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Abstract
Background—Resection is the treatment
of choice for lung cancer, but may cause
impaired cardiopulmonary function with
an adverse eVect on quality of life. Few
studies have considered the eVects of tho-
racotomy alone on lung function, and
whether the operation itself can impair
subsequent exercise capacity.
Methods—Patients being considered for
lung resection (n = 106) underwent full
static and dynamic pulmonary function
testing which was repeated 3–6 months
after surgery (n = 53).
Results—Thoracotomy alone (n = 13) pro-
duced a reduction in forced expiratory
volume in one second (FEV1; mean (SE)
2.10 (0.16) versus 1.87 (0.15) l; p<0.05).
Wedge resection (n = 13) produced a non-
significant reduction in total lung capacity
(TLC) only. Lobectomy (n = 14) reduced
forced vital capacity (FVC), TLC, and
carbon monoxide transfer factor but exer-
cise capacity was unchanged. Only pneu-
monectomy (n = 13) reduced exercise
capacity by 28% (PV~O2 23.9 (1.5) versus
17.2 (1.7) ml/min/kg; diVerence (95% CI)
6.72 (3.15 to 10.28); p<0.01) and three
patients changed from a cardiac limita-
tion to exercise before pneumonectomy to
pulmonary limitation afterwards.
Conclusions—Neither thoracotomy alone
nor limited lung resection has a signifi-
cant eVect on exercise capacity. Only
pneumonectomy is associated with im-
paired exercise performance, and then
perhaps not as much as might be ex-
pected.
(Thorax 1999;54:334–338)

Keywords: lung cancer; thoracotomy; pneumonectomy;
exercise testing

Despite recent advances in chemotherapy and
radiotherapy, surgery oVers the best prospect
of cure in patients with non-metastatic lung
cancer1 but the morbidity and mortality associ-
ated with thoracotomy and lung resection need
to be considered for each patient. It was recog-
nised many years ago that such surgery may
result in impairment of cardiopulmonary
function2 which can reduce exercise tolerance
and aVect subsequent quality of life. Previous
studies have shown impaired pulmonary
function,3 4 reduced exercise capacity,5–8 and
haemodynamic changes9 10 after surgery. Fac-
tors associated with limited or no lung
resection, such as the presence of a thora-

cotomy scar and deconditioning, may also
aVect lung function, but few such patients have
been studied.3 5

The aim of this study was to compare the
eVect of diVerent amounts of lung resection
(pneumonectomy, lobectomy, and wedge re-
section) with thoracotomy alone on exercise
capacity in patients with lung cancer.

Methods
Patients admitted for resection of known or
suspected lung cancer were prospectively
assessed over a four year period (1990–3) dur-
ing which time 106 patients were studied. All
patients gave informed consent for the study.

PROTOCOL

Each patient had a routine full clinical
assessment prior to surgery including medical
history and physical examination, chest radio-
graphy and resting 12 lead electrocardiogra-
phy. Pulmonary function tests were performed
including spirometric indices, total lung capac-
ity (TLC) by whole body plethysmography,
and carbon monoxide transfer factor (TLCO).
Each patient attended for a cardiopulmonary
exercise test on a treadmill. After familiarisa-
tion with the equipment11 each patient under-
went a symptom limited treadmill test using
either a modified Naughton or modified Bruce
protocol, depending on the perceived level of
fitness of the patient. The test included online
measurement of respiratory gas exchange—
that is, minute ventilation (V~E), oxygen con-
sumption (V~O2) and carbon dioxide production
(V~CO2). The heart rate was monitored continu-
ously by electrocardiography (CM5 lead; Del-
mar Avionics) and oxygen saturation by pulse
oximetry (Ohmeda). Blood pressure was re-
corded at three minute intervals throughout
the test and at peak exercise using mercury
syphgmomanometry. After completion of the
test, patients were asked to rate their perceived
level of exertion by means of a Borg score12 on
a scale of 0–10 where 0 was the lowest level of
exertion and 10 the highest.

Between three and six months after surgery
each patient was contacted and invited to
return for a repeat treadmill exercise test and
pulmonary function tests. Case records for
each patient were reviewed, in particular for
details of surgery, diagnosis, length of hospital
stay, and postoperative outcome. Cardiopul-
monary complications and deaths occurring
within 30 days of surgery were identified.

MEASUREMENT OF GAS EXCHANGE

Ventilation was measured using a vane turbine
placed on the inspiratory side of a non-
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rebreathing respiratory valve circuit and venti-
lometer (PK Morgan Ltd.)11 Expired gas was
collected in a mixing chamber and sampled
continuously to allow measurement of expired
oxygen and carbon dioxide concentrations by
paramagnetic and infrared analysers, respec-
tively (PK Morgan Ltd). The outputs from the
ventilometer and gas analysers were fed via an
analogue-to-digital converter to an Amstrad
computer to allow calculation of ventilation
rate, oxygen consumption, and carbon dioxide
production. PV~O2 was taken as the highest 15
seconds mean value of V~O2 calculated by the
computer in the final minute of exercise.
Respiratory exchange ratios (RER) were also
calculated during exercise using the formula:
RER = V~CO2/V~O2. Calibration of the turbine
and analysers was performed before each test.

All test results were subsequently examined
independently by a single experienced observer
(MSR) who was not aware of the identity of the

subject or of whether the test was preoperative
or postoperative. The test was categorised as
either maximal (cardiac limitation), maximal
(pulmonary limitation), or inconclusive (sub-
maximal). Pulmonary limitation was defined as
the presence of three of the following criteria:
desaturation on oximetry of 3% or more;
stopped by dyspnoea rather than fatigue or
pain; exceeded 80% of predicted maximal vol-
untary ventilation (40 × FEV1); or respiratory
exchange ratio at peak exercise of <1.13

STATISTICAL ANALYSIS

Statistical analysis was performed using two
way analysis of variance with repeated meas-
ures as appropriate. Bonferroni’s method was
used for post hoc comparisons. A p value of less
than 0.05 was regarded as significant. Results
are expressed as mean (SE) and diVerences
between groups (tables 3–6) include the 95%
confidence interval (CI) of the diVerence.

Results
One hundred and six patients were initially
assessed and performed a treadmill exercise
test but 29 patients were then excluded from
the study, 21 because they did not have surgery
as the lung tumour was found to be inoperable
on completion of investigations or the patient
was considered medically unfit; three who had
other surgery (plication of the diaphragm in
two cases and pleurectomy in one); and five for

Table 1 Number of patients assessed preoperatively and
postoperatively and type of surgery performed

Preoperative
tests

Postoperative
tests

Pneumonectomy 18 13
Lobectomy (1/2 lobes) 18/3 11/3
Wedge 18 13
Thoracotomy 20 13
No surgery 21 –
Others 8 –
Total 106 53

Table 2 Mean (SE) clinical characteristics, preoperative pulmonary function, and exercise test results in each surgical group

Pneumonectomy (n = 18) Lobectomy (n = 21) Wedge resection (n = 18) Thoracotomy (n = 20)

Age (years) 61.4 (2.4) 64.3 (1.7) 64.1 (2.0) 61.2 (2.0)
Weight (kg) 72.2 (3.7) 65.8 (1.8) 70.8 (5.1) 65.2 (3.2)
FEV1 (l) 2.29 (0.17) 2.05 (0.11) 1.96 (0.14) 2.01 (0.12)
FEV1 (% predicted) 81.8 (4.3) 81.1 (3.5) 77.7 (3.6) 70.9 (3.5)
FVC (l) 3.33 (0.22) 3.08 (0.12) 2.97 (0.20) 3.07 (0.17)
FVC (% predicted) 94.0 (4.5) 94.2 (2.2) 92.4 (3.2) 85.2 (3.0)
TLC (l) 5.85 (0.40) (n = 12) 5.47 (0.33) (n = 14) 5.50 (0.35) (n = 11) 5.59 (0.37) (n = 14)
TLC (% predicted) 109.1 (5.8) (n = 12) 111.5 (5.6) (n = 14) 102.5 (5.5) (n = 11) 115.2 (6.0) (n = 14)
TLCO (% predicted) 89.2 (7.4) (n = 15) 68.2 (5.4) (n = 16) 83.2 (6.2) (n = 13) 70.4 (6.6) (n = 14)
PV~O2 (ml/min/kg) 23.7 (1.2) (n = 17) 18.2 (1.3) (n = 21) 20.4 (1.9) (n = 18) 19.9 (1.3) (n = 20)
Peak HR (beats/min) 148 (6) 136 (5) 134 (6) 138 (6)
Peak V~E (l/min) 57.2 (4.4) 47.5 (3.7) 47.5 (5.6) 48.2 (2.8)
Peak RER 1.09 (0.03) 1.10 (0.04) 1.04 (0.04) 1.07 (0.03)
Borg score 4.3 (0.5) 3.4 (0.2) 3.5 (0.3) 3.8 (0.5)
Length of stay (days) 9.4 (0.6) (n = 16) 9.7 (0.5) (n = 17) 9.2 (0.8) (n = 18) 8.9 (0.6) (n = 20)
Complications 7 3 2 5
Deaths 1 3 0 0

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; TLC = total lung capacity; TLCO = carbon monox-
ide transfer factor; PV~O2 = oxygen consumption; HR = heart rate; V~E = minute ventilation; RER = respiratory exchange ratio.
No significant intergroup diVerences were observed in any of the variables presented.

Table 3 Mean (SE) results of pulmonary function tests and exercise tests preoperatively and postoperatively following
pneumonectomy (n = 13)

Preoperative Postoperative p value DiVerence (95% CI)

FEV1 (l) 2.38 (0.23) 1.59 (0.12) <0.01 0.79 (0.48 to 1.10)
FEV1 (% predicted) 81.3 (5.4) 55.2 (3.0) <0.01 26.1 (17.9 to 34.3)
FVC (l) 3.48 (0.28) 2.25 (0.14) <0.01 1.22 (0.85 to 1.59)
FVC (% predicted) 94.3 (5.6) 62.1 (3.2) <0.01 32.2 (24.1 to 40.2)
TLC (l) 6.07 (0.38) (n = 12) 3.87 (0.21) (n = 9) <0.01 2.20 (1.71 to 2.68)
TLC (% predicted) 109.1 (5.8) (n = 12) 70.2 (6.1) (n = 9) <0.01 38.0 (31.8 to 41.2)
TLCO (% predicted) 93.3 (10.0) (n = 13) 63.4 (5.9) (n = 10) <0.05 29.9 (13.5 to 46.3)
PV~O2 (ml/min/kg) 23.9 (1.5) (n = 12) 17.2 (1.7) (n = 13) <0.01 6.72 (3.15 to 10.28)
Peak HR (beats/min) 146 (8) 127 (8) <0.01 18.6 (12.1 to 25.1)
Peak V~E (l/min) 58.4 (5.3) 43.6 (3.7) <0.01 14.8 (7.5 to 22.1)
Peak V~E (% predicted) 74.0 (5.4) 78.9 (4.1) NS −4.9 (−17.0 to 7.2)
Peak RER 1.09 (0.04) 1.00 (0.04) NS 0.09 (0.01 to 0.17)
SaO2 (%) −3.31 (0.61) −4.08 (0.74) NS 0.77 (−0.56 to 2.10)
Borg score 4.6 (0.6) 4.3 (0.4) NS 0.3 (−0.7 to 1.3)

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; TLC = total lung capacity; TLCO = carbon monox-
ide transfer factor; PV~O2 = oxygen consumption; HR = heart rate; V~E = minute ventilation; RER = respiratory exchange ratio;
SaO2 = oxygen saturation.
p values analysed by ANOVA with Bonferroni’s correction.
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whom no case records could be found. Thus 77
patients (46 men) were included for analysis, of
whom 53 (69%) reattended for postoperative
tests.

Table 1 shows the number of patients
assessed preoperatively and postoperatively
and the type of surgery performed (pneumon-
ectomy, single or bi-lobectomy, wedge resec-
tion, or thoracotomy with no lung resection).
The latter procedure was performed in 17
cases where the tumour was found to be inop-
erable, in two cases where no malignancy was
found, and in one case where a mediastinal
tumour was resected (20 in total). Of the 18

patients with tumours, 15 were central and
three peripheral, and 16 had postoperative
radiotherapy. Of the 13 who attended for a sec-
ond test, eight had central tumours and eight
received radiotherapy in the period between
the two tests.

Most complications occurred in the pneu-
monectomy group (44%) while most deaths
were in the lobectomy group. Of the four peri-
operative deaths, one was due to respiratory
failure following pneumonectomy and three
occurred following single lobectomy (two
due to pulmonary embolism and one due to
pneumonia).

Table 4 Mean (SE) results of pulmonary function tests and exercise tests preoperatively and postoperatively following
lobectomy (n = 14)

Preoperative Postoperative p value DiVerence (95% CI)

FEV1 (l) 2.16 (0.13) 1.84 (0.08) NS 0.31 (0.02 to 0.61)
FEV1 (% predicted) 84.7 (3.5) 72.3 (3.4) NS 12.4 (2.5 to 22.3)
FVC (l) 3.13 (0.17) 2.68 (0.14) <0.05 0.46 (0.17 to 0.74)
FVC (% predicted) 95.7 (2.6) 84.4 (4.2) <0.05 11.4 (3.9 to 18.8)
TLC (l) 5.65 (0.52) (n = 9) 4.48 (0.35) (n = 10) <0.01 1.17 (0.62 to 1.73)
TLC (% predicted) 111.7 (6.3) (n = 9) 91.5 (5.6) (n = 10) <0.01 22.0 (16.6 to 27.3)
TLCO (% predicted) 66.7 (6.6) (n = 10) 55.4 (6.6) (n = 11) <0.05 11.2 (4.1 to 18.4)
PV~O2 (ml/min/kg) 18.9 (1.9) (n = 14) 17.0 (1.1) (n = 13) NS 1.91 (−0.95 to 4.77)
Peak HR (beats/min) 135 (7) 132 (6) NS 3.4 (−6.6 to 13.4)
Peak V~E (l/min) 48.6 (5.1) (n = 14) 41.7 (1.9) (n = 13) NS 6.9 (−3.2 to 17.0)
Peak V~E (% predicted) 61.9(3.9) (n = 14) 64.8(3.7) (n = 13) NS −2.8 (−10.7 to 5.0)
Peak RER 1.10 (0.06) (n = 14) 1.03 (0.03) (n = 13) NS 0.07 (−0.03 to 0.16)
SaO2 (%) −2.21 (0.72) (n = 14) −3.57 (0.66) (n = 13) NS 1.35 (0.13 to 2.60)
Borg score 3.4 (0.2) (n = 14) 3.8 (0.4) (n = 13) NS −0.4 (−1.1 to 0.4)

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; TLC = total lung capacity; TLCO = carbon monox-
ide transfer factor; PV~O2 = oxygen consumption; HR = heart rate; V~E = minute ventilation; RER = respiratory exchange ratio;
SaO2 = oxygen saturation.
p values analysed by ANOVA with Bonferroni’s correction.

Table 5 Mean (SE) results of pulmonary function tests and exercise tests preoperatively and postoperatively following
wedge resection (n = 13)

Preoperative Postoperative p value DiVerence (95% CI)

FEV1 (l) 1.74 (0.13) 1.77 (0.13) NS −0.03 (−0.18 to 0.13)
FEV1 (% predicted) 76.8 (4.5) 77.6 (3.7) NS −0.8 (−8.9 to 7.4)
FVC (l) 2.69 (0.22) 2.69 (0.19) NS −0.01 (−0.18 to 0.17)
FVC (% predicted) 91.6 (4.1) 91.7 (2.7) NS −0.1 (−8.3 to 8.2)
TLC (l) 4.99 (0.39) (n = 8) 4.43 (0.31) (n = 8) NS 0.55 (0.07 to 1.04)
TLC (% predicted) 103.6 (7.5) (n = 8) 99.4 (6.2) (n = 8) NS 9.9 (3.1 to 16.8)
TLCO (% predicted) 83.8 (7.8) (n = 10) 74.4 (5.1) (n = 9) NS 9.3 (0.5 to 18.1)
PV~O2 (ml/min/kg) 17.1 (1.1) 18.2 (1.0) NS −1.07 (−2.84 to 0.68)
Peak HR (beats/min) 125 (7) 134 (6) NS −8.8 (−17.9 to 0.2)
Peak V~E (l/min) 39.4 (4.6) 41.9 (4.3) NS −2.5 (−7.0 to 1.9)
Peak V~E (% predicted) 65.5 (7.4) 69.3 (6.8) NS −3.8 (−15.9 to 8.4)
Peak RER 1.00 (0.04) 0.98 (0.03) NS −0.02 (−0.04 to 0.08)
SaO2 (%) −3.17 (1.11) (n = 12) −4.50 (1.06) (n = 13) NS 1.33 (−0.45 to 3.12)
Borg score 3.7 (0.3) 4.2 (0.6) NS −0.5 (−1.7 to 0.7)

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; TLC = total lung capacity; TLCO = carbon monox-
ide transfer factor; PV~O2 = oxygen consumption; HR = heart rate; V~E = minute ventilation; RER = respiratory exchange ratio;
SaO2 = oxygen saturation.
p values analysed by ANOVA with Bonferroni’s correction.

Table 6 Mean (SE) results of pulmonary function tests and exercise tests preoperatively and postoperatively following
thoracotomy alone (n = 13)

Preoperative Postoperative p value DiVerence (95% CI)

FEV1 (l) 2.10 (0.16) 1.87 (0.15) <0.05 0.23 (0.08 to 0.38)
FEV1 (% predicted) 70.9 (4.6) 64.4 (4.6) <0.05 6.5 (1.9 to 11.2)
FVC (l) 3.08 (0.21) 2.72 (0.18) NS 0.36 (0.05 to 0.66)
FVC (% predicted) 81.9 (3.8) 74.6 (4.3) NS 7.3 (−1.1 to 15.7)
TLC (l) 5.35 (0.40) (n = 9) 5.23 (0.34) (n = 8) NS 0.19 (−0.61 to 0.84)
TLC (% predicted) 124.9 (7.4) (n = 9) 127.4 (14.6) (n = 8) NS −1.0 (−22.7 to 20.6)
TLCO (% predicted) 76.3 (11.1) (n = 9) 65.3 (8.8) (n = 7) NS 11.0 (−4.6 to 26.6)
PV~O2 (ml/min/kg) 20.0 (1.8) (n = 13) 17.6 (1.1) (n = 12) NS 2.36 (−0.74 to 5.46)
Peak HR (beats/min) 133 (7) 134 (7) NS −0.9 (−10.1 to 8.2)
Peak V~E (l/min) 47.8 (3.3) (n = 13) 44.4 (3.5) (n = 12) NS 3.5 (−2.4 to 9.4)
Peak V~E (% predicted) 69.3 (4.9) (n = 13) 67.2 (5.0) (n = 12) NS 2.1 (−6.1 to 10.3)
Peak RER 1.05 (0.04) (n = 13) 1.02 (0.02) (n = 12) NS 0.03 (−0.07 to 0.12)
SaO2 (%) −1.50 (0.44) (n = 13) −2.42 (0.47) (n = 12) NS 0.92 (0.18 to 1.66)
Borg score 3.8 (0.6) 4.3 (0.5) NS −0.5 (−1.7 to 0.7)

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; TLC = total lung capacity; TLCO = carbon monox-
ide transfer factor; PV~O2 = oxygen consumption; HR = heart rate; V~E = minute ventilation; RER = respiratory exchange ratio;
SaO2 = oxygen saturation.
p values analysed by ANOVA with Bonferroni’s correction.
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Table 2 shows the clinical characteristics,
including preoperative pulmonary function
and exercise test results, for each surgical
group. There were no significant diVerences
between the groups with respect to age and
weight. Spirometric indices and lung volumes
were also similar. Patients about to undergo
pneumonectomy had a slightly greater exercise
capacity than the other groups studied, and a
slightly greater TLCO than patients undergoing
lobectomy, but the diVerences were not signifi-
cant. There were no significant diVerences in
perioperative complications or mortality be-
tween the four groups.

Tables 3–6 show pulmonary function tests
and exercise test results preoperatively and
postoperatively following pneumonectomy,
lobectomy, wedge resection, and thoracotomy
alone, respectively. In the pneumonectomy
group (table 3) there was, as expected, a signifi-
cant reduction in static lung volumes, as
assessed by spirometric tests, with forced vital
capacity (FVC) falling by 35%. Exercise
ventilation was also reduced and overall exercise
performance impaired (PV~O2 reduced by 28%).
Following lobectomy (table 4) there was a
smaller but still significant reduction in lung
volumes (FVC down 14%) but exercise per-
formance was not impaired (PV~O2 down only
10%). In the patients who underwent wedge
resection (table 5) there was no significant
change in spirometric indices or PV~O2, while in
the thoracotomy group (table 6) there was a
significant reduction in FEV1 of 11% but no
significant change in FVC, TLC or PV~O2.

Table 7 identifies the reason for stopping
exercise in all patients in whom both preopera-
tive and postoperative exercise tests were avail-
able. Three patients changed from cardiac to
pulmonary limitation after pneumonectomy, but
otherwise there was no major change in pattern.

Discussion
Exercise capacity as assessed by PV~O2 was
reduced by 28% after pneumonectomy. Previ-
ous studies have shown reductions of 16%,8

20%,7and 28%.6 Our patients did not appear to
feel more uncomfortable with the exercise, as
manifest by similar preoperative and postop-
erative Borg scores. The peak ventilation rates
were lower postoperatively but the ventilatory
reserves were similar. Peak heart rate and
respiratory exchange ratios were lower, reflect-
ing the lower work load achieved. These results
would suggest a ventilatory rather than circula-

tory limitation to exercise, with patients
stopping exercise when a similar relative level
of ventilation was reached. Other studies have
suggested reduced ventilatory reserve,6 re-
duced stroke volume index,10 and pulmonary
hypertension14 as causes of impaired exercise
tolerance after pneumonectomy.

Lobectomy caused reductions in lung vol-
umes of 15–20% which is in keeping with pre-
vious studies,6 7 10 but exercise capacity was not
impaired, whereas other studies have found
small but significant reductions in PV~O2 after
lobectomy.7 8 Wedge resection produced no
changes in static lung measurements or in
exercise capacity.

After thoracotomy alone the only eVect on
spirometric indices was a small reduction in
FEV1, despite the fact that in 17 cases no
resection was performed because of inoperable
tumour. It is possible that tumour progression
in the interval between the two tests could have
produced some degree of airways obstruction
and radiotherapy may produce initial swelling
followed by fibrosis, with a corresponding
decline in lung function. There was also a small
and non-significant fall in exercise capacity
(PV~O2). This could be explained in part by two
additional subjects performing submaximal
tests, possibly related to general debility from
tumour progression. Despite the limitations
inherent in interpretation of data from such ill
patients, we felt that it was important to
include this group as no previous study has
examined the eVect on exercise capacity of
simply opening and closing the chest, although
one study has reported the eVect on lung
volumes.3 The group acts as a control and tho-
racotomy alone is almost the equivalent of the
“sham” operation in animal studies.

Appropriate assessment of patients prior to
surgery is very important. As well as a
technically operable tumour, the patient should
be considered fit to tolerate thoracotomy and
lung resection. Many studies have suggested
that exercise testing with measurement of PV~O2

is a useful predictor of postoperative
outcome,5 15–19 although this is not a universal
finding.20 21 Patients with PV~O2 less than
15–20 ml/min/kg have been found to be more
likely to have postoperative complications.8 22

The responses to a submaximal exercise load
may also give useful prognostic information.23

In the present study complications were
highest in patients who had a pneumonectomy,
in agreement with the findings of previous
studies,24–26 but there were more postoperative
deaths in patients who had a lobectomy which
may reflect more careful selection of fitter
patients for pneumonectomy with a higher ini-
tial PV~O2.

In conclusion, only patients who have had a
pneumonectomy have reduced exercise toler-
ance, with a reduction in PV~O2 of around 28%.
There is no significant impairment of exercise
capacity following lobectomy, wedge resection,
and thoracotomy with no resection, although
small changes in static pulmonary function
may occur.

Table 7 Reason for stopping exercise in patients before and after lung operation

Cardiac Pulmonary Submaximal Changed

Thoracotomy (n = 13)
Preoperative 7 3 3
Postoperative 7 1 5 0

Wedge resection (n = 13)
Preoperative 6 2 5
Postoperative 9 1 3 1

Lobectomy (n = 14)
Preoperative 12 0 2
Postoperative 9 0 5 0

Pneumonectomy (n = 13)
Preoperative 10 2 1
Postoperative 6 3 4 3

Changed = from cardiac to pulmonary limitation. For definition of pulmonary limitation, see text.
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