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ABSTRACT

BACKGROUND

Lung-volume-reduction surgery has been proposed as a palliative treatment for severe
emphysema. Effects on mortality, the magnitude and durability of benefits, and criteria
for the selection of patients have not been established.

METHODS

A total of 1218 patients with severe emphysema underwent pulmonary rehabilitation
and were randomly assigned to undergo lung-volume-reduction surgery or to receive
continued medical treatment.

RESULTS

Overall mortality was 0.11 death per person-year in both treatment groups (risk ratio
for death in the surgery group, 1.01; P=0.90). After 24 months, exercise capacity had
improved by more than 10 W in 15 percent of the patients in the surgery group, as com-
pared with 3 percent of patients in the medical-therapy group (P<0.001). With the ex-
clusion of a subgroup of 140 patients at high risk for death from surgery according to
an interim analysis, overall mortality in the surgery group was 0.09 death per person-
year, as compared with 0.10 death per person-year in the medical-therapy group (risk
ratio, 0.89; P=0.31); exercise capacity after 24 months had improved by more than 10 W
in 16 percent of patients in the surgery group, as compared with 3 percent of patients in
the medical-therapy group (P<0.001). Among patients with predominantly upper-lobe
emphysema and low exercise capacity, mortality was lower in the surgery group than in
the medical-therapy group (risk ratio for death, 0.47; P=0.005). Among patients with
non-upper-lobe emphysema and high exercise capacity, mortality was higher in the
surgery group than in the medical-therapy group (risk ratio, 2.06; P=0.02).

CONCLUSIONS
Overall, lung-volume-reduction surgery increases the chance of improved exercise ca-
pacity but does not confer a survival advantage over medical therapy. It does yield a sur-
vival advantage for patients with both predominantly upper-lobe emphysema and low
base-line exercise capacity. Patients previously reported to be at high risk and those
with non—upper-lobe emphysema and high base-line exercise capacity are poor candi-
dates for lung-volume-reduction surgery, because of increased mortality and negligible
functional gain.
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has been proposed as a palliative treatment

for patients with severe emphysema.18 Un-
certainty about morbidity and mortality; the occur-
rence, magnitude, and duration of benefit; and
preoperative predictors of benefit led us to con-
duct a federally sponsored, multicenter, random-
ized clinical trial, the National Emphysema Treat-
ment Trial (NETT).® The primary outcomes for the
trial were mortality and maximal exercise capacity
two years after randomization. Secondary outcomes
included the distance walked in six minutes, pulmo-
nary function, quality of life, and degree of dysp-
nea. An important goal of the trial was to identify
patient-selection criteria for lung-volume-reduc-
tion surgery. Criteria for inclusion were crafted to
include all patients who might benefit from lung-
volume-reduction surgery. Here, we report out-
comes for all patients who underwent random-
ization and identify subgroups of patients with
varying levels of risk and benefit.

METHODS

The design and methods of the trial have been de-
scribed previously.® We summarize them below.

POPULATION OF PATIENTS AND ASSESSMENTS
At 17 clinics, patients with severe emphysema un-
derwent comprehensive medical evaluation to en-
sure compliance with usual medical therapy and
to rule out clinically significant coexisting condi-
tions.? Base-line measurements were completed af-
ter pulmonary rehabilitation but before randomiza-
tion, and patients underwent complete evaluations
at6 months, 12 months, and yearly thereafter. Over-
all mortality and maximal exercise capacity (on
cycle ergometry with an increment of 5 or 10 W per
minute after three minutes of pedaling with the
ergometer set at 0 W and the patient breathing 30
percent oxygen) were the primary outcome meas-
ures. Secondary outcome measures included pul-
monary function,10.11 the distance walked in six
minutes,1213 and the results on a self~-administered
questionnaire about health-related quality of life
(St. George’s Respiratory Questionnaire),'# a gen-
eral quality-of-life questionnaire (the Quality of
Well-Being scale),15 and a dyspnea questionnaire
(the University of California, San Diego, Shortness
of Breath Questionnaire©).

The distribution of emphysema was classified
as heterogeneous or homogeneous on the basis of

high-resolution computed tomography (CT) with
the use of a visual scoring system.1” In addition,
the radiologist classified the craniocaudal distribu-
tion of emphysema as predominantly affecting the
upper lobes, predominantly affecting the lower
lobes, diffuse, or predominantly affecting the su-
perior segments of the lower lobes; the latter three
categories were grouped together as predominant-
ly non—-upper-lobe emphysema for the purposes of
our analysis. The ratio of perfusion in the upper re-
gions of the lungs to that in the lower regions was
quantified on the basis of radionuclide scans of the
lungs that were interpreted at each center.

Before randomization, eligible patients com-
pleted 6 to 10 weeks of pulmonary rehabilitation
supervised by study personnel. All patients provided
written informed consent, and the study was ap-
proved by the institutional review board at each
clinic. In May 2001, patients with a forced expira-
tory volume in one second (FEV,) that was 20 per-
cent or less of the predicted value and either a ho-
mogeneous distribution of emphysema or a carbon
monoxide diffusing capacity that was 20 percent or
less of the predicted value were determined to be at
high risk for death after lung-volume-reduction
surgery, with a low probability of functional bene-
fit,17 and were no longer eligible for randomization.
Detailed criteria for inclusion in and exclusion from
the trial are listed in Supplementary Appendix 1
(available with the full text of this article at http://
WWW.NEJM.org).

Patients randomly assigned to lung-volume-
reduction surgery underwent bilateral stapled
wedge resection through a median sternotomy or
video-assisted thoracic surgery; the goal was to
resect 20 to 35 percent of each lung, targeting the
most diseased portions. Eight centers performed
lung-volume reduction by median sternotomy
alone, three centers by video-assisted thoracic sur-
gery alone, and six by median sternotomy or video-
assisted thoracic surgery selected randomly. Pa-
tients’ adherence to medical regimens, abstinence
from tobacco use, and pulmonary-rehabilitation
treatment at home were monitored through regu-
lar telephone calls and clinic visits.

DEFINITION OF OUTCOMES

Vital status, ascertained as of December 2002, was
determined by reports from the clinical centers and
review of the Social Security Administration’s De-
cember 2002 Death Master File.18:19 Total, 30-day,
and 90-day mortality from all causes were measured
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from the day of randomization for both treatment
groups. On the basis of previous experience, we de-
fined improvement in maximal exercise capacity as
an increase in the maximal workload of more than
10 W from the postrehabilitation base-line level.
Improvement in health-related quality of life was
defined as a decrease in the score on the St. George’s
Respiratory Questionnaire of more than 8 points
(on a 100-point scale) from the base-line level
(measured after rehabilitation). These thresholds
are higher than those typically used to define mini-
mal clinically important differences (e.g., a four-
point change on the respiratory questionnaire is
usually used2°) but were selected to represent a de-
gree of improvement that would be appropriate to
justify the high risks associated with surgery in pa-
tients with severe emphysema. Patients who died
or were missing data required for the assessment
were considered not to have had improvement.

STATISTICAL ANALYSIS
All analyses were performed according to the in-
tention-to-treat principle. Fisher’s exact test was
used to compare the proportions of patients in each
group who died.2! The trial protocol specified that
the primary comparison would be between the pro-
portions of patients in the two groups who died
rather than a comparison with the use of a typical
rank-based test (e.g., a log-rank or Wilcoxon test)
for differences in mortality, because the hazard
functions for death were expected to cross, result-
ing in nonproportional hazards. This crossing of
hazards was anticipated as a consequence of the
expected perioperative mortality, potentially fol-
lowed by lower mortality in the surgery group after
six months.22 The risk ratio for death was estimat-
ed on the basis of the overall mortality in each group
after a mean of 29.2 months of follow-up.2?
Despite randomization, differential early mor-
tality makes survivors in the surgery group appear
healthier than their counterparts in the medical-
therapy group. This imbalance confounds the inter-
pretation of outcomes measured only in survivors,
such as exercise capacity, pulmonary function, and
quality of life. Therefore, we used classifications
derived from measured outcomes defined for all
patients, such as improvement versus no improve-
ment, with the latter category also including pa-
tients who were unable to complete the evaluation
orwho had died. The cutoff point used for a derived
variable — for example, the definition of improve-
ment — is necessarily somewhat arbitrary.

Histograms were used to compare the surgery
group and the medical-therapy group in terms of
the distributions of categories of change from base
line in the outcome measures; all patients who were
followed for 6, 12, and 24 months were included in
these analyses. The histograms included 8 or 10
categories of the change measured in survivors
(scored from 2 to 12, with higher scores indicating
more improvement), a category for patients who
died (scored as 0), and a category for patients who
missed or were unable to complete the evaluation
(scored as 1). For cycle ergometry, patients who
could pedal only with the ergometer set at 0 W were
also given a score of 1. For the Quality of Well-
Being scale, patients who died were assigned a
score of 0 on the questionnaire for that visit, and
patients who did not complete the questionnaire
were assigned a score equal to half of the lowest
score observed for that visit. P values for the com-
parisons of the two groups in terms of the distri-
bution of scores were derived by the Wilcoxon
rank-sum test.23

Subgroups of patients with differential risks or
benefits were identified with the use of a series of
logistic-regression analyses that included as the
outcome death, improvement in exercise capacity,
or improvement in health-related quality of life at
6, 12, or 24 months. For each outcome, the model
included terms for the treatment-group assign-
ment, a base-line prognostic factor, and the inter-
action between the treatment group and the prog-
nostic factor, to test whether or not the factor was
associated with differential outcome. P values for
the interaction terms were determined by exact-
score tests for logistic regression,24 and factors
with statistically significant interactions were also
examined in logistic models including pairwise
combinations of the factors with corresponding
interaction terms.

Most prognostic factors were identified by a hy-
pothesis specified in the trial protocol (age, per-
centage of the predicted value for the FEV, partial
pressure of arterial carbon dioxide, percentage of
the predicted value for the residual volume, distri-
bution of perfusion on radionuclide scanning of
the lungs, homogeneity or heterogeneity of the dis-
tribution of emphysema on CT, and presence or ab-
sence of hyperinflation on chest radiography).1”
Other base-line prognostic factors were added by
the data and safety monitoring board or the investi-
gators after the initiation of the trial but well before
the completion of data collection (percentage of
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predicted value for carbon monoxide diffusing ca-
pacity, maximal exercise capacity, ratio of residual
volume to total lung capacity, ratio of expired venti-
lation in one minute to carbon dioxide excretion in
one minute, presence or absence of upper-lobe pre-
dominance of emphysema, degree of dyspnea, qual-
ity of life, race or ethnic group, and sex). Measured
prognostic factors were categorized into approxi-
mate quartiles, and patients in the quartile with the
worst prognosis were compared with all other pa-
tients. The prognostic factors were analyzed quar-
terly as part of ongoing monitoring of the study to
meet the a priori objective of identifying character-
istics of patients who might have a differential risk
of harm or differential benefit from lung-volume—
reduction surgery.

Abase-line maximal exercise capacity in the low-
est quartile (<25 W) was one of the two prognostic
factors that identified patients with a differential
risk of death. Recognizing that there are differences
between men and women in exercise capacity, we
refined the cutoff point for base-line maximal exer-
cise capacity by examining a range of sex-specific
cutoff points, and we found that the sex-specific
40th percentile (25 W for women and 40 W for men)
was the best cutoff point for the classification of
patients with a differential risk of death from lung-
volume-reduction surgery (see Supplementary Ap-
pendix 2, available with the full text of this article
at http://[www.nejm.org).

All reported P values are based on two-sided
tests. P values were not corrected for multiple com-
parisons. The primary and secondary objectives of
the trial were identified by hypothesis before the
study began and specifically included the identifi-
cation of subgroups associated with differential
harm or benefit from lung-volume-reduction sur-
gery. Although a large number of statistical tests
were possible, we limited the number through plan-
ning and an orderly analysis of the data. The prog-
nostic factors identified have a plausible clinical ra-
tionale and were associated with large, statistically
significant risk ratios.

The study protocol specified that recruitment
would end by July 2002, with an accrual of 2500 pa-
tients and study completion in December 2002.
This design was based on a primary survival com-
parison allowing for 8 percent mortality in the
group assigned to medical therapy and for a rate of
unplanned crossover of 30 percent among those
assigned to medical therapy.® The trial was ended
on the planned date despite accrual that was lower

than expected. Had the study been designed with
the assumptions of the higher mortality rate and
the lower crossover rate that were actually observed
(0.11 death per person-year and 5.4 percent, respec-
tively), the recruitment goal would have been 1190
patients.

RESULTS

STUDY PATIENTS

Between January 1998 and July 2002, 3777 patients
were evaluated, and 1218 patients underwent ran-
domization — 608 to surgery and 610 to medical
therapy. The groups had similar base-line charac-
teristics after rehabilitation, except that there was a
higher proportion of men in the medical-therapy
group (Table 1) (Results for subgroups are given in
Supplementary Appendix 3 [available with the full
text of this article at http://www.nejm.org]). As of
December 2002, 99 percent of surviving patients
continued to complete quarterly telephone inter-
views or annual clinic visits.

TREATMENT

Of the 608 patients assigned to lung-volume—
reduction surgery, 580 (95.4 percent) underwent
surgery (406 [70.0 percent] of them by median ster-
notomy and 174 [30.0 percent] by video-assisted
thoracic surgery), 21 (3.5 percent) declined to un-
dergo surgery, and 7 (1.2 percent) were deemed to
be unsuitable for surgery after randomization. The
median time from randomization to surgery was
10 days; 74 of the patients assigned to lung-vol-
ume-reduction surgery (12.2 percent) underwent
surgery more than 14 days after randomization. De-
viations from the surgical protocol (unilateral sur-
gery or bilateral surgery performed in two sessions)
occurred in 12 patients (2.0 percent) because of in-
traoperative factors; 4 patients in the surgery group
(0.7 percent) received lung transplants after under-
going lung-volume-reduction surgery. Among the
610 patients assigned to medical therapy, 33 (5.4
percent) underwent lung-volume-reduction sur-
gery outside the study, and 15 (2.5 percent) re-
ceived lung transplants during follow-up.

OUTCOMES FOR ALL 1218 PATIENTS

The 90-day mortality rate in the surgery group was
7.9 percent (95 percent confidence interval, 5.9 to
10.3) and was significantly higher than that in the
medical-therapy group (1.3 percent [95 percent
confidence interval, 0.6 to 2.6], P<0.001) (Table 2).
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Table 1. Characteristics of All 1218 Patients at Base Line.*
Surgery Group Medical-Therapy Group

Characteristic (N=608) (N=610)
Age at randomization — yr 66.5+6.3 66.7+5.9
Race or ethnic group — no. (%)

Non-Hispanic white 581 (96) 575 (94)

Non-Hispanic black 19 (3) 23 (4)

Other 8 (1) 12 ()
Sex —no. (%)

Female 253 (42) 219 (36)

Male 355 (58) 391 (64)
Distribution of emphysema on CT — no. (%)

Predominantly upper lobe 385 (63) 405 (67)

Predominantly non-upper lobe 223 (37) 204 (33)

Heterogeneous 330 (54) 336 (55)

Homogeneous 278 (46) 274 (45)
Perfusion ratiof 0.30+0.21 0.28+0.23
Maximal workload — W 38.7+21.1 39.4+22.2
Distance walked in 6 min — ft9 1216.5+312.6 1219.0+£316.0
FEV, after bronchodilator use — % of predicted value 26.8+7.4 26.7£7.0
Total lung capacity after bronchodilator use — % of predicted value 128.0+15.3 128.5+15.0
Residual volume after bronchodilator use — % of predicted value 220.5+49.9 223.4+48.9
Carbon monoxide diffusing capacity — % of predicted value 28.3+9.7 28.4+9.7
PaO, — mm Hg 64.5+10.5 64.2+10.1
PaCO, — mm Hg 43.31£5.9 43.0+5.8
Total score on St. George's Respiratory Questionnaire|| 52.5+12.6 53.6+12.7
Average daily Quality of Well-Being score** 0.58+0.12 0.56+0.11
Total UCSD Shortness of Breath score 61.6+18.1 63.4+18.6

* Base-line measurements were obtained after rehabilitation but before randomization, except for the carbon monoxide diffusing capacity,
which was measured before rehabilitation. Plus—minus values are means +SD. CT denotes computed tomography, FEV, forced expiratory
volume in one second, PaO, partial pressure of arterial oxygen, and PaCO, partial pressure of arterial carbon dioxide.

i P for homogeneity=0.04.

I Upper-lobe predominance of emphysema was judged subjectively by each center’s radiologist, who described the distribution of disease as
predominantly upper lobe, predominantly lower lobe, diffuse, or predominantly affecting superior segments of the lower lobes. The latter
three choices were grouped as predominantly non-upper lobe. The classification of the emphysema as heterogeneous or homogeneous was
based on subjective scores assigned by each center’s radiologist to each of three zones in each lung. Data on upper-lobe versus non-upper-
lobe distribution were missing for one patient.

§ The perfusion ratio is derived from the radionuclide perfusion scan. Each lung is divided into three zones, and a percentage of total perfusion

is assigned to each zone. The ratio is calculated as the sum of the percentages assigned to the two upper zones divided by the sum of the per-

centages assigned to the four middle and lower zones.

To convert values from feet to meters, divide by 3.28.

| The St. George’s Respiratory Questionnaire is a 51-item questionnaire on the health-related quality of life with regard to respiratory symp-
toms that is completed by the patient; the total score ranges from 0 to 100, with lower scores indicating better health-related quality of life.

**The Quality of Well-Being scale is a 77-item quality-of-life questionnaire completed by the patient. The average daily score ranges from O to 1,
with higher scores indicating better quality of life.

T7The University of California, San Diego (UCSD), Shortness of Breath Questionnaire is a 24-item questionnaire about dyspnea that is com-
pleted by the patient; the total score ranges from 0 to 120, with lower scores indicating less shortness of breath.

=_a
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The 90-day mortality rate was similar among pa-
tients who underwent video-assisted thoracic sur-
gery and among those who underwent median ster-
notomy (6.1 percent and 8.6 percent, respectively;
P=0.33). All clinics reported similar rates of mor-
tality, morbidity, and common intraoperative and
postoperative complications. During follow-up
(mean duration, 29.2 months), 157 patients as-
signed to lung-volume-reduction surgery and 160
assigned to medical therapy died. The total mor-
tality rate was 0.11 death per person-year in both
groups (risk ratio for death in the surgery group,
1.01; P=0.90) (Table 2). There was no significant
difference in overall mortality despite a higher ear-
ly mortality rate in the surgery group (Fig. 1A).
Exercise capacity improved by more than 10 W
in 28 percent, 22 percent, and 15 percent of patients

in the surgery group after 6, 12, and 24 months, re-
spectively, as compared with 4 percent, 5 percent,
and 3 percent of patients in the medical-therapy
group (P<0.001 for the comparisons at all three
time points) (Table 3 and Supplementary Appendix
4 [available with the full text of this article at http://
www.nejm.org]). Patients in the surgery group were
significantly more likely to have improvements than
patients in the medical-therapy group in the dis-
tance walked in six minutes, percentage of the pre-
dicted value for FEV,, general and health-related
quality of life, and degree of dyspnea (see Supple-
mentary Appendix 4).

HIGH-RISK PATIENTS
The subgroup of 140 patients with a value for FEV,
that was 20 percent or less of the predicted value

Table 2. Mortality among All Patients and in Subgroups.*

Patients 90-Day Mortality
Medical-Therapy
Surgery Group Group
no. of deaths/total no. (% [95% Cl])

All patients 48/608 (7.9[5.9-10.3])  8/610 (1.3 [0.6-2.6])
High-risk+ 20/70 (28.6 [18.4-40.6]) 0/70 (0 [0-5.1])
Other 28/538 (5.2 [3.5-7.4])  8/540 (1.5 [0.6-2.9])

Subgroupsi:

Patients with predominantly
upper-lobe
emphysema

Low exercise capacity
High exercise capacity

4/139 (2.9[0.8-7.2))
6/206 (2.9 [1.1-6.2])

5/151 (3.3 [1.1-7.6])
2/213 (0.9 [0.1-3.4])

Patients with predominantly
non-upper-lobe
emphysema

Low exercise capacity
High exercise capacity

7/84 (8.3 [3.4-16.4])
11/109 (10.1 [5.1-17.3])

0/65 (0[0-5.5])
1/111 (0.9 [0.02-4.9))

Total Mortality

P Medical-Therapy Risk P
Value  Surgery Group Group Ratio Value
no.of no.of  no.of  no.of

deaths/ deaths/ deaths/ deaths/
total no. person-yr total no. person-yr

<0.001 157/608 0.11 160/610 0.11 1.01 0.90

<0.001 42/70 0.33 30/70  0.18 1.82 0.06
0.001 115/538 0.09 130/540 0.10 0.89 031
1.00 26/139 0.07 51/151 0.15  0.47 0.005
0.17  34/206 0.07 39/213 0.07 0.98 0.70
0.02 28/84  0.15 26/65 0.18 0.81 0.49
0.003 27/109 0.10 14/111 0.05 2.06 0.02

* Mortality was measured from the date of randomization in both treatment groups. Total mortality rates are based on a mean follow-up of
29.2 months. P values were calculated by Fisher's exact test. Risk ratios are for the risk in the surgery group as compared with the risk in the
medical-therapy group. A low base-line exercise capacity was defined as a postrehabilitation base-line maximal workload at or below the sex-
specific 40th percentile (25 W for women and 40 W for men); a high-exercise capacity was defined as a workload above this threshold. Cl denotes
confidence interval.

i High-risk patients were defined as those with a forced expiratory volume in one second (FEV,) that was 20 percent or less of the predicted value
and either homogeneous emphysema on computed tomography or a carbon monoxide diffusing capacity that was 20 percent or less of the
predicted value.

- High-risk patients were excluded from the subgroup analyses. For total mortality, P for interaction=0.004; this P value was derived from binary
logistic-regression models with terms for treatment, subgroup, and the interaction between the two, with the use of an exact-score test with
three degrees of freedom. Other factors that were considered as potential variables for the definition of subgroups included the base-line
FEV,, carbon monoxide diffusing capacity, partial pressure of arterial carbon dioxide, residual volume, ratio of residual volume to total lung
capacity, ratio of expired ventilation in one minute to carbon dioxide excretion in one minute, distribution of emphysema (heterogeneous vs.
homogeneous), perfusion ratio, score for health-related quality of life, and Quality of Well-Being score; age; race or ethnic group; and sex.
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Figure 1. Kaplan—-Meier Estimates of the Probability of Death as a Function of the Number of Months after Randomization.

P values were derived by Fisher’s exact test for the comparison between groups over a mean follow-up period of 29.2 months. High-risk patients
were defined as those with a forced expiratory volume in one second that was 20 percent or less of the predicted value and either homogeneous

emphysema or a carbon monoxide diffusing capacity that was 20 percent or less of the predicted value. A low base-line exercise capacity was
defined as a maximal workload at or below the sex-specific 40th percentile (25 W for women and 40 W for men); a high exercise capacity was
defined as a workload above this threshold. This was an intention-to-treat analysis.

and either homogeneous emphysema or a carbon
monoxide diffusing capacity that was 20 percent or
less of the predicted value was previously reported
to be at high risk for death after lung-volume-reduc-
tion surgery, with little chance of functional bene-
fit.17 The updated analyses of mortality and func-
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tional improvement in this subgroup support the
previous findings (Tables 2 and 3 and Fig. 1B).

OUTCOMES FOR PATIENTS WITHOUT HIGH RISK

Among the 1078 patients who were not at high
risk, the 30-day mortality rate was 2.2 percent in
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Table 3. Improvement in Exercise Capacity and Health-Related Quality of Life at 24 Months.*
Patients Improvement in Exercise Capacity Improvement in Health-Related Quality of Life
Medical- Medical-
Surgery Therapy Surgery Therapy
Group Group  Odds Ratio P Value Group Group Odds Ratio P Value
no. ftotal no. (%) no. /total no. (%)

All patients 54/371 (15) 10/378 (3) 6.27 <0.001  121/371 (33) 34/378 (9) 4.90 <0.001
High-risk+ 4/58 (7) 1/48 (2) 3.48 0.37 6/58 (10) 0/48 — 0.03
Other 50/313 (16) 9/330 (3) 6.78 <0.001 115/313 (37) 34/330 (10) 5.06 <0.001

Subgroupsi:

Predominantly upper-lobe
emphysema
Low exercise capacity 25/84 (30) 0/92 — <0.001 40/84 (48) 9/92 (10) 8.38 <0.001
High exercise capacity 17/115 (15)  4/138 (3) 5.81 0001  47/115 (41) 15/138 (11) 5.67 <0.001
Predominantly non-upper-lobe
emphysema
Low exercise capacity 6/49 (12) 3/41 (7) 1.77 0.50 18/49 (37) 3/41 (7) 7.35 0.001
High exercise capacity 2/65 (3)  2/59 (3) 0.90 1.00 10/65 (15) 7/59 (12) 1.35 0.61

* Improvement in exercise capacity in patients followed for 24 months after randomization was defined as an increase in the maximal workload
of more than 10 W from the patient’s postrehabilitation base-line value. Improvement in the health-related quality of life in patients followed
for 24 months after randomization was defined as a decrease in the score on the St. George’s Respiratory Questionnaire of more than 8 points
(on a 100-point scale) from the patient’s postrehabilitation base-line score. For both analyses, patients who died or who missed the 24-month
assessment were considered not to have improvement. Odds ratios are for improvement in the surgery group as compared with the medical-
therapy group. P values were calculated by Fisher’s exact test. A low base-line exercise capacity was defined as a postrehabilitation base-line
maximal workload at or below the sex-specific 40th percentile (25 W for women and 40 W for men); a high exercise capacity was defined as a
workload above this threshold.

r High-risk patients were defined as those with a forced expiratory volume in one second (FEV,) that was 20 percent or less of the predicted val-
ue and either homogeneous emphysema on computed tomography or a carbon monoxide diffusing capacity that was 20 percent or less of the
predicted value.

I High-risk patients were excluded from the subgroup analyses. For improvement in exercise capacity, P for interaction=0.005; for improve-
ment in health-related quality of life, P for interaction=0.03. These P values were derived from binary logistic-regression models with terms for
treatment, subgroup, and the interaction between the two, with the use of an exact-score test with three degrees of freedom. Other factors that
were considered as potential variables for the definition of subgroups included the base-line FEV,, carbon monoxide diffusing capacity, partial
pressure of arterial carbon dioxide, residual volume, ratio of residual volume to total lung capacity, ratio of expired ventilation in one minute
to carbon dioxide excretion in one minute, distribution of emphysema (heterogeneous vs. homogeneous), perfusion ratio, score for health-
related quality of life, and Quality of Well-Being score; age; race or ethnic group; and sex.
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the surgery group, as compared with 0.2 percentin
the medical-therapy group (P<0.001), and the 90-
day mortality rate was 5.2 percent in the surgery
group, as compared with 1.5 percent in the medi-
cal-therapy group (P=0.001) (Table 2). One month
after randomization, 28.1 percent of the patients in
the surgery group, as compared with 2.2 percent of
the patients in the medical-therapy group, were
hospitalized, living in a nursing or rehabilitation
facility, or unavailable for interview but not known
to be dead (P<0.001 for the comparison between
groups); at two months, the percentages were 14.3
percent and 3.3 percent, respectively (P<0.001); at
four months, 6.7 percent and 3.2 percent, respec-
tively (P=0.007); and at eight months, 3.3 percent
and 3.7 percent, respectively (P=0.87) (see Supple-
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mentary Appendix 5 [available with the full text of
this article at http://[www.nejm.org]).

Total mortality among patients who were not at
high risk during the trial was 0.09 death per per-
son-year in the surgery group, as compared with
0.10 death per person-year in the medical-therapy
group (risk ratio, 0.89; P=0.31) (Table 2 and Fig.
1C). Changes in exercise capacity, distance walked
in six minutes, percentage of the predicted value
for FEV,, quality of life, and degree of dyspnea at
6, 12, and 24 months all favored the surgery group
(Table 3, Fig. 2, and Supplementary Appendix 6
[available with the full text of this article at http://
www.nejm.org]). When the analysis was limited to
survivors who were able to complete the follow-up
assessments, the pattern of changes in the outcome
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Figure 2. Histograms of Changes from Base Line in Exercise Capacity (Maximal Workload), Percentage of the Predicted Value for Forced
Expiratory Volume in One Second (FEV, ), and Quality of Life (Quality of Well-Being Score) after 6, 12, and 24 Months of Follow-up.
Base-line measurements were performed after pulmonary rehabilitation. Patients previously identified as high-risk were excluded. Patients
who were too ill to complete the procedure or who declined to complete the procedure but did not explain why were included in the “missing”
category. For the Quality of Well-Being score, patients who died were assigned a score of 0 on the questionnaire for the visit, and patients who
did not complete the questionnaire were assigned a score equal to half of the lowest score observed for the visit. P values were determined by
the Wilcoxon rank-sum test. The degree to which the bars are shifted to the upper left of the chart indicates the degree of relative benefit of
lung-volume—reduction surgery over medical treatment. The percentage shown in each quadrant is the percentage of patients in the specified
treatment group with a change in the outcome falling into that quadrant. This was an intention-to-treat analysis.
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Figure 3. Histograms of Changes from Base Line in Exercise Capacity (Maximal Workload) after 6, 12, and 24 Months
of Follow-up in Subgroups of Non-High-Risk Patients.
Base-line measurements were performed after pulmonary rehabilitation. Patients who were too ill to complete the pro-
cedure or who declined to complete the procedure but did not explain why were included in the “missing” category. P val-
ues were determined by the Wilcoxon rank-sum test. The degree to which the b ars are shifted to the upper left of the chart
indicates the degree of relative benefit of lung-volume-reduction surgery over medical treatment. The percentage shown

2068 N ENGL J MED 348;21 WWW.NEJM.ORG MAY 22, 2003

The New England Journal of Medicine
Downloaded from ngjm.org at UNIVERSITY OF BRITISH COLUMBIA on March 8, 2015. For persona use only. No other uses without permission.
Copyright © 2003 Massachusetts Medical Society. All rights reserved.



LUNG-VOLUME—-REDUCTION SURGERY

Change at 6 Mo

Change at 12 Mo

Change at 24 Mo

Non-Upper-Lobe Predominance,
Low Base-Line Exercise Capacity

Maximal Workload (W)

Non-Upper-Lobe Predominance,
High Base-Line Exercise Capacity

Maximal Workload (W)

Surgery Medical therapy Surgery Medical therapy
(N=80) (N=65) (N=103) (N=101)
>20 >20-
16 to 20 16 to 20
11 to 154 46% 11 to 15— 34% 22%
6 to 10 6 to 10
1to 54 1to 5
awo0d @ awod
-9 to -5+ -9 to -5
-14 to -10 54% -14 to -10 66% 78%
-19to -15- -19to -15-
<-194 <-194
Missing— Missing—
Dead p_ 04 Deadp_o;3 [
50 40 30 20 10 0 10 20 30 40 50 50 40 30 20 10 0 10 20 30 40 50
Surgery Medical therapy Surgery Medical therapy
(N=74) (N=58) (N=90) (N=82)
>20 >20-
16 to 20 16 to 20
11 to 15+ 38% 11 to 15+ 28% 8%
6 to 10+ 6 to 10+
1to 54 1to 5
404 E 4wod T amm
-9 to -5 -9 to -5
-14 to -10 62% -14 to -10 72% 92%
-19to -15- -19to -15-
<-194 <-194
Missing— Missing—
DEEh B RECR) [y

T T 1T 1 T 1T T T 1
50 40 30 20 10 0 10 20 30 40 50

T T 1T I T T T T 1
50 40 30 20 10 O 10 20 30 40 50

Surgery Medical therapy Surgery Medical therapy
(N=49) (N=41) (N=65) (N=59)
>20 >20
16 to 20 16 to 20
11to 15+ 11 to 15+ 14%
6to 10 6to 10
1to 54 1to 5
-4 to 0+ awod T E
-9 to -5+ -9 to -5+
-14 to -10 -14 to -10 86%
-19to -154 -19 to -154
<-19- <19+
Missing Missing
Dead Dead— p_g g

50 40 30 20 10 0 10 20 30 40 50

Percentage of Patients

50 40 30 20 10 0 10 20 30 40 50

Percentage of Patients

in each quadrant is the percentage of patients in the specified treatment group with a change in the outcome falling into
that quadrant. High-risk patients were defined as those with a forced expiratory volume in one second that was 20 per-
cent or less of the predicted value and either homogeneous emphysema or a carbon monoxide diffusing capacity that
was 20 percent or less of the predicted value. A low base-line exercise capacity was defined as a maximal workload at or
below the sex-specific 40th percentile (25 W for women and 40 W for men); a high exercise capacity was defined as a
workload above this threshold. This was an intention-to-treat analysis.
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measures showed a progressive decline from base
line in the medical-therapy group; the surgery group
had improvements from base line but also had a
gradual decline over the course of 24 months (see
Supplementary Appendix 7 [available with the full
text of this article at http://[www.nejm.org]).

PREOPERATIVE PREDICTORS OF OUTCOMES
AMONG PATIENTS WITHOUT HIGH RISK

The only individual base-line factors associated
with differences in mortality between the treat-
ment groups were the craniocaudal distribution
of emphysema (presence or absence of upper-
lobe predominance, P for interaction=0.02) and
base-line exercise capacity (low or high, P for
interaction=0.01). The only individual base-line
factor associated with differential improvement
in the maximal workload at 24 months was the
craniocaudal distribution of emphysema (presence
or absence of upper-lobe predominance, P for
interaction=0.005). No base-line factor we consid-
ered was predictive of differential improvement in
the health-related quality of life.

When patients were divided into four subgroups
on the basis of combinations of upper-lobe or
non-upper-lobe emphysema and low or high ex-
ercise capacity at base line, there was strong evi-
dence of differential effects on the risk of death
(P for interaction=0.004) and on exercise capacity
at 24 months (P for interaction=0.005). Among 290
patients with upper-lobe disease and low exercise
capacity, patients in the surgery group had a lower
risk of death than patients in the medical-therapy
group (risk ratio, 0.47; P=0.005) (Fig. 1D and Ta-
ble 2), were more likely to have an improvement of
more than 10 W in the maximal workload at 24
months (30 percentvs. 0 percent, P<0.001) (Table
3), and were more likely to have an eight-point im-
provement in the St. George’s Respiratory Ques-
tionnaire score at 24 months (48 percentvs. 10 per-
cent, P<0.001) (Table 3).

Among the 419 patients with upper-lobe dis-
ease and high exercise capacity, mortality was sim-
ilar, regardless of the treatment-group assignment
(risk ratio for death in the surgery group, 0.98;
P=0.70) (Fig. 1E and Table 2). However, patients in
the surgery group were more likely than those in
the medical-therapy group to have improvement of
more than 10 W in the maximal workload at 24
months (15 percentvs. 3 percent, P=0.001) (Table
3) and to have an eight-point improvement in the

health-related quality-of-life score at 24 months
(41 percentvs. 11 percent, P<0.001) (Table 3).

The 149 patients with non—upper-lobe disease
and low exercise capacity had a similar risk of death,
regardless of the treatment group (risk ratio for the
surgery group, 0.81; P=0.49) (Fig. 1F and Table 2),
and had similar chances of improvement of more
than 10 W in the maximal workload at 24 months,
regardless of the treatment group (12 percent vs.
7 percent, P=0.50) (Table 3), but patients in the
surgery group had a greater chance than patients
in the medical-therapy group of an eight-point im-
provement in health-related quality of life at 24
months (37 percentvs. 7 percent, P=0.001) (Table 3).

Among the 220 patients with non—upper-lobe
disease and high exercise capacity, patients in the
surgery group had a higher risk of death than those
in the medical-therapy group (risk ratio, 2.06; P=
0.02) (Fig. 1G and Table 2), a similarly low chance
of improvement of more than 10 W in the maximal
workload at 24 months (3 percent in both groups,
P=1.00) (Table 3), and a similar chance of an eight-
point improvement in health-related quality of life
(15 percentvs. 12 percent, P=0.61) (Table 3).

Changes in the maximal workload are shown in
Figure 3 for these four subgroups of patients. For
patients with either predominantly upper-lobe em-
physema or low exercise capacity after rehabili-
tation, outcomes favored the surgery group at nearly
all time points. Similar patterns of outcomes were
seen in the changes in the total daily score for
health-related quality of life in these subgroups
(see Supplementary Appendix 8 [available with the
full text of this article at http://www.nejm.org]).
Only in the subgroup with both non—upper-lobe
emphysema and high maximal workload at base
line did patients in the surgery group not have great-
er functional and symptomatic improvement than
patients in the medical-therapy group.

DISCUSSION

Our study provides reliable estimates of risk and
benefit from lung-volume-reduction surgery be-
cause of the size of the sample, the use of random-
ization, the participation of multiple institutions,
the use of well-defined measurements, the long-
term follow-up, and the low crossover rates. Overall
mortality was similar in the surgery and medical-
therapy groups, both for all patients and when the
previously identified high-risk patients were exclud-
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ed. Lung-volume-reduction surgery was associated
with a greater chance of improvement in exercise
capacity, lung function, quality of life, and dyspnea,
but the changes after surgery were highly variable,
both among all patients and among those who were
notathigh risk. After two years, values for the meas-
ures of function in survivors in the surgery group
had returned nearly to base-line levels, on average,
and the values in survivors in the medical-therapy
group had continued to deteriorate to levels below
base-line values. The functional benefits of lung-
volume-reduction surgery came at the price of in-
creased short-term mortality and morbidity.

Because of the broad criteria for inclusion in our
study, analysis of prognostic factors allowed us to
identify subgroups of patients for whom decisions
about lung-volume-reduction surgery are fairly
clear-cut. We recognize the pitfalls of subgroup
analyses, but we believe that the heterogeneity of
the patients and of the outcomes and the consid-
ered approach we used make our findings clinically
and statistically valid. The subgroup-specific find-
ings were not the result of data mining or the opti-
mization of P values. The candidate prognostic fac-
tors we used to identify subgroups were in large
part specified in advance on the basis of biologic
rationale. The procedures and categorizations for
identifying subgroups were carried out under the
supervision of the independent data and safety
monitoring board.

After high-risk patients had been excluded,”
four additional clinically meaningful subgroups of
patients were identified on the basis of the pattern
of emphysema on CT scanning and exercise capac-
ity after rehabilitation. Patients with predomi-
nantly upper-lobe emphysema and a low maximal
workload after rehabilitation had lower mortality,
a greater probability of improvement in exercise ca-
pacity, and a greater probability of improvement in
symptoms if they underwent lung-volume-reduc-
tion surgery than if they received medical therapy
alone. In contrast, patients with predominantly
non—-upper-lobe emphysema and a high maximal
workload after rehabilitation had higher mortality
if they underwent lung-volume-reduction surgery
than if they received medical therapy alone, and they
had little chance of functional improvement regard-
less of the treatment they received. In these sub-
groups, the risks and benefits of surgery as com-
pared with medical treatment are reasonably clear.

Mortality among the remaining patients was
largely independent of the treatment-group assign-

ment. For patients with predominantly upper-lobe
disease and a high maximal workload, lung-vol-
ume-reduction surgery offered a greater chance for
improvement in exercise capacity and symptoms
than medical therapy, but only a small percentage
of patients had an improvement in exercise capaci-
ty of more than 10 W from their base-line level. Pa-
tients with non—-upper-lobe emphysema and a low
maximal workload had only a small chance of im-
provement in exercise capacity, regardless of the
treatment group, but had a greater chance of symp-
tomatic improvement after lung-volume-reduc-
tion surgery than with medical therapy.

Upper-lobe emphysema has been associated
with short-term improvement in pulmonary func-
tion after lung-volume-reduction surgery.25-27 Our
study demonstrates that this pattern of disease is
predictive of improved survival in patients who also
have low maximal exercise capacity. Upper-lobe
predominance, as compared with other patterns,
may resultin clearer target areas for surgical resec-
tion or more accessible areas for excision, or it may
indicate that the remaining lung tissue is healthier.

Low exercise capacity was an unanticipated pre-
dictor of a survival benefit after lung-volume—
reduction surgery. The better survival among pa-
tients with low exercise capacity who underwent
surgery appears to be due to the very high mortality
and marked progressive functional limitation of
the patients with low exercise capacity in the medi-
cal-therapy group.

Overall, lung-volume-reduction surgery offered
no survival benefit. According to our subgroup
analysis, it is likely that patients with certain char-
acteristics will have improved survival and func-
tion. The survival benefit was limited to patients
with predominantly upper-lobe emphysema and
a low base-line exercise capacity, but functional
benefits were noted in patients with predominantly
upper-lobe emphysema and a high base-line exer-
cise capacity and in patients with non—upper-lobe
emphysema and a low base-line exercise capacity.
Individual outcomes vary widely, but our study pro-
vides reliable estimates of outcomes to guide phy-
sicians and patients in making decisions about

treatment.
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