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Background-—Little is known about the hemodynamic response to exercise in heart failure patients at various ages before and
after heart transplantation (HT). This information is important because postoperative hemodynamics may be a predictor of survival.
To investigate the hemodynamic response to HT and exercise, we grouped our patients based on preoperative age and examined
their hemodynamics at rest and during exercise before and after HT.

Methods and Results-—Ninety-four patients were evaluated at rest prior to HT with right heart catheterization at our laboratory. Of
these patients, 32 were evaluated during slight supine exercise before and 1 year after HT. Postoperative evaluations were
performed at rest 1 week after HT and at rest and during exercise at 4 weeks, 3 months, 6 months, and 1 year after HT. The
exercise patients were divided into 2 groups based on preoperative age of ≤50 or >50 years. There were no age-dependent
differences in the preoperative hemodynamic exercise responses. Hemodynamics markedly improved at rest and during exercise
at 1 and 4 weeks, respectively, after HT; however, pulmonary and, in particular, ventricular filling pressures remained high during
exercise at 1 year after HT, resulting in normalized pulmonary vascular resistance response but deranged total pulmonary vascular
resistance response.

Conclusions-—Our findings suggest that, (1) in patients with heart failure age ≤50 or >50 years may not affect the hemodynamic
response to exercise to the same extent as in healthy persons, and (2) total pulmonary vascular resistance may be more adequate
than pulmonary vascular resistance for evaluating the exercise response after HT. ( J Am Heart Assoc. 2015;4:e001787 doi:
10.1161/JAHA.115.001787)
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P hysical activity imposes prominent stress on the cardio-
vascular system because adequate delivery of oxygen

and substrates is a necessity to sustain muscular activity.1

The provision of sufficient oxygen delivery requires both
ventilatory and cardiovascular adaptations, including
increases in ventilation, heart rate, and cardiac output (CO),
in parallel with increased vascular conductance in active
muscles and increased vascular resistance in inactive tissue.2

In severe heart failure (HF), both cardiac output and
endothelial function are impaired.3 Consequently, in HF, both

central and peripheral circulation may compromise sufficient
oxygen delivery to active muscles, limiting exercise capacity
and daily life activities.

Knowledge of systemic and pulmonary hemodynamics is
important for the treatment of HF. The normal hemodynamic
magnitudes have previously been clearly defined at rest4,5;
however, there is a lack of understanding of the normal
hemodynamic response to exercise, especially with regard to
pulmonary circulation but also related to sex, body position,
and different exercise intensities.6–8 This is further compli-
cated by that the hemodynamic alterations due to age seem
to be more prominent during exercise than at rest.7,8 Even
though several invasive studies have investigated hemody-
namics during exercise,9–13 the normal response has not been
clearly defined. This lack of consensus resulted in abandoning
of the “exercise criteria” in the definition of pulmonary
hypertension at the World Symposium on Pulmonary Hyper-
tension in 2008.4

Moreover, the mechanisms behind exaggerated exercise-
induced increases in pulmonary artery pressures are poorly
understood. For these reasons, it remains of value to further
characterize hemodynamics during exercise before and after
HT. Such characteristics could assist in defining an abnormal

From the Haemodynamic Lab, The Section for Heart Failure and Valvular
Disease, The Heart and Lung Clinic, Sk�ane University Hospital, Lund, Sweden
(J.L., G.R.) and Department of Clinical Sciences Lund, Cardiology, Lund
University, Lund, Sweden (J.L., G.R.).

Correspondence to: Jakob Lundgren, MD, The Haemodynamic Lab, The
Section for Heart Failure and Valvular Disease, The Heart and Lung Clinic, Sk�ane
University Hospital, Lund, Sweden. E-mail: jakob_lundgren@hotmail.com

Received January 21, 2015; accepted May 20, 2015.

ª 2015 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley Blackwell. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.115.001787 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.115.001787
http://creativecommons.org/licenses/by-nc/4.0/


response to exercise and potentially aid in a new definition of
exercise-induced pulmonary hypertension. This is important
because pulmonary hypertension during exercise might be a
better prognostic marker for disease severity than measure-
ments at rest.14–19 Such a definition is also relevant because
there is conflicting evidence regarding the preoperative
magnitudes of different hemodynamic parameters at rest
that may affect outcome after HT. This aspect illustrates the
complexity in differentiating between patients with excessive
vasoconstriction and those with vascular remodeling20 and
highlights the need for refined criteria for defining pulmonary
hypertension. Improved insight into exercise hemodynamics
may also provide guidance for medical treatment, for listing
for HT, and for detection of pulmonary vascular abnormalities
earlier in HF and after HT.

The aim of the present study was therefore to characterize
the hemodynamics of patients with severe end-stage HF at
rest and during exercise in relation to age before and after
HT and to relate that information to data from healthy
persons in previously published systematic reviews.7,8 Our
purpose was to clarify how patients with severe HF respond
to slight exercise and how hemodynamics recover at rest and
during exercise after HT, as well as to highlight potential
abnormalities in the post-transplant response to exercise. We
hypothesized that hemodynamics at rest and during exercise
improve early after HT but with significant abnormalities
remaining during exercise at 1 year after HT. We also
hypothesized that any age-dependent differences in the
hemodynamic response to exercise would be attenuated in
patients with severe HF.

Methods

Study Design and Population
This retrospective single-center study reviewed the 215 HT
patients followed at Sk�ane University Hospital in Lund,
Sweden, during 1988–2010. The study was performed with
informed consent and approval by the ethics board in Lund
(DNR 2014/92, Dnr 2011/777, Dnr 2011/368, Dnr 2010/
114) and in accordance with the Declarations of Helsinki and
Istanbul. A total of 219 HTs were included, of which 214 (98%)
were first-time HTs, and 72 patients (33%) received a
mechanical assist prior to HT.

The study focused on adult patients evaluated at our
hemodynamic laboratory prior to HT. Patients referred from
and investigated at other university hospitals (n=87), children
aged <18 years (n=21), repeated HTs (n=5), and other patients
with incomplete hemodynamic data prior to HT (n=12) were
excluded. After exclusion, 94 adults (study population)
remained for analysis, of which 24 were women (25.6%). The
mean age was 51.6 years, and age ranged from 19 to

69 years. The most common indications for HT were dilated
(52 patients) and ischemic (24 patients) cardiomyopathy.21

Data Collection and Analysis
Right heart catheterization (RHC) was performed at rest prior
to HT and at 1 and 4 weeks, 3 and 6 months, and 1 year after
HT. In all patients who were capable of exercise, RHC
measurements were also performed during supine bicycle
exercise prior to HT and at 4 weeks, 3 and 6 months, and
1 year after HT. Men exercised at 50 W, and women
exercised at 30 W. Measurements were conducted at steady
state �5 minutes after initiation of exercise. There was no
graded increase in workload.

Thirty-two of the 94 patients exercised prior to and 1 year
after HT. These patients were subsequently characterized in 2
groups, 1 with patients aged ≤50 years (n=12) and 1 with
patients aged >50 years (n=20) at the time of HT (Table 1). This
subclassification was performed to compare our findings with
those presented for healthy persons published in recent
systematic reviews.7,8Overall, 21 of the 94 includedHTpatients
were bridged to transplantation using a mechanical assist. Of
these patients, 4 exercised prior to and 1 year after HT.

Right Heart Catheterization
RHC was predominantly performed via the right internal
jugular vein, using a Swan Ganz catheter (Baxter Health Care
Corp). If patients had >1 RHC prior to HT, the one closest to
HT or assist implantation was analyzed. Mean pulmonary
artery pressure (MPAP), pulmonary artery wedge pressure
(PAWP), mean right atrial pressure (MRAP), and mean arterial
pressure were recorded during RHC. Heart rate was recorded
from ECG. CO was measured by thermodilution. Cardiac
index, stroke volume (SV), SV index, left ventricular stroke
work index (LVSWI), right ventricular stroke work index
(RVSWI), transpulmonary gradient (TPG), pulmonary vascular
resistance (PVR), PVR index, and total PVR (TPVR) were
calculated using the following formulas: cardiac index=CO/
body surface area; SV=CO/heart rate; SV index=SV/body
surface area; LVSWI=(mean arterial pressure�PAWP)9SV
index; RVSWI=(MPAP�MRAP)9SV index; TPG=MPAP�PAWP;
PVR=TPG/CO; PVR index=TPG/cardiac index; and TPVR=
MPAP/CO.

Statistics
A SigmaStat system (SigmaPlot 11.0) was used for statistical
analysis. Parametric or nonparametric statistics were used
depending on the distribution of data. One-way repeated-
measures ANOVA (Tukey test) or One-way repeated-measures
ANOVA on ranks (Tukey test) were used when multiple groups
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Table 1. Characteristics of the Patients Who Exercised Prior to and 1 Year After HT, Grouped According to Age at the Time of HT

Patients Aged ≤50 Years at the Time of HT Patients Aged >50 Years at the Time of HT

Mean�SD n % Mean�SD n %

Recipient characteristics

Sex of recipient 12 20

Female 6 50.0 4 20.0

Age of recipient, y 42.8�7.3 12 56.6�3.7 20

≤10 0 0 0 0

11 to 20 0 0 0 0

21 to 30 1 8.3 0 0

31 to 40 2 16.7 0 0

41 to 50 9 75.0 0 0

51 to 60 0 0 16 80.0

≥61 0 0 4 20.0

Recipient length, cm 171.0�8.6 12 175.8�8.2 20

Recipient weight, kg 78.1�20.3 12 81.0�15.6 20

Recipient blood group 12 20

0 3 25.0 7 35.0

A 8 66.7 9 45.0

B 0 0 4 20

AB 1 8.3 0 0

Time on waiting list, days 121.5�146.6 12 138.9�130.1 20

Indication for HT 12 20

DCM 8 66.7 12 60.0

HCM 0 0 1 5

Myocarditis 2 16.7 1 5

IHD 0 0 6 30.0

RCM 2 16.7 0 0

Donor characteristics

Sex of donor 12 20

Female 5 41.7 9 45.0

Age of donor, y 35.5�13.9 12 45.2�15.4 20

Donor length, cm 175.7�9.1 12 176.3�10.3 18

Donor weight, kg 76.2�18.8 12 82.5�13.4 20

Ischemic time, min 163.3�63.5 12 182.7�56.5 20

Recipient–donor matching

Age difference, y 13.7�9.4 12 13.3�12.6 20

Sex matching 12 20

Sex matched 9 75.0 15 75.0

AB0 matching 12 20

Identic 9 75.0 19 95.0

Compatible 3 25.0 1 5.0

Incompatible 0 0 0 0

DCM indicates dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; HT, heart transplantation; IHD, ischemic heart disease; RCM, restrictive cardiomyopathy.
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were compared. The Student t test and Mann-Whitney rank-
sum test were used, respectively, when 2 groups were
compared. Paired Student t test and Wilcoxon signed rank
test were used, respectively, when comparing 1 group before
and after an intervention. Pearson and Spearman correlations
were used, respectively, when measuring the association
between 2 variables. A P value <0.05 was considered
statistically significant. All values are mean�SD.

Results

Hemodynamics at Rest and During Exercise Prior
to Heart Transplantation
Baseline hemodynamics for all 94 included patients and for
the subgroup of patients who exercised (n=32) are shown in
Table 2.

During the preoperative assessment of the 32 patients who
exercised during RHC, exercise increased MPAP (P<0.001),
PAWP (P<0.001), TPG (P<0.001), MRAP (P<0.001), CO
(P<0.001), and SV (P<0.01) compared with performance at
rest, whereas PVR and TPVR remained unchanged (P value not

significant) (Table 2). There was no correlation between change
in PAWP andMRAP (R2=0.02, P value not significant) (Figure 1).

Exercise in patients aged ≤50 years increased MPAP
by 15.7�10.0 mm Hg (58.1%, P<0.001), PAWP by
10.3�8.2 mm Hg (53.8%, P<0.001), TPG by 5.4�5.9 mm Hg
(68.6%, P<0.001), MRAP by 10.2�4.0 mm Hg (125.5%,
P<0.001), CO by 2.2�0.7 L9min�1 (54.2%, P<0.001), and
SV by 6.3�7.8 mL9beat�1 (11.3%, P<0.04), whereas PVR
and TPVR remained unaltered (P value not significant)
(Figures 2 and 3).

Similarly, in patients aged >50 years, exercise increased
MPAP by 18.8�11.5 mm Hg (69.4%, P<0.001), PAWP by
13.5�11.3 mm Hg (77.2%, P<0.001), TPG by 5.4�4.2 mm Hg
(55.3%, P<0.001), MRAP by 10.8�3.8 mm Hg (259.0%,
P<0.001), and CO by 2.0�1.7 L9min�1 (48.1%, P<0.001),
whereas SV, PVR, and TPVR remained unaltered (P value not
significant) (Figures 2 and 3).

With regard to pre-HT age-dependent differences, none of
these parameters differed for patients aged ≤50 or >50 years
(P value not significant) at rest and during exercise. The
percentage change did neither differ between the groups (P
value not significant) (Figures 2 and 3).

Table 2. Preoperative Haemodynamic Characteristics of All 94 Patients and the 32 Patients Who Exercised Prior to, and 1 Year
After, HT

Parameter

Entire Study Population
(at Rest)

Patients Who Exercised
(at Rest)

Patients Who Exercised
(During Exercise)

Patients ≤50 Years
(at Rest)

Patients >50 Years
(at Rest)

SignificanceMean�SD Mean�SD Mean�SD Mean�SD Mean�SD

Patients, n 94 32 32 12 20

MAP, mm Hg 74.1�13.6 75.4�15.8 87.9�19.7* 73.5�10.9 77.1�18.1 *

MPAP, mm Hg 30.1�8.8 27.2�9.8 44.4�10.5* 29.1�9.7 27.9�10.1 *

PAWP, mm Hg 20.5�8.2 18.3�8.8 30.5�9.5* 18.2�9.3 18.4�8.7 *

TPG, mm Hg 9.6�3.5 8.9�3.1 14.0�5.3* 7.9�2.3 9.5�3.3 *

MRAP, mm Hg 7.9�6.1 6.1�5.0 16.3�7.4* 7.6�5.5 5.3�4.7† *,†

HR, beat 9 min�1 82.6�16.8 82.2�15.0 111.9�19.6* 77.5�16.1 84.8�14.1 *

CO, L 9 min�1 3.7�1.0 4.3�0.9† 6.4�1.7* 4.3�1.1 4.3�0.9† *,†

SV, mL 9 beat�1 46.7�17.1 53.1�15.3† 60.2�21.6* 57.4�19.5 50.7�12.4 *,†

PVR (WU) 2.8�1.3 2.2�0.7† 2.2�0.8 2.0�0.6† 2.3�0.8 †

TPVR (WU) 9.1�4.3 6.7�2.8† 7.4�2.6 6.5�3.1† 6.8�2.7† †

LVSWI,
mm Hg 9 mL 9 m�2

1395.0�730.1 1615.9�717.8 1894.7�1174.1 1680.5�689.9 1580.4�747.8

RVSWI,
mm Hg 9 mL 9 m�2

546.2�271.1 594.6�333.2 814.8�404.4* 563.2�333.8 611.9�340.2 *

CO indicates cardiac output; HR, heart rate; HT, heart transplantation; LVSWI, left ventricular stroke work index; MAP, mean atrial pressure; MPAP, mean pulmonary artery pressure; MRAP,
mean atrial pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RVSWI, right ventricular stroke work index; SV, stroke volume; TPG, transpulmonary
gradient; TPVR, total pulmonary vascular resistance; WU, Wood units.
*Indicates significance (P<0.05) between rest and exercise in patients who exercised.
†Indicates a significance (P<0.05) compared to the entire study population.
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Hemodynamic Improvement After Heart
Transplantation
The hemodynamic response and improvement in relation to HT
are shown in Figures 4 and 5 for all 94 patients at rest and for
32 patients during slight supine exercise. For the 94 patients at
rest 1 week after HT, there was a decrease in MPAP (P<0.001),
PAWP (P<0.001), PVR (P<0.001), and TPVR (P<0.001) along
with an increase in mean arterial pressure (P<0.001), CO
(P<0.001), and SV (P<0.001) compared with performance at
rest prior to HT (Figures 4 and 5). TPG and MRAP were
unaltered (P value not significant) (Figures 4 and 5).

Of these parameters, PVR remained constant (P value not
significant) throughout the first year after HT, whereas MPAP
further decreased (P<0.009) andmean arterial pressure further
increased (P<0.02) at 4 weeks versus 1 week after HT and
remained constant (P value not significant) thereafter. MRAP
also decreased (P<0.001) at 4 weeks as compared to both
prior to HT and one week after HT, and then temporarily
decreased (P<0.04) at 6 months compared with 4 weeks after
HT. SV further increased (P<0.01) at 3 months compared with
1 week after HT and remained constant (P value not signifi-
cant) thereafter. Finally, PAWP and TPVR further decreased
(P<0.001 and P<0.02, respectively) and CO further increased
(P<0.03) at 6 months compared with 1 week after HT and
remained constant (P value not significant) thereafter.

Compared with performance during exercise prior to HT, at
4 weeks after HT, there was a decrease in MPAP (P<0.001),
PAWP (P<0.001), PVR (P<0.003), and TPVR (P<0.001) along
with an increase in mean arterial pressure (P<0.001), CO
(P<0.001), and SV (P<0.001). TPG and MRAP were unaltered
(P value not significant) (Figures 4 and 5). All of these
parameters remained stable (P value not significant) through-

out the first year after HT except for CO, which further
increased (P<0.004), and for MRAP and PVR, which decreased
(P<0.005 and P<0.03, respectively), at 1 year after HT
(Figures 4 and 5).

Hemodynamic Response to Exercise at 1 Year
After Heart Transplantation
For the 32 patients who performed RHC at rest and during
exercise 1 year after HT, exercise increased (P<0.001 for all
parameters) MPAP by 17.8�6.1 mm Hg (114.6%), PAWP by
14.1�5.5 mm Hg (193.1%), TPG by 3.7�3.1 mm Hg (44.4%),
MRAP by 9.8�4.3 mm Hg (371.4%), CO by 5.4�2.4 L9min�1

(88.1%), SV by 28.5�15.6 mL9beat�1 (39.8%), and TPVR by
0.4�0.7 Wood units (WU; 15.4%) compared with performance
at rest, whereas PVR decreased by 0.3�0.3 WU (22.1%,
P<0.001) (Figures 2 and 3). Change in MPAP from rest to
exercise correlated to change in PAWP (R2=0.75, P<0.001)
(Figure 6).

Exercise in patients aged ≤50 years increased MPAP by
14.8�4.6 mm Hg (104.1%, P<0.001), PAWP by 12.1�4.3
mm Hg (190.8%, P<0.001), TPG by 2.8�3.3 mm Hg (34.7%,
P<0.016), MRAP by 8.6�5.3 mm Hg (412.0%, P<0.001), CO by
5.8�3.4 L9min�1 (88.7%, P<0.001), SV by 30.9�19.3
mL9beat�1 (41.7%, P<0.001), and TPVR by 0.2�0.4 WU
(11.1%, P<0.05), whereas PVR decreased by 0.3�0.3 WU
(26.7%, P<0.004) (Figures 2 and 3).

Similarly, exercise in patients aged >50 years increased
MPAP by 19.6�6.4 mm Hg (118.5%, P<0.001), PAWP by
15.3�6.1 mm Hg (194.3%, P<0.001), TPG by 4.3�2.8
mm Hg (49.7%, P<0.001), MRAP by 10.5�4.0 mm Hg
(354.2%, P<0.001), CO by 5.2�1.6 L9min�1 (87.7%,
P<0.001), SV by 27.1�16.0 mL9beat�1 (38.6%, P<0.001),
and TPVR by 0.5�0.8 WU (17.5%, P<0.008), whereas
PVR decreased by 0.3�0.3 WU (19.7%, P<0.001) (Figures 2
and 3).

Resting TPVR was generally higher in patients aged
>50 years compared with patients aged ≤50 years
(P<0.03). In contrast, during exercise, not only TPVR but also
MPAP and PVR were higher (P<0.05) in patients aged
>50 years compared with patients aged ≤50 years; however,
the percentage change in these parameters did not differ
between groups (Figures 2 and 3).

Discussion
The present study evaluated the hemodynamics at rest and
during slight supine exercise in patients with severe HF before
and after HT. Our results showed that already at 1 week after
HT, hemodynamics markedly improved at rest and remained
constant or further improved during the first year of follow-up
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Figure 1. Correlation between preoperative changes to exercise
in PAWP and MRAP. MRAP indicates mean right atrial pressure;
PAWP, pulmonary artery wedge pressure.
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Figure 2. Hemodynamic response to exercise with regard to pulmonary and intracardiac pressures prior to and 1 year after HT.
● Patients aged ≤50 years prior to HT. ○ Patients aged ≤50 years 1 year after HT. ▼ Patients aged >50 years prior to HT;
D Patients aged >50 years 1 year after HT. ■ All 32 patients prior to HT. □ All 32 patients 1 year after HT. A, MPAP. B, PAWP. C,
MRAP. D, TPG. †A statistically significant difference for MPAP during exercise between patients aged ≤50 and >50 years. ‡A
statistically significant difference for MPAP, PAWP, MRAP, and TPG between rest and exercise prior to HT for patients aged
≤50 years. §A statistically significant difference for MPAP, PAWP, MRAP, and TPG between rest and exercise prior to HT for patients
aged >50 years. ‖A statistically significant difference for MPAP, PAWP, MRAP, and TPG between rest and exercise at 1 year after HT
for patients aged ≤50 years. #A statistically significant difference for MPAP, PAWP, MRAP, and TPG between rest and exercise at
1 year after HT for patients aged >50 years. HT indicates heart transplantation; MPAP, mean pulmonary artery pressure; MRAP,
mean right atrial pressure; PAWP, pulmonary artery wedge pressure; TPG, transpulmonary gradient.
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Figure 3. Hemodynamic response to exercise with regard to cardiac output, stroke volume, and pulmonary vascular resistances prior
to and 1 year after HT. ● Patients aged ≤50 years prior to HT. ○ Patients aged ≤50 years 1 year after HT. ▼ Patients aged >50 years
prior to HT. D Patients aged >50 years 1 year after HT. ■ All 32 patients prior to HT. □ All 32 patients 1 year after HT. A, CO. B, SV. C,
PVR. D, TPVR. *A statistically significant difference for TPVR at rest between patients aged ≤50 and >50 years 1 year after HT. †A
statistically significant difference for PVR and TPVR during exercise between patients aged ≤50 and >50 years. ‡A statistically
significant difference for CO and SV between rest and exercise prior to HT for patients aged ≤50 years. §A statistically significant
difference for CO between rest and exercise prior to HT for patients aged >50 years. ‖A statistically significant difference for CO, SV,
PVR, and TPVR between rest and exercise at 1 year after HT for patients aged ≤50 years. #A statistically significant difference for CO,
SV, PVR, and TPVR between rest and exercise at 1 year after HT for patients aged >50 years. CO indicates cardiac output; HT, heart
transplantation; PVR, pulmonary vascular resistance; SV, stroke volume; TPVR, total pulmonary vascular resistance; WU, Wood units.
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Figure 4. Hemodynamic characteristics with regard to pulmonary and intracardiac pressures
in the 94 patients at rest prior to and after HT. ● Patients at rest. ○ Patients during exercise.
Graphs show (A) MPAP, (B) PAWP, (C) MRAP (D) TPG, (E) PVR, and (F) TPVR at rest and during
exercise before and after HT. *A statistically significant difference at rest compared with prior to
HT. †A statistically significant difference at rest compared with 4 weeks after HT. ‡A statistically
significant difference at rest compared with 4 weeks after HT. §A statistically significant
difference during exercise compared with prior to HT. ‖A statistically significant difference
during exercise compared with 4 weeks after HT. Of the 32 patients who exercised prior to HT,
16 exercised at 4 weeks, 22 at 3 months, 22 at 6 months, and 32 at 1 year after HT. HT
indicates heart transplantation; MPAP, mean pulmonary artery pressure; MRAP, mean right
atrial pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance;
TPG, transpulmonary gradient; TPVR, total pulmonary vascular resistance; WU, Wood units.
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Figure 5. Hemodynamic characteristics with regard to heart rate, arterial pressure cardiac output,
and stroke volume in the 94 patients at rest prior to and after HT.● Patients at rest.○ Patients during
exercise. Graphs show (A) MAP, (B) CO, (C) HR, (D) SV, (E) LVSWI, and (F) RVSWI at rest and during
exercise before and after HT. *A statistically significant difference compared with examination prior to
HT. †A statistically significant difference compared with 1 week after HT. §A statistically significant
difference during exercise compared to prior to HT. ‖A statistically significant difference during
exercise compared with 4 weeks after HT. CO indicates cardiac output; HR, heart rate; HT, heart
transplantation; LVSWI, left ventricular stroke work index; MAP, mean arterial pressure; RVSWI, right
ventricular stroke work index; SV, stroke volume; WU, Wood units.
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(Figures 4 and 5). The functional response to exercise was
also substantially improved after HT, represented by an
adequate increase in CO and SV (Figure 3); however, MPAP
and particularly PAWP and MRAP remained high (Figures 2
and 5). The absolute response to exercise of these pressures
was similar before and after HT, resulting in a higher relative
response to exercise after HT (Figure 2). Moreover, the age-
dependent differences in the hemodynamic response to
exercise previously reported in healthy persons7,8 were not
observed in our patients with severe end-stage HF prior to HT.
Together, these findings suggest that in patients with severe
HF, age may not be as dominant in affecting hemodynamic
response to exercise as in healthy persons. The findings also
indicate that despite normalized hemodynamics at rest, the
response to even slight exercise after HT differed compared
with the normal innervated heart.

Exercise Hemodynamics Prior to Heart
Transplantation
The patients in our study who exercised prior to HT generally
responded with a marked increase in PAWP and MRAP,
suggesting enhanced biventricular failure on exertion
(Table 2). Previous reports in healthy volunteers found a close
relationship between exercise-induced increases in PAWP and
MRAP.22,23 Such a correlation was not observed in our patients
(Figure 1), suggesting that the increased load on the right
ventricle is not solely due to increased left ventricular filling
pressures and subsequent pulmonary venous hypertension or
ventricular interdependence but also is due to an exaggerated
increase in MPAP. Indeed, the TPG in our patients, which
increased by 5.4 mm Hg, is in line with the findings by Lewis

and colleagues, who investigated 60 patients with stable New
York Heart Association class II to IV during slight upright
exercise.19 In contrast to the findings by Lewis et al19 and
others24,25 investigating slight upright exercise in HF patients,
in our study, PVR did not significantly decrease during slight
supine exercise. This finding is also in contrast to the findings in
healthy persons reported previously8 and further supports an
exaggerated increase in MPAP compared with the increase in
PAWP and CO (Table 2). The increase in MPAP could be due to
several factors. One such factor that may explain a part of the
increase is hypoxic pulmonary vasoconstriction26 related to
decreased mixed venous PO2. In support of this hypothesis, the
mixed venous saturation decreased from 67% at rest to 26%
during exercise in the 9 patients for whom these data were
available (data not shown).

It is well known that during exercise in healthy persons,
there is great interindividual variation in TPVR.6 Despite this
knowledge, exercise-induced pulmonary hypertension was
recently suggested to be defined as TPVR >3 WU.27,28 With a
mean TPVR of 7.4 WU in our patients, the preoperative
exercise TPVR was higher than in healthy persons27,28 but in
line with previous results in patients with HF.19 This finding,
together with the increase in TPG, suggests that although our
study exclusively included patients referred for HT, the results
with regard to hemodynamics are representative for patients
with severe HF.

Hemodynamic Response to Heart Transplantation
Previous investigations of exercise after HT have used mainly
noninvasive methods and focused primarily on exercise
capacity and/or reinnervation of the transplanted heart29–38;
however, a few studies have evaluated hemodynamics obtained
from RHC during exercise after HT.26,39–44 In 1980, Pope and
colleagues presented a report on the hemodynamic and
catecholamine response to exercise in 9 long-term HT survi-
vors. They demonstrated that in denervated hearts, CO is
increased by augmented preload and the Frank Starling
mechanism early in exercise and later by the effects of
increased levels of catecholamines.40 This report40 did not
examine patients early after HT; however, this work was
performed in a later study of 20 patients.26 The authors then
found that MPAP and PAWP decreased early after HT. In
contrast to these reports, we illustrated the complete hemo-
dynamic picture, at rest and during exercise prior to HT, in
which the same patients were followed repeatedly during the
first year after HT, enabling the study of hemodynamic changes
over time.

In contrast to exercise hemodynamics after HT, several
studies have evaluated hemodynamics at rest early and late
after HT.41–43,45–56 In line with those reports, we showed that
even at 1 week after HT, resting hemodynamics improved

Figure 6. Correlation between changes to exercise in PAWP
and MPAP at 1 year after HT. HT indicates heart transplantation;
PAWP, pulmonary artery wedge pressure; MPAP, mean pulmonary
artery pressure.
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dramatically and were maintained throughout the first year
after HT. Pulmonary artery pressures as well as CO, SV, TPVR,
and LVSWI continued to improve during the first year after HT
(Figures 4 and 5). In contrast to what is expected in healthy
persons based on previous systematic reviews,7,8 the pulmo-
nary artery pressure, PAWP, and MRAP responses to exercise
were exaggerated (Figures 2 and 4). The absolute increase
was, in fact, similar to that seen prior to HT (Figure 2),
resulting in a greater percentage increase after transplanta-
tion. Moreover, there was a correlation between the increase
in MPAP and PAWP (Figure 6), suggesting that the MPAP
response during exercise is caused, at least in part, by the
elevated PAWP. This exaggerated increase in ventricular filling
pressures has been described previously.42,44 The reason for
similar pressure increases during exercise after versus before
HT, despite lower resting values, needs further investigation.
It could be hypothesized that, in our population, these findings
were due to a prominent decrease in diastolic compliance in
denervated hearts that reaches its maximum during slight to
moderate exercise.57 This is supported in that the denervated
heart, due to lack of sympathetic stimulation, is more
dependent on the Frank Starling mechanism than is the
innervated heart.40,58,59 Factors such as lack of heart
rate reserve and Bainbridge reflex, rejections, fluid retention,
hypertension, myocardial ischemia, and diastolic dysfunction
have also been suggested to account for post-transplant
abnormalities.42–44,47,48 These studies, however, show diverg-
ing results. The ultimate cause remains unclear and possibly
is multifactorial.42 In 1994, Kao and colleagues performed
invasive hemodynamic measurements during upright graded
exercise in 30 HT patients with normal left ventricular ejection
fraction at 3 to 16 months after HT and compared their
findings with healthy controls.44 They showed that in their
population, heart rate reserve and SV index were impaired
after HT, suggesting that during maximal exercise, chrono-
tropic insufficiency and diastolic dysfunction explained the
increased filling pressures.44 These findings, however, differ
from ours. Based on what has been described previously in
healthy persons,8 the patients in our study at 1 year after HT
responded during slight supine exercise with adequate
increase in heart rate and SV. In fact, the SV in our patients
was in line with that of the healthy persons in the study by
Kao et al during submaximal upright exercise.44 Moreover,
heart rate increased to 116.4�11.6 beats9min�1, which is in
the upper limit of what is expected during slight exercise in
healthy persons8 and in line with other previous reports in HT
patients.40 The difference between our findings and those
presented by Kao et al could potentially be explained by the
difference in body positions in the studies; however, they may
also, at least in part, be due to less healthy patients in the
study by Kao et al, with low maximum oxygen consumption
(12.3�4.0 mL 9 Kg�1 9 min�1) despite normal ejection

fraction.44 Moreover, in contrast to all previous reports, in
the present study, we evaluated the age-dependent differ-
ences in exercise response after HT and investigated the
impact of the elevated filling pressures on pulmonary
resistance.

Age-Dependent Exercise Response
It has been shown previously that the hemodynamic response
to exercise differs for healthy persons aged ≤50 versus
>50 years.7,8 In the most recent of these reports, Kovacs and
colleagues analyzed the hemodynamic response to exercise in
222 healthy persons from 24 different studies in a systematic
review and stratified the participants according to age.8 The
results confirmed earlier reports and showed that slight supine
exercise results in an increase in CO by 85% in participants aged
≤50 years and is accompanied by an increase in MPAP by 41%
and a decrease in PVR and TPVR by 12% and 25%, respectively.
In contrast, in participants aged >50 years, an increase in CO
by 71% is accompanied by an increase in MPAP by 66% and a
decrease in PVR by 19%, whereas TPVR remained virtually
unchanged.8 These findings differ from those in our HF
population both before and 1 year after HT. The MPAP
response prior to HT was exaggerated in both groups when
related to the corresponding increase in CO, whereas the PVR
and TPVR responses were attenuated (Figures 2 and 3). After
HT, the CO response to exercise was adequate, but the MPAP
response was still increased when related to the increase in CO
(Figures 2 and 3). Because the exercise increase in PAWP was
even further exaggerated, PVR decreased in patients aged
≤50 and >50 years, comparable to expectations for healthy
persons.7,8 TPVR, which is not directly affected by PAWP, was
still deranged at 1 year after HT and increased during exercise
in patients aged ≤50 and >50 years (Figures 2 and 3).

In contrast to previous findings in healthy persons,7,8

MPAP, PVR, and TPVR of our patients prior to HT did not differ
significantly between patients aged ≤50 and >50 years at rest
(Figures 2 and 3). Furthermore, no difference was noted
between patients aged ≤50 and >50 years during exercise
prior to HT (Figures 2 and 3). Considering the low number of
patients in our trial, these findings have to be interpreted with
caution. Indeed, MRAP tended to be higher in patients aged
≤50 years at rest prior to HT and could indicate that these
patients had more pronounced biventricular heart failure,
which may affect the results. PAWP, CO, and SV were
however similar in both groups, and TPG and PVR tended to
be even lower in the younger patients. Consequently,
differences in disease severity between patients aged ≤50
and >50 years are unlikely to play a major part in hemody-
namic response. In contrast, at 1 year after transplantation,
TPVR at rest and MPAP, PVR, and TPVR during exercise were
higher among patients aged >50 years (Figures 2 and 3).
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Although the absolute and percentage responses did not
differ significantly for any of the parameters, there was a
tendency toward greater changes in pressures in the patients
aged >50 years. Together, these observations suggest that in
patients with end-stage HF, the age-dependent response to
exercise may be attenuated due to the severity of the disease,
and that parts of this response may be restored after HT.
Because MPAP and particularly PAWP remained deranged at
1 year after HT, the findings also suggest that although the
PVR response to exercise is normalized, PVR may not
adequately reflect pulmonary circulation after HT. In this
setting, TPVR may be a better marker because it reflects the
increase in MPAP in relation to CO, independent of PAWP.

Limitations
Although a retrospective study such as the present has
disadvantages compared with a prospective ditto, and that
the long time span of our study could influence the results,
the findings are of interest. This is supported by the fact that
our study population was representative with regard to similar
demographic parameters and survival compared with our
entire HT population.21 However, the small sample size could
mask age-dependent differences in the response to exercise;
therefore, these results must be interpreted with caution. This
is particularly true after HT, where patients aged >50 years
seem to have a greater increase in pulmonary and ventricular
filling pressures, whereas the response to exercise prior to HT
seems to be similar between the groups, despite higher
resting MRAP in the younger patients. When discussing the
normal response to exercise, one must also keep in mind that
we did not study healthy controls in the present report.
Instead, we evaluated our results based on previously
published systematic reviews of healthy persons. Although
this approach may not be optimal, given the ethical issues of
performing heart catheterizations on healthy persons, we find
our approach to be a valid alternative. Furthermore, our study
included only patients evaluated for HT; therefore, the findings
prior to HT may not be applicable to all patients with severe
HF. Nonetheless, considering that the TPG and TPVR
responses to exercise in our patients were comparable to
previous results in patients with HF,19 we believe that our
observations are representative with regard to hemodynamics
for patients with severe HF. Finally, previous studies have
shown that rejections,43,44,48,60 ischemic time of the donor
heart,43,44,48,60 and systemic hypertension44,60 do not
account for the hemodynamic abnormalities seen after HT.
It is possible, however, that other donor characteristics and
donor–recipient mismatches as well as patients’ medical
therapies may influence the findings. This possibility was not
investigated in the present study, apart from what is shown in
Table 1, and further research is encouraged.

Conclusion
The present study illustrates the hemodynamic response to
exercise in patients with severe end-stage HF prior to and
after HT. Our findings reveal that resting hemodynamics
recover within the first week after HT and are maintained or
even improved throughout the first year after transplanta-
tion. Moreover, the age-dependent differences in response to
exercise in healthy persons were not observed in our
patients with severe end-stage HF prior to HT. This suggests
that the hemodynamic response to exercise may be less age
dependent in HF patients than in the normal population.
Finally, although the hemodynamics at rest and during
exercise were greatly improved after HT, and the functional
response to exercise with regard to CO and SV is adequate
at 1 year after HT, there is an exaggerated increase in
MPAP, PAWP, and MRAP in response to exercise. This is
evident for patients aged ≤50 and >50 years and, at least in
part, is likely due to increased PAWP. As a result of the
exaggerated increase in PAWP, the PVR response to exercise
is normalized after HT, masking the increased MPAP.
Consequently, TPVR, which is independent of PAWP, may
be a better marker than PVR for hemodynamic evaluations
after HT. Larger studies are encouraged to confirm these
findings and to define the normal hemodynamic magnitudes
during exercise prior to and after HT to explain the
exaggerated increase in PAWP to exercise.
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