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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.

i
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v Introduction

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

Copyright © Marcel Dekker, Inc. All rights reserved.

MaARrcEL DEkkER, INC. (E‘P
270 Madison Avenue, New York, New York 10016 &



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 disecases 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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vi Preface

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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1

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.

l. 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.

Il. 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

1
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2 Tomashefski

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

D N e s Y
A o R B G

Figure 1 Pulmonary acinus. Respiratory bronchiole (rb) communicates with an
alveolar duct (ad). Pulmonary artery branches (arrowheads) accompany airways.
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Advanced Obstructive Lung Disease: Pathology 3

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.)

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).

MaRrceL DEkkER, INc.
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4 Tomashefski

Figure 3 Moderate centriacinar emphysema with apical bulla (Reid type I1). (Barium
sulfate impregnation.)

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 alpha;-antitrypsin
deficiency (3,9). Grossly, panacinar emphysema imparts a marked loss of
consistency to the lung parenchyma, which is replaced by uniformly dilated

Figure 4 Confluent centriacinar emphysema. Emphysematous lesions are interspersed
with islands of relatively preserved parenchyma. (Barium sulfate impregnation; scale
equals 0.5cm.)
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Advanced Obstructive Lung Disease.: Pathology 5

Figure 5 Centriacinar emphysema. Respiratory bronchiole is destroyed. Note
sclerotic pulmonary artery branches (arrowheads) and apparently detached alveolar
septa.

airspaces with enlarged interalveolar fenestrae (Fig. 6) (10). In advanced
emphysema of alpha;-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 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 1cm.)
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6 Tomashefski

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 FEV,/FVC ratio, and decreased DLcq
(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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Advanced Obstructive Lung Disease: Pathology 7

Figure 8 Intravenous drug abuse with diffuse, uniform, fine panacinar emphysema.
(Barium sulfate impregnation; scale equals 0.5 cm.)

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 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 1cm 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
FEV; 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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Advanced Obstructive Lung Disease.: Pathology 9

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.)

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 alpha;-antitrypsin, is that of a protease-antiprotease
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10 Tomashefski

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 clastase 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
alpha;-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.

lll. 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 CD8 4 lymphocytes), which infiltrate the submucosa and
bronchial glands (37,38). The number of CD8+ T 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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Advanced Obstructive Lung Disease.: Pathology 11

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 0.5cm.)

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 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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12 Tomashefski

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 alpha,-antitrypsin deficiency (9,29). Compared
to nonsmokers, smokers with or without chronic bronchitis exhibit increased
goblet cells and inflammatory cells, including neutrophils, macrophages, and
CD8+ T 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 3 mm 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 FEV; 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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Advanced Obstructive Lung Disease.: Pathology 13

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
Cystic fibrosis obliterans

Drug reactions

Idiopathic

Primarily proliferative
Bacterial and fungal infections
Aspiration

Postobstruction

Eosinophilic pneumonia
Idiopathic BOOP*

# Bronchiolitis obliterans organizing pneumonia.
Source: Ref. 47.

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
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14 Tomashefski

Figure 13 Proliferative bronchiolitis obliterans. Lumen of terminal bronchiole
(arrowheads) is occluded by polypoid tuft of organizing fibroblastic tissue. There is
chronic peribronchiolar inflammation.

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

oy ‘h{i‘.

SRS R R RN
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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Advanced Obstructive Lung Disease.: Pathology 15

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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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.)

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
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Advanced Obstructive Lung Disease.: Pathology 17

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 wvariably 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 FEF;5 754, with preservation of the FEV;/FVC ratio.
As obstruction worsens, FEV; 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

Copyright © Marcel Dekker, Inc. All rights reserved.

MaARrcEL DEkkER, INC. (E‘P
270 Madison Avenue, New York, New York 10016 &



18 Tomashefski

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
Alpha;-antitrypsin deficiency (rare)
Allergic bronchopulmonary aspergillosis
Rheumatoid arthritis (rarely other collagen vascular diseases)
Ulcerative colitis
Congenital bronchiectasis (Williams-Campbell syndrome)
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Advanced Obstructive Lung Disease.: Pathology 19

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 cosinophils 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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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.

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
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Advanced Obstructive Lung Disease.: Pathology 21

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.

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
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Figure 19 Bronchiectasis, cystic fibrosis. Dilated airways, with atrophic, fibrotic
walls, contain mucopurulent exudate.

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 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.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 &
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Figure 21 Cystic fibrosis, central airway. Atrophic mucous glands consist of dilated
tubules containing inspissated secretion (arrowhead). There is surrounding intense
chronic inflammation, and the gland duct (D) is dilated.

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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Pathology of Advanced Interstitial Diseases

Pulmonary Fibrosis, Sarcoidosis, Pulmonary
Histiocytosis X, Autoimmune Pulmonary
Disease, and Lymphangioleiomyomatosis

CAROL F. FARVER

Cleveland Clinic Foundation
Cleveland, Ohio, U.S.A.

l. 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.

Il. 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.

MaARrcEL DEkkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

i



Pathology of Advanced Interstitial Diseases 31

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).

lll. 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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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).

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
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(b)

Figure 1 Continued

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 Scm 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
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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 (x 8).
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Figure 4 Honeycomb change in UIP with enlarged airspaces with mucous pooling
and intervening dense fibrosis (x 16).

Figure 5 Smooth muscle hyperplasia seen in association with honeycomb changes
(x 16).
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Figure 6 Nonspecific interstitial pneumonia/fibrosis, grade 3, with diffuse interstitial
fibrosis (x 16).

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
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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 CDla (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 cosinophils,
lymphocytes and plasma cells increase. This extension into the Ilung
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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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) (x 40).

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.
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(b)

Figure 7 Continued

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), Sjorgren’s
disease, mixed connective tissue disease (MCT), and dermatomyositis-
polymyositis (DPM). These clinical manifestations vary depending on the
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(a)

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) (x 8).

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,
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(b)

Figure 8 Continued

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).
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Figure 9 Upper-lobe bronchiectasis in advanced sarcoidosis.

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).
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Table 1 Pathological Patterns in Collagen Vascular Diseases®

Mixed
connective Poly-
Sjorgren’s tissue dermato-

SLE RA PSS disease disease myositis
NSIP + + + +
BOOP + + +
DAD + +
UIP + + + +
Pulmonary fibrosis, not UIP +
LIP +
Lymphoma +
Vascular intimal sclerosis + + +
Vasculitis + + + +
Pulmonary hypertension + + + +
Intra-alveolar hemorrhage + +
Pleuritis + + + +

Necrobiotic nodules
Constrictive bronchiolitis
Follicular bronchiolitis
Amyloidosis

+ 4+ + +

?+ = 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.

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).
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Figure 10 Cystic end-stage sarcoidosis with aspergilloma in apical cavity. (Courtesy
of J. Tomashefski, Jr., MetroHealth Medical Center, Cleveland, Ohio.)

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
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Figure 11 Obliteration of pulmonary artery by sarcoidal granulomas. The artery has
some intimal fibroplasia secondary to adjacent inflammation (x 20).

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 (x 8).
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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 (x 100).

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 50 mm, 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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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) (x 16).

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).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 &



Pathology of Advanced Interstitial Diseases 49

Figure 15 Continued

Figure 16 Early active pulmonary histiocytosis X lesion center on bronchiole (a)
(x 16). Inflammatory infiltrate is composed of scattered eosinophils, lymphocytes,
plasma cells, and Langerhans cells (b) (x 200).
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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 (x 40).

Figure 19 Lung from patient with rheumatoid arthritis and UIP pattern of fibrosis
with prominent areas of reactive BALT (x 16).
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Figure 20 Small arteriole with concentic fibrotic narrowing in lung from patient with
progressive systemic sclerosis (x 100).

AR

T

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 22 LAM smooth muscle cells around bronchioles and vessels in lung involved
by lymphangioleiomyomatosis (x 100).

Figure 23 Plump smooth muscle cells with round or fusiform nuclei in fascicles
(x200).
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Figure 24 End-stage lymphangioleiomyomatosis with thick nodules of smooth muscle
cells between large, irregular emphysematous spaces (x 8).
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Pathology of Advanced Pulmonary Vascular Disease

J. MICHAEL KAY

McMaster University
Hamilton, Ontario, Canada

l. 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:
Collagen vascular disease
Congenital systemic-to-pulmonary shunts
Portal hypertension
HIV infection
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
Chronic obstructive pulmonary disease
Interstitial lung disease
Sleep-disordered breathing
Alveolar hypoventilation disorders
Chronic exposure to high altitude
Neonatal lung disease
Alveolar-capillary dysplasia
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

a0 o

[e BN e R L A

Key: WHO, World Health Organization; HIV, human immunodeficiency virus.
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Table 2 WHO Classification of Risk Factors for Pulmonary Hypertension

A. Drugs and toxins

1.

Definite

a. Aminorex

b. Fenfluramine

c. Toxic rapeseed oil
Very likely

a. Amphetamines

b. L-tryptophan
Possible

a. Meta-amphetamines
b. Cocaine

c. Chemotherapeutic agents
Unlikely

a. Antidepressants

b. Oral contraceptives
c. [Estrogen therapy

d. Cigarette smoking

B. Demographic and medical conditions

1.

Definite

a. Gender

Possible

a. Pregnancy

b. Systemic hypertension
Unlikely

a. Obesity

C. Diseases

1.

Definite
a. HIV infection
Very likely

a. Portal hypertension/liver disease

b. Collagen vascular diseases

c. Congenital systemic-to-pulmonary cardiac shunts

Possible
a. Thyroid disorders

Key: WHO, World Health Organization; HIV, human immunodeficiency virus.

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.
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Il. 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 disecase 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

MaARrcEL DEkkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

i



Pathology of Advanced Vascular Disease 65

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 um 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 um 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

Copyright © Marcel Dekker, Inc. All rights reserved.

MaARrcEL DEkkER, INC. (E‘P
270 Madison Avenue, New York, New York 10016 &



66 Kay

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 um 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 pm 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
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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), x200.]

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 &



68 Kay

- # 2a o ".. r'.‘-J ‘..' -
;r'-.'.‘ '_‘ﬂ- 3:"“. TR e '*0’
- .{‘;.J ‘q L ‘ N
LN FASE "

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), x 200.]
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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, x500.)

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 &



70 Kay

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, x200.)
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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, x200.)
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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, x200.)
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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, x 200.)
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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.

lll. 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 cither 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, x 500.)

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 &



78 Kay

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, x500.)
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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, x 500.)
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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-f (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

Copyright © Marcel Dekker, Inc. All rights reserved.

MaARrcEL DEkkER, INC. (E‘P
270 Madison Avenue, New York, New York 10016 &



84 Kay

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, x 80.)
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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, x 500.)
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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, x500.)
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V. Pulmonary Veno-occlusive Disease

The first well-documented case of pulmonary veno-occlusive disease was
published by Hoéra 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

MaARrcEL DEkkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

i



Pathology of Advanced Vascular Disease 91

’

%4
o,
f

)

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, x 500.)
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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, x200.)
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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, x200.)
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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, x 80.)
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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, x200.)
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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, x200.)
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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, x 500.)
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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,
% 200.)
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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, x 500.)
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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, x 500.)
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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 5cm 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.

VIl. Lung Biopsy in Advanced Pulmonary Vascular Disease

A Dbiopsy specimen measuring 2.5x2x1cm 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.

VIIl. 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, x200.)
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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, x200.)
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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, x 500.)
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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.
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Management of Advanced Chronic Obstructive
Pulmonary Disease

DENIS E. O'DONNELL and NHA VODUC

Queen’s University
Kingston, Ontario, Canada

l. 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), (< 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).

Y Sx

T g Oxygen

= ’ Inh. steroids

l,/" Rehabilitation
P i Long-acting bronchodilators
e Short-acting bronchodilators
Education
JFEV, TDyspnea |
STAGE 0 | II I1I

Early diagnosis Rx AECOPD

, » End-of-life care
(spirometry)+ 2
prevention Follow-up

Figure 1 Stepwise approach to management of COPD. Therapy is escalated as the
disease progresses. Sx = surgery; Inh =inhaled.
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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.

Il. 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
(EELYV), therefore, becomes dynamically and not statically determined and
represents a higher resting lung volume than in health (6,8). In flow-limited
patients, EELYV is, therefore, a continuous variable that fluctuates widely with
rest and activity. When ventilation (V) increases in flow-limited patients, as, for
example, during exercise, increases in EELV (or DH) are inevitable (Figs. 2 and
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3). Minor DH can occur in the healthy elderly, but at much higher Vg and oxygen
consumption (Vog) 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 (FEV,y, =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
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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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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 (Vr, 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 =
inspiratory reserve volume; ERV = expiratory reserve volume; EILV = end-inspiratory
lung volume; TLC = total lung capacity. (From Ref. 6.)

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 FEV,, 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
V1), greater exertional dyspnea, and lower peak Vg and Vo2 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 Vo, and Vg 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).
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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 Vo2 as the dependent variable and several relevant physiological
measurements as independent variables [including FEV, , and Vg expressed
as a percent of maximal ventilatory capacity] peak Vr (standardized as percent
predicted VC) emerged as the strongest contributory variable, explaining 47%
of the variance (6). Peak Vr, in turn, correlated strongly with both the resting
and peak dynamic IC. It is noteworthy that this correlation was particularly
strong (r=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 1C
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 eclastic 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 V1 response to increasing exercise is
progressively constrained despite near maximal inspiratory efforts (17). The
ratio of tidal esophageal pressure swings relative to maximum (P./Pl.x) to
tidal volume (expressed as V1/VC or Vy/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 (¥ = 0.63, p = 0.001) in 23 patients with advanced COPD
(average FEV, o, 36% predicted) (18). The change in EELV and change in V¢
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Table 2 Negative Effects of Dynamic Hyperinflation During Exercise

TElastic/threshold loads

TPes/Pl .y “effort”
Inspiratory muscle weakness

Reduced V-t expansion 1Crdyn
—tachypnea IVp/Vr
TPfﬂlco2

Early ventilatory limitation to exercise
TExertional dyspnea

|Cardiovascular function

(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 (+*=0.69, p <0.01) (17). Dyspnea
intensity also correlates well with the ratio of effort (Pgy/Pl,,.x) to tidal volume
response (V1/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
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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/Pl.,) to the tidal volume response (Vt standardized for vital capacity)
at a standardized level of exercise in COPD. (Data from Ref. 17.)

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
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face of increased physiological dead space (Vp/Vr), 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 CO,
retention during exercise is the result of reduced central or peripheral
chemosensitivity or inspiratory muscle fatigue is inconclusive. We recently
concluded that CO, 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 Vp/
Vr 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 CO, 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 Vg or with Vi 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 FEV,,
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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Figure 5 The combination of expiratory flow limitation (EFL) and accelerated
ventilation (Vi) during exercise contributes to dynamic lung hyperinflation (DH) and
exercise intolerance. Vp/Vt=physiological dead space; Pst=static lung recoil;
Ar = airway resistance; LVRS =lung volume reduction surgery.

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.c., the Vo2 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 CO, 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
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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).

lll. Assessment of the Dyspneic Patient

Current stratification of COPD severity is primarily based on the measurement
of FEV,,. However, the FEV, o correlates poorly with disability and health
status. A more rigorous ecvaluation 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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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 V02
Ventilatory reserve
Gas exchange
Peripheral muscle strength
Health status handicap

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 spontancously 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
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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 (FEV,,), forced vital
capacity (FVC) and the FEV; (/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 FEV,,/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 FEV| q, 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 beta, 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 FEV, (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 (Voz) and
carbon dioxide output (Vco, )], peak power output, ventilation (Vg), 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., Voz, 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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Table 4 Typical Abnormalities During Exercise in COPD

Significant dyspnea and leg discomfort

Reduced peak Vo, and work rate

Low maximal heart rate

Elevated submaximal ventilation

Low peak ventilation

High ratio of ventilation to maximal ventilatory capacity (Vg /MVC)
Blunted V-t response to exercise, with increased breathing frequency
High deadspace (Vp/VT)

Variable arterial oxygen desaturation

Paco, usually normal but may increase

Reduced dynamic IC with exercise (i.e., dynamic hyperinflation)
Reduced IRV at low work rates

High V1/IC ratios at low work rates

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 V1 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 Vr (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 Vr expansion. Similarly, the reserves of inspiratory and
expiratory flow can be evaluated by measuring the difference between tidal
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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 (6 MWD), 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 6 MWD, 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 6 MWD 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 6 MWD, nor is it clear what
improvement in the 6 MWD 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
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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 FEV; 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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Figure 6 The effects of a pulmonary rehabilitation program versus education only on
perceived breathlessness in COPD (*p < 0.05). (From Ref. 103.)

beta, 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 FEV,  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 FEV 4. Similarly,
Chrystyn et al. (38) showed that improvement in exercise endurance (6 MWD)
following incremental oral theophylline therapy was associated in a dose-
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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

BRONCHODILATORS

J

T mechanics
{ AECOPD | gas exchange —>

4

2 dyspnea

4

T activity

g

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).

—> ’ T health status | €—

T sleep
quality
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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 FEV .
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) 500pg] 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 V1/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 pg), four to six puffs at intervals of 4 to
6 hr], dose-response relationships, at least using the FEV;, 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 FEV  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 10sec 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 bromide + albuterol) have been shown to have
greater effects on the FEV| than either agent given alone and are more
convenient for the patient (113-115).
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Table 6 Attributes of Bronchodilators in COPD

Salmeterol Tiotropium
Improve lung mechanics v v/
Relieve/reduce dyspnea v v
Improve health status v v
Reduce frequency and/or v v

severity of exacerbations
Improve exercise tolerance  ?

> N

Modify disease X
progression
Few side effects v v

Long-Acting Bronchodilators

Long-acting beta, 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 pug), placebo, or ipratropium (40 pg 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

Figure 8 Responses to bronchodilator therapy (nebulized ipratropium bromide,
500 pg) 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 Vi expansion are reduced as IC and IRV are increased
significantly (*p < 0.05) (lower panel). (Adapted from Ref. 103.)
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quality-of-life measurements as measured by the St. George’s Respiratory
Questionnaire (SGRQ). In a 16-week placebo-controlled study, 50 and 100 pg
of salmeterol given twice daily produced similar improvements in FEV; .
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 Voz 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
M;-receptor antagonist activity. In a study of over 900 patients, tiotropium
(18 pg 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 ug daily via
Handihaler. Significantly greater improvements of trough FEV,, 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).
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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 beta, agonists and ipratropium plus placebo, low-dose theophyl-
line (9.1 + 2.3 mg/L), or high dose theophylline (16.8 + 4.2 mg/L) for a total of
7 weeks found minor improvements in FEV;, 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 ug 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 (p < 0.023).
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 ug/mL in symptomatic COPD
patients. The potential advantage of theophylline over short-acting beta,
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 beta, 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 beta, 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 FEV,, as a marker of disease
progression. Although it could easily be argued that FEV, 4 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 FEV, .

The first major trial was by the International COPD Study Group
(Paggiaro) (136). This trial enrolled 281 patients with a wide range of severity
(FEV, 35-90%). The treatment arm was given fluticasone 500 pg twice daily.
Follow-up was limited to 6 months. At that time, there was a 9.4% (0.15-L)
difference in FEV, ¢ 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 FEV,, was 86% of
predicted). Patients were treated with a total daily dose of 1200 pg budesonide
for 6 months followed by 800 pg for 30 months. The average rate of decline in
FEV,, 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 (n =912) of current smokers, but included only
patients with mild to moderate COPD (mean FEV,, 77% predicted) (135).
Again, no significant difference in FEV,, was noted after 3 years treatment
with 800 pg 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 FEV,, in the study population was 50% of predicted (137).
However, even this study excluded patients with very severe disease
(FEV,(<0.8L). This study, as well, failed to demonstrate any significant
alteration in the decline of FEV, ; with ICS (fluticasone, 500 pug twice daily).

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

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 FEV| o. 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

MaARrcEL DEkkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

i



Management of Advanced COPD 145

studies (137,138). There is no evidence that progression of disease, at least
measured by FEV |, 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 pg 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
Voz, 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 FEV,,=1.1L) (139). Despite
vast differences in exercise training protocols, patients almost invariably

Copyright © Marcel Dekker, Inc. All rights reserved.

MaARrcEL DEkkER, INC. (E‘P
270 Madison Avenue, New York, New York 10016 &



146 O’Donnell and Voduc

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 (n=30) or no treatment (n=15):
exertional dyspnea ratings fell significantly in the exercise group and not in
control. Reardon et al. (141) similarly showed that patients (n=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., 6 MWD), 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 (6 MWD
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
6 MWD 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 CO, 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).
Vo, 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 Voz, 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 CO, elimination, will cause Vg 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 spontancously 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 (V/Q) relationships, improved arterial
oxygen desaturation (156,162) and CO, 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 V), (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 Vg and factors that reduce
dyspnea for a given Vi) 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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Figure 9 Exercise responses during hyperoxia (breathing 60% O,) 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.)

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 (Flp,) until reaching a plateau at the 50% level (Fip,=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
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that ambulatory oxygen should be recommended for patients whose resting
arterial oxygen is less than 55mmHg or between 55 and 60 mmHg 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 Voz,
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 6 MWD) 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 (A) from

Baseline

Transition Dyspnea Index
AFEV, 4

AFRC

AEELVy, (standard exercise)
AIRVyy, (standard exercise)
AVentilation (standard exercise)
ABreathing frequency (standard exercise)
AMIP

AMEP

Alnspiratory muscle endurance
AQuadricep strength
AQuadricep endurance

~3

1 6% predicted

| 400mL

| 420mL

1 350mL

| 5L/min

| 6 breaths per minute
1 30% (~22cmH,0)
1 25% (~23cmH,0)
T ~3 x

1 25%

1 40%
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VIl. 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 (30 mg three times daily)
provided symptom alleviation but resulted in intolerable side effects, whereas
lower dosages (15 mg 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 (30 mg four times
a day) or promethazine (25 mg 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 Pa., 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 Smg 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
(20 mg 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 beta,-
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 FEV| o, 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 Ilung 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, FEV, o/FVC ratios
show little change (i.e., FEV, 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 V/ Q 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 CO, elimination because of reduced relative physiological dead space, (3)
improved V/Q 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.

VIll. 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 FEV ( (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 V/Q 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

MaARrcEL DEkkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

i



Management of Advanced COPD 161

Prexacerbation AECOPD
Ve
AA
o,
= & TDyspnea
=) = VExercise
P 2 tolerance
RV L0
c It Fro S

+«— [C «— [C

Volume (L) Volume (L)

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. Vi = ventilation; Vp/Vr=physiological dead space;
Vo2 =oxygen uptake.

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 beta, 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 beta, agonists
improve pulmonary function above that provided by regular dosing with short-
acting medications in the setting of COPD exacerbation. In the rare situation
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where inhaled bronchodilators are not available, intravenous beta, agonists
may be used, although studies involving exacerbations of asthma have failed to
demonstrate any benefit with the addition of intravenous beta, 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 FEV,
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, p=0.03) in patients treated with steroids.

The smaller RCT (56 patients) by Davies et al. (245) was able to
demonstrate a 60-mL improvement in FEV;, 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, p=0.027).

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 (125 mg 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., against Mycoplasma), 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 beta, 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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