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ABSTRACT: Although the influence of lung volume reduction surgery (LVRS) on
incremental- and constant-power exercise is important in the evaluation of this
procedure for patients with chronic obstructive pulmonary disease (COPD), it is rarely
reported even in large randomised controlled trials.

This report describes 39 patients with severe COPD ((mean¡SE) forced expiratory
volume in one second 32¡2% pred, functional residual capacity 195¡6% pred) who
participated in a randomised controlled trial of LVRS and who completed incremental
exercise tests at 6 months as well as endurance tests (constant power of 25¡1 W) at 3, 9
and 12 months.

Peak oxygen uptake (V9O2,pk) was similar between the treatment (n=19) and control
groups (n=20) at baseline. After LVRS, the treatment group had a significantly greater
V9O2,pk (mean difference (95% CI) 1.28 (0.07–2.50) mL?kg?min-1) and power (13 (6–20) W).
The treatment group achieved a significantly greater minute ventilation (7.1 (2.9–11.3)
L?min-1) with a greater tidal volume (0.16 (0.04–0.28) L). Baseline endurance was
similar between groups. After surgery, there were significant between-group differences
in endurance time, which were maintained at 12 months (7.3 (3.9–10.8) min).

Lung volume reduction surgery is associated with an increase in exercise capacity and
endurance, as compared with conventional medical treatment.
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Chronic obstructive pulmonary disease (COPD) is char-
acterised by expiratory flow limitation. During exercise, the
increase in ventilation leads to an increase in end-expiratory
lung volume (EELV). Breathing at higher lung volumes
obliges the respiratory muscles to work against an increased
elastic load, resulting in excessive dyspnoea and exercise
intolerance in patients with COPD.

Lung volume reduction surgery (LVRS) has been identified
as a method by which health-related quality of life can be
increased for patients with COPD [1–5]. The decrease in hyper-
inflation and increase in lung elastic recoil increases expiratory
flow, and should lead to a reduction in dynamic hyperinflation
for any given ventilation. The reduced work of breathing
decreases dyspnoea and improves exercise tolerance.

Although initial reports following LVRS noted improvements
in exercise, these reports were from uncontrolled studies with
varied designs and often with incomplete outcome measures.
The few randomised controlled trials (RCT) of LVRS have
provided very limited information on its effects on exercise
capacity or endurance [2–5]. In a recent large RCT of 1,218
subjects [5], incremental exercise was used to categorise sub-
jects into high or low capacity (peak power (Ppk) of 40 and
25 W for males and females, respectively) and improvement
was defined arbitrarily as an increase in exercise capacity of
w10 W. This study did not report the magnitude of improve-
ment in exercise capacity or endurance. In one RCT in which
physiological parameters were reported [2], the results were
limited to 3 months after surgery. More detailed information

regarding exercise capacity is highly relevant when consider-
ing surgery for this patient population, especially given the
recently reported improvements in health status following
LVRS [4, 5]. The current paper reports the effect of LVRS on
exercise, with repeated measures over 12 months, to identify
whether subjects experienced a sustained effect of surgery, as
compared with conventional medical management.

Methods

Trial design

The exercise measurements in this report were taken from
an RCT of LVRS in which the primary outcome was health-
related quality of life. The trial design has been described
elsewhere [4]. In summary, enrolment criteria included: age
v75 yrs; severe, stable COPD (forced expiratory volume in
one second (FEV1) v40% pred, FEV1/forced vital capacity
v0.7), hyperinflation at total lung capacity (TLC) (TLC
by plethysmograph w120% pred) and gas trapping at TLC
(TLC plethysmograph-TLC gas dilutionw1.5 L); evidence of
heterogeneity on a computerised tomogram or on a ventila-
tion/perfusion scan. Subjects had to have quit smoking forw6
months and be receiving optimal pharmacological manage-
ment. Pulmonary hypertension, associated conditions that
would limit exercise tolerance and recent exacerbations were
all exclusion criteria. Subjects were asked to sign informed
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consent (University of Toronto Ethics Review Board, Toronto,
Canada). After a 6-week programme of rehabilitation [6],
subjects were randomised (concealed randomisation) to surgical
or medical therapy. Incremental exercise and constant-power
exercise were completed before randomisation and at follow-
up, after 6 months for incremental exercise and after 3, 9 and
12 months for constant-power exercise. All staff responsible
for outcome measures were blinded as to the subject9s group.

Surgery

Surgery was performed by video-assisted thoracoscopic
surgery or, less often, by median sternotomy, the extent and
location of the resection being determined by the surgeon. At
surgery, 20–30% of the lung volume was removed. Mechani-
cal staplers and bovine pericardium were used routinely and
pleural tents were used occasionally. Subjects were extubated
in the operating room immediately after regaining conscious-
ness. They subsequently remained in the surgical step-down
unit until they were clinically stable, after which they were
transferred to the thoracic surgical ward. Once stable, subjects
were offered a brief (1–2 weeks) period of rehabilitation or
discharged directly home.

Pulmonary function and exercise testing

Full pulmonary function measures were completed at base-
line [7–9]. Primary outcomes were the peak oxygen uptake
(V9O2,pk) and Ppk during the incremental-exercise test, as well
as the endurance time (tlimit) of the submaximal constant-
power exercise tests. Secondary outcomes were parameters
measured at the end of the incremental exercise, including
peak minute ventilation (V9E,pk), tidal volume (VT,pk), fre-
quency of breathing (fb,pk) and dyspnoea using a modified
Borg scale [10, 11].

For every exercise test, subjects were requested to adhere to
their usual medical regimens but not to eat for 2 h before the
test and not to drink caffeinated beverages for 12 h before the
test. Exercise tests were carried out in a standardised manner
[12] with an electrically braked cycle ergometer (Collins CPX
Bike model 3070; Warren E. Collins, Braintree, MA, USA).
The test was discontinued if any cardiovascular instability
(hypertension, hypotension or electrocardiographic changes)
was observed. The subjects wore nose clips and breathed
through the mouthpiece of a calibrated screen pneumotacho-
graph (Collins/Cybermedic model 003500; Warren E. Collins)
that was located 5 cm from the mouth. The pneumotacho-
graph calibration procedure conformed to American
Thoracic Society standards [8]. The accuracy of the pneumo-
tachograph was verified after each exercise test. All subjects
breathed room air. After at least 1 min of breathing through
the mouthpiece, the subject started unloaded cycling. During
incremental exercise tests the load was increased (1 W
increments at a rate of 5 W?min-1) until the subject reached
symptom limitation (Ppk). The rate of increase was designed
to induce symptom limitation within y10 min. Peak cardio-
pulmonary parameters were averaged over the last 30 s of
exercise. Cardiopulmonary parameters were also determined
at isopower, defined as the greatest power common to both
baseline and follow-up incremental exercise tests.

During constant-power exercise tests the load was increased
immediately to 70% of the Ppk achieved on the baseline
incremental test. This targeted intensity provided a symptom-
limited exercise duration (tlimit) that was sufficiently brief
to remain sensitive to change yet avoid the likelihood of
prolonged exercise (20 min) being limited by motivation or
intolerance of the breathing apparatus.

Inspiratory capacity

Inspiratory capacity (IC) has been identified as a useful
approach for evaluating dynamic hyperinflation in COPD [13,
14]. This measurement became available to the current
authors partway through this study. After validating the
measurement and evaluating its repeatability [15], the authors
decided to include IC measurements during the incremental
exercise test in all remaining subjects. IC was measured at
rest and randomly at 1–3 min intervals during exercise. The
manoeuvres were unscheduled to avoid the possibility of the
subjects changing their pattern of breathing in anticipation
of the prompt. EELV was calculated from the difference
between the IC and the TLC by plethysmograph. Serial
EELV measures were expressed as a linear function of
ventilation. The slope summarised the entire response with a
positive slope indicating dynamic hyperinflation.

Analysis

Mean values for each variable were calculated and
expressed as mean¡SE, as well as mean (95% confidence
intervals (CI)) unless otherwise stated. All variables were
analysed using a mixed-effects model. For each variable from
the incremental test, a t-test was conducted using the baseline
value as a covariate. For each variable from the constant-
power test, a repeated measures analysis of variance was
conducted using the baseline value as a covariate. The effect
of time, treatment and the interaction between the two were
determined. To provide an estimate of the magnitude and
precision of the determination of the effect of treatment, the
mean difference between treatment and control at the same
follow-up was used and adjusted for the baseline score. A 95%
CI was calculated around this difference.

To demonstrate the effect of LVRS on breathing during
exercise, each respiratory variable (V9E,pk, VT,pk, fb,pk and
arterial oxygen saturation measured by pulse oximetry
(Sp,O2)) was analysed as follows. For each variable, each
subject9s constant-power exercise response was divided into
10 uniformly spaced intervals and expressed as a percentage
of its respective peak exercise value. Each variable was
adjusted for baseline values and averaged to produce an
average exercise waveform. The waveform was then converted
to absolute values by multiplying it by the respective end
exercise mean value. Each averaged respiratory variable was
plotted against the averaged exercise time. Constant-power
exercise variables were also compared at the same exercise
time (isotime) determined by the subject9s shortest exercise
time during any constant-power test.

Results

Enrolment

A total of 55 subjects were randomised after rehabilitation
(28 surgery and 27 controls). Details of nonparticipating and
ineligible subjects have been described elsewhere [4]. Subjects
assigned to the treatment and control groups had similar
baseline pulmonary function.

Deaths and complications

In the surgical group there were two deaths within 30 days
of surgery and a further two deaths within the 12-month
follow-up period. In the control group, one subject died of
respiratory failure 117 days post-randomisation. There were
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four serious complications in the treatment group including
prolonged ventilation (two), significant bleeding (one) and
sternal dehiscence (one), and one serious complication
(cerebrovascular accident) in the control group.

Exercise capacity

A total of 39 subjects (19 subjects from the treatment group
and 20 control subjects) completed incremental exercise tests
at 6 months. Of the 16 subjects who did not complete follow-
up incremental exercise tests, three died within 6 months (two
treatment and one control), two sustained complications (one
treatment subject required prolonged ventilation and one
control subject sustained an acute cerebrovascular accident).
The remaining 11 subjects (six surgical and five control)
declined follow-up exercise testing for a variety of reasons
(acute exacerbations, time commitments, travel requirements
or disinterest as they didn9t enjoy exercise testing). Subjects
were aware that they could decline any measure at any time
without this affecting their medical management. Those with
incomplete exercise-outcome measures did not differ in age,
height, weight, pulmonary function or resting blood gases
from those who completed follow-up exercise tests (table 1).

At baseline, all subjects completed their incremental
exercise test with dyspnoea scores that varied from somewhat
severe (dyspnoea=4) to maximal breathlessness (dyspnoea=10).
Their exercise capacity was reduced (Ppk 27¡2% pred). All
subjects demonstrated characteristics of ventilatory limitation
(V9E,pk 103¡4% maximum voluntary ventilation pred and
Sp,O2 86¡1%) and an inability to reach maximum heart rate
(75¡2% pred). However, heart rate was elevated for a given
submaximal oxygen uptake. All subjects in whom the IC
manoeuvre was measured showed dynamic hyperinflation, the
rate of their increasing EELV ranged 28–131 mL for every
1 L?min-1 increase in V9E,pk.

Outcomes

The results from the incremental exercise test at 6-month
follow-up are presented in table 2. There was a significant
treatment effect of LVRS on V9O2,pk (difference 1.28
(0.07–2.50) mL?kg-1?min-1; p=0.04) and Ppk (difference 13
(6–20) W; p=0.0003). The treatment group had a significantly
greater V9E,pk (difference 7.1 (2.9–11.3) L?min-1; pv0.002),

as a result of a significantly greater VT,pk (difference 0.16
(0.04–0.28) L; pv0.01) and similar fb,pk. There was a trend for
the treatment group to have a greater Sp,O2 at the end of
exercise (difference 3 (0–6) %; p=0.06). Forward stepwise
regression of ventilatory parameters (including Sp,O2) at peak
exercise and isopower revealed that the dependent variable,
change in V9O2,pk, could be predicted from the independent
variable, change in V9E,pk (adjusted R2

=0.50; p=0.001). The
other variables did not significantly add to the ability to
predict the change in V9O2,pk.

The results of the constant-power test are summarised in
figure 1. tlimit was similar at baseline between the treatment
and control group (6.9 (4.5–9.3) versus 6.6 (4.7–8.4) min,
respectively), and there was a significant interaction between
treatment and time with significant between-group differences
being maintained through 12 months (7.3 (3.9–10.8) min;

Table 1. – Baseline pulmonary function among subjects who
completed exercise tests

Parameter Exercise tests

Completed Incomplete

Subjects n M/F 24/15 10/6
Age yrs 64¡1 67¡1
Height cm 167¡2 170¡3
Weight kg 68¡2 65¡4
TLC % pred 147¡4 141¡3
FRC % pred 198¡6 189¡5
RV % pred 241¡10 238¡11
FVC L 2.4¡0.1 2.7¡0.2
FVC % pred 71¡3 77¡5
FEV1 L 0.7¡0.1 0.8¡0.1
FEV1 % pred 32¡2 32¡2
FEV1/FVC % 33¡2 30¡2
VA % pred 73¡3 72¡4
DL,CO % pred 37¡2 32¡3
Pa,O2 mmHg 70¡2 69¡2
Pa,CO2 mmHg 44¡1 42¡1
Sa,O2 % 93¡1 93¡1

M: male; F: female; TLC: total lung capacity; FRC: functional residual
capacity; RV: residual volume; FVC: forced vital capacity; FEV1:
forced expiratory volume in one second; VA: alveolar volume by helium
dilution; DL,CO: carbon monoxide diffusing capacity of the lung; Pa,O2:
arterial oxygen tension; Pa,CO2: arterial carbon dioxide tension; Sa,O2:
arterial oxygen saturation.

Table 2. – Peak incremental exercise results following lung volume reduction surgery

Baseline 6 months after baseline Difference

Treatment Control Treatment Control

Subjects n 19 20 19 20
PowerW 37¡2 34¡3 44¡2 31¡2 13*
V9O2,pk L?min-1 0.47¡0.04 0.47¡0.04 0.55¡0.03 0.49¡0.03 0.07
V9O2,pk mL?kg-1?min-1 7.60¡0.54 6.60¡0.46 8.25¡0.44 6.98¡0.39 1.28*
V9E,pk L?min-1 26.7¡2.3 21.9¡1.4 31.1¡1.5 24.0¡1.4 7.1*
VT,pk L 0.81¡0.07 0.79¡0.06 0.99¡0.04 0.83¡0.04 0.16*
fb,pk min-1 31¡2 29¡2 30¡1 29¡1 1
HR min-1 121¡3 116¡4 125¡2 123¡2 2
Sp,O2 % 87¡1 86¡1 89¡1 86¡1 3}

V9E,pk/V9CO2 52¡2 48¡3 49¡2 47¡1 3
Dyspnoea Borg 7.4¡0.5 7.1¡0.5 6.2¡0.5 7.2¡0.5 -1.1
Leg effort Borg 5.4¡0.6 5.3¡0.7 5.7¡0.5 4.8¡0.5 0.9

Follow-up measures are least-squared means adjusted for baseline measure. V9O2,pk: peak oxygen uptake; V9E,pk: peak minute ventilation; V9T,pk:
peak tidal volume; fb,pk: peak frequency of breathing; HR: heart rate; Sp,O2: arterial oxygen saturation measured by pulse oximetry; V9CO2: arterial
carbon dioxide tension; *: pv0.05 baseline-adjusted difference between groups 6 months post-baseline; }: trend to a significant baseline-adjusted
difference between groups 6 months post-baseline (p=0.06).
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pv0.0001). There was a significant treatment effect on end-
exercise VT with a significant difference between groups at 3
months (difference 0.16 (0.03–0.30) L; pv0.02). The LVRS
group had a significantly greater end-exercise Sp,O2 (differ-
ence 3 (0–6) %; p=0.03) and resting heart rate (difference -11
(-20–-2) beats?min-1; p=0.02) at 12 months. Both groups
showed similar increases in ventilation with time during
constant-power exercise. The pattern of breathing changed 3
months after surgery to reflect a lower frequency and higher
VT among the surgical group (fig. 2). This change became less
evident during follow-up measures at 9 and 12 months. At
isotime (table 3), between-group differences reflected a
greater VT (difference 0.15 (0–0.30) L; pv0.05) and a reduced
respiratory frequency (difference -6 (-11–-1) min-1; p=0.03) at
3 months. These differences were not significant at 9 and 12
months. Between-group differences in Sp,O2 were significant
at 3 (difference 4 (1–7) %; p=0.02) and 12 months (difference 4
(1–7); p=0.008).

Inspiratory capacity

IC was measured during exercise at baseline and at 6
months in 12 subjects. The average VT responses during
exercise are shown in figure 3. The change from baseline in
the slope of the EELV is shown in figure 4. In three out of six
treatment subjects the rate of increase in EELV diminished,
exceeding the difference expected due to the variability of the
measure (repeatability). In the remaining three subjects, the
rate of increase in EELV remained constant and did not
exceed the established measurements of repeatability [15]. In
the six control subjects, the rate of increase of EELV during

exercise remained the same (four subjects) or increased (two
subjects). At 6 months, the rate of increase of EELV during
exercise was 36¡8 mL?min?L-1 for the post-surgical subjects
and 71¡16 mL?min?L-1 for the control subjects. The baseline-
corrected between-group difference at 6 months was 24 (5–53)
mL?min?L-1 (p=0.09). The statistical power was 0.40 with an
alpha of 0.05.

Discussion

Given the associated surgical risks, as well as healthcare
costs [5], it is important to demonstrate that LVRS improves
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Fig. 1. – Endurance time of constant-power exercise (tlimit) for the treat-
ment (h) and control (#) groups at baseline, and 3, 9 and 12 months
after randomisation. Values at follow-up are baseline-adjusted least
square mean. *: pv0.05 baseline-adjusted difference between groups.
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Fig. 2. – Pattern of breathing during constant-power exercise test for
the treatment (h) and the control (#) groups at 3 (a) and 12 (b)
months after randomisation. Isopleths indicate points of equal
ventilation for 30 (????????), 25 (------), 20 (– ? –) and 15 (– ?? –)
L?min-1. Note the differences between the two groups in breathing
frequency and tidal volume for any given ventilatory isopleth. The
differences at 3 months are still present but diminished at 12 months.

Table 3. – Ventilatory parameters at isotime of constant-power exercise

Baseline 3 Months 9 Months 12 Months

Treatment Control Treatment Control Treatment Control Treatment Control

V9E L?min-1 26.5¡2.8 21.8¡1.9 24.8¡1.2 25.3¡1.1 24.3¡1.4 23.7¡1.2 24.6¡1.2 25.4¡1.1
VT L 0.85¡0.07 0.85¡0.07 1.07*¡0.05 0.92¡0.05 1.04¡0.07 0.97¡0.05 1.02¡0.06 0.93¡0.05
fb min-1 31¡2 26¡2 23*¡2 29¡2 24¡2 26¡2 25¡2 28¡2
Sp,O2 % 87¡2 89¡1 92*¡1 88¡1 92¡1 89¡1 91*¡1 86¡1

Follow-up measures are least-squared means adjusted for baseline measure. V9E: minute ventilation; VT: tidal volume; fb: frequency of breathing;
Sp,O2: arterial oxygen saturation as measured by pulse oximetry. *: pv0.05 baseline-adjusted difference between groups.
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exercise in patients with COPD. In the current study, the
authors have presented the effects of LVRS on incremental
exercise and constant-power exercise. The increased exercise
endurance and associated physiological changes among the
treatment group were sustained 1 yr after surgery.

V9O2,pk is an excellent index of exercise capacity and is used
to identify cardiopulmonary exercise limitations [16]. The
severe cardiopulmonary limitations of the COPD patients
enrolled were reflected in their low baseline V9O2,pk. These
observations extend those reported in uncontrolled studies,
although the latter studies began with higher mean baseline
values for V9O2,pk (9.7–14.6 mL?kg-1?min-1) [2, 17–23]
compared with 6.9 mL?kg-1?min-1 in the present study. The
results presented in the present study also characterise the
improvement in more precise terms than an arbitrary 10-W
change in incremental exercise reported recently in a large
RCT of LVRS [16]. Six months after surgery, Ppk increased
by 37% and V9O2,pk increased by 18% with insignificant
changes in these variables among control subjects.

Patients with severe COPD have already lost much of their
cardiopulmonary reserve, so that a subsequent small change
in cardiopulmonary capacity will have a large effect on
functional capacity. After LVRS, there was a substantial
(75%) increase in constant-power exercise endurance (func-
tional capacity), which was sustained at 12 months. The
measured improvements in exercise would likely permit
improvements in functional capacity in keeping with reported

improvements in health-related quality of life [3–5]. The initial
increase in exercise performance did not increase further over
the subsequent 9 months. This highlights an opportunity for
further improvements in exercise following LVRS if patients
are encouraged to maintain an exercise programme after
surgery. In contrast, exercise performance declined among
control subjects. Given that control subjects were offered
surgery at 12 months, the authors can only speculate
regarding the duration of benefit following LVRS, although
previous reports have suggested a gradual diminution of
benefit over 24 months [5, 24].

An explanatory mixed-effects model was used in this study,
which included all subjects completing at least one exercise
test during follow-up, excluding only subjects missing baseline
or all follow-up exercise tests. Two subjects from the
treatment group and one from the control group were
excluded due to death. The authors chose not to arbitrarily
assign values to missing data to avoid confounding the
physiological measures. While the physiological status of
subjects who refused follow-up (five control and six treat-
ment) is unknown, subjects excluded from the analysis were
typical and representative of the subjects eligible for the study.

The increase in VT,pk and V9E,pk were seen only in the
treatment group and were therefore attributable to LVRS.
These changes in breathing pattern were most evident at 3
months with a gradual diminution in Vt and increase in
frequency over the subsequent 9 months. Sp,O2 also improved
following surgery. This observation was unavailable in two
other RCTs of LVRS, as in these trials oxygen was
administered during all exercise tests [2, 5].

Mechanical changes following surgery include a decrease in
resting EELV and an increase in inspiratory reserve volume
[2, 17–19, 22, 25, 26]. Measurement of IC can be used to
quantify dynamic hyperinflation from the EELV at rest and
during exercise [13, 14]. In the 12 subjects in whom IC was
measured during baseline, the characteristic rise in EELV
with exercise was noted [15]. Following LVRS this rise was
reduced. Although the small sample size prevented sufficient
power to establish statistical significance, the authors believe
this observation to be clinically relevant and worthy of further
study.

This randomised controlled trial demonstrated improve-
ments in exercise capacity and constant-power endurance
following lung volume reduction surgery in stable subjects
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Fig. 3. – The baseline reference tidal volume (VT; &) and VT at 6
months (p) during incremental exercise for the treatment (a) and
control (b) groups. End-inspiratory lung volumes (EILV; top border
of areas) and end-expiratory lung volumes (EELV; bottom border
of areas) are shown. The positive slope of the EELV indicates
the presence of dynamic hyperinflation. ––: total lung capacity (TLC)
at baseline; ----: TLC post-surgery; ?????: TLC baseline and
post-randomisation.
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Fig. 4. – The change from baseline, during incremental exercise, in the
slope of the end-expiratory lung volume (EELV). Negative values
indicate reduced dynamic hyperinflation. Individual values for both
the treatment (h) and control (#) groups are shown. The mean¡SE

change for the treatment (&) and control ($) groups are shown to
the right of the individual values.
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with severe chronic obstructive pulmonary disease. These
improvements were associated with improvements in the
pattern of breathing and oxyhaemoglobin saturation that
were maintained 12 months after surgery. These observations
are in keeping with and supportive of the reported improve-
ments in health status following lung volume reduction
surgery [3–5].
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