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Rationale: COPD is associated with reduced life expectancy.
Objectives: To determine the association between small airway
pathology and long-term survival after lung volume reduction in
chronic obstructive pulmonary disease (COPD) and the effect of
corticosteroids on this pathology.

Methods: Patients with severe (GOLD-3) and very severe (GOLD-4)
COPD (n = 101) were studied after lung volume reduction surgery.
Respiratory symptoms, quality of life, pulmonary function, exercise
tolerance, chest radiology, and corticosteroid treatment status were
assessed preoperatively. The severity of luminal occlusion, wall
thickening, and the presence of small airways containing lymphoid
follicles were determined in resected lung tissue. Kaplan-Meier
survival analysis and Cox proportional hazards models were used
to determine the relationship between survival and small airway
pathology. The effect of corticosteroids on this pathology was
assessed by comparing treated and untreated groups.
Measurements and Main Results: The quartile of subjects with the
greatest luminal occlusion, adjusted for covariates, died earlier than
subjects who had the least occlusion (hazard ratio, 3.28; 95%
confidenceinterval, 1.55-6.92; P = 0.002). There was a trend toward
a reduction in the number of airways containing lymphoid follicles
(P = 0.051) in those receiving corticosteroids, with a statistically
significant difference between the control and oral = inhaled
corticosteroid-treated groups (P = 0.019). However, corticosteroid
treatment had no effect on airway wall thickening or luminal
occlusion.

Conclusions: Occlusion of the small airways by inflammatory exu-
dates containing mucus is associated with early death in patients
with severe emphysema treated by lung volume reduction surgery.
Corticosteroid treatment dampens the host immune response in
these airways by reducing lymphoid follicles without changing wall
thickening and luminal occlusion.
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Premature death is a frequent complication of chronic
obstructive pulmonary disease.

What This Study Adds to the Field

Mucoid occlusion of small conducting airways is associated
with premature death in advanced chronic obstructive
pulmonary disease. We postulate that airway occlusion
causes pneumonia that results in early death.

The emphysematous destruction of the lung’s gas-exchanging
surface and obstruction to flow in the small conducting airways
are responsible for the irreversible airflow limitation that de-
fines chronic obstructive pulmonary disease (COPD) (1). We
previously reported a negative association between the severity
of the pathology in the small conducting airways and FEV; over
the full range of COPD severity (2). The primary objective of
the present study was to test the hypothesis that this pathology
might influence survival of patients in a 72-month follow-up
period after lung volume reduction surgery (LVRS) (3, 4). A
secondary objective was to determine if corticosteroid therapy
had any influence on small airway pathology that might provide
insight into the recent report that long-term steroid therapy
reduces exacerbations of COPD but increases the incidence of
pneumonia (5). Preliminary reports on the data contained in
this article have been presented in abstract form at the Aspen
Lung Conference (6) and at annual meetings of the American
Thoracic Society (7, 8).

METHODS

Patient Population

Patients with GOLD (Global Initiative for Chronic Obstructive Lung
Disease) stages 3 and 4 COPD who were treated by LVRS for
advanced emphysema (n = 101) were the subject of this study. Five
of these cases from the University of Pittsburgh were treated by LVRS
before the start of the National Emphysema Treatment Trial (NETT)
and the remaining 96 received this treatment in five sites participating
in NETT located at the Universities of Pittsburgh, Michigan, and
Colorado, Temple University, and the Baylor College of Medicine. The
airway data from these 101 LVRS-treated cases were combined with
similar data from 101 cases with milder COPD (GOLD stages 0-2)
from the University of British Columbia patient registry and tissue
bank to ensure that the cross-sectional regression analysis between
airflow limitation and small airway pathology was the same as that
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observed in our previous report (2). All of the patients who partici-
pated in this study provided informed consent under conditions
approved by the appropriate committees at the institutions where their
surgery was performed. Patient confidentiality was maintained by using
unique identifiers to link tissue samples to patient data that could not
be traced to any personal identifier.

Preoperative Assessment

Those selected for treatment by LVRS were placed on a preoperative
rehabilitation program, and the measurements of body mass index,
FEV,, FVC, subdivisions of lung volume, diffusing capacity for carbon
monoxide (DLco), and arterial partial pressure of oxygen (Pag,) used
in the analyses were obtained after the rehabilitation period close to
the time of surgery. Quality of life was determined using the Physical
Component Summary (PCS) and Mental Component Summary (MCS)
of the Short Form-36 (SF-36) and St. George’s Respiratory Question-
naire (SGRQ), and health utility was assessed by the Quality of Well
Being scale (QWB) (9). The presence of cough and sputum production
was determined from specific questions about these symptoms in the
SGRAQ, and the severity of dyspnea was quantified using the University
of California, San Diego, Shortness of Breath Questionnaire (UCSD
SOBQ) (10).

Histology

Lung tissue samples removed from these 101 patients by LVRS were
fixed in formalin immediately after resection and processed for into
paraffin blocks at the site where the LVRS took place. The methods of
tissue preparation for the 101 non-LVRS cases are published in detail
elsewhere (2). Briefly, histologic sections cut from the paraffin blocks
were stained using Movat’s pentachrome method (11), and all of the
small conducting airways in this tissue cut in reasonable cross-section
were analyzed (12). Digital images of the airway histology were cap-
tured using a Nikon light microscope (Nikon Microphot, Tokyo, Japan)
equipped with a JVC3-CCD KY F-70 digital camera (Diagnostic
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Instruments, Inc., Yokohama, Japan), linked to a computer to record
and store the images. None of the clinical, radiologic, lung function, or
steroid treatment data were available to the persons making the
histologic measurements until this assessment was complete.

The size of the small conducting airways was estimated by mea-
suring the length of the basement membrane and determining lumen
area in both the partially collapsed state where the basement mem-
brane was folded and in a simulated fully expanded state calculated by
subtracting the area of the epithelium from the area of a circle with
a perimeter equal to the airway basement membrane length (2). The
severity of the luminal occlusion was expressed by determining the
fraction of these lumen areas occluded by inflammatory exudate con-
taining mucus. The thickness of the entire airway wall as well as its
epithelial, lamina propria, muscle, and adventitial compartments were
determined by dividing their measured areas by the length of the
airway basement membrane. The percentage of airways containing
a collection of lymphocytes consistent with the formation of a lymphoid
follicle was also recorded (2).

Data Analysis

A linear regression analysis (13) was performed on the entire 202 cases
to confirm the relationships between FEV; and airway thickness, and
FEV, and lumen content from our previous report (2). The 101 cases
treated by LVRS were then divided into quartiles according to the
percentage of occlusion of the fully expanded lumen of their small
airways and all of the variables were compared using analysis of
variance (ANOVA) followed by Tukey’s post hoc test (Table 1) (14).
Separate analyses were performed where cases were ranked and
divided into quartiles based on either airway wall thickness or the
percentage of airways containing lymphoid follicles. In addition, the
variables in Table 1 were examined as potential predictors of survival
using a Cox proportional hazards model (15). To facilitate valid com-
parisons, all continuous variables were included as quartiles. A forward
stepwise selection procedure was then used to determine which
variables best predicted survival, retaining only those variables that,

TABLE 1. THE BASELINE CHARACTERISTICS OF STUDY SUBJECTS ACROSS QUARTILES OF EXPANDED

LUMEN RATIO

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P Value
No. of patients 25 25 26 25 —
Lumen content of expanded airway, % 1.1 +0.2* 3.8 +0.1 7.0 = 0.37 18.4 + 2.0 <0.001
No. of airways examined per case 6.8 = 1.7* 9.7 1.7 139 +25 53 +0.9* 0.006
No. of male subjects (%) 13 (52) 14 (56) 16 (62) 16 (64) 0.823
Age, yr 64 * 2 66 * 1 68 * 1 66 * 1 0.255
Smoking, pack-years 55+6 585 68 = 4 68 = 6 0.255
BMI, kg/m? 251 £ 0.9 248 £ 0.7 253 0.8 258 1.0 0.869
FEV;, % predicted 28.0 = 1.4 24213 280=*1.5 26.0 1.5 0.191
FVC, % predicted 66.4 + 4.2 62 + 3.3 69.3 + 3.2 67.0 + 2.7 0.501
RV, % predicted 217 £ 11 249 = 117 202 =6 215 = 11.6 0.012
Dico, % predicted 26.8 = 2.1 28.7 £ 1.9 28.5 1.9 289 + 1.6 0.884
Pap,, mm Hg 63.0 + 1.7 60.9 + 2.1 58.6 + 2.3 59.6 + 1.6 0.468
WBC, 103/mm?3 7.97 = 0.52 7.63 = 0.48 8.38 + 0.44 8.02 = 0.50 0.732
SF-36 PCS 309 + 1.6 292+ 1.4 28.6 = 2.0 28.6 = 1.8 0.789
SF-36 MCS 60.6 = 1.1 56.6 + 1.2 57.2 1.8 55.6 + 1.8 0.189
QWSB score 0.59 + 0.02 0.60 = 0.02 0.54 = 0.02 0.57 + 0.03 0.227
SGRQ overall score 46.5 = 2.5 55427 50.5 =25 51.2 3.0 0.173
UCSD SOBQ 53.9 £ 4.0 65.9 + 2.6 59.0 + 4.0 63.2 + 4.3 0.152
Six-minute-walk, ft 1,234 = 60 1,295 + 52 1,274 + 62 1,308 = 71 0.867
Wall thickness, mm 0.138 = 0.007 0.151 = 0.007 0.142 = 0.005 0.171 + 0.008* 0.004
Epithelial thickness, mm 0.033 = 0.002 0.034 = 0.002 0.032 = 0.001 0.039 = 0.002 0.103
Lamina propria, mm 0.037 = 0.002 0.042 *= 0.002 0.040 + 0.002 0.040 + 0.002 0.446
Smooth muscle, mm 0.016 = 0.001 0.018 = 0.001 0.020 = 0.001 0.021 + 0.001" 0.027
Adventitia, mm 0.070 = 0.005 0.073 = 0.004 0.068 = 0.005 0.092 = 0.006* 0.006
Airways with lymphoid follicles, % 20.8 = 5.7 30.4 = 3.8 20.7 = 3.0 339 £ 6.8 0.155

Definition of abbreviations: BMI = body mass index; DLco = diffusion capacity of the lung for carbon monoxide; MCS = Mental
Component Summary score; PCS = Physical Component Summary score; QWB = Quality of Well-Being scale; SF-36 = Short Form-
36; SGRQ = St. George’s Respiratory Questionnaire; UCSD SOBQ = University of California, San Diego, Shortness of Breath

Questionnaire; WBC = white blood cell count.
Values are mean + SEM.
* Different from quartile 3 at P < 0.05.
' Different from quartile 1 at P < 0.05.
* Different from all the other quartile groups at P < 0.05.
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in univariate analysis, provided a P value of 0.25 or less. These variables
were included one by one into a multivariate model using a stepwise
selection process, retaining only those variables that, in the multivar-
iate analysis, provided a P value of 0.15 or less.

The effect of corticosteroid treatment on the airway histology was
determined in 94 of the 101 cases treated by LVRS where sufficient
data on corticosteroid treatment were available, by comparing the his-
tology of those who were known not to receive corticosteroid treat-
ment (n = 16) with those who received inhaled corticosteroids only
(n = 45), and those who received oral * inhaled corticosteroid (n = 33)
up until the time of their LVRS. Seven of the 101 cases treated by
LVRS were not included in this analysis because there was insufficient
information to assign them to one of these three categories. The effect
of corticosteroids on survival could not be assessed because we were
unable to access data concerning the steroid therapy received by these
patients during the follow-up period subsequent to LVRS at the time of
this writing.

RESULTS

Relationships between Small Airway Pathology and
Clinical Data

The relationships between FEV; and both small airway wall
thickness (P < 0.001) and the percentage of occlusion of the
fully expanded airway lumen by inflammatory exudates con-
taining mucus (P < 0.001) in the 202 cases in this study were
similar to our previous report that included 159 of these same
cases (2). Table 1 shows the results of the analysis performed on
the baseline variables after the LVRS cases were divided into
quartiles according to a rank ordering of the severity of the
lumen obstruction by intraluminal content. These data show
weak relationships between the severity of intraluminal airway
occlusion and patient demographics (sex, age, smoking history,
and body mass index), function (FEV,, FVC residual volume,
DLco, Pap, white blood cell count), quality of life, and health
status scores (SF-36 PCS, SF-36 MCS, QWB, SGRQ overall
score, USD SOBQ, and six-minute-walk test). Stronger rela-
tionships were observed between quartiles of intraluminal
content and the thickness of the total wall (P = 0.004), airway
smooth muscle (P = 0.027), and adventitia (P = 0.006).

Small Airway Pathology and Survival Post-LVRS

A Kaplan-Meier survival analysis (Figure 1) showed a shortened
median survival in the quartile of subjects who had the most
severe luminal occlusion. The median time of follow-up was 79
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months (95% confidence interval [CI], 68-90 mo). The median
survival time was shortest in the quartile with the most severe
luminal occlusion (median survival time, 48 mo; 95% CI, 24-71
mo). The median survival time was longest in the group with the
least luminal occlusion (> 92 mo). All of the variables listed in
Table 1 were evaluated for their relationship with survival. As
described in METHODS, only those variables that had a univariate
P value of 0.25 or less were retained for multivariate analysis. In
a stepwise model, only age (P = 0.027) and post-bronchodilator
FEV; (P = 0.031) were significant covariates. The Cox regres-
sion analysis revealed that the patients in the quartile with the
highest luminal content had a risk of mortality that was over
three times higher than the quartile with the lowest luminal
content (adjusted hazard ratio, 3.28; 95% CI, 1.55-6.92; P =
0.002) after adjustments for a variety of factors (see METHODS).

The severity of the lumen occlusion measured by histology
was not associated with the response to questions in the SGRQ
designed to establish a diagnosis of chronic bronchitis, and neither
airway wall thickening (P = 0.728) nor the percentage of the air-
ways containing lymphoid follicles (P = 0.531) predicted survival
after LVRS.

Impact of Corticosteroid Treatment

Table 2 shows the data concerning patient demographics, phys-
iology, symptoms, and health status, as well as the small airway
dimensions for the 94 of the 101 LVRS patients in whom
sufficient data were available to analyze the effect of steroid
treatment on airway histology. The patients whose treatment
included oral * inhaled steroids were slightly less dyspneic but
had a shorter 6-minute-walk, an elevated white blood cell count,
and a reduced quality of life compared with the other two
groups. Although neither form of corticosteroid therapy had an
effect on lumenal content or wall thickness, there was a negative
association between steroid therapy and the percentage of
airways containing lymphoid follicles (P = 0.051 for ANOVA),
with pairwise comparisons showing a significant difference
between the group that received oral = inhaled steroids and
the non-steroid-treated subjects (P = 0.019).

DISCUSSION

The data on from the 202 cases in this study confirm our pre-
vious report on 159 cases showing that thickening of the walls
of the small conducting airways and occlusion of their lumen
by inflammatory exudates containing mucus are negatively

Figure 1. An adjusted Kaplan-Meier survival
plot of the 101 cases of severe (GOLD [Global

Quartile 2 Initiative for Chronic Obstructive Lung Disease]
stage 3) and very severe (GOLD stage 4) chronic
obstructive pulmonary disease, indicating that

- median survival was shortened in the quartile

Quartile 3

with the most severe occlusion of the fully ex-
panded lumen (hazard ratio, 3.28; 95% confi-
dence interval, 1.55-6.92; P = 0.002) after
adjustments for variety of factors cited in MeTh-
ops. Note that the smoothing of the curves that
occurs with correction for confounding variables
to allow accurate comparisons between the
quartile groups makes the survival rate in the
first 90 days appear higher than it was really
was.

Quartile 4 (largest)
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TABLE 2. COMPARISON OF UNTREATED AND CORTICOSTEROID-TREATED GROUPS
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Nontreated Inhaled Steroids Oral * Inhaled
Parameter (n=16) (n = 45) Steroids (n = 33) P Value
Demographics
Age, yr 65+ 2 68 * 1 64 + 1* 0.061
BMI, kg/m? 26.3 £ 1.1 254 + 0.6 246 0.8 0.402
Smoking, pack-years 64 = 8 64 = 4 61 =5 0.882
Physiology
FEV;, % predicted 279 = 2.1 26.7 £ 0.9 25214 0.420
TLC, % predicted 128.3 + 3.8 129.8 + 2.0 128.3 + 2.9 0.837
Dico, % predicted 304 = 2.4 28.1 1.4 27.7 £1.5 0.602
Six-minute-walk, ft 1,399 * 66 1,334 £ 45 1,146 = 47* 0.004
Reduced maximum load (< 40 W for men; 13% 37% 48% 0.256
< 25 W for women)
Pap,, mm Hg 64.3 + 2.2 58.2 + 1.4 61.4 1.7 0.139
WBC, 103/mm3 7.2 03 73x03 9.5 = 0.4* <0.001
Symptoms and health status
UCSD SOBQ 63.9 + 3.0 55.0 + 2.8 67.1 + 3.3* 0.012
SF-36 PCS 27.7 £1.6 31913 26.2 = 1.3* 0.007
SF-36 MCS 57.9 £ 2.2 58.4 = 0.8 554 +1.7 0.233
QWB 0.60 = 0.02 0.61 = 0.02 0.51 + 0.02* <0.001
SGRQ overall score 51.2+25 47.4 = 2.0 56.0 = 2.3* 0.016
Small airway wall dimensions
Lumen content of collapsed airway, % 324 =39 30.2 = 3.0 30.4 = 3.8 0.931
Lumen content of expanded airway, % 8.20 + 1.73 8.02 + 1.13 7.89 = 1.76 0.993
Airways containing lymphoid follicles, % 40.2 + 6.4 26.1 = 3.7 21.3 = 4.5" 0.051
Total wall thickness, mm 0.16 = 0.008 0.15 = 0.005 0.15 = 0.006 0.913
Epithelial thickness, mm 0.035 = 0.003 0.035 = 0.001 0.035 + 0.002 0.971
Lamina propria, mm 0.041 = 0.002 0.040 = 0.002 0.040 = 0.002 0.801
Smooth muscle, mm 0.020 = 0.001 0.018 = 0.001 0.019 = 0.001 0.320
Adventitia, mm 0.078 = 0.006 0.077 = 0.004 0.078 + 0.005 0.971

For definition of abbreviations, see Table 1.
Values are mean * SEM.

TP < 0.05 versus nontreated group.

* P < 0.05 versus inhaled steroids group.

associated with FEV; over the full range of COPD severity (2).
They also extend these observations by showing an association
between the severity of small airway occlusion by inflammatory
exudates containing mucus and early death after LVRS. This
association was independent of the LVRS procedure, uninflu-
enced by correcting for age, level of respiratory symptoms
(SGRAQ total score, UCSD SOBQ), and level of expiratory flow
limitation (FEV;% predicted). The present data also show that
treatment with oral = inhaled corticosteroid therapy had no
effect on airway wall thickening or lumen occlusion but was
associated with a lowering of the percentage of airways con-
taining lymphoid follicles, which indicates a reduction in the
adaptive immune response in the peripheral lung.

Chronic bronchitis is defined by excess cough and sputum
production and is associated with decreased clearance of mucus
from the lower airways, more frequent pneumonias, and pre-
mature death (16, 17). However, the SGRQ questions used to
establish the presence of chronic bronchitis failed to associate
this diagnosis with occlusion of the small airways by inflamma-
tory mucous exudates in the present dataset. This result is con-
sistent with earlier reports on the pathology of COPD showing
that the symptoms of chronic bronchitis are more closely asso-
ciated with pathology in the central rather than the peripheral
airways (18, 19). Therefore, we suspect that it is the inflamma-
tory process in the wall and lumen of the small airways (2, 20)
that stimulates the local goblet cells to produce the mucus ob-
served in these exudates. Breuer and associates (21) established
that neutrophil elastase induces goblet cells to secrete mucus,
and Takeyama and colleagues, Lee and colleagues, and Burgel
and associates (22-26) extended these observations by showing
that elastase secreted by polymorphonuclear leukocytes (PMNs)
cleaves several epithelium-bound ligands for the epidermal

growth factor receptor (EGFR) responsible for activating the
downstream pathways leading to the secretion of mucus. This
same group also established that oxygen free radicals generated
by the PMNs can bypass EGFR and have a direct effect on
mucus secretion. Collectively, these data suggest that PMNs and
possibly other inflammatory cells known to infiltrate the wall and
lumen of the small airways are capable of stimulating the
generation of the mucus observed in these airways. Alternatively,
the accumulation of these exudates might have resulted from
defective clearance out of the small airways, with the balance
between production and clearance probably determining the level
of obstruction at any point in time. Unfortunately, we can only
comment on the effect of the level of lumen obstruction of these
airways because neither production nor clearance could be
addressed in this cross-sectional study.

The most plausible biological link between the level of airway
occlusion and early death in COPD is the increased risk for lower
respiratory tract infection. Studies of the cause of death in COPD
attribute only 11% of deaths to infection, but it is conceivable
that undetected infections of the small airways contribute to
the 38% of COPD deaths attributed to respiratory failure (27).
Many common respiratory pathogens colonize the upper airways
first and enter the lower airways by microaspiration (28). The
accumulation of mucus containing exudates in the small airway
lumen increases the likelihood of developing infection by slowing
the clearance of these organisms and allowing them to replicate
to levels where they can invade the tissue and produce infection
(28). Furthermore, the fact that early deaths occurred at a mean
of 24 months with a CI of 24 to 71 months after surgery indicates
these deaths occurred far beyond the 1-month time limit for
attributing adverse events to complications arising from the
surgical procedure.
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Sethi and Murphy and their colleagues (29, 30) have shown
that the emergence of new strains of organisms that have pre-
viously colonized the respiratory tract in COPD are a major
source of new infections. These same investigators also demon-
strated a sharp increase in the production of sputum IgA and
serum IgE antibodies directed against specific microbial pro-
teins from these newly emergent strains (30). We previously
attributed the marked increase in the percentage of small
airways containing lymphoid follicles to the adaptive immune
response to this type of infection (2), and the present results
show that steroid therapy is associated with a reduction in the
numbers of these follicle-containing airways. Therefore, we
postulate that steroid-induced suppression of the host immune
response in patients observed in this study might act in
conjunction with extensive occlusion of the peripheral airways
to account for the increase in pneumonias observed in the
recent TORCH trial (5), but further studies will be required to
establish this point.

In summary, these results show that severe occlusion of the
small conducting airways by inflammatory exudates containing
mucus is predictive of early death in patients with advanced
COPD. We postulate that this airway occlusion may act in
association with steroid-induced immune suppression to in-
crease the probability of infection in the lower respiratory tract.
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