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Background: Allograft pathologies, such as valvular, coronary artery, or aortic disease,
may occur early and late after cardiac transplantation. Cardiac surgery after heart
transplantation (CASH) may be an option to improve quality of life and allograft
function and prolong survival. Experience with CASH, however, has been limited to
single-center reports.

Methods: We performed a retrospective, multicenter study of heart transplant recipients
with CASH between January 1984 and December 2020. In this study, 60 high-volume
cardiac transplant centers were invited to participate.

Results: Data were available from 19 centers in North America (n = 7), South America
(n = 1), and Europe (n = 11), with a total of 110 patients. A median of 3 (IQR 2–
8.5) operations was reported by each center; five centers included ≥ 10 patients.
Indications for CASH were valvular disease (n = 62), coronary artery disease (CAD)
(n = 16), constrictive pericarditis (n = 17), aortic pathology (n = 13), and myxoma
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(n = 2). The median age at CASH was 57.7 (47.8–63.1) years, with a median time
from transplant to CASH of 4.4 (1–9.6) years. Reoperation within the first year after
transplantation was performed in 24.5%. In-hospital mortality was 9.1% (n = 10). 1-year
survival was 86.2% and median follow-up was 8.2 (3.8–14.6) years. The most frequent
perioperative complications were acute kidney injury and bleeding revision in 18 and
9.1%, respectively.

Conclusion: Cardiac surgery after heart transplantation has low in-hospital mortality
and postoperative complications in carefully selected patients. The incidence and type
of CASH vary between international centers. Risk factors for the worse outcome are
higher European System for Cardiac Operative Risk Evaluation (EuroSCORE II) and
postoperative renal failure.

Keywords: cardiac transplantation, heart transplantation, cardiac surgery, heart failure, cardiac retransplantation

INTRODUCTION

Heart transplantation (HTX) confers excellent long-term survival
in select patients with symptomatic end-stage heart failure.
Cardiac surgery after heart transplantation (CASH) is a rarely
used approach to improve allograft function and quality of
life, and prolong survival (1), but has been described only
in case reports and single-center experiences (2, 3). Although
symptomatic tricuspid regurgitation is known as the most
common cause for CASH (2), other valvular diseases, aortic
pathology, and cardiac allograft vasculopathy (CAV) can occur
in the HTX population (1–3). Coronary artery bypass grafting
(CABG) is a safe surgical therapy for CAV, in selected cases, with
acceptable long-term outcomes (1, 2). Furthermore, transcatheter
and minimally invasive strategies to treat allograft pathologies
have been reported with excellent short-term outcomes (4–9).

In this retrospective, multicenter, cohort study, we
evaluated the safety of CASH and risk factors for subsequent
morbidity and mortality.

MATERIALS AND METHODS

The study cohort was comprised of heart transplant recipients
who underwent CASH between January 1984 and December
2020. CASH includes cardiac and aortic transcatheter
interventions but does not include retransplantation,
pacemaker/defibrillator placement, or reoperation due to
bleeding complications. In total, 60 high-volume cardiac
transplant centers performing more than 15 HTXs per year were
invited to participate in the study. Each participating center
obtained ethics approval from its institutional review board

Abbreviations: BiVAD, biventricular assist device; CABG, coronary artery bypass
grafting; CAV, cardiac allograft vasculopathy; CASH, cardiac surgery after
heart transplantation; CI, confidence interval; ECMO, extracorporeal membrane
oxygenation; EuroSCORE II, European System for Cardiac Operative Risk
Evaluation; GFR, glomerular filtration rate; HTX, heart transplantation; IQR,
interquartile range; LVEF, left ventricular ejection fraction; OR, odds ratio; PCI,
percutaneous coronary intervention; POD, postoperative day; TAVR, transcatheter
aortic valve replacement.

(Vienna ethics committee reference number: 1894/2017) and a
data use agreement was executed with each center.

Relevant data on demographics, medical history, medications,
surgeries, cardiac testing, outcomes, and complications were
collected from the patients’ medical records and were de-
identified by each center’s study coordinator. A password-
protected, validated Excel file was sent to the primary investigator
for statistical analysis. The European System for Cardiac
Operative Risk Evaluation (EuroSCORE II) (10, 11), a validated
scoring system that predicts the risk of in-hospital mortality after
major cardiac surgery, was calculated.

The inverse Kaplan–Meier method was used to quantify
median follow-up (12). To evaluate the effect of selected clinical
factors on in-hospital mortality, we used univariate logistic
regression models accounting for the center as a random effect.
Survival after reoperation was described using the Kaplan–
Meier method. Two-sided p < 0.05 were considered statistically
significant. Statistical analyses were performed using SAS 9.4
(SAS Institute Inc., Cary, NC, United States).

RESULTS

Study Population
Data from 110 patients were submitted by 19 centers (the
United States-6; Spain-3; Austria-2; Germany-2; Argentina-1;
Canada-1; Croatia-; France-1; Italy-1; and Slovakia-1) with a
median of 3 (interquartile range [IQR] 2–8.5) patients per center;
five centers reported ≥ 10 patients. The incidence of CASH was
0.86% (lowest 0.17%, highest 2.46%; and total number of HTX:
14,185). The median age at CASH was 57.7 (IQR 47.8–63.1) years
with a median interval between HTX and CASH of 4.4 (IQR 1–
9.6) years. Indications for surgery was valvular disease (n = 62),
coronary artery disease (CAD) (n = 16), constrictive pericarditis
(n = 17), aortic disease (n = 13), and myxoma (n = 2). Five patients
(4.5%) had infectious etiology, including two fungal constrictive
pericarditis, one aortic and one tricuspid valve endocarditis,
and one infectious aortic pseudoaneurysm at the suture line.
In 27 (24.5%) patients, CASH was performed in the first year,
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including 10 in the first 30 days. Thirty-six patients (32.7%)
had an urgent indication for surgery. The surgical approaches
were redo-sternotomy (n = 104), thoracotomy (n = 4), and
transcatheter (TAVR; n = 2). Patient characteristics are provided
in Table 1.

Outcome
The most common postoperative complication was acute kidney
injury (Table 1). A permanent pacemaker was needed due
to atrioventricular block in five patients, all after tricuspid
valve surgery. Postoperative graft failure resulted in early
death after tricuspid valve surgery in two patients and after
pericardiectomy in one patient. In another patient, graft
function recovered with postoperative extracorporeal membrane
oxygenation (ECMO) support after total aortic arch replacement,
aortic valve replacement, and CABG. Causes of death after
discharge were cardiac (n = 14), infectious (n = 10), malignancy
(n = 9), neurological complications (n = 3), and other (n = 8).

Overall survival was 86.2 ± 3.3 and 76.7 ± 4.2% after 1 and
3 years, respectively (Figure 1A). The 3-year survival stratified
by indication for CASH is shown in Figure 1B. In-hospital
mortality was 9.1% (n = 10), with systemic infection (n = 6),
graft failure (n = 3), and bleeding (n = 1) as causes of death.
Patients with urgent (compared with elective) CASH had worse
in-hospital, 1-, and 3-year survival (Kaplan–Meier estimate:

TABLE 1 | Patient Characteristics, including postoperative details.

N 110

Sex (male), n 90 (82%)

Age at HTX, IQR, y 51.8 (40.7–57.5)

Donor age, IQR, y 42 (28–49)

EuroSCORE II, IQR 4.7 (2.9–8.2)

LVEF < 50%, n 13 (11.8%)

Diabetes, n 27 (24.5%), 14 NIDDM/13 IDDM

Creatinine pre-op (mg/dL), IQR 1.6 (1.3–2.2)

CKD (GFR < 60 mL/min), n 59 (53.6%), 5 dialysis dependent

CPB-time, IQR, min 109 (91.5–165)

Cross-clamp time, IQR, min 65 (46–94.5)

ICU stay, IQR, d 3.5 (1–6.3)

In-hospital stay, IQR, d 15 (10–24.5)

Perioperative complication, n

Acute kidney injury 20 (18.2%)

Bleeding revision 10 (9.1%)

Pneumonia 8 (7.3%)

Wound infection 5 (4.5%)

Need for pacemaker 5 (4.5%)

Allograft failure 4 (3.6%)

Stroke 2 (1.8%)

In-hospital mortality, n 10 (9.1%)

1-year survival (SE) 86.2% (3.3)

Follow-up, IQR, y 8.2 (3.8–14.6)

CKD, chronic kidney disease; CPB-time, cardiopulmonary bypass time; LVEF,
left ventricular ejection fraction; GFR, glomerular filtration rate; HTX, heart
transplantation; ICU, intensive care unit; IDDM, insulin-dependent diabetes mellitus;
NIDDM, non-insulin-dependent diabetes mellitus; SE, standard error.

83.3, 80.4, and 63.6% vs. 94.6, 89.1, and 82.8%, respectively;
Figure 1C). In-hospital mortality was higher in patients with
postoperative acute kidney injury (n = 20, 19.1%; 35.0 vs.
3.5% for urgent vs. elective, respectively). In univariate logistic
regression analysis, postoperative acute kidney injury (odds ratio
[OR] 14.7 [95% confidence interval [CI] 3.3–65.6], p = 0.0006)
and higher EuroSCORE II (OR for 2-fold increase 2.0 [1.0–
3.7], p = 0.04) were statistically significantly associated with
in-hospital mortality. Higher in-hospital mortality was associated
with urgent indication for surgery (OR 3.5 [0.9–13.6], p = 0.07),
as well as older age at the time of reoperation (OR for 10-
year increase 1.8 [0.9–3.6], p = 0.08). However, these effects
were not statistically significant. Heart transplant recipient sex
(p = 0.32), time since HTX (p = 0.89), and baseline serum
creatinine (p = 0.55) were not statistically significantly associated
with in-hospital mortality in univariate logistic regression models
(Supplementary Table 1).

Valvular Disease
Tricuspid Valve Surgery
Tricuspid valve surgery was the most common CASH (n = 48)
at 14 centers (Table 2): 7 centers with one patient, 4 centers with
two, and 4 centers with more than two (n = 3, 8, 10, and 12). Of
these 48 patients, 5 had tricuspid valve surgery in combination
with surgical procedures involving the mitral valve (n = 3), aortic
valve (n = 1), and aorta (n = 1).

For isolated tricuspid valve surgeries, the indication was
severe, symptomatic tricuspid regurgitation. Biopsy-induced
tricuspid regurgitation was the most common indication for
surgery. Twelve patients (27.9%) underwent CASH in the first
year post-transplant, most within the first 90 days (n = 9).

Major complications were comprised of intraoperative
aortic dissection at the cannulation site, which required
hemiarch replacement in one patient. Two patients developed
intraoperative right heart failure, and both died perioperatively.
One patient underwent biological tricuspid valve replacement
4 months after repair due to severe recurrent regurgitation.
Four early deaths occurred on postoperative days (PODs)
0, 12, 26, and 34.

Mitral Valve Surgery
Five centers reported 12 patients who had mitral valve surgery
(Table 3). One patient with concomitant mitral and aortic valve
replacement and tricuspid valve reconstruction is described in the
aortic valve surgery section. Three patients had tricuspid valve
surgery (2 repairs; 1 replacement) as a concomitant procedure.
The median age at CASH was 61.5 (IQR 51.6–62.6) years, and
the time to CASH was 7.2 (IQR 3.1–10.1) years. One procedure
was performed on postoperative day (POD) 2 due to severe
mitral regurgitation with a ruptured cord in the anterior leaflet.
Surgical access was usually sternotomy, except for one patient
who had a thoracotomy. The median postoperative intensive care
unit (ICU) stay was 5 (IQR 1–8) days and the in-hospital stay
was 15 (IQR 10–21.8) days. No early perioperative (in-hospital)
or surgery-related deaths occurred. Postoperative complications
were acute kidney injury and reintubation in one patient.
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FIGURE 1 | (A) A 3-year survival for patients with cardiac surgery after heart transplantation (CASH). (B) A 3-year survival according to the different indications for
CASH. (C) A 3-year survival in patients with urgent and elective indication for CASH.

Furthermore, 1-year survival was 71.6%, and death was not
related to the mitral valve surgery.

Aortic Valve Surgery
Cardiac surgery after heart transplantation due to aortic valve
disease was performed in 7 patients at six centers (Table 4). The
median age and allograft age at CASH were 61.3 (IQR 56.9–
68.7) and 59.2 (IQR 45.8–70.6) years, respectively. One patient

underwent CASH in the first year (POD 20, unknown cause of
aortic regurgitation), and the median time to CASH was 7.1 (IQR
3.7–10.6) years. Surgical access was sternotomy in all but two
patients who had transcatheter aortic valve replacement (TAVR).
The postoperative ICU stay was 4 days (IQR 1.8–6.3), and the in-
hospital stay was 18 days (11–34). Two patients had a complicated
postoperative course requiring surgical revision (bleeding) and
died 52 and 219 days after CASH, respectively; all the others
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are still alive. Four patients underwent aortic valve surgery due
to aortic disease (aneurysm/dissection) and are described in the
aortic surgery section.

Aortic Surgery
Aortic surgery due to ascending aortic pathologies (dissection,
aneurysm, or pseudoaneurysm) was performed in 13 patients at
11 centers (Table 5). The median age at CASH was 57.5 (IQR
50.3–61.1) years and the time to CASH was 3.9 (IQR 0.8–7.6)
years. Four patients had surgery within the first year (PODs 20,
50, 110, and 235). Allograft function was preserved in all patients.
The median preoperative serum creatinine was 1.1 (1.0–1.7)
mg/dl. Two patients had reduced kidney function preoperatively,
including one patient who was dialysis-dependent.

The median postoperative ICU stay was 5 (IQR 4–6) days,
and the in-hospital stay was 18 (IQR 14–24) days. One patient
required temporary ECMO due to postoperative stunning and

TABLE 2 | Tricuspid valve surgery.

N 43

Sex (male), n 34 (79.1%)

Age at CASH, y 52.0 (35.4–63.4)

EuroSCORE II 4.4 (2.9–6.3)

LVEF < 50%, n 7 (16.3%)

Creatinine pre-op (mg/dL) 1.7 (1.5–2.3)

CKD (GFR < 60 mL/min), n 21 (48.8%), 2 dialysis dependent

Time to CASH, y 3.8 (0.9–9.8)

Urgent operation, n 14 (32.6%)

Indication, n

Biopsy induced 22

Annular dilation 8

Degenerative 4

Pacemaker lead 1

Endocarditis 1

Unknown cause 7

Operation, n

Repair 22 (51.2%)

biological valve/mechanical valve 19 (44.2%)/2 (4.7%)

Access (sternotomy), n 42; thoracotomy n = 1

ICU stay, d 3.5 (2–8)

Complications, n

Renal replacement therapy 11 (26.2%)

AVB, PM-implant 5 (11.9%)

Bleeding revision 5 (11.9%)

Right heart failure 2 (4.7%)

Pneumonia 4 (9.3%)

Wound infection 1

Dissection at cannulation site 1

Recurrent severe regurgitation 1 (biological valve replacement)

In-hospital mortality, n 4 (9.3%)

1-year survival (SE) 90.7% (9.3)

AVB, atrioventricular block; CASH, cardiac surgery after heart transplantation; CKD,
chronic kidney disease; LVEF, left ventricular ejection fraction; GFR, glomerular
filtration rate; ICU, intensive care unit; PM-implant, pacemaker implantation; SE,
standard error.

allograft function subsequently recovered. Early postoperative
death (PODs 14 and 97) occurred in two patients after a
complicated clinical course. The 1-year survival was 84.6%.

Coronary Artery Bypass Grafting Surgery
Sixteen patients (87.5% male) from eight centers who had CAD
as the indication for CABG surgery are described in Table 6. The
median age and allograft age at CASH were 60.3 (IQR 54.6–63.3)
and 45.8 (IQR 36.9–54.3) years, respectively. The time to CASH
was 8.8 (IQR 5.9–9.8) years. Allograft function, as measured
by the left ventricular ejection fraction (LVEF), was severely
impaired (< 30%) in two patients, preserved (≥ 50%) in seven
patients, and data were not available in seven patients. Eleven
patients had reduced kidney function preoperatively, including
a patient who was dialysis-dependent.

One patient had percutaneous coronary intervention (PCI) in
the allograft prior to CABG surgery. Four patients had diabetes
mellitus, including two patients who were insulin-dependent.
Coronary angiography was performed in all of the planned
CABG surgeries, and computed tomography (CT) was available
in only half the patients.

The indications for CASH were CAV (n = 14), iatrogenic left
main stem dissection following routine coronary angiography
(n = 1), and right coronary artery stenosis unknown at the
time of HTX (CABG performed on POD 3). Surgical access was
median re-sternotomy in all but two patients who underwent
minimally invasive direct coronary artery bypass (MIDCAB).
The left internal mammary artery was used as the bypass graft
in 81.3% of procedures, and the right internal mammary artery
in 37.5%. Saphenous vein grafts were used in half of the patients,
radial artery only in one patient.

The median postoperative ICU stay was 2.5 (IQR 1–3.8) days
and the in-hospital stay 12.5 (IQR 11–20.8) days. The 1-year
survival was 93.8% with only one CASH-related death (POD 59,
after iatrogenic left main stem dissection). Due to progression of
CAV, half of the patients subsequently had PCI with drug-eluting
stents and one patient underwent cardiac retransplantation.

In six additional patients, CABG surgery was a concomitant
procedure, and the patients are described in the aortic valve
surgery (n = 2), aortic surgery (n = 3), and constrictive pericarditis
(n = 1) sections.

Pericardiectomy
Five centers reported 17 patients who had pericardiectomy due
to constrictive pericarditis (Table 7). Three centers reported
more than one case each (n = 4, 5, and 6). The median age at
CASH was 56.3 (IQR 54.7–63.5) years and the time to CASH
was 1.7 (0.7–3.1) years. Five patients underwent pericardiectomy
in the first year. One patient was on vasopressor support with
an urgent indication for surgery. Median preoperative serum
creatinine was 1.6 (1.5–2.2) mg/dl. Kidney function was reduced
preoperatively [glomerular filtration rate (GFR) < 60 ml/min] in
58.8% of patients, and none were dialysis-dependent. Access was
via a median re-sternotomy for extensive pericardiectomy. The
median ICU stay was 1.5 (IQR 1–2.5) days and in-hospital stay
was 15 (IQR 8–19) days. In one patient, intraoperative injury of
the left anterior descending artery resulted in anastomosis of a
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TABLE 3 | Mitral valve surgery.

Pt Sex Age Euro
SCORE II

LVEF < 50% Creatinine GFR < 60
ml/min

Time to
CASH, y

Urgency Indication Pathology Operation Mortality Follow-up,
y

1 m 47.8 10.27 − 1.3 − 2 days Urgent Ruptured
chord

Regurgitation Biological
valve

− 5.7

2 f 66.6 6.93 n.a. 2.7 yes 0.6 Elective Annular
dilation

Regurgitation Repair − 1.2

3 m 65.1 9.53 yes 1.6 yes 3 Urgent Degenerative Regurgitation Mechanical
valve

Cardiac 2.8

4 f 53.1 10.43 − 4 dialysis 3.2 Urgent Degenerative Regurgitation Mechanical
valve

Other 0.9

5 m 61.6 2.89 − 1.1 − 5.1 Elective Degenerative Regurgitation Mechanical
valve

Other 14.4

6 m 63.7 3.05 − 1.3 − 7.2 Elective Degenerative Regurgitation Mechanical
valve

Other 12.3

7 m 61.5 4.8 − 2.5 yes 7.8 Elective Degenerative Regurgitation Repair Infection 0.4

8 f 50.2 3.42 yes n.a. − 9.6 Elective Degenerative Both Mechanical
valve

− 0.7

9 m 61.5 8.22 n.a. 3.4 yes 10.6 Elective Degenerative Stenosis Mechanical
valve

MOF 5.1

10 m 61.5 5.67 − 1.2 − 10.8 Urgent Degenerative Regurgitation Mechanical
valve

Other 9.3

11 m 26.3 3.46 − 0.7 − 13.4 Elective Degenerative Regurgitation Repair n.a. 0.5

med 61.5
(51.6–
62.6)

5.7
(3.4–8.9)

1.5
(1.2–2.7)

7.2
(3.1–10.1)

CASH, cardiac surgery after heart transplantation; Creatinine, Creatinine pre-op (mg/dL); LVEF, left ventricular ejection fraction; GFR, glomerular filtration rate; ICU, intensive care unit; n.a., not available; MOF, multi-organ
failure; pt, patient.
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. vein bypass graft. Reintubation was required for pneumonia in
one patient, and another patient had a deep sternal infection.
One patient had fatal postoperative right heart failure. Overall
1-year survival was 82.4%, and two early deaths were reported
(PODs 21 and 83).

Other Operations
Left atrial myxoma resection was performed 1.7 and 14.3 years
after HTX (Table 8). Both had an uneventful postoperative course
and no recurrent disease.

One patient underwent biological pulmonary valve
replacement due to regurgitation (valve injury at the time
of procurement/implantation) on POD 7. After a complicated
postoperative course with surgical revision due to bleeding and
pneumonia, the patient is alive 3.8 years after CASH without
prosthesis degeneration.

DISCUSSION

Our multicenter study describes the largest cohort of patients
with CASH worldwide. We demonstrate that CASH is an
acceptable therapy for different cardiovascular pathologies early
and late after HTX. Overall in-hospital and 1-year mortality
after CASH were acceptable (9.1 and 13.8%, respectively).
Urgent indication for CASH, such as endocarditis, infected
pseudoaneurysm, aortic dissection, and iatrogenic complications,
was strikingly, but not statistically significantly, associated with
higher in-hospital mortality. These indications are also associated
with high mortality in the general heart surgery population,
and in previous reports on CASH (2, 3). Postoperative acute
kidney injury requiring renal replacement therapy was the
most common complication after CASH and was associated
with higher in-hospital mortality. Age at time of CASH
and higher EuroSCORE II were also associated with higher
in-hospital mortality. However, the effect of age was not
statistically significant.

The incidence of postoperative systemic infection and deep
sternal wound infection was low (13, 14). Reduction or
discontinuation of mammalian target of rapamycin (mTOR)
inhibitors several weeks to months prior to elective CASH may
be considered due to reports of impaired wound healing (15).

Severe tricuspid regurgitation is the most common reason
for CASH (16). HTX-specific tricuspid valve pathologies are
biopsy-induced injury to the chordae (leaflets), ischemic injury
to the papillary muscle as a consequence of CAV or rejection,
and distortion of the valvular apparatus [biatrial implantation
technique (2, 17–24). Endocarditis is rare, but is more common
than in the general population due to increased risk arising from
immunosuppression and frequent central venous access, such as
endomyocardial biopsies (25).

Indications for surgery must be carefully considered,
especially in patients with ventricular dysfunction and/or
pulmonary hypertension because they are at risk of right
ventricular failure after CASH. Potential underlying disease
processes, such as CAV or acute rejection must be ruled
out prior to CASH.
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TABLE 5 | Aortic surgery.

Pt Sex Age Euro
SCORE II

Time to
CASH, y

Urgency Indication Operation Concomitant
Procedure

Complications Mortality Follow-up,
y

1 m 58.6 9.4 20 days Urgent Dissection Bentall, mechanical − 8.5

2 m 57.1 21.2 0.1 Urgent Pseudoaneurysm Supracommissural
replacement

TV repair infection MOF 0.3

3 m 61.5 10.4 0.3 Urgent Pseudoaneurysm Supracommissural
replacement

− 2.6

4 m 39.8 7.1 0.8 Elective Pseudoaneurysm Supracommissural
replacement

− 5.4

5 m 58.0 13.1 1.3 Elective Aneurysm Total arch
replacement

CABG, aortic valve,
stentgraft

ECMO − 0.9

6 m 61.1 28.3 2.4 Urgent Pseudoaneurysm Supracommissural
replacement

Bleeding Bleeding 21 days

7 f 53.8 9.1 3.9 Urgent Dissection Supracommissural
replacement

Cardiac 5.7

8 m 50.3 23.3 5.1 Urgent Dissection Supracommissural
replacement

CABG, aortic valve − 4.0

9 m 57.5 8.7 7.1 Urgent Aneurysm Hemiarch
replacement

CABG − 0.3

10 m 48.7 3.8 7.6 Elective Pseudoaneurysm Supracommissural
replacement

Stroke 3.9

11 f 61.6 6.7 7.7 Elective Aneurysm Supracommissural
replacement

Cardiac 4.2

12 f 32.7 13.8 10.0 Urgent Aneurysm Bentall, biological CABG − 1.1

13 m 72.3 31.3 18.1 Urgent Dissection Supracommissural
replacement

Malignancy 1.4

med 57.5 (50.3–61.1) 10.4
(8.7–21.2)

3.9
(0.8–7.6)

CABG, coronary artery bypass graft; CASH, cardiac surgery after heart transplantation; ICU, intensive care unit; MOF, multi-organ failure; pt, patient; TV, tricuspid valve.
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TABLE 6 | Coronary artery bypass graft surgery.

Pt Sex Age Euro
SCORE II

Time to
CASH, y

Urgency Indication Operation OP-
details

Complications Mortality Follow-up,
y

PCI/HTX
after

CASH

1 m 63.0 6.8 3 days Urgent Donor stenosis Vein RCA RVAD
13d

− 12.3 −

2 m 51.8 2.0 3.6 Elective CAV LIMA LAD Cardiac 5.9 PCI

3 f 62.4 11.5 4.0 Urgent Iatrogenic dissection Vein LAD + CX Sepsis MOF 0.2 PCI

4 m 59.5 3.7 5.4 Urgent CAV LIMA LAD, Vein CX − 3.8 −

5 m 52.9 2.7 6.1 Elective CAV LIMA CX, RIMA DG Cardiac 9.1 −

6 m 57.4 4.6 7.8 Elective CAV Vein LAD + CX Tumor 7.1 PCI

7 m 65.6 5.5 7.8 Elective CAV LIMA LAD, RIMA
RCA, Vein CX

− 16.6 PCI

8 m 62.4 4.0 8.5 Elective CAV LIMA LAD, RIMA
CX

Tumor 7.1 −

9 m 71.4 3.7 9.0 Elective CAV LIMA LAD, RIMA
RCA (T-graft)

Tumor 8.5 −

10 m 64.3 8.7 9.3 Elective CAV LIMA LAD, RIMA
DG, Radial CX

Sternal infection Cardiac 7.6 −

11 m 55.2 2.7 9.3 Elective CAV LIMA LAD off-
pump

− 12.3 PCI

12 f 59.6 2.5 9.6 Elective CAV LIMA LAD, Vein CX − 11.8 PCI,
Re-HTX

13 m 60.9 2.8 10.4 Elective CAV LIMA LAD MID-
CAB

Cardiac 13.3 PCI

14 m 38.4 8.1 10.6 Elective CAV LIMA LAD MID-
CAB

RRT Infection 1.7 −

15 m 48.3 2.7 12.0 Elective CAV LIMA LAD + DG,
RIMA CX, Vein RCA

− 19.2 PCI

16 m 69.8 29.5 16.2 Urgent CAV LIMA LAD, Vein
CX + DG + RCA

− 3.9 −

med 60.3 (54.6–63.3) 3.9
(2.7–7.1)

8.8
(5.9–9.8)

CABG, coronary artery bypass graft; CAV, cardiac allograft vasculopathy; CASH, cardiac surgery after heart transplantation; CX, circumflex artery; DG, diagonal branch; ICU, intensive care unit; LIMA, left internal
mammary artery; n.a., not available; MID-CAB, minimally invasive direct coronary artery bypass; MOF, multi-organ failure; PCI, percutaneous coronary intervention; pt, patient; re-HTX, cardiac retransplantation; RIMA,
right internal mammary artery; RVAD.
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TABLE 7 | Pericardiectomy.

Pt Sex Age Euro SCORE II Time to CASH, y Urgency Complications Mortality Follow-up, y

1 m 61.5 2.1 0.2 Urgent n.a. 2.7

2 m 63.5 4.3 0.2 Elective Cardiac 0.9

3 m 55.1 4.7 0.3 Elective − 9.1

4 m 57.4 4.7 0.5 Elective − 1.5

5 m 65.7 7.7 0.7 Elective RRT − 6.9

6 f 47.5 3.4 1.0 Elective Infection − 8.2

7 m 63.6 5.2 1.5 Elective Malignancy 3.5

8 m 45.7 2.7 1.6 Elective n.a. 4.4

9 m 64.8 3.1 1.7 Elective Infection 3.5

10 m 56.3 4.7 2.6 Elective − 0.2

11 m 31.8 2.7 3.0 Elective Infection 4.2

12 m 26.3 4.7 3.1 Elective − 9.1

13 m 61.6 2.9 3.1 Elective n.a. 3.5

14 m 55.9 2.7 3.5 Elective Right heart failure Cardiac 0.1

15 f 54.7 4.6 4.3 Elective Infection, RRT MOF 0.2

16 m 69.4 4.7 8.3 Urgent Malignancy 14.1

17 m 55.5 2.7 17.3 Elective − 3.7

med 56.3 (54.7–63.5) 4.3 (2.7–4.7) 1.7 (0.7–3.1)

CASH, cardiac surgery after heart transplantation; FU, follow-up; ICU, intensive care unit; n.a., not available; MOF, multi-organ failure; pat, patient; RRT, renal replacement
therapy.

TABLE 8 | Other operations.

Patient 1 Patient 2 Patient 3

Indication Pulmonary valve regurgitation Myxoma Myxoma

CASH Biological valve Resection Resection

Sex Male Female Male

Age 36.1 68 28.5

EuroSCORE II 7.8 9.9 2.7

Time to CASH, y 7 days 1.7 14.3

Urgency Urgent Elective Elective

Complications Bleeding, pneumonia

Cause of death − − −

Follow-up, y 3.8 0.7 5

CASH, cardiac surgery after heart transplantation.

Tricuspid valve repair with annuloplasty should only be
performed in HTX patients with annular dilation; valve
replacement is recommended in complex valvular pathologies
or residual regurgitation after repair (21). Besides the risks
associated with life-long anticoagulation, mechanical valve
replacement rules out the right-sided endomyocardial biopsy.
Interventional edge-to-edge repair of the tricuspid valve using the
MitraClip system has been reported with perioperative success
(26), but long-term data are lacking.

Mitral valve surgery after HTX has been described rarely.
Pathology can be related to annular dilation or degeneration of
the leaflets or papillary muscles, typically as a consequence of
CAV or acute rejection, often accompanied by ventricular
dysfunction (27–29). Iatrogenic injury after left-sided
endomyocardial biopsy may lead to acute mitral regurgitation.
Mitral stenosis has been described in dialysis-dependent HTX
patients in association with hyperparathyroidism (30). Mitral

valve replacement may be preferred over repair due to complex
valvular pathologies in patients with HTX, and to achieve shorter
cardiopulmonary bypass times in patients with ventricular
dysfunction. In three of our patients, concomitant tricuspid
valve repair or replacement was performed without perioperative
complications, but postprocedural death occurred 0.5, 0.9, and
2.8 years after CASH.

Minimally invasive CASH via thoracotomy confers the
advantage of avoiding resternotomy. Transcatheter interventions
may be reasonable for patients at high surgical risk with
appropriate valvular pathology, but the atrial and atrio-
ventricular anatomy can be challenging due to distortions
after HTX (9).

Cardiac surgery after heart transplantation due to
symptomatic degenerative aortic stenosis in the allograft
may occur more often with the acceptance of marginal donor
hearts. Single-center case reports have reported acceptable
perioperative outcomes (16, 31–33), and case reports on TAVR
in HTX patients with high surgical risk have presented data
on favorable short-term outcomes (4–8); however, long-term
data, as well as data are data on the durability of biological and
mechanical valves, are lacking. Aortic valve endocarditis after
HTX is extremely rare (34). Our cohort included a patient with
biological valve replacement due to endocarditis and 7.7 years of
follow-up without valvular degeneration.

Aortic surgery was the most heterogeneous group in our
series. Case reports have described successful CASH for
ascending aortic aneurysm, dissection, or pseudoaneurysm of
the aortic anastomosis (1–3, 35). Aortic pathologies after HTX
typically arise at the site of aortic anastomosis due to flow
turbulence (donor/recipient aortic size mismatch), infection, or
hypertension (36). Due to urgency, the precise preoperative
planning of surgery is limited in acute type A dissection and
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infected pseudoaneurysm. Our data are in line with previously
published data (1). Two patients with urgent surgery due
to infected pseudoaneurysm had early surgery-related deaths,
highlighting the high risk of mortality associated with this rare
disease (36).

Surgical revascularization for CAV is safe, with acceptable
long-term results, in HTX patients with acceptable coronary
anatomy (type A lesion, Stanford Classification), and elective
indication for surgery (1–3, 37). This approach is generally
limited, however, by the diffuse nature of CAV (37, 38) and
inexorable disease progression in most patients (3, 39), which
may necessitate additional interventions (3, 40). The patency of
arterial grafts is superior to vein grafts in CASH, with patency
of the internal thoracic artery reported up to 20 years (3, 41).
Though the left internal thoracic artery was used in most of
our patients, the radial artery had good mid-term results in a
published case series and may be an adjunct graft in patients with
CABG prior to HTX (3).

Constrictive pericarditis after HTX is rare and is typically
associated with recurrent pericardial effusions, allograft
rejection, or biopsy-related complications (42–44). As most
of the participating centers did not report any cases of
constrictive pericarditis requiring pericardiectomy, we cannot
draw conclusions as to whether patients were undiagnosed
at some centers and whether surgical and/or treatment
strategies differed at the three centers that reported cases of
constrictive pericarditis.

This study is limited by its retrospective nature, the small
numbers for each procedure type, and the fact that participation
was by invitation only—not all eligible heart transplant centers
reported data. It may be of interest, however, for multinational

heart transplant registries to begin collecting data on CASH,
given the growing population of heart transplant recipients
worldwide with improved long-term survival and the increasing
use of minimally invasive surgical and transcatheter approaches.

We conclude that CASH is generally safe, with low in-hospital
mortality and postoperative complications in carefully selected
patients. Nevertheless, it is rarely performed, with differences
in practice between heart transplant centers worldwide. Higher
EuroSCORE II and postoperative acute kidney injury are
associated with higher in-hospital mortality.
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