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Lung Function 5 yr after Lung Volume Reduction

Surgery for Emphysema

ARTHUR F. GELB, ROBERT J. McKENNA, JR.,, MATTHEW BRENNER, JOEL D. EPSTEIN, and NOE ZAMEL

Pulmonary Division, Department of Medicine, Lakewood Regional Medical Center, University of California, Los Angeles, California; School of
Medicine, University of California, Irvine, California; Faculty of Medicine, University of Toronto, Toronto, Ontario, Canada; Department of Thoracic
Surgery, Chapman Medical Center, Orange, California; and Cedars-Sinai Medical Center and University of California, Los Angeles, California

Current datum more than 2 yr after lung volume reduction sur-
gery (LVRS) for emphysema is limited. This prospective study eval-
uates pre-LVRS baseline and 5-yr results in 26 symptomatic pa-
tients (mean age 67 * 6 yr) (mean = SD) who underwent
bilateral, targeted upper lobe stapled LVRS using video-assisted
thoracoscopy. Baseline forced expiratory volume in 1 s (FEV;) was
0.7 = 0.2 L (mean = SD), 29 = 10% predicted. Following LVRS,
with none lost to follow-up, mortality due to respiratory failure at
0.5, 1, 2, 3, 4, and 5 yr was 4%, 4%, 19%, 31%, 46%, and 58%, re-
spectively. Increase above baseline for FEV; > 200 ml and/or FVC >
400 ml at 1, 2, 3, 4, and 5 yr post-LVRS was noted in 73%, 46%,
35%, 27%, and 8% of all patients; decrease in dyspnea grade = 1
in 88%, 69%, 46%, 27%, and 15%; and elimination of initial oxy-
gen dependence in 18 patients in 78%, 50%, 33%, 22%, and 0%,
respectively. Expiratory airflow improved due to the increase in
both lung elastic recoil and small airway intraluminal caliber. Five
patients decreased FEV; 141 + 60 ml/yr and FVC 102 + 189 ml/yr
over 3.8 = 1.2 yr post-LVRS, similar to their pre-LVRS rate of de-
cline. In the 11 patients who survived 5 yr, at 0.5-1.0 yr post-LVRS
peak increase in FEV; was 438 + 366 ml, with a decline of 149 *
157 ml the following year and 78 = 59 ml/yr over 4.0-4.5 yr. Bilat-
eral LVRS provided palliative clinical and physiological improve-
ment in 9 of 26 patients at 3 yr, 7 at 4yr, and 2 at 5 yr.

Despite best medical therapy, patients with severe chronic air-
flow limitation due to emphysema suffer from progressive dys-
pnea, poor exercise tolerance with increased morbidity, and
mortality compared to age-matched normal cohorts. When
the forced expiratory volume in 1 s (FEV,) is < 0.75 L or 30%
predicted, mortality of 40% to 50% at 3 yr has been noted (1,
2). Furthermore, patients older than 65 yr of age hospitalized
in the intensive care unit for an exacerbation of chronic ob-
structive lung disease, irrespective of the need for invasive or
noninvasive ventilation, have an overall 1-yr mortality rate of
30%; whereas in other similar patients older than 65 yr of age,
mortality rate is 60% (3).

The surgical modification of lung volume reduction surgery
(LVRS) by Meyers and coworkers (4) resulted in marked im-
provement in dyspnea, exercise tolerance, and lung function.
The 2-yr post-LVRS results are in contrast to the progressive
deterioration in similar patients accepted for, but denied
LVRS by Medicare, and followed for a similar time (4). Pro-
spective long-term studies, beyond 2 yr after LVRS, are very
limited (4-6).
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We report our prospective 5-yr results following LVRS in
26 patients with non-a;-antitrypsin deficiency emphysema with
none lost to follow-up.

METHODS

Patient Selection

As previously reported (6, 7), the patients with emphysema were
markedly symptomatic with grade = 3 dyspnea (able to walk < 100 yd),
and had exhausted best medical therapy. This included antibiotics,
aerosol and oral bronchodilators, including short-acting and long-act-
ing B,-agonists, ipratropium bromide, corticosteroids, and repeated
attempts at physical conditioning. High-resolution, thin-section com-
puterized tomography (CT) lung demonstrated emphysema severity
scores = 60 with heterogeneous distribution, that is, more severe em-
physematous destruction predominantly in the upper half lung field,
score 84 * 12 (mean = SD), compared with 62 = 15 in the lower half
lung field. These ranking scores from 0 to 100 (worst) are a modifica-
tion of the anatomic emphysema picture-grading technique (6, 7). Nu-
clear medicine perfusion scans demonstrated similar heterogeneous
distribution. Smoking history was 52 + 13 pack-years (mean = SD).
Patients ceased cigarettes smoking = 6 mo prior to LVRS. Significant
peak systolic pulmonary artery hypertension = 45 mm Hg was ex-
cluded by clinical and echocardiogram evaluation.

Operative Technique

As previously reported (6), from January to June 1995, after obtaining
informed consent, 82 patients underwent immediate sequential, bilat-
eral stapled lung volume reduction for emphysema, using video-as-
sisted thoracoscopic surgery (VATS). Surgical technique and selec-
tion have been previously reported (6, 7). It was estimated that
approximately 20% to 30% of each lung was excised, and resected
lung weighed 30-90 g. Twenty-six of the 82 patients agreed to undergo
additional studies, including lung elastic recoil, both pre- and postop-
eratively, and form the basis of this prospective study.

Lung Function Studies

As previously noted (6, 7), we obtained informed consent and mea-
sured lung function and exercise studies after three inhalations (670 w.g)
of aerosolized albuterol.

Follow-up

All patients were followed for up to 5 yr post-LVRS unless death in-
tervened. No patient was lost to follow-up.

RESULTS

The results of preoperative lung function studies in the 26 pa-
tients (18 men), aged 67 * 6 yr (mean = SD) are reported in
Table 1. Preoperative spirometry, lung volumes, and diffusing
capacity in the 26 patients were not significantly (p > 0.05) dif-
ferent from the other 56 patients (data not shown) who under-
went LVRS during the same study period, but were not stud-
ied in greater physiological detail. Baseline results for 21 of
the 26 patients (data not shown) were not significantly differ-
ent from five patients who had serial annual spirometry prior
to LVRS. Although overall smoking history was similar, the
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TABLE 1. BASELINE DATA (MEAN = SD) ON ALL 26 LVRS PATIENTS AND 5 LVRS PATIENTS WITH SERIAL

ANNUAL SPIROMETRY DATA PRIOR TO LVRS*

LVRS Patients Who
Had Serial Spirometry

LVRS % Pred or Prior to LVRS
(n = 26, 18 men) Normal (n=35, 3 men) % Pred
Age 67 = 6yr 69 =5
vC 24+0.71L 67 +6 2.8+0.8 70 =14
FvC 21 +06L 58 =14 2.3 *0.6 571
FEV! 0.7£0.2L 29 =10 0.7 £0.2 26 £ 6
TLC 8.6*+138L 147 =17 8.9*1.9 150 =16
RV 6.0*+14L 268 * 46 6.2+13 263 = 27
RV/TLC 71 = 6% 176 = 21 69 = 4 173 =14
DL/VA 1.1 = 0.5 ml/min/ 29 =15 1.1 +0.5 28 =13
mm Hg/L
Pst at TLC 11 £1.7 cm H,O 25+7 11 x1.6
Raw 5.1 = 1.9 cm H,0/lps <25 4.4+1.4
SGaw 0.032 + 0.01 Ips/cm H,0O/L 136 0.03 = 0.02 14=7
Coefficient of
retraction
Pst at TLC/TLC 1.3 = 0.4 cm H,O/L >3.10 1.1 +0.1
Gs 0.2 = 0.10 Ips/cm H,O 0.6 £ 0.1 0.29 = 0.09
Vo, max 5.7 * 3.8 ml/kg/min >18 6.9 * 1.4
Dyspnea 3.2+0.05 0 3.2+ 0.04
O, Dependency 18 0 2

Definition of abbreviations: DL/VA = diffusing capacity per liter of alveolar volume; dyspnea = dyspneic index; FEV; = forced expiratory
volume in 1's; FVC = forced vital capacity; Gs = conductance of S segment; LVRS = lung volume reduction surgery; Pst = static luing elas-
tic recoil pressure; Raw = airway resistance; RV = residual volume; SGaw = specific airway conductance; TLC = total lung capacity; VC =
vital capacity; Vo,max = maximum oxygen consumption; O, dependency is part or full time.

* Values are mean *+ SD. There was no statistical difference at baseline between 5 of 26 LVRS patients who had serial annual spirometry
prior to LVRS, and the other 21 patients selected (data not shown) who only had preoperative baseline studies.

subgroup of five patients quit 3.3 £ 3.0 yr prior to LVRS, and
two quit 6 mo prior to LVRS.

Actual survival at 0.5, 1, 2, 3, 4, and 5 yr post-LVRS was
96%, 96%, 81%,69%, 54%, and 42%, respectively (see Figure
1). All deaths were related to respiratory failure, although
concomitant lung malignancy was noted in two of four pa-
tients autopsied. Improvement in FEV,; > 0.2 L, FVC > 04 L,
or both was 88%, 73%, 46%, 35%, 27%, and 8% of all pa-
tients, respectively, and they are considered responders (see
Figure 1). Six of nine patients at 3 yr, five of seven patients at 4
yr, and the two patients at 5 yr who demonstrated this physio-
logical improvement post-LVRS had both FEV; > 0.2 L as
well as FVC > 0.4 L when compared with baseline values.

There was a decrease in dyspnea grade = 1 in 88%, 88%,
69%, 46%, 27%, and 15% of the 26 patients at 0.5, 1, 2, 3, 4,
and 5 yr post-LVRS. Oxygen dependence (part or full time)
present initially in 18 patients was eliminated in 78%, 78%,

50%, 33%, 22%, and 0% of surviving patients at 0.5, 1, 2, 3, 4,
and 5 yr post-LVRS.

Maximum Expiratory Airflow

At 5 yr post-LVRS, we analyzed the mechanism(s) of im-
provement in expiratory airflow in the two long-term re-
sponder patients who increased both FEV,; > 0.2 L and FVC >
0.4 L. Compared with preoperative baseline, the maximum ex-
piratory flow volume curve demonstrated a reduction in both
total lung capacity (TLC) and residual volume (RV), but more
so in the latter, such that FVC increased (see Figure 2). Fur-
thermore, maximum expiratory airflow at any lung volume
was increased when compared with the same lung volume
prior to LVRS, but still far below normal values. In these two
patients, FEV, increased 210 ml and 460 ml, and FVC in-
creased 710 ml and 470 ml, respectively, compared with base-
line.
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Figure 1. Results of survival, part- or full-time oxygen depen-
dence, dyspnea, and lung function studies 0.5 to 5 yr post-LVRS.
FEV;, forced expiratory volume in 1 s; FVC, forced vital capacity.
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Figure 2. In the two patients who increased FEV; > 0.2 L and FVC > 0.4
L from baseline to 5 yr post-LVRS, the maximum expiratory flow volume
curve was shifted to the right, such that both TLC and RV decreased.
The decrease in RV was greater, and FVC increased. Maximum expira-
tory airflow at any lung volume was greater compared with preopera-
tive baseline, but still below age-matched normals. Actual results in one
patient are shown; the other patient had similar results.

Lung Elastic Recoil

Prior to LVRS, these two patients had a marked reduction in
static lung elastic recoil pressure at TLC: 9 and 12 cm H,O
(Figure 3). At 5 yr post-LVRS, elastic recoil pressures re-
mained increased at TLC: 11 and 15 cm H,O, respectively, and
at all lung volumes compared with preoperative baseline, but
still below normal values. Improvement in lung elastic recoil
pressure held steady in the two patients between 1 and 4 yr af-
ter LVRS with deterioration at 5 yr post-LVRS.

Mechanism of Expiratory Airflow Limitation

Preoperatively, the slope (conductance small airway S seg-
ment, Gs) of the maximum expiratory airflow—static lung elas-
tic recoil pressure (MFSR) curve was reduced compared with
normal (6, 7) (Figure 4). This indicates that maximum expira-
tory airflow was reduced, not only because of loss of lung elas-
tic recoil, but also due to suspected intrinsic small airways ab-
normalities and/or extrinsic collapse/obstruction of small
airways. In the two long-term responders 5 yr after LVRS,
maximum expiratory airflow increased, both due to greater
lung elastic recoil as well as increased conductance of the S
segment slope, reflecting better airway stability with less col-
lapse/obstruction of flow-limiting segments. The increase in
the S segment slope remained similar from 1 to 4 yr post-
LVRS before deteriorating by 5 yr post-LVRS, but still
greater than baseline.

oL /4 BASELINE
60 MONTHS
L v
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1 4 vV 12-48 MONTHS
v
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Vol v
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L) ar “—
s
L L L |
4 8 12 16
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Figure 3. In the two long-term (5 yr) patient responders, results of
static lung elastic recoil pressure curve indicated increased lung elastic
recoil at any given lung volume compared with baseline, but still be-
low age-matched normals. Actual results in one patient are shown; the
other patients had similar results.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 163 2001

% w1248 MONTHS

N R
I

o7 " w60 MONTHS

.

1P %.— BASELINE
1 J

5 10 1 I5 20
Pgrar (L)emH,0

Figure 4. In the two long-term (5 yr) patient responders, the improve-
ment in maximum expiratory flow was due to both an increase in lung
elastic recoil as well as increased slope (solid line) of flow—pressure rela-
tionships (Gs) of small airway. This indicates increased airway conduc-
tance (Gs) that could be accounted for, in part, by the increase in lung
elastic recoil, and reflects increased airway caliber. The dashed line re-
flects the extension of Gs determined at effort-independent lung vol-
umes to elastic recoil at TLC. Actual results are shown for one patient;
the other patient had similar results.

Baseline Physiologic Tests

We previously reported (6) significant differences (p < 0.01)
only for VC and FVC of all preoperative baseline parameters
between long-term responders when compared with short-
term responders. In the present study, sensitivity and specific-
ity for baseline FVC = 65% predicted to detect patients who
achieved FEV, > 0.2 L and/or FVC > 0.4 L at 3 yr post-LVRS
is 56% and 71 %, respectively, at 4 yr 71% and 74%, and at 5 yr
post-LVRS 50% and 63%, respectively.

Follow-up of FEV; and FVC

In five patients with serial spirometry prior to LVRS, the de-
cline in FEV, and FVC for 3.8 = 0.4 yr prior to LVRS was 116 =
110 ml/yr and 188 * 154 ml/yr, respectively. After LVRS, fol-
lowing peak improvement and smoking cessation = 6 mo, the
subsequent deterioration in spirometry in each patient was
similar (p > 0.20) to their pre-LVRS values. The FEV, de-
creased 141 *= 60 ml/yr and FVC 102 = 189 ml/yr over 3.8 *
1.2 yr post-LVRS with a fastest rate of decline within 1-2 yr
after LVRS. In the 11 patients who survived 5 yr, at 0.5-1.0 yr
post-LVRS the peak increase in FEV,; was 438 * 366 ml, with
a decline of 149 = 157 ml the following year and 78 £ 59 ml/yr
over 4.0-4.5 yr (Figure 5).

Follow-up Exercise Study

Results of yearly exercise studies in three of 4-5 yr patient re-
sponders are reported in Table 2. Following LVRS, there was
a modest increase in work performance with increase in oxy-
gen saturation at rest and after exercise, such that all three pa-
tients became oxygen independent. Following LVRS, patients
who initially improved, but subsequently returned to baseline
spirometry and dyspnea values, showed no improvement in
exercise performance compared with baseline (data not shown).

DISCUSSION

This prospective study, with no patients lost to follow-up,
demonstrates that following bilateral LVRS for emphysema,
using VATS technique, durable clinical and significant physio-
logical improvement was achieved in 9 of 26 patients at 3 yr, 7
patients at 4 yr, and 2 patients at 5 yr. All patients had failed
best medical therapy, including numerous rehabilitation ef-
forts prior to LVRS.
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Figure 5. The long-term changes in FEV, (A) and FVC (B) in five patients
who had serial spirometry prior to LVRS and followed for 5 yr post-LVRS
unless death intervened. The vertical line refers to LVRS intervention.

These observations, using very strict objective outcome cri-
teria, were noted in elderly patients with end-stage emphy-
sema with an anticipated high morbidity and mortality rate
from respiratory failure based on historical cohort data (1-3).

1565

Preoperatively, they had very severe airflow limitation, hyper-
inflation, markedly impaired exercise tolerance, and life-style
with dyspnea limiting walking < 100 yd, and 18 of 26 patients
required full- or part-time oxygen. Each patient served as
their own control to evaluate the potential benefits of LVRS.

Clinical Outcome

The mortality rate due to respiratory failure of 4%, 4%, 19%,
31%, 46%, and 58% following LVRS in the present study at
0.5,1,2,3,4,and 5 yr is consistent with previous surgical stud-
ies reporting up to 3 yr follow-up.

Naunheim and coworkers (5) reported 1-3 yr mortality
rate of 14%, 25%, and 31%, respectively, in 330 patients un-
dergoing unilateral LVRS using VATS technique, and 10%,
19%, and 26% after bilateral LVRS in 343 patients. Patient
selection, including baseline lung function and lung CT heter-
ogeneity, was similar to the present study with 99% clinical
follow-up. Lung function was reported only at 6 to 12 mo post-
LVRS (8). However, patients’ perceptions regarding im-
proved quality of life and dyspnea relief at 2 yr after LVRS
were between 71% and 88 %, with bilateral LVRS yielding su-
perior improvement (8).

Hamacher and workers (9) noted a mean increase of 36%
from baseline FEV| in 16 patients studied with marked hetero-
geneity on lung CT 2 yr after bilateral LVRS using VATS
technique, with 3% mortality. Alternatively, they noted only a
13% increase from baseline FEV| in 12 patients with lung CT
homogeneity 2 yr after LVRS, with 23% mortality (6 of 26 pa-
tients). Relief from dyspnea was significantly improved (p <
0.01) in surviving patients at 2 yr following LVRS.

Flaherty and coworkers (10) noted improved clinical and
exercise tolerance without corroborative increase in mean
FEV, in seven patients followed for 3 yr after bilateral LVRS
using a mediansternotomy technique, with a 3 yr mortality
rate of 16% (14 of 89 patients). Although baseline lung func-
tion was similar to the present study, lung CT emphysema het-
erogeneity was not a surgical prerequisite.

Yusen and coworkers (11) noted a 1 to 5 yr actuarial mor-
tality of 6%, 12%, 18%, 28%, and 38 %, respectively, in 192 of
200 patients with lung CT heterogeneity who underwent bilat-
eral LVRS using a mediansternotomy technique. Baseline
lung function was similar to the present study. Approximately

TABLE 2. WORK PERFORMANCE BEFORE AND 5 yr AFTER LVRS IN THREE PATIENTS (A-C)

O,sat (%) PST, at
Time Vo,max VE Dyspnea FEV, (L) TLC (L) TLC
(yn (ml/kg/min) (L/min) Grade Rest Peak Ex (% pred) (% pred) (cm H,0)
Baselilne A 5.4 1 3 87 79 0.47 (30) 6.2 (162) 12
1 yr post 6.9 14 2 92 88 0.77 (51) 5.4 (141) 15
2 yr post 8.0 19 2 94 87 0.77 (51) 5.7 (149) 15
3 yr post 6.9 14 2 93 85 0.75 (50) 5.5 (146) 15
4 yr post 7.6 12 2 93 85 0.69 (38) 5.8 (153) 15
5 yr post 6.5 12 2 93 89 0.68 (37) 5.5(147) 15
Baseline B 5.6 20 4 86 82 0.91 (37) 8.7 (148) 9
1 yr post 12.4 43 2 94 91 1.76 (71) 8.4 (143) 18
2 yr post 10.1 42 2 94 87 1.61 (65) 8.3 (141) 16
3 yr post 9.5 33 2 94 82 1.50 (59) 8.0 (136) 12
4 yr post 9.5 31 2 94 81 1.40 (55) 8.0 (136) 1
5 yr post 9.4 30 2 87 81 1.40 (55) 8.1 (137) 11
Baseline C 55 33 3 85 79 0.78 (27) 10.1 (172) 10
1 yr post 8.0 33 2 92 89 1.37 (49) 8.7 (149) 12
2 yr post 9.5 40 2 93 86 1.18 (43) 8.7 (149) 1
3 yr post 9.4 38 2 91 85 1.24 (45) 9.1 (156) 11
4 yr post 7.1 25 2 91 85 0.91 (32) 9.0 (156) 12
5 yr post 6.5 24 3 87 83 0.82 (30) 8.5 (146) 9

Definition of abbreviations: LVRS = lung volume reduction surgery; PST, at TLC = lung elastic recoil at total lung capacity; Ve = maximum minute ventilation at peak exercise;

Vo,max = maximum oxygen consumption at peak exercise.
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75% of surviving patients noted clinical improvement. Long-
term lung function follow-up was not reported.

Pinto and coworkers (12) noted a 3-yr mortality rate of
30% in 18 patients following bilateral LVRS, with significant
clinical improvement and mean increase in FEV, of 26% from
baseline at 2 yr after LVRS.

In the present study, the mean age was 67 yr, similar to the
studies of Hamacher and coworkers (9) and Naunheim and
coworkers (5), whereas the mean age was 61 yr in the studies
of Yusen and coworkers (11), 60 yr in Flaherty and coworkers
(10), and 63 yr in Pinto and coworkers (12).

Surgical mortality risk for bilateral LVRS of 5% (11, 12),
5% (unilateral) (5), 7% (5), 6% (10), and 9% (9) were previ-
ously noted.

Comparing current patient results to historical (1-3) or
similar nonrandomized case—controls (4) may be problematic
because of clinical, pathological, and smoking history differ-
ences. However, using each patient as their own control does
not systematically overestimate the magnitude of the effects
of treatment as compared with those in randomized, con-
trolled trials on the same topic (13).

An extensive review of LVRS experience has been re-
ported (14). Three recently published randomized, controlled
bilateral LVRS studies with crossover and 3-12 mo follow-up
confirmed the short-term benefits of LVRS, including im-
provement in lung function, exercise tolerance, and quality of
life (15-17). Unfortunately, for patient selection, other than
upper lobe emphysema heterogeneity on lung CT baseline,
lung function studies do not offer sufficient sensitivity and/or
specificity to predict long-term improvement.

Decline in FEV, after LVRS

The present results are in agreement with our previously re-
ported (18) decline in FEV, of 255 = 57 ml/yr in 90 patients
post-LVRS with mean follow-up of only 420 = 15 d. The fastest
decline in FEV, was noted 1-2 yr following LVRS. Furthermore,
we previously noted a weak correlation between short-term in-
crease in FEV, post-LVRS and long-term rate in decline in FEV,
(r = 0.162, p = 0.29) (18). There are obvious limitations to data
interpretation including comparison of post-LVRS nonsmokers
with pre-LVRS smokers, and comparison of FEV, decline from
varying lung volumes with different mechanical properties.

Dyspnea and Exercise Tolerance Post-LVRS

The improvement in dyspnea and exercise tolerance following
LVRS best correlates with the reduction in hyperinflation and
increase in transdiaphragmatic pressure due to repositioning
of the diaphragm with recruitment of inspiratory respiratory
muscles (19-23) and increased neuromechanical coupling (23),
often irrespective of changes in FEV,. Our limited 5-yr exer-
cise results in three patients confirm the imperfect relation-
ship among dyspnea, lung function, work performance, and
oxygen saturation (see Table 2). We believe the persistent re-
duction in hyperinflation and subsequent increase in transdia-
phragmatic pressure are consequent to the maintained increase
in lung elastic recoil following LVRS.

In summary, LVRS provided significant clinical and physi-
ological improvement in 9 of 26 selected patients up to 3 yr, 7
at4yr,and 2 at 5 yr.

Acknowledgment: The authors thank Randy Newsom, CPFT/RCP, for pul-
monary function testing, Christy Kirkendall for patient coordination, and
Chris Shinar, Pharm. D., for illustrations.
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