow-up, significant improvements in
FEV1, dyspnea score, and 6-min walk test were documented. Moreover, there
was a significant decrease in PaCO2

after surgery, from a baseline of 46.8+ 2.9
to 39.6+ 1.7mmHg postoperatively. One patient had a mediastinal recurrence
12 months after surgery from two separate lesions found to be bronchoalveolar
carcinoma. The rest of the patients were alive and well at a mean follow-up of
22.6 months (range 12 to 35 months).

In almost of the patients described above, limited resection or
segmentectomy was utilized for fear of further loss of lung function. However,
in a randomized trial comparing surgical outcome of lobectomy versus
segmentectomy in stage I non-small-cell lung cancer, segmentectomy or limited
resection was associated with an increased risk of local recurrence and a
reduction in both overall and disease-free survival (116). Whether patients with
advanced emphysema can tolerate optimal surgery for stage I non-small-lung
cancer is not clear. This problem is compounded by the fact that the degree of
improvement in lung function after LVRS is poorly predicted by preoperative
static lung function and cardiopulmonary exercise testing.

In an attempt to determine outcome following combined lobectomy for
lung cancer treatment and LVRS, Demeester et al (118) recently reported their
experience with 5 patients who underwent combined lobectomy and LVRS.
The mean age of the 5 patients was 62 years (range 53–70), 3 were male, 2 were
oxygen-dependent, and 1 was on prednisone 30mg/day. Of these patients, 4
had preoperative diagnoses of lung cancer and 2 were found to have
concomitant cardiac disease on noninvasive cardiac evaluation. One patient
required angioplasty before LVRS and lobectomy, the other patient had low
cardiac ejection fraction but no active ischemia was identified. All patients,
except one underwent 6 to 8 weeks of pulmonary rehabilitation prior to
surgery. All patients underwent intraoperative bronchoscopy and 4 patients
with preoperative diagnosis of lung cancer also underwent mediastinoscopy. A
median sternotomy was used in 4 patients and 1 patient underwent bilateral
staged thoracotomy because of prior pleurectomy on the left for treatment of
recurrent spontaneous pneumothorax. Two patients had lobectomy of the right
middle lobe in addition to LVRS. After surgery, all patients were reported to
have significant improvement in lung function. There were no deaths; however,
3 of 5 patients had postoperative complications. One patient developed
pneumothorax and retained airway secretions, requiring reintubation and
mechanical ventilation for 24 hr. Two patients had postoperative bleeding into
the extrapleural space created by pleural tents. Both patients improved with
conservative management and did not require further surgical intervention.
Four patients had pathological stage 1 lung cancer; 1 patient had stage II lung
cancer and received adjuvant radiation therapy. No recurrence was detected in
any patients with mean follow-up of 19 months.
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Overall, all prior studies showed that combined pulmonary nodule
resection and LVRS can be done in a highly select group of COPD patients who
are deemed good candidates for LVRS. Although most of the studies are small
and limited by retrospective design, it appears that perioperative morbidity and
mortality are acceptable and not different than in patients who undergo LVRS
alone. Since untreated lung cancer confers a 100% mortality and there is no
other treatment that can potentially cure stage 1 non-small-cell lung cancer,
surgery seems to be a rationale approach to consider in selected patients with
severe COPD who are deemed to be good LVRS candidates. However, it is
premature to conclude that wedge resection with limited nodal dissection offers
a survival advantage comparable to standard lobectomy with hilar and
mediastinal dissection in the surgical treatment of lung cancer. Additional
studies are needed to compare the various surgical types of treatment with/or
without the use of neoadjuvant chemo- or radiotherapy.

Cardiovascular Procedures

Since COPD patients are typically males in their sixth decade of life with greater
than 50 pack-years of smoking history, it is not uncommon to uncover
significant concomitant cardiac disease in the course of LVRS evaluation.
However, the diagnosis of coronary artery disease (CAD) may not be readily
apparent, since most patients with severe COPD are forced to live sedentary
lives due to incapacitating breathlessness brought on by a limited ventilatory
reserve. Thus these patients may either have asymptomatic cardiac disease that
is masked by severe lung disease or they may present with atypical symptoms
such as frequent COPD exacerbations not readily amenable to standard medical
therapy. Indeed, the incidence of asymptomatic but significant CAD in patients
who undergo LVRS evaluation has been estimated to be as high as 15% in one
study (120). Our data confirm the high prevalence of silent ischemic heart
disease in COPD patients as reported by others. Since the inception of our
LVRS and lung-transplant program, we screened 336 patients with severe
COPD between June 1993 and August 1998. A total of 115 patients underwent
left-heart catheterization as part of their routine evaluation. Of 115 patients, 105
were asymptomatic for CAD, 6 had a previous history of CAD, 2 had
symptoms of CAD, and 2 had abnormal exercise stress tests. A total of 33
patients (30%) had angiographic evidence of significant CAD. Twenty of the 33
patients had severe CAD (17%); 10 of these were completely asymptomatic and
underwent only routine cardiac catheterization. The true incidence of COPD
and CAD is probably higher, since patients who have a history of myocardial
infarction or congestive heart failure are often excluded from LVRS evaluation.

Combined Lung Volume Reduction Surgery and Coronary Artery
Bypass Grafting

The technical feat of combined pulmonary resection and cardiac surgery has
been successfully performed in only a small number of patients. In the pre-
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LVRS era, the majority of combined cardiothoracic surgeries involving
coronary artery bypass with resection of lung tissue have been reported only
in cases requiring resection of suspected malignant pulmonary nodules. Since
the reintroduction of LVRS, several investigators, including our group, have
reported the feasibility of combined LVRS and coronary artery bypass grafting
(120). The concept of combined major thoracic and cardiac surgery is
appealing because a single combined procedure avoids the risk of a second
major operation and may result in reduced overall hospitalization and medical
costs and improved patient survival. In addition, LVRS may make coronary
artery bypass possible in patients with severe emphysema by significantly
improving lung function postoperatively, thus decreasing postoperative
morbidity and mortality due to respiratory failure.

Furukawa et al. (121) reported a 60-year-old male with peripheral
vascular disease and triple-vessel coronary artery disease with greater than 90%
blockage who also had severe COPD (FEV1 29%) who underwent bilateral
LVRS and four vessel coronary artery bypass grafting. Ten months after
surgery, he was off supplemental oxygen, his FEV1 increased to 1.3 L, he had
no further angina, and all bypass grafts were patent. Successful coronary artery
bypass grafting 31=2 months after bilateral LVRS has also been reported (122).
However, cardiopulmonary bypass can potentially contribute to postoperative
morbidity. There is a danger of pulmonary hemorrhage due to anticoagulation
during cardiopulmonary bypass. Some authors recommend resection after
reversal of anticoagulation with protamine sulfate (123). In a recent review
from the University of Toronto, among 19 patients who underwent resection
during cardiopulmonary bypass, only 1 patient suffered from a bleeding
requiring reexploration (124). The greater application of off-bypass coronary
artery grafting may avoid the risk of perioperative hemorrhage and extend the
application of combined coronary artery revasculization with LVRS in selected
candidates. Currently, there are no comprehensive data making it possible to
evaluate the true risks and benefits of combined LVRS and coronary artery
revascularization in patients with severe lung and heart disease.

IX. Summary

LVRS promises to be an important palliative surgical tool in improving lung
mechanics, alleviating dyspnea, and improving exercise tolerance in patients
suffering from severe, progressive emphysema whose condition was previously
maximized on medical therapy, including rehabilitation. A number of recent
studies have shown that LVRS has important physiological and functional
improvements enabling an improved quality of life in patients suffering from
severe emphysema. However, many questions still remain regarding LVRS—
specifically, characterization of the appropriate candidate, variability in LVRS
response, durability of the beneficial effects of LVRS, the best surgical
approach to performing LVRS, and the best tests that not only allow the
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characterization of patients likely to benefit from the procedure but also make
it possible to gauge the extent of optimal resection.

The National Emphysema Treatment Trial (NETT) is currently under
way and has the potential to define the optimum patient for LVRS, the
durability of LVRS response, the mechanisms important in improving lung
and exercise tolerance after LVRS, and ultimately the effect of LVRS in
contrast to medical therapy on survival. Hopefully, information from NETT in
combination with other investigations will help define the place of LVRS in the
treatment of patients with severe emphysema.

References

1. Pauwels RA, Buist AS, Calverly PMA, Jenkins CR, Hurd SS, on behalf of the

Gold Scientific Commitee. Global strategy for the diagnosis, management, and

prevention of chronic obstructive pulmonary disease: NHLBI Global Initiative for

Chronic Obstructive Lung Disease (GOLD) workshop Summary. Am J Respir

Crit Care Med 2001; 163:1256–1276.

2. Saetta M, DiStefano A, Tuato G, Facchini FM, Corbino L, Mapp CE, et al. CD

8þ T-lymphocytes in the peripheral airways of smokers with chronic obstructive

pulmonary disease. Am J Respir Crit Care Med 1998; 157:822–826.

3. Saetta M, Turato G, Maestrelli P, Mapp CE, Fabbri LM. Cellular and structural

basis of chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2001;

163:1304–1309.

4. Pride N, Hugh-Jones P, O’Brien EN, Smith LA. Changes in lung function following

the surgical treatment of bullous emphysema. Am J Med 1970; 153:49–69.

5. Fitzgerald MX, Keelan PJ, Cugell DW, Gaensler EA. Long-term results of surgery

for bullous emphysema. J Thorac Cardiovasc Surg 1974; 68:566–587.

6. Connolly JE, Wilson A. The current status of surgery of bullous emphysema. J

Thorac Cardiovasc Surg 1989; 97:351–361.

7. Travaline J, Addonizio VP, Criner GJ. Effect of bullectomy on diaphragm

strength. Am J Respir Crit Care Med 1995; 152:1697–1701.

8. Brantigan OC, Mueller E. Surgical treatment of pulmonary emphysema. Ann Surg

1957; 23:789–804.

9. Pompeo E, Marino M, Nofroni I, Matteucci G, Cladio M. Reduction

pneumoplasty versus respiratory rehabilitation in severe emphysema. Ann Thorac

Surg 2000; 70:948–954.

10. Brantigan OC, Mueller E, Kress MB. A surgical approach to pulmonary

emphysema. Am Rev Respir Dis 1959; 80:194–202.

11. Wakabayashi A. Thorocoscopic laser pneumoplasty in the treatment of diffuse

bullous emphysema. Ann Thorac Surg 1995; 60:936–942.

12. Cooper J, Trulock EP, Triantafillou AN, et al. Bilateral pneumonectomy (volume

reduction) for chronic obstructive pulmmonary disease. J Thorac Cardiovasc Surg

1995; 109:106–119.

13. Butler CW, Sundyer M, Wood DE, Curtis JR, Albert RK, Benditt JO.

Underestimation of mortality following lung volume reduction surgery resulting

from incomplete follow-up. Chest 2001; 119:1056–1060.

Lung Volume Reduction Surgery 533



14. Huizenga HG, Ramsey SD, Albert RK. Estimated growth of lung volume

reduction surgery among medicare enrollees. Chest 1998; 114:1583–1587.

15. Shalala DE. Report to Congress: lung volume reduction surgery and medicare

coverage policy implication of recently published evidence, 1998. Federal Pub

1998; Vol. 1.

16. Cooper JD, Patterson GA, Sundaresan RS, Trulock EP, Yusen RD, Pohl M,

Lefrak S. Results of 150 consecutive bilateral lung volume reduction procedures in

patients with severe emphysema. J Thorac Cardiovasc Surg 1996; 112:1319–1330.

17. Eugene J, Ott RA, Gogia HS, Santos CD, Zeit R, Kayaleh RA. Video-thoracic

surgery for treatment of end-stage bullous emphysema and chronic obstructive

pulmonary disease. Am Surg 1995; 61:934–936.

18. Geddes D, Davies M, Koyama H, Hansell D, Pastorino V, Pepper J, et al. Effect

of lung volume reduction surgery in patients with severe emphysema. N Engl J

Med 2000; 343:239–245.

19. Gelb AF, Zamel N, McKenna RJ, Brenner M. Mechanism of short-term

improvement in lung function after emphysema resection. Am J Respir Crit

Care Med 1996; 154:945–951.

20. Hamacher J, Bloch KE, Stammberger U, Schmid RA, Laube I, Russi EW, et al.

Two years’ outcome of lung volume reduction surgery in different morphologic

emphysema types. Ann Thorac Surg 1999; 68:1792–1798.

21. Hazelrigg SR, Boley TM, Magee MJ, Lawyer CH, Henkle JQ. Comparison of

staged thoracoscopy and median sternotomy for lung volume reduction. Ann

Thorac Surg 1998; 66:1134–1139.

22. Kotloff RM, Tino G, Bavaria JE, Palevskey HI, Hansen-Flaschen J, Wahl PM,

Kaiser LR. Bilateral lung volume reduction surgery for advanced emphysema: a

comparison of median sternotomy and thoracoscopic approaches. Chest 1996;

110:1399–1406.

23. Cordova FC, O’Brien GM, Furukawa S, Kuzma AM, Travaline J, Criner GJ.

Stability of improvements in exercise performance and quality of life following

bilateral lung volume reduction surgery in severe COPD. Chest 1997; 112:907–915.

24. Cassina PC, Teschler H, Konietzko N, Theegarten D, Stamatis G. Two year

results after lung volume reduction surgery in antitrypsin deficiency vs smoker’s

emphysema. Eur Respir J 1998; 12:1028–1032.

25. Argenziano M, Thomashow B, Jellen PA, Rose EA, Steinglass KM, Ginsburg

ME. Functional comparison of unilateral versus bilateral lung volume reduction

surgery. Ann Thorac Surg 1997; 64:321–327.

26. Fessler HE, Permutt S. Lung volume reduction surgery and airflow limitation. Am

J Respir Crit Care Med 1998; 157:715–722.

27. Wisser W, Klepetko W, Kontrus M, Bankier A, Senbaklavaci O, Kaider A,

Wanke T, Tschernko E, Wolner E. Morphological grading of the emphysematous

lung and its relation to improvement after lung volume reduction surgery. Ann

Thorac Surg 1998; 65:793–799.

28. Russi EW, Bloch KE, Weder W. Functional and morphological heterogeneity of

emphysema and its implication for selection of patients for lung volume reduction

surgery. Eur Respir J 1999; 14:230–236.

29. Baldwin JC, Miller CC, Prince RA, Espada R. Chest radiograph heterogeneity

predicts functional improvement with volume reduction surgery. Ann Thorac Surg

2000; 70:1208–1211.

534 Criner and Cordova



30. Klepetko W. Surgical aspects and techniques of lung volume reduction surgery for

severe emphysema. Eur Respir J 1999; 13:919–925.

31. Wisser W, Tschernko E, Senbaklavaci O, Kontrus M, Wanke T, Wolner E,

Klepetko W. Functional improvement after lung volume reduction sternotomy

versus videoendoscopic approach. Ann Thorac Surg 1997; 63:822–828.

32. Brenner M, McKenna RJ, Gelb A, Osann KE, Schein MJ, Panzera J, Wong H,

Berns MW, Wilson A. Objective predictors of response for stapled versus laser

emphysematous lung reduction. Am J Respir Crit Care Med 1997; 155:1295–1301.

33. McKenna RJ, Brenner M, Gelb A, Mullin M, Singh N, Peters H, Panzera J,

Calmese J, Schein MJ. A randomized, prospective trial of stapled lung reduction

versus laser bullectomy for diffuse emphysema. J Thorac Cardiovasc Surg 1996;

111:317–322.

34. McKenna RJ, Brenner M, Fischel RJ, Gelb A. Should lung reduction for

emphysema be unilateral or bilateral? J Thorac Cardiovasc Surg 1996; 112:1331–

1339.

35. Lando Y, Boiselle PM, Shade D, Travaline J, Furukawa S, Criner GJ. Effect of

lung volume reduction surgery on bony thorax configuration in severe COPD.

Chest 1999; 116:30–39.

36. Chen JC, Serna DL, Brenner M, Powell LL, Huh J, McKenna RJ, Fischel RJ,

Gelb A, Monti J, Burney T, Gaon MD, Aryan H, Wilson A. Diffusion capacity

limitations of the extent of lung volume reduction surgery an animal model of

emphysema. J Thorac Cardiovasc Surg 1999; 117:728–735.

37. National Emphysema Treatment Trial Research Group. Patients at high risk of

deaths after lung volume reduction surgery. N Engl J Med 2001; 345:1075–1081.

38. Miller JL, Lee RB, Mansour KA. Lung volume reduction surgery: lessons learned.

Ann Thorac Surg 1996; 61:1464–1469.

39. Teschler H, Thompson AB, Stamatis G. Short and long-term functional results

after lung volume reduction surgery for severe emphysema. Eur Respir J 1999;

13:1170–1176.

40. Roue C, Mal H, Sleiman C, Fournier M, Duchatelle JP, Baldeyrou P, et al. Lung

volume reduction in patients with severe diffuse emphysema. Chest 1996; 110:28–

34.

41. Bingisser R, Zollinger A, Hauser M, Bloch KE, Russi EW, Weder W. Bilateral

volume reduction surgery for diffuse pulmonary emphysema by video-assisted

thoracoscopy. J Thorac Cardiovasc Surg 1996; 1996:875–882.

42. Naunheim KS, Keller CA, Krucylak PE, et al. Unilateral video-assisted thoracic

surgical lung reduction. Ann Thorac Surg 1996; 61:1092–1098.

43. Keller CA, Ruppel G, Hibbett A, Osterloh J, Naunheim K. Thoracoscopic lung

volume reduction surgery reduces dyspnea and improves exercise capacity in

patients with emphysema. Am J Respir Crit Care Med 1997; 156:60–67.

44. Keenan RJ, Landreneau RJ, Sciurba FC, Ferson PF, Holbert JM, Brown ML, et

al. Unilateral thoracoscopic surgical approach for diffuse emphysema. J Thorac

Cardiovasc Surg 1996; 111:308–316.

45. Sciurba FC, Rogers RM, Keenan R, Slivka WA, Gorgsan J, Ferson PF, et al.

Improvement in pulmonary function and elastic recoil after lung reduction surgery

for diffuse emphysema. N Engl J Med 1996; 334:1095–1129.

46. Ingenito EP, Loeing SH, Moy ML, Mentzer SJ, Swanson SJ, Reilly JJ.

Interpreting improvement in expiratory flows after lung volume reduction surgery

Lung Volume Reduction Surgery 535



in terms of flow limitation theory. Am J Respir Crit Care Med 2001; 163:1074–

1080.

47. Ferguson GT, Fernandez E, Zamora MR, Pomerantz M, Buchholz J, Make B.

Improved exercise performance following lung volume reduction surgery for

emphysema. Am J Respir Crit Care Med 1998; 157:1195–1203.

48. Albert RK, Benditt JO, Hildebrandt J, Wood DE, Hlastala MP. Lung volume

reduction surgery has variable effects on blood gases in patients with emphysema.

Am J Respir Crit Care Med 1998; 158:71–76.

49. Shade D, Cordova FC, Lando Y, Travaline J, Furukawa S, Kuzma AM, Criner

GJ. Relationship between resting hypercapnia and physiologic parameters before

and after lung volume reduction surgery in severe chronic obstructive pulmonary

disease. Am J Respir Crit Care Med 1999; 159:1405–1411.

50. Travaline JM, Maurer AH, Charkes ND, Urbain JL, Furukawa S, Criner GJ.

Quantitation of regional ventilation during the washout phase of lung

scintigraphy: measurement in patients with severe COPD before and after bilateral

lung volume reduction surgery. Chest 2000; 118:721–727.

51. Daniel TM, Chan BBK, Bhaskar V, Parekh JS, Walters PE, Reeder J, Truwit JD.

Lung volume reduction surgery: case selection, operative techniques, and clinical

results. Ann Surg 1996; 223:526–533.

52. Bousamra M, Haasler G, Lipchik RJ, Henry D, Chammas JH, Rokkas CK, et al.

Functional and oximetric assessment of patients after lung reduction surgery. J

Thorac Cardiovasc Surg 1997; 113:675–682.

53. Criner GJ, Cordova FC, Leyenson V, Roy B, Travaline J, Sundarshan S, et al.

Effect of lung volume reduction surgery on diaphragm strength. Am J Respir Crit

Care Med 1998; 157:1578–1585.

54. Benditt JO, Lewis S, Wood DE, Klima L, Albert RK. Lung volume reduction

surgery improves maximal O2 consumption, maximal minute ventilation, O2 pulse,

and dead space-to-tidal volume ratio during leg cycle ergometry. Am J Respir Crit

Care Med 1997; 156:561–566.

55. Criner GJ, Cordova FC, Furukawa S, Kuzma AM, Travaline JM, Leyenson V,

O’Brien GM. Prospective randomized trial comparing bilateral lung volume

reduction surgery to pulmonary rehabilitation in severe chronic obstructive

pulmonary disease. Am J Respir Crit Care Med 1999; 160:2018–2027.

56. Martinez FJ, Montes de Oca M, Whyte RI, Stetz J, Gay SE, Cerfolio RJ. Lung

volume reduction improves dyspnea, dynamic hyperinflation, and respiratory

muscle function. Am J Respir Crit Care Med 1997; 155:1984–1990.

57. Benditt JO, Wood DE, McCool FD, Lewis S, Albert RK. Changes in breathing

and ventilatory muscle recruitment patterns induced by lung volume reduction

surgery. Am J Respir Crit Care Med 1997; 155:279–284.

58. Stammberger U, Bloch KE, Thurnheer R, Bingisser R, Weder W, Russi EW.

Exercise performance and gas exchange after bilateral video-assisted thoracoscopic

lung volume reduction for severe emphysema. Eur Respir J 1998; 12:785–792.

59. Tschernko E, Wisser W, Wanke T, Rajek MA, Kritzinger M, Lahrmann H,

Kontrus M, Benditte H. Changes in ventilatory mechanics and diaphragm

function after lung volume reduction surgery in patients with COPD. Thorax 1997;

52:545–550.

60. Celli BR, Montes de Oca M, Mendez R, Stetz J. Lung reduction surgery in severe

COPD decreases central drive and ventilatory response to CO2
. Chest 1997;

112:902–906.

536 Criner and Cordova



61. Moy ML, Ingenito EP, Mentzer SJ, Evans RB, Reilly JJ. Health-related quality of

life improves following pulmonary rehabilitation and lung reduction surgery.

Chest 1999; 115(2):383–389.

62. Leyenson V, Furukawa S, Kuzma AM, Cordova F, Travaline J, Criner GJ.

Correlation of changes in quality of life after lung volume reduction surgery with

changes in lung function, exercise, and gas exchange. Chest 2000; 118:728–735.

63. Brenner M, McKenna RJ, Gelb A, Fischel RJ, Wilson A. Rate of FEV1 change

following lung volume reduction surgery. Chest 1998; 113:652–659.

64. Gelb A, Brenner M, McKenna RJ, Zamel N, Fischel RJ, Epstein JD. Lung

function 12 months following emphysema resection. Chest 1996; 110:1407–1415.

65. Gelb A, Brenner M, McKenna RJ, Fischel RJ, Zamel N, Schein MJ. Serial lung

function and elastic recoil 2 years after lung volume reduction surgery for

emphysema. Chest 1998; 113:1497–1506.

66. Gelb A, McKenna RJ, Brenner M, Epstein JD, Zamel N. Lung function 5 years

after Lung volume reduction surgery for emphysema. Am J Respir Crit Care Med

2001; 163:1562–1566.

67. Gelb A, McKenna RJ, Brenner M, Schein MJ, Zamel N, Fischel RJ. Lung

function 4 years after lung volume reduction surgery for emphysema. Chest 1999;

116:1608–1615.

68. Meyers BF, Yusen RD, Lefrak S, Patterson G, Pohl M, Richardson V, Cooper J.

Outcomes of Medicare patients with emphysema selected for, but denied, a lung

volume reduction operation. Ann Thorac Surg 1998; 66:331–336.

69. Wilkens H, Demertzis S, Konig J, Leitnaker CK, Shafer HJ, Sybrecht GW. Effect

of lung volume reduction surgery in patients with severe emphysema. Eur Respir J

2000; 16:1043–1049.

70. Lewis RJ, Caccavale RJ, Sisler GE. VATS-Argon beam coagulator treatment of

diffuse end-stage bilateral disease of the lung. Ann Thorac Surg 1993; 55:1394–

1399.

71. Roberts JR, Bavaria JE, Wahl P, Wurster A, Friedberg JS, Kaiser L. Comparison

of open and thoracoscopic bilateral volume reduction surgery: complication

analysis. Ann Thorac Surg 1998; 66:1759–1765.

72. Serna DL, Brenner M, Osann KE, McKenna RJ, Chen JC, Fischel RJ, Jones BU,

Gelb AF, Wilson AF. Survival after unilateral versus bilateral lung volume

reduction surgery for emphysema. J Thorac Cardiovasc Surg 1999; 118:1101–1109.

73. Naunheim K, Kaiser L, Bavaria JE, Hezelrigg SR, Magee MJ, Landreneau RJ,

Keenan RJ, Osterloh JF, Boley TM, Keller CA. Long-term survival after

thoracoscopic lung volume reduction: a multi-institutional review. Ann Thorac

Surg 1999; 68:2026–2032.

74. Christie RB. The elastic properties of the emphysematous lung and their

significance. J Clin Invest 1934; 13:295–321.

75. Butler J, Caro G, Alcala R, DuBois A. Physiological factors affecting airway

resistance in normal subjects and in patients with obstructive lung disease. J Clin

Invest 1960; 39:584–590.

76. Rogers RM, DuBois AR, Blakemore WS. Effect of removal of bullae on airway

conductance and conductance volume ratios. J Clin Invest 1968; 157:715–722.

77. Smith J, Bellemare F. Effect of lung volume on in vivo contraction characteristics

of human diaphragm. J Appl Physiol 1987; 62:1893–1900.

78. Minh V, Dolan GF, Konopka RF, Moser KM. Effect of hyperinflation on

inspiratory function of the diaphragm. J Appl Physiol 1976; 40:67–73.

Lung Volume Reduction Surgery 537



79. Evanich MJ, Franceo MJ, Lourenco RV. Force output of the diaphragm as a

function of the phrenic nerve firing rate and lung volume. J Appl Physiol 1973;

35:208–212.

80. Kim MJ, Druz WS, Danon J, Machnach W, Sharp JT. Mechanics of the canine

diaphragm. J Appl Physiol 1976; 41:369–382.

81. Bloch KE, Li Y, Zhang J, Bingisser R, Kaplan V, Weder W, Russi EW. Effect of

surgical lung volume reduction on breathing patterns in severe pulmonary

emphysema. Am J Respir Crit Care Med 1997; 156:553–560.

82. Teschler H, Stamatis G, El-Raouf Farhat AA, Meyer FJ, Costabel U, Konietzko

N. Effect of surgical lung volume reduction surgery on respiratory muscle function

in pulmonary emphysema. Eur Respir J 1996; 9:1779–1784.

83. Lando Y, Boiselle PM, Shade D, Furukawa S, Kuzma AM, Travaline J, Criner

GJ. Effect of lung volume reduction surgery on diaphragm strength length in

severe chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1999;

159:796–805.

84. Schrager JB, Kim D, Hashami Y, Lankford E, Wahl P, Stedman H, Levine S,

Kaiser L. Lung volume reduction surgery restores the normal diaphragmatic

length-tension relationship in emphysematous rats. J Thorac Cardiovasc Surg

2001; 121:217–224.

85. Cassart M, Hamacher J, Verbandt Y, Wildermuth S, Rischer D, Russi EW, de

Francquen P, Cappello M, Weder W, Estenne M. Effects of lung volume reduction

surgery for emphysema on diaphragm dimensions and configuration. Am J Respir

Crit Care Med 2001; 163:1171–1175.

86. Lahrmann H, Wild M, Wanke T, Tschernko E, Wisser W, Klepetko W, Zwick H.

Neural drive to the diaphragm after lung volume reduction surgery. Chest 1999;

116:1593–1600.

87. Laghi F, Jubran A, Topeli A, Fahey PJ, Garrity ER, Arcidi JM, de Pinto DJ,

Edwards LC. Effect of lung volume reduction surgery on neuromechanical

coupling of the diaphragm. Am J Respir Crit Care Med 1998; 157:475–483.

88. Kubo K, Koizumi T, Fujimoto K, Matsuzawa Y, Yamanda T, Haniuda M,

Takahashi S. Effects of lung volume reduction surgery on exercise pulmonary

hemodynamics in severe emphysema. Chest 1998; 114:1575–1582.

89. Oswald-Mammosser M, Kessler R, Massard G, Wilhm JM, Weitzenblum E,

Lonsdorfer J. Effects of lung volume reduction surgery on gas exchange and

pulmonary hemodynamics at rest and during exercise. Am J Respir Crit Care Med

1998; 1998:1020–1025.

90. Weg IL, Rossoff L, McKeon K, Grayer LM, Scharf SM. Development of

Pulmonary hypertension after lung volume reduction surgery. Am J Respir Crit

Care Med 1999; 159:552–556.

91. Powell LL, Serna DL, Brenner M, Gaon M, Jalal R, Stemmer E, Chen JC.

Pulmonary vascular pressures increases after lung volume reduction surgery in

rabbits with more severe emphysema. J Surg Res 2000; 92:157–164.

92. Cooper JD. Technique to reduce air leaks after resection of emphysematous lung.

Ann Thorac Surg 1994; 57:1038–1039.

93. McKenna RJ, Fischel RJ, Brenner M, Gelb A. Use of the Heimlich valve to

shorten hospital stay after lung volume reduction surgery for emphysema. Ann

Thorac Surg 1996; 51:1115–1117.

538 Criner and Cordova



94. Centindag I, Boley TM, Magee MJ, Hazelrigg SR. Postoperative gastrointestinal

complications after lung volume reduction operations. Ann Thorac Surg 1999;

68:1029–1033.

95. Igbal M, Rossoff L, McKeon K, Graver M, Scharf SM. Development of giant

bulla after lung volume reduction surgery. Chest 1999; 116:1809–1811.

96. Oey I, Waller DA. Metalloptysis: a late complication of lung volume reduction

surgery. Ann Thorac Surg 2001; 21:819–848.

97. Hogue CW, Stamos T, Winters K, Moulton M, Krucylak PE, Cooper JD. Acute

myocardial infarction during lung volume reduction surgery. Anesth Analg 1999;

88:332–334.

98. The National Emphysema Treatment Trial Research Group. Rationale and design

of the National Emphysema Treatment Trial. Chest 1999; 116:1750–1761.

99. Slone RM, Pligram TK, Gierarda DS, Sagel SS, Glazer HS, Yusen RD, Cooper

JD. Lung volume reduction surgery: comparison of preoperative radiologic

features and clinical outcome. Radiology 1997; 204:685–693.

100. Szekely LA, Oelberg DA, Wright C, Johnson DC, Wain J, Trotman-Dickenson

B, Shepard JA, Kanarek DJ, Systrom D, Ginns LC. Preoperative predictors of

operative morbidity and mortality in COPD patients undergoing bilateral lung

volume reduction surgery. Chest 1997; 111:550–558.

101. O’Brien GM, Furukawa S, Kuzma AM, Cordova FC, Criner GJ. Improvements

in lung function, exercise, and quality of life in hypercapneic COPD patients.

Chest 1999; 115:75–84.

102. Maki DD, Miller WT, Aronchick JM, Gefter WB, Kotloff RM. Advanced

emphysema: preoperative chest radiograph findings as predictors of outcome

following lung volume reduction surgery. Radiology 1999; 212:49–55.

103. Criner GJ, Kreimer DT, Pidlaoan L. Patient outcome following prolonged

mechanical ventilation via tracheostomy. Am J Respir Crit Care Med 1993;

147:A874.

104. Criner, G. J., O’Brien, G., Furukawa, S, Cordova, F., Swartz, M., Fallahnejad,

M, D’Alonzo, G. Lung volume reduction surgery in ventilator-dependent COPD

patients. Chest 1996; 110:877–884.

105. Criner GJ, Cordova F, Furukawa S, Kuzma AM, Kreimer DT, Travaline J,

O’Brien G. Prolonged follow-up of lung volume reduction surgery (LVRS) in

ventilator-dependent COPD patients. Am J Respir Crit Care Med 1997; A602.

106. Schmid R A, Vogt P, Stocker R, Zalunardo M, Russi EW, Weder W. Lung

volume reduction surgery for a patient receiving mechanical ventilation after a

complex cardiac operation. J Thorac Cardiovasc Surg 1998; 115:236–237.

107. Hansson B, Jorens PG, van Schil P, van Kerckhoven W, van den Brande F,

Eyskens E. Lung volume reduction surgery as an emergency and life-saving

procedure. Eur Respir J 1997; 10:2650–2652.

108. Murtuza B, Keogh BF, Simonds AK, Pepper JR. Lung volume reduction surgery

in a ventilated patient with severe pulmonary emphysema. Ann Thorac Surg

2001; 71:1037–1038.

109. Hazelrigg, SR, Boley TM, Weber D, Magee MJ, Naunheim KS. Incidence of

lung nodules found in patients undergoing lung volume reduction. Ann Thorac

Surg 1997; 64:303-306.

110. McKenna RJ, Fischel RJ, Brenner M, Gelb A. Combined operations for lung

volume reduction surgery and lung cancer. Chest 1996; 110:885–888.

Lung Volume Reduction Surgery 539



111. Ojo TC, Martinez F, Paine R III, Christensen PJ Curtis J, Weg JG, Kazerooni

EA, Whyte R. Lung volume reduction surgery alters management of pulmonary

nodules in patients with severe COPD. Chest 1997; 112:1494–1500.

112. Rozenshtein A, White CS, Austin JHM, Romney BM, Protopapas Z, Krasna

MJ. Incidental lung carcinoma detected at CT in patients selected for lung

volume reduction surgery to treat severe pulmonary emphysema. Radiology

1998; 207:487–490.

113. Duarte IG, Gal AA, Mansour KA, Lee RB, Miller JI. Pathologic findings in lung

volume reduction surgery. Chest 1998; 113:660–664.

114. Keller CA, Naunheim KS, Osterloh J, Espiritu J, McDonald JW, Ramos RR.

Histopathologic diagnosis made in lung tissue resected from patients with severe

emphysema undergoing lung volume reduction surgery. Chest 1997; 111:941–947.

115. DeRose JJ, Argenziano M, El-Amir N, Jellen PA, Gorenstein LA, Steinglass

KM, Thomashow B, Ginsburg ME. Lung reduction operationand resection of

pulmonary nodules in patients with severe emphysema. Ann Thorac Surg 1998;

65:314–318.

116. Ginsburg, R. J., Rubinstein, L. V., and Lung cancer study group. Randomized

trial of lobectomy versus limited resection for T1 N0 non-small cell lung cancer.

Ann Thorac Surg 1995; 60:615–623.

117. Landreneau RJ, Sugarbaker DJ, Mack MJ, Hazelrigg SR, Luketich JD,

Fetterman L, Liptay MJ, Bartley S, Boley TM, Keenan RJ, Ferson PF, Weyant

RJ, Naunheim KS. Wedge resection versus lobectomy for stage 1 (T1 N0 M0)

non-small cell lung cancer. J Thorac Cardiovasc Surg 1997; 113:691–698.

118. DeMeester SR, Patterson GA, Sundaresan RS, Cooper JD. Lobectomy

combined with volume reduction for patients with lung cancer and advanced

emphysema. J Thorac Cardiovasc Surg 1998; 115:681–688.

119. Takizawa T, Terashima M, Koike T, Akamatsu H, Kurita Y, Yokoyama A.

Mediastinal lymph node metastasis in patients with clinical stage 1 peripheral

non-small-cell lung cancer. J Thorac Cardiovasc Surg 1998; 113:248–252.

120. Thurnheer R, Muntwyler J, Stammberger U, Bloch KE, Zollinger A, Weder W,

Russi EW. Coronary artery disease in patients undergoing lung volume reduction

surgery for emphysema. Chest 1997; 112:122–128.

121. Furukawa S, Criner GJ, O’Brien G, Kuzma AM, Jeevanandam JB, McClurken

JB, Addonizio VP. Ischemic heart disease does not preclude surgery for chronic

obstructive lung disease. Am J Respir Crit Care Med 1997; A608.

122. Liopyris P, Triantafillou AN, Sundt TM III, Block MI, Cooper J. Coronary

artery bypass grafting after bilateral lung volume reduction operation. Ann

Thorac Surg 1997; 63:1790–1792.

123. Ulicny KS Jr, Schmelzer V, Flege JB. Concomitant cardiac and pulmonary

operation: the role of cardiopulmonary bypass. Ann Thorac Surg 1992; 54:289–

295.

124. Rao V, Todd TRJ, Weisel RD, Komeda M, Cohen G, Ikonomidis JS, Christakis

GT. Results of combined pulmonary resection and cardiac operation. Ann

Thorac Surg 1996; 62:342–347.

125. Flaherty KR, Martinez FJ. Lung volume reduction surgery for emphysema. Clin

Chest Med 2000; (21)4:819–848.

126. Yusen RD, Lefrak SS, Trulock ER. Evaluation and preoperative management of

lung volume reduction surgery candidates. Clinics in Chest Medicine 1997;

18(2):199–224.

540 Criner and Cordova



13

Pulmonary Thromboendarterectomy

WILLIAM R. AUGER, PETER F. FEDULLO, KIM M. KERR,
DAVID P. KAPELANSKI, and STUART W. JAMIESON

University of California, San Diego

San Diego Medical Center

San Diego, California, U.S.A.

I. Introduction

Chronic thromboembolic (CTE) obstruction of the main, lobar, and segmental
pulmonary arteries represents a rare and atypical sequela of acute pulmonary
embolism. Depending on the extent of pulmonary vascular involvement, the
duration of obstruction, and what is likely the development of small vessel
hypertensive changes in the unobstructed pulmonary vascular bed over time,
pulmonary hypertension and cor pulmonale may ensue. If this clinical entity is
overlooked or left untreated, right ventricular decompensation and death
becomes inevitable. However, increased physician awareness and diagnostic
advances over the past few decades have resulted in greater recognition of
chronic thromboembolic pulmonary hypertension (CTEPH). And it is with the
demonstration that surgical removal of the thrombus residua can substantially
reduce pulmonary pressures and improve right ventricular function—a
procedure referred to as a pulmonary thromboendarterectomy (PTE)—that
CTEPH is now appreciated to be a form of pulmonary hypertension that is
potentially correctable by surgical means.
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II. Historical Perspective

The concept of ‘‘pulmonary heart disease’’ due to chronic thrombotic occlusion
of the small pulmonary arteries can be traced back to the early decades of the
twentieth century (1,2). Owen and colleagues have further suggested that this
‘‘rare condition’’ may result from ‘‘unrecognized emboli’’ and should be
considered in cases of severe congestive heart failure of undetermined cause (3).
In a 1956 review of the topic, Ball et al. (4) identified in the literature over 200
reported cases of massive thrombosis of the large pulmonary arteries, the first
report being attributed toHelie in 1837 (5). However, these were autopsy reports
and, for the most part, the finding of organized thrombus in the pulmonary
vessels was in association with other diseases—such as pulmonary tuberculosis,
congenital heart disease, and lung carcinoma; only occasionally was it
appreciated in the absence of another disorder. Attention to the syndrome of
chronic thrombotic occlusion of the major pulmonary arteries, and the
antemortem diagnosis of this disease, were advanced by the case reports of
Carroll (6), Owen et al. (3), Ball et al. (4), and later Hollister and Cull (7). It was
also suggested that the ‘‘syndrome occurs more often than indicated by the
number of cases reported’’ (7). In the series of five patients described by Carroll,
two patients underwent cardiac catheterization, confirming the presence of
pulmonary hypertension, and angiography was performed in one patient,
documenting the enlarged right heart chambers and complete occlusion of the
left pulmonary artery. In this same patient, a biopsy of the left pulmonary artery
was performed, providing the first antemortem tissue diagnosis of organized
thromboembolic involvement of a major pulmonary artery.

Though Hollister and Cull maintained that surgical removal of the
organized thrombus may be feasible by embolectomy or endarterectomy, the
first planned surgical treatment for chronic pulmonary embolic disease was
reported in 1958 by Hurwitt and colleagues (8). Utilizing the technique of caval
inflow occlusion, access to the thromboembolic material was through an
incision in the main pulmonary artery. During the brief period of blood flow
interruption, organized thrombus adherent to the vessel wall was ‘‘scooped
out.’’ However, cardiac arrest ensued and the patient was not successfully
resuscitated. An autopsy disclosed extensive organized thromboembolic
disease involving virtually all the lobar vessels. This first surgical experience
provided an important lesson. It illustrated the distinction between acute and
organized thromboembolic disease, the latter incorporated into the vessel wall
and necessitating an endarterectomy rather that an embolectomy to achieve a
successful surgical outcome.

The first successful pulmonary thromboendarterectomy (PTE) using
endarterectomy instruments was reported by Synder in 1961 (9). This was a
unilateral endarterectomy with a thoracotomy approach. The first PTE in
which cardiopulmonary bypass was used was reported in 1964 by Castleman et
al. (10), while Houk and colleagues (11) are credited with the first bilateral PTE
via a transverse sternotomy.
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Once it became apparent that chronic thromboembolic occlusion of the
major pulmonary vessels was a potentially treatable form of pulmonary
hypertension and cor pulmonale, several small series describing surgical
successes appeared in the literature in the 1960s and early 1970s (12–14).
Following this, Cabrol and colleagues in Paris (15), Sabiston’s group at Duke
University (16), and Moser, Utley, and later, Daily at the University of
California, San Diego (17,18), took the lead in defining the diagnostic
approach to patients with chronic thromboembolic disease, in refining the
surgical techniques in treating these patients, and in describing some of the
unique postoperative challenges encountered as a result of this surgery.
Beginning in 1987, Daily et al. published several reports that laid the
foundation for the current state of the art of pulmonary thromboendarter-
ectomy. An early report describes a novel approach to myocardial protection
during PTE surgery (19), which substantially reduced the incidence of
postoperative phrenic nerve paresis and overall mortality rates. In 1989, Daily
and colleagues outlined a standard approach for the surgical procedure (20).
The essential aspects of the surgery involved a median sternotomy, myocardial
protection consisting of single-dose cold-blood cardioplegia and a cooling
jacket placed around the ventricles, periods of intermittent circulatory arrest at
a maximum duration of 20min, and dissection of both the right and left
pulmonary arteries within the pericardial space to optimize exposure of the
major pulmonary vessels without entering the pleural space. And finally,
further modifications in surgical techniques came about with alterations in the
surgical instruments used (21). The development of specific dissectors with
suctioning capabilities allowed continuous removal of blood from the
operative field during an endarterectomy. Consequently, periods of circulatory
arrest could be substantially shortened, with a resultant decline in the incidence
of several postoperative difficulties.

Throughout the 1990s, there were few changes in the essential surgical
aspects of performing a pulmonary thromboendarterctomy. Jamieson et al.
proposed an alternative method of placing incisions in the pulmonary arteries,
thereby improving exposure within the left pulmonary artery and minimizing
the risk of vascular tears (22). Zund and colleagues suggested that PTE surgery
could be performed using normothermic cardiopulmonary bypass (23). This
group also advocated transection of the superior vena cava to improve
exposure of the right pulmonary artery. Experience with this approach,
however, has been limited.

The last two decades have witnessed an expanded worldwide experience
in the diagnosis and treatment of patients with chronic thromboembolic
pulmonary hypertension (24–32). This experience underscores the increased
recognition of this disease and the growing understanding that surgery can be a
lifesaving remedy in appropriately selected patients.
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III. Natural History

The evolution from an acute pulmonary embolus, or emboli, to the
involvement of major pulmonary arteries (segmental, lobar, or larger vessels)
with organized thrombotic residua is poorly understood. It is generally
appreciated that this sequence of events is an uncommon sequela following
acute thromboembolic occurrences. Though estimates vary, it appears that less
than 0.1% of acute pulmonary embolic survivors in the United States will
develop hemodynamically significant residua that will ultimately warrant
surgical intervention (32).

Defining an underlying predisposition to develop chronic thromboem-
bolic disease has been elusive in most patients. In those individuals with
established disease, identification of an impairment in fibrinolysis (33,34) or
defining a prothrombotic tendency occurs rarely. The presence of a lupus
anticoagulant and/or high-titer anticardiolipin antibodies can be detected in 10
to 24% of patients with chronic thromboembolic pulmonary hypertension
(35,36). Cumulatively, hereditary thrombophilias such as protein C, protein S,
and antithrombin III deficiencies are established in less than 5% of patients.
The presence of factor V Leiden has been reported in 4 to 6.5% of CTEPH
patients (36,37), while the incidence of other thrombophilic states such as
factor II mutation, the prothrombin 20210 G/A gene mutation, elevated factor
VIII levels, and hyperhomocystinemia has yet to be completely defined.

An explanation for the development of pulmonary hypertension in the
presence of chronic thromboemboli has changed over the past decade. It was
previously suggested that the progressive rise in pulmonary vascular resistance
was a result of occlusion or narrowing of the proximal pulmonary vascular bed
with recurrent, unresolved thromboemboli. Though this may the pathophy-
siological pathway in some, the observation that lung perfusion studies in most
patients change little over time, while at the same time pulmonary hypertension
develops, has prompted an alternate explanation. Though speculative, it is
believed the gradual rise in pulmonary vascular resistance is at least partially
attributed to the development of small vessel hypertensive changes in the
vascular bed uninvolved with proximal CTE disease. Supporting evidence
includes the poor correlation between the degree of pulmonary hypertension
and the extent of central pulmonary artery obstruction or partial vascular
occlusion as assessed by angiography. In addition, examining biopsied lung
tissue of CTE patients, Moser and Bloor demonstrated that small vessel
hypertensive arteriopathy, similar to that seen in primary pulmonary
hypertension patients, was found in the vascular bed uninvolved with proximal
CTE disease (38). Furthermore, following PTE surgery, lung perfusion studies
typically document a low perfusion state in nonendarterectomized (i.e.,
uninvolved with chronic thrombus) lung regions with ‘‘hyperperfusion’’
observed in areas from which organized thromboembolic material has been
surgically removed. Presumptively, this represents a shifting of blood flow from
regions of high vascular resistance to lung regions of lower resistance, a
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phenomenon referred to as ‘‘pulmonary vascular steal’’ (39). Although this
may represent a loss of normal vasoreactivity in the endaterectomized vascular
bed, the findings in Moser’s lung biopsy study makes it equally plausible that
the small vessel disease in the unobstructed lung has established a region of
relatively higher vascular resistance. Consequently, it is currently believed that
most patients with CTEPH have suffered an acute, anatomically significant
pulmonary embolic event or events that incompletely resolved. With the loss of
pulmonary vascular reserve, modest pulmonary hypertension would be present
at rest and would worsen with exercise because of the loss of adaptive
mechanisms. Over a period of time, as a result of the direct effect of these
elevated pressures and flows on the unobstructed pulmonary vascular bed or as
a result of yet undiscovered mediator-related effects, a secondary arteriopathy
develops in the distal vessels. These pathophysiological changes result in a
progressive cycle of worsening pulmonary hypertension, declining cardiac
function, and diminished exercise capabilities.

Survivorship of untreated patients suffering with chronic thromboem-
bolic pulmonary hypertension is particularly poor and correlates with the level
of pulmonary hypertension at the time of presentation. Riedel and colleagues
showed that thromboembolic patients presenting with a mean pulmonary
artery pressure between 31 to 40mmHg, a 50% survival rate over a 10-year
period was demonstrated. If the initial mean pulmonary artery pressure was 41
to 50mmHg, the survival rate declined to 20% over 10 years; it declined to 5%
for a mean pulmonary artery pressure greater than 50mmHg. In this latter
group, 2-year survival was only 20% (40). A recent report has substantiated
these early observations. Lewczuk et al. showed that in a group of 49 CTE
patients deemed unsuitable for surgery who received continuous anticoagula-
tion therapy, prognosis was adversely affected by the presence of pulmonary
hypertension (mean PA pressure greater than 30mmHg), the coexistence of
chronic obstructive pulmonary disease, and poor exercise tolerance (41).

IV. Clinical Presentation

The frequent absence of an apparent acute thromboembolic event in the past
and the unpredictable time course of developing pulmonary hypertension
accounts for the variable and often subtle manner in which patients present
clinically. The patient’s age, the presence of other comorbid diseases, and an
individual’s state of conditioning (i.e., athletic versus sedentary) will further
influence the timing and degree of clinical difficulties experienced by the CTE
patient at the time of initial presentation. The most common presenting
complaints are exertional dyspnea and a progressive decline in exercise
tolerance. The basis for this seems to be a limitation in cardiac output related
to the elevation in pulmonary vascular resistance, along with an increase in
dead-space ventilation. A nonproductive cough, atypical chest pains (usually
pleuritic in character), and palpitations are variably reported by patients with
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chronic thromboembolic pulmonary hypertension. Hemoptysis is an infre-
quent occurrence. A change in voice quality or hoarseness may result from left
vocal cord dysfunction, a consequence of the recurrent laryngeal nerve
compressed between the aorta and an enlarged left main pulmonary artery.
Late in the course of the disease, as right ventricular function is unable to
accommodate normal metabolic demands, exertion-related dizziness, syncope
provoked by a sudden fall in venous return (e.g., coughing or bending over),
resting dyspnea, and exertional chest pain can be observed.

For otherwise healthy individuals accustomed to higher levels of activity,
a change in exercise tolerance is generally recognized at an earlier stage of
pulmonary hypertension than those who lead more sedentary lives. These same
individuals will usually blame their symptoms on deconditioning or advancing
age. The presence of another medical condition, such as mild parenchymal lung
disease or intrinsic heart disease, can further complicate the initial presenta-
tion. In such a situation, a decline in exercise tolerance is often attributed to an
exascerbation of the known disease state. And finally, exertional dypnea is
nonspecific to chronic thromboembolic disease. Such a complex interplay of
circumstances contributes to the usual diagnostic delay in this disorder. For
these reasons, patients with CTEPH typically have been labeled with an
alternative diagnosis during the course of their initial evaluation, such as new-
onset ‘‘asthma,’’ valvular heart disease, or psychogenic dyspnea. It has also
been demonstrated that the delay in achieving the correct diagnosis from the
onset of cardiopulmonary symptoms ranges between 2 and 3 years (24,32).

Physical examination findings reflect the stage at which CTE patients
present in the course of their disease. In the absence of right heart dysfunction,
exam findings attributable to CTEPH can be subtle. The classic findings of
pulmonary hypertension—a right ventricular lift, an accentuated pulmonic
component of the second heart sound, a right ventricular S4 gallop, and
tricuspid regurgitation—can be difficult to discern. This is particularly the case
if the clinician is not considering the possibility of CTEPH. An obese patient or
one who presents with coexisting cardiopulmonary disease can also make these
exam findings difficult to detect. Jugular venous distension, severe tricuspid
regurgitation, a right ventricular S3 gallop, hepatomegaly, ascites, peripheral
edema, and cyanosis are physical signs suggestive of more significant right
heart dysfunction. For patients with a history of lower extremity venous
thrombosis, edema, and venous stasis skin discoloration may be evident. The
presence of pulmonary flow mumurs (42) can also be demonstrated in
approximately 30% of patients with chronic thromboembolic pulmonary
hypertension. These bruits result from turbulent flow across narrowed,
partially obstructed large pulmonary arteries, are high-pitched and blowing
in quality, are auscultated over the lung folds rather than the precordium, and
are most apparent during an end-inspiratory, breath-holding maneuver. These
bruits, however, are not unique to chronic thromboembolic disease. They have
been described in other disease states associated with focal narrowing of large
pulmonary arteries, such as congenital branch stenoses and pulmonary
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arteritis. They are not a finding in primary pulmonary hypertension (PPH),
which is a common competing diagnosis.

V. Diagnostic Evaluation

The initial evaluative studies in the assessment of a patient complaining of
exertional dyspnea or a change in exercise tolerance may provide few clues to
the presence of pulmonary hypertension due to chronic thromboembolic
disease. Routine hematological and blood chemistry tests are generally
unremarkable early in the course of CTEPH. Long-standing hypoxemia may
result in a secondary polycythemia. A modest thrombocytopenia and a
prolonged activated partial thromboplastin time (in the absence of heparin
anticoagulation) can be observed in those patients with a lupus anticoagulant.
Liver function studies may be abnormal from hepatic congestion in the setting
of significant right ventricular dysfunction and elevation of right atrial
pressure. A poor cardiac output and consequent reduction in renal blood flow
may manifest itself in an elevation of blood urea nitrogen, serum creatinine,
and uric acid levels (43).

Pulmonary function testing is frequently obtained in the evaluation of
patients complaining of exertional dyspnea. Lung volume and airflow
abnormalities attributable to CTEPH are relatively minor; therefore these
studies are most useful in excluding coexisting parenchymal or obstructive
airways disease. Approximately 20% of patients demonstrate mild to moderate
lung restriction due to the presence of parenchymal scarring from prior lung
infarction (44). A modest reduction in single-breath diffusing capacity for
carbon monoxide (DLCO) can be present in CTEPH (45), though a normal
value does not exclude the diagnosis. Severe reduction in DLCO (i.e., <50%
predicted) is rarely a feature of major vessel CTE disease and should suggest an
alternative diagnosis that significantly involves the small pulmonary vascular
bed (46). Resting blood gas analysis frequently shows an arterial oxygen level
(PaO2

) to be within normal limits, though dead-space ventilation is often
elevated. With exercise, many CTEPH patients will experience a decline in PaO2

and an abnormal increase in dead-space ventilation. The hypoxemia seems to
be related to ventilation perfusion inequalities and an insufficient cardiac
output, reflected in a low mixed venous oxygen saturation (47). Hypoxemia at
rest in this patient population implies severe compromise of right heart
function or the presence of a right-to-left shunt through a patent foramen
ovale.

Depending on the stage of the disease, chest radiographic findings in
CTEPH can range from relative few and subtle irregularities to several distinct
abnormalities suggestive of the diagnosis (48). In the absence of coexisting
parenchymal lung disease, the lung fields are typically free of infiltrates, though
regions of hypoperfusion or hyperperfusion—the latter sometimes appearing
as a prominent interstitial pattern—may be present. Peripheral lung field
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opacities consistent with scarring from previous infarctions can be seen in
hypoperfused lung regions, frequently accompanied by pleural thickening.
Pleural effusions are uncommon unless right ventricular dysfunction, a high
right atrial pressure, volume overload and ascites are prominent clinical
features. Enlargement of the right ventricle and pulmonary outflow tract are
evident on lateral films with obliteration of the retrosternal space. Dilatation of
the central pulmonary vessels is reflective of long-standing pulmonary
hypertension. Unlike the symmetrical enlargement of the proximal vessels in
small vessel pulmonary hypertension, CTEPH patients often demonstrate
irregularly shaped, asymmetrically enlarged pulmonary arteries (49). The
discrepancy in the size of the central pulmonary vessels may be so dramatic
that agenesis of one of the main pulmonary arteries is suggested (50). Also, the
unusual contour of the pulmonary vessels is frequently interpreted as
adenopathy, which is an important distinction to be made.

In the absence of an apparent pulmonary cause for a patient’s exertional
dyspnea, a cardiac etiology and, more specifically, a pulmonary vascular source
should be explored. Echocardiography is an effective noninvasive study to
screen for the presence of pulmonary hypertension. As an initial diagnostic
tool, it is also helpful in excluding significant left ventricular dysfunction or
mitral valve disease, which may be the basis for the elevated pulmonary
pressures. Available technology allows for the estimate of pulmonary artery
systolic pressure with Doppler assessment of the degree of tricuspid
regurgitation in addition to an estimate of the cardiac output. Right heart
chamber enlargement, paradoxical interventricular septal motion, and
encroachment of an enlarged right ventricle on left ventricular filling are
consequences of pulmonary hypertension, which can be further demonstrated
by echocardiography (51). The venous injection of ‘‘contrast’’ or agitated saline
during an echocardiogram will sometimes detect the presence of intracardiac
shunting, as with a patent foramen ovale or septal defect. In those patients with
only mild pulmonary hypertension and right ventricular enlargement at rest,
echocardiography during exercise may document a substantial rise in
pulmonary artery pressures, along with an abnormal increase in right heart
size.

Once the diagnosis of pulmonary hypertension has been established or is
strongly suspected, the focus of the evaluation turns to distinguishing between
major vessel occlusive disease and small vessel pulmonary vascular disease. In
most cases, a lung ventilation perfusion ( _VV= _QQ) scan is a noninvasive means of
achieving this end. Patients with major-vessel CTE disease will exhibit multiple
segment–sized or larger perfusion defects in lung regions with normal
ventilation (Fig. 1). This is in contrast to the normal or subsegmental
‘‘mottled’’ perfusion pattern seen in small vessel disease such as primary
pulmonary hypertension (52). However, during the process of organization,
proximal vessel thromboemboli may recanalize or narrow the vessel in such a
way that radiolabeled macroaggregated albumin may pass beyond the point of
partial occlusion. Two additional observations can be made about perfusion
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scans in CTEPH patients. ‘‘Gray zones,’’ or regions of relative hypoperfusion,
are frequently observed; as a result, lung perfusion studies often underestimate
the degree of vascular obstruction caused by proximal vessel chronic
thromboembolic disease (53). Furthermore, the finding of mismatched
segmental perfusion defects is not specific for chronic thromboembolic disease.
Other disease entities that lead to occlusion of the central pulmonary arteries
can present such a pattern on _VV= _QQ scan. Extrinsic compression of the central
pulmonary arteries (as seen with mediastinal adenopathy or fibrosis), primary
pulmonary vascular tumors, and large vessel arteritis are examples of such
competing considerations. Consequently, additional imaging studies are
necessary to define the pulmonary vascular anatomy and to establish diagnosis.

Over the past decade, with available high-speed technology, computed
tomography (CT) of the chest has been increasing utilized in the evaluation of

Figure 1 Lung perfusion scan in a patient with chronic thromboembolic pulmonary

hypertension. Ventilation study was normal.
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the pulmonary vascular bed. CT findings in chronic thromboembolic disease
include a mosaic perfusion of the lung parenchyma; pulmonary vessel
enlargement with variation in the size of segmental vessels, appearing relatively
small in affected lung regions; peripheral, scar-like densities in hypoattenuated
lung regions; and the presence of mediastinal collateral vessels (54–57). Related
to the presence of pulmonary hypertension are enlarged central pulmonary
arteries, right atrial and right ventricular enlargement, pleural and pericardial
effusions, and ascites with accompanying liver engorgement. With contrast
enhancement and distinct from the intraluminal defects seen with acute
thrombemboli, chronic thrombus will typically appear to line the larger
pulmonary vessels in either a concentric or eccentric fashion (Fig. 2).

The role of CT in the evaluation of patients with suspected chronic
thromboembolic disease is yet to be fully defined. CT imaging has considerable
value in those cases where there is a possible alternative explanation for
encroachment on the major pulmonary vessels. Examples include hilar or
mediastinal adenopathy, such as that seen in fibrosing mediastinitis (58,59);
adenopathy with parenchymal lung lesions suggestive of sarcoidosis or
carcinoma (60); and intraluminal occlusive or partially occlusive lesions
involving the pulmonary outflow tract or main pulmonary arteries character-
istic of primary pulmonary vascular tumors (59,61). In addition, CT imaging of
the chest provides useful anatomical information on the status of the lung
parenchyma in patients with coexisting emphysematous or restrictive lung
disease. Problematic, however, is the observation that chronic thromboemboli
usually organize and become endothelialized in such a manner that their
presence on CT angiography may not be apparent. Consequently, the absence
of ‘‘lining thrombus’’ involving the central pulmonary arteries does not exclude
the diagnosis of chronic thromboembolic disease or the possibility of surgical
intervention. Conversely, the demonstration of centrally located thrombus
does not uniformly confirm the diagnosis of surgically accessible chronic

Figure 2 Contrast CT scan in a CTEPH patient. Thrombus lines the enlarged left

main pulmonary artery.
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thromboembolic disease. Central thrombus demonstrated by CT has been
described in PPH and other types of end-stage lung disease (62,63). Surgical
endarterectomy in these cases not only presents a substantial mortal risk but is
unlikely to mitigate the existing pulmonary hypertension. Historical informa-
tion is typically helpful in establishing the correct diagnosis and, for most of
these patients, the perfusion lung scan shows either a normal perfusion pattern
or one with minimal defects (Fig. 3).

Given the diagnostic shortcomings with other imaging modalities,
pulmonary angiography, in the vast majority of cases, is the most reliable
means of defining the extent and proximal location of suspected chronic
thromboembolic lesions. Though performance of angiography in the setting of
pulmonary hypertension often is viewed with trepidation, the risks can be
minimized in skilled hands and with appropriate precautions (64,65). For
CTEPH patients, the benefit of pulmonary arteriography is in establishing the
diagnosis and providing critical information for determining surgical candi-
dacy. The angiographic appearance of CTE disease reflects the complex pattern
of organization and recanalization that occurs following an acute thromboem-
bolic event. Consequently, chronic thromboemboli are angiographically
distinct from the well-defined intraluminal filling defects seen with acute
pulmonary emboli. Several angiographic patterns have correlated with the
presence of chronic thrombus. These include vascular webs or band-like
narrowings, intimal irregularities, ‘‘pouching defects,’’ abrupt and often angular
narrowing of major pulmonary arteries, and obstruction of pulmonary vessels,
frequently at their point of origin and in the absence of an apparent intraluminal
filling defect (66). In most CTE patients, two or more of these angiographic
findings are present and are distributed in both lung fields (Fig. 4).

Competing diagnoses can present angiographic findings similar to those
seen in major vessel chronic thromboembolic disease. Band-like vessel
narrowing is a feature of medium or large vessel pulmonary arteritis
(Takayasu’s arteritis) (67,68); when primarily involving numerous segmental
vessels, it is a hallmark finding in congenital stenosis of the pulmonary arteries
(69). Total or partial obstruction of the central pulmonary vessels—
particularly in the case of unilateral disease—may be the consequence of
extravascular pathology (lymphadenopathy, carcinoma, fibrosis) or intravas-
cular occlusive disease (primary pulmonary vascular tumor).

Despite the values of pulmonary angiography in this patient population,
there remains a subgroup of patients where the diagnosis of CTE disease and
surgical accessibility of the CTE lesions are not completely addressed with
angiography alone. In approximately 20 to 25% of CTEPH patients,
visualization of the vascular intima with pulmonary angioscopy has proven
to be a useful evaluative tool (70). This fiberoptic device can be introduced into
the pulmonary vascular bed through a central venous access; with inflation of a
balloon tied to the tip of the angioscope, blood flow is briefly interrupted
allowing the walls of the pulmonary arteries to be visualized. The angioscopic
appearance of organized thromboemboli consists of roughening or pitting of
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Figure 3 (a) Lung ventilation/perfusion scan in a patient with severe pulmonary

hypertension (PVR) (1659 dynes/sec/cm5). Poor ventilation of the left lung (upper

panel) with left upper lobe perfusion defects. Right-lung perfusion is essentially normal.

(b) Contrast CT scan in the same patient shown in Figure 3a showing extensive

thrombus involving the right main pulmonary artery (PA) and lining the left descending

PA. (c) Large amount of thrombus removed with endarterectomy, though without

‘‘tails’’ from lobar or segmental vessels. No hemodynamic improvement (postoperative

PVR 1506 dynes/sec/cm5) or change in lung scan resulted from the operation.
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the intimal surface, ‘‘bands’’ traversing the vascular lumen, irregularly shaped
vessel ostia, and ‘‘recanalization’’ or the presence of multiple channels where a
single lumen should occur (Fig. 5). This procedure has proved most useful in
confirming operability in patients with severe pulmonary hypertension who
would not have been deemed surgical candidates based on angiographic
findings alone and in predicting a beneficial hemodynamic outcome in patients
with modest pulmonary hypertension in whom pulmonary angiography did
not precisely define the proximal extent of CTE disease (71).

Important in the selection of suitable candidates for pulmonary
thromboendarterectomy is defining the presence of coexisting cardiac disease.
In those patients at risk for coronary artery disease or in whom echocardio-
graphy has revealed previously undetected left ventricular dysfunction or
valvular heart disease, coronary arteriography and left heart catheterization
provide essential supplemental information in the assessment of the CTEPH
patient.

VI. Pulmonary Thromboendarterectomy

Patients with suspected chronic thromboembolic pulmonary hypertension
undergo evaluation with the goals of (1) establishing the need for surgical
intervention, (2) determining the surgical accessibility of the chronic

Figure 3 Continued.
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Figure 4 (a and b) PA and lateral views, right pulmonary arteriogram in a CTEPH

patient. Features of chronic thromboembolic disease include the narrowed and

irregularly shaped interlobar vessel; the occluded middle lobe, anterior and posterior

upper lobe arteries; and a ‘‘pouch defect’’ (arrows) at the origin of the lower lobe

arteries.
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thromboemboli, and (3) assessing the risk of surgery in the individual patient.
The majority of patients who ultimately go on to surgery exhibit a pulmonary
vascular resistance greater than 300 dynes/sec/cm�5. At centers reporting their
experience with PTE surgery, preoperative pulmonary vascular resistance is
typically in the range of 700 to 1100 dynes/sec/cm5 (24–32). At this level of
pulmonary hypertension, a patient’s impairment at rest and with exercise can
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be considerable; in the absence of surgical intervention, prognosis is poor
(40,41). For those patients with less severe pulmonary hypertension, surgery is
considered based on individual circumstances. For some with CTE disease,
mild to moderate pulmonary pressures at rest can become significantly elevated
with exertion. Though not as yet fully substantiated, it is suspected that these
high pressures and/or flow states over a prolonged period of time contribute to
the development of a small vessel arteriopathy in the unobstructed vascular
bed. With time, pulmonary hypertension worsens and the need to proceed with
surgery becomes more pressing. Patients with this hemodynamic profile often
find their functional status unacceptable, and with the knowledge that their
pulmonary pressures and right heart function will deteriorate, will elect to have
surgery. However, in the absence of surgical intervention at this stage of CTE

Figure 5 Pulmonary angioscopic views of the vascular intima. (a) Smooth white

intima at the bifurcation of a normal pulmonary artery. (b and c) Appearance of

recanalization in an organized thrombus. (d) Semiorganized thrombus lining a

pulmonary artery.
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disease, diligent follow-up of an individual’s symptoms and hemodynamic
status is imperative. And for those with minimal or mild pulmonary
hemodynamic difficulties, the decision to undergo a pulmonary thromboen-
darterectomy is one based on an assessment of risks and possible long-term
benefits of surgery. In this category are patients with involvement of one main
pulmonary artery, those with vigorous lifestyle expectations (e.g., athletes), and
those who live at altitude. Symptomatic limitation in this group is usually a
function of elevated dead-space and minute ventilatory demands and a
restriction on maximal cardiac output with exercise.

An absolute criterion for surgery is the presence of accessible chronic
thrombi as assessed by pulmonary angiography or angioscopy. The experience
of the surgical team will dictate what can be considered ‘‘accessible.’’ Current
surgical techniques allow removal of organized thrombi in the main and lobar
levels, extending to the proximal segmental vessels. However, dissection of
segmental-level thrombus requires greater surgical skill and experience. In
either situation, an accurate determination of accessible disease, and a
prediction that the removal of these lesions will reduce right ventricular
afterload and pulmonary pressures, are essential to a successful surgical
outcome. Especially in those patients with severe pulmonary hypertension and
right ventricular dysfunction preoperatively, failure to endarterectomize
sufficient thromboembolic material to reduce the pulmonary vascular
resistance is associated with a greater perioperative mortality rate and poorer
long-term outcome (72,73).

The third consideration in assessing surgical candidacy is the presence of
comorbid conditions that may adversely affect perioperative mortality or
morbidity. Coexisting coronary artery disease, parenchymal lung disease, renal
insufficiency, hepatic dysfunction, or the presence of a hypercoaguable state
may complicate patient management during the postoperative period.
However, the reversal of pulmonary hypertension and right ventricular
dysfunction with PTE surgery will often improve hepatic and renal function
postoperatively; for those patients with coronary artery or valvular heart
disease, coronary artery bypass grafting or valve replacement can be performed
at the time of the thromboendarterectomy without an increase in surgical risk
(74). Consequently, advanced age or the presence of collateral disease is not an
absolute contraindication to pulmonary thromboendarterectomy, although
both age and disease do impact risk assessment and affect postoperative
management strategies. One exception seems to be the presence of severe
parenchymal or obstructive lung disease. The postoperative course in these
patients is frequently complicated by prolonged ventilatory support, and the
cardiopulmonary benefits of thromboendarterectomy often result in minimal
symptomatic improvement. The limitations of surgery in this patient
population require careful disclosure to the individual and his or her family
prior to proceeding with the thromboendarterectomy.

Though details of the surgical procedure have been described elsewhere
(75,76), there are several features of the operation that should be highlighted.
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Surgical success is founded on the concept that a true endarterectomy to
remove the organized thrombi is to be accomplished, not an embolectomy.
Removal of nonadherent, partially organized thrombus within the lumen of the
central pulmonary arteries is ineffective in reducing right ventricular afterload.
An endarterectomy involves identification of the endothelialized thrombus,
and creation of a dissection plane—often down to the media of the vessel—to
adequately free the thrombotic residua from the central vascular bed.

The operation is performed through a median sternotomy. This allows
access to the central pulmonary vessels of both lungs. As patients with
significant CTEPH will have bilateral disease, the advantages to this approach
are evident. A sternotomy also avoids the pleural space and potential
disruption of pleural adhesions and the hypertrophic bronchial blood vessels
that develop as a result of chronically obstructed pulmonary arteries.
Furthermore, if other cardiac procedures are required, such as coronary artery
or valve surgery, adequate exposure with this approach is already achieved.
Between January 2000 and August 2001, a total of 200 CTEPH patients
underwent PTE surgery at the University of California, San Diego (UCSD). In
this group, 57 patients (30.3%) underwent right atrial exploration and closure
of a patent foramen ovale; 20 patients (10%) required coronary bypass graft
surgery; and 2 patients (1%) required valve surgery (pulmonary valvuloplasty,
tricuspid valve repair with annuloplasty ring) in addition to their pulmonary
thromboendarterectomy.

Cardiopulmonary bypass (CPB) with periods of circulatory arrest is
essential to ensure optimal exposure of the pulmonary vascular intima in a
bloodless field. The significant back-bleeding created by bronchial arterial
blood flow is mitigated by interruption of CPB. These circulatory arrest
periods are limited to 20min, with resumption of blood flow and restoration of
mixed venous O2 saturation between each interruption. With experience,
endarterectomy of either the right or left pulmonary vessel can usually be
completed within the time constraint of one arrest period. This exposure allows
the circumferential dissection of thromboembolic residua from the involved
lobar, segmental, and subsegmental vessels (Fig. 6).

Safeguards to ensure tissue integrity are an integral component of this
surgical procedure, allowing circulatory arrests to be accomplished without
adverse consequences. Though standard flow for cardiopulmonary bypass is
used, the patient is systemically cooled to 20 8C. Hemodilution to a hematocrit
in the range of 18 to 25% is performed to decrease blood viscosity during
hypothermia and to optimize capillary blood flow. Additional cerebral
protection is provided by surrounding the head with ice and a cooling blanket;
phenytoin is administered intravenously during the cooling period to reduce
the risk of perioperative seizure activity. When the patient’s temperature
reaches 20 8C, the aorta is cross-clamped and a single dose of cold cardioplegic
solution is administered. Further myocardial protection is achieved with the
use of a cooling jacket wrapped around the heart. Following cross-clamping of
the aorta, thiopental is then administered until the electroencephalogram
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(EEG) becomes isoelectric. When the patient is cooled to the optimal level of
hypothermia, periods of circulatory arrest can be initiated. During these
periods, all monitoring lines to the patient are turned off to prevent air
aspiration, and the patient is exsanguinated. The endaterectomy can proceed at
this point, usually first on the right side, then on the left. After completion of
the endarterectomy, cardiopulmonary bypass is resumed and rewarming
commenced. A gradient of 10 8C is maintained between the perfusate and body
temperature during rewarming; doses of methylprednisolone and mannitol are
administered at this point in the operation. Given the high incidence of sinus
arrest within the first 24 hr postendarterectomy, atrial and ventricular
epicardial wires are placed; mediastinal chest tubes also are left in place to
evacuate any accumulated blood during the first 2 to 3 postoperative days.
Following rewarming and successful defibrillation of the heart, cardiopulmon-
ary bypass is discontinued and mechanical ventilation resumed.

Over the past few years, modifications of the surgical approach have been
suggested in an effort to decrease risk and improve hemodynamic outcome.
Dartevelle and colleagues have suggested the use of intraoperative video-
assisted angioscopy to increase visibility in the distal pulmonary arteries,
potentially allowing surgical intervention in patients with previously inacces-
sible disease (77). Division rather than retraction of the superior vena cava to
improve exposure of the right pulmonary artery has been advocated by

Figure 6 Chronic thromboembolic material removed at the time of thromboendarter-

ectomy.
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Zund et al. (23). Selective antegrade cerebral perfusion during circulatory
arrest has been proposed to decrease the risk of neurological sequelae (78).

VII. Postoperative Care

Several problems encountered following PTE surgery are similar to those
experienced by patients undergoing other forms of cardiac surgery. Coagula-
tion disorders, arrhythmias, wound infections, delirium, pleural and pericardial
effusions, atelectasis, and nosocomial infections are among the difficulties
faced by this patient population (79). Table 1 depicts the incidence of the more
common complications in 200 operated patients at UCSD between January
2000 and August 2001. One of the most difficult problems following PTE
surgery, and one which substantially contributes to postoperative mortality, is
the development of reperfusion lung injury (80). The exact pathophysiological
basis for this lung injury remains uncertain, though both clinically and
biochemically it seems to demonstrate features of a localized form of high-
permeability, neutrophil-mediated lung damage. The onset of this acute lung
injury typically occurs within the first 24 hr postoperatively, though it may
appear up to 72 hr after surgery. It is highly variable in severity, ranging from
mild to moderate hypoxemia in most affected patients to profound alveolar
hemorrhage, which is most often fatal. Seemingly unique to this form of lung
injury is that it is usually limited to endarterectomized lung regions. It is in
these same lung regions that pulmonary arterial blood flow is preferentially
redistributed, causing a greater degree of transpulmonary shunting and
hypoxemia. This phenomenon, referred to as pulmonary vascular ‘‘steal’’
(39), further complicates the postoperative management of patients suffering
from reperfusion lung injury.

The management of reperfusion lung edema is, to a large extent,
supportive until resolution occurs. High-dose corticosteroids have been used to

Table 1 Postoperative Complications in 200 PTE Patients Who Underwent Surgery at

UCSD Between January 2000 and August 2001

Complication Number of patients %

Reperfusion lung Injury 65 32.5

Persistent pulmonary

hypertensiona
28 14.4

Atrial fibrillation-flutter 26 13.0

Delirium 21 10.5

Nosocomial lung infection 21 10.5

Wound infection 6 3.0

a Postoperative pulmonary vascular resistance > 500 dyne/sec/cm�5; complete perioperative

hemodynamic values available in 195 patients.
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modulate the inflammatory component of the process, though their effective-
ness is unpredictable and frequently minimal. Positional changes occasionally
improve _VV= _QQ mismatch, though again this is not a uniformly useful
intervention. The use of inverse-ratio ventilation, a low-volume ventilatory
strategy to minimize the risk of ongoing alveolar damage or incremental levels
of positive end-expiratory pressure have variably proved useful in improving
_VV= _QQ relationships and gas exchange when conventional ventilator therapy has
failed. In extreme situations, extracorporeal support (ECCO2R) has been used
successfully in patients where aggressive conventional measures have been
inadequate to maintain oxygenation. In a recent study of 47 patients
undergoing PTE surgery, the postoperative avoidance of positive inotropic
catecholamines and vasodilators, along with a strategy of low-volume (<8mL/
kg) ventilation, resulted in a lower incidence of reperfusion pulmonary edema
(81).

Persistent pulmonary hypertension following PTE surgery is a particu-
larly difficult management problem and, like reperfusion lung injury, remains a
major cause of postoperative mortality. In the immediate postoperative period,
those patients left with residual pulmonary hypertension can exhibit significant
hemodynamic instability. This situation results not only from persistently
elevated right ventricular afterload but also from the adverse physiological
consequences of prolonged cardiopulmonary bypass, deep hypothermia, a
residual metabolic acidosis, and hypoxemia. Management goals focus on
minimizing systemic oxygen consumption, optimizing right ventricular pre-
load, and providing inotropic support. Pharmacological attempts at right
ventricular afterload in this patient population often is ineffectual, as
pulmonary vascular resistance is fixed and risks provoking a decrease in
systemic vascular resistance, systemic blood pressure, and coronary artery
perfusion pressure. Inhaled nitric oxide has a theoretical advantage in this
setting, with its pulmonary vasodilatory properties and negligible systemic
effects. However, anecdotal experience with this intervention in the setting of
persistent postoperative pulmonary hypertension has been disappointing. If the
patient survives the immediate postoperative period, long-term pulmonary
vasodilator therapy, such as the continuous intravenous administration of
epoprostenol, should be considered (82).

VIII. Outcome Following Pulmonary
Thromboendarterectomy

Though early reports describing the surgical treatment of CTEPH acknowl-
edged the postoperative improvement in pulmonary hemodynamics, it was
frequently cited that the mortal risk of the procedure was high. In a 1984
review of the world’s experience with PTE surgery, Chitwood and colleagues
described 85 patients having undergone this operation between 1960 and 1983.
The combined mortality rate of this group was 22%, with one center in their
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review with a postoperative mortality rate of 40% (83). Despite these early
figures, progress in the surgical approach to these patients was sustained
primarily because medical therapies were ineffective, surgery had the potential
of substantially improving pulmonary hemodynamics, and survival in
untreated patients was poor. To date, it is estimated that approximately
2000 thromboendarterectomy procedures have been performed worldwide,
with over 1400 of these at the University of California, San Diego (84). In
reported series of PTE patients since 1996, in-hospital mortality rates range
between 5 and 24% (24–31,76). In the 31-year history of thromboendarter-
ectomy operations at UCSD, a trend of declining mortality rates has been
noted (73). Between 1970 and 1983, the group of 17 patients undergoing PTE
surgery at UCSD exhibited a 17.6% in-hospital mortality rate. From January
1984 to November 1989, the mortality rate in 171 operated patients was 15.2%.
With the current medical-surgical team providing care for the PTE patients, the
mortality rate between the end of 1989 and 1992 was 7.2% of 207 operated
patients; since 1993, an additional 1022 patients have undergone surgery with
an in-hospital mortality rate of 6.7%.

The factors affecting perioperative mortality have not been completely
defined. In global terms, it has been suggested that experience in patient
selection as well as in the surgical and postoperative management of the
patients can positively influence mortality figures. Moser and colleagues
reported several factors that appeared to impact survivorship postoperatively:
New York Heart Association (NYHA) functional class IV status preopera-
tively, age older than 70 years, morbid obesity, the presence of significant
comorbid diseases, the severity of preoperative pulmonary vascular resistance,
the presence of right ventricular failure as manifest by high right atrial
pressures, and ‘‘perhaps’’ the duration of pulmonary hypertension (85).
Recently, Hartz et al. found that a preoperative pulmonary vascular resistance
greater than 1100 dynes/sec/cm5 and a mean pulmonary artery pressure greater
than 50mmHg predicted a higher operative mortality (26). However, this
observation was not substantiated in the report of D’Armini and colleagues
(31). They were unable to demonstrate that the preoperative severity of
pulmonary hypertension or the degree of cardiac failure correlated with early
postoperative death. Tscholl et al., in a study of 69 PTE patients, showed that
older age, increased right atrial pressure, decreased cardiac output, a higher
NYHA functional class, a greater number of involved pulmonary segments,
and higher pulmonary vascular resistance (>1136 dynes/sec/cm5) influenced
hospital mortality (86). Mares and colleagues also demonstrated that
postoperative management strategies could affect outcome (81). Combining
a low tidal volume (<8mL/kg) ventilator strategy with the avoidance of
positive inotropic catecholamines and vasodilators in the postoperative period,
this group was able to achieve lower in-hospital mortality rates (9.1 versus
21.4%).

Attributable causes of death following PTE surgery vary considerably
and relate to the complexities of the surgical procedure and to the
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postoperative difficulties experienced by this patient population. Cardiac
arrest, uncontrollable mediastinal bleeding, cerebrovascular accidents, myo-
cardial injury, massive pulmonary hemorrhage, sepsis syndrome, and multi-
organ failure are among the causes of death cited (18,22,26,28–31,86).
However, most deaths postendarterectomy have resulted from unremitting
reperfusion lung injury or persistent pulmonary hypertension and right
ventricular failure. At UCSD, between January 1984 and November 1995,
one or both of these postoperative complications accounted for 54.2% of the
deaths in 651 patients (73).

In the majority of CTEPH patients undergoing thromboendarterectomy
surgery, the hemodynamic and functional outcomes have been outstanding.
With restoration of blood flow to previously occluded lung regions, an
immediate reduction in right ventricular afterload occurs, resulting in a decline
in pulmonary arterial pressures and an augmentation in cardiac output. This
postoperative improvement in pulmonary hemodynamics has been reported by
several groups (22,26–30,77,81,87); data available from UCSD between
January 2000 and August 2001 are presented in Table 2. Postoperative
echocardiographic findings further document the improvement in cardiac
function and pulmonary hemodynamics following surgery. Dittrich and
colleagues performed two-dimensional echocardiography 8+ 8 days before
and 6+4 days after PTE surgery in 30 patients. They demonstrated a
significant decrease in end-diastolic right ventricular size postoperatively,
accompanied by a more normal position of the interventricular septum, a
moderate increase in left ventricular end-diastolic size, a reduction in right
atrial size, and a reduction in the caliber of the inferior vena cava (88). Menzel
et al. reported similar findings in 14 patients within 18+ 12 days post
thromboendarterectomy (89).

The long-term results following PTE surgery have been similarly
impressive. Sustained hemodynamic improvement (>3 months postopera-
tively) has been reported by numerous groups, accompanied by substantial
gains in functional status when compared to their preoperative state

Table 2 Perioperative Hemodynamics in 200 PTE Patientsa Who Underwent Surgery

at UCSD Between January 2000 and August 2001

Preoperative Postoperative p valueb

Mean PA pressure (mmHg) 46.4þ /� 9.8 29.3þ /� 10.5 p< 0.001

PA systolic pressure (mmHg) 76.2þ /� 16.1 49.2þ /� 17.4 p< 0.001

Cardiac output (L/min) 3.58þ /� 1.18 5.50þ /� 1.56 p< 0.001

PVR (dyne/sec/cm�5) 960þ /� 423 331þ /� 249 p< 0.001

a Complete pre- and postoperative hemodynamic numbers available in 195 patients; postoperative

values within 72 hr following surgery. b Two-tailed student’s t-test.

Key: PA, pulmonary artery; PVR, pulmonary vascular resistance.
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(25,31,77,90,91). A corresponding improvement in gas exchange over time also
has been noted (92,93).

In a large cross-sectional study, Archibald and coworkers examined
functional status and quality-of-life issues in a cohort of 308 patients having
undergone PTE surgery between 1970 and 1994 (94). At an average of 3.3 years
following surgery (range 1–16 years), 93% of 306 respondents identified their
functional status as NYHA class I or II. Most patients (63% of 303
respondents) reported no dyspnea walking on a level surface; 73.2% of
patients noted their dyspnea to be ‘‘much improved’’ when asked to rate their
shortness of breath since surgery; and 89.6% of 275 respondents were no longer
using supplemental oxygen, with the mean duration of oxygen use post PTE of
7.1 weeks (range 1–64 weeks). In the evaluation of employment status, 133
patients, or 43.3% of the surveyed group, returned to work following their PTE
surgery. Though 51 of these individuals were employed prior to the operation,
82 patients were able to resume gainful employment. Sixty three patients, or
20.5% of the respondents, were disabled prior to surgery and remained
disabled. This study also examined long-term survivorship in this patient
population. With data obtained in 532 patients, there was a 75% probability of
survival beyond 6 years. The majority of posthospital deaths in this cohort
were unrelated to pulmonary vascular difficulties; however, persistent
pulmonary hypertension or recurrent pulmonary emboli contributed to 22 of
the 51 deaths.

IX. Future Directions

Pulmonary thromboendarterectomy has proven to be an effective means of
treating selected patients with chronic thromboembolic pulmonary hyperten-
sion. And despite the tremendous advances in the diagnostic approach, surgical
management, and postoperative care of these patients, there remain numerous
questions to be answered to further reduce the morbidity and mortality of this
disease process. The predisposition to chronic thromboembolic disease in some
patients suffering an acute pulmonary embolus and the subsequent hemody-
namic progression over time remains a mystery in most individuals. The ability
to identify those CTE patients with extensive, coexisting small vessel
pulmonary vascular disease who would not benefit from PTE surgery
continues to be a challenge even for the most experienced diagnostician. If
surgery fails to improve pulmonary hemodynamics and a patient is left with
significant pulmonary hypertension, the ideal approach to long-term therapy
has yet to be defined. Finally, this patient population offers a unique
opportunity to enhance our understanding of the mechanisms underlying acute
lung injury. With these insights, novel therapeutic interventions and manage-
ment strategies can be evaluated with the hope of positively impacting patient
outcome.
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I. History

Chronic lung diseases affect 29 million Americans (1). The limitations of
medical management for end-stage crippling lung disease have been a physical
burden to millions of patients and an intellectual and emotional burden to their
treating physicians. The prevalence of non-neoplastic lung disease, with its
associated mortality and morbidity, coupled with surgical innovation, fostered
the early canine experiments in lung transplantation in the 1950s. This was
followed by the first human lung transplant, undertaken by Hardy in 1963 (2).
Although the patient died 18 days postoperatively, this landmark operation
provided proof of the surgical feasibility of lung transplantation. Subsequent
transplants during the 1960s and 1970s refined surgical techniques but
ultimately failed to confer prolonged survival (the longest survival being
about 10 months). Deaths were due to rejection, infection, and bronchial
dehiscence.

The former two problems, rejection and infection, are different sides of
the same coin and reflect the limitations of steroids and azathioprine in
controlling rejection while predisposing to bacterial, viral and fungal infection.
The availability of the first calcineurin inhibitor (cyclosporine) in 1980 and the
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more recent (1990–2001) availability of many novel immunosuppressants have
substantially improved complications related to acute and chronic rejection.

The complication of bronchial dehiscence was a major stumbling block in
the evolution of lung transplantion. It is a function of interruption/impairment
of themicrovascular supply of the bronchus and is affected by surgical technique,
organ preservation methods, and control of vasculitis of the donor bronchial
microvasculature—in other words, rejection. To address this complication,
extensive experimentation was undertaken. Animal models demonstrated that
optimum preservation was achieved with the lung inflated (3,4) and prostacyclin
(5) included in the flush. Surgical refinements suggested that the integrity of the
bronchus could be improved by careful preservation of peribronchial tissue and
the use of an omental pedicle at the anastomotic site or sites. This pedicle
provided structural support and an additional source of perfusion until graft
healing was established. In addition, it was recognized that high-dose steroids
impaired bronchial healing (6). The development and clinical availability of
cyclosporine in 1981 possibly permitted steroid dose reduction perioperatively
and also clearly contributed to the control of transplant rejection/vasculitis.
These innovations improved survival and resulted in the first successful long-
term single- (7) and then double-lung transplant (8) survivors, operated on by the
Toronto Lung Transplant Group in 1983 and 1986 respectively.

Since that time approximately 13,000 single-, double-, or heart-lung
transplants have been performed worldwide for patients with end-stage lung
diseases (9). This chapter reviews the indications, surgical options, complica-
tions, and results of this novel therapy for non-neoplastic lung disease.

II. Indications

In very general terms, lung transplantation is an option for patients with severe
lung disease who have received or are receiving optimum therapy with limited
expectation of improvement and substantial risk of death within 1 to 2 years.
This cautious wording reflects the fact that many lung diseases worsen
inexorably in spite of therapy and consideration for transplantation should not
be left to the eleventh hour. A joint effort sponsored by the National Institutes
of Health (NIH), including transplant physicians and surgeons, to delineate
general guidelines for selection of patients for lung transplantation was
developed, adopted, and published simultaneously in 1998 in three major
pulmonary and transplant journals (10–12). The consideration of a patient for
transplantation involves determining first if he or she is sick enough to warrant
consideration for transplantation. In other words, does the expected mortality
of the disease within 12 to 18 months exceed the mortality associated with
transplantation? Second, is the patient well enough to be considered for
transplant? This requires evaluation for potential comorbidities and risk
factors predictive of poor outcome. Third and finally, the patient has to have
been optimally managed both for the underlying pulmonary disease process
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and for any comorbidities. While this third area is not really the purview of the
transplant center, most major lung transplant centers have also become expert
in state-of-the-art treatment and novel experimental therapies for end-stage
pulmonary parenchymal and pulmonary vascular disease.

General and disease-specific guidelines were developed by the NIH,
American Society of Transplantation (AST), International Society for Heart
and Lung Transplantation (ISHLT), and American Thoracic Society (ATS)
consensus group and are summarized below with the addition of recent further
information.

A. General Recommendations for Lung Transplantation

1. Age limits, There is a trend toward increasing mortality with
advancing age demonstrated by the United Network for Organ
Sharing/International Society for Heart and Lung Transplantation
database (UNOS/ISHLT) (13). This fact, coupled with the paucity
of organs, led to the recommendation to restrict heart-lung
transplants to those 455 years, bilateral lung transplants to those
460 years, and single-lung transplant to those 465 years.

2. Symptomatic osteoporosis results in substantial morbidity (14,15).
This should be treated aggressively pre- and posttransplantation,
and patients should be evaluated individually for their acceptability
for transplant. Symptomatic osteoporosis is considered a relative
contraindication to transplantation.

3. Severe musculoskeletal disease with thoracic deformity can
substantially affect respiratory mechanics and successful surgical
implantation; it is therefore considered a relative contraindication
to transplantation.

4. Similarly, progressive neuromscular disease is considered an
absolute contraindication to lung transplantation.

5. Obesity and cachexia. Recipient weight can be calculated as body-
mass index (BMI) or as percent ideal body weight. By both
parameters, obesity and cachexia have been associated with worse
outcome. Weight <70% or >130% ideal is considered a contra-
indication to transplantation and an indication for structured
weight loss or weight gain (9,16).

6. Patients must be free of substance addiction for at least 6 months,
with appropriate monitoring.

7. Psychosocial issues that may result in noncompliance with
treatment regimens are considered relative contraindications to
transplantation.

8. Invasive mechanical ventilation has been clearly established as
highly predictive of poor outcome; this is considered a relative
contraindication to transplantation.
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9. Treated tuberculosis is not a contraindication to transplantation.
Atypical mycobacteria and fungi, however, need to be considered on
an individual basis and probably preclude unilateral transplantation.

10. Significant nonpulmonary organ disease is considered a contra-
indication to transplantation. This is defined as a creatinine
clearance of <50mg/mL/min; significant coronary artery disease
or left ventricular dysfunction that is not treatable (this does not
preclude heart-lung transplant); liver cirrhosis or hepatitis B
antigen positivity; and systemic diseases refractory to therapy
(particularly if associated with end-organ damage)—for example,
refractory collagen vascular disease or uncontrolled diabetes.

B. Disease-Specific Recommendations for Transplantation

Noninfected Obstructive Lung Disease

FEV1 has been demonstrated to correlate with survival in obstructive lung
disease in a linear fashion (17). In this group, particularly the pure emphysema
patients, survival is difficult to predict on an individual basis. The literature
indicates that patients with alpha1-antitrypsin deficiency–associated emphysema
with a FEV1 of less than 15% predicted have a 2-year survival of 43% (18).
Current guidelines recommend earlier referral (e.g., at an FEV1 of 30%). Data on
earlier listing and transplantation, however, indicate that the emphysema
patients, because of their prolonged (albeit disabled) survival, have the least
survival benefit from transplantation within the current guidelines (19). It
therefore behooves the referring or transplanting physician to assess for other
risk factors prior to proceeding to transplantation or to defer the transplanta-
tion. Hospitalizations for exacerbations of chronic obstructive pulmonary
disease associated with hypercapnia in the preceding year should precipitate
immediate referral. These patients have an 11% in-hospital mortality and a 12-
month survival of 51% (20). These data also suggest that hypercapnia, (defined as
PaCO2

of 50mmHg) with hospitalizations and/or the following associated factors
should precipitate referral for consideration of lung transplant evaluation: (1)
reduced serum albumin; (2) declining BMI; (3) increasing oxygen requirements;
(4) presence of cor pulmonale (defined as clinical diagnosis by a physician or any
two of the following: right ventriclular hypertrophy or right atrial enlargement
on electrocardiography (ECG), enlarged pulmonary arteries on chest x-ray,
pedal edema, jugular venous distention, or mean pulmonary artery pressure
> 20 mmHg by right heart catheterization). These recommendations dovetail
fairly nicely with the recent interim report from the National Emphysema
Treatment Trial Research Group (21). This study identified patients with an
FEV1420% as those individuals with an unacceptably high 30-day mortality
rate after lung volume reduction surgery (16%). This contrasts sharply with a
mortality of 0% in similarly defined high-risk patients managed medically. The
presence of the additional risk factors of homogeneous emphysema pattern on
computed tomography (CT) and a low diffusing capacity for carbon monoxide
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(DLCO)4 20% of predicted was associated with a 30-day mortality of 25%. This
study and the role of lung volume reduction surgery in the management of non-
neoplastic lung disease are discussed in Chapter 12. It is reasonable, however, to
say that the conclusions of that study further help to define a high-risk
population and one for whom lung transplantation is the only surgical option.

Cystic Fibrosis

These patients represent between 18 and 20% of all patients undergoing
transplantation (9). They also have a very high pretransplant mortality on the
waiting list (19). This reflects delayed referral and the precipitous deterioration
that occurs with infection. Risk factors predictive of higher mortality within 2
years have been developed. Data from 673 patients suggest that female sex,
younger age, an FEV1 of less than 30% predicted, a PaO2

below 55mmHg, or a
PCO2

greater than 50mmHg are associated with a 2-year mortality rate of
greater than 50% (22). Subsequent studies have indicated greater variability in
survival in those with an FEV1 of <30% predicted, possibly reflecting improved
patient care protocols (23). The cystic fibrosis (CF) database, which includes
information on more than 30,000 patients, emphasizes the importance of other
factors such as race, ethnicity, and the presence of symptoms at time of
diagnosis (24). This database corroborates the adverse impact of female sex on
survival and the adverse impact of Hispanic or black/other ethnicity/race on
survival. Nonwhite status conferred a 1.48 to 1.85 increased risk of death in
this multivariate analysis. The presence of diabetes mellitus (25) may also be an
independent risk factor for both poor outcome and declining spirometry.
While the published guidelines for transplantation in the CF population have
not yet been modified to reflect this more recent information, these factors
should be included in the assessment of patients for referral and transplant.

The existing guidelines for consideration of CF patients for lung
transplantation include the following:

1. FEV14 30% predicted or rapid progressive deterioration with
FEV1> 30% predicted. Progressive deterioration is defined by an
increasing frequency of hospitalizations, rapid fall in FEV1, massive
hemoptysis, and increasing cachexia in spite of optimum nutritional
supplementation and diabetic management.

2. Resting hypoxemia (PaO2
< 55mmHg) on room air; resting

hypercapnia (PaCO2
5 50mmHg).

3. Rapid deterioration in a young female patient even in the absence
of some of the above physiological parameters.

In the original guidelines for selection of lung transplant candidates, the issue
of the impact of infection/colonization with multiply resistant organisms and
Burkholderia cepacia was reviewed at length. This organism is by definition
multiply resistant. The term multiply resistant has been specifically defined as
applying to an organism that is resistant to all agents in two of the following
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classes of antibiotics: the betalactams, aminoglycosides, and quinolones.
Panresistant organism are resistant in vitro to all groups of antibiotics (26).
Both panresistant and multiply resistant organisms occur in patients with CF
referred for transplant, and although they should be carefully considered, these
organisms do not represent absolute contraindications to transplantation. In
spite of in vitro resistance, broad-spectrum antibiotic coverage usually leads to
an acceptable outcome.

The preceding statements, however, do not apply in the case of B.
cepacia. The adverse impact on pretransplant survival in CF patients colonized
with B. cepacia has been well reported (27) and is recognized as the ‘‘cepacia
syndrome.’’ The increased mortality posttransplant demonstrated in patients
infected with multiply or panresistant organisms is attributable entirely to B.
cepacia (28). Extensive epidemiological and microbiological, evaluations have
recently demonstrated that deaths due to the B. cepacia complex appear to be
related to a specific genomovar type (29). The ability of most general labs to
reliably identify B. cepacia is limited, and the subcategorizing by genomovar is
largely confined to one major reference lab. Therefore it would be wise to have
organisms identified as B. cepacia reevaluated by the reference lab and if
possible a determination made as to whether or not the patient has the
genomovar III. This is the strain of B. cepacia associated with a strikingly
increased transplant perioperative (30 versus 0%) and 1-year mortality (50
versus 17%). While B. cepacia is not listed as an absolute contraindication to
lung transplantation, each center must consider this recent information in the
context of their lab, the patient, and their center-specific survival data.

Idiopathic Pulmonary Fibrosis and the Idiopathic Interstitial Pneumonias

This category includes those patients with fibrosing lung disorders of various
categories, most importantly idiopathic pulmonary fibrosis (IPF). The
histological correlate of the clinical diagnosis of IPF is usual interstitial
pneumonia (UIP). There are many forms of idiopathic interstitial lung disease,
which have recently been subcategorized (30). The diagnostic groups for the
IPFs include nonspecific interstitial pneumonia (NSIP), acute interstitial
pneumonia (AIP), desquamative interstitial pneumonia (DIP), and its more
commonly seen variant respiratory bronchiolitis-associated interstitial lung
disease (RSBILD). While these manifestations of interstitial pneumonia
generally have a much better likelihood of response to therapy (steroids,
smoking cessation) as well as different radiological and histological features, a
substantial number of patients progress to end-stage lung disease. The unique
histological and clinical features of the various ILDs are detailed in preceding
chapters. Because of the potential for response to therapy with non-UIP forms
of ILD, this is an important differentiation. However the refractory nature of
UIP/IPF to therapy dictates that patients with known or suspected IPF should
be referred relatively early for consideration of transplantation. Historically,
these patients have had the highest mortality on the waiting list for transplant.
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Based on this mortality, patients with a diagnosis of IPF receive a 90-day
‘‘head start’’ bonus at time of transplant listing. Median survival from
diagnosis to death in patients with IPF is 5 years. Using the same model as for
other lung-transplant candidates, one would like to identify those patients at
substantial risk of death within 2 years, as these are the individuals who should
be immediately referred and evaluated for lung transplantation.

Attempts to develop reliable algorithms for predicting survival have
resulted in rather ponderous models that include clinical, radiological, and
physiological parameters (31) (a ‘‘CRP’’ score). These parameters include
increasing age, smoking status, nail-bed clubbing, profusion score on chest x-
ray, presence of pulmonary hypertension, total lung capacity (as percent
predicted), and PaO2

at maximal exercise. These different factors are given
different weight for a total maximum potential score of 100. Based on this
model the calculated two-year survival of patients with CRP scores of 20, 40,
50, 60, and 80 are 95, 75, 55, 25, and <1% respectively. This scoring system
interestingly indicates improved survival in individuals who are current or
former (as opposed to ‘‘never’’) smokers. A score of 50 (with an associated 2-
year survival of 55%) is achieved easily; an example of such a CRP score would
be a patient over the age of 50, who had never smoked, has clubbing and
moderate interstitial changes on chest x-ray, a total lung capacity of <70%
predicted, and modest hypoxemia (PaO2

< 65 with maximal exercise). Older age
and worse radiological or clinical disease increase the CRP score markedly.
The original consensus guidelines made the point that most patients with IPF
do not even present with symptoms until they have a reduction in TLC to
<70%. Therefore patients presenting with symptoms (cough and shortness of
breath) will usually meet criteria for a CRP score of 50 or more and have a 2-
year survival based on this model of only 55%. The infrequent response to
therapy (which almost defines true UIP/IPF) requires, therefore, that patients
be referred for consideration of transplantation even while they are embarking
on a trial of therapy. A favorable response to therapy will allow transplant to
be delayed or deferred. Protracted high-dose steroids, while not a contra-
indication to transplantation in these patients, can sometimes increase the risk
of unrecognized opportunistic infections (32) and certainly do contribute to
muscle wasting and debility. Therefore extended therapy in the absence of
benefit should be avoided. Therefore the consensus recommendation for
transplantation in these patients is the presence of symptomatic progressive
disease in spite of therapy. This generally occurs once the patients has a
reduction in VC to <70% predicted or a reduction in diffusion capacity below
60% of predicted. Consideration of the other risk factors delineated above
should be factored in when considering a patient for transplantation.

Systemic Disease with Pulmonary Fibrosis

Pulmonary fibrosis occurs in numerous other systemic conditions, including
collagen vascular disease, postchemotherapy, sarcoid, etc. These patients do
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not fit so neatly into an algorithmic approach to determine when they should
be transplanted; they should be considered on the basis of their history and
pattern of disease progression. Sarcoid particularly can have a relapsing and
remitting pattern. When the patient is considered for transplantation, however,
there should be no evidence of significant impact of the systemic disease
process on other organs. The previously mentioned guidelines for disease
severity (hypoxemia, hypercapnia, declining FVC, and TLC, etc.) should be
applied to this group of patients.

Pulmonary Hypertension Without Congenital Heart Disease

Pulmonary hypertension can be primary or related to other diseases such as
thromboemboli or it may be medication-related, AIDS-related, or secondary to
collagen vascular disease. Severe pulmonary hypertension irrespective of its
cause is a marker of severe disease and is associated with a poor prognosis. The
pathology, physiology, and medical management of pulmonary vascular
disease is covered in earlier chapters. Therapies developed in the last 10 years
have resulted in a major impact on the natural history of pulmonary
hypertension and hence on the role and timing of lung transplantation.
Vasodilator therapy with epoprostenol has been shown to increase median
survival from 2.9 years in New York Heart Association (NYHA) class III
patients to almost 6 years (33). Additional therapies including a recent FDA-
approved oral endothelin antagonist may prove to have similar long-term
survival benefits. Current recommendations are to initiate optimum therapy
and careful follow-up of these high-risk patients. Failure to improve or
progression of symptoms in NYHA class III or IV patients is an indication for
transplantation. In general terms, the higher the PA pressure, the lower the
cardiac output; and the higher the right atrial pressure, the sicker the patient
and the greater the mortality. However, these factors are not predictive of
response to therapy. Extremely ill patients with florid right heart failure have
responded well to vasodilator therapy. In fact, the greatest survival benefit
occurring in the initial study of chronic epoprostenol therapy in primary
pulmonary hypertension (PPH) was seen in those individuals who were NYHA
class IV (34). The data from PPH has been extrapolated to those individuals
with secondary pulmonary hypertension. Improvement in cardiac output and
exercise tolerance has been demonstrated in patients with secondary
pulmonary hypertension due to the scleroderma spectrum of disease. However,
it is not clear that vasodilator therapy will demonstrate a similar survival
benefit in this patient population.

Pulmonary Hypertension Secondary to Congenital Heart Disease
(Eisenmenger’s Syndrome)

Patients with pulmonary hypertension secondary to congenital heart disease
behave differently than those with primary pulmonary hypertension or those
with other causes of their PH. Even within the diagnostic category of
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Eisenmenger’s, patients with different forms of congenital heart disease have
different rates of disease progression. Each patient must be assessed
individually. Hemodynamic parameters are not as predictive in this patient
population of survival as in the PPH patient population. In general terms,
however, deterioration in patients on optimum therapy who are NYHA class
III or IV should be an indicator of the need for transplant. The definition of
optimum therapy is reviewed in the chapter on management of pulmonary
vascular disease. However, vasodilator therapies (prostacyclins and oral
endothelin antagonists) currently under review in this diagnostic group may
prove useful in delaying transplantation. Novel data suggest that markers of
endothelial cell disturbance such as von Willebrand factor activity may be
useful in following the severity of disease and the likelihood of survival on an
individual patient basis (35). In addition, elevated uric acid levels and serial
measurements showing increasing levels have been found by univariate and
multivariate analysis to be independent predictors of mortality in patients with
Eisenmenger’s syndrome. While not a factor to consider in isolation, this is a
relatively simple and inexpensive test that can be done serially to help identify
those Eisenmenger’s patients at increased risk of mortality (36). The elevation
in uric acid is apparently due to a disturbance in uric acid clearance as opposed
to increased production (37).

III. Surgical Options

The surgical options for lung transplantation include single, bilateral
sequential, heart-lung, or bilateral living lobar lung transplantation. These
surgical approaches reflect issues of donor availability and the nature of the
underlying lung disease necessitating transplantation. There are mounting data
that bilateral sequential lung transplantation has advantages over single-lung
transplantation for both exercise tolerance and late graft survival. However,
the lack of ready availability of double-lung blocks and the prolonged wait
required to get such a block as opposed to a single lung (a two- to fourfold
increase in waiting time) dictates that patients who do not require double-lung
transplantation receive single-lung transplants. Patients who must receive
double-lung blocks are those with septic lung disease, such as CF or
bronchiectasis. Due to the perioperative hemodynamic instability seen with
single-lung transplantation for primary pulmonary hypertension, patients with
this diagnosis usually receive bilateral sequential single-lung transplants rather
than single-lung transplants. There is a general sense that younger patients with
severe emphysema, most notably those with alpha1-antitrypsin deficiency–
associated emphysema, have difficulty with massive enlargement of the native
lung and compromise of the transplant when they receive single-lung
transplants. Many centers now transplant these patients with double-lung
blocks. The donor organ in all the above instances is procured as a double-lung
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block but the operation is performed as a bilateral sequential single-lung
transplant from a single donor.

Heart-lung transplantation is still done at some centers for cystic fibrosis.
Overwhelmingly, however, heart-lung transplantation is reserved for patients
with severe lung disease (usually pulmonary vascular disease) associated with
cardiac disease that is not surgically correctable. This is often due to complex
congenital heart disease with Eisenmenger’s physiology. The waiting time for a
heart-lung block is even greater than for a double-lung block.

Living-lobar transplantation was pioneered initially to provide a surgical
alternative to younger patients at high risk of mortality (CF patients) while
awaiting cadaveric organ transplant (38). After careful medical, physiological,
ethical, and psychological evaluation, a lower lobe is removed from each of two
donors (one right and one left lower lobe donor). Historically the donors have
most often been parents or siblings. The two lobes are then implanted in a
single recipient who undergoes bilateral native lung pneumonectomies at the
time of organ procurement. The results of this surgical approach have been
approximately equivalent to those of a cadaveric organ transplant with no
mortality reported to date in the donors.

All donors, cadaveric and living, are assessed for the intrinsic normalcy
of the lung to be explanted. This is undertaken by chest x-ray, evaluation of
blood gases in the context of ventilatory parameters, ventilatory mechanics,
and bronchoscopy. Cadaveric donors must be free of active sepsis, HIV, viral
hepatitis, malignancy (though isolated skin cancers are acceptable), and
history of lung disease. A smoking history and the age of the donor are
evaluated in the context of the recipient and other indices of possible donor
lung disease.

IV. Complications

The complications of lung transplantation are those related to the surgery
itself, to the preservation of the organ, to rejection, and to the complications of
immunosuppression.

A. Surgical Complications

These are fairly obvious and are a function of complicated cardiothoracic
surgery in high-risk patients. Complications include bleeding, pneumothorax,
protracted chest tube drainage, phrenic nerve injury, and anastomotic
obstructions which can occur at the bronchus, the pulmonary artery, and at
the attachment of the donor venous pedicle to the left atrium. Bronchial
anastomotic obstructions are fairly common and can occur as a complication
of ischemia, surgical technique, or discrepancy between donor and recipient
bronchial size. These are readily recognized bronchoscopically and usually
managed simply with balloon dilation and placement of endobronchial stents.
Pulmonary arterial anastomotic problems are relatively infrequent and more
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commonly manifest as immediate perioperative bleeding from the posterior
aspect of the pulmonary artery anastomosis. Pulmonary venous anastomotic
complications present with immediate perioperative worsening of gas
exchange, and a picture of progressive pulmonary edema in the transplanted
lung. The diagnosis is made by transesophageal echocardiogram (TEE) (39).
This complication can be fatal and, if severe, requires surgical revision. Milder
degrees of obstruction require no intervention. To avoid this complication
many centers undertake intraoperative TEE assessment of the venous
anastomosis.

B. Organ Preservation

Preservation solutions and methods continue to evolve. Increasingly there is
evidence supporting the use of low potassium or ‘‘extracellular’’ preservation
solutions for optimum preservation of the lung (40). Maintenance of surfactant
and alveolar integrity by preserving the lung in inflation has been shown to
minimize preservation injury. There is conflicting evidence about the utility or
vasodilator and free-radical scavengers (prostacyclin) prior to flush though
most centers feel that this is useful in minimizing graft injury and facilitating
perfusion of small vessels with the preservation fluid. Preservation injury when
it occurs is really ischemia-reperfusion injury characterized by a radiological
and clinical picture of low wedge pulmonary edema/pulmonary infiltrates, or
acute respiratory distress syndrome (ARDS). Histologically there is disturb-
ance of the alveolar membrane, polymorphonuclear leukocyte infiltrates, and
varying degrees of hyaline membrane and intralaveolar fibrin deposition that
resolves to varying degrees with time. This is aggravated by prolonged ischemic
time (41). Once reperfusion injury occurs, management is limited to
minimization of barotrauma using low tidal volumes, high-PEEP mechanical
ventilation (42), and supportive measures. In the case of patients with alpha1-
antitrypsin deficiency, since the injury is perpetuated by unopposed neutrophil
activation, there is a theoretical role for use of alpha1-antitrypsin replacement
therapy.

C. Rejection

While acute rejection is a relatively rare cause of death, the augmented
immunosuppression that it necessitates produces the many adverse effects
listed below. In addition, there is a clear correlation between the frequency
and severity of acute rejection, the onset of late acute rejection (43), and the
development of bronchiolitis obliterans. Bronchiolitis obliterans is a fibrosing
process in the small airways that leads to progressive respiratory compromise
due to airway obstruction and is the single greatest cause of death beyond
the first year of transplant. It increases in frequency and severity with time
and accounts for more than 50% of deaths occurring after 3 years
posttransplant.
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D. Complications of Immunosuppression

These complications are direct (a consequence of the impact of impaired
immunity) and indirect, (due to drug side-effects unrelated to immunosup-
pressive efficacy).

The two most obvious complications of impaired immunity are infection
and malignancy. Infectious complications account for about 50% of deaths
occurring within the first year posttransplant. Malignancy occurs in from 5 to
10% of transplant recipients. Most commonly, sun exposure–related skin
cancers occur. However other malignancies have been reported, most
importantly posttransplant lymphoproliferative disease (PTLD). This is related
largely to clonal expansion of infected and immortalized B cells associated with
Epstein-Barr virus. It occurs most commonly in EBV-naive recipients of EBV-
positive organs. However, it also occurs with endogenous EBV-reactivation
thought to be a consequence of aggressive immunosuppression with calcineurin
inhibitors and antilymphocyte products. The frequency of PTLD in recipients
of lung transplant is between 4 and 8%.

Indirect complications of immunosuppressive therapy are listed in
Table 1.

V. Outcomes

Outcomes following lung and heart-lung transplantation are clearly affected by
the various factors listed above. The most recent graft and patient survival

Table 1 Side-Effects of Immunosuppressive Drugs

Osteoporosis, osteonecrosis Steroids, cyclosporine

Systemic hypertension Calcineurin inhibitors

Renal insufficiency Calcineurin inhibitors

Glaucoma, cataracts Steroids

Serum sickness Antilymphocyte products

Gingival hypertrophy Cyclosporine (with calcium channel

blockers)

Hepatotoxicity Azathioprine, calcineurin inhbitors

Nausea and diarrhea Mycophenolate

Hyperglycemia Tacrolimus

Hirsutism Cyclosporine

Bone marrow suppression: anemia,

leukopenia, thrombocytopenia

Sirolimus, mycophenolate mofetil,

antilymphocyte products

Hyperlipidemia Sirolimus

Hemolytic uremic syndrome Calcineurin inhibitors, [sirolimus ?]

Multifocal leukoencephalopathy,

neuropathy

Calcineurin inhibitors
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rates published by the United Network for Organ Sharing (UNOS) include 1-,
3-, and 5-year survivals following lung transplant at 77, 58, and 44%,
respectively (44). Survivals for recipients of heart-lung transplantation for the
same periods were 60, 51, and 42%, respectively. This underscores the
importance of careful recipient selection to ensure that one disabling disease is
not replaced with another disabling and frequently mortal condition. These
survival statistics, it should be emphasized, have dramatically improved within
the last 10 years. Further improvement in surgical techniques and in our
understanding and management of acute and chronic rejection should result in
survival statistics that will rival those of renal transplantation. Until that time,
lung transplantation remains a realistic and appropriate therapy for carefully
selected patients with end-stage pulmonary and pulmonary vascular disease.
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I. Introduction

Coexisting chronic illnesses are present in many patients with advanced lung
disease. In some diseases the comorbidities are a manifestation of a systemic
illness; in others comorbidities may be secondary to the pulmonary process.
For example, cystic fibrosis patients can develop focal biliary cirrhosis resulting
in symptomatic hepatic failure as part of their illness; alternatively, pulmonary
hypertension patients can develop hepatic cirrhosis from chronic hepatic
congestion, which, in turn, is secondary to right heart failure. A third category
of comorbidity comprises conditions that are not directly related to the
pulmonary disease process but occur at a significant rate in the pulmonary
disease population. These comorbidities often occur because of similar risk
factors, such as smoking or age. This chapter concentrates on this last category
of comorbidity.

II. Impact of Comorbidities

It is difficult to find information about the prevalence of comorbid diseases that
occur in patients with COPD or other chronic lung processes. Van Manen et al.
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asked this question of a population of patients at least 40 years old who were
followed by general practitioners and had a diagnosis of asthma or COPD. In
the study, 290 patients with irreversible airway obstruction and 421 controls
answered a questionnaire. A total of 73% of the COPD group and 63% of the
controls reported at least one other illness. Predominant illnesses in both groups
were locomotive diseases, hypertension, sleeping disorders, and cardiac disease
(1). However, in the COPD group, locomotive diseases, insomnia, sinusitis,
migraine headaches, depression, peptic ulcers, and cancer were significantly
more common. The large population-based studies necessary to better under-
stand the prevalence of comorbidity in COPD patients are unfortunately
lacking. Information regarding the incidence of comorbidities in other chronic
lung processes is also sparse. Despite the often relentlessly progressive course of
idiopathic pulmonary fibrosis, for example, Panos et al. found that less than
50% of victims were recorded as dying from the disease itself. Other common
causes of death included heart failure (possibly related to the pulmonary
fibrosis), bronchogenic carcinoma, ischemic heart disease, infection, and
pulmonary embolism (2). Coultas and Hughes also found that patients with
interstitial disease often did not have their disease listed as the immediate cause
of death. In the New Mexico population studied by Coultas and Hughes,
cardiovascular disease (30.2%) and neoplasms (13.2%) were commonly listed as
the cause of death (3). This suggests a high rate of comorbid illness in this
population, which is not surprising, since the population with pulmonary
fibrosis are primarily in their sixth, seventh, and eighth decades.

Much more information has been published regarding the impact of
comorbidities in COPD patients. A Spanish study sought to create a model to
predict the likelihood of recurrent admissions in COPD patients by identifying
risk factors for exacerbations. In the model, which was later validated in a
separate population, FEV1 explained a part of the risk for recurrent admission;
however, the other two major risks were age and presence of comorbid illness
(4). In a more recent publication, Miravitlles et al. specifically identified
ischemic heart disease as a major comorbid factor in exacerbations with relapse
that ultimately resulted in admissions (5). Dewan et al. found, in contrast, that
comorbidities did not affect outcomes in a Veterans Administration Hospital
population they studied. They retrospectively reviewed records from 107
patients hospitalized over a 24-month period. A treatment failure was defined
as a return visit that required a change in antibiotic if the patient returned
within 4 weeks. By logistic regression analysis, treatment failures were
associated with several COPD-related parameters but not with age or presence
of comorbidities (6).

The role of comorbidities in mortality is well supported. Various studies
have suggested that around half the deaths in patients with advanced COPD
are due to causes other than the lung disease (7). Two studies from the same
Italian investigators have addressed this issue. In the first study, Fuso et al.
reviewed records of 590 COPD admissions from the 1980s and analyzed 23
clinical and laboratory variables to determine risk factors for death. Logistic
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regression analysis was used to assess the contribution of factors found initially
to have a univariate relationship. The four significant predictors were alveolar-
arterial oxygen gradient, age, atrial fibrillation, and ventricular arrhythmias
(8). In their second study, this group followed COPD patients with severe
disease (FEV1 34+ 16% predicted) after hospital discharge to assess the
impact of comorbidities over a longer term. The most frequent comorbidities
observed were hypertension (28%), diabetes (14%), and ischemic heart disease
(10%) (9). The median survival of this group of 270 patients was 3.1 years and
the deaths were predicted by age, electrocardiographic (ECG) signs of right
ventricular hypertrophy, chronic renal failure, and ECG signs of myocardial
ischemia/infarction. Two other prospective studies in which patients with
severe COPD were followed to approximately 50% mortality identified
comorbid medical illnesses as significant predictors of death (10,11). The
only recent study that has not associated COPD mortality with comorbidities
was published by Yohannes et al. This group followed 137 elderly patients with
‘‘symptomatic, disabling’’ COPD for 30 months, at which time 32% had died.
Predictors of death in this group were not comorbid diseases but rather level of
disability as measured by activities of daily living, prebronchodilator lung
function, presence of long-term oxygen therapy, and body mass index (12). The
next sections explore specific comorbidities that have been identified as
important in patients with chronic lung disease.

III. Cardiac and Vascular Comorbidities

Atrial and ventricular arrhythmias, coronary artery disease, peripheral
vascular disease, hypertension, and congestive heart failure have all been
identified as significant comorbidities in the patients with obstructive lung
disease. Fewer data have been published about the population with interstitial
lung disease; however, both Panos et al. and Coultas and Hughes noted in
separate reports that cardiac disease accounted for 20 to 30% of deaths in these
patients (2,3). Because of the paucity of published information regarding
pulmonary fibrosis, the remainder of this section refers to cardiovascular
complications in COPD.

A. Atrial and Ventricular Arrhythmias

Supraventricular arrhythmias, commonly associated with obstructive lung
disease, vary from multifocal atrial tachycardia to atrial fibrillation to
supraventricular tachycardias. Predisposing factors include arrhythmogenic
medications, hypoxemia, and underlying intrinsic cardiac disease. In the case
of multifocal atrial tachycardia (MAT), the prevailing theory to explain the
mechanism is that the underlying disease and metabolic disturbances result in
delayed afterdepolarizations, which lead to ‘‘triggered’’ activity (13).

MAT is uncommon but occurs primarily in elderly and very ill patients
with decompensated pulmonary or cardiac disease. Diagnosis requires at least
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three different nonsinus P waves in the same lead, an atrial rate greater than
100 beats per minute and an isoelectric baseline between P waves (14). The
incidence has been reported at between 0.13 and 0.4% in hospitalized patients
(15). MAT itself is not lethal; however, it is associated with a poor prognosis
because of the severity of underlying disease. In one study reporting mortality
of COPD patients admitted to an intensive care unit (ICU), 87% of those with
multifocal atrial tachycardia compared to only 23.5% of those without died
during their ICU stay (16). Other studies suggest similar high mortality rates,
ranging from 38 to 62% in hospitalized patients with MAT (17). Treatment of
MAT is notoriously difficult. Correction of precipitating causes, while
theoretically sound, is often hard to accomplish. The proposed mechanism
of ‘‘triggered’’ activity or abnormal automaticity has led to the use of
pharmacological interventions, including calcium channel blockers, beta
blockers, and magnesium. Several small studies have been reported using
verapamil, metoprolol, and magnesium and each has been shown to reduce the
heart rate in the majority of patients reported (14,17–19). More recently, small
series of medically refractory patients have undergone radiofrequency catheter
ablation with a good response in the short term reported in the majority of
cases. Ueng et al. reported 6-month follow-up with improved quality of life,
improved left ventricular function, and decreased cost of care (20).

Pharmacological therapy used in COPD may be implicated in both atrial
and ventricular arrhythmias. Theophylline, now a second-line drug, has a
strong association with both atrial and ventricular arrhythmias, especially at
toxic levels. Sessler and Cohen studied 16 inpatients with toxic levels of
theophylline by continuous cardiac monitoring to record arrhythmias. Sinus
tachycardia, which resolved as the drug blood levels fell, was the most common
effect, but runs of supraventricular tachycardia occurred in 4 patients, atrial
fibrillation in 1, and MAT in 1. Ventricular ectopy occurred in 13 patients, and
1 patient had sustained ventricular tachycardia requiring conversion (21).
Infusion of aminophylline to therapeutic levels has been shown to increase
plasma catecholamine levels, reduce atrioventricular (AV) and His-Purkinje
conduction intervals, reduce sinoatrial conduction time, reduce corrected sinus
node recovery time, and reduce atrial effective refractory period (22).

Selective beta2 agonists alone or in combination with theophylline are
also potentially arrhythmogenic. Seider et al. used Holter monitoring to
compare arrhythmias of patients using either inhaled terbutaline or ipratro-
prium bromide, which is not considered arrhythmogenic. Fourteen patients
participated in this double-blind crossover trial. Interestingly, no difference in
arrhythmias was observed between the different medications (23). Hall et al.
randomly assigned 22 patients with FEV1> 1L to receive either nebulized
salbutamol or saline four times a day on 2 consecutive days while undergoing
cardiac monitoring. While both groups had high rates of arrhythmias, there
was no difference between beta agonist and placebo treatments (24). In another
study, COPD and asthma patients with known ischemic heart disease
underwent Holter monitoring while receiving inhaled salbutamol at increasing
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doses over a 25-hr period. No significant changes in arrhythmias or myocardial
ischemia were observed (25). By contrast, a combination of drugs may not be
so benign. Eidelman et al. tested the arrhythmogenic potential of salbutamol
combined with theophylline in a group of patients with severe COPD. Patients
had significantly more arrhythmias when theophylline was added to
salbutamol; 76% had runs of supraventricular tachycardia and 24% had runs
of ventricular tachycardia. The change in ventricular arrhythmias from
baseline was not statistically significant, however (26). Similarly, drugs with
longer half-lives pose potential risks. Cazzola et al. studied inhaled salmeterol
(50 mg) and formoterol (12 and 24 mg) in 12 COPD patients with pre-existing
arrhythmias and hypoxemia. Formoterol at 24 mg resulted in an increase of
premature atrial and ventricular premature beats (27).

Arrhythmias often complicate chest surgery in COPD patients. Surgeries
for bronchogenic carcinoma and other pathology are commonly performed in
these patients. Sekine et al. studied supraventricular arrhythmias and mortality
in COPD patients undergoing resections for non-small-cell carcinoma. In a
retrospective chart review of 244 patients undergoing resections, 78 had
pulmonary function criteria consistent with COPD. In the COPD group,
nearly 60% developed supraventricular arrhythmias, compared to 27% in the
control group. More than three-quarters of the arrhythmias were atrial
fibrillation, and COPD patients tended to be resistant to first-line antiar-
rhythmic therapy. Arrhythmias were not an independent risk factor for death,
but they did predict a significant increase in length of stay (28). In this group,
major resection, either pneumonectomy or lobectomy, was also a risk factor.
Elderly patients are at particular risk with large resections. Dyszkiewicz et al.
found that patients above 70 years of age who underwent pneumonectomy had
a 78.5% risk of arrhythmia (29).

Cardiac surgery is complicated by an approximate 50% risk of atrial
arrhythmias whether or not underlying pulmonary disease is present. However,
the presence of obstructive airway disease is an independent risk factor for the
development of atrial fibrillation (30).

Increasingly, exercise programs are included as part of the usual
management of patients with advanced disease. Does exercise precipitate
arrhythmias in these patients, particularly if they have severe disease and
hypoxemia? Stewart and colleagues studied the effect of maximal exercise in
122 patients with severe COPD. At rest, 10 had supraventricular arrhythmias
and 13 had ventricular premature beats. With exercise, 6 patients had
supraventricular arrhythmias and 24 had premature ventricular beats.
Arrhythmias at rest were correlated with arrhythmias on exercise but were
not correlated with severity of disease or desaturation. Potentially serious
arrhythmias were uncommon (31).

Finally, it should be noted that some patients with hypoxemic COPD
have been reported to have a subclinical autonomic neuropathy. Theoretically
this could be associated with a prolonged QTc interval and a risk of ventricular
arrhythmia and sudden death. Stewart et al. found that half of a group of 34
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patients with hypoxemia had subclinical autonomic neuropathy. At 2 years,
there were seven deaths in that group compared with two in the nonneuropathy
group (32).

B. Systemic Hypertension

Systemic hypertension occurs commonly in the North American population, so
it is not surprising that it would occur commonly in patients with COPD. The
choice of antihypertensive medication is, of course, important. Beta blockers, if
used at all, should be selective for cardiac and vascular receptors; angiotensin-
converting enzyme inhibitors may also be problematic because of the frequent
cough complication. Meier et al. reviewed a population of predominantly male
hypertensives from a Veterans Affairs clinic population. Of the 7526 patients
reviewed, 1553 (around 20%) had COPD or asthma as a comorbidity (33).

C. Coronary Artery Disease/Congestive Heart Failure

Despite the high prevalence of ischemic heart disease and COPD individually,
it is difficult to get an estimate of the rates at which the two occur as
comorbidities, even though smoking is a major risk factor for both. Havranek
et al. reviewed charts of a Medicare population as a subgroup of the National
Heart Failure project. Of 34,587 cases, one-third were found to have COPD as
a comorbid condition (34). Behar et al. from the SPRINT study group reported
a 7% prevalence of COPD in that cohort of 5839 patients with acute
myocardial infraction (35).

Probably of more importance are issues in diagnosis and treatment when
the two disease processes occur together, particularly when congestive failure
occurs in conjunction with COPD. Because of the similarity of symptoms and
the often unusual x-ray appearance of heart failure in the presence of abnormal
lung structure, differentiating between a heart failure decompensation and
COPD acute exacerbation remains difficult in many cases. Maisel et al.
addressed this issue in a large multicenter study by measuring B-type
natriuretic peptide—secreted by the left ventricle when it is volume-over-
loaded—in 1586 patients presenting to the emergency room with acute
dyspnea. Approximately half the group were ultimately diagnosed with heart
failure as opposed to pulmonary and other noncardiac processes. B-type
natriuretic peptide levels alone were more accurate than any historical physical
finding or other laboratory values in making the diagnosis of congestive heart
failure. Using a cutoff level of 100 pg/mL, the positive predictive value was
83.4%, and levels less than 50 pg/mL had a negative predictive value of 96%
(36). Further studies will be necessary to determine if this or similar tests will be
a valuable adjunct in differential diagnosis.

Beta agonists are a mainstay of the management of obstructive lung
disease and beta blockers are a mainstay of coronary artery disease
management, particularly in the environment of post–acute myocardial
infarction. However, in each case, the side effects potentially worsen the
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disease in the other organ. Au et al. reported a nested, case-controlled study
from a larger Veterans Administration study in which 630 patients with either
unstable angina or acute myocardial infarction were identified. Using
pharmacy records, the authors compared this group with a control group in
terms of those that had filled a beta-agonist prescription within 90 days of their
acute event. Filling a beta-agonist prescription was associated with increased
risk of experiencing a coronary event, even when adjusting for age and other
cardiac risk factors. In addition, the risk increased with the number of canisters
dispensed (37).

Beta blockers, on the other hand, are now the standard of care in post–
myocardial infarction management and often used in congestive heart failure.
A recent Cochrane report evaluated the use of cardioselective beta blockers in
patients with COPD; 11 studies of single-dose treatment and 8 studies of
longer-duration treatment were reviewed. In neither the single-dose studies nor
the longer-term studies was there a significant impact on airway function.
Further, there was no evidence that selective beta blockers impacted the effect
of beta agonists on airway response (38). The opposite question is whether
cardioselective beta blockers are effective in preventing cardiac events in the
presence of the use of beta agonists for pulmonary disease. Chen et al.
addressed this question in a study of elderly patients using data from the
Cooperative Cardiovascular Project. This study evaluated the relationship
between beta-blocker use at discharge on 1-year post–myocardial infarction
mortality in (1) patients with COPD or asthma on beta agonists; (2) patients
with COPD or asthma not using beta agonists; (3) patients with severe COPD;
and (4) patients without COPD. The total number of study patients was
54,962. Beta-blocker use conferred a reduced mortality on groups 2 and 4 but
not on groups 1 and 3 (39). This question is clearly important and deserves to
be explored in a prospective study, with particular attention paid to the causes
of death.

COPD patients requiring coronary artery bypass grafting are often
thought to face an increased risk of mortality. Michalopoulos et al. conducted
a prospective case-controlled study to assess the impact of mild or moderate
COPD—patients with severe disease were not included in this study—on the
outcome of elective bypass surgery. The morbidity and mortality rates in this
study were similar between the study and control groups (40). However, two
other studies show increased risk related to COPD. Clough et al. looked at
prospective cohort data using a regional cardiac surgery database. A total of
27,239 consecutive patients undergoing cardiac surgery were reviewed and
comorbid conditions were documented. The outcome measure was in-hospital
mortality rate. COPD was present in 10.9% of patients and was a significant
predictor of in-hospital death, with an odds ratio of 1.57 (95% CI 1.29–1.91)
even when adjustments were made for disease and other patient characteristics
(41). A Dutch study published around the same time showed a significant risk
for impaired 5-year survival in patients with COPD undergoing bypass surgery
(42).
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D. Abdominal Aortic Aneurysms

Abdominal aortic aneurysms (AAA) occur at an increased incidence in COPD
patients. COPD also appears to be an independent predictor of their growth
and rupture. While the mechanism of this association is not entirely clear, one
author theorized it may be due to increased release of elastase activity related
to nicotine (43). In another study of the natural history of AAA, Lindholt et al.
prospectively followed 141 men with AAA who were identified from a
population of 4404 men. The mean annual expansion in the COPD patients in
the study group was 2.74mm/year compared to 2.72mm/year in non-COPD
patients. However, expansion was significantly greater in those patients who
used oral steroids compared to those who did not: 4.7 compared to 2.6mm/
year. A correlation with elastase levels was not found (44). These authors
suggest that expansion is related more to medication use than to serum elastase
levels. Van Laarhoven et al. attempted to determine the prevalence of AAA in
COPD patients by prospectively performing abdominal ultrasounds on 362
consecutive patients above age 65 presenting at an emergency room with
COPD exacerbation. The study group had a prevalence of 9.9% AAA> 30mm
in diameter (45). Patients with more severe COPD were more likely to have
significant aortic dilatation.

Several studies have addressed the risks of open surgical repair in COPD
patients; fewer data have been published about the success and long-term
durability of endovascular repair. In 1986, Crawford et al. identified COPD as
a variable predictive of both early and late death in a series of 605 repairs of
thoracoabdominal aneurysms. This series comprised a total of 54 early and 151
late deaths (46). Satta et al. also found COPD to be predictive of early deaths
(47). A large study from the Cleveland Clinic also reported that COPD—and
several other comorbidities along with advanced age—was associated both
with early complications and long-term mortality (48). But a more recent
report by Axelrod et al. suggests no increased risk. The authors reviewed
national records from Veterans Administration Hospitals and identified 1053
patients who had undergone open AAA repair. Mortality in elective repairs
was similar between COPD and non-COPD patients (3.7%), but the length of
stay of COPD patients was 2 days longer. Ruptured aneurysms were associated
with COPD, but this did not result in a significantly higher risk of death (49).
Eskandari et al. argue that even oxygen dependency is not a contraindication
to open repair. They report 14 such patients who underwent elective repair.
The mean FEV1 was 34% predicted. No perioperative deaths were recorded,
and the mean length of stay was 5.9 days (50). Studies evaluating endovascular
repair techniques are ongoing (51,52). Endovascular approaches are very
promising, particularly for patients with significant comorbidities.

E. Cerebrovascular Disease

A relationship between COPD and cerebrovascular disease is not well
established. Arbix et al. studied a population of 1473 consecutive patients
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with ischemic stroke. Risk factors were analyzed. Hypertension was the most
frequent risk factor in strokes overall, occurring in 52% of patients, followed
by atrial fibrillation and diabetes, occurring in 27 and 20% of patients,
respectively. COPD was identified as the most common risk factor in
atherothrombotic strokes, with an odds ration of 2.63. It was not a separate
risk factor in lacunar strokes or those of cardioembolic etiology (53). In a
review of ischemic strokes after general surgery at the Mayo Clinic, COPD also
emerged as one of the two greatest risks, with an adjusted odds ratio of 10.04
(95% Cl 1.9–53.14) (54).

IV. Pulmonary Embolism

Many patients with chronic lung disease have major risk factors for pulmonary
embolism in that they are older and often live very sedentary lives (55). The
prevalence of pulmonary embolism in this group is difficult to measure;
however, the impact of pulmonary embolism has been documented in several
studies.

Like decompensated congestive heart failure, acute pulmonary embolism
presents with many of the same symptoms as an exacerbation of the underlying
lung disease. Making a correct diagnosis can be a challenge. Traditional
diagnostic approaches, particularly ventilation/perfusion ð _VV= _QQÞ scanning, are
particularly unreliable in the presence of underlying lung disease. In a study of
108 COPD patients suspected of having pulmonary emboli, Lesser et al. found
that clinical assessment, x-ray, Dða�AÞO2

, and PaCO2
were unable to

distinguish the 21 patients subsequently found to have emboli. _VV= _QQ scans
were usually intermediate in probability and thus nondiagnostic. However, in
cases of either high-probability scans or normal/near normal scans, the _VV= _QQ
studies had high positive predictive value and high negative predictive value,
respectively (56). Another study evaluated the clinical probability estimate and
a series of diagnostic tests in the COPD population with suspected pulmonary
emboli: _VV= _QQ scans, spiral computed tomography, D-dimer testing, and
angiography. The usefulness of the clinical probability estimate and each of
these studies with the exception of the _VV= _QQ scan were similar between
populations with and without COPD (57). The diagnostic role of magnetic
resonance imaging is unclear (58).

Pulmonary embolism has a negative impact on outcomes in patients with
parenchymal lung disease. Carson et al. prospectively followed 1487 patients
who had lung scans because of suspected pulmonary embolism for 1 year and
determined death rates in those with and without confirmed embolism. By 1
year, 23.8% of patients with confirmed pulmonary embolism had died,
compared to 18.9% of patients without. Of particular interest, those patients
with both COPD and pulmonary embolism had a death rate of 53.3% at 1 year
(59). Poulsen et al. in a similar but retrospective study assessed outcome of 588
persons clinically suspected of having pulmonary embolism. Follow-up was
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between 1 and 2 years. In this group, one-third had confirmed pulmonary
emboli. A comorbidity (including COPD) was an independent predictor for a
confirmed diagnosis; however, death rates were similar in groups with and
without pulmonary embolism (60).

Fatal pulmonary embolism is a missed diagnosis premortem in more than
half the cases. In a recent autopsy series, pulmonary embolism went
undiagnosed more often in patients with comorbidities. Only 13% of COPD
patients with fatal pulmonary embolism and 33% of patients with congestive
heart failure and pulmonary embolism were diagnosed premortem (61).
Similarly, critically ill COPD patients are at high risk of pulmonary embolism.
In a Polish study, 10.9% of COPD patients in an ICU had pulmonary emboli,
and pulmonary emboli were the cause of death in 40.6% of the COPD patients
who died in the ICU. A high index of suspicion is necessary to achieve better
detection of this often overlooked and lethal complication in patients with
underlying lung disease or other comorbidity (62).

V. Gastroesophageal Reflux Disease

The potential role of gastroesophageal reflux disease (GERD) has been
investigated in several pulmonary processes, most notably asthma, COPD, and
pulmonary fibrosis. GERD and asthma have the largest literature and have
generally been noted to occur frequently in the same patients (63). The
prevalence of GERD symptoms in asthma patients has been documented to be
more than 75% in some studies (64,65). Some evidence suggests that reflux
material and specifically acid reflux can produce bronchoconstriction (66,67).
However, the mechanisms of the airway hyperresponsiveness are not fully
defined. Boeree et al. reported a double-blind, placebo-controlled trial in which
patients with both asthma and GERD were randomized to receive either
omeprazole or placebo. The authors were unable to detect an improvement in
pulmonary symptoms in those patients who had had relief of acid reflux (68).

The role of GERD and particularly its impact on pulmonary function is
less clear in COPD patients. While a retrospective population survey study in a
group of veterans showed an increased prevalence of pulmonary disease in
those with reflux esophagitis (69), a small study in which airway resistance was
measured during acid perfusion of the esophagus did not cause bronchocon-
striction in a group of COPD patients (70). These patients, however, had
relatively normal esophageal function and are not necessarily the same as the
population of COPD patients who report symptomatic reflux. Mokhlesi et al.
undertook a prospective questionnaire-based, cross-sectional analytical survey
to assess the association between reflux symptoms and COPD. The survey was
undertaken in a population of veterans; a control group from the general
internal medicine clinic was used. Significant symptoms (occurring more than
once a week) of heartburn, dysphagia, and chronic cough were reported more
frequently by COPD patients. In addition, 26% of COPD patients associated
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their pulmonary symptoms with reflux symptoms. There was a nonsignificant
trend toward a higher rate of symptoms in COPD patients with FEV1< 50%
(70). In a follow-up to the previous study, Mokhlesi and colleagues assessed the
swallowing function of patients with COPD and hyperinflation compared to a
control population. They used videofluoroscopic techniques and were able to
demonstrate than COPD patients used protective techniques against aspiration
more frequently than controls. These included longer duration of airway
closure and earlier laryngeal closure relative to the cricopharyngeal opening as
compared to controls (72). In another evaluation of cricopharyngeal function
in COPD patients, however, severe dysfunction was seen in 17 of 22 patients,
primarily among the elderly (73). The discrepancy between these two studies
speaks to the fact that the COPD population is a heterogenous population,
may not be able to addressed simplistically in terms of comorbidities like
GERD, and may require individualized approaches to management.

Another study addressed the impact of GERD on pulmonary function in
elderly patients. In this study, 27 patients with reflux and 29 without reflux
(documented by pH monitoring) had spirometry. Patients with reflux
symptoms had slightly lower vital capacities than those without reflux,
particularly if the reflux was moderate or severe (74). The association of
restrictive disease and GERD has been made not only in elderly patients but
also by several authors studying other patient groups since at least the early
1970s (75,76). In 1976, Mays et al. prospectively evaluated 131 patients with
pulmonary fibrosis and 270 controls with upper gastrointestinal series. Of 131
pulmonary fibrosis patients, 48 had reflux, a statistically significantly higher
rate than found in controls (77). More recently, Tobin et al. investigated 17
patients with idiopathic pulmonary fibrosis using esophageal pH monitoring
and documented abnormal acid levels in 16 of the patients, a significantly
higher rate than the 50% found in controls (78). These investigators also noted
that pulmonary fibrosis patients with GERD often do not have typical
symptoms and that the episodes often occur at night. Ing points out, however,
that despite the increasing information linking pulmonary fibrosis and reflux
disease, no data have shown a causal effect (79). To establish this presumably
would require prospective, long-range studies of patients with known
significant reflux disease. Nevertheless, it is reasonable to treat symptomatic
or asymptomatic reflux aggressively when it is documented in patients with
pulmonary fibrosis.

VI. Cancer

Recently published data estimate more than 12 million Americans have at least
moderate obstructive lung disease (80). It is the fourth leading cause of death,
and cancer is the second leading cause of death. Cancer deaths per year number
almost 550,000, and COPD deaths more than 124,000 (81). Thus it is likely that
COPD is a significant comorbidity in many cancer victims. Again, however,
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few data document such a relationship. Coebergh et al. published data from
the Netherlands in which the prevalence of serious comorbidity was
ascertained at diagnosis in patients with unselected cancers. Over a 3-year
period, from 1993 to 1996, data from 34,000 patients were registered. Clinical
data regarding comorbidities were collected from clinical records. Comorbid
conditions as a percent of new cancer diagnoses ranged from 12% in those less
than 45 years old to 63% in those more than 75 years old. The highest incidence
was in patients with lung cancers (58%). COPD was among the most frequent
comorbidity complicating (across the range of tumors) cancers and ranged
from 3 to 25% of newly diagnosed cancer cases (82). A study from the National
Institute on Aging and the National Cancer Institute assessed the prevalence of
comorbidities in the elderly. Cancers of the breast, cervix, ovary, prostate,
colon, stomach, and urinary bladder were included in the study of 7600
patients. As in the previous study, data were collected from medical records.
Hypertension, heart disease, and arthritis were the most commonly reported
comorbidities; COPD and diabetes less common (83). In hematological
malignancies, where pulmonary function is often of concern because of
treatment toxicity, again few data have been published. Van Spronsen et al.
studied 194 patients with Hodgkin’s lymphoma and 904 with non-Hodgkin’s
lymphoma using the same registry used in the Coebergh study. Comorbidity
was low (less than 20%) in the population below age 60 but present in 56% of
those above age 60. It was present in 43% of non-Hodgkins patients between 60
and 70 years old and 61% of patients above age 70. COPD was present in
approximately 10% of these patients (84). Interestingly, patients with
comorbidity received less chemotherapy and had lower survival in the first
months after diagnosis, though in this study no correlations to specific
comorbidities were made.

One would expect COPD to have its greatest impact as a comorbidity in
patients with lung cancer. Sekine et al. retrospectively reviewed data from 244
patients with non-small-cell lung cancer who underwent pulmonary resection.
COPD was identified by spirometry preoperatively in 78 of the patients; others
were considered to not have COPD. Postoperative complications occurred
more frequently in COPD patients; 5-year survival in the COPD patients was
36.2%, compared to 41.2% in the non-COPD patients (27). A Spanish study
assessed the frequency of comorbidity in operable lung cancer in relation to the
presence of symptoms and age. Between 1993 and 1997, 2992 consecutive
patients were studied. Of those, 2189 had one or more comorbidities. Some
50% of lung cancers were associated with the most frequently found
comorbidity, COPD; in 32% of patients with COPD, the FEV1 was less than
70% predicted. Age and presence of symptoms was associated with the
presence of COPD (85). The Dutch study cited earlier has also yielded
information about lung cancer and comorbidities. Janssen-Heijnen et al.
reviewed 3864 lung cancer cases registered from 1993 to 1995 from their
population-based registry. COPD was the second most common comorbidity,
reported in 22% of patients, and was barely superseded by cardiovascular
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disease, which occurred in 23% of patients. The rate of resection of localized
non-small-cell tumor in patients above age 70 in those with COPD was only
67%, compared to 94% in those without identified comorbidities (86). This
suggests an association of less aggressive treatment in the presence of
comorbidity and deserves further exploration.

Since the 1950s, a link between pulmonary fibrosis and lung cancer has
been suggested (87,88). Several more recent studies have also reported such a
correlation.

In Japan, this association has been reported by Nagai and others (89,90).
Hubbard et al. used the United Kingdom General Practice Research Database
to compare patients with cryptogenic fibrosing alveolitis (idiopathic pulmonary
fibrosis) with controls in terms of their rates of lung cancer. Patients with
diagnoses of connective tissue diseases were eliminated, leaving 880 patients
with fibrosing alveolitis and 5884 controls. A diagnosis of fibrosing alveolitis
was accepted only if physical exam and chest x-ray were compatible. The
authors found that the relative risk for cancer in fibrosing alveolitis was 7.36
(95% Cl 1.54–35.19) even when smoking was taken into account (91). However,
this association has not been supported in U.S.-based studies (92,93). A recent
review points out the difficulty of assessing available studies because of the
different criteria used to identify a diagnosis of pulmonary fibrosis (94). This is
another area where further study will be required before a definitive answer
becomes available.

VII. Cognitive Functioning

In two studies in the 1990s, Incalzi et al. reported that significant impairment in
verbal and verbal memory tasks could be found in almost half of a group of 36
patients with COPD who had hypoxia and hypercapnia but who were using
supplemental oxygen. The impairments were significantly correlated with age
and with duration of chronic respiratory failure. The first report was
particularly disturbing because of the apparent development of cognitive
defects despite appropriate oxygen use (95,96). Stuss et al. also found a
correlation between hypoxia and particularly hypercapnia and problems with
delayed memory, complex attention, and speed of information processing. No
evidence of general dementia was found, but the more subtle impairments led
the authors to emphasize the importance of early diagnosis and treatment of
hypoxia (97). Finally, Kozora et al. compared the neuropsychological function
in three groups: mild Alzheimer’s patients, COPD patients with mild
hypoxemia, and normal controls. Patients with Alzheimer’s disease performed
worse than the other groups in most cases. COPD patients had lower letter
fluency and lower verbal fluency than controls, though not in the clinically
impaired range. In most cases the changes were subtle and not severe enough to
impair normal functioning (98). Physicians and family caregivers need to be
aware of the possibility of mildly impaired functioning in COPD patients,
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particularly in the performance of certain mental tasks. These findings
underscore the importance of maintaining adequate arterial oxygen levels.

VIII. Summary

The cost of care of COPD represents a significant portion of our health care
dollars. Medicare expenditures for COPD patients are 2.4 times as great as the
per capita expenditures for all Medicare beneficiaries (99). Strassels et al.
reported that only 25% of the expense for COPD patients was direct COPD-
related expense (100). The rest presumably is due to comorbid conditions. A
third case-controlled study assessing health care utilization and costs in COPD
patients demonstrated that health utilization was approximately double that of
age- and sex-matched controls, with much of the excess attributable to other
smoking-related illness (101). The role of comorbid illness in patients with
COPD and other chronic, advanced lung disease is an important consideration
in all phases of the patient’s management. Alternatively, COPD appears as a
significant comorbidity and negative prognostic factor in many common
chronic illnesses. Constant awareness of the likelihood of coexistence of two or
more chronic illnesses is necessary to assure that all comorbidities are
addressed and optimal medical management is achieved.
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I. Overview

Osteoporosis results in 1.5 million6 106 fractures annually in United States
alone (1). Half of all women and one-eighth of men 550 years old will
experience fractures at some time in their lives. Unfortunately, only 20% are
diagnosed with osteoporosis and, worse yet, only 5% are adequately treated.
Osteoporosis results in 322,000 hospitalizations accounting for 3.56 106 bed
days and 750,000 office visits annually, leading to 206 106 restricted activity
days and 60,000 nursing home (NH) admissions. Hip fractures increase
mortality two- to fivefold. One-fourth of patients who suffer from a hip
fracture die in the first year. When questioned, 80% of women preferred death
to hip fracture resulting in nursing home placement, indicating the important
psychological impact of osteoporosis in our aging society. The annual medical
costs for osteoporosis care in the United States, United Kingdom, and France
are $14 billion, £614 million, and 4 billion Fr, respectively. In comparison, the
annual United States medical costs for COPD are $13.6 billion and the costs to
manage all lung diseases in the United States are $84 billion.

The renewed interest in osteoporosis in the pulmonary community is due
to (1) an increased awareness of implications, (2) the impact of lung
transplantation, (3) improved and disseminated technology for measuring
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bone mineral density (BMD) by dual-energy x-ray absorptiometry (DXA), and
(4) safe and effective medications (in particular bisphosphonates).

Osteoporosis is defined as a low overall bone mass together with a
disruption of normal bone architecture, leading to an increased susceptibility
to fractures after minimal trauma. The normal three-dimensional structure of
trabecular bone is altered. Osteoporotic bone has fewer connecting bony
spicules or ‘‘struts,’’ which are thinner than normal. Thus, both the
radiological density and mechanical strength of osteoporotic bone are
diminished (2,3). Histologically, there is an equivalent decrease in both bone
mineral (composed of calcium and phosphorus), and bone matrix (composed
of collagen and other bone proteins).

Other metabolic bone diseases that can cause structural weakness of bone
include osteomalacia and osteitis fibrosis. Osteomalacia occurs when bone
mineral fails to be deposited in normally formed bone matrix. Histologically,
osteomalacia is characterized by an increased amount of noncalcified matrix.
Rickets in children is the equivalent of osteomalacia in adults. Osteitis fibrosa
is due to high circulating levels of parathyroid hormone (PTH). Both primary
and secondary (e.g., renal insufficiency) hyperparathyroidism cause increased
bone resorption. The histological appearance shows increased numbers of
osteoclasts, or bone-resorbing cells.

Bone is a dynamic tissue in which new mineral is constantly being laid
down while previously mineralized sections are being resorbed. The cells
governing this process are osteoblasts and osteoclasts. Osteoblasts are bone-
forming cells derived from connective tissue stem cells. Mature osteoblasts
synthesize collagen and other bone matrix proteins such as osteocalcin and a
specific isoform of alkaline phosphatase, which are believed to play roles in
bone formation and the mineralization process. Osteoclasts, derived from stem
cells in the bone marrow resembling macrophages, are the most important cells
involved in bone resorption. These cells contain lysosomes that release enzymes
to degrade bone matrix proteins.

The World Health Organization defines osteoporosis in terms of bone
mineral density measurements (4). Osteoporosis is present when the measured
BMD is more than 2.5 standard deviations, or *25%, below the mean for a
normal young individual (when peak bone mass is achieved). Osteopenia refers
to a lesser degree of bone loss, in which the measured BMD is between 1.0 and
2.5 standard deviations below normal peak bone mass, or a loss of 10 to 25%.

II. Osteoporosis: Etiology and Pathogenesis

A variety of inherited and acquired factors can lead to osteopenia or
osteoporosis. Osteoporosis results when there is too much bone resorption, too
little bone formation, or a combination of both. The most common cause of
increased bone resorption is estrogen deficiency associated with menopause in
healthy women (Fig. 1). Accelerated bone loss continues for *10 years after
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menopause, then the rate of decline subsides to near the rate associated with
normal aging.

Estrogen replacement in the postmenopausal period reduces the rate of
resorption and stabilizes bone mass. Men with hypogonadism have accelerated
bone loss similar to that of postmenopausal women. Genetic factors play a
major role in determining both the peak bone mass and the rate of bone loss
in older individuals. In population-based studies, natural variations (poly-
morphisms) in genes for the vitamin D receptor, the estrogen receptor, and for
type 1 collagen matrix protein appear to affect bone mass. Other conditions
that cause increased bone resorption include hyperparathyroidism, hyperthyr-
oidism, malabsorptive syndromes, and multiple myeloma. Corticosteroid
therapy is by far the most common cause of secondary osteoporosis in western
society (see Table 1) (6,7).

Corticosteroids are a significant cause of bone loss. One-third to one-half
of patients treated with 0.1mg/kg of prednisone for 1 year develop vertebral
fractures and will lose, on average, 10% of their bone mineral density (BMD).
Since trabecular bone is most affected, fractures tend to occur in the spine, ribs,
and pelvis, but cortical bone is not resistant to the adverse effects of

Figure 1 The number of women in the United States suffering from osteopenia and

osteoporosis is strongly age-related. Comparable estimates in men are not available, but

men are less affected. (Adapted from Ref. 5.)
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corticosteroids. Corticosteroid-induced bone loss is nonlinear and may be
partially reversible. Irrespective of underlying disease, the greatest loss in BMD
occurs within the first 12 months of corticosteroid therapy; thereafter, the rate
of decline slows yet still exceeds the rate expected from normal aging. The rate
of loss of BMD immediately after corticosteroid initiation may be two- to
fivefold higher than the rate seen during chronic maintenance therapy. Laan et
al. demonstrated that rheumatoid arthritis patients treated with 10mg/day of
prednisone (or placebo) for 20 weeks lost 7% of their spine BMD but were able
to recover over the next 24 weeks to values close to baseline, reflecting no
significant change compared to patients treated with placebo (8). Results such
as these suggest that bone is a dynamic tissue that has a compensatory process
to remodel after corticosteroid cessation, but the compensation may be
incomplete if the duration of therapy is too long or other complicating factors
(e.g., postmenopausal status, other) are present.

III. Osteoporosis: Presentation

As bone is lost, there are typically no symptoms until fractures occur, usually
with minimal trauma. Compression fractures of the vertebrae are most
common, followed by fractures of the proximal femur and the distal radius
(Colles’ fracture) (Fig. 2) (9).

As a result of vertebral compression with anterior wedging, patients will
lose height and develop a kyphosis deformity of the spine. Patients who have
experienced vertebral compression fractures may have chronic back pain.
Proximal femoral (hip) fractures are the most disabling, often leading to
immobilization and a loss of independent living in elderly men and women.
Since the entire skeleton is fragile, fractures are more likely to occur at other
sites as well, including the pelvis, ribs, and long bones. Once a fracture occurs,
the risk for another fracture is two- to fivefold higher than in the general
population.

Table 1 Detrimental Effects of Corticosteroids on Bone Health

Suppression of bone formation

;Conversion of precursor cells to mature osteoblast

;Synthesis of osteoid (bone matrix) by osteoblasts

Local suppression of bone growth factors

Increased bone breakdown

:Activation of osteoclasts

;GI calcium absorption and renal tubular resorption

Secondary hyperparathyroidism
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IV. Osteoporosis: Diagnostic Approach

Plain chest rays, especially lateral ones, can show several types of abnormalities
that suggest osteoporosis or another metabolic bone disease. The most
common finding is nonspecific osteopenia or reduced radiographic density. In
more advanced disease, deformities, fractures, and kyphosis may occur. In
early disease, standard x-rays are normal. At least 30% of total bone mass must
be lost before abnormalities in density are detectable by plain radiographs,
making this technique very insensitive to early bone loss. However, since chest
x-rays are routinely available to lung specialists, they are an easy screen for
advanced bone disease.

Quantitative measurement of BMD is the primary means of diagnosing
osteoporosis, using World Health Organization standards. The most widely
used method for measuring bone mass today is dual-energy x-ray absorptio-
metry (DXA). The main clinical utility of quantitative BMD measurement is
documenting the presence of osteopenia or osteoporosis and predicting the risk
of fracture. In general, a decline of one standard deviation below young normal
BMD (i.e., T score <� 1) doubles the fracture risk. The risk doubles again for
each standard deviation decline thereafter (e.g., a T score of � 3 equates to a
fracture risk that is eightfold higher).

Routine laboratory evaluation is usually limited. Serum creatinine,
calcium, phosphorus, alkaline phosphatase and TSH, as well as a complete
blood count should be obtained in most patients. Patients with elevated serum
calcium should have a measurement of serum PTH. Those at clinical risk for
vitamin D deficiency, such as home-bound or institutionalized individuals,
should have a measurement of 25-hydroxyvitamin D.

Figure 2 Fracture site distribution in patients with osteoporosis.
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V. Osteoporosis: Management and Therapy

A. Prevention

Osteoporosis is more easily prevented than cured. The health habits of
individuals in early and middle life play a role in their risk of osteoporosis in
later life. Adequate dietary intake of calcium and vitamin D; active physical
exercise; and avoidance of excessive alcohol, tobacco, and drugs known to
cause osteopenia are all useful measures for the prevention of osteoporosis.
The recommended calcium and vitamin D intake is 1000 to 1200mg/day and
400 IU, respectively for most adults (10).

B. Drug Therapy

The objectives of therapy in osteoporosis include prevention of further
excessive bone loss, promotion of bone formation, prevention of fractures,
reduction or elimination of pain, and restoration of physical function. The
National Osteoporosis Foundation recommends using antiosteoporotic
therapy when either (1) T score<� 2 or (2) T score<� 1.5 when other risk
factors are present, including corticosteroid use, smoking, weight< 127 lb, or
history of fracture below the age of 50. All of the agents listed below have been
shown to improve BMD, and several have been shown to reduce the incidence
of fractures in clinical trials. All of them are considered to be ‘‘antiresorptive’’
agents, acting to reduce rates of bone resorption rather than to stimulate bone
formation. Estrogens are commonly used to relieve menopausal symptoms and
preserve BMD in postmenopausal women, whether osteoporosis is present or
not. The other antiosteoporosis drugs are generally indicated for use in patients
having either documented osteoporotic fractures or bone densities at least 2
standard deviations below peak bone mass.

Estrogen replacement in postmenopausal women prevents the excessive
bone loss due to estrogen deficiency. Estrogens (providing a minimum or 50 mg
of estradiol or equivalent) should be given together with a progestin in women
who have an intact uterus to avoid the increased risk of endometrial cancer.
Orally administered estrogens have a beneficial effect on the serum lipid profile
but adversely affect the risk of venous blood clots in susceptible individuals.
Despite decades of use, estrogen replacement remains controversial due to
effects on the cardiovascular system.

Selective estrogen receptor modulators (SERMs) are synthetic analogs of
estrogen that have some of the biological effects of natural estrogen, but they
lack other effects. Drugs in this class include raloxifene, a drug approved for
the treatment of osteoporosis (11). Raloxifene acts as an estrogen agonist with
respect to bone metabolism. It increases BMD when given to postmenopausal
women. Raloxifene is a good choice as an antiosteoporosis drug in women at
high risk of breast or uterine cancer, since it does not stimulate the
endometrium or breast tissue.
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Bisphosphonates are a family of compounds that resemble pyropho-
sphate and are incorporated into the mineral structure of bone (12). There,
they inhibit bone resorption and promote increased bone mass. Clinical trials
of several bisphosphonates—including etidronate, alendronate, and risedro-
nate—indicate that BMD is increased in postmenopausal osteoporosis,
idiopathic male osteoporosis, and corticosteroid-induced osteoporosis after 2
or more years of treatment. Further trials with alendronate and risedronate
provide strong evidence that these drugs can reduce fracture risk by 40 to 60%
at various skeletal sites, including the spine and hip. Alendronate and
risedronate are the only bisphosphonates currently approved in the United
States for treatment of osteoporosis, but other drugs of this class are likely to
be approved in the near future.

Calcitonin is a peptide hormone produced by the thyroid gland. The
administration of synthetic human or salmon calcitonin in patients with
osteoporosis causes a reduction in bone resorption and a modest increase in
BMD (13). Clinical trials have found that intranasal calcitonin therapy reduces
the occurrence of vertebral fractures in postmenopausal women. However,
with the advent of bisphosphonates, calcitonin use has declined.

VI. Osteoporosis in Chronic Obstructive Pulmonary
Disease

Among pulmonary disorders, chronic obstructive pulmonary disease (COPD)
is most commonly linked to osteoporosis. Systemic corticosteroids decrease
bone mineral density, particularly in ribs and vertebrae, where trabecular bone
predominates. While corticosteroid therapy for COPD is thought by many to
be the most important factor causing osteoporosis in this patient group, a
variety of other factors may be important in causing or accelerating bone loss
among COPD patients. Lifestyle factors—including reduced dietary calcium
intake, reduced physical activity secondary to respiratory limitation, and
cigarette and alcohol consumption with their known deleterious effects on
bone health—may all contribute to bone demineralization in COPD
independent of corticosteroid therapy (14). In addition, as mentioned above,
hypoxemia may result in alterations in hypothalamic-pituitary-gonadal axis,
resulting in reduced sex hormone levels leading to diminished bone formation
(15). More recently, inflammatory cytokines, including TNF-b, IL-6, and IL-1,
which emanate from the lung during acute and chronic inflammation, have
been implicated in accelerating bone resorption and reducing bone formation
at the cellular level contributing to a low BMD (16).

The prevalence and severity of osteoporosis and fractures in patients with
COPD has not been determined. On the most severe end of the spectrum,
reports from three lung transplantation centers have indicated that COPD
patients referred for transplant evaluation almost universally suffer from
osteoporosis or osteopenia (17–19). More recently, Iqbal et al. reported that

Osteoporosis 613



bone mineral density was lower in patients with mild to moderate COPD as
well (20). In this study, a large series of chronic lung disease (predominantly
COPD) patients from the Atlanta VA Medical Center were screened for
osteoporosis by DXA and categorized as to corticosteroid usage. In patients
taking oral corticosteroids, the FEV1 averaged 50.6%, whereas the groups who
were taking inhaled corticosteroids and those who had never been treated with
corticosteroids had average FEV1 values of 59 and 69%, respectively (Fig. 3).
As expected, those using oral corticosteroids for COPD had lower hip and
spine T and Z scores, values that were significantly different from those in an
age-matched control population. Interestingly, the inhaled corticosteroid-
treated patients and the non-corticosteroid–treated COPD patients also had
lower hip and spine T scores than the control population. T scores for the oral
steroid-taking COPD patients were slightly lower than in those who took
inhaled corticosteroids only, which were, in turn, slightly lower than in those
who took no corticosteroids, but these differences among the various COPD
groups were not statistically significant. Osteoporosis was ninefold more
prevalent in the oral steroid–treated COPD patients and fourfold more
prevalent in the non-steroid–treated COPD patients in comparison to controls.
The authors concluded that COPD itself was a risk factor for osteoporosis in
addition to the well-accepted risk that is attendant on corticosteroid use. These
data may extend to patients with chronic bronchitis in addition to those with
emphysema. Preat et al. found reduced bone density in chronic bronchitic
patients, including those who had never received oral corticosteroids (21).

The consequences of osteoporosis, mainly fractures and kyphosis, have
been sparingly studied in COPD patients. McEvoy et al. using a conventional
vertebral fracture definition (20% decrease in the anterior vertebral height in
comparison to the posterior height), reported that COPD patients suffer
considerably more vertebral fractures than an age-matched control population
(22) (Fig. 4). The study enrolled 312 men, 550 years of age, with a smoking

Figure 3 Hip and spine T scores from COPD patients demonstrating that bone mass

is lower across all categories of COPD but is the worst for the oral corticosteroid (CS)-

treated patients. *p< 0.05 versus controls. (From Ref. 20.)
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history and a spirometric diagnosis of COPD. Subjects were assigned to one of
three groups: 117 subjects had never used corticosteroids, 70 had used only
inhaled corticosteroids, and 125 had taken an oral corticosteroid for at least 2
weeks during their lives. Subjects with a history of oral corticosteroid use were
further grouped into 52 subjects whose lifetime duration of oral corticosteroid
use was greater than 6 months and 73 subjects whose lifetime duration less than
6 months.

Subjects who used oral prednisone were nearly two times more likely to
have 51 vertebral fractures than those who never used corticosteroids (odds
ratio¼ 1.8; 95% confidence interval: 1.08, 3.07). This observed effect was
primarily attributable to subjects whose lifetime use of oral corticosteroids was
greater than 6 months (31.2 g of prednisone as a cumulative lifetime dose), in
whom there was a threefold increased risk for at least one vertebral fracture
(OR¼ 2.99; 1.38, 6.49). The oral corticosteroid–treated COPD patients had a
significantly higher prevalence of vertebral fractures than those who had never
received oral corticosteroids; but, in addition, these patients were much more
likely to have multiple and severe vertebral fractures. Therefore, in this study,
the continuous users of corticosteroids were at the greatest risk for vertebral
fractures, but those who had not used corticosteroids also had higher fracture
rates than controls.

A study of the rates of long bone fractures in COPD has yet to appear in
the literature. However, Leech et al. determined a relationship between
deterioration in lung function due to kyphosis and the severity of osteoporosis
in women (23). They estimated that a 10% decease in vital capacity results from
worsening of the kyphosis angle that resulted from each thoracic vertebral
fracture. Therefore, in addition to reducing height and causing acute and
chronic pain, vertebral compression fractures compromise lung function.
Several studies have also demonstrated that vertebral fractures are more

Figure 4 Patients who never received corticosteroids (CS), those who had received

inhaled CS, and those receiving oral CS had vertebral fracture (Fx) prevalence rates of

49, 57, and 63%, respectively. (Adapted from Ref. 22.)
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common in cigarette smokers. However, neither of these studies was controlled
for the presence or absence of COPD.

The effect of inhaled corticosteroids on BMD in patients with COPD has
been less well studied than the effect in asthmatics. Nonetheless, a greater effect
may be seen in patients with COPD than those with asthma and in
postmenopausal than in premenopausal women. The EUROSCOP researchers
included an evaluation of osteoporotic vertebral fractures and BMD
determination in a subgroup of patients (102 subjects in the budesonide group
and 92 in the placebo group) in their randomized, placebo-controlled trial of
the effects of inhaled budesonide in persons with mild COPD (24). There was
no significant change over time in BMD except for an increase in the density of
the femoral trochanter in the active treatment group. New vertebral fractures
were rare and occurred in fewer than 5% of the subjects.

A large recent multicenter study evaluating the efficacy of inhaled
triamcinolone in treating COPD has shed the first convincing light on the fact
that inhaled corticosteroids contribute to a decline in bone density in patients
(n¼ 559) who are chronically treated (25). Although the triamcinolone therapy
(1200 mg) improved respiratory symptoms and decreased the use of health care
services for COPD patients, it did result in statistically significant declines in
lumbar spine and femoral neck bone mineral density (�0.35 versusþ 0.98%,
p¼ 0.007; and �2.0 versus �0.22%, p< 0.001 respectively). Interestingly, the
change in bone mineral density in this 3-year study was not seen at the end of
the 1-year therapy period; it was detected only at the end of the third year.
Therefore the authors concluded that prolonged monitoring of patients on
chronic inhaled corticosteroids might be necessary to assess the impact on bone
density. At present, it cannot be determined, based upon the available
literature, whether a longer duration of usage or a high dose of inhaled
corticosteroid confers an increased risk for osteoporotic fractures.

Therapy for corticosteroid-induced osteoporosis in COPD patients has
recently been reviewed (26) and follows the guidelines promulgated by the
American College of Rheumatology and the American Association of Clinical
Endocrinology (7,27). In large, randomized clinical trials, alendronate,
risedronate, etidronate, calcitonin, and hormone replacement therapy (HRT)
have all been shown to be effective in improving BMD in corticosteroid-treated
patients, but the therapeutic responses are usually less than in patients not
taking corticosteroids.

Long-term oral corticosteroids usage, irrespective of underlying disease,
also suppresses the hypothalamic-pituitary-adrenal (HPA) axis, but the
magnitude of the effect and its persistence following discontinuation of
therapy are less certain (28). Schlaghecke et al. found no association between
the plasma cortisol response and the dose or duration of corticosteroid
therapy, suggesting that both long and short-term therapy suppresses adrenal
responsivity (29). However, as accepted in clinical practice, short-term therapy
is unlikely to precipitate a clinically evident hypoadrenal crisis, largely because
brief steroid therapy does not fundamentally affect long-term adrenal reserve
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and function (30). Deaths caused by adrenal insufficiency in corticosteroid-
dependent patients are rare despite the enormous number of patients receiving
such therapy (31). Only a few cases of adrenal insufficiency after withdrawal of
inhaled corticosteroid therapy have been reported in adults (32). Of the trials
evaluating inhaled corticosteroid use in COPD patients, only Paggiaro et al.
found significantly lower cortisol levels in the fluticasone propionate group
versus the placebo group (p¼ 0.024), but the clinical significance of this finding
was not apparent (33). Some degree of HPA suppression undoubtedly occurs
with long-term corticosteroid (oral> inhaled) therapy in COPD, but serious
clinical adverse outcomes are rare, probably because clinicians taper
corticosteroids slowly rather than stopping them abruptly.

VII. Osteoporosis in Asthma

Inhaled corticosteroids may affect bone mineral metabolism, but results of
clinical studies, mostly conducted in asthmatics, are inconsistent (34,35). Most
of these studies have been comparisons between asthmatics (children and
adults) and normal volunteers. In general, no significant effect on HPA
function was found from relatively low doses of inhaled corticosteroids (400–
800mg/day beclomethasone) (34,35). In a metanalysis of systemic adverse
effects of inhaled corticosteroids used in asthmatic children and adults,
however, Lipworth found significant adrenal suppression with doses above
1.5mg/day (0.75mg/day for fluticasone propionate) (34). This finding supports
the evidence reported by Brown et al., who found that of 78 adult asthmatics
taking 1.5mg or more inhaled corticosteroid daily, 20.5% showed some
biochemical evidence of HPA suppression (36). Risk factors associated with
this suppression were previous requirement for long-term systemic corticoster-
oids and a longer duration of high-dose inhaled therapy. Inhaled corticoster-
oids probably affect bone mineral metabolism and BMD at doses >1mg/day.

Convincing evidence that inhaled corticosteroids also lower BMD in
patients with asthma has come from a recent study by Wong and colleagues
(37). A total of 196 adults with asthma, ages 20 to 40, were studied in a cross-
sectional fashion, and higher cumulative doses of inhaled corticosteroids were
associated with a decrease in BMD at the lumbar spine and femur.
Adjustments for sex, age, and potential confounding factors including asthma
severity (i.e., physical activity, FEV1, and hospital admissions) and past oral
and parental corticosteroids use did not weaken the associations. In order to
help the readership understand the meaning of these findings, the authors
expressed their findings in a real-world example. The bone side effects, on
average, mean that the patient who is taking 2000 mg/day of an inhaled
corticosteroid for 7 years (i.e., 5 g total dose) will have a lumbar spine bone
density that is, on average, 1 standard deviation lower than another patient
who has taken a low dose (i.e., 200 mg/day) of inhaled corticosteroids for 1
year. The authors indicated that since millions of Europeans and Americans
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are taking inhaled corticosteroids at a dose of 800 mg or higher, a small risk in
the overall fracture rate would have a substantial public health impact. An
additional important finding in this study was that cortical (femoral) bone was
affected as much as trabecular (spinal) bone, suggesting that patients taking
high doses of corticosteroids for long periods of time may also suffer from
increased rates of long bone fractures. While the group of women taking
corticosteroids was relatively well matched with those who were not taking
corticosteroids, there was a significantly lower level of physical activity scores
in the group taking high-dose inhaled coricosteroids, and this may have
affected one of the main outcome measures, femoral BMD. Nonetheless, the
information is important to pulmonologists because they care for many
patients on chronic medium- to high-dose corticosteroids. The authors of this
study concluded that patients (both men and women) receiving 1200 mg/day of
inhaled corticosteroids over a two-decade period would have a significant
reduction in BMD at the femur, at least doubling their fracture risks. Whether
all inhaled corticosteroid therapies would produce a similar effect on BMD is
unknown. Furthermore, whether oral calcium supplementation or mouth
rinsing after corticosteroid use would result in an amelioration of the expected
BMD decline are areas for further study.

VIII. Osteoporosis in Cystic Fibrosis

The nature of the underlying bone disease in CF is not known, but
osteomalacia is uncommon (38,39). Patients with CF are at increased risk
for low BMD due to multiple factors. Delayed puberty, reduced physical
activity, decreased sunlight exposure (and thus deceased vitamin D produc-
tion), decreased sex hormone levels due to chronic illness, chronic malnutrition
and low BMI, the use of corticosteroids to relieve airway inflammation, and
pancreatic exocrine insufficiency leading to reduced absorption of calcium and
vitamin D, resulting in altered calcium homeostasis, may all play a role in
reducing BMD in CF patients (40–43). Furthermore, increased levels of
inflammatory cytokines (e.g., TNF-a, IL-1, and IL-6), which have been
detected in the serum and lungs of patients with CF, may accelerate bone
resorption through osteoclastogenesis and osteoclast activation and inhibit
bone formation (44). Both accelerated bone resorption and decreased bone
formation have been widely reported (45–47).

The prevalence of osteoporosis in the CF population is difficult to define
precisely. However, a large number of studies have shown a consistent pattern
of low BMD in both CF children and adults. Many CF children suffer
inadequate bone growth and fail to reach peak bone mass, a factor that
contributes to low BMD as adults. Prior to the redefinition of osteoporosis by
the World Health Organization (WHO) (which addresses adults, not children),
the cut point for diagnosing osteoporosis was a Z score below 2, and the
prevalence of osteoporosis in small groups of CF patients was 19 to 77%, with
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adults generally experiencing more advanced bone disease than children (47–
52). Using the WHO’s definition of osteoporosis, the prevalence of
osteoporosis in adult CF patients with advanced lung disease was in the range
of 23 to 57% (53–55), but osteopenia was almost universal in the patients who
failed to meet the definition of osteoporosis. Most recently, large surveys of
clinically stable adult CF patients from the United States, United Kingdom,
Italy, and Denmark have reported the prevalence of osteoporosis to be 20 to
34% (using a Z score of <� 2.0) and 10% (using the WHO definition),
respectively, and the prevalence of osteopenia was 31 to 51% (56–61).

A low 25 (OH)D (25 hydroxyvitamin D) levels can occur in CF patients
due to malabsorption (62), reduced sunlight exposure (63) or, possibly,
accelerated 25(OH)D catabolism (61). Vitamin D deficiency is clearly a factor
in some cases of osteomalacia and osteopenia. Serum 25(OH)D levels are the
best clinical indicator of the adequacy of the vitamin D supply/production.
Hahn et al. were the first to demonstrate a correlation between low 25(OH)D
levels and BMD in CF (64). Subsequently, at least 17 studies (nicely reviewed
in Ref. 42) have found low 25(OH)D levels and 3 have reported elevated PTH
levels in CF. Hanley et al. demonstrated the low efficacy of 800 IU/day of
vitamin D (the recommended supplementation in adults) in normalizing
25(OH)D levels in CF patients (65). Although bone disease in CF patients is a
complex process and may well involve multiple mechanisms, the above results
indicate that vitamin D–dependent processes are very likely to contribute to
low BMD in CF.

The main sequelae of osteoporosis in CF are fractures and kyphosis. The
prevalence of fragility fractures in some selected populations of adult CF
patients may be as high as 10 to 20% (49,53,66). Significantly higher rates of
fracture have been reported for nontransplanted CF adults (53). Kyphosis and
back pain are also very common in CF. Erkkila et al. (67) first reported an
increased prevalence of kyphosis in CF patients, a finding subsequently
supported by others (53,68,69). The increased kyphosis angles were due in part
to a high prevalence of vertebral compression fractures (70,71).

As a general rule, children and adults with CF should be screened for
bone disease by DXA, and if BMD is normal (Z score 0+ 1 in children and T
score 0+ 1 in adults), rescreening every 2 to 5 years may help determine the
rate of bone growth/loss. Z scores are used most often to define bone disease in
children, whereas T scores are used most often to define bone disease in adults.
Treatment of established bone disease in CF has not been well studied.
Encouraging weight-bearing exercise, exposure to sunlight, maintaining a good
nutritional status, and the proactive management of pulmonary infection are
reasonable measures to maintain or increase BMD. Supplementation of
calcium and vitamin D is probably a useful intervention based on clinical
studies in non-CF patients with low BMD. ADEK vitamins alone probably are
not sufficient if vitamin D deficiency exists in adults, but predicting the
optimum vitamin D supplement is not easy due to the variability in vitamin D
absorption. Target 25(OH)D levels should be >18 to 20 ng/mL and preferably
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> 30 ng/mL. If osteoporosis is present and/or fractures due to minor trauma or
kyphosis occur, a more aggressive stance toward therapy should be taken.
Preliminary data suggest that intravenous pamidronate is very useful to
remineralize bone in CF patients with osteopenia or osteoporosis both before
(72) and after lung transplantation (73), but bone pain and fever may occur in
non-corticosteroid-taking patients. Oral bisphosphonates or calcitonin may be
useful based on anecdotal reports in CF and well-controlled trials in non-CF
patients.

IX. Osteoporosis in Sarcoidosis

Osteoporosis and low BMD have frequently been reported in sarcoidosis and
may precede the use of corticosteroids, suggesting that the underlying disease
places patients at risk (74). Prevalence data are not available. Extrarenal
synthesis of calcitriol [1,25(OH)2D3] is central to the pathogenesis of abnormal
calcium homeostasis, leading to accelerated bone loss, but alterations in
parathyroid hormone (PTH) activity and the expression of PTH-related
peptide have also been demonstrated (75–78). Therapeutic efforts to slow bone
loss in corticosteroid-treated patients with sarcoidosis have been successful
with both calcitonin and alendronate (79,80). The greatest success has been
with the initiation of antiresorptive therapy simultaneous with corticosteroid
induction.

X. Osteoporosis in Lymphangioleiomyomatosis

Taveira-DaSilva et al. recently studied 104 with lymphangioleiomyomatosis
(LAM) patients by DXA and found that 25 (22%) had osteoporosis 38 (36.5%)
had osteopenia, and 41 (39.4%) had normal BMD (81). The mean lateral
lumbar spine T score for the 104 patients was �1.48. After 21 months, 36
patients receiving progesterone, lumbar spine T scores increased significantly
(�1.8+ 0.22 to �1.2+ 0.19). In 20 patients treated with bisphosphonates, the
increase in lumbar spine T scores from �2.75+ 0.2 to �1.71+ 0.22 was
significant. In 13 patients who were taking both progesterone and bispho-
sphonates, the lumbar spine T scores improved significantly, from
�2.49+ 0.26 to �1.44+ 0.23. Abnormal BMD is frequent in patients with
LAM and, despite antiestrogen therapy, BMD scores can actually improve,
possibly due to the concurrent treatment with bisphosphonates, calcium,
vitamin D, or increased exercise tolerance from improvements in lung disease.

XI. Endocrine Abnormalities

The endocrine problems associated with specific pulmonary disease are
presented below. Of course, endocrine problems can arise anew or precede
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the diagnosis of pulmonary disease without any causal link to the underlying
lung disease.

A. Thyroid Disease: Overview

Outside of diabetes, hypothyroidism is the most common endocrine problem
that may affect patients with advanced lung disease and is much more
prevalent in women (*2% in some age groups) than in men (prevalence: 0.1%)
(82–84). Primary hypothyroidism is the most common cause of thyroid failure,
and results in low serum thyroid hormone with elevated TSH levels. There are
two major causes of primary hypothyroidism: autoimmune (Hashimoto’s
disease) thyroiditis (loss of functional thyroid tissue) and interference of
thyroid hormone production from ablation therapy (surgical or radioiodine)
for hyperthyroidism (85). Secondary hypothyroidism (low TSH or inappro-
priately normal TSH with low thyroid hormone levels) is usually the result of
hypothalamic or pituitary dysfunction, due to either tumors, trauma, surgery,
or irradiation. TSH deficiency occurs when the anterior pituitary is unable to
secrete adequate amounts of TSH to regulate thyroid hormone production,
whereas hypothalamic defects lead to TRH deficiency.

Hypothyroidism can be accurately diagnosed with thyroid function tests.
However, these tests can be abnormal in sick but apparently euthyroid patients
(‘‘euthyroid sick syndrome’’) (84,86). These changes are not believed to
indicate abnormal thyroid function (because TSH levels are usually normal,
thyroid tests return to normal after the underlying illness resolves, and
treatment with thyroid replacement has no clinical benefit), but their biological
importance is not understood and may represent an adaptive stress response.
The existence of these syndromes emphasizes the importance of exercising
clinical judgment in the final diagnosis. Table 2 shows the four major patterns
of abnormalities in patients with thyroid disease.

B. Thyroid Disease: Diagnostic Approach

Diagnosing the distinct cause of hypothyroidism is usually not necessary, since
most cases are iatrogenic or autoimmune thyroiditis. Antithyroid antibodies,
thyroid scans, and uptake measurements are rarely necessary since they usually
do not change the management of the hypothyroidism. If secondary
hypothyroidism is suspected, it is important to assess the adequacy of other
pituitary hormones and to obtain magnetic resonance imaging (MRI) of the
pituitary/hypothalamus, since replacement of pituitary hormones as well as T4

may be required. Hyperthyroidism results most commonly from Graves’
disease and toxic multinodular goiter, the latter a disease largely of older
patients. Hyperthyroidism may lower resting PCO2

levels and increase the drive
to breathe (87). A specific diagnosis may assist management; therefore
endocrinology consultation may be helpful.
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C. Thyroid Disease: Management and Therapy

Hypothyroidism

Levothyroxine is the drug of choice; it is started at 100 to 125 mg/day (*1.6 mg/
kg/day) and varies depending on age (88). In elderly patients or those with
cardiac disease, therapy should be started with smaller doses (25–50 mg/day)
and increased gradually to avoid precipitating myocardial ischemia or heart
failure. The half-life of levothyroxine is *7 days, so that most symptoms
resolve gradually within several days to weeks of initiating therapy. Parenteral
levothyroxine is indicated for myxedema coma or severe life-threatening
hypothyroidism, which is rare and most often occurs after an intervening
illness. Glucocorticoids should also be given in suspected cases, since adrenal
insufficiency can commonly coexist with severe hypothyroidism. Subclinical
hypothyroidism (an elevated TSH with normal T4 levels) is common, occurring
in *7.5% of women and *3% of men. Treatment is controversial and usually
not indicated. However, low doses of thyroid hormone can be given to
normalize thyroid function tests so as to assess clinical course. The
maintenance dose for primary hypothyroidism is adjusted to normalize the
TSH level. Because of T4’s long half-life and the delayed fall of chronically
elevated TSH levels, dose adjustments should be made no more often than
every 5 to 6 weeks. In patients with secondary hypothyroidism, TSH is not
regulated normally and cannot be used to adjust the dose. T4 or free T4 levels
should be maintained within the normal range.

Hyperthyroidism

The main goal in the treatment of hypethyroidism is to suppress synthesis of
thyroid hormones with long-term antithyroidal therapy [propylthiouracil
(PTU) 100–150mg every 6–8 hr ] or to perform thyroid ablation with
radioiodine or surgical intervention (88). Generally speaking, younger patients

Table 2 The Four Major Patterns of Abnormality in Thyroid Disease

Clinical entity Thyroid function tests Presentation

Hypothyroidism (18) ; T4, : TSH Fatigue, weight gain, dry

skin, myxedema, anemia

Hypothyroidism (28) ; T4, ; or NL TSH Same as above

‘‘Euthyroid sick

syndrome’’2
; T4, NL TSH,

NL or : T3 resin uptake

Clinically euthyroid

Hyperthyroidism : T4, ; TSH Tachycardia, fever,

nervousness

a Patients on high-dose glucocorticoids or dopamine may have low TSH levels in the face of

hypothyroidism because these medications block TSH secretion from the pituitary.
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are treated with long-term antithyroidal therapy or, if noncompliant, subtotal
thyroidectomy. Older patients are usually managed with radioactive iodine
(131I). If severe thyrotoxicosis (severe hyperthyroidism or thyroid storm) is
present, short-term therapy with inorganic iodide more rapidly suppresses
hormone release than PTU. In addition, beta-adrenergic antagonists (e.g.,
propranolol 40–120mg/day) and glucocorticoids (dexamethasone 2mg every
6 hr) should be added to control the symptoms and manifestations of excess
thyroid hormone. With any of the above therapies, hypothryroidism may
result; therefore the patient should be monitored closely.

D. Endocrine Abnormalities Specific for the Underlying Lung
Disease

Sarcoidosis

Endocrine abnormalities in sarcoidosis are common. The most widely
recognized clinical endocrine abnormality is hypercalcemia, which occurs in
approximately 10% (range 2–64%) of patients (89–92). Hypercalciuria is
approximately threefold more frequent than hypercalcemia. Both of these
abnormalities result from increased activity of 1-a-hydroxlase, a P450-linked
mixed function oxidase enzyme capable of synthesizing biologically active
1,25(OH)2D3 from 25(OH)D3. This increased enzyme activity probably
emanates from extrarenal sites, based on clinical observations that hypercalce-
mia is observed in anephric patients with sarcoidosis and subsequently by
observations that activated macrophages and lymphocytes from areas of
granulomatous inflammation are capable of direct synthesis of 1,25-(OH)2D3.
Unlike the normal production of 1,25-(OH)2D3 in the kidney, the production
of this molecule at the site of sarcoidal inflammation is not responsive to
negative feedback control. Serum calcium levels rise, since 1,25-(OH)2D3

results in increased gastrointestinal absorption of calcium and increased
osteoclastic activity in bone. Hypercalcemia and hypercalciuria can result in
nephrocalcinosis and nephrolithiasis, although these complications are
relatively uncommon. Fortunately, treatment of hypercalcemia in sarcoidosis
is effective. Guidelines for instituting therapy based on a particular serum or
urine calcium level have not been published. Therefore patients with
symptomatic hypercalcemia or hypercalciuria deserve therapy, and patients
with serum calcium levels >12mg/L also deserve intervention. Prednisone at
doses of 0.5 to 1mg/kg body weight is highly effective at reducing serum and
calcium levels quickly (93). Ketoconazole may be useful in patients who do not
require prednisone for lung or systemic disease (94). Nontherapeutic
intervention may achieve success if dietary calcium and vitamin D intake are
reduced. Likewise, patients who have a high exposure to ultraviolet (UV) light
(via sunlight or other) may experience reductions in calcium levels if exposure
can be reduced. UV exposure accelerates the production of cholecalciferol from
cholesterol precursors in the skin. Rarely is the level of serum calcium so
elevated that forced diuresis or intravenous bisphosphonates are necessary.
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Osteoporosis and osteopenia are common in patients with sarcoidosis.
These conditions may antedate corticosteroid intervention, suggesting that an
underlying diathesis for reduced bone mass may be related specifically to
sarcoidosis. In addition, as with other lung diseases, corticosteroid therapy
exacerbates this problem. Screening and management of osteoporosis have
been reviewed above.

Neurosarcoidosis may also cause endocrine abnormalities in addition to
neurological ones (95–98). Neurosarcoidosis appears in <10% of all patients
with sarcoidosis. While early reports indicated that a partial or complete
destruction of the pituitary by sarcoidal granulomatous was causal, more
recent studies have indicated that the main cause of hypopituitarism in
sarcoidosis is hypothalamic destruction by granulomatous inflammation. In
fact, the hypothalamus is the most frequently involved of all the endocrine
glands in sarcoidosis (97). Polyuria and polydipsia are the most frequently
symptoms in patients with involvement of the pituitary or hypothalamus.
While early studies initially attributed these symptoms to diabetes insipidus
from vasopressin deficiency, Stuart et al. demonstrated that the main cause of
these symptoms is primary polydipsia and disordered control of thirst (96).
Other mechanisms for this disorder include diabetes insipidus and vasopression
deficiency caused by loss of neurosecretory neurons of the neurohypophysis,
destruction of the osmoreceptor, or downward resetting of the osmostat. In
addition, the symptoms of polyuria and polydipsia can result from unrelated
problems, including hypercalcemia, hypercalciuria, and nephrogenic diabetes
insipidus.

Involvement of the HPA axis in sarcoidosis may result in clinically
apparent diseases, including hypothyroidism, hypogonadism, hypoadrenalism,
and impaired growth. Multiple deficiencies (panhypopituitarism) often coexist.
Normal pituitary hormone responsitivity to hypothalamic releasing factors
suggests that the primary disorder in sarcoidosis is hypothalamic dysfunction.
Deficient secretion of growth hormone and gonadotropins are more common
than deficiencies of thyrotropin and adrenocorticotropin. Nonetheless, primary
pituitary failure may be seen in addition to hypothalamic dysfunction. While
hypoglycemia may be seen in close to one-third of patients with sarcoidosis,
clinical evidence of galactorrhea is very uncommon (approximately 1%). Fatal
hypoglycemia and dwarfism may result from neurosarcoidosis. In addition,
somnolence, insomnia, variations in body temperature, progressive obesity,
and personality changes also result from hypothalamic disease.

The next most commonly affected endocrine organ in sarcoidosis is the
thyroid gland (99–105). Autopsy studies reveal that approximately 4% of
patients with sarcoidosis have granulomatous inflammation of the thyroid
gland. In addition, a number of case reports indicate an association between
sarcoidosis and thyroiditis, but the case and effect relationship has not been
established. Papadopoulos et al. and Nakamra et al. have both found an
increased incidence of thyroid autoantibodies in patients with sarcoidosis
(100,101). Both of these groups found thyroid autoantibodies in approximately
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one-third of surveyed patients. It has been suggested that the exaggerated T-
helper cell function characteristic of sarcoidosis may facilitate autoantibody
production by providing trophic factors for B-cell function. Hashimoto’s
thyroiditis and Graves’ disease have been described in patients with
sarcoidosis. Thyroid function test (TSH and T4 levels, and T3 resin uptake)
are useful screening studies to evaluate thyroid function in patients with
sarcoidosis. Additional studies of pituitary function are warranted in the case
of primary hypothyroidism.

Adrenal gland involvement in sarcoidosis is rare (105). Granulomatous
inflammation of the adrenal gland has resulted in acute addisonian crisis
resulting from severe mineralocorticoid deficiency in a patient with sarcoidosis
being treated with prednisone. Mineralocorticoid replacement resulted in a
dramatic improvement in this patient. Sarcoidosis may also affect the pancreas
resulting in diabetes mellitus (106). However, both diabetes mellitus and
clinical pancreatitis are no more common in patients with sarcoidosis than the
general population. Even more rarely, sarcoidosis may involve both male and
female reproductive systems (107,108). The most common sites of involvement
include the epididymis, testes, and uterus. Although rare, epididymitis, scrotal
masses, oligospermia, infertility, amenorrhea, and menorrhagia have all been
described. By and large, all of these abnormalities result from direct
granulomatous inflammation of the affected organs.

XII. Langerhans Cell Histiocytosis (Eosinophilic
Granuloma)

Langerhans cell histiocytosis (LCH) is a multisystemic disease due to a
proliferation of abnormal dendritic histocytes, leading to both pulmonary
disease and endocrine abnormalities. Infiltration of the hypothalamopituitary
axis (HPA) has been reported in 5 to 50% of autopsy patients with LCH (109).
Diabetes insipidus is the most common endocrine abnormality, reported in 15
to 50% of patients. Anterior pituitary dysfunction is well recognized as well in
approximately 5 to 20% in LCH patients. In the most comprehensive study to
date of multisystem LCH (144 pediatric patients), Nanduri and colleagues
found that about one-third of their patients had diabetes insipidus (110). This
was an isolated condition in 60% of the cases and was accompanied by other
endocrine abnormalities in the other 40%. After diabetes insipidus, growth
hormone deficiency is the second most common abnormality in patients with
LCH. Growth hormone insufficiency was seen in 15% of patients, 7 of whom
had other anterior pituitary deficiencies (gonadotrophic hormones, TSH, the
combination, and panhypopituitarism). Posterior pituitary gland involvement
is responsible for diabetes insipidus, whereas direct hypothalamic inflammation
more commonly results in growth hormone insufficiency. Both diabetes
insipidus and growth hormone insufficiency typically are diagnosed within 5 to
10 years of the diagnosis of LCH.
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Endocrine abnormalities in adults with LCH have been less well studied.
A recent article by Kaltsas et al. found that diabetes insipidus was present in all
cases (n¼ 12) of adults with LCH and presented between 1 and 20 years after
the original diagnosis (111). Kaltsas et al. found that growth hormone FSH-
LH and TSH/ACTH deficiencies were present in 8, 7, and 5 patients,
respectively, in their series. Five patients also developed panhypopituitarism.
Prolactin levels were elevated in 2 of the 15 adults who were studied. A total of
7 patients with anterior pituitary dysfunction also developed symptoms of
other neuroendocrine hormone dysfunction, including 5 with morbid obesity
(BMI5 35), 5 with short-term memory deficits, 4 with sleeping disorders, 2
with disorders of thermoregulation, and 1 with adipsia. All patients had
abnormal radiological examinations of the hypothalamus and/or pituitary
gland. MRI scanning demonstrated the absence of the bright spot of the
posterior pituitary on the T1-weighted images.

Nonendocrinological hypothalamic involvement (including appetite,
thirst, and sleep disturbances) can be assessed by the patient history and can
be more carefully evaluated with formal neuropsychological-psychometeric
evaluation, including general intellectual functioning, memory, attention, and
concentration tests and the Halstead-Reitan battery. In addition, a complete
endocrinological evaluation is in order, including baseline evaluation of the
HPA axis and early morning plasma and urine osmolality measurements. Five
patients received radiation therapy to the HPA with partial or complete
radiological response, but no form of intervention, including corticosteroids
and immunosuppressants, improved any established hormonal deficiency or
symptoms of neuroendocrine hormone dysfunction. Growth hormone
replacement therapy using the recommended doses of 15 to 20 IU/m2/week
divided into daily doses is helpful to achieve greater stature. Diabetes insipidus,
whether in children or adults, can be treated with a standard approach.

XIII. Wegener’s Granulomatosis

Wegener’s granulomatosis is very rarely associated with endocrine abnormal-
ities. There are *20 case reports indicating that Wegener’s granulomatosis–
associated vasculitis can affect the anterior pituitary gland, resulting in diabetes
insipidus and anterior hypopituitarism (112–116). Thyroid abnormalities,
including Hashimoto’s thyroiditis and thyroid carcinoma, have rarely been
reported in Wegener’s granulomatosis patients (117). Single case reports also
associate adrenal infarction and insulin-dependent diabetes mellitus with
Wegener’s granulomatosis (118). In all, endocrine complications in Wegener’s
granulomatosis are quite rare.
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XIV. Bronchiolitis Obliterans Organizing Pneumonia

A recent report by Watanabe et al. suggests an association between
bronchiolitis obliterans organizing pneumonia (BOOP) and thyroid disease
(119). Their manuscript indicates that the thyroid disease present involved the
full spectrum, ranging from hypothyroidism to subacute thyroiditis to
hyperthyroidism, and that in two of the four cases, the activity of the thyroid
disease was similar to that of the underlying BOOP.

XV. Pulmonary Hypertension

A moderate number of reports have linked pulmonary hypertension (PH) and
thyroid disease (120–124). The associations between hyperthyroidism and
pulmonary hypertension were first described in the early 1980s; subsequently,
clinicians have reported improvements in pulmonary hypertension after
treatment for hyperthyroidism. The mechanism of disease in these patients
may well be related more to high cardiac output and/or sympathetic
pulmonary vasoconstriction than to a fundamental remodeling of the
pulmonary vasculature. Pulmonary hypertension has been associated with an
increased prevalence of autoantibodies. Many patients with both pulmonary
hypertension and hyperthyroidism have clinical evidence of an underlying
connective tissue disease. Animal model studies have shown that hyperthy-
roidism affects the tissue levels of endothelin-1, a potent vasoconstrictor
peptide, that may contribute to the pathogenesis or consequences of PH. While
a mutation within the bone morphogenetic protein type II receptor gene has
been identified in both familiar and sporadic cases of primary PH, the presence
of thyroid disease may be a modifying factor for the clinical expression of PH.
For these reasons, patients with PH should be screened for thyroid disease,
both hypo- and hyperthyroidism, especially if abrupt changes in clinical
status—such as weight loss, worsening tachycardia, or right heart failure—
develop or if a new pericardial infusion occurs.

XVI. Hypogonadism

Hypogonadism is not uncommon in patients with chronic advanced lung
disease. Specific incidence and prevalence data are not available. Nonetheless,
dozens of reports have confirmed the presence of hypogonadism in the context
of a variety of advanced lung diseases, including COPD, IPF, and sarcoidosis
(125–129). Secondary hypogonadism (i.e., reduced hypothalamic pituitary
function) is the predominant mechanism for low sex hormone levels in patients
with severe lung disease. Semple et al. first reported low testosterone levels and
clinical symptoms of sexual dysfunction (decreased libido, erectile dysfunction)
due to hypoxemia in patients with moderate to severe COPD in 1980 (125).
These results have been confirmed and reproduced by others. Further
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investigation by Semple and colleagues have demonstrated that patients with
moderate to severe COPD and resting hypoxemia suffer from reduced levels of
luteinizing hormone (LH) and follicle stimulating hormone (FSH) (15).
Administration of gonadotropin-releasing hormone intravenously resulted in
a normal pituitary response to LH secretion, but the FSH response was
subnormal. Similar studies have found a correlation between testosterone levels
and PO2

in COPD patients. Treatment of hypoxemia has been shown to lead to
increases in serum testosterone levels in patients with low testosterone levels at
baseline. For this reason, COPD patients with hypogonadism may have
intermittent hypogonadism, and treatment of an exacerbation of underlying
lung disease may result in improvements in hypoxemia, which may ultimately
lead to improvements in pituitary-hypothalamic function and serum testoster-
one levels and a reduction in the symptoms of hypogonadism. Should
treatments for underlying COPD in its acute and chronic setting fail to improve
gonadotropin secretion and testosterone levels, testosterone replacement may
improve the clinical symptoms of hypogonadism.
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I. Introduction

Weight loss has been recognized as an important phenomenon in the clinical
course of patients with COPD. It was a long-held misconception that
nutritional depletion was an inevitable and adaptive mechanism to an
increased metabolism and that during malnutrition the respiratory muscles
were spared. It is now known that body weight loss adversely affects physical
performance and health status as well as survival. In this chapter, the
prevalence, underlying factors and consequences of cachexia in COPD are
discussed.

II. Prevalence of Cachexia in COPD

The weight loss in COPD relates predominantly to the body cell mass (BCM)
in contrast to fat mass (FM). BCM is the actively metabolizing and contracting
tissue (organ and muscle tissues). Muscle mass can be measured indirectly by
assessment of fat-free mass (FFM). In patients with moderate to severe COPD
who are in a clinically stable condition, depletion of fat-free mass is present in
20% of the outpatients (1) and in 35% in those eligible for pulmonary
rehabilitation (2). Recent data in a large group of patients with stable COPD
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(n¼ 389) confirm the frequent occurrence of FFM depletion; the prevalence
amounted up to 26% in mild to severe COPD (3).

It is therefore evident that the prevalence of FFM depletion is not
dependent of the extent of airflow obstruction. In contrast, in patients with
emphysema measured with high-resolution computed tomography, weight loss
and nutritional depletion are more frequently observed than in chronic
bronchitis. This wasting difference concerns mainly the FM; FFM wasting is
present in both COPD subtypes (4). No clear information is available on the
prevalence of nutritional depletion in acute COPD (patients suffering from
respiratory failure), but reports suggest values up to 70%.

III. Underlying Factors of Cachexia in COPD

By definition, weight loss occurs when overall energy expenditure exceeds
energy intake. However, the fact that in a substantial proportion of patients
with COPD loss of FFM occurs despite relative preservation of fat mass (1)
suggest the presence of an imbalance between protein synthesis and protein
breakdown. Both mechanisms are discussed below.

A. Energy Balance

Energy Expenditure

Total daily energy expenditure (TDEE) can be divided into three components:
(1) resting energy expenditure (REE), which comprises sleeping metabolic rate
and the energy expenditure for arousal; (2) diet-induced thermogenesis; and
(3) physical activity-induced thermogenesis.

Resting Energy Expenditure

Since the REE accounts for the major component of TDEE in sedentary
subjects and can be relatively easily measured, several studies have measured
REE in COPD. The most common approach to predict REE for an individual
in clinical practice is to apply the Harris and Benedict (HB) equations, which
are based on sex, age, height, and body mass (5). Different studies have
investigated hypermetabolism in stable patients with COPD on the basis of the
HB equations, most studies revealing an increased REE compared to the HB
equations or to a control group (6–9) and some not (10,11). The disadvantage
of all these studies, however, is that they describe hypermetabolism in relatively
small groups of patients (6–19 patients).

Little is known about the prevalence of hypermetabolism at rest in
COPD. We investigated, in a large group of patients (n¼ 172), the prevalence
of hypermetabolism in COPD. The prevalence of hypermetabolism based on
the HB equations (REE> 110% of predicted) amounted up to 54%. However,
we also predicted REE adjusted for the influence of FFM using the linear
regression equations of REE on FFM generated in 92 healthy elderly subjects,
as earlier described by Schols et al (12). The predicted REE adjusted for FFM
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was obtained by using the FFM of each individual patient in the linear
regression equation of REE on FFM generated in the healthy control group.
This yielded a prevalence of hypermetabolism at rest of 26%. The difference in
prevalence of hypermetabolism between the two methods could be ascribed to
the fact that the HB equations do not take body composition into account,
while FFM is the most important determinant of REE. Considering FFM is
furthermore important in COPD since body compositional changes occur after
weight loss; depletion of FFM despite a normal body mass has been described
in patients with COPD (1). In the same study, FFM was identified as the most
important predictor (65%) of REE in healthy subjects. In the patient group,
FFM explained the variation in REE for 51%. Therefore other factors besides
the FFM—like work of breathing, medication and systemic inflammation—
may explain intersubject variability in REE in patients with COPD.

The suggested increase in oxygen cost of breathing (OCB) is assumed to
be one of the main explanations for the elevated REE seen in patients with
COPD contributing to weight loss. Several studies have investigated the OCB
in patients with COPD and all found a higher OCB in patients compared to
healthy controls (8,10,13–16). However, the artifact of these studies is that
OCB was measured by augmenting the ventilation or ventilatory effort and not
in rest. O’Donnell postulated that increasing the ventilation demands much
more energy in patients with COPD than it does in healthy subjects because
patients may suffer from dynamic hyperinflation (17). Dynamic hyperinflation
will therefore substantially compromise patients with COPD during exercise by
elevating the OCB. However, the fact that patients with COPD do not show an
elevated ventilation in rest makes it improbable that the OCB is of great impact
on REE (17). This is further emphasized by the results of several studies in
which the efficiency of breathing in rest was measured by imposing resistance.
No difference in breathing efficiency in rest was seen between patients with
COPD and healthy subjects (18,19). Another possible explanation for the
elevated REE seen in patients with COPD may be a thermogenetic effect of
bronchodilating agents such as theophyllines and beta2 sympathicomimetics,
which are given in general as an essential part of the pharmacological
maintenance treatment approach in patients with COPD. In recent studies
both drugs showed an elevating effect on REE in younger healthy subjects
(20,21). In a previous study we also found a significant increase in REE of 11%
after nebulization of 5mg of the beta2-sympathicomimetic drug salbutamol in
younger subjects. However, the increase in REE in patients with COPD was
only 4% and did not differ from an age-matched control group (6%) (22), in
line with the rise in REE of 5% found in a comparable study in patients with
COPD (23). Together, these slight effects of salbutamol on REE cannot fully
explain the elevated REE in patients with COPD.

Another contributing factor to hypermetabolism may be related to
systemic inflammation. The polypeptide cytokine tumor necrosis factor alpha
(TNF-a) is a proinflammatory mediator produced by different cell types.
TNF-a inhibits lipoprotein lipase activity and is pyrogenic. It also triggers the
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release of other cytokines, which themselves mediate an increase in energy
expenditure, as well as mobilization of amino acids and muscle protein
catabolism. Using different markers, several studies provided clear evidence for
involvement of TNF-a–related systemic inflammation in the pathogenesis of
tissue depletion. In an earlier study of our group, elevated levels of the acute
phase reactant proteins C-reactive protein (CRP) and LPS-binding protein
were reported in hyper- versus normometabolic patients (24). The study of
Nguyen et al. showed that resting energy expenditure expressed as percentage
of the HB equations was correlated with plasma TNF-a concentration, but not
with the degree of airway obstruction, lung hyperinflation, or oxygen cost of
breathing (25).

These results were in agreement with the suggested relationship between
weight loss and the presence of a systemic inflammatory response. In patients
with COPD who had involuntary lost weight, increased serum concentrations
of the inflammatory mediator TNF-a were found (26). Furthermore, the
LPS-induced production of TNF-a by monocytes was higher in weight-losing
versus weight-stable patients (27). Comparison of a group hypermetabolic
patients with and without an acute-phase response respectively, revealed a
significantly lower FFM in the former group despite a comparable body mass
index (BMI; body weight/height2) between the groups (24). The latter finding
suggests that systemic inflammation may not only cause hypermetabolism, but
also induce a catabolic response. In a subsequent study such relationship was
indeed demonstrated between the acute phase protein LPS-binding protein,
REE and decreased plasma amino acid levels as global marker of altered
protein metabolism (28). Further studies are indicated to characterize the
alterations in substrate metabolism in relation to hypermetabolism and to
assess the contribution of decreased anabolic and increased catabolic
mediators.

Total Daily Energy Expenditure

Despite measuring TDEE is methodological difficult and expensive, recent
studies focused attention on the activity related energy expenditure in patients
with COPD. Using the doubly labeled water (2H2O

18) technique to measure
TDEE it was demonstrated that patients with COPD had a significantly higher
TDEE than healthy subjects (29). Remarkably, the nonresting component of
total daily energy expenditure was significantly higher in the patients with
COPD than in the healthy subjects, resulting in a ratio between TDEE and
REE of 1.7 in patients with COPD and 1.4 in health volunteers. Otherwise,
when TDEE was measured in patients with COPD and healthy persons in a
respiration chamber, no differences in TDEE were found between patients with
COPD and healthy (30), possibly by limitations of activities in the respiration
chamber. In line with an increased activity related energy expenditure is the
observed decreased mechanical efficiency of leg exercise in patients with COPD
(31). Part of the increased oxygen consumption during exercise can be related
to an inefficient ventilation in case of increased ventilatory demand especially
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under conditions of dynamic hyperinflation. Furthermore an inefficient
(anaerobic) muscle metabolism may contribute to an increased total daily
energy metabolism. Several studies indeed showed a severely impaired
oxidative phosphorylation during exercise in COPD, accompanied by an
increased and highly anaerobic metabolism involving both the energy release
from high energy phosphate compounds as well as an enhanced glycolysis.

The fact that no difference in TDEE between hypermetabolic and
normometabolic COPD patients was found and that REE adjusted for FFM
did not correlate significantly with total daily energy expenditure (32) indicates
that different mechanisms may underlie metabolic alterations in sub-groups of
COPD patients.

Energy Intake

Hypermetabolism can explain why some COPD patients lose weight despite an
apparent normal or even high dietary intake (33). Nevertheless, it has been
shown that dietary intake in weight-losing patients is lower than in weight-
stable patients, both in absolute terms as well as in relation to measured REE
(34). This is quite remarkable because the normal adaptation to an increase in
energy requirements in healthy men is an increase in dietary intake.
Furthermore, during an acute exacerbation of COPD, a substantial decrease
in appetite and dietary intake was reported, associated with increased
subjective sensations of dyspnea and fatigue (35).

The reasons for a relatively low dietary intake in COPD are not
completely understood. It has been suggested that patients with COPD eat
suboptimally because chewing and swallowing change breathing pattern and
decrease arterial oxygen saturation. No changes in arterial oxygen saturation
were observed in normoxemic COPD patients during a meal (36). In
hypoxemic patients however a rapid decrease in SaO2

was monitored which
slowly recovered after completion of the meal (36). The decrease in SaO2

was
associated with an increased dyspnea sensation. The severity of the drop was
significantly different between two meals, but it could not be determined from
the study whether this related to the macronutrient composition of the meal
(less desaturation after a carbohydrate-rich meal) or meal temperature (more
desaturation after a warm meal). Gastric emptying time of a meal may also
affect dietary intake since gastric filling in these patients may reduce the
functional residual capacity and lead to an increase in dyspnea (37).

Besides these effects on the pulmonary system, systemic factors may also
affect dietary intake. Very intriguing is the role of leptin in energy homeostasis.
This adipocyte-derived hormone represents the afferent hormonal signal to the
brain in a feedback mechanism regulating fat mass. Previous experimental and
clinical research indicates the involvement of leptin in energy balance and body
weight homeostasis. It regulates the energy balance in a feedback mechanism in
which the hypothalamus is involved (38). In animals, administration of leptin
results in a reduction in food intake (39) as well as in an increase in energy
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expenditure (40). In addition, leptin has a regulating role in lipid metabolism
and glucose homeostasis and increases thermogenesis.

Few data have been reported on leptin metabolism in COPD. Circulating
leptin correlates well with BMI and fat percentage as expected, but significantly
lower values were observed compared to healthy subjects (41). In stable
disease, plasma leptin corrected for fat mass was inversely correlated with
dietary intake (Fig. 1) as well as with the degree of weight change after 8 weeks
of nutritional supplementation in depleted patients with COPD (42). During an
acute disease exacerbation, systemic leptin concentrations were high and the
normal feedback regulation of leptin by FM seemed to be disrupted. On day 7
of the acute exacerbation, plasma leptin concentrations were inversely
correlated with dietary intake adjusted for REE (43). In both stable and acute
disease, plasma leptin was associated with the systemic inflammatory response.
In patients with emphysema as well as in patients suffering from acute
exacerbation of COPD, leptin was found to be positively correlated with
soluble TNF receptor 55, independently of the amount of FM (42,43).
Experimental animal studies have provided evidence for a link between pro-
inflammatory cytokines and leptin. Treatment of fasted hamsters with the
cytokines TNF-a and interleukin-1 (IL-1) increased leptin messenger RNA
(mRNA) in adipose tissue and the circulating concentrations of leptin.
Circulating leptin was in turn correlated with a decrease in food intake (44).
The hypothesis that cytokine induction of leptin may play a significant role in
the anorexia and cachexia of inflammatory diseases was further illustrated by

Figure 1 Inverse association between dietary intake and plasma leptin concentration

divided by fat mass in depleted patients with COPD (r¼� 0.50, p¼ 0.047). (From Ref.

42.)
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Sarraf et al. This group showed that administration of the proinflammatory
cytokines TNF-a and IL-1 produced a prompt and dose-dependent increase in
serum leptin and leptin mRNA expression in the adipose tissue of mice. In
contrast, IL-4 and IL-10, cytokines not known to induce anorexia, did not
affect leptin gene expression or serum leptin concentrations (45). Data in
humans confirm this influence of systemic inflammation on leptin. In patients
with solid tumors, infusion of TNF-a resulted in a transient increase in serum
leptin concentration (46). Administration of recombinant human IL-1a to
cancer patients also increased leptin concentration dose-dependently, accom-
panied by a decrease in appetite in the majority of the patients (47). The role of
systemic inflammation was confirmed by the data of Creutzberg et al,
demonstrating a significant relationship between baseline dietary intake and
soluble intercellular adhesion molecule-1 (48).

B. Protein Balance

Besides an overall energy imbalance, there are also indications for disturbances
in the protein balance in a subgroup of patients with COPD. Since selective
wasting of FFM despite relative preservation of FM is reported (4), a disturbed
protein balance can also be present without accompaniment of overall body
weight loss. At first, the daily protein intake is reported to be decreased
compared to the recommended allowances, especially during the first days of
an acute exacerbation of COPD (49). Second, as one mechanism of muscle
wasting, a decreased protein synthesis was seen in underweight patients with
emphysema (50). Third, recently it was found that whole-body protein
synthesis and protein breakdown were enhanced in patients with COPD
compared to healthy controls, indicating an elevated protein turnover (51).
Since the study group of the latter study comprised weight-stable patients, the
enhanced protein turnover did not affect muscle mass yet. However, during
unstable disease periods, for instance in patients suffering from an acute
exacerbation of COPD, the enhanced protein turnover might eventually lead to
FFM wasting.

An enhanced systemic inflammatory response is described as one of the
possible causes of a selectively disturbed protein balance. In patients with an
elevated REE and an increased C-reactive protein, FFM was decreased
together with elevated concentrations of the inflammatory mediators LPS-
binding protein (LBP), IL-8 and soluble TNF receptors 55 and 75 compared
with those with normal CRP concentrations (24). In addition, an inverse
correlation coefficient between elevated plasma LBP concentrations and the
total sum of plasma amino acids was reported (28).

Furthermore, decreased levels of anabolic hormones might aggravate the
failure of generating an anabolic response needed for muscle anabolism.
Indeed low levels of testosterone are reported in COPD, which were even more
pronounced in patients on oral glucocorticosteroid (GC) therapy (52). Long-
term, low-dose systemic glucocorticosteroids are prescribed as maintenance
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anti-inflammatory medication in a substantial number of patients. Chronic use
of oral glucocorticosteroids further contributes to weakness of both the
respiratory and peripheral muscles in patients with COPD (53).

Besides overall loss of muscle mass, intrinsic muscle abnormalities are
reported in COPD. Concerning the respiratory muscles, there is evidence that
the diaphragm of patients with severe COPD has undergone adaptations
resulting in relative resistance to fatigue. The physiological alterations were
accompanied by increases in fiber type I proportions and in slow isoforms of
myofibrillar proteins (54). In contrast, in the peripheral muscles, a decrease in
the proportion of type I fibers corresponding with a relative increase in type II
fibers was seen, indicating a shift in function from endurance towards more
strength (55,56). These morphological alterations can be accompanied by
disturbances in peripheral muscle oxidative enzyme capacity. Patients with
COPD exhibiting chronic respiratory failure showed increased activity of the
mitochondrial enzyme cytochrome oxidase in skeletal muscle compared with
healthy control subjects (57). In addition, elevated concentrations of inosine
monophosphate, which is thought to reflect an imbalance between resynthesis
and utilization of adenosine triphosphate, were found in the peripheral muscle
tissue of stable patients with COPD (58).

In addition, the COPD population comprises merely elderly subjects.
Aging per se is already accompanied by a decline in the size of muscle fibers
and thereby in muscle function, which is an important determinant of physical
performance (59). Furthermore, many patients with COPD reduce their level
of exercise dramatically in response to exertional dyspnea. The resulting
sedentary lifestyle leads to muscle deconditioning and ultimately to inactivity
and disability (60).

IV. Consequences of Cachexia in COPD

It was a long-held misconception that nutritional depletion was an inevitable
and adaptive mechanism to increased metabolism and that during malnutrition
the respiratory muscles were spared. It is now known that cachexia in COPD is
associated with decreased physical capacity, impaired health status, and even
increased mortality risk.

A. Muscle Function and Exercise Performance

Dyspnea and exercise intolerance are the most prominent symptoms of patients
with COPD. Besides the extent of airflow obstruction and loss of alveolar
structure, respiratory and peripheral skeletal muscle weakness are important
determinants of these symptoms (61,62). Recent studies have shown that
peripheral skeletal muscle dysfunction is predominantly determined by skeletal
muscle mass in COPD (63). Besides effects on peripheral muscle strength (64),
several studies have also shown that FFM is a significant determinant of
exercise capacity and exercise response (65). These findings suggest that the
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functional consequences of nutritional abnormalities not only relate to muscle
wasting per se but also to intrinsic alterations in muscle morphology and
metabolism. Significant differences have been observed between patients with
COPD and healthy subjects in the activity of enzymes involved in key oxidative
and glycolytic pathways (66) and in energy-rich phosphates (58), but the
influence of nutritional depletion on these alterations is yet unknown.

B. Health Status

Nutritional depletion in COPD is furthermore associated with a reduced health
status. Patients suffering from lean mass depletion exhibited significantly
greater impairment in symptom, activity, impact and total score of the St.
George’s Respiratory Questionnaire. The effects of tissue depletion on health
status appeared however to be mediated through increased levels of dyspnea
(67). In contrast, Mostert et al. revealed that the relation between tissue
depletion and health status was independently of dyspnea, but instead
mediated by a decreased exercise performance (68).

C. Acute Disease Exacerbations

Weight loss negatively affects in addition the prevalence and outcome of acute
disease exacerbations of COPD. The risk of being hospitalized for an acute
exacerbation was increased in patients with a low BMI (69). A low BMI and
weight loss were reported as an unfavorable index of outcome during an
exacerbation of COPD—i.e., predicting the need for mechanical ventilation
(70). Furthermore, the survival time following a disease exacerbation was
found to be independently related to the BMI (71).

D. Mortality

Nutritional depletion is furthermore characterized as an independent
prognostic factor in patients with COPD. Retrospectively, in a group of 400
patients with COPD, the Cox proportional hazards model was used to quantify
the relationship between the variables age, sex, spirometry, arterial blood
gases, BMI, smoking, and subsequent overall mortality. The study revealed
that low BMI, age and low PaO2

were significant independent predictors of
increased mortality. After stratification of the group into BMI quintiles a
threshold value of 25 kg/m2 was identified below which the mortality risk was
clearly increased (72). The disadvantage of this study was however, that it was
performed in a highly selective study group, namely in patients eligible for
pulmonary rehabilitation. A subsequent study by Landbo et al. prospectively
examined whether BMI was an independent predictor of mortality in subjects
with COPD from the Copenhagen City Heart Study. In total, 1218 men and
914 women aged 21 to 89 years with airway obstruction defined as an FEV1/
FVC ratio of less than 0.7 were included in the analyses. Spirometric values,
BMI, smoking habits, and respiratory symptoms were assessed at the time of
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study enrollment, and mortality from COPD and from all causes during 17
years of follow-up was analyzed with multivariate Cox regression models.
After adjustment for age, ventilatory function, and smoking habits, low BMI
was predictive of a poor prognosis (i.e., higher mortality), with relative risks
(RRs) in underweight subjects as compared with that in subjects of normal
weight of 1.64 [95% confidence interval (CI): 1.20–2.23] in men and 1.42 (95%
CI: 1.07–1.89) in women. However, the association between BMI and survival
differed significantly with stage of COPD. In mild and moderate COPD there
was a non-significant U-shaped relationship, with the lowest risk occurring in
normal weight or overweight subjects, whereas in severe COPD, mortality
continued to decrease with increasing BMI (test for trend: p< 0.001). Similar
results were found for COPD-related deaths, with the strongest associations
found in severe COPD [RR for low versus high BMI: 7.11 (95% CI: 2.97–
17.05)] (73).

V. Treatment of Cachexia in COPD

A. Nutritional Repletion Therapy

Because of the deleterious effects of body weight loss and muscle wasting on
morbidity and mortality in COPD, it is important to take the implementation
of appropriate therapies under investigation. Several attempts have been made
to reverse weight loss and muscle wasting by instituting oral nutritional
repletion therapy. The outcome of these interventions were however not
unambiguously positive. Significant improvements in respiratory and periph-
eral skeletal muscle function but also in exercise capacity and health-related
quality of life were observed in one inpatient study (74) and one out-patient
study (75) after 3 months oral supplementation by about 1000 kcal daily. In
other outpatients studies however, despite a similar nutritional supplementa-
tion regimen, the average weight gain was less than 1.5 kg in 8 weeks (76,77).
The ability of an aggressive nutritional support strategy to provide a sufficient
energy supply was studied in patients with severe COPD and weight loss not
responding to oral supplementation. Over a prolonged interval of 4 months,
nocturnal enteral nutrition support via percutaneous endoscopic gatrostomy
tube was provided. The treated group had nightly enteral feeding adjusted to
maintain a total daily caloric intake greater than two times measured resting
metabolic rate for sustained weight gain. Despite the magnitude of the
intervention, a mean weight gain of only 3.3% (0.2 kg/week) was seen in the
treated group. The majority of increase in body weight was fat mass and no
significant improvement of physiological function was observed (78).

In addition, a recent metanalysis of nine randomized, controlled trials of
caloric supplementation given for more than 2 weeks also failed to reveal any
significant improvements in anthropometric measures, lung function, or
functional exercise capacity among stable patients with COPD (79). Some
remarks must, however, be made as to the conclusions of this metanalysis. At
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first, intervention studies with a duration of 2 or more weeks were included. It
is likely that 2 weeks of nutritional supplementation is probably too short a
time to achieve substantially changes in body composition and physiological
function. Second, most of the nutritional intervention trials were not combined
with exercise training. It can be expected that nutritional supplementation
without an anabolic stimulus will only result in an expansion of FM.
Physiological function will likewise not improve on nutrition alone, since FFM
is an important determinant of functional performance. Third, in several
studies, the offered nutritional supplementation therapy consisted of an
inadequate energy intake relative to the energy requirements needed for body
weight gain. In addition, it can be deduced from the above-described evidence
on protein balance disturbances in COPD that nutritional supplementation
must consist of enough dietary protein.

The importance of incorporating an anabolic stimulus into the
nutritional supplementation therapy was emphasized by the study of Schols
et al. A daily nutritional supplement of 420 kcal given as an integrated part of a
comprehensive pulmonary rehabilitation program resulted in significant gain in
body weight as well as in FFM, and inspiratory muscle function also improved
(80). Our group reevaluated this nutritional support strategy as integrated part
of a pulmonary rehabilitation program on various outcome measures in 64
depleted COPD patients (age 64 years (range 39–77), BMI [20.2 (15.5–24.3 kg/
m2)], FFMI [15.3 (12.7–18.7) kg/m2]. Nutritional therapy consisted of the
normal diet combined with two to three liquid supplements in order to reach a
weight gain of 5% or more after 8 weeks. Actual supplement intake varied
between 250 and 875 kcal, with a mean value of 672 kcal. Mean increase in
body weight amounted to 4%, equally divided between fat mass and fat-free
mass. A comparable percentage increase in measures of respiratory and
peripheral skeletal muscle strength was found, while maximal and submaximal
exercise performance increased between 10 to 20%. This more pronounced
improvement could be related to alterations in muscle oxidative capacity, since
the maximal lactic acid value divided by peak work rate significantly decreased
(p< 0.001) after treatment.

Overall, therefore, the key message is that one should first optimize the
treatment designs of nutritional supplementation before stating that the
interventions do not sort effect. In other words, the possibility exists that the
described nutritional interventions themselves were not of sufficient magnitude
to sort an effect; the failure of intervention instead of the failure to intervene
might have been responsible for the nonresponse found in several nutritional
intervention trials.

B. Nonresponse to Nutritional Repletion Therapy

Even in nutritional supplementation studies with an optimal treatment design,
as described above, a substantial number of patients fail to respond to
nutritional supplementation therapy in terms of body weight gain. Figure 2
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shows the body weight course in depleted patients with COPD nonresponding,
moderately responding, and well responding patients to 8 weeks of nutritional
supplementation combined with pulmonary rehabilitation (48). Little informa-
tion is available yet on the underlying causes of nonresponse to nutritional
therapy. Nonresponse may be due to factors such as noncompliance to the
therapy, an inadequate energy intake relative to energy requirements or the
inability of the patient to ingest the extra calories. In addition, nonresponse
might be explained by underlying disease-specific problems leading to an
inadequate metabolic handling. Indeed, our group previously revealed that
patients not responding to optimized nutritional supplementation therapy in
terms of weight gain were characterized by, besides a higher age and relative
anorexia, an elevated systemic inflammatory response (48). The clinical
relevance of nonresponse to nutritional therapy was emphasized by the survival
analysis of Schols et al., in which weight gain was identified as a significant
independent predictor of the survival rate in patients with COPD (72).

C. Practical Implementation of Nutritional Repletion Therapy

In order to provide optimal response to nutritional repletion therapy, in this
section some practical recommendations for the implementation of nutritional
therapy in clinical practice are given. Simple screening can be based on
measurement of the BMI and the weight course. Based on the BMI, patients

Figure 2 Body weight course per 2 weeks expressed as percentage of baseline body

weight in depleted patients with COPD during 8 weeks of nutritional supplementation

therapy combined with pulmonary rehabilitation. Circles: weight gain <2%; squares:

2%4weight gain <5%; triangles: weight gain 55%. Data are given as mean +SEM.

(From Ref. 48.)
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are divided into underweight (BMI< 21 kg/m2, normal weight
(21<BMI< 25 kg/m2) and overweight patients (25<BMI< 30 kg/m2). Com-
monly used criteria for weight loss are >10% in the past 6 months or >5% in
the past month. However one should note that every involuntary weight loss
that cannot be attributed to daily fluctuations should be taken into
consideration. Nutritional supplementation should initially consist of adapta-
tions of the patients’ dietary habits (food choice, meal pattern etc). Nutritional
support should be given as energy dense supplements spread over the day to
avoid loss of appetite and adverse metabolic and ventilatory efforts resulting
from a high caloric load.

It was long believed that due to their ventilatory limitation, patients with
respiratory disease should consume a fat-rich diet to decrease carbon dioxide
load, but scientific evidence is scarce and not convincing. Our group previously
observed that transcutaneous oxygen desaturation and dyspnea were more
pronounced after a moderate fat compared with a carbohydrate-rich meal in
patients with COPD (36). More recent reports show that patients experience
less dyspnea after a liquid carbohydrate-rich supplement compared to an
equicaloric fat-rich supplement (81). This may not be surprising since gastric
emptying time is significantly higher after an equicaloric fat-rich compared to a
carbohydrate-rich supplement (37). Furthermore, it was found that the reduced
dietary intake of patients with COPD during the acute phase of an
exacerbation was characterized by a restricted fat intake (49). Based on data
in other chronic wasting conditions, daily protein intake should be at least
1.5mg/kg body weight to allow optimal protein synthesis (82).

When feasible, patients should participate in an exercise program in order
to stimulate an anabolic response rather than fat storage. In view of the adverse
effects of inactivity and the pulmonary limitations on exercise capacity, most
exercise programs consist predominantly of endurance training. However,
since nutritional depletion affects muscle strength at least as much as
endurance, a combination of endurance and strength training may be
particularly effective in cachectic patients with COPD. For the severely
depleted patients unable to perform exercise training, even simple strength
maneuvers combined with training in activities of daily living (ADL) and
energy conservation techniques may be effective. Exercise not only improves
the effectiveness of nutritional therapy but also stimulates appetite. If weight
gain and functional improvement occur, therapy is continued or changed into a
maintenance regimen. If the desired response is not noted, it may be necessary
to identify compliance issues. If compliance is not the problem, more calories
may be needed in the form of supplements or by (nocturnal) enteral feeding.
Nevertheless, one should recognize that even then some patients might not
reach the intended effect due to underlying (metabolic) mechanisms of weight
loss described above (83).

Little is known about the effects of nutritional therapy during acute
exacerbations of COPD (AECOPD). The main focus during acute exacerba-
tions of COPD should be stabilization of catabolism as well as stabilization of
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the presumably negative energy and protein balances. Saudny-Unterberger et
al. have investigated the effects of 2 weeks of nutritional therapy during acute
exacerbation of COPD. A significant improvement of forced vital capacity was
found in the treatment group. However, no improvements were found in body
composition or nitrogen balance. This could be due to the short intervention
period. In addition, a negative correlation was found between nitrogen balance
and methylprednisolone intake, suggesting a catabolic effect of glucocorticos-
teroids. Therefore another explanation for the absence of body compositional
improvement could be inadequate protein supplementation that does not meet
the increased requirements due to the inflammatory catabolic process (84).
This is why Vermeeren et al. suggest that during AECOPD, no additional
nutritional therapy is indicated as long as patients adequately respond within a
few days to the medical therapy in terms of appetite and energy balance. It is,
however, indicated to increase protein intake (1.5 g/kg/day) during the
recovery phase of hospitalization in order to optimize conditions for protein
synthesis. From a caloric point of view, nutritional support should be targeted
tomeet 1.36(estimated or measured) REE to avoid overfeeding in the unstable
period.

C. Anabolic Management in the Treatment of Cachexia
in COPD

Because in some the patients with COPD tissue depletion was not simply
solved by restoring the impaired energy intake relatively to energy expenditure,
anabolic endocrinological therapeutic options are worth to take into account
for the treatment of wasting in COPD. A second argument for this might be the
fact that low circulating anabolic hormones are reported in a part of the
patients with COPD (52).

Only few controlled studies on anabolic steroid supplementation are
performed in COPD. Previously we investigated the effects of nandrolone
decanoate combined with nutritional supplementation versus nutrition alone
or placebo as integrated part of an 8-week pulmonary rehabilitation program.
In the depleted patients, both treatment regimens resulted in improvements in
body weight, FFM and maximal inspiratory mouth pressure (PImax). However,
the rises in FFM and PImax differed significantly from the control group only in
the group treated with nandrolone decanoate (80). Besides this short-term
study, others have evaluated the effects of oral stanozolol treatment during 6
months in depleted male patients with COPD with a low PImax. The treatment
was combined with inspiratory muscle training and cycling. Body weight, lean
body mass, as well as arm muscle and thigh circumference increased. However,
the changes in PImax, the 6-min walking distance and maximal exercise capacity
were not different from those of the control group (85).

These previous studies with anabolic steroids have predominantly
evaluated their efficacy in the treatment of weight loss. However, imposing
anabolic stimuli might be indicated for the improvement of muscle mass in
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COPD, irrespectively of weight loss. Furthermore, the effects on physical
performance and health status are to be defined.

An additional indication for anabolic steroid treatment in COPD might
be stimulation of the erythropoiesis, as suggested by the increases in
hematological parameters after nandrolone decanoate. Anabolic steroids are
known for their effects on erythropoiesis, predominantly by enhancing the
activity of erythropoietin. In the past, anabolic steroids were indeed used for
the treatment of anemia in chronic renal failure (86,87). Although erythro-
poietin is reported to be increased in a part of the patients with COPD (88), an
(extra) rise in erythropoietin might be beneficial for the improvement of oxygen
delivery.

Other anabolic hormones to be evaluated for the treatment of wasting in
COPD are growth hormone and insulin-like growth factors (IGFs). The main
rationale for supplementation of these hormones in acute and chronic disease is
to improve the nitrogen balance. Aging per se already leads to a decrease in
growth hormone and IGF concentrations. Studies in healthy elderly subjects
have indicated positive effects of growth hormone therapy on muscle strength
and immune function. Although it is not known yet if growth hormone, IGFs,
and/or IGF-binding proteins are reduced in patients with COPD, to date two
studies on growth hormone supplementation are published. An uncontrolled
study suggested positive effects on body weight, nitrogen balance, and
inspiratory muscle function (89). However, 3 weeks of growth hormone
administration in underweight patients with COPD in a placebo-controlled
design increased lean body mass but did not improve muscle strength or
exercise tolerance relatively to pulmonary rehabilitation alone (90). Further
studies are needed to make a conclusive statement on growth hormone
supplementation in COPD.

D. Anticatabolic Management in the Treatment of Cachexia
in COPD

From several studies, evidence arose that the systemic inflammatory response is
prominently involved in the decreased dietary intake in stable and acute
COPD. Plasma leptin as well as plasma-soluble intercellular adhesion
molecule-I were inversely associated with dietary intake in depleted,
emphysematous patients with COPD (42,48). During an acute exacerbation
of COPD, dietary intake was severely depressed. At day 7 of hospitalization,
dietary intake relative to REE was inversely correlated with plasma soluble
TNF receptor 55 and with plasma leptin (43). Besides evidence for the
involvement of the systemic inflammatory response in the energy intake in
stable and acute COPD, it was found that systemic inflammation was also
associated with nonresponse to nutritional supplementation therapy. Elevated
circulating concentrations of soluble TNF receptor 55 and of leptin were found
to be independently associated with nonresponse to nutritional supplementa-
tion therapy (42,48).
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From other work, it has become clear that, besides a local upregulation
of inflammatory processes in the lungs (91), an elevated systemic inflammatory
response is present in patients with COPD. This was based on elevated
concentrations of acute-phase proteins, TNF-a receptors and soluble adhesion
molecules in peripheral blood (24,92). In addition, there is clear evidence for a
relationship between weight loss and tissue depletion on the one hand and
systemic inflammatory parameters on the other (24,26,27). The proposed
cytokine involvement in pulmonary cachexia needs an appropriate approach to
combat this significant comorbidity in COPD.

The present anti-inflammatory therapeutic strategy in COPD concerns
mainly the local inflammatory processes. Inhaled glucocorticosteroids are often
prescribed as maintenance anti-inflammatory medication, despite insufficient
evidence regarding their efficacy on local inflammation at this time (93).
Sometimes prescription of inhaled glucocorticosteroids is accompanied by
orally administered glucocorticosteroids. However, it was suggested that the
local inflammatory processes were resistant to the anti-inflammatory properties
of systemically administered glucocorticosteroids (93). In contrast, long-term
treatment with oral glucocorticosteroids can further contribute to weakness
and wasting of both the respiratory and the peripheral muscles in patients with
severe COPD (53).

For these reasons, other, nonsteroidal anti-inflammatory modulation
options, either nutritional or pharmacological, might be indicated for (a
subgroup of) patients with COPD. Increasing attention is being paid to the
supposed positive effects of omega-3 polyunsaturated fatty acids, as in fish oil,
on the inflammatory processes. The possible mechanisms involve suppression
of excessive endothelial activity and thereby decreased production of pro-
inflammatory mediators like prostaglandins and leukotrienes. After ingestion,
omega-3 fatty acids will be preferentially incorporated in the cell membrane
and inhibit the metabolizing of arachidonic acid to prostaglandin E2 by
cyclooxygenase. Instead, less inflammatory prostaglandins are produced. In
line, lipooxygenase converts omega-3 fatty acids to leukotriene B5, which has
only a fraction of the chemotactic activity of the leukotriene B4 normally
synthesized from arachidonic acid (94). In healthy subjects, dietary supple-
mentation with the omega-3 fatty acid gamma-linolenic acid resulted indeed in
increased fractions of this omega-3 polyunsaturated acid in neutrophil
phospholipids. This change in phospholipid composition within inflammatory
cells such as the neutrophil might attenuate the biosynthesis of arachidonic
acid, thereby representing a mechanism by which dietary polyunsaturated fatty
acids exert their action (95).

Encouraging effects of omega-3 fatty acid supplementation with respect
to improved immune function, decreased systemic inflammatory response and
body weight are observed in patients suffering from cancer cachexia (96–98).
Studies on supplementation of omega-3 fatty acids in chronic disease, like
inflammatory bowel disease, indicate a potential effectiveness on systemic
inflammatory response (for instance, decreases in neutrophil leukotriene B4
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production) and disease activity (99). Whether omega-3 fatty acid supplemen-
tation in COPD will exert positive effects on systemic inflammatory processes
and, second, clinical outcome is still to be unraveled. In addition to nutritional
anti-inflammatory treatment options, the possibilities with regard to anti-
inflammatory modulation by means of pharmacological intervention in COPD
are growing (100). However, further research is needed in order to judge the
usefulness of these anti-inflammatory mediators in patients with COPD in
clinical practice.

In summary, for the subgroup of patients not responding to oral
nutritional therapy and characterized by an increased systemic inflammatory
response, nutritional or pharmacological anti-inflammatory modulation is
worth considering in addition to optimized nutritional supplementation therapy.
Furthermore, investigating the consequences of an elevated systemic inflamma-
tory response on muscle fibers per se may open new and more direct approaches
to novel anti-inflammatory treatment strategies in patients with COPD.
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I. Introduction

Difficulty coping, anxiety, and depression are common problems in individuals
with advanced lung disease, as would be expected given the negative impact of
advanced lung diseases on multiple life domains and the ever-present threat of
respiratory decompensation and death (1). These diseases are typically
characterized by a prolonged course of illness with increasing incapacity and
the need for a variety of medical interventions, including medications and
home oxygen. The challenges are different and may be even greater for those
with the precipitous onset of a disease that then rapidly advances. The course
of disease is often unpredictable and, in advanced stages, individuals may
rapidly and unexpectedly decompensate and die. Ongoing hypoxemia may lead
to compromised cognitive functioning. Sleep problems are common. Participa-
tion in valued activities, including social and occupational functioning, is
typically markedly impaired. The ability to travel freely is impeded. Oxygen
supplementation, while often helpful medically, may be distressing to some
patients because it is a visible sign of their illness and is therefore, either
subjectively or objectively, stigmatizing. All of these factors contribute to
markedly impaired quality of life and increased emotional distress (2).
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Difficulties in coping, anxiety, and depression may represent transient
symptoms that respond to enhanced coping skills or, if of greater duration or
intensity, may constitute clinically significant disorders that warrant treatment
with pharmacotherapy or psychotherapy. While anxiety and depression may
arise from a variety of etiological factors, they clearly have a negative impact
on quality of life and often worsen functional status. Wells et al. (3)
demonstrated that major depression was associated with a comparable or
greater negative impact on quality of life than eight major medical conditions
that also affect quality of life negatively. Similarly, Ormel et al. (4) found that
depressive symptoms contributed more than chronic medical illness to a sense
of impaired well-being, negative health perception, and functional disability in
a large cohort of middle-aged and elderly. A study of elderly male veterans
with chronic obstructive pulmonary disease (COPD) found that anxiety and
depression contributed to the overall variance in functional status over and
above the objective medical burden and COPD severity (5). Anxiety has been
described as ‘‘one of the most important factors determining quality of life in
COPD’’ (6). As well as being distressing to patients and their families,
psychiatric comorbid conditions increase health care costs in individuals with
chronic medical conditions (7). Yet anxiety and depression continue to be
underdiagnosed and undertreated in patients with advanced lung disease (2,5).
A recent English study comparing palliative care and quality of life in severe,
end-stage COPD with those in lung cancer found that while the COPD group
had significantly greater impairments in quality of life and emotional well-
being, they received less intervention (2). This chapter reviews new approaches
to enhancing coping strategies and treating syndromal level anxiety and
depression, offering new hope of reduced suffering to patients and their
families.

II. Enhancing Coping Strategies in Distressed Patients

There are a wide variety of interventions that may enhance coping in patients
with advanced nonmalignant lung disease who are emotionally distressed or
are functionally compromised more than would be expected based upon their
objective physiological parameters and disease burden. These approaches may
also be helpful in individuals with anxiety or depressive disorders once the
disorder is in remission. The major categories of interventions are shown in
Table 1. While most of the discussion below focuses on the patient, it is
important to remember that caregiver family and friends are also likely to face
periods of emotional distress and may benefit from these approaches.

Education and having adequate information is essential to most patients,
yet the majority of patients with advanced COPD report unmet information
needs (2). While patients want information about their disease, Gore et al. (2)
found that ‘‘patients’ information needs were diverse and sometimes
ambiguous and contradictory’’ and that there was particular reluctance to
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obtain details about the progression of their disease. The information needs
and preferences regarding information delivery have been poorly studied in
advanced nonmalignant lung disease patients. Common areas of education
that are helpful to COPD patients include exercise, relaxation, and breathing
retraining (8,9). Education is often part of multimodal interventions. For
example, the importance of an exercise program in addition to education was
emphasized by Emery et al. (9) who found increased psychosocial distress and
lowered quality of life in those who received education and stress management
about their disease without participating in an exercise program as well. Other
important areas to consider include the optimal use of medications and in
particular puffers, which are often used in a suboptimal way. As disease
progresses, education and reinforcement of earlier education about energy
conservation techniques assumes heightened importance. Education about
cognitive and behavioral strategies for coping with the anxiety and depression
associated with advanced lung disease is helpful (10). Patients and families
benefit from information about community resources that offer both
instrumental and emotional support, including home care, respite care,
support groups, and advocacy groups. Education about advanced care
directives and end-of-life issues leads to greater use of such directives and
improved communication between doctor and patient (11).

Self-monitoring of symptoms refers to a process whereby patients and/or
their families monitor symptoms and precipitants to disease exacerbation as
well as response to interventions so that they can tailor therapy between
medical visits based on prior directives from their health care practitioners (12).
Practitioners can provide patients with charts to record symptoms or oxygen
saturations and various treatment parameters (e.g., medication dosing, use of
‘‘as needed’’ medications, use of other such treatment modalities, and oxygen
flow rates) and review these at scheduled visits. Where possible, suggestions are
then made for treatment modifications that the patient or family may institute
based on the symptoms and then monitor the effectiveness of the treatment

Table 1 Interventions to Enhance Coping in Patients with

Advanced Nonmalignant Lung Disease

Education

Self-monitoring of symptoms

Exercise

Improving sleep

Cognitive approaches

Physiological calming techniques

Encouraging the expression and processing of emotion

Increasing social support

Building pleasure into every day

Detoxifying death
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modification. Self-monitoring of symptoms provides a sense of empowerment
and greater confidence to patients and families and better information for
health care practitioners to base subsequent interventions upon.

Exercise, including stretching for flexibility, strengthening and aerobic
activities, is helpful in enhancing adjustment to illness from a variety of
perspectives including physiological benefits, improved sense of well-being,
improved sleep, and decreased depression and anxiety (13–15). With very
advanced, nonmalignant lung disease, the capacity for exercise significantly
decreases but is often still a suitable target for intervention. Pulmonary
rehabilitation plays an important role earlier in the disease course and may be
valuable as disease advances, although at some point the goals must be more
limited. The importance of maintaining whatever activity one can must be
emphasized to retard further physical deconditioning and the sense of
hopelessness and helplessness that accompany it. Many patients who can do
nothing else still benefit from very gentle stretching of small muscle groups
(e.g., neck rolls) or low demand strengthening exercises.

Improving sleep may be a complex task (1) but typically benefits people
through multiple mechanisms. Appropriate sleep hygiene (e.g., regular times
to go to sleep and wake up, getting up if one is unable to sleep, limiting time in
bed to sleep and lovemaking, limiting naps, decreasing caffeine, etc.) brings
significant benefits to many patients. Treatment of sleep apnea and other sleep
disorders is important. If all else fails, the judicious use of a medication with
sedating properties may help (1).

Cognitive approaches focus on helping the patient to identify unhelpful
thoughts that contribute to emotional distress, limit their functional status or
may precipitate physiological symptoms of anxiety. This approach encourages
patients to identify and evaluate the thoughts they have about their disease and
its impact upon their life. Cognitive approaches are derived from cognitive
therapy which was initially developed to treat major depression (16) and has
been used to facilitate coping with chronic medical illness (17). This approach
posits that thoughts about symptoms or lifestyle limitations produce emotional
and physiological responses that interfere with successful adaptation to the
difficulties that the disease poses for individuals and their families. Cognitive
approaches lead to improved coping with medical illness by developing skills in
reducing dysfunctional attitudes and beliefs that are limiting, unhelpful,
maladaptive, or irrational. A case example follows.

Naomi is a 64-year-old widow with six children who is now in the advanced stages

of COPD. Premorbidly, she was an extremely bright, multitalented, highly active

woman who was at the top of her highly competitive profession, was highly

involved with her children, her husband’s demanding career and both of their

parents, did an enormous amount of volunteer work, and had a diverse range of

interests, both physical and intellectual. She was referred for psychiatric

assessment because she was emotionally distressed and was isolating herself in

her home due to her shame at wearing nasal prongs and carrying an oxygen tank.

She was able to identify the automatic thought that came every time she thought
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of going out of the house, ‘‘I can’t go out like this because I’m not looking my

best.’’ As she explored this, she recognized another belief ‘‘Looking one’s best in

public is everything. You have to do your best or things won’t work out.’’ This

was a long-standing belief that had always spurred her to carefully groom herself

before being seen in public and present only her best work to the world. She

credited this belief for her success in multiple life domains. With support, she was

able to challenge the usefulness of it at this point in her life given that it barred her

from so many activities. She came to see it as limiting and unhelpful. She

developed a more balanced thought, ‘‘I may not like wearing these nasal prongs

and toting the oxygen along but it is keeping me alive and that is important to me

and the people who love me.’’

Other cognitive approaches include using distraction, self-reassuring talk,
rationalization, and problem solving. Assistance with problem solving may be
very helpful for people who are not able to clearly delineate their problems or
generate a range of possible solutions. Cognitive approaches are less helpful in
individuals with significant cognitive compromise as the result of decreased
cerebral oxygenation, as they have difficulty with concentration, attention, and
memory.

Physiological calming techniques are valuable in that they calm both the
body and the mind. A wide range of techniques exists. Progressive muscle
relaxation involves alternately tensing and then releasing muscles throughout
the body and the process releases both bodily and emotional tension (18). It
has been demonstrated to reduce dyspnea, anxiety, and airway obstruction in a
small sample of COPD patients (19). Autogenic training produces a sense of
relaxation through suggestion and deep breathing which reduces autonomic
arousal (20). The ‘‘relaxation response’’ described by Benson (21,22) is a
concentrative form of meditation that uses concentrating or focusing the mind
on a single stimulus (e.g., a word, counting the breath) to calm the body and
the mind. Mindfulness meditation changes an individual’s relationship with
their symptoms by anchoring nonjudgmental awareness of the breath in the
present moment and then extending this awareness to incorporate whatever
comes into the field of awareness (e.g., physical sensations, emotions,
thoughts) (23). As noted above, these approaches are more difficult to use in
patients with cognitive compromise secondary to hypoxemia.

Encouraging the expression and processing of emotion is helpful for
many patients. This may be accomplished through a range of outlets depending
upon a patient’s level of distress and the acceptance of this distress by family
and friends. Many patients find it helpful to describe their concerns and share
their feelings with appropriate family and friends, although others describe a
reluctance to do so, given the fear that they will overburden their loved ones at
a time that they are already burdening them with instrumental care needs.
Some patients may prefer to participate in individual or group support or
counseling provided by health care professionals. A wide variety of therapeutic
approaches exist and have value for different patient groups (1). While groups
led by professionals or trained peers are increasingly common in other disease
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states, the burdens of advanced lung disease typically preclude this. When such
a group is available, patients typically value the support and comfort they
receive in the group setting from others struggling with advanced disease. If
patients enjoy writing or keeping journals, they should be encouraged to use
their writing as a means of processing their experience. Recent research has
suggested that writing about stressful life events may improve disease outcome
in asthma and rheumatoid arthritis (24); while the data are preliminary and
limited to these two diseases, it is consistent with a wider literature
documenting the benefits of writing in the processing of emotion (25).
Encouraging religious involvement may be helpful for those with experience
with faith-based religion, while cultivating a broader sense of spirituality may
be helpful to others. Clinically based pastoral care may be helpful to those with
religious or spiritual interests and of particular value when patients are
distressed about the meaning of their disease, particularly if they see it as a
punishment from or abandonment by God.

Increasing social support is helpful on multiple levels. It increases the
network of individuals who may be of practical, instrumental support as well
as those who may be of emotional support. Many patients with advanced
disease withdraw from social interactions because of stigma, fears that they are
burdening friends, and reluctance to make social plans for fear that they may
not be able to fulfill them when the time comes. It is helpful for health care
professionals to provide support around issues of stigma and fears of being a
burden and to encourage patients and their families to make flexible plans for
social contact rather than not making plans at all. It is also useful to encourage
patients to use and value alternative forms of social contact (e.g., telephone,
e-mail). Participation in support groups is valuable to many patients, although
getting them involved initially may be a challenge if they perceive such
participation as stigmatizing or feel that they are being labeled as mentally ill.
Normalizing the value of these groups in a diverse range of diseases is helpful.
These groups are most effective with a leader who has experience in support
and psychotherapeutic issues with the medically ill (26).

Building pleasure into every day acts as a buffer against the many losses
and stresses that patients with advanced lung disease and their families face.
Health care professionals can suggest that, where possible, people modify
formerly pleasurable activities to meet current physical limitations or try to
find substitutive interests that can serve some of the functions of their preillness
interests. For example, an avid fly fisherman raged against the loss of physical
capacity associated with his advanced lung disease. Eventually, after much
struggle with family, friends, and health care professionals, he came to enjoy
the sedentary pleasures of making fishing lures and watching TV shows about
sport fishing—options that he had initially disparaged. Conceiving of such
options is often very challenging and requires considerable creativity. Health
care professionals may be helpful in encouraging people in this area and in
discouraging their devaluation of substitutive activities. Encouraging the
patient and his or her support network to find small pleasures in daily life may
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initially be difficult, but over time people often find that their ability to do so is
one of the positive legacies of the disease.

Detoxifying death is a major contribution to decreasing the suffering our
patients and their families experience. It is important to sort out for ourselves
our own level of comfort in dealing with death and to identify resources for our
patients to deal with those aspects of death and dying with which we are not
personally comfortable. Responding to covert and overt indications that the
patient wishes to discuss end-of-life issues often offers great comfort. Patients
commonly describe a profound sense of isolation around these issues, as their
families and friends may not want to face the reality of their ultimate demise,
yet they have a need to talk about these issues. It is important to discuss
availability of palliative care/symptom management teams before they are
needed and to address misconceptions about them. There is evidence of
underutilization of holistic palliative care approaches in end-stage lung disease
(2). It is useful to elicit patients’ fears around the dying process and offer them
information and appropriate reassurance about our ability to alleviate, if not
entirely control, distressing terminal symptoms. Such discussions typically are
very reassuring to patients. The management of dyspnea in the end-of-life care
for patients with advanced lung disease has recently been reviewed (27).

III. Anxiety and Anxiety Disorders

A. Dignostic Issues

Anxiety is one of the most common emotional symptoms experienced by
individuals with advanced lung disease, yet it has received little systematic
study. There is some evidence that individuals with advanced lung disease who
have comorbid anxiety disorders, particularly panic, are more likely than those
without an anxiety disorder to be fearful of bodily sensations and to make
catastrophic attributions about them (28). Physiological states such as
hypercapnia and medications used in the treatment of advanced lung disease
may produce anxiety. Dyspnea has a complex relationship with anxiety and
may be the cause or result of it (29).

Brief periods of anxiety are common in this patient group and can be
distinguished from pathological or syndromal anxiety in terms of interference
with day-to-day functioning (29). When anxiety is of sufficiently severity to
interfere with social or occupational functioning, it is likely associated with a
syndromal level anxiety disorder as classified by the American Psychiatric
Association’s Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) (see Table 2) (30).

Diagnosis may be confounded by symptoms that overlap between
respiratory diagnoses and anxiety disorders (e.g., dyspnea, palpitations, chest
pain). In some individuals there is a reinforcing relationship between anxiety
and the dyspnea associated with respiratory distress. The two interact—anxiety
increases dyspnea and increased dyspnea secondary to medical causes provides
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a stimulus on which further anxiety may be elaborated. A variety of models
have been proposed to explain the relationship between anxiety, panic, and
dyspnea in patients with lung disease: they include a hyperventilation model, a
false suffocation alarm model, and a cognitive model (31).

A diagnosis of anxiety disorder may result from a focused history by a
health care professional or be detected through screening instruments such as
the PRIME-MD (32), which includes both a patient self-report component and
a professionally administered component following up on the patient’s self-
report. The potential role of caffeine, alcohol, and recreational drug
withdrawal in the symptom picture must be considered. Smoking cessation,
nicotine withdrawal, and guilt and anxiety about ongoing smoking are all
associated with increased anxiety in advanced lung disease (29). Bronchodi-
lators, corticosteroids, and other medications may contribute to feelings of
anxiety, as may other medical issues such as hypercapnia, endocrine and
metabolic disturbances, and cardiovascular conditions (33).

Panic Attacks and Panic Disorder

Panic attacks are characterized by four of the eight symptoms shown in Table
3a. Subsyndromal panic attacks have been described, including attacks with a
respiratory focus (34). Nocturnal panic attacks occur in a subset of patients
(29). Panic disorder (see Table 3b) is the most common of the syndromal
anxiety disorders in patients with respiratory disorders (28,31). Rates have
ranged from 2 to 96% in COPD patients, with rates of 10 to 38% being
reported most commonly (31).

Panic anxiety is often a component of the dyspnea experienced by
individuals with respiratory illness, and the relationship between the two has
recently been reviewed from both theoretical and clinical perspectives (31). It is
essential to rule out other respiratory conditions that may potentially present
with panic, such as pneumothorax, pulmonary hypertension, vocal cord or
laryngeal dysfunction, pulmonary embolus, sleep apnea, pulmonary edema,
and pneumonia (31). It is extremely important to help patients, where possible,
to clearly discriminate between the characteristics of the panic attacks they are
experiencing and similar symptoms of shortness of breath, tachycardia, or
other physical symptoms that are related to a medical event that should be

Table 2 DSM-IVTR Anxiety Disorders

Common in End-Stage Lung Disease

Panic disorder

Generalized anxiety disorder

Adjustment disorder with anxious mood

Posttraumatic stress disorder

Source: Ref. 30.
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evaluated. In an acute situation where such a distinction is not clear, it is best
to first treat or rule out acute respiratory decompensation or a comorbid
medical event.

Generalized Anxiety Disorder

Generalized anxiety disorder (GAD) has recently received increased attention
as more effective treatments have become available. By definition (Table 4), it
is characterized by more than 6 months of excessive worry about a number of

Table 3b Diagnostic Criteria for Panic Disorder

Panic disorder is diagnosed when an individual has recurrent unexpected panic attacks

that are not attributable to another medical or psychiatric diagnosis or substance use.

At least one of the panic attacks has been followed by 1 month (or more) of:

. Ongoing worry or enduring anxiety about having another attack

. Worry about the perceived implications of the attack (e.g., fearing a catastrophic

illness such as multiple sclerosis or a heart attack, worry about having a nervous

breakdown)

. Making a significant change in behavior because of the attacks (e.g., not going

shopping if an attack occurred in a shopping mall and the individual sees it as a

causative or contributory factor)

Source: Ref. 30.

Table 3a Diagnostic Criteria for Panic Attack

Panic attacks are characterized by the sudden and rapid onset of a distinct period of

intense fear or discomfort accompanied by some combination of physical and/or

psychological symptoms. A minimum of four symptoms which begin abruptly and

rapidly reach a peak within 10min are required for the diagnosis. The symptoms

include:

. Feeling dizzy, unsteady, light-headed, or faint

. Sensations of smothering or shortness of breath

. Palpitations, pounding heart, or accelerated heart rate

. Chest pain or discomfort

. Choking sensation

. Nausea or abdominal distress

. Shaking or trembling

. Paresthesias

. Sweating

. Chills or hot flushes

. Derealization (feelings of unreality) or depersonalization (being detached from

oneself)

. Fear of losing control or going crazy

. Fear of dying

Source: Ref. 30.
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issues (30). Discerning what constitutes ‘‘excessive’’ worry in patients with
advanced disease who have many reasons to be worried can be clinically
challenging and controversial.

Adjustment Disorder with Anxious Mood

This diagnosis is used to describe psychological distress, in the form of anxious
mood, that occurs in response to an identifiable stressor or stressors and is
associated with emotional distress in excess of what would be expected given
the nature of the stressor or a clinically significant impairment in social,
occupational, or recreational functioning (30). Adjustment disorder occurs
most commonly at times of change in illness trajectory (e.g., initial diagnosis,
beginning to use supplemental oxygen, moving from a rehabilitative to a
palliative focus for care). By definition, the disturbance does not meet criteria
for another specific disorder.

Posttraumatic Stress Disorder

Posttraumatic stress disorder may develop in response to distressing, life-
threatening events that arise as part of the patient’s medical course (e.g.,
sudden respiratory collapse) or occur during the course of medical care (e.g.,
cardiac arrest during diagnostic bronchoscopy) (Table 5). It may also have
antedated the illness and arisen from other traumatic life events (e.g.,
childhood sexual abuse, rape, witnessing life-threatening events) but be
reactivated or increased in intensity by the medical state. There is increasing
recent interest in the pharmacotherapy and psychotherapy of posttraumatic
stress disorder (35,36).

Table 4 Diagnostic Criteria for Generalized Anxiety Disorder

The hallmark of generalized anxiety disorder (GAD) is excessive or unrealistic anxiety

or worry about a number of issues. The individual finds the anxiety difficult to control

and experiences it on most days for at least 6 months. The generalized anxiety is not

attributable to another psychiatric diagnosis, a substance, or a medical condition.

The anxiety and worry are associated with a minimum of three symptoms, some of

which have been present for more days than not for at least 6 months:

. Feelings of being on edge, restless or ‘‘keyed up’’

. Muscle tension

. Irritability

. Easy fatigability

. Problems with concentration or the mind going blank

. Sleep disturbance (difficulty falling asleep, fragmented sleep, difficulty staying asleep,

or restless and nonrefreshing sleep)

Source: Ref. 30.
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B. Management

Management of anxiety symptoms and disorders is more complex in advanced
lung disease than in milder forms of respiratory disorder or in patients who are
medically well. This is because of the overlap in symptoms between the two
diagnoses and the limitations that the medical status may pose for some forms
of pharmacotherapy and psychotherapy. Management may be directed at the
traditional goals of treatment in panic patients without respiratory disease,
such as symptom relief, the prevention of secondary complications such as
depression and agoraphobia, and improvement in quality of life. In patients
with advanced lung disease, additional goals more specific to these individuals
may include greater emphasis on coping with breathlessness and decreasing
disability as well as improving functional status (31). Management of anxiety
symptoms and disorders includes both pharmacological and nonpharmacolo-
gical interventions. Respirologists and primary care physicians, depending on
their experience and orientation, may be quite comfortable with providing
front-line treatment and refer only more complicated or treatment-resistant
cases. Alternatively, they may feel more comfortable referring early. In either
case, it is helpful to make referrals to mental health professionals who are
experienced in treating patients with advanced lung disease.

The management of the anxious patient must always include a careful
review for depressive symptomatology, as there is a significant comorbidity
between the two diagnoses and some treatments (e.g., antidepressants) are
effective for both diagnoses while others (e.g., benzodiazepines) are not.

Nonpharmacological Interventions

Nonpharmacological interventions have been described for all of the major
anxiety disorders. Anxiety symptoms that do not meet criteria for subsyn-
dromal or syndromal status may respond to a variety of approaches, including

Table 5 Diagnostic Criteria for Posttraumatic Stress Disorder

Posttraumatic stress disorder (PTSD) is diagnosed when an individual experiences

symptoms of more than 1 month duration with significant impairment or distress and

these symptoms follow on exposure to a traumatic event. The traumatic event must be

one in which there is actual or threatened death or serious injury, or a threat to the

physical integrity of self or others. Response to the event includes intense fear,

helplessness, or horror. PTSD also requires persistent symptoms of:

. Re-experiencing the trauma

. Avoiding stimuli associated with the trauma or a general numbing of responsiveness

. Increased arousal

Source: Ref. 30.
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a variety of relaxation techniques and cognitive approaches discussed earlier in
this chapter.

Cognitive-behavioral therapies are the mainstay of the nonpharmacolo-
gical treatment of anxiety disorders (1). They include a wide range of
therapeutic approaches that all share the goal of decreasing the frequency and
severity of symptoms and increasing the individual’s capacity to cope with
symptoms. The basic model underlying these therapeutic approaches is shown
in Figure 1.

Cognitive-behavioral approaches may be targeted at any of the
components of the model. Purely cognitive approaches address the patient’s
initial fearful cognitions by helping him or her to identify the thoughts that fuel
the anxiety, such as ‘‘This is it—I’m dying,’’ or ‘‘It is impossible for me to cope
with this feeling of breathlessness’’ (Table 6). The patient is then taught how to
look at the evidence for and against this thought and attempt to come up with
a more balanced cognition, as shown in Table 6. In looking for evidence

Figure 1 A cognitive model of panic attacks.
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against their catastrophic thoughts, patients can ask themselves whether past
experience contradicts their thoughts in any way, what people who love them
would say about their thoughts, what they would tell someone they loved who
had these thoughts, whether they feel differently at other times, and what has
helped in the past to deal with these thoughts (37). Patients are then
encouraged to remind themselves of their more balanced thoughts when they
next experience symptoms. Over a period of time, which varies considerably
between patients, physical symptoms are no longer met with catastrophic
thoughts or the catastrophic thoughts can be quickly dismissed when they
arise.

In more behaviorally based interventions, the focus is on providing
physiological calming to counteract the increased physical symptomatology
that arises from the emotional distress occurring secondary to the distressing
automatic thought. A wide variety of approaches exist and are discussed earlier
in this chapter. It is important to remember that these techniques may be
associated with increased symptoms in a substantial minority of patients,
particularly those with panic disorder or generalized anxiety disorder (33).

Pharmacological Interventions

A variety of agents have documented efficacy and effectiveness in the treatment
of anxiety disorders although there has been remarkably little systematic study
in patients with respiratory disorders. The most commonly used agents are the
selective serotonin reuptake inhibitors (SSRIs) and benzodiazepines in those
individuals who can tolerate them physiologically. Other antidepressants, such
as venlafaxine and the older tricyclic antidepressants, have antianxiety effects
in some diagnoses. This patient group requires lower starting doses, slower
dosage escalation, and more careful monitoring for drug interactions or
problematic side effects. The choice of drug also depends upon the diagnosis—
panic disorder responds to clonazepam and alprazolam, the SSRIs, venlafax-
ine, clomipramine, impiramine, and desipramine (38); generalized anxiety
disorder responds to benzodiazepines, buspirone, and antidepressants
(venlafaxine, paroxetine, imipramine) (39); adjustment disorder is usually
treated nonpharmacologically or with benzodiazepines; and there is prelimin-
ary evidence for the use SSRIs in posttraumatic stress disorder (36). The use of
these medications in the pulmonary population has recently been reviewed (40).

The SSRIs have become first-line treatments for panic disorder in those
without medical illness because of their efficacy, tolerability, and ease of use
(31). The most commonly used SSRIs in the medically ill are paroxetine,
citalopram, and sertraline because of their shorter half-life compared to
fluoxetine (although this may be an advantage in those for whom compliance
is problematic) and their improved side-effect profile and less frequent drug
interactions compared to fluvoxamine. There has been interest in the effect of
serotonin on respiratory drive (31). A case series suggests that SSRIs may have
an antidyspneic effect even in the absence of anxiety or mood disorders (41).
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SSRIs are also effective in generalized anxiety (39). And there is increasing
evidence of their value in posttraumatic stress disorder. Each of the SSRIs has
a slightly different cytochrome P450 profile, making it important to check for
drug interactions with the patient’s other medications, although the chance of
drug interactions is much lower with this group of medications than with most
of the older tricyclics and monoamine oxidase inhibitors. Recent interest has
focused on the role of the selective noradrenergic sertononergic reuptake
inhibitor (SNRI) venlafaxine. Both SSRIs and SNRIs have the potential, in
the first 7 to 14 days of use, to increase anxiety, including both generalized
anxiety and the frequency and severity of panic attacks in panic disorder. For
this reason they are typically started at a very low dose and titrated upward
slowly. Patients should be advised of this possibility in order to foster
compliance and prevent their discontinuing the medication if they do
experience this effect. If they are physiologically able to tolerate benzodiaze-
pines, these may be used in this first week or two to prevent an increase in panic
symptoms or to treat them should they occur. The major disadvantage of
SSRIs and SNRIs is that they do not produce a complete blockade of the
anxiety for at least 4 to 8 weeks and patients may notice no improvement at all
in the first 2 to 4 weeks. Some tricyclic antidepressants are effective in panic
disorder (desipramine is the best tolerated) (38), generalized anxiety disorder
(39), and posttraumatic stress disorder (40) but are now most often used as
third- or fourth-line treatments because of their anticholinergic side effects,
increased likelihood of drug interactions, and lethality in overdose.

Benzodiazepines are also an acceptable first-line treatment for panic
disorder, if not medically contraindicated, although they are much less
commonly used now that the SSRIs and SNRIs are available. If the patient is
able to tolerate them physiologically, they offer more rapid symptom relief but
are associated with withdrawal symptoms after long-term use in a significant
percentage of patients. The major area of concern is respiratory suppression in
individuals with carbon dioxide retention. Benzodiazepine use in this context
requires very cautious dosing and close follow-up and is best reserved for the
very distressed patient who needs urgent symptom control. When carbon
dioxide retention is a problem, there is the option of using buspirone for
generalized anxiety, although it is ineffective in panic disorder and takes 3 to 6
weeks to work, or low-dose neuroleptics that do not alter respiratory drive
(33). If these agents are not successful and the patient’s suffering is impairing
his or her quality of life or if anxiety is compromising the patient’s respiratory
function, benzodiazepines may be cautiously tried, beginning with the lowest
possible dose (via cutting the smallest tablet into quarters or halves) and
monitoring closely. In older patients, there are concerns about falls secondary
to psychomotor impairment with benzodiazepines. Some individuals may also
show other signs of central nervous system toxicity, including dizziness, ataxia,
weakness, vertigo, confusion, and dysarthria.

Dosing information for drugs used in the treatment of anxiety is shown in
Table 7.
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IV. Depression and Depressive Disorders

Sadness, demoralization, and a sense of loss are common responses to
advanced nonmalignant lung disease. In addition to transient low mood that
may accompany changes in the illness trajectory or periods of heightened
frustration or disappointment, many patients suffer from an unrecognized and
untreated major depressive episode. The diagnostic criteria for major
depression are shown in Table 8. Of note, the assessment of depression in
advanced lung disease is complicated by the overlap between symptoms of
depression and symptoms of advanced lung disease such as fatigue, cognitive
impairment, weight loss, and sleep disturbance (2). Medical-, substance-, and
drug-induced causes of depression must also be considered. Mental health
professionals familiar with advanced lung disease usually do the best
assessments regarding depression.

Rates of major depression in COPD are reported to be as high as 40%
(19) or more and yet depression is underdiagnosed and undertreated in this
group. There are multiple barriers to the effective diagnosis and management
of depression in the medically ill, including stigma, the belief that depression is

Table 7 Drugs Used in the Treatment of Anxiety Disorder

Antidepressants

Starting

dose

Dosing

increments

Usual effective

dose

Maximum

doseb

Paroxetine (Paxil) 5–10mga 10mg 40–60mg 60mg

Sertraline (Zoloft) 25mg 25mg 50–200mg 200mg

Citalopram (Celexa) 10mg 10mg 20–30mg 50mg

Venlafaxine

(Effexor) XR

18.75mg–

37.5mg

37.5mg 75–150mg 225–375mgc

Benzodiazepines (if not physiologically contraindicated)

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

doseb

Clonazepam (Rivotril,

Klonopin)b
0.25–0.5mg 0.25–0.5mg 0.5–2mg bid 10mg

Alprazolam (Xanax)b 0.125–0.25mg 0.25–0.5mg 0.5–2mg tid 10mg

Lorazepam (Ativan)b 0.5–1.0mg 0.5–1.0mg 1–3mg tid 10mg

aIn the somatically preoccupied patient or patient with severe medical illness.
bIf physiologically tolerated.
cVaries depending on governmental regulatory information.

Source: Ref. 42.
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normative, health professional time limitations, lack of privacy in most clinic
and inpatient settings, and inadequate training of primary care and respiratory
medicine specialists in psychiatry. As with anxiety disorders, it is important to
consider potential medical etiologies for depression (e.g., thyroid disorders,
neurological disorders) and the etiological role of medications and psychoac-
tive substances including corticosteroids and opiates (43).

A. Management

Effective management is multifactorial and may include a combination of
approaches as required, including education, support, exercise and pulmonary
rehabilitation, empirically validated manualized psychotherapies, antidepres-
sant medication, and electroconvulsive therapy. Decisions as to which
treatment or treatments to employ and in what order are based upon the
severity of the depression, patient preferences, effective past treatments if
applicable, and the availability of resouces. Psychiatric inpatient or day
hospitalization may be required by individuals with active suicidal ideation or
severe nonpsychotic or psychotic depression.

Table 8 Diagnostic Criteria for Criteria for Major Depressive Episode

Major depressive episode requires a change from previous functioning with a minimum

of five symptoms occurring over most of the day during the same 2-week time period.

. The change from previous functioning is clinically significant and is associated with

impairment in daily functioning (e.g., social roles, occupational).

. Symptoms are not counted toward a diagnosis of depression if they directly result

from a medical condition, medication, or substance abuse.

Depressed mood or loss of ability to experience pleasure or interest must be among the

five minimum symptoms.

. Depressed mood that is either subjective or objective

. Significantly decreased capacity to experience pleasure or markedly diminished

interest in all, or almost all, activities

. Changes in sleep—insomnia or hypersomnia

. Changes in appetite (increased or decreased) or loss of weight

. Decreased energy or heightened fatigue

. Impaired concentration, decreased ability to think, indecisiveness

. Objective changes in psychomotor status—retardation or agitation

. Significantly lowered self-esteem, feelings of worthlessness, excessive or inappropriate

guilt

. Recurrent thoughts of death, wish for a hastened death, suicidal ideation (passive or

active) or suicidal behavior

Source: Ref. 30.
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Psychotherapy

The most commonly used empirically validated psychotherapies in depressed
patients with comorbid medical illness are cognitive therapy and interpersonal
therapy. Both of these treatments are typically delivered in 12 to 16 individual
sessions and may be followed by monthly sessions for a period of time if
required to maintain the gains the patient has made. Patients typically continue
to show improvements in their mood even without monthly follow-up sessions
as benefits accrue over time and as they practice what they have learned in the
therapy.

Cognitive therapy for depression is directed towards unhelpful negative
thoughts about the self, one’s experiences, and the future (16). There is
evidence that cognitive therapy is as effective as antidepressant treatment in
mildly to moderately depressed medically well populations (44), although it has
not been extensively evaluated in medically ill samples. Patients are taught to
identify their moods, as this can be surprisingly problematic for a subset of
patients who have difficulty in labeling and discriminating their moods.
Worksheets may be used initially to record details of low mood and to link
moods with situations. Patients are then taught to identify the automatic
thought (s) associated with the depressed mood and situation and to record
these on worksheets. Finally, they learn to weigh the evidence for and against
their automatic thoughts and ultimately attempt to generate more balanced,
helpful thoughts. For example, a 64-year-old man who was previously very
physically active and enjoyed roughhousing with his grandchildren becomes
overwhelmed with sadness whenever he sees his grandchildren and is unable to
play with them physically. He identifies the automatic thought ‘‘I might as well
be dead.’’ This thought could be reworked over time through the process of
looking at the evidence for and against the following thought: ‘‘It is a struggle
to deal with my lung problems but my family love me and would rather have
me alive than dead. Even though my pleasures are more limited than before,
and I wish I could do more, there are sources of happiness and joy open to me
to enjoy, like telling the kids about my earlier adventures and watching
adventure videos with them.’’

Interpersonal therapy (IPT) for depression is based on the importance
of disturbances in interpersonal relationships in either the genesis or
maintenance of depression (45). Interpersonal relationships and our social
worlds are important factors for most of us in the regulation of our mood
state. Common disturbances in interpersonal relationships include (1) death
of a loved one; (2) transitions secondary to ill health and the changes in social
roles and functioning associated with it or secondary to retirement, financial
limitations, moves, etc; (3) interpersonal conflict; and (4) deficits in
interpersonal skills that leave the individual socially isolated. A therapeutic
focus is identified in one of these areas and the therapist then works with the
patient to increase meaningful social contact. IPT has been found to be as
effective as antidepressant therapy in medically healthy individuals with mild
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to moderate depression, and its use is being extended to medically ill samples
(46).

Pharmacotherapy

There are an increasing number of pharmacotherapy options available for the
treatment of depression in the medically ill. Choice of agent depends largely
upon (1) side-effect profile, either taking advantage of side effects such as
sedation in the insomniac patient or avoiding problematic side effects, and (2)
potential for interaction with other medications that the individual is taking.
Clinical wisdom advises to ‘‘start low, go slow,’’ but it also emphasizes the
importance of slowly working up to an effective dose. While the newer
medications are much less likely to interact with other drugs, it is important to
check for drug interactions before prescribing, given that most patients with
advanced nonmalignant lung disease are on a variety of medications. As these
newer drugs are used more extensively, case reports of drug interactions are
growing; it is therefore essential to check any proposed antidepressant against
a current drug interaction database. Worsening of pulmonary function is very
uncommon and has typically been associated with drying of secretions, with
greater difficulty clearing airways with the much more anticholinergic, older
medications. The most common antidepressant agents used in the medically ill
are shown in Table 9.

The SSRIs are typically first-line drugs in the treatment of the depressed
medically ill patients. They have a range of side effects, but these occur in a
minority of patients and usually last for a maximum of 2 weeks. Common side
effects include gastrointestinal disturbance (e.g., anorexia, nausea, diarrhea,
constipation) and central nervous system cognitive and neurological effects
(e.g., insomnia, sedation, lethargy, agitation, sedation, fatigue, headache, etc.)
(42). A variety of forms of sexual dysfunction occur in a significant minority of
patients on SSRIs and SNRIs. These effects may not resolve in the first few
weeks, in which case a decision must be made about the importance to the
patient and or partner of the sexual dysfunction and whether to treat it.
Treatment approaches include adding a wide range of agents depending upon
the type of sexual dysfunction (42) or changing antidepressants.

Bupropion is another popular choice in themedically ill, although itmay be
too ‘‘activating’’ for anxious patients, and there are concerns about lowering the
seizure threshold at higher doses in high-risk patients or with abrupt dosage
increases (42). Venlafaxine is a commonly used drug, but concerns about
hypertension and the need to monitor blood pressure (42) typically make it a
second-line choice. Mirtazepine is a new drug with increasing use. It can be quite
sedating, which can be an advantage in the patient with insomnia. It is associated
with concerns about weight gain, primarily in the first 4 weeks of treatment, in up
to 16% of patients (42). Psychostimulants are an important option in the
medically ill population, although they are underutilized and do not have a
strong evidence base in large-scale, randomized, placebo-controlled studies.
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There is a strong anecdotal and case series literature that supports their use (47).
Side effects such as tachycardia and dyspnea were documented in less than 3% of
a group of heterogeneous medically ill patients in retrospective record review
(48). The principal advantage of these drugs lie the rapid remission of depressive
symptoms over several days.

Table 9 Drugs Commonly Used in the Treatment of Major Depression in the

Medically Ill

SSRI (Selective Serotonin Reuptake Inhibitors)

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

dose

Paroxetine (Paxil) 10mg 10mg 20mg 50mg

Sertraline (Zoloft) 25mg 25mg 50–100mg 200mg

Citalopram (Celexa) 10mg 10mg 20mg 50mg

SNRI (Selective Serotonin Norephinephrine Reuptake Inhibitor)

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

dose

Venlafaxine (Effexor)

XR

37.5mg 37.5mg 75–150mg 225–375mg3

NDRI (Norepinephrine Dopamine Reuptake Inhibitor)

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

dosec

Bupropion

(Wellbutrin)b
100–150mg 100–150mg 300mg 300–400mg

NaSSA (Noradrenergic/Specific Serontonergic Antidepressant)

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

dosec

Mirtazapine

(Remeron)

15–30mg q hs 15–30mg 30–45mg 45mg

Psychostimulants

Starting

dosea
Dosing

increments

Usual effective

dose

Maximum

dose

Methylphenidate

(Ritalin)

2.5–5mg q am,

q noon

2.5–5mg q am,

q noon

5–20mg (total

daily dose)

60mg (total

daily dose)

Detroamphetamine

(Dexedrine)

2.5–5mg q am 2.5–5mg q am 5–30mg q am 40–60mg

(total daily

dose)

aIn the somatically preoccupied patient or patient with severe medical illness.
bAlso marketed as Zyban for smoking reduction.
cVaries depending on governmental regulatory information.

Source: Ref. 42.
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V. Conclusions

There is increasing evidence of the importance of emotional distress, and in
particular anxiety and depression, in compromising the quality of life and
functional status of individuals with advanced nonmalignant lung disease. A
better understanding of the range of strategies that enhance coping and
advances in psychiatric therapeutics, in the areas of both psychotherapy and
pharmacotherapy, offer the potential of decreasing suffering and enhancing
daily life for our patients who struggle with their advanced disease. While we
await large-scale trials and a stronger evidence base for our treatment, we need
to use the modalities currently available to optimize our patients’ quality of
life. We need to increase the profile of advanced nonmalignant lung disease and
of interventions designed to reduce distress and improve quality of life in order
to ensure adequate, comprehensive care for our patients and their families.
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Measurement of Health Status in Advanced
Respiratory Disease

DONALD A. MAHLER

Dartmouth Medical School

Lebanon, New Hampshire, U.S.A.

I. What Is Health-Related Quality of Life? What Is Health
Status?

The traditional approach in caring for patients with chronic respiratory disease
has been to focus on lung function tests, oxygen saturation, and/or chest
radiographs to establish a diagnosis and to assess the response to treatment.
However, patients seek medical attention because of symptoms that impair
their ability to perform daily activities and/or work. Functional status is a
general term that refers to the ability of an individual to function in physical,
social, and emotional roles.

Two related concepts, health-related quality of life (HRQOL) and health
status, are overlapping constructs that describe separate but related patient-
assessed health outcomes. HRQOL has been used as a measure of a health
outcome for a considerable time. A practical definition of HRQOL is (1):

Quantification of the impact of disease on daily life and well-being in a formal and

standardized manner.

This definition emphasizes the importance of using standardized questionnaires
for measurement purposes. However, individuals are not uniform, and it
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therefore would be difficult to quantify HRQOL in a standard way.
Accordingly, the term HRQOL is probably best reserved for consideration
of individual patients.

Nonetheless, it is possible to provide accurate and reliable measurement
of the effect of health on the patient’s daily life and well-being in a specific
population of patients to which an individual belongs. One definition of health
status is (2):

The effect of a person’s health on the ability to perform and enjoy the activities of

daily living.

The approach to measure health status includes various items or questions that
are appropriate and applicable to all subjects with a disease. As such, health
status instruments explore areas of impaired health common to all patients
with a specific condition, and the corresponding scores can be used in the same
way as any other standardized measurement, such as pulmonary function tests
(1). It is important to recognize that scores from such instruments can
determine the health of a population of patients very well, but they will have
less precision when used to measure the health of an individual.

Over the past decade interest in health status has increased substantially
because (1) health status has been recognized as a unique construct that
is distinct from other measures such as blood test results, radiographs, etc;
(2) physicians, health care organizations, insurance companies, and the
pharmaceutical industry have acknowledged that patients are more concerned
about symptoms and their ability to perform activities of daily living rather
than physiological outcomes; and (3) the goals of therapy have expanded to
include relief of symptoms and improvement in health status. Health status
measures are being used as primary endpoints in randomized clinical trials
involving patients with advanced respiratory disease (1–3).

II. Measurement Criteria

The two major reasons to measure health status are (4) (1) to discriminate (i.e.,
differentiate) between individuals or groups with better or worse health status
and (2) to evaluate changes as a result of an intervention.

All health status instruments must meet certain measurement criteria (4).
Validity refers to the actual measurement of what the instrument proposes to
evaluate. Reliable instruments should demonstrate that the same results are
obtained in different settings and with different observers. Repeatability is a
specific form of reliability which tests whether health status scores are similar at
two different time periods in stable patients. Responsiveness represents the
ability of the instrument to detect change since it is important to demonstrate
an improvement in health status (even if it is small) with a specific intervention.

Thus, a discriminative instrument must be valid and reliable, while an
evaluative instrument should, at a minimum, be valid and responsive. Ideally,
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health status instruments should have both discriminative and evaluative
properties, and also be reliable and responsive. Evidence for validation should
be obtained in a number of different settings and studies. Furthermore, the
responsiveness of an evaluative instrument should not be compromised or
limited by ceiling (patients with the best score may have substantial
improvement) and floor (patients with the worst score may deteriorate further)
effects.

Another important consideration for a health status instrument is the
determination of a minimal important or meaningful change (5,6). A threshold
for a clinically significant response or difference between treatment groups can
be established by comparing changes in the scores from the instrument with
changes in a global estimate of the benefits of therapy (6).

III. Types of Health Status Questionnaires

The simplest way to measure a person’s health is to ask the individual a global
question such as, ‘‘How is your health?’’ The response could be quantified
using a category scale with four or five grades. Generally, such a broad
approach may underestimate the real impact that an advanced respiratory
disease has on the person’s perceived health, especially at the milder end of the
disease spectrum (7). In order to estimate an individual patient’s health status,
both generic and disease-specific questionnaires have been developed (Fig. 1).
Ideally, the instruments should combine the features of being comprehensive as
well as being brief, so as to enhance applications in clinical research and
possibly in clinical practice.

Figure 1 Schema of a general health scale and a scale that is disease-specific for a

respiratory illness such as airways disease. (From Ref. 21.)
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A. General Health Questionnaires

The general questionnaires were the first to measure health status in those with
respiratory disease. They were designed to measure disturbances in health
irrespective of the specific disease. Five major generic instruments have been
used to quantify health status in patients with respiratory disease (Table 1).

The Sickness Impact Profile (SIP) was published in 1981 as one of the
first general health instruments (8). It incorporates 136 items with 12
components and takes about 20 to 30min to complete. There are global
scores for physical and psychosocial aspects, whereas one total score is
transformed into a range of 0 to 100. The SIP was used in the Nocturnal
Oxygen Therapy Trial (9) but appears to be insensitive to changes in patients
with mild to moderate lung impairment (10). Overall, the SIP has limited
applicability because of the time required for a patient to complete the
instrument and its relative unresponsiveness.

In 1984 the Quality of Well-Being (QWB) scale (11) was developed as an
outcome measure in chronic obstructive pulmonary disease (COPD). It
contains 50 items with three components: mobility, physical activity, and
social activity. Approximately 10 to 15min is required for the instrument to be
completed via an interview. The overall utility score ranges from 0 (dead) to 1
(optimal health). The advantage of the QWB is that it can be used in cost-
effectiveness analysis. However, in a long-term study evaluating the efficacy of
pulmonary rehabilitation the QWB failed to show any significant change with
rehabilitation even though there were improvements in exercise endurance time
and reductions in perceived breathlessness and leg fatigue during exercise (12).
Whether the QWB scale can demonstrate responsiveness with an expected
improvement associated with another type of treatment remains to be
determined.

The Nottingham Health Profile (NHP) (13) includes 38 items covering six
dimensions: energy, pain, emotional reaction, sleep, social isolation, and
physical mobility. It is self-administered and takes 5 to 10min to complete.
Although scores on the NHP were significantly correlated with the severity of
airway obstruction based on the FEV1 using the American Thoracic Society
staging system for COPD, the magnitude of correlation was smaller than
observed for a disease-specific health status instrument (14).

In 1990 the EuroQol group developed a five-question instrument (EQ-
5D) as a simple and brief method for individuals to rate health status using a
visual analog scale ‘‘thermometer’’ for five dimensions (mobility, self-care,
usual activities, pain/discomfort, and anxiety/depression) (15). Although this
instrument has been translated into numerous different languages, it has not
been widely applied up to the present time.

The Medical Outcomes Study Short-Form 36-item (SF-36) questionnaire
(16) was published in 1992 as an expansion of a previously developed 20-item
questionnaire. The SF-36 covers eight dimensions of health: physical
functioning, role limitation due to physical problems, social functioning, role
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limitation due to emotional state, general health, vitality, mental health, and
bodily pain. Each dimension is scored separately and transformed to a scale of
0 to 100. Two global scores are obtained for a physical component summary
and a mental component summary. This instrument can be completed by the
individual patient in 5 to 10min. The SF-36 has been validated in patients with
asthma (17) and with COPD (18). In an observational study of 76 patients with
symptomatic COPD, the physical functioning score on the Medical Outcomes
Study 20-item questionnaire was the only health component to show a
significant decline over a 2-year period (19). A more recent study in patients
with COPD has shown a significant worsening in most of the component scores
of the SF-36 over a 3-year period (20).

B. Disease-Specific Questionnaires

Disease-specific instruments were developed to consider the various compo-
nents or constructs that affect directly the respiratory system (1–3,21). Thus,
these types of instruments are likely to be more sensitive (responsive) to small
changes observed with therapy. The various disease-specific instruments
include components considered important or influence the specific respiratory
condition. They vary considerably in the number of items and the number of
components that reflect health status. All of these questionnaires have a total
score, and most have scores for each of the individual components. The
majority of these instruments were developed to be self-administered, although
the Asthma Quality of Life Questionnaire by Juniper and colleagues (22) and
the Chronic Respiratory Disease Questionnaire developed for patients with
COPD by Guyatt and colleagues (23), were intended to be scored, at least in
part, by an interviewer based on activities that were selected by the individual
patient. Although baseline and treatment scores for these instruments are
unique for each individual, this feature limits comparisons of scores obtained
with these two instruments between groups of patients who have the same
disease but were evaluated in different studies.

Asthma

The major questionnaires used to measure health status in patients with
asthma are listed in Table 2. All of these instruments were developed and
subsequently published in the 1990s. Recently, Juniper (24) reviewed
information about the various quality-of-life measures available for use in
patients with asthma.

The Living with Asthma Questionnaire (25) includes 68 items that cover
11 domains (social/leisure, sport, holidays, sleep, work, colds, morbidity,
effects on others, medication use, sex, and dysphoric states and attitudes).
Impairments due to asthma symptoms are not part of the questionnaire. The
patient’s responses for each item are graded on a three-point scale. This
grading system suggests that the questionnaire may have acceptable

690 Mahler and Jones



T
a
b
le

2
S
el
ec
te
d
D
is
ea
se
-S
p
ec
ifi
c
In
st
ru
m
en
ts

U
se
d
to

M
ea
su
re

H
ea
lt
h
S
ta
tu
s
in

P
a
ti
en
ts

w
it
h
A
st
h
m
a

In
st
ru
m
en
t/
y
ea
r

N
u
m
b
er

o
f
it
em

s

N
u
m
b
er

o
f

co
m
p
o
n
en
ts

S
co
re
s

T
im

e
to

co
m
p
le
te

(m
in
)

L
iv
in
g
w
it
h
a
st
h
m
a

6
8

1
1

1
to
ta
l
sc
o
re

1
5
–
2
0

Q
u
es
ti
o
n
n
a
ir
e
(1
9
9
1
)

1
sc
o
re

fo
r
ea
ch

co
m
p
o
n
en
t

S
el
f-
a
d
m
in
is
te
re
d
o
r

in
te
rv
ie
w

A
st
h
m
a
Q
O
L

2
0

4
1
to
ta
l
sc
o
re

5

Q
u
es
ti
o
n
n
a
ir
e
(1
9
9
2
)

1
sc
o
re

fo
r
ea
ch

co
m
p
o
n
en
t

S
el
f-
a
d
m
in
is
te
re
d

L
if
e
a
ct
iv
it
ie
s

Q
u
es
ti
o
n
n
a
ir
e
(1
9
9
2
)

7
1

S
t.
G
eo
rg
e’
s
R
es
p
ir
a
to
ry

7
6

3
1
to
ta
l
sc
o
re

1
0

Q
u
es
ti
o
n
n
a
ir
e
(1
9
9
2
)

1
sc
o
re

fo
r
ea
ch

co
m
p
o
n
en
t

S
el
f-
a
d
m
in
is
te
re
d

A
st
h
m
a
Q
O
L

(1
9
9
3
)

3
2

4
1
to
ta
l
sc
o
re

1
0
(fi
rs
t
ti
m
e)

1
sc
o
re

fo
r
ea
ch

co
m
p
o
n
en
t

5
(s
u
b
se
q
u
en
t)

In
te
rv
ie
w

(f
o
r
5
a
ct
iv
it
ie
s)

a
n
d
se
lf
-

a
d
m
in
is
te
re
d
fo
r
o
th
er

2
7

it
em

s

Measurement of Health Status 691



discriminative properties, but the small number of grades may limit its
responsiveness.

In 1992 Marks and colleagues (26) presented an Asthma Quality of Life
Questionnaire which contains 20 items and four domains (breathlessness and
physical restrictions, mood disturbance, social disruption, and concerns for
health). Patients rate each item on a five-point scale which takes about 5min to
complete. This instrument has been shown to have both discriminative and
evaluative properties (27).

Creer and coworkers (28) published the Life Activities Questionnaire for
Adult Asthma in 1992. The instrument has 70 items that cover seven domains
(physical activities, work activities, outdoor activities, emotions and emotional
behavior, home care, eating and drinking activities, and miscellaneous). A five-
point scale is used for each item. As described, the questionnaire focuses
primarily on activity limitations, but it does not consider asthma symptoms
and other health concerns.

Jones et al. (29) developed the St. George’s Respiratory Questionnaire
containing 76 items to be used in patients with both asthma and COPD. The
three domains included in the instrument are symptoms, activities, and
impacts. Although this instrument has been evaluated in patients with asthma
(30), its main application has been to examine various interventions in those
with COPD. Further description of this instrument is given in the following
section on COPD.

In 1993 Juniper and colleagues (22) published a 32-item instrument also
called the Asthma Quality of Life Questionnaire. Item selection was based on
their importance to patients from a pool of 150 possible topics that affect the
lives of those with asthma. The four domains considered were symptoms,
emotions, exposure to environmental stimuli, and activity limitation. Each item
is graded on a seven-point scale. A unique feature of the questionnaire is that
the individual patient identifies five activities that are done regularly and
impact the patient’s daily activities. At each visit the individual is asked to rate
limitations experienced in these activities. Although this feature allows an
‘‘individualized’’ approach to measuring quality of life, it also prevents direct
comparisons with other patients or groups, because the five activities are
different. The grading of the five activities selected by the patient requires an
interviewer, whereas the remaining 27 items are self-administered. Respon-
siveness of the questionnaire has been demonstrated, and the minimal clinical
important difference is a change of 0.5 units for each domain as well as for the
total score (22,31,32).

Over the past few years additional instruments have been developed in an
attempt to improve the measurement attributes of the above questionnaires.
However, these newer instruments have not been included in this review
because only limited information is currently available about their perfor-
mances. For example, a short and simple instrument called the Airways
Questionnaire 20 (includes 20 items) has been described for use in patients with
asthma and COPD (33). Although this instrument has discriminative proper-
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ties similar to those of the Asthma Quality of Life Questionnaire and the St.
George’s Respiratory Questionnaire, it has not yet been tested for responsive-
ness (33). Furthermore, various authors have modified existing questionnaires
used to measure health status in patients with asthma (34–38). These
modifications have generally been made to enhance the measurement proper-
ties (particularly responsiveness) of the instruments, and/or to reduce the
number of questions or items so that the time required for the subject to
complete the questionnaire would be shorter. Further testing will be required
to establish whether these newer and/or modified questionnaires provide
substantial benefits over the more established instruments, as listed in
Table 2.

Chronic Obstructive Pulmonary Disease

The Chronic Respiratory Disease Questionnaire was designed by Guyatt and
colleagues (23) as an evaluative instrument to quantify changes in health. It
consists of four components: dyspnea (five items), fatigue (four items), mastery
(four items), and emotion (seven items). Each item is graded by the patient on a
seven-point Likert scale. For dyspnea, the subject is asked to describe the five
most common activities that caused dyspnea over the past 2 weeks by recall
and then by reading a list of 26 different activities. An interviewer is required to
assist the patient in making these selections and asking the individual to select a
grade. By design, this instrument is specific for an individual patient with
chronic lung disease. However, for this reason, results from one study cannot
be compared with results of another investigation.

As already described, the St. George’s Respiratory Questionnaire (29)
was developed for patients with obstructive airway disease, but its primary
application since being published in 1992 has been in patients with COPD. The
three components include symptoms (distress attributable to cough, wheeze,
and acute exacerbations), activity (disturbance of physical activity and mobility
caused by dyspnea), and impacts (psychosocial effects of the disease). It was
designed for supervised self-administration but has also been validated for use
by telephone administration (39). The method of scoring is different than that
of other instruments, as each item has its own empirically derived weight
independent of age, gender, disease severity and duration (40), and largely
independent of country (41).

In 1994, Quirk and Jones (42) described both a 20-item and a separate 30-
item Airways Questionnaire as simple and brief instruments for measuring
health status in patients with asthma and with COPD. In 1999 Hajiro and
coworkers (43) reported that the questionnaire with yes or no responses
provided discriminative and responsiveness properties in outpatients with
COPD living in Japan. The major advantages of the 20-item Airways
Questionnaire are the 2min necessary for the patients to complete it and the
modest correlations observed with this instrument and both the Chronic
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Respiratory Disease Questionnaire and the St. George’s Respiratory Ques-
tionnaire. The authors commented that a high ceiling effect and the limited
data available in patients with COPD who speak English were possible
disadvantages of the instrument.

Tu and colleagues (44) developed and validated a computer-scannable,
self-administered questionnaire to monitor health-related quality of life in
patients with COPD. The Seattle Obstructive Lung Disease Questionnaire
consists of 29 items measuring four dimensions: physical function, emotional
function, coping skill, and treatment satisfaction. In developing the instrument,
the authors used the Chronic Respiratory Disease Questionnaire as a model.
One of the main purposes of the questionnaire was to survey large numbers of
patients on a regular basis using computerized operations for data entry and
scoring. Although there are scores for each dimension, the authors report that
no overall score can be generated.

Interstitial Lung Disease

Consideration and measurement of health status of patients with interstitial
lung disease have been far less extensive compared than in those with asthma
and COPD. Presently, the general health instruments have been used primarily
to measure health status in this population (45–49). For example, Martinez et
al. (45) and Change et al. (46) described the use of the SF-36 questionnaire in
patients with idiopathic pulmonary fibrosis and with sarcoidosis. Based on
focus groups and individual interviews, De Vries and colleagues (47) reported
that hobbies/leisure activities, mobility, transport, social relationships, working
capacity, energy, and doing things more slowly were important aspects of
quality of life identified by patients with idiopathic pulmonary fibrosis.
Subsequently, De Vries et al. (48) have suggested that the World Health
Organization Quality of Life 100-item questionnaire (49) was be more useful in
idiopathic pulmonary fibrosis than the disease-specific instruments. Moreover,
these investigators found that physical health and level of independence were
impaired in 41 patients with idiopathic pulmonary fibrosis as measured on the
World Health Organization instrument compared with 41 healthy persons
matched for age and gender (48).

Although developed for patients with asthma and COPD, the St.
George’s Respiratory Questionnaire has been reported to be valid in 50
patients with various types of interstitial lung disease (46).

Bronchiectasis

Wilson et al. (50) reported that the St. George’s Respiratory Questionnaire
appeared to have good validity in patients with bronchiectasis. Furthermore, the
scores on this questionnaire were worse in patients colonized with Pseudomonas
compared to those who were not colonized with this organism (51).

694 Mahler and Jones



Cystic Fibrosis

In adult patients with cystic fibrosis, Orenstein et al. (52,53) have described the
use of the Quality of Well-Being scale, whereas Busschbach et al. (54) reported
on the EuroQol and the Nottingham Health Profile to measure health status.

IV. Minimal Important Difference

There has been increasing interest in identifying clinically relevant changes in
evaluative instruments used to measure health status (2–5). Why? Although an
experienced clinician may be comfortable interpreting the measured change in
one or more parameters of lung function, the meaning of a specific change in a
score for a health status instrument is not intuitively obvious. Therefore
various methods have been used to examine the interpretability of the changes
in health status scores. the complex issues around the establishment of these
thresholds have recently been reviewed (55). Jaeschke et al. (56) have defined
the minimal important difference as:

The smallest difference in score in the domain of interest which patients perceive

as beneficial and would mandate, in the absence of troublesome side effects and

excessive cost, a change in the patient’s management.

One of the most common methods used to interpret health status data is an
‘‘anchor approach,’’ whereby the changes in the scores on the instrument are
compared, or anchored, to global ratings by the patient and/or the physician
(57). Thus, to determine the minimal important difference, the change in a
health status score is judged to be that which corresponds to the smallest
important change perceived by the patient and/or the physician (5,6,57). For
example, small, medium, and large effects correspond to changes of
approximately 0.5, 1.0, and > 1.0 per question for instruments that use a
seven-point scale (56), such as the Asthma Quality of Life Questionnaire (22)
and the Chronic Respiratory Disease Questionnaire (23)

Another approach to determining the minimal important difference is to
use standard statistical methods to calculate relevant intraindividual change
over time as identified by the standard error of measurement. Such studies are
ongoing to define a minimal important difference in certain health status
instruments based on statistical methodology.

A. Published Data

The following information represents published data on calculated values for
the minimal important differences of selected instruments listed in Tables 1 to 3.

General Health Questionnaire

Although statements in the literature have suggested that differences of three to
five points for the domains of the SF-36 questionnaire may be clinically
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meaningful, a formal determination of the minimal important difference has
not been established for this instrument.

Asthma

Juniper et al. (22) and Rowe and Oxman (31) reported that a change in the
score of 0.5 is the minimal important difference both for the overall score and
for each of the individual domains for the Asthma Quality of Life
Questionnaire. Furthermore, responses of 1.0 and 2.0 represent moderate
and large changes, respectively (22,31).

Jones and colleagues (58) found that a change of four points for the total
score on the St. George’s Respiratory Questionnaire represents the minimal
important difference.

Chronic Obstructive Pulmonary Disease

In an initial report, Guyatt et al. (59) indicated that ‘‘a change in score of 4 or
more represents a clinically important difference in physical function’’ domain
of the Chronic Respiratory Disease Questionnaire. Further analyses have
revealed that a change of 0.5 per question is the minimal important difference
for this instrument (6,56). As the Chronic Respiratory Disease Questionnaire
consists of 20 questions or items, a change in the total score of 10 is therefore
considered to be the minimal important difference.

A change of at least four points is the minimal important difference for
patients with COPD using the St. George’s Respiratory Questionnaire, which
is the same as described above for patients with asthma (58).

Tu et al. (44) reported that a change of approximately five points on the
Seattle Obstructive Lung Disease Questionnaire represented the minimal
important difference.

V. Clinical Applications

Selected studies that have used health status measures to evaluate various
treatments in patients with asthma and in patients with COPD are summarized
below. It is clear from these studies that statistical analyses of the changes in
standard physiological outcomes and the changes in health status scores
demonstrate only modest correlations among the variables. These results
confirm that measurement of health status provides unique information that
has become necessary for a comprehensive assessment of treatment effect in
patients with advanced respiratory disease.
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A. Asthma

Bronchodilator Therapy

At least five randomized controlled trials have evaluated the effects of inhaled
beta-agonist therapy on health status in patient with asthma (32,60–63).

Juniper et al. (32) compared salmeterol (50 mg twice daily), albuterol
(200 mg four times a day), and placebo in a crossover trial with each medication
taken for 4 weeks. The subjects included 140 adults with mild to moderate
asthma. Overall and individual domain scores on the Asthma Quality of Life
Questionnaire were better (statistically and clinically important) for salmeterol
compared with placebo and with albuterol (Fig. 2). Furthermore, changes in
the overall score on the Asthma Quality of Life Questionnaire were
significantly correlated with changes in morning peak flow (r¼ 0.58) and
daytime symptoms (r¼ 54).

Rutten-van Molken and colleagues (60) compared two disease-specific
instruments and two generic instruments in evaluating the effects of salmeterol
(50 mg twice daily) versus albuterol (400 mg twice daily) on health status in 120
patients with moderate asthma. As expected, the long-acting salmeterol led to
significant improvements over albuterol in all clinical outcomes. However, the
disease-specific Asthma Quality of Life Questionnaire and the generic patient
rating scale showed significantly greater improvement with salmeterol than
with albuterol, whereas the Living with Asthma Questionnaire and the
Sickness Impact Profile showed only a favorable trend for salmeterol.

Figure 2 Overall scores at the end of the treatment period (4 weeks) on the Asthma

Quality of Life Questionnaire with salmeterol (SM), salbutamol (SB), and placebo (P) in

140 adults with mild to moderate asthma. Salmeterol was more effective than placebo

(mean difference¼ 0.55; p< 0.0001) and salbutamol (mean differenceþ 0.40;

p< 0.0001). (From Ref. 24.)
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Furthermore, only the Asthma Quality of Life Questionnaire correlated with
the patient’s overall assessment of efficacy (r¼ 0.64); the other three
instruments failed to show any significant correlation. The authors concluded
that of the two disease-specific instruments, the Asthma Quality of Life
Questionnaire was more valid and more responsive to detect clinically
important changes with salmeterol.

van der Molen et al. (61) investigated the benefits of formoterol (24 mg
twice daily) or placebo for 6 months in 110 patients with moderate asthma
(daily inhaled corticosteroids and beta2-agonist use of five or more inhalations
per week). Although formoterol improved the total score of the Living with
Asthma Questionnaire (mean change,� 0.05, p¼ 0.048), there were no
significant differences observed in the scores on the Asthma Quality of Life
Questionnaire or with two generic health status instruments (Short Form 36-
item questionnaire and the General Well-Being Scale). The authors concluded
that improvement in health status reported after 6 months with formoterol was
very small and was observed with only one questionnaire.

Lockey et al. (62) compared the efficacy of salmeterol versus placebo in
patients with asthma who experienced significant nocturnal symptoms and
continued theophylline and/or inhaled corticosteroids. The mean change from
baseline for the overall and individual domain scores on the Asthma Quality of
Life Questionnaire were significantly greater with salmeterol than with placebo
at 12 weeks.

Juniper et al. (63) evaluated the role of formoterol (24 mg twice daily) or
placebo in 470 patients with asthma randomized to receive either 200 mg or
800 mg of budesonide for 1 year. Improvements in the scores for the Asthma
Quality of Life Questionnaire were greatest in the group who received both
formoterol and the higher dose of budesonide.

Anti-inflammatory Therapy

Jones and colleagues (30) used both the St. George’s Respiratory Ques-
tionnaire and the Sickness Impact Profile to examine the efficacy of nedocromil
sodium compared with placebo in 719 total patients with asthma who were also
receiving either inhaled corticosteroids or inhaled and/or oral bronchodilators.
After 48 weeks of treatment, the score for the impacts domain on the St.
George’s Respiratory Questionnaire was significantly greater than with
placebo. In general, both patients and physicians judged that nedocromil
was more effective than placebo.

In a 13-week placebo-controlled trial the efficacy of zafirlukast (20mg
twice daily), a leukotriene receptor antagonist, was evaluated in adults and
adolescents with moderate asthma (64). Zafirlukast was significantly more
effective in improving asthma symptoms and scores on the Asthma Quality of
Life Questionnaire.

In a 12-week trial, 347 adults with moderate asthma were treated with
hydrofluoroalkane-134a (HFA) beclomethasone dipropionate (400 mg per day),
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chlorofluorocarbon (CFC) beclomethasone (800 mg per day), or HFA placebo
following withdrawal of 7 to 12 days of prednisone therapy (65). As expected,
there was a deterioration in the Asthma Quality of Life Questionnaire score in
the placebo group, whereas there was stability in these scores with both the
HFA beclomethasone and CFC beclomethasone therapy.

These collective randomized, controlled trials demonstrated that long-
acting inhaled beta-agonist bronchodilators and anti-inflammatory agents
improve health status compared with placebo in patients with symptomatic
asthma. Furthermore, these studies demonstrated that the different medica-
tions enhanced health status scores that generally exceeded the threshold values
considered to be the minimal important difference.

B. Chronic Obstructive Pulmonary Disease

Pulmonary Rehabilitation

Various randomized controlled trials have demonstrated improvements in
health status after pulmonary rehabilitation in patients with COPD (66–73),
and this has been confirmed in a metanalysis (74). These studies incorporated
inpatient (66,67), outpatient (68–71), and home-based (67,72,73) pulmonary
rehabilitation and used either the Chronic Respiratory Disease Questionnaire
or the St. George’s Respiratory Questionnaire to measure health status.
Overall, the improvements occurred in all four components of the Chronic
Respiratory Disease Questionnaire with the greatest changes observed for
dyspnea and the least changes for emotional function. The mean values for
improvement exceeded the threshold for the minimal important difference in
these studies. In the investigation by Guell et al. (71) improvements in scores on
the Chronic Respiratory Disease Questionnaire were evident at the third
month and continued with somewhat diminished magnitude in the second year
of follow-up.

In the studies by Wedzicha and colleagues (69) and by Finnerty et al. (70)
there were improvements with pulmonary rehabilitation in the St. George’s
Respiratory Questionnaire that reached the threshold for both clinical and
statistical significance. A recent study demonstrated that the improved scores
on the Chronic Respiratory Disease Questionnaire and on the St. George’s
Respiratory Questionnaire after rehabilitation exceeded the thresholds for the
clinically important differences, while the clinical benefits on the St. George’s
Respiratory Questionnaire were maintained for 1 year (75).

In contrast, two controlled studies examining pulmonary rehabilitation
did not show any benefit in health status using generic instruments such as the
Quality of Well-Being (11) and the Short SF-36 questionnaire (69). However,
an improvement in the SF-36 physical function score has been reported
following pulmonary rehabilitation (75).

Rivera and colleagues (76) have shown that inspiratory muscle training at
a training load of 60 to 70% of maximal sustained inspiratory pressure for
30min daily, 6 days a week for 6 months led to significant and clinically
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meaningful improvements in health status measured on the Chronic
Respiratory Disease Questionnaire compared with a control group who
trained at zero load.

These overall findings demonstrate the advantage of the disease-specific
instruments for measuring health status in evaluating the response to various
pulmonary rehabilitaiton programs.

Bronchodilator Medications

Guyatt et al. (59) were the first investigators to show the benefits of
bronchodilator therapy on health status in patients with COPD. They reported
that patients treated with albuterol or theophylline for 2-week periods
improved not only lung function and exercise capacity but also health status
using the Chronic Respiratory Disease Questionnaire. The combination of
both medications provided additional improvement.

Van Schayck et al. (77) reported that there were no significant differences
in the Nottingham Health Profile between albuterol (400 mg per day) and
ipratropium bromide (160 mg per day) over a 2-year period in 93 patients with
mild COPD. The authors commented that a disease-specific health status
instrument might have been more sensitive to detect a difference.

In 1997 Jones and colleagues (78) showed that salmeterol at a dose of
50 mg twice a day led to significant and clinically important improvements on
the St. George’s Respiratory Questionnaire, whereas the 100-mg dose given
twice daily was no different than the placebo group. The authors proposed that
the higher dose of salmeterol contributed to side effects such as central nervous
system stimulation as evident by results of the SF-36 questionnaire. Of note,
the pattern of changes in the SF-36 questionnaire was similar to that seen with
the St. George’s Respiratory Questionnaire (Fig. 3).

In two separate investigations using identical study designs the efficacy of
salmeterol (50 mg twice a day) and ipratropium bromide (36 mg four times a
day) were compared with placebo (two puffs four times a day) in patients with
symptomatic COPD (79,80). The benefits of these bronchodilators on health
status were inconsistent. After 12 weeks of therapy, the mean overall score for
the Chronic Respiratory Disease Questionnaire was significantly higher for
salmeterol (7.1+ 1.4) and for ipratropium bromide (6.8+ 1.2) compared with
placebo (2.1+ 1.3) in the study by Mahler et al. (79); however, there were no
significant improvements in health status with either bronchodilator compared
to placebo in the study by Rennard et al. (80).

ZuWallack and colleagues (81) examined the combination of salmeterol
and theophylline compared with either agent alone in 943 patients with COPD.
Although combination therapy provided significant improvements in pulmon-
ary function and decreases in dyspnea scores, there were no significant
differences in the overall Chronic Respiratory Disease Questionnaire scores at
week 12 among the three treatment groups. However, a significantly higher
percentage of patients in the combination group (52–54%) experienced a
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clinically important difference (510 points) compared with salmeterol alone
(36–45%) or theophylline alone (31–42%) at weeks 4 and 12.

Cook and colleagues (82) compared regular use of albuterol (two puffs
four times a day) versus ‘‘as needed’’ use in 53 patients with COPD. All
patients received ipratropium bromide and inhaled corticosteroids as routine
therapy. Despite greater beta-agonist therapy with regular prescription, there
were no differences in any outcomes between the two groups. In particular,
there were no differences in any of the four domains on the Chronic
Respiratory Disease Questionnaire.

Figure 3 Relationship between the patients’ global estimate of treatment efficacy and

the St. George’s Respiratory Questionnaire (SGRQ) total score and the Short Form-36

(SF-36) physical functioning score in 283 patients with COPD. Data from all three

treatment groups are included. (From Ref. 78.)
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Dahl et al. (83) examined the effectiveness of 12 or 24 mg of formoterol
twice daily with ipratropium bromide (40 mg four times a day) and with placebo
in a total of 780 patients with COPD over 12 weeks. Both doses of formoterol
resulted in significant improvements in health status on the St. George’s
Respiratory Questionnaire, although only the 12-mg dose (�5.1 in total score)
exceeded the threshold for the minimal important difference (�4).

Casaburi et al. (84) reported that tiotropium, a once-daily inhaled
anticholinergic bronchodilator, produced a significant improvement in health
status as measured on the St. George’s Respiratory Questionnaire compared to
placebo over one year. Similar improvements were observed with tiotropium in
physical health domains (physical function, role function, and general health)
on the SF-36 questionnaire.

These numerous studies demonstrate the clinical benefits of different
bronchodilator medications and pulmonary rehabilitation in improving health
status in patients with COPD.

Inhaled Corticosteroids

Spencer et al. (20) reported that inhaled fluticasone (500 mg twice daily) slowed
the decline in health status by 39% as measured by the St. George’s Respiratory
Questionnaire compared with placebo over a 3-year period in a total of 751
patients with moderate to severe COPD.

VI. Summary

The measurement of health status has become an important outcome variable
in evaluating the response to treatment in patients with advanced respiratory
disease. The majority of questionnaires used to quantify health status have
been developed within the past decade. Thus, the use of these instruments in
randomized controlled trials has just started to become standard for examining
efficacy and effectiveness of a specific intervention. Furthermore, the current
literature reveals that these questionnaires have been used predominantly in
patients with asthma and with COPD. This is really no surprise, as these
airway diseases represent the two most common chronic respiratory illnesses in
the world today.

What is the future of measuring health status? We believe that there will be
increasing interest in this outcome measure by federal and state health care
agencies, health care organizations, insurance companies, regulatory agencies,
and pharmaceutical companies. This anticipated greater application represents
the simple recognition that symptoms, such as breathlessness and cough, of
chronic respiratory disease and their impact on an individual’s ability to
perform and enjoy the activities of daily living are clearly as important as the
‘‘hard data’’ of chest radiographs, computed tomography (CT) scans, and
physiological tests considered essential in caring for our patients. Moreover, we
expect that health status will become a routine measure in trials examining
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treatment effects in other advanced respiratory disorders including interstitial
lung disease, cystic fibrosis, pulmonary vascular disease, diseases involving the
respiratory muscles, etc.

What instruments should be used to measure health status? That is a
difficult question to answer. Certainly, there are ongoing efforts directed
toward the development of new instruments as well as modification of existing
questionnaires in an attempt to improve the measurement qualities. We
anticipate that such interest will continue in the future. Whether agreement will
be reached on which one or two instruments are the ‘‘best’’ and therefore
preferred remains to be determined. It is possible and even likely that certain
questionnaires will perform better and be preferred in certain diseases. For
example, the Asthma Quality of Life Questionnaire (22) has been used in many
studies of patients with asthma, while the Chronic Respiratory Disease
Questionnaire (23) and the St. George’s Respiratory Questionnaire (29) have
been the major instruments used to measure health status in trials of patients
with COPD. It is clear from the results of published studies that the disease-
specific instruments are more responsive to demonstrate both statistically
significant and clinically meaningful changes with various medications and
with exercise training. Furthermore, the generic instruments provide informa-
tion on the overall burden of the disease on other health problems such as
everyday functioning and emotional well-being (85,86). Thus, a generic
instrument may indicate an unfavorable side effect of a medication that might
not be detected with a disease-specific instrument. It may therefore be
reasonable to use both a disease-specific and a generic questionnaire to
quantify health status in clinical trials.
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I. Introduction

As medical advances have improved the quality of life of patients with lung
disease, many are now considering travel by air. Also, many patients with
advanced lung disease are referred for further evaluation at specialized centers.
This may include evaluation for lung transplantation, lung volume reduction
surgery, second opinions, etc. This chapter provides a comprehensive review of
issues regarding air travel by such individuals. We discuss the fundamental
physics of atmospheric pressure at altitude and in aircraft, followed by the
physiological consequences of air travel, particularly for the patient with lung
disease. We then review the available literature on the risks of in-flight
emergencies and deaths and the contribution of hypoxemia and lung disease to
those events. The different currently available methods for the prediction of in-
flight oxygen levels and the literature on specific oxygen recommendations are
reviewed. Finally, we summarize practical recommendations for the air traveler
who requires in-flight oxygen and for health care providers advising such
individuals.
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II. Environmental Oxygen at Altitude and in Aircraft

Atmospheric pressure depends on the mass of atmosphere at a certain altitude
and is determined by gravitational influences. Accordingly, there is an
exponential decrease in gas density and atmospheric pressure as altitude
increases:

PB inmmHg ¼ 7606e�altitude in feet=26;000 ð1Þ
Gas density ðrelative to ground levelÞ ¼ e�altitude in feet=26;000 ð2Þ

where 26,000 represent atmospheric scale height, a useful measure of the
vertical extent of the atmosphere, and 760 an estimate of ground level
atmospheric pressure in millimeters of mercury.

While the fractional concentration of inspired oxygen ðFIO2
Þ remains

constant at 0.21 with increasing altitude up to about 70,000 ft (1), the drop in
barometric pressure results in a decline in alveolar oxygen pressure ðPAO2

Þ
according to the alveolar air equations:

PAO2
¼ PIO2

� PACO2
6½FIO2

þ ð1� FIO2
Þ=R� ð3Þ

PIO2
¼ ðPB � PH2OÞ6FIO2

ð4Þ

where PIO2
is the pressure of inspired oxygen in trachea, PH2O is airway water

vapor pressure in the trachea and is determined by temperature (47mmHg at
37 8C, 55mmHg at 408C), PACO2

is the pressure of alveolar carbon dioxide and
is usually assumed to be equal to arterial carbon dioxide pressure ðPaCO2

Þ, and
R is the respiratory exchange ratio. The respiratory exchange ratio depends on
the predominant fuel used for cellular metabolism and increases with
increasing altitude from 0.85 at ground level up to 1.05 at 22,000 ft but is
generally assumed to be constant at 0.8 (3).

For general economy and efficiency of operation, modern aircraft fly at
altitudes of up to around 44,000 ft, where PB is < 160mmHg and PIO2

is about
20mmHg (4,5). Sudden exposures to these altitudes, as after accidental
depressurization, can be associated with nitrogen embolism and severe
hypoxemia, with subsequent useful consciousness lasting for fewer than
15 sec (4). Aircraft are therefore pressurized with the maximal cabin pressures
that are determined by the structurally allowable maximal differential pressure
between the cabin and the outside atmospheric pressure. Maintaining the
pressure inside the aircraft cabin (cabin pressure) at the ground level pressure
would require stronger and impracticably heavy aircraft structures and would
unacceptably reduce fuel economy. Recognizing this, the Federal Aviation
Administration currently specifies that cabin altitude should be maintained at
< 8000 ft, with short excursions above 10,000 ft allowable—e.g., when
necessary to avoid adverse weather. Although most of the altitude tolerance
information has been obtained from military studies (4), a National Academy
of Sciences report concluded that cabin pressurization to 5000 to 8000 ft is
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physiologically safe with no need for oxygen supplementation in most
individuals (6).

Structural differences cause significant variation in the cabin altitude
reached by different aircraft. For instance, at their maximal differential
pressure, different airplanes reach a cabin altitude of 8000 ft at different
altitudes, ranging from 35,000 ft for the B-737 to 46,200 feet for the B-747 (6).
In one study of direct measurements of in-flight cabin altitude in 204
commercial flights, the cabin altitude was found to range from sea level to
8915 feet, with no significant difference between domestic and international
flights. With some exceptions, notably the Concorde, which flies higher and
maintains lower cabin pressures, more modern aircraft cruise at higher
altitudes and at higher cabin pressures, thereby exposing passengers to lower
oxygen levels (7).

III. Physiological Consequences of Air Travel

A. Decompression Sickness and Barobariatrauma

Altitude-induced decompression sickness occurs when nitrogen gas normally
stored in a dissolved state in tissues and fluids is released under hypobaric
conditions with formation of bubbles, following Henry’s law. It can manifest
with joint pains (‘‘the bends’’), mottled skin, or more seriously with ‘‘the
chokes,’’ which present nearly universally with substernal chest pain and
occasionally also with dyspnea and cough comprising the classically described
triad (8). Additional symptoms include petechiae in the neck, shoulder, or
axilla; pallor; and tachycardia. There is no safe altitude threshold below which
decompression sickness cannot occur. However, there is little evidence that it
occurs at altitudes below 18,000 ft, with most instances occurring at altitudes
above 25,000 ft, making decompression illness an unlikely occurrence within
the context of commercial air travel (9). Notable exceptions include individuals
who have Scuba-dived fewer than 24 hours earlier (who can develop symptoms
of decompression sickness at altitudes as low as 5000 ft) (9), and the markedly
obese patient (barobariatrauma) because of the high concentration of nitrogen
in adipose tissue (1). Advanced age, exertion at altitude, and alcohol
consumption have been cited as other risk factors (10,11).

B. Effects on Pulmonary Function and Ventilatory Response
in Chronic Obstructive Pulmonary Disease

Exposure to altitude can exert physiological effects on lung function. For
example, in one study of chronic obstructive pulmonary disease (COPD) and
healthy subjects, hypobaric hypoxia was associated with a decline in forced
vital capacity (FVC) by an average of 0.123L, which correlated with an
increased residual volume (RV). Maximum voluntary ventilation (MVV)
decreased by 1.24L/min in the COPD patients, correlating with a decreased
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FVC and increased RV. Resting arterial blood gases were not changed (12). In
another study, exposure to a hypoxic gas mixture increased respiratory
frequency and minute ventilation (VE), with no significant change in VCO2

;VO2
,

and the respiratory exchange ratio RðVCO2
=VO2

Þ (13). This increase in
ventilation has been proposed to explain the decreased variability between
supine and sitting PaO2

in altitude compared to sea level in patients with
interstitial lung disease and COPD (14). Last, while most studies concerning
the effect of air travel have generally included patients with COPD, there may
be differences in the response of patients with other type of lung diseases. For
instance in one study, patients with restrictive pulmonary disease experienced
greater decreases in pulse oximetry saturations and had more serious
discomfort than patients with asthma or COPD (15).

C. Effects on Cardiovascular Function in Chronic Obstructive
Pulmonary Disease

Studies have examined the effects of altitude exposure on cardiovascular
function in patients with COPD. For example, blood pressure and pulsus
paradoxus were not significantly changed in subjects with severe COPD (mean
FEV1 31% predicted) exposed to a simulated altitude of 8000 ft in a hypobaric
chamber, although subsequent oxygen supplementation decreased systolic and
pulse pressures and pulsus paradoxus (16). Cardiac arrhythmias were rare and
heart rate was unchanged in that study. These results contrast those of Gong et
al. who studied patients with less severe chronic but stable airway obstruction
(mean FEV1 44% predicted), who had increased heart rate upon exposures to
progressively hypoxemic gas mixtures (i.e., hypoxic hypoxia) (13). Asympto-
matic premature atrial and ventricular beats were noted in 45% of those
subjects (13). A potential reason for the discrepancy of those results is that
hypoxic exposure is achieved progressively (at a rate of 500 ft/min) during
hypobaric exposure and more acutely while breathing hypoxic mixtures.

D. Effects of Smoking on Air Travel

Many airlines voluntarily ban smoking on their flights and official regulations
are likewise increasingly restrictive. For instance, the U.S. Department of
Transportation has banned smoking on all scheduled passenger flights to and
from the United States effective June 4, 2000. Smokers are therefore likely to
smoke just before a flight and may have a decreased altitude tolerance (17). In
one study of physically fit volunteer smokers and nonsmokers, smokers who
smoked before a simulated flight had elevated heart rate, decreased
transcutaneous PCO2

, decreased task performance, and higher error rates at
altitude compared to nonsmokers (17).
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E. Effects of Diet on Hypoxemia During Air Travel

Dietary considerations may compound the effects of hypoxemia during air
travel, though much remains to be determined before firm recommendations
can be made. For instance, because carbohydrate metabolism elevates the
respiratory quotient R to 1, thereby increasing alveolar ventilation and PaO2

[Eq. (3)], carbohydrate-rich foods and drinks have been advocated for air
travelers with borderline hypoxemia (18). However, excessive dietary
carbohydrate also increases lipogenesis, CO2 production, and ventilatory
requirements and cannot be recommended uniformly at altitude for patients
with advanced lung disease (19). Conversely, alcohol metabolism decreases the
respiratory quotient towards 0.67 and may decrease PAO2

and PaO2
[Eq. (3)]

(19). However, moderate consumption of two glasses of wine every evening for
6 weeks was not associated with demonstrable changes in the respiratory
quotient (20). There may be other reasons to recommend avoidance of alcohol,
such as the risk of compounding the effects of hypoxemia on cognition.
Another consideration is the expansion of intestinal gases as cabin pressure
decreases, with bloating and discomfort, which in turn may aggravate the
postprandial dyspnea and desaturation experienced commonly by travelers
with COPD (21). Heavy meals before and during a flight should be avoided.

IV. Risks of Air Travel

The available data on in-flight emergencies are limited by the lack of a
systematic or centralized mechanism to collect and report those incidents. The
available studies are therefore skewed towards cases collected from a specific
airport (22,23) or airline (24) or those in which a death occurred (25) or the
emergency kit was used (26,27). Moreover, the method of ascertainment of in-
flight incidents differs between studies (Table 1). In general, larger studies that
include more serious incidents, such as those lasting for more than 1 hr and
those requiring the emergency kit use or the assistance of a telemedicine
company, indicate a low frequency of 2.6 to 13 emergencies per million
passengers (Table 1). Less serious events are more frequent, with up to 30
events per million passengers (Table 1). The Office of Aviation Medicine
recently compiled data from two airlines and two in-flight medical care
companies representing a total of nine U.S. carriers and 65% of the domestic
U.S. enplanements from 1990 to 1993 (28). These data indicate a doubling in
the incidence of in-flight medical emergencies from fewer than 2 emergencies
per million enplanements in 1990 to nearly 4 emergencies per million
enplanements in 1993, suggesting that the increase in emergencies is not solely
due to the increase in number of travelers (Fig. 1). Syncope, neurological, and
cardiac episodes were the most frequent, whereas cardiac, neurological, and
respiratory conditions accounted for most of the diversions to nearby airports
(28). Respiratory conditions including dyspnea, asthma, and COPD account
for 6 to 12% of all reported medical events during air travel (22–27,29). Up to
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18% of patients with COPD who travel by air experience transient symptoms
(such as dyspnea, edema, wheezing, cyanosis, chest pain) and 4.5% request
oxygen while on board (30). Moreover, COPD is a common diagnosis in
individuals seeking posttravel medical attention (31).

There are also 40 to 800 deaths per billion (16 109) passengers (Table 1).
In the largest survey by the International Air Transport Association (IATA)
between 1977 and 1984, there were 577 deaths, representing one death event
per 3.2million passengers (25). In a subsequent 2-year reporting period (1986–
1988) on the use of emergency medical equipment mandated by the U.S.
Department of Transportation, there were 33 deaths, representing 1 death
event per 27million passengers (32). In both those reports, cardiac events
accounted for 48 to 56% of death events (25,32), whereas pulmonary causes
accounted for 6% (25). The variability in death rates in the studies outlined in
Table 1 may reflect differences between international and domestic travelers
and travel circumstances, such as longer flight distance and sicker patients on
international flights. For instance, studies originating from international
airports or from the IATA member airlines report higher death rates (Table 1).
Also, several deaths in the IATA survey were in aeromedical patients, with 6%
already being accompanied by medical personnel (25).

Although those incidents are rare, further increases may be expected due
to:

Figure 1 In-flight medical emergency rate per million enplanements, 1990 to 1993.

(From Ref. 28.)
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1. The increase in number of travelers. Data from the Air Transport
Action Group reveal that more than 1600million passengers were
carried by the world’s airlines in 1998 and passenger and freight
traffic are expected to increase at an average annual rate of around 4
to 5% between 1998 and 2010.

2. An increase in age of the traveling population.
3. A possible increase in altitude exposure as more efficient airplanes fly

higher (7).
4. An increase in travel by individuals with medical conditions (24).
5. The Air Carrier Access Act of 1986 and the Americans with

Disability Act of 1990, which ensure that disabled individuals are
treated without discrimination and encourage their travel.

Hypoxemia may clearly be contributing to a large portion of in-flight cardiac
and pulmonary complications. It is reasonable to conclude that many of those
complications are potentially preventable if a need for oxygen supplementation
is identified before the flight. However, the impact of such early intervention on
in-flight emergencies, oxygen requests, and posttravel symptoms and medical
complications remains to be determined.

Though presumably unrelated to the hypobaric hypoxic conditions
during flight, deep venous thrombosis and pulmonary embolism have attracted
increasing attention as complications of air travel, especially in coach class
(where the name economy class syndrome has been applied). Recent incidence
data indicate a mean rate of clinically severe pulmonary embolism up to
4.77 per million passenger arrivals, with the frequency rising as the distance
flown exceeds 2500 km (1550mi) (33).

V. Assessment of In-Flight Oxygenation

Because federal regulations limit the cabin altitude pressure to < 8000 ft, this
altitude represents a reasonable ‘‘worst case’’ from which to asses the exposure
risk. Different strategies have been proposed to predict PaO2

during flight and
therefore determine the need for oxygen supplementation. These strategies
have included actual measurement of oxygenation during air travel (altitude
stress test), simulation of exposure to high altitude (hypobaric simulation and
hypoxia altitude simulation tests), or, more conveniently, use of prediction
equations and associated nomograms.

A. Altitude Stress Test

The altitude stress test involves actual monitoring of oxygen levels during air
flight with noninvasive pulse oximetry (34,35) or with blood gas sampling at
altitude (36–38). While more accurate than other approaches, these tests are
more practically used during aeromedical evacuation of injured or sick patients
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(34,35,37) and have limited applicability in the management of patients with
lung disease who wish to travel.

B. Hypobaric Chamber

Exposing individuals on the ground to hypobaric hypoxia can closely
approximate the physiological effects of air travel. Several studies have
evaluated the use of hypobaric chambers (12,39,40). While potentially more
accurate, hypobaric chambers are neither widely available nor cost-effective,
making the test impractical outside of research studies to validate more readily
available tests, or facilities where chambers are used for other clinical purposes
(e.g., military sites).

C. Hypoxia Altitude Simulation Test

The hypoxia altitude simulation test (HAST) replicates the inspired partial
pressure of oxygen ðPIO2

Þ at altitude by asking the traveler to inhale a hypoxic
mixture. At an altitude of 8000 ft, the PB is around 560 torr [Eq. (1)],
corresponding to a PIO2

of 108 torr [Eq. (4)]. Substituting a PB of 760 torr for
ground level, an equivalent PIO2

can be calculated with an FIO2
of 15%. For a

lower altitude of 5400 ft, an equivalent FIO2
of 17% can be calculated.

Similarly, using an oxygen analyzer calibrated at ground level, Aldrette and
Aldrette determined the lowest oxygen concentration during flight at a cabin
pressure ranging between 6050 and 8450 ft to correspond to an equivalent
oxygen concentration of 15.2% (41). These hypoxemic gases can be premixed
or customized and administered via a mouthpiece with a nose clip. An
alternative technique is to use a commercially available Venturi device to allow
entrainment of room air by a nitrogen gas flow, resulting in a range of hypoxic
gas mixtures (42). This latter technique also allows determination of the oxygen
supplementation rate required to correct the resultant hypoxemia (42).

HAST has been used to reproduce hypoxemia in patients with a wide
range of lung diseases, (42–46) and accurately reflects values obtained during
actual air travel (38) and hypobaric exposure (39). An additional advantage is
that unlike sea level PaO2

, HAST correlates well with altitude PaO2
even when

performed up to 4 months before the flight (38,47).

D. Prediction Equations

The simplest method to predict the PaO2
during air travel is to estimate in-flight

PaO2
by transposing the expected cabin pressure in the alveolar air equation

(48). However appealing, this technique does not take into account the
variability of ventilatory and cardiac responses to altitude in patients with
advanced lung disease, and consequent alterations in ventilation/perfusion
relationships that may affect the reliability of a calculated PaO2

. Other sources
of variability include variable cabin pressure, duration of flight, variability in
the disease, and nature of the disease.
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In several studies, a ground-level PaO2
was found to be a good predictor

of altitude PaO2
when obtained shortly before simulated (13,43,49) or actual air

travel (37,38) (Table 2). The timing of the blood draw appears to be important.
For instance, one study found no correlation between ground-level PaO2

and
altitude PaO2

unless the ground-level PaO2
was drawn within 2 hr of the flight

(38). Similarly, in other reports, a ground-level PaO2
obtained as recently as 3

weeks before the flight could not accurately determine in-flight PaO2
(37,47).

Studies by Dillard et al. have found that both ground level PaO2
and

FEV1 are significant predictors of altitude PaO2
(49,50). More specifically, the

addition of FEV1 to the model improves the prediction of altitude PaO2
(49).

These results were confirmed in a subsequent metanalysis of studies in which
both ground-level and simulated PaO2

values were available (50). The authors
speculated that FEV1 acted as a surrogate of markers that could affect the
altitude PaO2

independently of ground PaO2
such as ventilatory drive, age, and

ventilation/perfusion matching (50). However, in other studies, altitude PaO2

was not correlated with FEV1, FVC, or DLCO (13,37).
Prediction equations should be used with caution because they may not

generalize to populations that differ from those in which they have been
derived. Most of those equations have studied patients with stable COPD, and
patients with restrictive disease may have more significant desaturation than
patients with obstructive impairment (15). Also, in other studies, the calculated
PaO2

at altitude overestimated the PaO2
as assessed by a hypoxic inhalation test

(51) or by a hypobaric chamber evaluation (44). This underscores the
variability of some lung disease and the impact of medications on the
predictive accuracy of those equations. Finally, prospective validation of those
equations is needed.

Table 2 Prediction Equations for In-flight PaO2

First Author PaO2
at altitude ra

Henry (36) 20.38� 3.06CAþ 0.676PaO2 ground 0.83

Gong (13) 22.8� 2.746CAþ 0.686PaO2 ground 0.94

Dillard (49)b 0.4106PaO2 ground þ 17.652 0.59

Dillard (49)b 0.5196PaO2 ground þ 11.8556FEV1� 1.760 0.85

Dillard (49)b 0.4536PaO2 ground þ 0.3866 (FEV1% pred)þ 2.440 0.85

Dillard (50)c PaO2 ground6e�½0:02002�ð0:00976Þ6ðFEV1Þ�6ðPIO2 ground�PIO2 altitudeÞ 0.83

Dillard (50)c PaO2 ground6e�½0:01731�ð0:00019Þ6ðFEV1% predÞ�6ðPIO2 ground�PIO2 altitudeÞ —

Key: CA, cabin altitude in thousands of feet; PaO2 ground;PaO2
at ground level inmmHg; FEV1,

forced expiratory volume in the first second in liters; FEV1 %pred, percent of predicted FEV1;

PIO2 ground and PIO2 altitude, pressure of inspired oxygen at ground and altitude level, respectively.
a Pearson correlation coefficient between measured and predicted PaO2

at altitude.
b Predict PaO2

at an altitude of 8000 ft.
c Allows prediction of altitude PaO2

in individuals whose ground evaluation is performed at

elevations above sea level.

Source: Adapted from Ref. 29.
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VI. Fitness to Fly and Oxygen Supplementation

For most healthy individuals exposed to altitudes of 8000 to 10,000 ft, the drop
in arterial oxygen pressure ðPaO2

Þ to 50 to 60mmHg with arterial oxygen
saturation between 80 and 90% is well tolerated (19). Guidelines for air travel
by patients with COPD generally recommend that arterial oxygen pressure be
maintained above 50mmHg (52) or 55mmHg (53), with oxygen supplementa-
tion recommended for anticipated drops below those levels. In one HAST
study, sea-level PaO2

values of 68 and 72mmHg adequately identified over 90%
of patients who developed a PaO2

of greater than 55mmHg at 5000 and 8000 ft,
respectively (13). Similarly, in a study by Cottrell, a sea-level PaO2

of
> 70mmHg was required to maintain adequate saturation at 6214 ft (7). Based
on these findings, current recommendations are that a preflight PaO2

of
> 70mmHg is adequate to allow air travel without supplemental oxygen (53).
However, these guidelines do not address the effects of ambulating at altitude
and are not uniformly accepted. For instance, in altitude chamber tests of
COPD subjects with an FEV1< 50% and a sea-level PaO2

> 70mmHg, 53%
could be expected to develop a PaO2

< 55mmHg at a simulated altitude of
8000 ft (44). Moreover, 86% of those individuals had a PaO2

< 55mmHg during
light ambulation at this altitude (44).

A simple and potentially more accurate assessment of fitness to fly may
be the patient’s capacity to exercise. In one study, all patients with a maximal
oxygen consumption during a graded bicycle test of >12.1mL/min/kg had a
PaO2

of > 50mmHg at 8000 ft of simulated altitude (44). Similarly, the ability
to walk 50 yards or climb a flight of stairs has been recommended to assess
fitness to fly (53–55).

Oxygen supplementation should aim for a minimum PaO2
of 50 to

55mmHg during flight (19,55,56). Although direct assessment of the required
oxygen flow rate is feasible during HAST (42), it is often empirically set. In
patients with COPD and a mean FEV1 of 31%, oxygen at 4L/min at 8000 ft of
hypobaric simulated altitude augmented the PaO2

by 34.9mmHg, an increase
that exceeded by nearly 10mmHg the ground-level PaO2

(57). Oxygen via a
Venturi mask at 24 and 28% did not cause mean PaO2

to increase above
ground-level value (57). For individuals not using oxygen at sea level,
empirically giving 2L/min is therefore usually adequate (52,53,56). For those
already receiving oxygen, increasing the flow rates by 1 to 2L/min has been
recommended (55).

A special case warranting further discussion is that of the patient
undergoing air medical transport. In this case, the following equation can be
used:

FIO2altitude ¼ FIO2ground6PBground=PBaltitude ð5Þ

where PBaltitude is the cabin pressure at altitude which can be easily determined
from Eq. (1) or from tables (1).
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For patients with higher oxygen requirements, the maximum altitude of
equal oxygenation can be estimated by placing the patient on 100% oxygen
ðFIO2altitude ¼ 1Þ and using Eq. (5) to determine PBaltitude, from which the
maximal tolerable cabin altitude can be determined (1).

VII. Practical Considerations

Careful planning is necessary for the individual with lung disease anticipating
travel. Such planning is particularly necessary given the lack of standard
regulations for the medical use of oxygen in airports and aboard commercial
aircraft and the variability in oxygen policies, costs, and services among
commercial air carriers (55,58).

A. Interactions with Physicians

A physician can assess fitness to travel and need for in-flight oxygen and can
assist in completing the forms required by airlines and in providing names of
physicians at destinations and layover sites in case of need. A physician can
also provide prescriptions, including emergency medications such as antibiotics
or corticosteroids in case of exacerbation. Certification letters specifying the
diagnosis, whether the traveler needs oxygen, and, if so, the flow rate and
whether it is continuous, may be required. Several copies may be needed
depending on the number of segments on the trip. The airlines may require a
standard IATA medical information form (MEDIF), usually available from
travel agents, airlines, or airline websites for this purpose. This form contains
two parts: one to be completed by the passenger or his or her travel agent/
airline sales office and another part to be completed by the passenger’s
physician if required. The form is confidential and used by the airline’s medical
department to assess fitness to travel and to accommodate the patient’s special
needs. For individuals who need frequent medical clearance, a standard IATA
Frequent Traveler’s Medical Card (FREMEC) can be registered in computer
booking systems for physical travel requirements. As an alternative to a
personal physician’s evaluation, some airlines may refer prospective travelers
to a medical evaluation service, which will provide the necessary certifications.

B. Interactions with Air Carriers and Travel Agents

Current U.S. Federal Aviation Administration regulations prohibit travelers
from using their own portable oxygen systems on board commercial aircraft.
While many airlines provide medical oxygen, the policies on oxygen needs and
its costs vary substantially among airlines. The traveler (rather than insurance
companies) often assumes the costs of in-flight oxygen (29,58). The prospective
traveler requiring on-board oxygen would therefore be well advised to consider
these charges when planning travel and selecting airlines and to contact airlines
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Table 3 Practical Tips for Planning Travel for the Patient Requiring In-flight Oxygen

Interaction with physician

Determine whether need for in-flight oxygen exists.

Get multiple copies of:

. Letter describing condition

. Liter flow and duration of in-flight oxygen

. Medication prescriptions

Consider emergency supply of antibiotics, corticosteroids.

Ascertain names of physicians en route to and at destination.

Get summary of medical records including ECG tracings.

Interaction with air carrier/travel agent

Questions to ask airlines:

. Does the airline accommodate patients who need oxygen?

. Are there charges for providing oxygen?

. Does the airline provide nasal cannulas or masks?

. What is the liter flow capability of in-flight equipment?

. What is the required documentation?

. Is special assistance available?

Notify of need for oxygen 5 48 hr before flight.

Fly nonstop if possible or with direct flight as an alternative.

. Less inconvenient

. Less expensive (especially if oxygen cost is per coupon)

Travel during business hours so vendor personnel are available.

Prearrange motorized cart or wheelchair if layover is scheduled.

Try to be seated near lavatory on plane.

Call airline at least 48 hr before flight to confirm.

Consider using a travel agent specializing in travel for patients with medical needs.

Interaction with oxygen vendor

Favor a company that has or can arrange nationwide coverage.

Arrange for oxygen during layovers (if needed).

Try to learn the type of systems that will be supplied (i.e., to check adapters).

Personal planning for travel day and during travel

Arrives at least 1 1/2 hr early

. Must pay for oxygen on day of travel

. Charge is either per coupon or per canister

Bring your own nasal cannula and extra length of tubing.

Pack medications in carry-on luggage.

Have multiple copies of prescriptions.

Some first aid stations may have oxygen if not otherwise available.

Have cash (to pay for oxygen if needed).

Avoid alcohol and heavy meals.

Source: Adapted from Ref. 29.

724 Aboussouan and Stoller



early regarding their policies, requirements, and fee structures. As an example
of the variation among carriers, the oxygen service fee may depend on the
number of flight segments (flight coupons) or on the number of oxygen
cylinders used. Also, at least 48 hr of advance notice is required by most airlines
for domestic on-flight oxygen, but some carriers require longer advance notice.
Some suggestions are (1) arrange travel during business hours to ensure that
the personnel from vendor companies are available to deliver oxygen supplies
at layover sites or at the final destination, (2) choose nonstop flights if possible
or direct flights (where the layover does not necessitate a change of plane) to
reduce inconvenience and added cost of oxygen (depending on the fee structure
of the airline), (3) prearrange special transportation needs at layover sites or
destination, and (4) choose seating near the lavatory.

C. Interactions with the Oxygen Vendor

Oxygen is usually no longer necessary once the plane lands unless the patient is
routinely on oxygen at home or if the destination is at an elevated altitude that
would necessitate initiation of oxygen. In the latter case, the patient’s physician
can best make a determination of oxygen need at destination with the same
methods as those used for determination of in-flight oxygen need. The airline
will provide only on-board oxygen and an oxygen vendor should be contacted
in advance to ensure that oxygen is available at layovers or at the destination
site. Vendors that can offer such off-site services or those with a nationwide
network may be preferable.

D. Personal Planning on Travel Day

The traveler should come early to ensure that all arrangements are in place and
to process the oxygen service charge at the ticket counter, as this procedure
may require as much as 20min to complete (19). Medications (in their original
container), prescriptions, physician’s letters, a summary of medical records,
and possibly electrocardiogram (ECG) tracings should be readily available in
the carry-on luggage. A nasal cannula, extra length of tubing, different
adapters or connectors, and even tape may be needed to ensure that the
patient’s delivery device interfaces with the aircraft’s oxygen source (19). If
oxygen is needed at the airport and prearrangements have not been made or
are not available, oxygen may be obtained at the airport’s First Aid station,
though an informal poll suggests that only 35% of these stations can provide
oxygen (29). Heavy meals and alcohol should be avoided before and during the
trip.

VIII. Future Directions

There is a trend for increased travel by air by patients with lung disease who
may be at risk for in-flight complications. For instance, it has been estimated
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that 19% of individuals with COPD travel by air at least once per year (30).
Moreover, many cystic fibrosis patients now survive into adulthood and
consider travel by air (59). About 62% of in-flight emergencies (27) and 20% of
deaths (25) occur in individuals with a pre-existing condition directly or
indirectly related to the event. Yet as many as 73% of individuals with COPD
initiate air travel without prior medical consultation (30). Inasmuch as there
may be different approaches to such patients in determining or improving
fitness to fly, it is important to secure early medical evaluation and/or
treatment to optimize travel candidacy. These approaches may include
intensified chest physiotherapy in patients with cystic fibrosis (59) or close
evaluation of exercise tolerance and oxygen needs of individuals with COPD.

Whether the responsibility for promoting preflight evaluation rests with
the patient, physician, or the airlines is unclear, but physicians may need to be
more proactive. For instance, in one survey, fewer than 76% of physicians
routinely offered advice, and while most of the others offered advice on
request, approximately 8% gave no advice (60). A recognized problem is the
lack of evidence-based guidelines for recommending in-flight oxygen. The
current methods for determining the risk of hypoxemia during flight and the
need for oxygen vary widely. Moreover, these methods are not uniformly
applied, with few physicians using predictive equations or hypoxic challenge
tests (60).

As expected from the lack of uniform regulations for the medical use of
oxygen in airports and aboard commercial aircraft, the availability, costs, and
ease of implementing in-flight oxygen vary greatly among commercial air
carriers (55,58). The American Medical Association Council on Scientific
Affairs has recommended a revision of federal regulations to accommodate
passengers who require oxygen and to facilitate an uninterrupted source of
oxygen from departure to destination (55).

Last, better studies of in-flight medical emergencies and of the quality of
the delivered care are needed. Such endeavors will require standardized and
industrywide data on the frequency and cost of emergencies and related
diversions, and on the outcome including following hospital admissions (28).

IX. Summary

Medical complications attributable to air travel remain rare. However, current
trends suggest that there will be further increases in the number of travelers at
risk for complications, with pulmonary conditions accounting for about 10%
of in-flight emergencies and hypoxemia for a majority. Prearranged on-board
oxygen may therefore be useful, though few patients seek medical advice and
many physicians do not routinely offer it to prospective passengers. The best
available evidence suggests that a ground-level PaO2

> 70mmHg usually
indicates no need for in-flight supplemental oxygen unless the FVC is < 50%
of predicted value or activity tolerance is limited (unable to walk 50 yards or
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climb a flight of stairs). Individuals with ground level PaO2
< 70mmHg and

those with poor activity tolerance or FVC< 50% should be evaluated for
oxygen need, ideally by a hypoxia altitude simulation test (HAST) if available.
An alternative would be to evaluate stable and adequately treated patients with
the use prediction equations that incorporate the FEV1 and a room air PaO2

value from a blood gas obtained as close as possible to the actual travel. If the
HAST or prediction equations indicate a flight PaO2

of < 50 to 55mmHg, then
2L/min O2 via nasal cannula should be prescribed for the flight. For
individuals already on oxygen at ground level, increasing the flow rates by 1 to
2L/min has been recommended.

Close interactions with the physician, the air carrier, and the oxygen
vendor are necessary. Future directions should include promotion of preflight
evaluation, better evidence-based guidelines for recommendation of in-flight
oxygen for patients with a variety of lung disorders, revision of federal
regulations to facilitate an uninterrupted oxygen supply from departure to
destination, and better studies of in-flight medical emergencies and of delivered
care. Revising the 8000-ft-altitude-equivalent ceiling and structural modifica-
tions of aircraft hulls to achieve lower altitude pressures are options that
should await objective and strong outcome measures before implementation.
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9. Brown JR, Antuñano MJ. Medical Facts for Pilots: Altitude-Induced Decom-

pression Sickness. Publication AM-400-95/2. Oklahoma City, OK: FAA Civil

Aeromedical Institute, Aeromedical Education Division, 1995.

10. Rudge FW. Decompression sickness in a private pilot. South Med J 1995;

88(2):227–229.

11. Neubauer JC, Dixon JP, Herndon CM. Fatal pulmonary decompression sickness:

case report. Aviat Space Environ Med 1988; 59(12):1181–1184.

Traveling with Supplemental Oxygen 727



12. Dillard TA, Rajagopal KR, Slivka WA, Berg BW, Mehm WJ, Lawless NP. Lung

function during moderate hypobaric hypoxia in normal subjects and patients with

chronic obstructive pulmonary disease. Aviat Space Environ Med 1998;

69(10):979–985.

13. Gong H Jr, Tashkin DP, Lee EY, Simmons MS. Hypoxia-altitude simulation test.

Evaluation of patients with chronic airway obstruction. Am Rev Respir Dis 1984;

130(6):980–986.

14. Knutson SW, Dillard TA, Mehm WJ, Phillips YY. Effect of upright and supine

posture on hypoxemia during air transport. Aviat Space Environ Med 1996;

67(1):14–18.

15. Vea H, Aasebo U. Experiences of pulmonary disease on jet planes. Tidsskr Nor

Laegeforen 1990; 110(10):1219–1220.

16. Berg BW, Dillard TA, Derderian SS, Rajagopal KR. Hemodynamic effects of

altitude exposure and oxygen administration in chronic obstructive pulmonary

disease. Am J Med 1993; 94(4):407–412.

17. Nesthus TE, Garner RP, Mills SH, Wise RA. Effects of simulated general aviation

altitude hypoxia on smokers and nonsmokers. Final Report DOT/FAA/AM-97/7.

Washington, DC: Federal Aviation Administration, Office of Aviation Medicine,

1997.

18. Hansen JE. Diet and flight hypoxemia. Ann Intern Med 1989; 111(10):859–860.

19. Gong H. Air travel and oxygen therapy in cardiopulmonary patients. Chest 1992;

101(4):1104–1113.

20. Cordain L, Bryan ED, Melby CL, Smith MJ. Influence of moderate daily wine

consumption on body weight regulation and metabolism in healthy free-living

males. J Am Coll Nutr 1997; 16(2):134–139.

21. Wolkove N, Fu LY, Purohit A, Colacone A, Kreisman H. Meal-induced oxygen

desaturation and dyspnea in chronic obstructive pulmonary disease. Can Respir J

1998; 5(5):361–365.

22. Cummins RO, Schubach JA. Frequency and types of medical emergencies among

commercial air travelers. JAMA 1989; 261(9):1295–1299.

23. Speizer C, Rennie CJ, III, Breton H. Prevalence of in-flight medical emergencies

on commercial airlines. Ann Emerg Med 1989; 18(1):26–29.

24. Skjenna OW, Evans JF, Moore MS, Thibeault C, Tucker AG. Helping patients

travel by air. Canadian Medical Association Journal 1991; 144(3):287–293.

25. Cummins RO, Chapman PJ, Chamberlain DA, Schubach JA, Litwin PE. In-flight

deaths during commercial air travel. How big is the problem? JAMA 1988;

259(13):1983–1988.

26. Cottrell JJ, Callaghan JT, Kohn GM, Hensler EC, Rogers RM. In-flight medical

emergencies. One year of experience with the enhanced medical kit. JAMA 1989;

262(12):1653–1656.

27. Hordinsky JR, George MH. Response capability during civil air carrier inflight

medical emergencies. Aviat Space Environ Med 1989; 60(12):1211–1214.

28. DeJohn CA, Veronneau S.J.H., Hordinsky JR. Inflight Medical Care: An Update.

Final Report DOT/FAA/AM-97/2. Washington, DC: Federal Aviation Admin-

istration, Office of Aviation Medicine, 1997.

29. Stoller JK. Travel for the technology-dependent individual. Respir Care 1994;

39(4):347–360.

30. Dillard TA, Beninati WA, Berg BW. Air travel in patients with chronic obstructive

pulmonary disease. Arch Intern Med 1991; 151(9):1793–1795.

728 Aboussouan and Stoller



31. Richards PR. The effects of air travel on passengers with cardiovascular and

respiratory diseases. Practitioner 1973; 210(256):232–241.

32. Hordinsky JR, George MH. Utilization of Emergency Kits by Air Carriers. Final

Report DOT/FAA/AM-91/2. Washington, DC: Federal Aviation Administration,

Office of Aviation Medicine, 1991.

33. Lapostolle F, Surget V, Borron SW, Desmaizières M, Sordelet D, Lapandry C,

Cupa M, Adnet F. Severe pulmonary embolism associated with air travel. N Engl

J Med 2001; 345(11):779–783.

34. Bendrick GA, Nicolas DK, Krause BA, Castillo CY. Inflight oxygen saturation

decrements in aeromedical evacuation patients. Aviat Space Environ Med 1995;

66(1):40–44.

35. Kramer MR, Jakobson DJ, Springer C, Donchin Y. The safety of air

transportation of patients with advanced lung disease. Experience with 21 patients

requiring lung transplantation or pulmonary thromboendarterectomy. Chest 1995;

108(5):1292–1296.

36. Graham WG, Houston CS. Short-term adaptation to moderate altitude. Patients

with chronic obstructive pulmonary disease. JAMA 1978; 240(14):1491–1494.

37. Henry JN, Krenis LJ, Cutting RT. Hypoxemia during aeromedical evacuation.

Surg Gynecol Obstet 1973; 136(1):49–53.

38. Schwartz JS, Bencowitz HZ, Moser KM. Air travel hypoxemia with chronic

obstructive pulmonary disease. Ann Intern Med 1984; 100(4):473–477.

39. Dillard TA, Moores LK, Bilello KL, Phillips YY. The preflight evaluation. A

comparison of the hypoxia inhalation test with hypobaric exposure. Chest 1995;

107(2):352–357.

40. Rose DM, Fleck B, Thews O, Kamin WE. Blood gas-analyses in patients with

cystic fibrosis to estimate hypoxemia during exposure to high altitudes in a

hypobaric-chamber. Eur J Med Res 2000; 5(1):9–12.

41. Aldrette JA, Aldrette LE. Oxygen concentrations in commercial aircraft flights.

South Med J 1983; 76(1):12–14.

42. Vohra KP, Klocke RA. Detection and correction of hypoxemia associated with air

travel. Am Rev Respir Dis 1993; 148(5):1215–1219.

43. Chi-Lem G, Perez-Padilla R. Gas exchange at rest during simulated altitude in

patients with chronic lung disease. Arch Med Res 1998; 29(1):57–62.

44. Christensen CC, Ryg M, Refvem OK, Skjonsberg OH. Development of severe

hypoxaemia in chronic obstructive pulmonary disease patients at 2,438m (8,000 ft)

altitude. Eur Respir J 2000; 15(4):635–639.

45. Cramer D, Ward S, Geddes D. Assessment of oxygen supplementation during air

travel. Thorax 1996; 51(2):202–203.

46. Oades PJ, Buchdahl RM, Bush A. Prediction of hypoxaemia at high altitude in

children with cystic fibrosis. Br Med J 1994; 308(6920):15–18.

47. Schwartz JS. Hypoxemia during air travel. Ann Intern Med 1990; 112(2):147–148.

48. Apte NM, Karnad DR. Altitude hypoxemia and the arterial-to-alveolar oxygen

ratio. Ann Intern Med 1990; 112(7):547–548.

49. Dillard TA, Berg BW, Rajagopal KR, Dooley JW, Mehm WJ. Hypoxemia during

air travel in patients with chronic obstructive pulmonary disease. Ann Intern Med

1989; 111(5):362–367.

50. Dillard TA, Rosenberg AP, Berg BW. Hypoxemia during altitude exposure. A

meta-analysis of chronic obstructive pulmonary disease. Chest 1993; 103(2):422–

425.

Traveling with Supplemental Oxygen 729



51. Lebzelter J, Fink G, Kleinman E, Rosenberg I, Kramer MR. Preflight assessment

by hypoxic inhalation test in cardiopulmonary patients. Harefuah 2000;

138(8):635–639, 711.

52. American Thoracic Society. Standards for the diagnosis and care of patients with

chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1995; 152(5 pt

2):S77–S121.

53. Aerospace Medical Association, Air Transport Medicine Committee. Medical

guidelines for air travel. Aviat Space Environ Med 1996; 67(10 suppl):B1-B16.

54. Harding RM, Mills FJ. Aviation medicine. Problems of altitude I: Hypoxia and

hyperventilation. Br Med J (Clin Res Ed) 1983; 286(6375):1408–1410.

55. Lyznicki JM, Williams MA, Deitchman SD, Howe JP. Medical oxygen and air

travel. Aviat Space Environ Med 2000; 71(8):827–831.

56. Lien D, Turner M. Recommendations for patients with chronic respiratory disease

considering air travel: a statement from the Canadian Thoracic Society. Can

Respir J 5(2):95–100.

57. Berg BW, Dillard TA, Rajagopal KR, MehmWJ. Oxygen supplementation during

air travel in patients with chronic obstructive lung disease. Chest 1992; 101(3):638–

641.

58. Stoller JK, Hoisington E, Auger G. A comparative analysis of arranging in-flight

oxygen aboard commercial air carriers. Chest 1999; 115(4):991–995.

59. Kamin WE, Fleck B, Rose D. Intensified physiotherapy improves fitness to fly in

cystic fibrosis patients. Eur J Med Res 2000; 5(9):402–404.

60. Coker RK, Partridge MR. Assessing the risk of hypoxia in flight: the need for

more rational guidelines. Eur Respir J 2000; 15(1):128–130.

730 Aboussouan and Stoller



21

Advanced Lung Disease

End-of-Life Care
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I. Introduction

Chronic lung disease is the fourth leading cause of death in the United States,
accounting primarily for more than 110,000 deaths a year. Most of these deaths
are anticipated and occur after prolonged suffering. Most people who die of
chronic lung disease pass through the care of one or more physicians who
specialize in pulmonary medicine. Yet it is unclear how much pulmonologists
contribute to their terminal care. Review of the literature suggests that the
contribution may be limited. Until recently, next to no articles could be found
in Medline-accessible journals focusing specifically on the terminal and
palliative care of patients with advanced lung disease. Two recently published
books on death and dying in critical care units begin to close this gap in the
medical literature (1,2).

This article outlines an approach to the palliative care of patients who are
dying of advanced lung disease. Recent identification of six attributes of a
‘‘good death’’ derived from interviews with terminally ill patients and their
caregivers provides a framework for care. Palliation begins with frank
disclosure of a poor prognosis based on statistical evidence. Mutual under-
standing that death may be near sets the stage for medical advanced planning,
not only of life support but also of other issues of concern to patient and
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family. Symptomatic management is paramount and should address dyspnea,
cough, pain, insomnia, anxiety, depression, and delirium. Hospice referral
should be considered when a terminally ill patient is largely confined to a
bedroom and in need of the specialized services offered by hospice. Because
sustained dyspnea at rest is distressing to caregivers as well as patients and is
difficult to manage, the option of terminal hospitalization for symptom control
and hygiene should be kept open, even for those who express a preference to
die at home.

II. Attributes of a Good Death

A study published by Steinhauser and colleagues provides a framework for
palliative and terminal care of adults who suffer from an irreversible
progressive chronic disease (3). To identify attributes of a good death, these
authors convened 12 focus groups, each averaging 6 adults, drawn from the
university and local communities of Durham, North Carolina. Participants
included physicians, nurses, chaplains, social workers, patients, and recently
bereaved family members who ranged in age from 26 to 77 years. Focus group
meetings were conducted, audiotaped, transcribed, and analyzed using
accepted techniques of qualitative research. From this process, six components
of a good death were identified (Table 1). Most important was pain and
symptom management. Patients and family members expressed a strong desire
to avoid needless suffering. Patients also wanted clear, timely decision making
and participation in treatment decisions. To prepare for death, they wanted to
know what to expect, and they wanted to plan for the events that would likely
precede and follow their deaths. Participants conveyed the importance of
spirituality and meaningfulness at the end of life as well as the importance of
life review and closure of unresolved issues with family and friends. People
want to continue contributing to others as long as possible, and they want to be
understood by others as unique and whole persons, even as their function
declines. Interwoven through all of these components is the importance of
uninhibited, two-way communication with family members, close friends, and
caregivers.

III. Prognosis

Consideration of palliative care begins with a frank discussion about prognosis
(4). For at least 2500 years, the thoughtful provision of an accurate medical
prognosis has been one of the most important and difficult services provided by
physicians. In the fifth century B.C., Hippocratic physicians distinguished
themselves from other competing schools of health care largely by offering
their patients a prognosis that was based on an understanding of disease as a
natural process. At that time, a physician’s reputation was determined largely
by his ability to predict the outcome of an illness or injury. Even to this day,
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patients judge physicians to a considerable extent by how well or poorly they
address the question of prognosis. Yet remarkably, for many years until the
mid 1960s, clinicians in the United States routinely withheld a poor prognosis
from their patients to spare them the pain of bad news. Today, full disclosure
of diagnosis and prognosis is the standard of practice across North America
and western Europe. Nevertheless, obstacles continue to arise that interfere
with full disclosure of poor prognosis in chronic or progressive illness.

A. Obstacles to Talking Frankly About Prognosis

The first of these is cultural. Many physicians in eastern Europe, South
America, and the Far East continue to withhold or soften disclosure of a fatal
prognosis. Some people who come from those locations still expect physicians
in western nations to do the same. Thus, physicians are sometimes asked by
family members to refrain from revealing knowledge of a terminal condition to
a patient.

How should a physician respond to those requests? One approach is to
consider the adverse effects of withholding material information about
prognosis. Might the withholding of the diagnosis or prognosis undermine
the patient’s trust in the physician? Will the patient or others be placed
unknowingly at risk from certain behaviors that are not appropriate for the

Table 1 Components of a ‘‘Good Death’’

Recent qualitative research has identified the following six attributes of a good death as

commonly perceived by terminally ill patients and their caregivers (3):

1. Pain and symptom management

People fear dying unattended in distress.

2. Clear decision making

Patients feel empowered by participating in treatment decisions.

3. Preparation for death

Many patients want to know what to expect during the course of their illness. They

want to plan for the events that precede and follow death.

4. Completion

Completion includes faith and spiritual experiences and also life review, resolution

of conflicts, spending time with family and friends, and saying good-bye.

5. Contributing to others

Many people want to contribute to the well-being of others, even as they decline

and die.

6. Affirmation of the whole person

Terminally ill patients appreciate empathic caregivers who understand their current

condition in the context of their lives, values, and preferences as whole and unique

persons.
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diagnosis or prognosis? Will the physician be restrained from answering
questions about the purpose of proposed or potential future medical
interventions? Will the patient not be able to participate in important decisions
about his or her medical care or personal affairs?

Under some circumstances, the answers to these and other related
questions may be no. For example, if the physician is asked as a one-time
consultant to provide an opinion on a specific issue not directly related to a
terminal condition or prognosis or if a hospitalized patient requires urgent
attention for severe distress or is cognitively impaired, disclosure of the overall
prognosis might not be immediately relevant to the task at hand. In such
situations, it may be reasonable for the physician not to volunteer information
about prognosis while still reserving the authority to answer questions honestly
and completely if asked directly by the patient.

If the withholding of information about diagnosis or prognosis at the
request of a family member is likely to compromise a continuing relationship
between physician and patient, the physician should ask why he or she is being
asked not to provide the information. The discussion that ensues may lead to a
mutually acceptable plan. If not, the physician might best serve the patient by
declining to enter into an ongoing professional relationship, ‘‘I feel so strongly
about this that I am probably not the right doctor for your [relative]. If you
wish, I will see him this once to answer his questions and yours.’’

A second obstacle to complete disclosure of prognosis arises commonly
in the care of young adults afflicted by chronic, fatal, inherited diseases such as
cystic fibrosis and muscular dystrophy. Despite awareness for many years that
they are expected to die prematurely, many such people are understandably
unable to telescope a full life experience into a substantially shortened time
span. Mention of death by a physician rekindles strong emotions of betrayal
and anger in young adults, ‘‘Why am I to be deprived?’’ They may grow silent
and look away or change or close the subject, ‘‘I don’t want to talk about
that.’’ Family members report afterwards that the patient was unhappy about
the conversation. Overcoming this obstacle sometimes requires full exploration
of the feelings and beliefs that underlie an expressed reluctance to talk about
death—a task that is beyond the ability or time constraints of many physicians
in subspecialty medical practice. Barring such an exploration, younger patients
should not be drawn reluctantly into advance medical planning. Instead, the
physician might respond to initial resistance by saying, ‘‘If you want to talk
with me about dying and what you would want, let me know, and we’ll set up a
special time.’’

A third obstacle to full disclosure of a poor prognosis rests with the
patient’s expectations and fears. People seek out and reward physicians who
offer hope. In turn, physicians tend to promote hope by offering some
treatment—no matter how marginally efficacious—and describing that
treatment in the most positive possible terms, ‘‘With a positive attitude, at
least I can offer a little placebo effect.’’ Hope is preserved in this way, at least
temporarily, but attention to planning for death is deferred or denied.
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A fourth obstacle is particularly germane to advanced lung disease.
Physicians do not know how long an individual will live. Relative to lung
cancer, the prognosis for many chronic, progressive lung diseases is
particularly uncertain (5–7). Chronic obstructive pulmonary disease
(COPD), for example, progresses at a slow rate that varies considerably
among individuals and within individuals over time. Most patients who suffer
from COPD die not from intractable respiratory failure but rather from some
unanticipated acute event, such as bronchitis, pneumonia, pulmonary
embolism, myocardial infarction, or stroke. For that reason, the 95%
confidence interval around the median survival of a group of patients with
advanced COPD is particularly broad. Indeed, among 19 indications for
referral to hospice, only dementia has a more uncertain prognosis than COPD
(5,8). Out of fear of being wrong, physicians may try to avoid the subject of
prognosis altogether or give unhelpful answers when asked, such as ‘‘I can’t
possibly predict; now let’s talk about your colchicine treatment.’’

B. Approach to Conveying a Prognosis

Estimation of prognosis begins with identification of a cumulative survival
curve for a group of patients who are most comparable to the individual
patient (6,7). The expected median survival can be adjusted to a limited extent
by additional knowledge about the patient, such as age, current performance
status, and rate of progression of disease or intercurrent illness. For example,
the median survival for patients with the usual interstitial pneumonitis (UIP)
form of idiopathic pulmonary fibrosis (IPF) from the time of surgical lung
biopsy is about 3 years (9). If a patient with advanced IPF also has severe
three-vessel coronary artery disease and uncontrolled angina, the median
survival for a similarly afflicted group of patients is likely to be less than 2
years.

This information should be presented to the patient in a straightforward
manner that is not unduly framed to encourage a false impression. For
example, ‘‘Idiopathic pulmonary fibrosis is a fatal condition, but survival is
somewhat unpredictable. About half of patients with your condition live longer
than 3 years, and will live 4 to 6 years or even longer. Half live less than 3 years.
Some may die within weeks or a few months after diagnosis.’’ Speak slowly and
pause afterwards to invite a response. Encourage hope, not by offering therapy
of doubtful benefit but by moving beyond prognosis to discussion of measures
the patient, family, and physician can take to maximize quality of life and
minimize suffering. Then come back to prognosis. Realistic expectations for a
terminal illness are so important and so easily misinterpreted that it is useful to
test the patient’s comprehension later in the conversation or early in a
subsequent visit, ‘‘I want to be sure that you understand. How would you
explain your prognosis to someone else?’’
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IV. Advance Medical Planning

For more than 20 years, the primary tool in the United States for planning care
near the end of life has been the medical advance directive (10,11). These legal
documents were introduced in the late 1970s as a way for physicians to obtain
protection from litigation and prosecution in the event that someone
challenged the decision to withhold or withdraw life support. Reflecting their
legal origins, advance directives were often called ‘‘living wills’’ or ‘‘durable
powers of attorney.’’ Thousands of court cases later, the fear of legal sanction
that gave rise to these documents is no longer justified in the United States
provided that physicians act in the best interests of their patients with full
regard for their expressed or imputed wishes (12). From a current perspective,
conventional written directives perform a limited planning function at best
(12–15). Standardized, preprinted forms, signed at the kitchen table and filed
away in safe deposit boxes, frequently enter late into medical decision making
if at all. Except for some patients who fall unexpectedly into permanent
unconsciousness, standardized medical directives often serve to validate rather
than drive decisions actually made for patients by others.

Given these considerations, experts in end-of-life care are increasingly
recommending a primarily medical approach to advance planning for
preterminal health care that is directed by the patient’s principal physician
and constrained but not dictated by legal concerns (12). Unfortunately, many
physicians continue to delay or avoid substantive discussions regarding
terminal care. In agreement with several previous studies, a recent survey of
Canadian pulmonologists revealed that many respondents initiated discussions
about mechanical ventilation late in the progression of advanced lung disease if
at all (16). This practice is counter to patients expectations. In a survey of
pulmonary rehabilitation patients, virtually all of the study participants
expressed interest in discussing end-of-life decisions with their physicians (17).

Given the inherent unpredictability of survival for many advanced lung
diseases, preparation for dying should be considered when death is anticipated
within about a year or when a patient with advanced lung disease is being
prepared for a major therapeutic intervention such as lung reduction surgery or
lung transplantation. The door to medical advance planning opens with frank
disclosure of prognosis. If the patient does not then raise the subject of
planning for terminal care, the physician should do so. Physicians can open a
discussion of medical advance planning without implying that death is
necessarily imminent by stating simply, ‘‘It is good to hope for and expect the
best, but it is also wise to prepare for the worst.’’ If initial reticence is
encountered, the physician might respond with, ‘‘I share your hope—we plan
to get you through. But bad things happen. I don’t think you want to dump all
the decision making on your family members if you get suddenly very sick.
That won’t be good for you or for them.’’

Medical advance planning is best pursued as a three-way conversation
between a patient, the patient’s designated medical proxy, and the patient’s
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principal physician. Preferably the discussion should be held in an outpatient
setting during a visit scheduled for this purpose. The physician might begin
with a brief statement about the purpose of the meeting and the patient’s
current condition or prognosis. Then the physician should turn to the patient
with an open-ended invitation to speak, ‘‘I expect that you have been thinking
about this meeting. What are your thoughts?’’ Other helpful, open-ended
questions include, ‘‘What are your hopes for the future?’’ and ‘‘What are your
greatest concerns and fears?’’ Answers to these broad questions remind
physicians that patients with advanced lung disease often have other concerns
that may be more important to them than the technical aspects of medical life
support or cardiopulmonary resuscitation. The patient’s surrogate is given an
opportunity to speak next. Finally, the physician raises or clarifies specific
medical decisions that should be considered in advance. The characteristics of a
good death identified by Steinhauser et al. (Table 1) can serve as a general
guide for the discussion.

Depending on the circumstances, four practical issues are often
appropriate for shared decision making between patient, family, and physician
in meetings devoted to advance planning for terminal care (Table 2). First, is
the patient likely to die at home or in an institutional setting? Many who
express a desire to die at home considerably underestimate the associated effort
and expense and the degree of expertise necessary to ensure their comfort and
hygiene (18). Victims of advanced lung disease may be confined to bed on and
off or continuously for weeks or months before they die. For some or much of
this time, they cannot be left unattended. With rare exceptions, health
insurance policies do not provide for prolonged, continuous bedside care at
home. Because of work or family commitments or their own health care needs,

Table 2 Issues for Advance Medical Planning

1. Discuss the most appropriate location for terminal care: the patient’s or a family

member’s home versus an institutional setting.

2. Identify preferred providers for terminal home or institutional care.

a. Home care organization

b. Acute care hospital

c. Skilled nursing facility

3. Determine patient preferences for initiation and termination of life support.

a. Should mechanical ventilation be initiated in the event of respiratory failure?

b. Terminal withdrawal of life support in the event of irreversibly impaired

consciousness?

c. Terminal withdrawal versus institutional care in the event of prolonged

dependency on mechanical ventilation?

4. Plan for anticipated ‘‘what ifs,’’ such as

a. ‘‘What if I find him unconscious on the kitchen floor?’’

b. ‘‘What if she starts coughing up blood again?’’
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many family members are ill equipped to provide this level of home care for
longer than a few days. Consequently, the physician should focus this
component of medical advance planning on the caregivers. What level of care
can they realistically support at home?

Often the appropriate answer is an open one that anticipates possible or
probable conversion from to home to institutional care at some time during the
progression of the illness. Three-way agreement on this point helps to allay the
guilt of family members if a patient who prefers home care ultimately dies in a
hospital or a nursing home. This point also sets the stage for a second goal of
medical advance planning, which is to identify preferred providers for home or
institutional skilled nursing care. By preparing in advance, the patient and
family members establish a relationship with one or more selected organiza-
tions that are then prepared to provide service on short notice. For a patient
who is expected to die, a full-service home care organization that includes an
accredited hospice is often most appropriate.

Because patients with advanced lung disease rarely experience sudden
cardiac arrest, discussions regarding cardiopulmonary resuscitation with this
group of patients should focus primarily on ventilatory support. There are
limited choices to consider—these should be laid out in the same manner that
a physician describes options for the treatment of lung cancer. A patient with
advanced emphysema might, for example, be guided through the following
options as a starting point for discussion: (1) home care only; (2) hospitalize if
indicated for comfort care, but do not initiate mechanical ventilation or other
major life support; (3) initiate appropriate life support, to be continued only
so long as the physician and the proxy both believe there is a reasonable
chance for recovery to functional independence; and (4) indefinite life support
so long as the patient retains the potential for self-awareness, to be continued
in a chronic nursing facility if necessary. These options encompass a spectrum
in the timing and circumstances of a transition from life-sustaining to
palliative care that can be refined by further discussion. If the patient favors a
limited trial of life support (third option), the role of the patient, the proxy
and the physician in the decision to abandon the trial is clarified. If the patient
chooses indefinite ventilatory support (fourth option), the impact of that
decision on the patient’s financial resources and family should be discussed
openly.

If the planning session predates major surgery such as lung transplanta-
tion or lung volume reduction surgery, the physician should discuss the special
considerations that apply to intraoperative and immediate postoperative care
(11). In the perioperative period, the need for cardiopulmonary resuscitation or
other life-supporting interventions often has a more favorable prognostic
significance than at other times. Indeed, many surgeons and anesthesiologists
consider perioperative life support an integral component of the surgical
procedure itself. If, as is often recommended, the patient’s general preferences
are to be suspended at the time of surgery, the transition back to those
preferences should be discussed in advance.
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Family members who provide home care for terminally ill patients are
often concerned about certain ‘‘what ifs.’’ ‘‘What should I do if I find him
unconscious on the kitchen floor?’’ ‘‘What if she starts coughing up blood
again?’’ Not every eventuality can be anticipated and planned. Nevertheless,
home caregivers appreciate guidance in advance on how they should respond if
an uncontrolled or frightening situation develops suddenly or at an
inconvenient hour. Who should be called? Should the patient be transported
urgently to an emergency room? How should the patient’s preferences be
communicated to emergency personnel? This planning is essential to respect
the wishes of those patients who want to limit life support, and particularly
those who prefer to die at home.

Shortly after completion of initial discussions, the patient ideally or the
proxy or physician should write a brief summary of the decisions that were
made in the form of a letter or declaration. In addition to defining the role of
the proxy and the primary physician in medical decision making should the
patient become incapacitated, the document lays out goals of therapy,
limitations on treatment that can be identified in advance, and outcomes to
be avoided. If circumstances warrant, the document can then be modified in
form, with the help of a lawyer, to meet the requirements of applicable state
laws. In addition to the patient, both the proxy and the physician might also
sign the document, indicating that they will do their best to ensure that the
patient’s stated wishes are fulfilled. Copies should be filed by all three
participants in readily accessible locations. If surgery is planned, a copy should
be provided to the surgeon for further discussion during a preoperative
meeting.

This approach offers several advantages. Unlike a standardized form
completed at home, an advance planning agreement reached by three-way
discussion benefits from the guidance and advice of the physician and is
tailored to the patient’s individual circumstances. Just as importantly, the
initial discussion opens lines of communication among the three key decision
makers that can be continued for the duration of the patient’s life. During the
planning discussion, the patient can ensure that both the proxy and the
primary physician are in agreement with the plan. The three-way discussion, as
documented in the summary statement, serves as a foundation for negotiations
between proxy and physician at the time decisions must be made, thereby
maintaining focus on the patient’s preferences. Also, a written advance
directive prepared in this way empowers the principal physician to play an
active role in medical decision making if the patient is hospitalized under the
care of another physician.

V. Hospice Home Care

Patients with advanced lung disease should be encouraged to consider hospice
home care (19–21). The hospice movement developed in the United States
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primarily as an extension of medical oncology. Even today, many hospices
report that most of their patients suffer from incurable cancer (8), even though
terminally ill patients with diagnoses other than cancer are also likely to benefit
from home care and professional assistance (22,23). Although many hospices
welcome patients with other diagnoses, they receive relatively few referrals of
patients with advanced lung disease. Indeed, patients with COPD comprised
only 3.1% of a representative group of Medicare beneficiaries enrolled in
hospice programs in 1990 (22). The reason is unclear but may relate in part to
common misperceptions about hospice among physicians who care for patients
with advanced lung disease.

Prior to enrollment in a hospice program, Medicare and most other
insurers require that the patient sign an agreement indicating understanding
and acceptance of the hospice approach to palliative health care. Also, the
referring physician and the hospital medical director both must certify that the
patient is expected to die within 6 months.

Because of the uncertainties associated with determining such a
prognosis, in 1996 an expert committee of the National Hospice Organization
issued criteria to help physicians identify patients with nonmalignant terminal
illnesses, including advanced lung disease (24). The Health Care Financing
Administration (HCFA) codified the guidelines in 1997 into auditable criteria
by which Medicare intermediaries are to judge the appropriateness of hospice
referral (25). These criteria have been used by the Office of Inspector General
in a campaign to reduce fraud and abuse by hospice organizations known as
Operation Restore Trust. Specialists in respiratory medicine recognize
inconsistencies within the HCFA hospice review policy for pulmonary diseases.
The criteria are not evidence based. Prognostic criteria derived from the
guidelines failed to distinguish patients enrolled in the SUPPORT study (26)
who died within 6 months after hospital discharge from those who did not (8).
Indeed, no set of criteria have yet been devised that confidently identify
medically stable patients with advanced lung disease who will die within 6
months.

Fortunately, there is no penalty to patients for failing to die within 6
months. Given the uncertainty inherent in prognosis for advanced lung disease,
Abrahm and Hansen-Flaschen (20) have proposed three alternative ‘‘com-
monsense’’ guidelines for referral to hospice that are not based directly on
predicted duration of survival (Table 3). These guidelines target patients with
advanced, irreversible lung disease who have little or no cardiopulmonary
reserve and are likely to benefit from the specialized services offered by
hospices.

In the United States, certified home hospices receive a fixed daily
payment from Medicare Part A for the comprehensive care of qualifying
patients (approximately $110 per day for routine hospice home care and
approximately $580 per day for short-term continuous home care). All medical
expenses other than physician’s fees are covered by the payment, including the
cost of medications, supplies, durable medical equipment, and long-term
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oxygen. Home assessment, education, and counseling are provided by nurses,
social workers, dietary counselors, pastoral counselors, and therapists as
appropriate. Telephone consultation and coordination of care is often
available 24 hr per day. Home health aides are typically provided for 2 or
3 hr a day. Home nursing care may be available for up to 24 hr a day during a
medical crisis. Some hospices provide volunteers for transportation to a
doctor’s office or to cover family care givers for short trips out of the house.
Brief hospitalizations for symptom control and up to several days of inpatient
respite care to provide caregivers with personal time may also be covered by
the hospice program.

Hospice coverage lapses during longer-term residential care or acute-care
hospitalization for reasons other than palliation of the major illness. However,
hospice care can be renewed repeatedly provided the patient is recertified each
time as terminally ill. Many private insurers provide comparable coverage.

The flexibility of the Medicare hospice benefit serves many terminally ill
patients well. Unfortunately, Medicare capitated payments for hospice services
work against some patients with advanced lung disease who are dependent on
unusually expensive therapies. The high cost of home mechanical ventilation
and such drugs as nebulized tobramycin, transplant immunosuppression drugs,
dornase alpha, and epoprostenol (prostacyclin) effectively preclude enrollment
in hospice, especially for those who already incur the expense of home oxygen.
Continuous intravenous prostacyclin infusion is especially problematic in that
patients with severe pulmonary hypertension risk sudden death if this drug is
discontinued even momentarily. Thus, most Medicare patients with severe
pulmonary hypertension must relinquish their hospice benefit for life in order
to receive intravenous prostacyclin because few hospice organizations can
afford the cost of this treatment in addition to other hospice services.

Terminally ill patients who are unwilling to enroll in a hospice program
may obtain some of the same benefits from a visiting nurse agency, although
most insurers restrict the quantity and duration of palliative home care services
available by this route.

Table 3 Referral to Hospice: Commonsense Guidelines for Patients with Advanced

Lung Disease

1. Despite an adequate trial of therapy, cardiopulmonary reserve has been exhausted by

progressive disease such that death can occur at any time.

2. Because of distressing symptoms or a severely limited performance status, the patient

can be expected to benefit from the specialized services offered by hospice programs.

3. The patient accepts the fact that death may be near and does not want to suffer

needlessly.

Source: Ref. 20.
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VI. Dying at Home

Although most patients with advanced lung disease express a desire to die at
home, relatively few in North America actually do so. Unless a fatal
complication supervenes, many spend an extended period of time confined to
bed completely dependent on others for sustenance, hygiene, and comfort.
Constant attendance and considerable skill are often required. Dyspnea at rest
and accompanying anxiety/panic are distressing to onlookers and difficult to
manage, even under the best of circumstances. Hospice programs can provide
considerable support, including 24-hr-a-day bedside care for a few days. For
others, the patient may best be served by terminal hospitalization. Provided
that the intent is palliative, these hospital admissions are covered on a per diem
rather than capitated basis by the Medicare hospice benefit. Some hospitals
have established specialized inpatient units specifically for this purpose (27).
To avoid undesired invasive emergency care, this possibility should be planned
for in advance whenever possible.

Funeral arrangements are also best planned in advance. Many older
Americans appreciate the opportunity to discuss their own preferences for
funeral arrangements. In the event that a person dies at home, a mortuary
service can be summoned at the time of death. The presence of a physician is
not required. The funeral home can arrange for the physician to complete the
death certificate at a convenient time afterwards.

Physicians who learn palliative care recognize that death is not a failure
but an opportunity to practice a form of professional care that is as old as
medicine and as gratifying as any other service we offer.
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