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Abstract

Aims Severely elevated pre-transplant pulmonary vascular resistance (PVR) has been linked to adverse effects after heart
transplantation (HTX). The impact of a moderately increased PVR before HTX on post-transplant outcomes remains uncertain.
The aim of this study was to investigate the effects of an elevated pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75Wood units) on
outcomes after HTX.
Methods and results This observational retrospective single-centre study included 561 patients receiving HTX at Heidelberg
Heart Center between 1989 and 2015. Patients were stratified by degree of pre-transplant PVR. Analyses covered demo-
graphics, post-transplant medication, mortality and causes of death after HTX, early post-transplant atrial fibrillation (AF),
and length of the initial hospital stay after HTX. Ninety-four patients (16.8%) had a PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood units).
These patients had a higher rate of early post-transplant AF [20.2 vs. 10.7%, difference: 9.5%, 95% confidence interval (CI):
0.9–18.1%, P = 0.01] and an increased 30 day post-transplant mortality (25.5 vs. 6.4%, hazard ratio: 4.4, 95% CI: 2.6–7.6, P
< 0.01), along with a higher percentage of death due to transplant failure (21.2 vs. 4.1%, difference: 17.1%, 95% CI: 8.7–
25.5%, P < 0.01). Multivariate analysis revealed a PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood units) as a significant risk factor for in-
creased 30 day mortality after HTX (hazard ratio: 4.4, 95% CI: 2.5–7.6, P < 0.01). Kaplan–Meier estimator showed a lower 2
year survival after HTX (P < 0.01) in patients with a PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood units).
Conclusions Elevated pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood units) is associated with early post-transplant AF
and increased mortality after HTX.
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Introduction

Right-sided heart failure is a common complication in the
early stage after heart transplantation (HTX) and remains—
despite all medical and technical advances—a main cause
for early post-transplant mortality accounting for up to 20%
of early deaths after HTX.1–4 Already at the beginning of the
HTX era, Dr Shumway and his team at Stanford University
Medical Center postulated an association between an

elevated pre-transplant pulmonary vascular resistance (PVR)
and a higher risk for mortality after HTX due to right-sided
heart failure.5 Assessment of PVR is therefore a regular part
of the HTX evaluation process and can be determined during
right heart catheterization (RHC).6,7 According to the Interna-
tional Society of Heart and Lung Transplantation (ISHLT) list-
ing criteria for HTX, a PVR ≥ 400 dyn·s·cm�5 (≥5.0 Wood
units) should be considered as a relative contraindication
for HTX.8,9
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Several studies have investigated the influence of an ele-
vated pre-transplant PVR on outcomes after HTX.10–27 How-
ever, results regarding post-transplant mortality were
inconsistent as studies varied in study design, sample size,
follow-up, and definition of an elevated pre-transplant PVR.
Thus, the detrimental degree of a moderately increased
PVR before HTX on post-transplant results remains uncertain.
As patients awaiting HTX routinely undergo RHC to measure
cardiac haemodynamics, the extent of the very latest PVR be-
fore HTX may be more reliable to reflect current physiological
properties than the assessed PVR during the HTX evaluation
process and may therefore be used as a prognostic marker
for early post-transplant survival.

The objective of this study was to analyse the effects of an
elevated pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood
units) on outcomes after HTX with a focus on post-transplant
mortality including causes of death, duration of the initial
post-transplant hospital stay, and occurrence of early atrial fi-
brillation (AF) after HTX.

Patients and methods

Patients

The ethical principles of the Declaration of Helsinki were
followed in this study. Approval was given by the ethics com-
mittee of the University of Heidelberg (ethical approval num-
ber: S-286/2015; date of ethical approval: 22/06/15). This
study included all adult patients (≥18 years) receiving HTX
at the Heidelberg Heart Center between 06/1989 and
12/2015 except for patients with repeated cardiac transplan-
tation or ventricular assist device (VAD) due to altered
haemodynamics. No patient was excluded because of loss
to follow-up or incomplete data as 2 year follow-up data
could be obtained in all patients requiring no censoring. Data
were taken from medical records and analysed in
pseudonymized form. Written informed consent was ob-
tained from patients for inclusion in the Heidelberg HTX reg-
istry allowing the clinical and scientific use of data. According
to the ethical approval, no additional written informed con-
sent was required for this observational retrospective
single-centre study as only routine clinical data were
used.28–34

The latest RHC before HTX was used to stratify patients
based on their pre-transplant PVR, which was classified as fol-
lows: normal pre-transplant PVR < 200 dyn·s·cm�5 (<2.5
Wood units); mildly elevated pre-transplant PVR = 200 to
299 dyn·s·cm�5 (2.5 to 3.74 Wood units); moderately ele-
vated pre-transplant PVR = 300 to 399 dyn·s·cm�5 (3.75 to
4.99 Wood units); and severely elevated pre-transplant PVR
≥ 400 dyn·s·cm�5 (≥5.0 Wood units). In an attempt to find
the optimal pre-transplant PVR discrimination threshold, we

performed a receiver operating characteristic analysis for 30
day all-cause mortality after HTX, which indicated a pre-
transplant PVR of 285 dyn·s·cm�5 (3.56Wood units) as an op-
timal cut-off for HTX listing. In order to provide a prudential
cut-off for routine clinical practice, we decided to use a pre-
transplant PVR of 300 dyn·s·cm�5 (3.75 Wood units). All pa-
tients were consequently divided into two groups: patients
with a native PVR < 300 dyn·s·cm�5 (<3.75 Wood units)
and patients with a native PVR ≥ 300 dyn·s·cm�5 (≥3.75
Wood units). Then, patients with a native PVR ≥ 300
dyn·s·cm�5 (≥3.75 Wood units) were further stratified into
patients with a declining PVR< 300 dyn·s·cm�5 (<3.75Wood
units) and patients with a remaining PVR ≥ 300 dyn·s·cm�5

(≥3.75 Wood units) after application of a vasodilator. Of im-
portance, all patients had a PVR < 400 dyn·s·cm�5 (<5Wood
units) after application of a vasodilator in accordance with
the ISHLT listing criteria for HTX.8,9

Follow-up

Patients after HTX were continuously cared for by the medical
team of the Heidelberg Heart Center. Patient follow-up was
performed in accordance with the standard of care at the
Heidelberg Heart Center. Post-transplant treatment of pa-
tients with an increased PVR before HTX routinely included
volume management, application of oxygen, nitric oxide,
iloprost, sildenafil, and inotropes. Patients with beginning
transplant failure were routinely treated with an extracorpo-
real membrane oxygenation, an intra-aortic balloon pump, or
a temporary right ventricular assist device to prevent graft
failure. During the initial hospital stay, heart rhythm was con-
tinuously assessed by monitor telemetry. Additionally, 12-
lead electrocardiography (ECG) was performed on a regular
basis and in case of any noted arrhythmia on telemetry. Be-
fore discharge, 24 h Holter recording was performed to de-
tect arrhythmic disorders. Diagnosis of early post-transplant
AF (≤30 days after HTX) was based upon all available records
pertaining to heart rhythm in the early post-transplant pe-
riod. After discharge, patients were followed up monthly
within the first 6 months after HTX, then bimonthly between
months 6 and 12 after HTX, and thereafter usually three to
four times annually.28–36

Post-transplant medication

Cyclosporine A (CsA) and azathioprine were used as the initial
immunosuppressive drug regimen at the beginning of the
study period. From 2001 onward, azathioprine was subse-
quently substituted by mycophenolate mofetil, and CsA was
consecutively replaced by tacrolimus from 2006 onward.
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Steroids (prednisolone) were tapered incrementally during
the first post-transplant months and were finally
discontinued (if clinically possible) 6 months after HTX.28–36

Statistical analysis

Data were statistically analysed with SAS (Version 9.4, SAS In-
stitute, Cary, NC, USA) and expressed as mean ± standard de-
viation or as count (n) with percentage (%). In addition,
measures of association [hazard ratio (HR) or difference]
and 95% confidence interval (CI) were applied. Student’s t-
test was used for continuous variables and χ2 test for cate-
gorical variables. Post-transplant survival was graphically
displayed by Kaplan–Meier estimator. Extensive univariate
analyses were performed to test for differences between
groups including recipient data, previous open-heart surgery,
principal diagnosis for HTX, donor data, transplant sex mis-
match, perioperative data, and post-transplant medication in-
cluding immunosuppressive drug therapy.28–34

The influence of an elevated native PVR before HTX ≥ 300
dyn·s·cm�5 (≥3.75 Wood units) on post-transplant mortality
was further analysed and adjusted for specific predetermined
risk factors by performing a multivariate analysis (Cox regres-
sion model). The following six clinically relevant parameters
were included based on a predetermined model: native PVR
before HTX ≥ 300 dyn·s·cm�5 (≥3.75 Wood units), recipient
age (>60.0 years), coronary artery disease, previous open-
heart surgery, donor age (>40.0 years), and ischaemic time
(≥240 min). In order to avoid biased regression coefficients
and to ensure a stable number of events (deceased patients)
per analysed variable, no further clinically less relevant pa-
rameters were included in this multivariate analysis.28–34

Given the long study period, a sensitivity analysis was car-
ried out to test the robustness of the study results and to in-
vestigate a possible era effect. Therefore, as the initial
standard immunosuppressive drug therapy was changed dur-
ing the study period, a subgroup analysis was performed with
patients receiving CsA and azathioprine. Additionally, poten-
tial differences in outcomes between patients with and with-
out a native PVR ≥ 300 dyn·s·cm�5 (≥3.75 Wood units) were
investigated using data from the RHC at the time of HTX list-
ing vs. the latest RHC before HTX.

The primary outcome of this study was post-transplant
all-cause mortality. Secondary outcomes included length of
the initial hospital stay and occurrence of AF within 30 days
after HTX (30 day post-transplant incidence), which was
defined as ECG/Holter proven AF lasting 30 s or longer.
Additionally, the causes of death within 30 days after HTX
were investigated in the following categories: transplant
failure (defined as failure of transplant from any cause),
acute rejection, infection/sepsis, malignancy, and thrombo-
embolic event/bleeding.

Results

Baseline characteristics

A total of 561 patients with a mean time interval of 52.3 ±
46.3 days between the latest RHC before HTX and HTX were
included in this study. The selection process is displayed in
Figure 1. Hereof, 467 patients (83.2%) had a pre-transplant
PVR < 300 dyn·s·cm�5, and 94 patients (16.8%) had a pre-
transplant PVR ≥ 300 dyn·s·cm�5. No statistically significant
differences between both groups were found concerning re-
cipient data, previous open-heart surgery, principal diagnosis
for HTX, transplant sex mismatch, or perioperative data. Pa-
tients with a PVR ≥ 300 dyn·s·cm�5 had a significantly higher
mean donor age (43.9 ± 12.5 vs. 39.7 ± 13.4 years, difference:
4.2 years, 95% CI: 1.4–7.0 years, P < 0.01) and a higher per-
centage of donors >40 years (70.2 vs. 53.3%, difference:
16.9%, 95% CI: 6.6–27.2%, P < 0.01). Both groups showed
no significant differences in donor male sex or donor body
mass index. Baseline characteristics are shown in Table 1.

Initial medication after heart transplantation

A comparison of the immunosuppressive drug therapy indi-
cated no statistically significant differences between groups
concerning the administration of CsA, tacrolimus, azathio-
prine, or mycophenolate mofetil. Additionally, no statistically
significant differences between both groups were found in
the use of acetylsalicylic acid, beta-blockers, ivabradine, cal-
cium channel blockers, angiotensin-converting enzyme
inhibitors/sartans, or statins. The initial immunosuppressive
drug regimen and medication after HTX is shown in Table 2.

Outcomes after heart transplantation

Primary outcome
Regarding the primary outcome of the study, patients with a
native PVR ≥ 300 dyn·s·cm�5 had a significantly higher 30
day post-transplant mortality (25.5 vs. 6.4%, HR: 4.4, 95% CI:
2.6–7.6, P < 0.01), 1 year post-transplant mortality (52.1 vs.
16.1%, HR: 4.2, 95% CI: 2.9–6.0, P < 0.01), and 2 year post-
transplant mortality (58.5 vs. 19.3%, HR: 4.1, 95% CI: 3.0–5.8,
P < 0.01). All-cause mortality after HTX is shown in Table 3A.

Kaplan–Meier survival analysis showed an inferior survival
after HTX in patients with a native PVR ≥ 300 dyn·s·cm�5 (P
< 0.01). Additionally, patients with a native PVR ≥ 300
dyn·s·cm�5 and a remaining PVR ≥ 300 dyn·s·cm�5 after ap-
plication of a vasodilator had an inferior survival after HTX
compared with patients with a native PVR ≥ 300 dyn·s·cm�5

and a declining PVR < 300 dyn·s·cm�5 after application of a
vasodilator (P < 0.01). Kaplan–Meier estimators are
displayed in Figures 2 and 3.
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A stratified survival analysis showed that patients with a
native PVR < 300 dyn·s·cm�5 had the highest 30 day post-
transplant survival (93.6%), followed by patients with a native
PVR ≥ 300 dyn·s·cm�5 and a declining PVR < 300 dyn·s·cm�5

after application of a vasodilator (90.2%). Patients with a na-
tive PVR ≥ 300 dyn·s·cm�5 and a remaining PVR ≥ 300
dyn·s·cm�5 after application of a vasodilator had the lowest
30 day post-transplant survival of all groups (55.8%). Survival
after HTX by native PVR and PVR after application of a vaso-
dilator is provided in Figure 4.

Fifty-four patients (9.6%) died within 30 days after HTX. In
the PVR < 300 dyn·s·cm�5 group, 30 patients (6.4%) died,
while 24 patients (25.5%) passed away in the PVR ≥ 300
dyn·s·cm�5 group (difference: 19.1%, 95% CI: 10.0–28.2%, P
< 0.01). Concerning the causes of death after HTX, signifi-
cantly more patients died from transplant failure in the PVR
≥ 300 dyn·s·cm�5 group within 30 days after HTX (21.2 vs.
4.1%, difference: 17.1%, 95% CI: 8.7–25.5%, P < 0.01). This

significant difference remained unchanged 1 year after HTX
(27.7 vs. 5.4%, difference: 22.3%, 95% CI: 13.0–31.6%, P <

0.01) and was still found 2 years after HTX (28.7 vs. 6.4%, dif-
ference: 22.3%, 95% CI: 12.9–31.7%, P < 0.01). There were
no significant differences between groups regarding the
causes of death within 30 days after HTX in terms of acute re-
jection, infection/sepsis, malignancy, or thromboembolic
event/bleeding. Causes of death within 30 days after HTX
are shown in Table 3B.

Secondary outcomes
In terms of secondary outcomes, 69 of 561 patients (12.3%)
had early post-transplant AF within 30 days after HTX. Pa-
tients with a PVR ≥ 300 dyn·s·cm�5 had a higher percentage
of AF within 30 days after HTX (20.2%) in comparison with pa-
tients with a PVR < 300 dyn·s·cm�5 (10.7%, difference: 9.5%,
95% CI: 0.9–18.1%, P = 0.01). Before HTX, 248 of 561 patients
(44.2%) had diagnosed AF. There was no significant

Figure 1 Flow diagram of selection process. A total of 601 patients with 603 heart transplantations (HTX) were assessed for eligibility. Patients with
repeated HTX (two patients with four HTX), patients<18 years (13 patients), and patients with ventricular assist device (VAD) prior to HTX (25 patients)
were excluded. Five hundred sixty-one patients were finally included and analysed in this study.
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difference between patients with or without a PVR ≥ 300
dyn·s·cm�5 in the rate of diagnosed AF before HTX (P = 0.14).

Regarding the length of the initial hospital stay after HTX,
there was no statistically significant difference between both
groups (43.3 ± 19.6 vs. 40.7 ± 27.7 days, difference: 2.6 days,
95% CI: �3.4 to 8.6 days, P = 0.38). Likewise, the median
length of the initial hospital stay was comparable between
both groups (39 vs. 38 days with an inter-quartile range of
34–49 vs. 29–51 days). Secondary outcomes after HTX are
given in Table 3C.

Multivariate analysis for post-transplant survival

A multivariate analysis for mortality within 30 days after HTX
was performed with the following six clinically relevant

variables: native PVR before HTX ≥ 300 dyn·s·cm�5 (HR: 4.4,
95% CI: 2.5–7.6, P < 0.01), recipient age >60.0 years (HR:
1.2, 95% CI: 0.6–2.2, P = 0.61), coronary artery disease (HR:
0.7, 95% CI: 0.4–1.2, P = 0.20), previous open-heart surgery
(HR: 1.8, 95% CI: 0.9–3.3, P = 0.08), donor age >40 years
(HR: 1.1, 95% CI: 0.6–1.9, P = 0.76), and ischaemic time
≥240 min (HR: 0.6, 95% CI: 0.3–1.2, P = 0.16). Multivariate
analysis for mortality within 30 days after HTX is provided in
Table 6.

Sensitivity analysis

A sensitivity analysis to test the robustness of the study re-
sults and to investigate a possible era effect was carried out
with a subgroup of patients receiving CsA and azathioprine

Table 1 Baseline characteristics

All PVR < 300
dyn·s·cm�5

(<3.75 WU)

PVR ≥ 300
dyn·s·cm�5

(≥3.75 WU)

Difference 95% CI P-value

(n = 561) (n = 467) (n = 94)

Recipient data
PVR (dyn·s·cm�5), mean ± SD 209.3 ± 103.0 171.8 ± 59.3 395.8 ± 65.0 224.0 209.7 to 238.4 <0.01
Age (years), mean ± SD 52.1 ± 10.3 51.8 ± 10.1 53.6 ± 11.0 1.8 �0.6 to 4.2 0.15
Age (>60 years), n (%) 117 (20.9%) 91 (19.5%) 26 (27.7%) 8.2 �1.5 to 17.9 0.08
Male sex, n (%) 436 (77.7%) 362 (77.5%) 74 (78.7%) 1.2 �7.9 to 10.3 0.80
Body mass index (kg·m�2), mean ± SD 24.8 ± 3.9 24.9 ± 3.9 24.5 ± 4.1 0.4 �0.5 to 1.3 0.38
Coronary artery disease, n (%) 233 (41.5%) 187 (40.0%) 46 (48.9%) 8.9 �2.1 to 19.9 0.11
Arterial hypertension, n (%) 309 (55.1%) 257 (55.0%) 52 (55.3%) 0.3 �10.7 to 11.3 0.96
Dyslipidaemia, n (%) 361 (64.3%) 301 (64.5%) 60 (63.8%) 0.7 �9.9 to 11.3 0.91
Diabetes mellitus, n (%) 192 (34.2%) 157 (33.6%) 35 (37.2%) 3.6 �7.1 to 14.3 0.50
Renal insufficiencya, n (%) 327 (58.3%) 274 (58.7%) 53 (56.4%) 2.3 �8.7 to 13.3 0.68
eGFR (mL·min�1·1.73 m�2), mean ± SD 59.6 ± 20.8 59.7 ± 20.4 59.3 ± 22.6 0.4 �4.6 to 5.4 0.87
Previous open-heart surgery
Overall open-heart surgery, n (%) 136 (24.2%) 106 (22.7%) 30 (31.9%) 9.2 �1.0 to 19.4 0.06
CABG surgery, n (%) 75 (13.4%) 58 (12.4%) 17 (18.1%) 5.7 �2.6 to 14.0 0.14
Congenital, valvular, or 67 (11.9%) 52 (11.1%) 15 (16.0%) 4.9 �3.1 to 12.9 0.19
ventricular surgery, n (%)
Principal diagnosis for HTX
Ischaemic CMP, n (%) 191 (34.0%) 153 (32.8%) 38 (40.5%) 7.7 �3.1 to 18.5 0.15
Non-ischaemic CMP, n (%) 292 (52.1%) 248 (53.1%) 44 (46.8%) 6.3 �4.8 to 17.4 0.26
Valvular heart disease, n (%) 34 (6.1%) 27 (5.8%) 7 (7.4%) 1.6 �4.1 to 7.3 0.54
Cardiac amyloidosis, n (%) 44 (7.8%) 39 (8.3%) 5 (5.3%) 3.0 �2.2 to 8.2 0.32
Donor data
Age (years), mean ± SD 40.4 ± 13.3 39.7 ± 13.4 43.9 ± 12.5 4.2 1.4 to 7.0 <0.01
Age (>40 years), n (%) 315 (56.1%) 249 (53.3%) 66 (70.2%) 16.9 6.6 to 27.2 <0.01
Male sex, n (%) 243 (43.3%) 207 (44.3%) 36 (38.3%) 6.0 �4.8 to 16.8 0.28
Body mass index (kg·m�2), mean ± SD 24.6 ± 4.0 24.7 ± 3.9 24.1 ± 4.3 0.6 �0.3 to 1.5 0.19
Transplant sex mismatch
Mismatch, n (%) 246 (43.8%) 200 (42.8%) 46 (49.0%) 6.2 �4.9 to 17.3 0.28
Donor (m) to recipient (f), n (%) 26 (4.6%) 22 (4.7%) 4 (4.3%) 0.4 �4.1 to 4.9 0.85
Donor (f) to recipient (m), n (%) 220 (39.2%) 178 (38.1%) 42 (44.7%) 6.6 �4.4 to 17.6 0.23
Perioperative data
Ischaemic time (min), mean ± SD 215.4 ± 66.4 215.3 ± 65.8 216.1 ± 69.6 0.8 �14.7 to 16.3 0.91
Ischaemic time ≥240 min, n (%) 203 (36.2%) 168 (36.0%) 35 (37.2%) 1.2 �9.5 to 11.9 0.82
Biatrial HTX, n (%) 163 (29.0%) 138 (29.5%) 25 (26.6%) 2.9 �6.9 to 12.7 0.56
Bicaval HTX, n (%) 144 (25.7%) 119 (25.5%) 25 (26.6%) 1.1 �8.7 to 10.9 0.82
Total orthotopic HTX, n (%) 254 (45.3%) 210 (45.0%) 44 (46.8%) 1.8 �9.2 to 12.8 0.74

CABG, coronary artery bypass graft; CI, confidence interval; CMP, cardiomyopathy; dyn, g·cm·s�2; eGFR, estimated glomerular filtration
rate; f, female; HTX, heart transplantation; m, male; PVR, pulmonary vascular resistance; SD, standard deviation; VAD, ventricular assist
device; WU, Wood unit (≙ 80 dyn·s·cm�5).
aeGFR < 60 mL·min�1·1.73 m�2.
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[263 of 561 patients (46.9%)]. This analysis showed similar re-
sults in terms of the primary outcome (post-transplant mor-
tality) and the secondary outcomes (length of the initial
hospital stay and occurrence of AF within 30 days after
HTX) confirming the robustness of the study results and min-
imizing the likelihood of an era effect.

In regard to potential differences in outcomes between pa-
tients with and without a native PVR ≥ 300 dyn·s·cm�5 (≥3.75
Wood units), data from the RHC at the time of HTX listing vs.
the latest RHC before HTX were compared. Overall conclu-
sions did not change, but effects were more pronounced in
the RHC group close to HTX, which is in line with our initial
assumptions.

Discussion

Influence of an elevated pre-transplant
pulmonary vascular resistance on outcomes after
heart transplantation

In heart transplant recipients with an elevated pre-transplant
PVR, the right donor ventricle that was formerly used to a

normal PVR is now exposed to an increased PVR.15 It requires
a great effort from the right donor ventricle to pump against
a high-resistance pulmonary circulation and can potentially
lead to acute right ventricular dilatation and ultimately
right-sided heart failure.5,15 Adequate assessment of pre-
transplant cardiopulmonary haemodynamics including PVR
is therefore essential to analyse the suitability of patients
for HTX and to reduce the risk of right-sided heart failure af-
ter HTX.15

Length of the initial hospital stay and early atrial
fibrillation after heart transplantation

The presence of an elevated PVR has been associated with an
increased risk for hospitalization and prolonged hospital stays
in non-transplant patients.37,38 We could not detect a statis-
tically significant difference between patients with and with-
out a PVR ≥ 300 dyn·s·cm�5 in the length of the initial
hospital stay after HTX. This may be due to the fact that pa-
tients with a PVR ≥ 300 dyn·s·cm�5 had a considerably higher
30 day mortality after HTX. An increased in-hospital mortality
causes a decrease in length of the initial hospital stay and
could have therefore affected this outcome.

Table 2 Initial medication after heart transplantation

All PVR < 300 PVR ≥ 300 Difference 95% CI P-value

dyn·s·cm�5 dyn·s·cm�5

(<3.75 WU) (≥3.75 WU)
(n = 561) (n = 467) (n = 94)

Cyclosporine A, n (%) 337 (60.1%) 281 (60.2%) 56 (59.6%) 0.6% �10.3 to 11.5% 0.91
Tacrolimus, n (%) 224 (39.9%) 186 (39.8%) 38 (40.4%) 0.6% �10.3 to 11.5% 0.91
Azathioprine, n (%) 263 (46.9%) 226 (48.4%) 37 (39.4%) 9.0% �1.8 to 19.8% 0.11
Mycophenolate mofetil, n (%) 298 (53.1%) 241 (51.6%) 57 (60.6%) 9.0% �1.8 to 19.8% 0.11
Steroids, n (%) 561 (100.0%) 467 (100.0%) 94 (100.0%) 0.0% n.a. n.a.
Acetylsalicylic acid (ASA), n (%) 52 (9.3%) 45 (9.6%) 7 (7.4%) 2.2% �3.7 to 8.1% 0.50
Beta-blocker, n (%) 92 (16.4%) 78 (16.7%) 14 (14.9%) 1.8% �6.1 to 9.7% 0.67
Ivabradine, n (%) 38 (6.8%) 31 (6.6%) 7 (7.4%) 0.8% �4.9 to 6.5% 0.78
Calcium channel blocker, n (%) 140 (25.0%) 117 (25.1%) 23 (24.5%) 0.6% �8.9 to 10.1% 0.90
ACE inhibitor/sartan, n (%) 248 (44.2%) 214 (45.8%) 34 (36.2%) 9.6% �1.1 to 20.3% 0.09
Diuretic, n (%) 561 (100.0%) 467 (100.0%) 94 (100.0%) 0.0% n.a. n.a.
Statin, n (%) 215 (38.3%) 177 (37.9%) 38 (40.4%) 2.5% �8.3 to 13.3% 0.65
Gastric protection
(PPI/H2blocker), n (%)

561 (100.0%) 467 (100.0%) 94 (100.0%) 0.0% n.a. n.a.

ACE, angiotensin-converting enzyme; CI, confidence interval; dyn, g·cm·s�2; H2 blocker, histamine receptor blocker; n.a., not applicable;
PPI, proton pump inhibitor; PVR, pulmonary vascular resistance; WU, Wood unit (≙ 80 dyn·s·cm�5).

Table 3A Outcomes after heart transplantation: primary outcome—all-cause mortality after heart transplantation

PVR < 300 PVR ≥ 300 Hazard ratio 95% CI P-value

dyn·s·cm�5 dyn·s·cm�5

(<3.75 WU) (≥3.75 WU)
(n = 467) (n = 94)

30 day all-cause mortality, n (%) 30 (6.4%) 24 (25.5%) 4.4 2.6 to 7.6 <0.01
1 year all-cause mortality, n (%) 75 (16.1%) 49 (52.1%) 4.2 2.9 to 6.0 <0.01
2 year all-cause mortality, n (%) 90 (19.3%) 55 (58.5%) 4.1 3.0 to 5.8 <0.01

CI, confidence interval; dyn, g·cm·s�2; PVR, pulmonary vascular resistance; WU, Wood unit (≙ 80 dyn·s·cm�5).
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Cardiac arrhythmias, including AF, have been linked to an
increased PVR.39–41 Patients with AF show a higher risk for
morbidity especially for thromboembolic complications such
as transient ischaemic attack or stroke.42 Several studies have
even reported an inferior survival in patients with AF after
HTX.32,43,44

In the initial period after HTX, the right donor ventricle in
patients with an elevated pre-transplant PVR is subject to
considerable changes in the cardiopulmonary physiology in-
cluding pulmonary hypertension, hypoxemia, hypercarbia,
and acidosis. Especially the concomitance of an elevated
PVR and increased oxidative stress can provoke the occur-
rence of AF.34,45,46

We found a significantly higher percentage of early AF af-
ter HTX in patients with a PVR ≥ 300 dyn·s·cm�5. Given the
increased mortality after HTX in patients with early post-
transplant AF and the AF-associated risk for thromboembolic
complications, patients with a PVR ≥ 300 dyn·s·cm�5 should
be closely watched with ECG and Holter monitoring for the
occurrence of early AF after HTX.32,34,42–44

Mortality and causes of death after heart
transplantation

The influence of an elevated pre-transplant PVR on outcomes
after HTX has been evaluated by multiple studies.4,10–27 How-
ever, the association between an elevated PVR and increased
mortality after HTX remains indeterminate as some studies
reported an increased post-transplant mortality in patients
with an elevated pre-transplant PVR,4,11,13,14,19,22,27 whereas
other studies showed no difference.17,18,23–26 Murali et al.15

reported an increased 2 day mortality after HTX in patients
with a pre-transplant PVR ≥ 400 dyn·s·cm�5; however, no dif-
ference in 30 day mortality after HTX was found. Many of
these studies were rather small single-centre studies and var-
ied in study design, sample size, follow-up, and definition of
an elevated pre-transplant PVR.

A recent large multi-centre study of the United Network
for Organ Sharing registry by Vakil et al.27 showed an ele-
vated pre-transplant PVR ≥ 200 dyn·s·cm�5 as a significant
predictor of 30 day mortality after HTX. Furthermore, analysis

Figure 2 Survival after heart transplantation (HTX) (Kaplan–Meier estimator) stratified by native pre-transplant pulmonary vascular resistance (PVR).
Patients with a native pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75 WU) showed a worse 2 year survival after HTX (P < 0.01) in comparison with pa-
tients with a native pre-transplant PVR < 300 dyn·s·cm�5 (<3.75 WU). dyn, g·cm·s�2; WU, Wood unit (≙ 80 dyn·s·cm�5).
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of subgroups revealed a significantly inferior 30 day post-
transplant survival in patients with severely elevated pre-
transplant PVR ≥ 400 dyn·s·cm�5 in comparison with patients
with normal pre-transplant PVR < 200 dyn·s·cm�5. However,
the authors did not detect a significant difference in 30 day
mortality after HTX when collating the results of patients hav-
ing normal pre-transplant PVR < 200 dyn·s·cm�5 with pa-
tients having mildly/moderately elevated PVR between 200
and 400 dyn·s·cm�5. Unfortunately, there was no reported
comparison in terms of short-term mortality between pa-
tients with normal or mildly elevated pre-transplant PVR <

300 dyn·s·cm�5 and patients with a moderately elevated
pre-transplant PVR ≥ 300 dyn·s·cm�5. Therefore, the influ-
ence of a moderately elevated pre-transplant PVR on mortal-
ity after HTX remains uncertain.10,22,27

Chang et al.22 showed in a single-centre study an increased
risk of mortality after HTX with each 80 dyn·s·cm�5 increase
in pre-transplant PVR. In contrast, Addonizio et al.10 found
in another single-centre study no correlation between the de-
gree of an elevated pre-transplant PVR and mortality after
HTX. A large multi-centre study of the ISHLT registry reported

a linear correlation between pre-transplant PVR and 1 year
mortality after HTX.4 These findings suggest that even moder-
ately increased levels of pre-transplant PVR may be associ-
ated with reduced survival after HTX.

Univariate and multivariate analysis showed a significantly
increased 30 day mortality after HTX (25.5 vs. 6.4%) in pa-
tients with a pre-transplant PVR ≥ 300 dyn·s·cm�5 along with
a higher percentage of death due to transplant failure. Fur-
thermore, Kaplan–Meier survival analysis showed an inferior
2 year survival after HTX in patients with a pre-transplant
PVR ≥ 300 dyn·s·cm�5. This is in line with findings by Delgado
et al.19 reporting an increased 30 day mortality after HTX
(24.4 vs. 5.6%) and by Costard-Jäckle et al.14 describing an in-
creased 3 month mortality after HTX (17.9 vs. 6.9%) in pa-
tients with an increased pre-transplant PVR > 200
dyn·s·cm�5.

Our study did not include patients with implanted VAD be-
fore HTX as those cause a change in haemodynamic parame-
ters.3,47–50 Previous studies reported a decrease of PVR in
patients with VAD implantation who were initially rejected
for HTX listing due to severely elevated PVR eventually

Figure 3 Survival after heart transplantation (HTX) (Kaplan–Meier estimator) stratified by pre-transplant pulmonary vascular resistance (PVR) after ap-
plication of a vasodilator in patients with a native pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75 WU). Patients with a native pre-transplant PVR ≥ 300
dyn·s·cm�5 (≥3.75WU) and a remaining pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75WU) after application of a vasodilator had a worse 2 year survival
after HTX than patients with a native pre-transplant PVR ≥ 300 dyn·s·cm

�5
(≥3.75 WU) and a declining pre-transplant PVR < 300 dyn·s·cm

�5
(<3.75

WU) after application of a vasodilator (P < 0.01). dyn, g·cm·s�2; WU, Wood unit (≙ 80 dyn·s·cm�5).
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enabling candidacy for HTX.3,47–50 However, results regarding
an improved survival after HTX in these patients compared
with patients with an elevated PVR without former VAD im-
plantation were inconclusive.3,47–50 Further therapeutic op-
tions for patients who are not eligible for regular HTX listing

due to increased PVR cover heterotopic HTX or combined
heart and lung transplantation but have a worse prognosis
than standard orthotopic HTX.2,25,49

Altogether, we found an increased short-term and mid-
term mortality after HTX along with a higher percentage of

Figure 4 Overview of post-transplant survival stratified by native pre-transplant pulmonary vascular resistance (PVR) and pre-transplant PVR after ap-
plication of a vasodilator. Patients with a native pre-transplant PVR < 300 dyn·s·cm�5 (<3.75 WU) had the best 30 day and 1 and 2 year survival after
HTX, whereas patients with a native pre-transplant PVR ≥ 300 dyn·s·cm�5 and a remaining pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75 WU) after ap-
plication of a vasodilator had the worst 30 day and 1 and 2 year survival after HTX. dyn = g·cm·s

�2
; WU, Wood unit (≙ 80 dyn·s·cm

�5
).

Table 3B Outcomes after heart transplantation: primary outcome—causes of death within 30 days after heart transplantation

PVR < 300 PVR ≥ 300 Difference 95% CI P-value

dyn·s·cm�5 dyn·s·cm�5

(<3.75 WU) (≥3.75 WU)
(n = 467) (n = 94)

30 day all-cause mortality, n (%) 30 (6.4%) 24 (25.5%) 19.1% 10.0 to 28.2% <0.01
Transplant failure, n (%) 19 (4.1%) 20 (21.2%) 17.1% 8.7 to 25.5% <0.01
Acute rejection, n (%) 1 (0.2%) 1 (1.1%) 0.9% �1.3 to 3.1% 0.21
Infection/sepsis, n (%) 7 (1.5%) 2 (2.1%) 0.6% �2.5 to 3.7% 0.66
Malignancy, n (%) 0 (0.0%) 0 (0.0%) 0.0% n.a. n.a.
Thromboembolic event/bleeding, n (%) 3 (0.6%) 1 (1.1%) 0.5% �1.7 to 2.7% 0.66

CI, confidence interval; dyn, g·cm·s�2; n.a., not applicable; PVR, pulmonary vascular resistance; WU, Wood unit (≙ 80 dyn·s·cm�5).

Table 3C Outcomes after heart transplantation: secondary outcomes

PVR < 300 PVR ≥ 300 Difference 95% CI P-value

dyn·s·cm�5 dyn·s·cm�5

(<3.75 WU) (≥3.75 WU)
(n = 467) (n = 94)

Length of initial hospital stay (days), mean ± SD 43.3 ± 19.6 40.7 ± 27.7 2.6 days �3.4 to 8.6 days 0.38
30 day follow-up occurrence of AF, n (%) 50 (10.7%) 19 (20.2%) 9.5% 0.9 to 18.1% 0.01

AF, atrial fibrillation; CI, confidence interval; dyn, g·cm·s�2; PVR, pulmonary vascular resistance; SD, standard deviation; WU, Wood unit (≙
80 dyn·s·cm�5).
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death due to transplant failure in patients with a moderately
elevated pre-transplant PVR. As survival after HTX may be af-
fected by several risk factors and transplant failure after HTX
is multifactorial, it is uncertain whether these findings can be
applied to all patients who received HTX. Moreover, the ther-
apeutic effects of applied pharmacological agents of vasodila-
tion after HTX on survival in patients after HTX require further
investigation in future studies.

Study limitations

Our findings were derived from a large observational retro-
spective single-centre registry. Given the retrospective, non-
randomized study design, results should be interpreted with
caution as the study design carries certain limitations and
may be subject to unmeasured confounders. This retrospec-
tive study cannot proof or disproof a causal relationship be-
tween an elevated pre-transplant PVR and an increased
mortality in patients after HTX but merely indicates an associ-
ation between the two. Despite its limitations, our analysis
provides important and reliable information to the existing
body of evidence. This large single-centre study included a to-
tal of 561 patients with a complete 2 year follow-up after
HTX, which is comparable in participant numbers to multi-
centre studies. Furthermore, the used study design has the
advantage of a standardized centre-specific pre-transplant,
peri-transplant, and post-transplant course of treatment
and follow-up of patients after HTX. These positive aspects
should be balanced against potential disadvantages.28–36

This analysis included patients receiving HTX at the Heidel-
berg Heart Center between 06/1989 and 12/2015. Because of
the long study period, a possible era effect due to changes in
medical care may have affected outcomes. As the initial stan-
dard immunosuppressive drug regimen was changed during
the study period, a sensitivity analysis including a subgroup
of patients with CsA and azathioprine was carried out to in-
vestigate a possible era effect and to test the robustness of
the study results. This analysis showed similar results. A fur-
ther change of medical treatment during the study period

was the clinical introduction of ivabradine in 2006, which is
used for heart rate reduction in patients after HTX. However,
there was no significant difference in the use of ivabradine
between both groups.33,34

Finally, our results should be considered as hypothesis gen-
erating, especially in terms of post-transplant survival as mul-
tiple factors may affect survival after HTX. Thus, to confirm
our results, further large prospective multi-centre trials are
preferable to analyse the influence of an elevated pre-
transplant PVR on outcomes after HTX.28–34

Conclusions

Patients with a pre-transplant PVR ≥ 300 dyn·s·cm�5 (≥3.75
Wood units) had an increased 30 day mortality after HTX
driven by a higher rate of death due to transplant failure.
Multivariate analysis showed a PVR ≥ 300 dyn·s·cm�5

(≥3.75 Wood units) as an independent risk factor for im-
paired post-transplant survival with a more than four-fold in-
creased risk of death within 30 days after HTX. Kaplan–Meier
estimator additionally showed an inferior post-transplant 2
year survival in patients with a PVR ≥ 300 dyn·s·cm�5

(≥3.75 Wood units).
Furthermore, patients with a PVR ≥ 300 dyn·s·cm�5 (≥3.75

Wood units) had a higher incidence of AF within 30 days after
HTX, whereas there was no significant difference between
groups regarding the length of the initial hospital stay after
HTX.

In summary, an elevated pre-transplant PVR ≥ 300
dyn·s·cm�5 (≥3.75 Wood units) is associated with early
post-transplant AF and an inferior post-transplant survival
along with a higher percentage of death due to transplant
failure.
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