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Cardiopulmonary response to dynamic exercise after
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SUMMARY The exercise capacity and cardiopulmonary response to progressive dynamic exercise
of eight healthy recipients of heart-lung transplants were compared with those of matched
recipients of orthotopic cardiac transplants and normal controls. In both transplant groups the
maximum workloads were lower than that in the normal group. The transplant recipients had
higher pre-exercise heart rates and lower maximum heart rates than the normal controls.
Ventilation during submaximal exercise was similar in the heart transplant group and the controls.
The heart-lung group had an increased ventilatory response associated with lower end tidal carbon
dioxide concentrations.

Exercise capacity after combined heart-lung transplantation is similar to that after cardiac
transplantation. Transplant recipients have an abnormal heart rate response during exercise
related to cardiac denervation. The altered ventilatory response in heart-lung recipients may be the
result of pulmonary denervation.

Combined heart-lung transplantation is a
therapeutic option for patients with end stage pul-
monary vascular disease' and parenchymal lung
disease.2 Successful transplantation can relieve sym-
ptoms and improve the patient's quality of life.'
However, exercise capacity after transplantation is
below predicted values4 and the physiological con-
sequences of this extensive operation have not been
fully evaluated.
We compared the exercise capacity and cardiopul-

monary response to exercise of a group of healthy
recipients of heart-lung transplants with that of
cardiac transplant recipients and normal controls.

Patients and methods

We studied eight recipients ofheart-lung transplants
who were free of cardiopulmonary complications
(with the exception of treated hypertension). They
were compared with eight normal individuals and
eight recipients of cardiac transplants who were
matched as closely as possible for age and sex. The
transplant recipients were also matched for time after
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operation. Table 1 shows the characteristics of the
three groups; predicted values for lung function
tests, calculated for the anthropometric characteris-
tics of the subjects, were obtained from Quanjer.' All
the transplant recipients were well at the time of the
study with no clinical evidence of rejection of the
heart or lungs. All had clear chest radiographs and
stable lung function tests. None had evidence of
cardiac rejection on the most recent endomyocardial
biopsy specimen. Table 1 shows the drug treatment
in the transplant recipients.
The normal controls were well, had no symptoms

or previous history of cardiopulmonary disease, and
were not receiving any drug treatment. People who
undertook regular exercise training were excluded.
The study protocol was approved by the District
ethics committee and informed consent was obtained
from all subjects.

METHODS
Exercise tests were performed on an electronically
braked cycle ergometer (Lode, Groningen, the Neth-
erlands). The subjects were kept at rest, seated on the
exercise bike, for five minutes before data collection
started. The study consisted of two minutes' data
collection at rest followed by a period of exercise in
which the workload was increased by 10 W every
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Table 1 Characteristics of study groups

Height Weight Donor age Dot
Age (yr) Sex (m) (kg) Pretransplant diagnosis (yr) sex

Heart-lung transplant
1 44 F 1-63 67 Eisenmenger, VSD 28 F
2 38 F 1-56 60 Lymphangioleiomyomatosis 14 F
3 41 M 1-74 70 Emphysema 23 M
4 21 M 1-67 54 Univentricular heart and pulmonary hypertension 27 M
5 18 M 1-73 60 Complex pulmonary atresia 15 M
6 47 M 1-71 65 Primary pulmonary hypertension 35 F
7 33 M 1-69 60 Emphysema 25 M
8 25 F 1-70 50 Primary pulmonary hypertension 26 M
Mean (SD) 33 (11) 1-68 (0-06) 61 (7) 24 (7)

Cardiac transplant
1 51 F 1-65 63 DCM 20 F
2 45 F 1-60 78 Ischaemic heart disease 35 F
3 38 M 1-83 87 DCM 33 M
4 18 M 1-56 42 Complex congenital heart disease 21 F
5 23 M 1-78 69 DCM 17 M
6 51 M 1-73 94 DCM 14 F
7 32 M 1-77 74 DCM 17 F
8 17 F 1-67 48 DCM 24 M
Mean (SD) 34 (14) 1-70 (0-10) 69 (18) 23 (8)

Controls
1 45 F 1-68 65
2 40 F 1-65 57
3 37 M 1 85 84
4 21 M 1-68 66
5 17 M 1-70 65
6 48 M 1-80 75
7 30 M 1-60 76
8 24 F 1-56 49
Mean (SD) 33 (12) 1-69 (0 10) 67 (11)

FEVI, forced expiratory volume in one second; FVC, forced vital capacity; FEV,% and FVC%, results expressed as percentage of predicted5;
neg, no histological evidence of rejection; PCI, patchy cellular infiltrate, no myocytolysis (cyclosporin effect); CYA, cyclosporin; AZA, azathi
ASA, aspirin; DYP, dipyridamole; PRED, prednisone; NFD, nifedipine; HYD, hydralazine; MDP, methyldopa; DCM, dilated cardiomy
VSD, ventricular septal defect.

minute until symptom limited maximum exercise.
The subjects breathed via a mouthpiece through a
Hans Rudolph valve box (Hans Rudolph, Kansas
City, USA). Tidal volume, respiratory frequency,
and minute ventilation were measured by a turbine
ventilation monitor (PK Morgan, Rainham, UK).
Mixed expired oxygen and carbon dioxide concen-
trations were measured by sampling from a mixing
chamber by a computer assisted mass spectrometer
(Spectralab "M", VG Medical, Middlewich, UK)
and used to calculate oxygen consumption and
carbon dioxide production.6 End tidal carbon dioxide
concentrations were measured at the mouth with a
catheter probe connected to the mass spectrometer.
The presence of a plateau in the expiratory carbon
dioxide tracing was confirmed by a chart recorder;
the shape of the tracings was similar in the three
groups. Arterial oxygen saturation was recorded
continuously with a ear oximeter (Biox III Pulse
Oximeter, Ohmeda, Harlow, UK).
Blood pressure was recorded with a sphygmoman-

ometer. Twelve lead electrocardiograms were recor-
ded on a Marquette MAC I exercise electrocar-
diograph system (Marquette, Manchester, UK),

which was also used to measure heart rate. Average
values for heart rate and each respiratory variable
were measured for each minute. Blood pressure and
12 lead electrocardiograms were recorded at rest and
at the end of each three minutes of exercise. The
subjects quantified their sensation of breathlessness
at the end of each minute on a visual analogue scale.7
Ahand controlled linear potentiometer, mounted in a
convenient position on the handlebars, allowed the
patients to indicate their degree of breathlessness by
moving a light along a 10 cm linear display, the ends
of which were marked "not at all breathless" and
"extremely breathless". At the end of the test each
person was asked to report the symptoms limiting
their exercise capacity.

STATISTICAL ANALYSIS
The baseline characteristics ofthe three groups were
compared by analysis of variance. The results are
given as mean (SD). Statistical analysis was perfor-
med by Student's t test for unpaired data and two
way analysis ofvariance. The level ofsignificance was
taken asp < 0-05 in a two tailed test. Graphs showing
the data subjected to analysis of variance include
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Time after
FEV, (1) FEV,% FVC (1) FVC % operation (days) Biopsy Drug treatment

Heart-lung transplant
28 121 3-71 118 319 Neg CYA,AZA,ASA
43 93 2-75 91 364 Neg CYA, AZA, ASA, DYP, NFD
94 104 4 21 91 723 Neg CYA, AZA, DYP, HYD
22 104 4.59 98 449 Neg CYA, AZA, ASA, DYP
87 87 4-3 84 372 Neg CYA,ASA,AZA
70 106 4-28 100 366 Neg CYA,AZA,ASA,DYP
54 121 5-18 114 372 Neg CYA,AZA,ASA,DYP
55 76 3-08 77 119 Neg CYA, AZA, ASA, DYP
59(0.76) 102 (16) 4.01 (0.80) 97 (14) 385 (167)

Cardiac transplant
44 99 3-14 109 359 Neg CYA, AZA, NFD
46 99 2-95 98 261 Neg CYA, AZA, ASA, PRED
26 100 5-15 99 286 Neg CYA,AZA, NFD
74 75 3-00 72 251 Neg CYA, AZA, ASA, DYP, PRED
99 89 4-57 86 356 Neg CYA, AZA, ASA, DYP, MDP, HYD
71 107 4-67 109 604 Neg CYA,AZA
37 104 5-51 110 364 PCI CYA, AZA, ASA, DYP, HYD
18 62 2-27 56 155 Neg CYA, AZA, ASA, DYP
26 (0.98) 92 (16) 3-91 (1.20) 92 (20) 330 (132)

Controls
73 94 3.77 111
44 118 4.04 120
92 89 5-14 96
84 93 4-54 95
77 87 4 07 81
87 100 5-72 114
77 107 4-47 109
41 115 3-68 108
59 (0.40) 100(12) 4-42 (0-71) 104 (13)

Fisher's least significant difference for comparing
observations between groups at the 5% significance
level.8 The visual analogue scores at maximum
exercise were anlysed non-parametrically by the
Mann-Whitney U test.

Results

There were no significant differences in the baseline
characteristics of the three groups (table 1).

BEFORE EXERCISE
All subjects were in sinus rhythm. The controls had
normal electrocardiograms. Three patients with
heart-lung transplants had electrocardiograms that
were within normal limits; one had complete right
bundle branch block and four had T wave inversion
in the anterior chest leads; one of these four also had
T wave inversion in the inferior leads and another
had left ventricular hypertrophy on voltage criteria
(SV2 + RV5 > 3.5mV). This subject's blood pres-
sure at rest was 100/70 mm Hg and he was not
receiving antihypertensive treatment. Five of the
cardiac transplant recipients had electrocardiograms

within normal limits; one had partial right bundle
branch block and two had T wave inversion in the
anterior chest leads.

MAXIMUM EXERCISE
All subjects were exercised to their symptom limited
maximum and no adverse reactions occurred during
the test. Table 2 shows the symptoms limiting
exercise capacity. Figure 1 shows the maximum level
of exercise achieved in the three groups as indicated
by workload and oxygen consumption in both trans-
plant groups. The maximum workload was lower
than in the normal controls (p < 0.01). There was no
significant difference between the maximum work-
load achieved between the cardiac transplant
recipients and the heart-lung recipients. Peak oxygen
uptake was lower in both transplant groups but the
difference only reached statistical significance for the
heart-lung group (p < 0.05). Peak oxygen uptake in
relation to body weight was also lower in the trans-
plant groups: normal controls 30 (4) ml/kg; heart-
lung recipients 22 (7) ml/kg (p < 0 05), and heart
transplant recipients 23 (10) ml/kg (p = NS). The
normal controls achieved higher maximum heart
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Table 2 Symptoms limiting exercise capacity during test

Heart-lung Cardiac
transplant transplant Normal

Fatigue 2 6 6
Dyspnoea 2 1 1
Both 4 1 1

rates than either ofthe transplant groups (p < 0-001).
There was no significant difference in maximum

ventilation. Maximum systolic blood pressure was

higher in the normal subjects than in either trans-

plant group (p < 0-05). There was no significant
difference in breathlessness at maximum exercise, as

measured by the visual analogue scale, between the
normal subjects and either transplant group (Mann-
Whitney U test).

PATTERN OF EXERCISE RESPONSE
We examined the differences in the incremental
response to exercise in the three groups by a two way

analysis of variance. Because this approach required
an equal number of data points in each group, the
response could be analysed only up to the maximum
workload achieved by all subjects (50 W) (fig 2).

Cardiovascular response

All subjects remained in sinus rhythm throughout
the test and no significant electrocardiographic chan-
ges occurred during exercise. At rest the heart rates
of both transplant groups were significantly greater
than that in the normal controls (p < 0.01). During
exercise there were no significant differences in heart
rates at workloads where analysis ofvariance could be
performed. To determine the workload at which the
heart rate was significantly increased from the resting
level, we used Fisher's least significant difference for
observations within a group (for p < 0-05).8 In the
normal subjects this occurred at the first stage of
exercise (10 W) whereas in both transplant groups it
did not occur until the 30 W stage (that is the
response was delayed by two minutes). There was no
significant electrocardiographic changes during
exercise in any subject.

Figure 2 shows the blood pressure response of the
three groups. There were no significant differences in
systolic blood pressure between the three groups at
rest, 30, or 60W (one cardiac transplant recipient did
not reach the 60W stage and the blood pressure at 50
W was used for analysis of variance). Systolic blood
pressure rose significantly on exercise in all three
groups (p < 0-001). Heart-lung recipients tended to
have slightly lower diastolic pressures and this
difference was just significant at the 30 W stage.
There was no significant change in diastolic blood
pressure in any group during exercise.

219

Respiratory response
Before exercise the heart-lung transplant group
tended to have higher values for ventilation, oxygen
uptake, and carbon dioxide production; however, the
difference was statistically significant only for carbon
dioxide production during the first minute. During
exercise there was no significant difference in oxygen
consumption or carbon dioxide production among
the three groups. Ventilation was greater in the
heart-lung transplant recipients than in the normal
controls and this was statistically significant at and
above the 30 W stage. Ventilation in the cardiac
transplant patients was, in general, higher than that
in the normal controls but this difference was only
significant at the 30 W stage. The increase in
ventilation in the heart-lung transplant patients was
achieved by an increase in both tidal volume and
respiratory rate while that in the cardiac transplant
patients was achieved by an increase in respiratory
rate alone.
The oxygen consumption corresponding to the

anaerobic threshold for each subject was estimated
from the point where ventilation began to increase
non-linearly with oxygen uptake.9 For the normal
subjects this was 1-43 (0-38) 1/min oxygen; for the
heart-lung group it was 1-0 (0-32) 1/min (p = NS),
and for the cardiac transplant group it was 1-2 (0A46)
1/min (p = NS). The ventilatory equivalent for
oxygen in each person was obtained from the slope of
the linear regression line of ventilation against
oxygen uptake below the anaerobic threshold.'0 The
mean slope for the normal controls was 23-9 (5 5); for
the heart-lung group it was 30 8 (6- 1) (p < 0 05), and
for the cardiac transplant group it was 25-8 (3 2) (p =
NS). The ventilatory equivalent for carbon dioxide
was obtained in a similar manner. The mean slope for
the normal controls was 23-5 (3 2); for the heart-lung
group it was 30 5 (4 7) (p < 0-01), and for the cardiac
transplant group it was 27-1 (3.8) (p = NS).
Oxygen saturations were similar for all three

groups. The end tidal carbon dioxide value was
significantly lower in the heart-lung recipients than
in the normal (p < 0 02) and cardiac transplant (p <
0-02) groups.

Discussion

Combined heart-lung transplantation can alleviate
symptoms and improve the quality of life of patients
with severe pulmonary vascular disease and paren-
chymal lung disease.' We have been impressed by the
excellent degree of rehabilitation achieved by most
heart-lung transplant recipients. In some patients,
however, long term complications develop
(especially chronic airflow obstruction in the trans-
planted lung"), and the physiological consequences
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Exercise after heart-lung transplantation
of the procedure have not been fully defined. This
study was designed to compare the exercise capacity
and pattem of exercise response ofa group ofhealthy
heart-lung transplant recipients with those of cardiac
transplant recipients and normal controls. We selec-
ted transplant recipients who had no serious com-
plications after transplantation.
Our results confirm the findings of a previous

study which showed that recipients of heart-lung
transplants had an exercise capacity that was less than
that predicted for normal controls.4 In addition, we
have established that their exercise capacity is similar
to that ofmatched cardiac transplant recipients. The
reduced exercise capacity of patients with orthotopic
cardiac transplants has already been shown.2 13
Several factors may contribute to the reduced exer-
cise capacity after heart and heart-lung transplanta-
tion.

Illness before transplantation will have produced a
period of deconditioning and muscle wasting that
may persist after operation. A recent study showed a
delayed recovery in the vasodilator response of
skeletal muscle after cardiac transplantation. This
may reflect a persistent effect of preoperative cardiac
failure and deconditioning, which could affect exer-
cise capacity.'4 A previous study of cardiac transplant
recipients at our hospital found them to have a
reduced lean body mass and exercise capacity com-
pared with normal controls. A programme of regular
exercise training improved exercise capacity and
increased lean body mass although their exercise
capacity was still less than that of controls.'3
There is the possibility of residual left ventricular

dysfunction related to the process of brain death in
the donor,'5 the organ preservation at the time of
transplantation, and subsequent episodes of cardiac
rejection. We found that the systolic ventricular
function of cardiac transplant recipients treated with
cyclosporin was, however, usually normal.'6
The heart-lung transplant operation'7 has several

physiological consequences. The heart and lungs are
transplanted as a single block replacing the recipi-
ent's diseased organs. Vascular anastomoses are
made between the donor right atrium and a remnant
ofthe recipient's right atrium and between donor and
recipient ascending aorta (the donor left atrium
remains intact). The tracheal anastomosis is made
between the lower part of the recipient's trachea and
the donor trachea just above the carina. The pro-
cedure results in acute denervation of the transplan-
ted heart and lungs. The recipient retains tracheal
innervation down to the level of this anastomosis and
the recurrent laryngeal nerves remain intact. The
pulmonary lymphatic system and bronchial circula-
tion are sacrificed.

Orthotopic cardiac transplantation results in com-

221
plete denervation of the transplanted heart but the
pulmonary innervation, lymphatic system, and the
bronchial circulation are not affected. Cardiac rein-
nervation has not been seen in patients after ortho-
topic cardiac transplantation'8 although evidence of
efferent reinnervation has been found in recipients at
heterotopic transplants.'9 In dogs cardiac and pul-
monary reinnervation can occur after transplantation
of the heart20 or lung.2' The sinus tachycardia before
exercise together with the identical, abnormal, heart
rate response during exercise of the heart-lung and
heart transplant recipients studied here provide
evidence of persistent cardiac denervation. It has
been difficult to show pulmonary denervation in
heart-lung transplant recipients non-invasively
because of the presence of an innervated trachea.
Recipients of heart-lung transplants do not have an
increased cough threshold when tested with a citric
acid aerosol (Banner N R et al, unpublished). They
do, however, have increased airways responsiveness
to methacholine. This may represent a denervation
hypersensitivity of muscarinic receptors in the air-
ways of the transplanted lung.22 23
The difference in exercise capacity between the

transplant groups and normal individuals was not
caused by altered mechanical or metabolic efficiency
as the relation of oxygen consumption and carbon
dioxide production to workload was the same in all
three groups. Because the two transplant groups
showed a similar performance the overall limitation
is likely to be related to the circulation and the
transplanted heart rather than to the transplanted
lungs. This view is supported by the ventilatory
response, which provided indirect evidence of
anaerobic metabolism developing during exercise in
all three groups in this study, and the increased
lactate concentrations found in recipients of heart-
lung transplants at maximum exercise in another
study.4
The abnormal response of heart rate to exercise

may contribute to the reduced exercise capacity of
the transplant recipient. The increased resting heart
rate in the transplant recipients is caused by a loss of
vagal tone.'8 The delayed response ofheart rate at the
start of exercise is associate with an impaired initial
cardiac output response.24 All three groups, however,
had similar heart rates during the first few minutes of
exercise in this study. The lower peak heart rates
achieved by the transplant recipients might limit
maximum cardiac output or they may just reflect the
lower workloads reached by the transplant
recipients. The cardiac output of heart transplant
recipients (measured under steady state conditions
during submaximal exercise) is normal in relation to
oxygen uptake.25 The slow response ofheart rate may
place the transplant patient at a particular disadvan-
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tage during an incremental exercise test. A previous
study found that the cardiac output response of
recipients of heart transplants to exercise was caused
by a prominent rise in stroke volume and a slow rise
in heart rate; because cardiac output was low in
relation to oxygen uptake there was an increase in the
arteriovenous oxygen difference.26 Exercise training
improves the response of heart rate to exercise in
cardiac transplant recipients and the improvement is
associated with an increased exercise capacity.'3
Cardiac denervation may affect cardiac function in
other ways. Contractility and the contractile reserve
of the left ventricle in the transplanted heart seem
normal when tested pharmacologically27 but the
effects of chronic cardiac denervation on left ven-
tricular performance during exercise are unknown.
Hypertension is a common complication of cyclo-

sporin treatment in heart transplant recipients.' '9
Four heart and two heart-lung recipients in this
study were on antihypertensive treatment. The
systolic blood pressure response to exercise was
similar in all three groups.

Cardiac transplant recipients have been reported
to have increased ventilation in relation to oxygen
uptake during exercise." The cardiac transplant
group in the present study had a slightly increased
ventilation compared with the normal controls but
the difference was not statistically significant.
Analysis by linear regression of ventilation against
oxygen uptake shows that the response was close to
the published values for a similar exercise protocol.'0
The end tidal carbon dioxide concentrations were
normal in the cardiac transplant group, confirming
that alveolar ventilation was normal. The relatively
normal ventilatory response in these patients may be
because of the improvement in ventricular function
that we saw in cardiac transplant recipients treated
with cyclosporin compared with conventional
immunosuppression.'6 In addition, the ventilatory
response of cardiac transplant recipients is related to
their physical fitness and can be altered by exercise
training."

In contrast, both analysis of variance at equivalent
workloads or by linear regression of ventilation
against oxygen below the anaerobic threshold
showed an increased ventilatory response in the
heart-lung group; this was owing to a combination of
increased respiratory rate and tidal volume. A case of
increased ventilation during exercise in a heart-lung
transplant recipient was reported while the present
work was in progress.'0
The increased ventilatory response in our study

did not seem to be the result of poor pulmonary gas
exchange. Oximetry showed that the heart-lung
group did not desaturate during exercise and end
tidal carbon dioxide concentrations were low, sug-

Banner, Lloyd, Hamilton, Innes, Guz, Yacoub
gesting that true alveolar hyperventilation was occur-
ring. It may be that the increased ventilation and low
end tidal carbon dioxide concentrations were the
result ofregions ofhigh ventilation and low perfusion
in the transplanted lungs. The heart-lung group had
good baseline lung function, however, which makes
this explanation unlikely. Another study found low
arterial carbon dioxide tensions in heart-lung trans-
plant recipients before and during exercise although
it did not compare them with those in normal
controls.4 The alveolar hyperventilation might be
caused by the sluggish heart rate response with the
early development ofa lactic acidosis during exercise.
The small increase in ventilation seen in the cardiac
transplant group who had a similar exercise capacity
and cardiovascular response to exercise does not
support this idea. Drug treatment was similar in the
two transplant groups so the increased ventilation is
not the result of medication.
The mechanisms controlling exercise hyperpnoea

are complex and poorly understood. Most of the
attention in this area has been focused on mechan-
isms stimulating ventilation rather than those res-
training it.3' Our results suggest that an increased
ventilatory response to exercise occurs after pulmon-
ary denervation, but not after cardiac denervation.
We found that the ventilatory response to carbon
dioxide was increased in heart-lung transplant
recipients.32 A possible explanation is that the
increased ventilatory response to these stimuli is
caused by the loss ofnegative feedback from pulmon-
ary afferents in the heart-lung recipients.
The heart-lung recipients were still able to per-

ceive breathlessness during exercise and the max-
imum breathlessness scores were similar in the three
groups. This indicates that pulmonary afferents do
not make an essential contribution to the sensation of
exertional dyspnoea.

In conclusion, heart-lung and heart transplant
recipients have a similar exercise capacity and car-
diovascular response to exercise. The altered car-
diovascular response is partly the result of cardiac
denervation and their exercise capacity seemed to be
limited by circulatory performance. The heart-lung
transplant recipients also show an increased ven-
tilatory response during submaximal exercise, which
may be caused by a loss ofnegative feedback from the
pulmonary afferents. Exercise capacity after heart-
lung transplantation is sufficient for everyday
activities and transplantation can provide excellent
rehabilitation of patients with end stage cardiopul-
monary disease.

We thank Dr Ken MacRae for statistical advice.
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