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Simultaneous Heart– Liver 
Transplantation for Congenital Heart 
Disease in the United States: Rapidly 
Increasing With Acceptable Outcomes
Thomas G. Cotter ,1* Jennifer Wang,1* Thoetchai Peeraphatdit,1 Burhaneddin Sandıkçı,2 Fares Ayoub,1 Gene Kim,3 Helen Te,1 
Valluvan Jeevanandam,4 Diego Sabato,4 and Michael Charlton 1

BaCKgRoUND aND aIMS: There are more adults than 
children living with congenital heart disease (CHD) in the 
United States, with a growing proportion requiring heart– 
liver transplantation (HLT). Our aim was to ascertain the 
frequency, outcomes, and prognostic factors in this patient 
population.

appRoaCH aND ReSUltS: United Network for Organ 
Sharing data on adult patients who underwent heart trans-
plantation (HT) from 2009 through March 2020 were ana-
lyzed. The primary study outcome was patient survival. Cox 
proportional- hazards modeling assessed for mortality associa-
tions. There were 1,084 HT recipients: 817 (75.4%) CHD 
HTs only, 74 (6.8%) CHD HLTs, 179 (16.5%) non- CHD 
HLTs, and 14 (1.3%) heart– liver– kidney transplants. The 
number of CHD HLTs increased from a prior rate of 4/year 
to 21/year in 2019. Among patients with CHD, the 5- year 
survival rates were 74.1% and 73.6% in HTs only and HLTs, 
respectively (P  =  0.865). There was a higher rate of allograft 
failure attributable to rejection in CHD HTs only compared 
with CHD HLTs (3.2% versus 0.4%; P  =  0.014). Only 25 
out of 115 HT- performing hospitals undertook CHD HLTs. 
Higher- volume centers (averaging one CHD HLT per year) 
had a 5- year patient survival rate of 83.0% compared with 
61.3% in lower- volume centers (P  =  0.079). Among HLT re-
cipients, total bilirubin (hazard ratio [HR],  1.06; 95% confi-
dence interval [CI],  1.01- 1.12) and diabetes (HR  =  2.97, 95% 

CI  =  1.21- 7.31) were independently associated with increased 
mortality risk, whereas CHD and age were not.

CoNClUSIoNS: The rate of HLT for adult CHD in the 
United States is rising dramatically. The survival outcomes 
between CHD HT only and CHD HLT groups are com-
parable; however, the HLT group had lower rates of acute 
rejection. Among HLT recipients, diabetes and elevated biliru-
bin are associated with increased posttransplant mortality risk. 
An average of one CHD HLT per year could be considered 
a minimum quality metric at transplant centers. (Hepatology 
2021;73:1464-1477).

The first case of simultaneous heart– liver trans-
plantation (HLT) was performed by Starzl and 
colleagues in a 6- year- old patient with homo-

zygous familial hypercholesterolemia in 1984.(1) The 
role of the liver in this case was as a therapeutic inter-
vention to address the inherent metabolic abnormality 
in order to optimize the longevity of the transplanted 
heart, which was successful with posttransplantation 
serum cholesterol decreasing to 270  mg/dL from 
a baseline of >1,000  mg/dL. Since this case, indica-
tions for HLT have expanded to include patients with 
cardiac cirrhosis; however, the operation continues to 
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Organ Sharing.
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be performed infrequently, with only 159 HLTs per-
formed between 1988 and 2014 in the United States.(2)

Over the past several decades, there has been a 
decline in mortality from congenital heart disease 
(CHD), attributable to improvements in both surgi-
cal and medical management.(3) An example is the 
Fontan procedure pioneered by Francis Fontan and 
Eugene Baudet in 1971(4) and further described in 
1973 by Guillermo Kreutzer et al.,(5) which trans-
formed the prognosis of children with only a single 
functional ventricle (e.g., tricuspid or mitral atre-
sia, hypoplastic left [or right] heart syndrome). The 
Fontan circulation has been created by many methods 
but essentially obviates the need for the ventricle to 
pump blood to the lungs by creating a direct connec-
tion between the superior and inferior vena cava and 
pulmonary artery, with systemic venous pressure prop-
agating blood flow through the lungs. Consequently, 
this translates to higher than normal caval and hepatic 
venous pressures given the absence of a pumping 
chamber prior to the pulmonary circulation, even 
under ideally functioning Fontan circumstances.(4,6) 
Thus, many post- Fontan patients with CHD develop 
advanced liver disease related to this chronic outflow 
impairment, coupled with the low cardiac output of 
the post- Fontan heart.(4,6) Compared to liver disease 
associated with long- standing congestive heart failure, 
hepatic changes in Fontan patients have been proven 
to be more severe with extensive fibrosis secondary to 
the fibroinflammatory response to functional outflow 
obstruction.(7,8) The Fontan operation is now firmly 
established as an effective treatment modality in suit-
able patients in the United States, with an average of 
1,062 Fontan operations performed annually between 
2001 and 2016.(9)

Adults with CHD continue to increase in age 
and number, with almost 1.4  million adults living 

with CHD in the United States in 2010, a 60% rate 
increase since 2000,(3) while the incidence of moder-
ate and severe forms of CHD is about 0.6% of live 
births (1.9% of live births if the potentially serious 
bicuspid aortic valve is included).(10) Unfortunately, 
the Fontan procedure is palliative, not curative, with 
<50% of patients alive 30 years post- Fontan.(11) From 
the time of Fontan procedure, the patient enters a 
form of chronic heart failure and will face the possi-
bility of heart transplantation (HT) at some point.(12) 
Studies have reported up to 21% of patients under-
going the Fontan procedure ultimately requiring HT 
at 20  years.(13) Evidently, the need for HT, as well 
as HLT in a sizeable subset, is expected to increase 
substantially. This anticipated increase has, however, 
not been observed as of yet, with the baseline rate of 
HLT for CHD remaining low at four to five cases 
annually as of 2015, with a minority of transplant 
centers performing HLT.(14) This may be due in part 
to the donor pool remaining relatively stagnant over 
the past decade. This particularly disadvantaged adults 
with CHD as they did not get elevation in United 
Network for Organ Sharing (UNOS) priority status, 
despite the established poor long- term prognosis, until 
the UNOS donor heart allocation system was updated 
in 2018.(15) It is expected that this system will increase 
the likelihood of patients with CHD being trans-
planted. In addition, improvements in operative tech-
niques and postoperative care have helped patients 
with Fontan circulation to remain compensated lon-
ger, and thus, we likely have not yet observed the true 
surge of decompensated presentations.

Understanding the outcomes and prognostic factors is 
critical in the context of the inevitable substantial increase 
in demand for HLT in the coming years.  The aim of 
our study was to ascertain current trends in frequencies 
and outcomes in HLT in the United States, particularly 
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with regard to CHD, and to determine factors affecting 
outcomes, including center- specific transplant volume, in 
order to better inform clinical practice in the near future.

Patients and Methods
StUDy popUlatIoN aND Data 
aCQUISItIoN

Data were collected from the UNOS on adult 
patients (18 years of age or older) in the United 
States who underwent a primary HT from January 
1, 2009, through March 17, 2020, including HLTs. 
Patients with simultaneous transplantation of other 
organs such as lungs, pancreas, intestine, and kid-
neys were excluded, apart from simultaneous heart– 
liver– kidney transplantations (HLKT). These data 
are prospectively collected by the Organ Procurement 
and Transplantation Network  (OPTN)  from trans-
plant programs, organ procurement organizations, 
and histocompatibility laboratories, supplemented by 
the  Centers for Medicare & Medicaid Services  and 
the National Technical Information Service’s  Death 
Master File.(16) Clinical data acquired at the time of 
transplant included donor age, race, body mass index 
(BMI), UNOS region, and presence of diabetes, as 
well as recipient age, gender, race, transplant indica-
tion, UNOS region, transplant center, waitlist time, 
length of hospital stay, comorbidities, available labora-
tory parameters including Model for End- Stage Liver 
Disease (MELD) scores (in HLTs), panel- reactive 
antibody (PRA) activity levels closest to the time of 
transplant, the presence of ascites and hepatic enceph-
alopathy, as well as pretransplant dialysis requirement. 
The validated MELD- IX score was also calculated on 
all patients using the formula 5.11  ×  ln (serum bili-
rubin in milligrams per deciliter) + 11.76 × ln (serum 
creatinine in milligrams per deciliter) + 9.44.(17)

Patients were assigned listing indications ascer-
tained from the thoracic data set first from primary 
diagnosis (both coding and manual entries were ana-
lyzed) on the transplant recipient registration (TRR) 
form and next from the primary diagnosis (both cod-
ing and manual entries were analyzed) on the trans-
plant candidate registration form, if no diagnosis had 
been assigned from the TRR. Sensitized patients were 
defined as recipients with a PRA level 25% or higher, 
consistent with prior studies on this subject.(18,19) 

Follow- up data included acute rejection episodes, 
posttransplant stroke, graft failure, and mortality. Per 
the OPTN, allograft failure was defined as the occur-
rence of either recipient death, removal of the trans-
planted organ, or a recipient being placed on a chronic 
allograft support system.

Data from both thoracic and liver data sets were 
analyzed separately and then merged as a means of 
cross- validation. There was 100% concordance in the 
HLT cases identified independently in the two data 
sets. Patient follow- up time was also compared between 
the two datafiles, with the most up- to- date time of 
follow- up in the final merged database. Data on the 
region of donor organ recovery were also queried from 
the deceased donor database and merged with the final 
data set. As a review of a publicly accessible de-identi-
fied database, IRB approval was exempted for this study.

StatIStICal aNalySIS
Continuous variables were summarized with medi-

ans and interquartile ranges (IQRs) or by means and 
standard deviations (SD), and frequencies and percent-
ages were used for categorical variables. Comparative 
analysis of continuous variables was based on the two- 
sample Wilcoxon rank test for samples that failed the 
Shapiro- Wilk normality test; otherwise, it was based 
on the two- sample t test. Comparative analysis of 
categorical variables was based on the two- sided chi- 
squared test. All data (n = 1,084) were complete apart 
from the following:

• Missing categorical data: donor diabetes (n  =  11), 
donor race (n = 2), recipient race (n = 7), recipient 
diabetes (n  =  5), recipient dialysis (n  =  14), post-
transplant dialysis (n = 24), acute rejection (n = 20), 
and posttransplant stroke (n  =  32). These missing 
data were imputed as “none present.”

• Missing continuous data: recipient BMI (n = 1), re-
cipient creatinine (n = 15), and recipient total biliru-
bin (n = 23). These missing data were ignored. The 
proportions of missing data in the HLT group were 
similar to the proportions observed in the entire co-
hort described above.

The groups of comparison were CHD HT only 
versus CHD HLT and non- CHD HLT versus CHD 
HLT. Kaplan- Meier survival analysis was used to es-
timate the primary study outcome of overall patient 
survival and secondary study outcomes of cardiac 
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allograft survival and liver allograft survival. Log- rank 
testing was used to conduct statistical comparison of 
survival rates. The survival analysis was deliberately 
not adjusted for technical deaths (i.e., deaths within 
30  days of transplant) in order to better capture the 
true mortality associated with the complex surgery of 
patients with CHD. Cox proportional- hazards regres-
sion modeling was used to assess for variables associ-
ated with mortality among HLTs. Multiple iterations 
of the model were performed incorporating all avail-
able variables which have been shown to be associated 
with posttransplant mortality in the medical literature. 
The final model was assessed for proportional hazards 
assumptions by examination of Schoenfeld residuals. 
The following covariates were included in the model 
derivation: donor age, race, gender, BMI, diabetes, 
as well as recipient age, gender, BMI, waitlist time, 
operation type, listing indication, gender, race, diabe-
tes, creatinine, total bilirubin, the presence of ascites 
(any severity), the presence of hepatic encephalopathy 
(any grade), dialysis requirement, MELD score, and 
MELD- IX score. These results are provided as hazard 
ratios (HRs) with confidence intervals (CIs). P < 0.05 
was considered significant for all statistical methods. 
The statistical analyses were completed using the 
Stata statistical package (Stata Statistical Software: 
Release 16; StataCorp LLC, College Station, TX).

Results
FReQUeNCy, lIStINg 
INDICatIoNS, aND pRaCtICe 
SettINg

There were 1,084 adult HT recipients who met the 
study inclusion criteria, of whom 817 (75.4%) were 
CHD HT- only recipients, 74 (6.8%) were CHD HLT 
recipients, 179 (16.5%) were non- CHD HLT recipi-
ents, and 14 (1.3%) were HLKT recipients (Table 1). 
Of the 74 CHD HLT recipients, 70 (95%) had doc-
umentation of previous cardiac surgery (which was 
not HT given the study exclusion criteria). Among 
HLT recipients, the most common listing indication 
was CHD (74, 29.3%), the next most common was 
amyloidosis- related cardiomyopathy (59, 23.3%), fol-
lowed by nonischemic dilated cardiomyopathy (55, 
21.6%), while ischemic cardiomyopathy accounted for 
30 (11.9%) of HLTs (Table 2).

While information on which organ was the “driv-
ing” organ for transplant among HLTs is not directly 
recorded in the OPTN database, we conclude, from 
the considerable evidence based on the following 
assessment, that the heart was the driving organ in 
the vast majority of cases. At the time of transplant, 
241 (95.3%) were listed as status 1A or 1B (old HT 
priority criteria) or status 1- 4 (updated 2018 HT pri-
ority criteria), while the remaining 12 (4,7%) were 
listed as status 2 (old heart criteria).(15) Sixty HLT 
patients had a MELD score between 20 and 29, of 
whom 58 (97%) were listed as heart status 1A or 1B 
(old heart criteria) or status 1- 4 (new heart criteria). 
Only 3 patients had a MELD score at transplant of 
30 or greater; of these, 2 were listed as status 1A (old 
heart criteria), while the other patient was listed as 
status 2 (new heart criteria), which is highly sugges-
tive that the heart may still have been the driving 
organ. None of these 3 patients required a simultane-
ous kidney transplant. Moreover, 251 (99.2%) HLTs 
had a primary heart listing indication in the heart 
data set. About 70% of HLT recipients had a diag-
nosis of “cirrhosis, other” in the liver data set, sug-
gestive of the large proportion of these patients with 
presumed cardiac cirrhosis.

There was an increase in annual transplant rate in 
all transplanted groups. The annual frequency of the 
CHD HT- only group more than doubled over the 
past decade, increasing from 43 in 2009 to 109 in 
2019. The annual frequency of non- CHD HLT also 
more than doubled, from 10 in 2009 to 22 in 2019 
(Fig. 1A). However, there was a noticeable dispro-
portionate increase in annual frequency of the CHD 
HLT group, which increased >5- fold over the past 
decade, from a baseline rate of 4 transplants annually 
during 2010- 2015 to 21 transplants in 2019 (Fig. 1A). 
The annual frequency of CHD HLTs is now simi-
lar to that of non- CHD HLTs. In fact, CHD HLTs 
have surpassed non- CHD HLTs in 2020 through the 
initial 3 months, with 6 CHD HLTs performed com-
pared with 3 non- CHD HLTs.

There were 110/817 (13.5%) and 10/74 (13.5%) 
CHD HTs only and CHD HLTs performed at chil-
dren’s transplant centers, respectively. The median age 
of CHD HLT recipients at the time of transplant was 
21 (IQR, 20- 26) at children’s transplant centers com-
pared to a median age of 51 (IQR, 40- 60) at adult 
transplant centers. There was no difference in survival 
outcomes for patients with CHD, with 1- year rates of 
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83% and 87.5% and 5- year rates of 75.0% and 73.3% 
in the children and adult transplant centers, respec-
tively (P  =  0.671). All non- CHD HLTs were per-
formed at adult transplant centers.

Overall, 545/1,070 (51%) donor organs came from 
the same UNOS region as the respective transplant 
recipient. Among HLTs, a larger proportion (147/253, 
58.1%) received donors from the same UNOS region. 
The proportion of donor hearts being transplanted to 
recipients in the same UNOS region has decreased 
considerably over the study time period. Overall, 
253/316 (80%) donors during the 2010- 2013 period 
were given to recipients within the same UNOS 
region compared to 57/291 (20%) in the 2018- 2019 
period (P  <  0.001). Among HLTs, 61/62 (98%) of 
donors in the 2010- 2013 period were given to recip-
ients within the same UNOS region compared to 

20/81 (25%) in the 2018- 2019 period (P  <  0.001). 
The absolute frequency of transplant centers per-
forming HTs increased to 87 in the 2018- 2019 
period from 83 in the 2010- 2013 period. Although 
the absolute number of centers did not increase dras-
tically, there was more diversity observed, with 24 
“new” transplant centers in the 2018- 2019 period. 
Given the complexity of CHD HLTs, the signif-
icant geographic variation among UNOS regions 
was observed, as expected, with regions 2, 5, and 7 
accounting for almost 75% of all CHD HLTs in the 
United States (Fig. 1B).

CoMpaRatIVe DeMogRapHICS
The comparative demographics and characteristics 

between the study groups are summarized in Table 2. 

taBle 1. Baseline Characteristics of Ht and Simultaneous Hlt Recipients in the United States, January 1, 2009- March 17, 2020 
(n = 1,070 † )

CHD (n = 891)

Non- CHD HLT

Statistical Comparison

CHD HT- only CHD HLT
CHD HT- Only versus 

CHD HLT
Non- CHD HLT 

versus CHD HLT

Donor n = 817 n = 74 n = 179

Age (years) 27.0 (21.0- 36.0) 26.5 (21.0- 35.0) 29.0 (22.0- 39.0)

BMI (kg/m2) 24.9 (22.0- 29.1) 25.3 (23.6- 27.1) 25.2 (23.1- 28.0)

Male gender 525 (64.3) 45 (60.8) 131 (73.2%) *

Caucasian race 508 (62.2) 47 (63.5) 106 (59.2)

Diabetes 23 (2.8) 1 (1.4) 7 (3.9)

Recipient

Age (years) 37.0 (25.0- 48.0) 33.0 (28.0- 40.0) 57.0 (48.0- 62.0) ***

Male gender 493 (60.3) 40 (54.1) 135 (75.4) ***

Caucasian race 641 (78.5) 61 (82.4) 89 (49.7) ***

BMI (kg/m2) 24.6 (21.1- 28.9) 23.6 (20.8- 26.7) 25.4 (22.5- 29.5) ***

Post- transplant LOS (days) 19.0 (12.0- 33.0) 26.5 (18.0- 42.5) 21.5 (15.0- 34.0) *** *

Waiting list time (days) 139.0 (42.0- 364.0) 142.0 (50.0- 339.0) 91.0 (32.0- 215.0) **

Diabetes 71 (8.7) 4 (5.4) 30 (16.8) *

Serum creatinine (mg/dL) 1.0 (0.8- 1.3) 1.0 (0.8- 1.2) 1.2 (0.9- 1.5) ***

Serum total bilirubin (mg/dL) 0.8 (0.5- 1.2) 0.9 (0.6- 1.6) 0.9 (0.6- 1.5)

MELD score n/a 15 (11.0- 19.0) 15 (11.0- 20.0)

MELD- XI score 11 (9- 15) 13 (10.0- 15.0) 14 (10.5- 17.0) *

Dialysis requirement 23 (2.8) 4 (5.4) 8 (4.5)

Ascites (mild or worse) n/a 36 (49.7) 77 (43.0)

Hepatic encephalopathy (grade 
1 or worse)

n/a 13 (17.5) 28 (15.6)

 *0.01 < P ≤ 0.05 (all other P values > 0.05). 
 †14 additional HLKT recipients are described separately in the article. Values are n (%) or median (IQR). 
 **0.001 < P ≤ 0.01. 
 ***P < 0.001. 
Abbreviations: LOS, length of stay; n/a, not applicable.
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Donor characteristics were similar among all three 
groups. The recipient characteristics among the CHD 
groups were also similar, apart from the CHD HLT 
group having a median of 7.5 more inpatient days 
posttransplant (P < 0.001). Finally, compared with the 
non- CHD HLT group, CHD HLT recipients were 
younger (median age, 33 versus 57 years) with more 

females (45.9%, versus 24.6%) and white race repre-
sentation (82.4% versus 49.7%) and leaner (median 
BMI, 23.6 versus 25.4 kg/m2) with reduced rates of 
diabetes (5.4% versus 16.8%) and lower median creati-
nine (1.0 versus 1.2 mg/dL) (all P < 0.05). Non- CHD 
HLT recipients had significantly reduced waitlist time 
compared with CHD HLT recipients (median, 91 
versus 142 days; P < 0.05). Of note, non- CHD HLT 
recipients had higher MELD- XI scores compared 
with CHD HT- only recipients (median, 14 versus 
11; P  <  0.05). While CHD HLTs also had a higher 
median MELD- IX score compared with CHD HT- 
only recipients, this was not statistically significant 
(P > 0.05).

patIeNt SURVIVal aND tHe 
INFlUeNCe oF tRaNSplaNt 
CeNteR VolUMe oN tHe CHD 
patIeNt popUlatIoN

There were 21 patients who were not discharged 
since the time of transplant at the time of this anal-
ysis; therefore, these patients were excluded from the 
survival analysis and the Cox proportional hazards 
modeling, while all other patients were accounted for. 
The 1- year patient survival rates were 85.6%, 81.5%, 
and 88.3% for the CHD HT- only, CHD HLT, and 
non- CHD HLT groups, respectively (all P > 0.05) 

FIg. 1. (A) Annual trends of the frequency of simultaneous HLT in the United States from 2009 to 2019, stratified by CHD versus non- 
CHD. (B) Geographic variation in the frequency of simultaneous HLT performed for patients with CHD in the United States from 2009 
to 2019. The total numbers of transplants in each UNOS geographic region are shown.
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taBle 2. Indications for Simultaneous Hlt in the United 
States, January 1, 2009- March 17, 2020 (n = 253)

Listing Indication n (%)

CHD 74 (29.3)

ARVD 5 (2.0)

Alcohol- related DCM 2 (0.8)

Ischemic DCM 30 (11.9)

Non- ischemic DCM 55 (21.6)

HCM 12 (4.7)

Amyloidosis- related RCM 59 (23.3)

Sarcoidosis- related RCM 2 (0.8)

RCM (other) 9 (3.6)

VHD 2 (0.8)

Cancer 1 (0.4)

Other 2 (0.8)

Total 253 (100)

Abbreviations: ARVD, arrhythmogenic right ventricular dyspla-
sia; DCM, dilated cardiomyopathy; HCM, hypertrophic cardio-
myopathy; RCM, restrictive cardiomyopathy; VHD, valvular heart 
disease.
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(Fig. 2). The 5- year patient survival rates were 74.1%, 
73.6%, and 83.6% for the CHD HT- only, CHD 
HLT, and non- CHD HLT groups, respectively (Fig. 
2). Nevertheless, the observed differences in patient 
survival between groups were not statistically sig-
nificant (all pairwise P > 0.05). A Cox analysis also 
showed no statistical difference in patient survival (all 
pairwise P > 0.05), adjusting for the covariates out-
lined in Patients and Methods.

The 25 transplant centers that performed all the 
CHD HLTs from 2009 to 2019 were divided into 
higher- volume and lower- volume transplant centers. 
The higher- volume centers consisted of four centers 
that performed an average of 9.5 (SD  ±  3.7) CHD 
HLTs over the study period (an average rate of one 
CHD HLT per year). The lower- volume centers con-
sisted of 21 centers that performed an average of 1.6 
(SD  ±  1.4) CHD HLTs over the study period (an 
average rate of 0.1 CHD HLTs per year). The 1- year 
patient survival rates were 87.9% and 73.6%, while 
the 5- year rates were 83.0% and 61.3% in the higher- 
volume and lower- volume transplant centers, respec-
tively (P = 0.079) (Fig. 3).

HeaRt allogRaFt SURVIVal
There were four allograft failures attributed to 

liver failure in the HLT groups. One early graft fail-
ure (<30 days posttransplant) and three late graft fail-
ures (>30  days posttransplant). Of these 4 patients, 3 
died; therefore, these patients were included as heart 
allograft failure, per the OPTN definition. One patient 
underwent a liver retransplantation 212 days after the 
primary transplant and thus was not included as a heart 
allograft failure case. Of note, there were three graft 
failures attributed to liver failure in the CHD HT- only 
group, and all of these patients died as a result. The 
first patient had graft failure at 75 days posttransplant, 
a total bilirubin of 0.7 mg/dL, and a MELD- XI score 
of 13; the second patient had graft failure at 982 days 
posttransplant, with a total bilirubin of 0.7 mg/dL and 
a MELD- XI score of 11; the third patient had graft 
failure at 3 days posttransplant, with a total bilirubin of 
0.3 mg/dL and a MELD- XI score of 15.

The 1- year heart allograft survival rates were 84.7%, 
86.2%, and 89.5% for the CHD HT- only, CHD HLT, 
and non- CHD HLT groups, respectively (all P > 0.05) 

FIg. 2. Survival of patients with CHD who received HT- only or simultaneous HLT and of patients without CHD who received a 
simultaneous HLT in the United States from 2009 to 2019.
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(Fig. 4A). The 5- year heart allograft survival rates 
were 72.6%, 77.7%, and 84.7% for the CHD HT- 
only, CHD HLT, and non- CHD HLT groups, respec-
tively (Fig. 4A). Nevertheless, the observed differences 
in heart allograft survivals between groups were not 
statistically significant (all pairwise P > 0.05). A Cox 
analysis also showed no statistical difference in patient 
survival (all pairwise P > 0.05), adjusting for covariates.

lIVeR allogRaFt SURVIVal IN 
SIMUltaNeoUS Hlt ReCIpIeNtS

The 1- year liver allograft survival rates were 84.6% 
and 89.4%, while the 5- year rates were 76.2% and 
84.6% for the CHD HLT and non- CHD HLT groups, 
respectively (P = 0.611) (Fig. 4B). There were no sta-
tistically significant changes observed in adjusted liver 
allograft survival between the two groups (P > 0.05).

SIMUltaNeoUS HlKt oUtCoMeS
There were 14 patients who received HLKT, 

of whom 2 had a listing indication of CHD. The 

median age was 48.5 (43- 54), with a median cre-
atinine of 2.15  mg/dL (1.4- 4.1); 7/14 (50.0%) 
were on dialysis. At an average follow- up time of 
1,097 ± 1,342 days, 2/14 (14.2%) died within 1 year 
of transplant, while 1/14 (7.1%) had liver allograft 
failure secondary to hepatic artery thrombosis at 
23  days posttransplant and underwent a successful 
retransplant.

allogRaFt ReJeCtIoN aND 
SeNSItIZeD patIeNt oUtCoMeS

There was a higher rate of allograft failure attrib-
utable to acute or chronic rejection in the CHD HT- 
only group compared with the HLT groups (3.2% 
versus 0.4%, P  =  0.014). The rates of acute rejection 
were 23.4% in the CHD HT- only group compared 
with 5.5% in the HLT groups (P < 0.001). The rates 
of posttransplant stroke were 3.5% and 3.9% in the 
CHD HT- only group and HLT groups, respectively 
(P = 0.765). Of note, the posttransplant stroke rate was 
4/74 (5.4%) in the CHD HLT group; however, there 
was no statistically significant difference observed 

FIg. 3. Survival in patients with CHD who received simultaneous HLT in the United States from 2009 to 2019 stratified by volume of 
practice at transplant centers.

Pr
ob

ab
ilit

y 
of

 s
ur

vi
va

l

Time since transplant (years)

p=0.079

1.
00

0.
75

0.
50

0 1 2 3 4 5

Number at risk
Lower-volume center
Higher-volume center

32
38

14
24

8
19

7
16

4
14

4
10

retnecemulov-rehgiHretnecemulov-rewoL



Hepatology, april 2021COTTER, WANG, ET AL.

1472

compared to the CHD HT- only group (P = 0.418) or 
the non- CHD HLT group (P = 0.446).

There was a larger proportion of highly sensitized 
patients (i.e., PRA > 25%) in the CHD HLT group 
(47.3%) compared with the CHD HT- only group 
(31.3%, P  =  0.005) and the non- CHD HLT group 
(29.7%, P  =  0.003). The average follow- up time in 
the HLT group was 922  ±  1,014 days, while it was 
1,209  ±  1,108 days in the HT- only group. Among 
the 341 highly sensitized patients, the rate of acute 
rejection was 58/256 (22.7%) in the CHD HT- only 
group compared with 6/85 (7.0%) in the HLT group 
(P = 0.020). However, the proportions were similar in 
the nonsensitized groups. Among sensitized patients, 
there was no difference in the rates of heart allograft 
failure in the CHD HT- only group compared with 
the HLT group (20% versus 17%, P = 0.698).

MoRtalIty aSSoCIatIoNS 
aMoNg Hlt ReCIpIeNtS

Among the HLT recipients (n  =  245), the pres-
ence of CHD was not independently associated with 
increased mortality risk (HR = 1.00, 95% CI = 0.43- 
2.33) (Table 3). The only variables independently 
associated with increased mortality were recipient 
diabetes (HR,  2.97; 95% CI,  1.21- 7.31) and total 
bilirubin (HR,  1.06; 95% CI,  1.01- 1.12). Recipient 
age (HR, 0.97; 95% CI, 0.94- 1.01) was not signifi-
cant when associated with mortality. There were no 
violations of the proportional- hazards assumption 
indicated by the global test using Schoenfeld resid-
uals (P = 0.785).

Among patients with CHD receiving HLT 
(n  =  70), age was not independently associated with 

FIg. 4. (A) Heart allograft survival of patients with CHD who received HT or simultaneous HLT and of patients without CHD who 
received a simultaneous HLT in the United States from 2009 to 2019. (B) Liver allograft survival of simultaneous HLT in the United 
States from 2009 to 2019, stratified by CFD versus non- CHD.
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mortality (HR,  0.97; 95% CI,  0.91- 1.02). Similarly, 
when age was treated as a dichotomous variable 
(<40 years [n = 49] versus ≥40 years [n = 21]), there 
was no association with mortality risk (HR,  0.87; 
95% CI,  0.27, 2.78). Similar results (i.e., P  >  0.05) 
were observed when the dichotomous cutoff for age 
was increased to 50  years (<50  years [n  =  65] versus 
≥50 years [n = 5]).

Discussion
There are now more adults than children liv-

ing with CHD in the United States.(3) As the size 
of the aging Fontan- palliated population grows, we 
are observing the long- term clinical consequences 
of a failing Fontan circulation including significant 
hepatic dysfunction. Heart transplantation remains 
the only definitive treatment for an increasing number 
of patients with heart failure after Fontan’s procedure. 
A small but growing proportion requires consider-
ation for simultaneous HLT (or even simultaneous 
HLKT(20)). Our study shows that CHD HLT has 
now increased >5- fold from the baseline rate and has 
surpassed non- CHD as the leading indication for 
HLT in the United States for the first 3 months of 
2020. Outcomes are acceptable, with no statistically 
significant differences in mortality or allograft survival 
in patients undergoing CHD HT- only versus CHD 

HLT. Notably, there was a trend to reduced mortal-
ity in CHD HLT recipients associated with higher- 
volume centers that average one CHD HLT annually. 
Bilirubin and diabetes were independently associated 
with mortality among HLT recipients, while age was 
not found to be a significant factor affecting mortality. 
There were no increased rates of posttransplant stroke 
among HLT patients.

A prior analysis of the UNOS database from 1987 
to 2015 showed that only 41 CHD HLTs were per-
formed over three decades.(14) In our analysis from 
2009 to March 2020, while an overall increase in 
HLTs is observed, the rate of CHD HLTs has dis-
proportionately increased by >5- fold compared to a 
doubling of the CHD HT- only and non- CHD HLT 
groups. While this increase may be largely due to the 
growing number of the Fontan- palliated population 
presenting with decompensated heart failure, other 
factors may also have played a role, including organ 
allocation policy changes. Recent UNOS/OPTN 
policy changes in HT have been made, with one of 
the intents to widen distribution of transplantation 
for patients with CHD by giving them priority sta-
tus.(21,22) Our results show that we may be seeing this 
policy having its desired effect. In addition, the 2015 
revised UNOS/OPTN multiorgan policy mandated 
the second required organ to be allocated to the mul-
tiorgan candidate from the same donor, accommodat-
ing more HLTs.(23)

There have only been a few single- center and 
UNOS analyses of populations of patients with CHD 
published. Studies comparing outcomes of patients 
with CHD undergoing HT alone versus HLT have 
been conflicting, which may be explained by the small 
numbers involved.(14,24,25) This is an important issue 
as it has direct implications for transplant listing and 
selection. Our results show that the differences in 
1- year and 5- year graft survival between the CHD 
HT- only and CHD HLT groups are not statistically 
significant and should provide reassurance to providers 
in proceeding with HLTs for select patients if deemed 
appropriate. Non- CHD HLT recipients did appear to 
have numerically better survival compared to CHD 
HLT recipients. However, this difference was not 
statistically significant. Within the constraints of the 
Cox multivariate analysis, a diagnosis of CHD did not 
confer additional mortality risk. We acknowledge that 
a type II error may be present given the relatively low 
CHD HLT sample size. Further research is needed 

taBle 3. Multivariate Cox proportional Hazards Regression 
of predictors of Mortality in Simultaneous Heart- liver 

transplant Recipients (n = 245)

Covariate HR (95% CI) P Value

Donor

Age 0.98 (0.95- 1.01) 0.264

Diabetes 0.66 (0.08- 5.37) 0.699

Recipient

Age 0.97 (0.94- 1.01) 0.181

BMI 1.02 (0.95- 1.09) 0.536

Congenital heart 
disease

1.00 (0.43- 2.33) 0.991

Diabetes 2.97 (1.21- 7.31) 0.024

Creatinine 0.92 (0.39- 2.10) 0.838

Total bilirubin 1.06 (1.01- 1.12) 0.028

MELD score 1.00 (0.94- 1.07) 0.940

Abbreviations: BMI, body mass index; CI, confidence interval; 
HLT, simultaneous heart- liver transplant; HR, hazards ratio; 
MELD, model for end- stage liver disease.
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to confirm this hypothesis as CHD HLT sample size 
continues to increase. While the CHD HLT recipi-
ents were younger and leaner and had lower rates of 
diabetes compared to their non- CHD HLT recipient 
counterparts, these favorable characteristics do not 
evidently compensate for the additional morbidity 
that CHD afflicts upon patients.

Over the past decade, there has been a remark-
able change in geographic allocation of organs. Now, 
only one in four donor hearts remain within the 
same region, a decrease from four in five at the start 
of this decade. Interestingly, almost all HLT donor 
organs were from the same region during the 2010- 
2013 period. This intuitively makes sense given the 
added logistics a dual- organ transplantation entail. 
We hypothesize that this change in allocation may be 
in part due to the increasing diversity of transplant 
centers performing HT, which is increasing interre-
gion competition for organs and the aforementioned 
revised multiorgan policy.(23)

With the advancement of neonatal cardiac surgery 
and catheter- based techniques, the spectrum of car-
diac surgery for adults with CHD has shifted from 
primary repair of the heart defect to treatment of 
residual defects from prior surgeries. Repeat sternot-
omy is common and a risk factor for severe morbidity 
following cardiac surgery.(26) The presence of donor- 
specific antibodies (DSAs) due to prior multiple blood 
transfusions imparts additional challenges in terms 
of donor availability and postoperative management. 
Furthermore, surgical risk factors such as marked 
adhesions, multiple collaterals, and longer time and 
expertise needed for reconstruction of an appropriate 
anatomy to accommodate the donor heart make HT 
in CHD a highly challenging procedure.(26,27) This 
requires surgeons with expertise in managing patients 
with prior surgeries in childhood. In fact, our results 
showed that 13.5% of young adult patients with 
CHD (median age 21) underwent their HT or HLT 
at children’s transplant centers. This also highlights a 
potential challenge with transitioning of care as these 
young adults get older.

There was noticeable geographic variation among 
UNOS regions in the practice of performing HLT, 
with regions 2, 5, and 7 accounting for 75% of all 
CHD HLTs and only 25 transplant centers perform-
ing this procedure over the past decade. This presents 
a serious challenge to the health care system with the 
evident increased burden of CHD and disparity in 

access to care. Higher- volume centers performed an 
average rate of one CHD HLT per year, 10 times the 
annual rate for lower- volume centers, which on aver-
age performed one CHD HLT every 10 years. There 
was a trend for better patient survival rates at higher- 
volume centers, with a 1- year survival rate of 87.9% 
(versus 73.6%) and a 5- year survival rate of 83.0% 
(versus 61.3%); however, it fell short of statistical sig-
nificance, presumably related to limited sample size. 
These results are compelling, with an early divergence 
of better outcomes observed in higher- volume centers. 
Thus, an average of one CHD HLT per year could be 
considered as a minimum quality metric at transplant 
centers in future guidelines in order to optimize the 
care of this complex patient population.

Our analysis also demonstrated that the rates 
of acute rejection were >4- fold higher in HT- only 
recipients compared to the HLT group (23.4% ver-
sus 5.5%; P < 0.001). This is likely due to the immu-
noprotective characteristics of the liver. This appears 
to influence the practice of transplant providers, 
with a significantly higher proportion of sensitized 
patients observed in the CHD HLT group compared 
to the CHD HT- only group (47.3% versus 31.3%; 
P = 0.03). The immune- tolerant property of the liver 
allograft was first described in liver transplants in 
pigs,(28,29) with researchers observing that the allograft 
could be accepted even when the donor and recipi-
ent were from widely different porcine breeds. The 
underlying mechanism is not well understood. The 
leading theory is that the human leukocyte antigen 
(HLA) class I expressed on the extensive sinusoidal 
endothelial surface and the soluble HLA class II of 
the donor liver act as a “sponge” to soak up circulating 
DSAs of the recipients, therefore reducing the risk of 
rejection.(30,31) The extension of the liver’s immune- 
protective effect to other organs when transplanted 
simultaneously has been well described in the litera-
ture of simultaneous liver– kidney transplant as well as 
HLT.(32- 35) In one single- center experience, 22 HLT 
recipients, when compared to 223 HT- only recipients, 
had lower incidence of T cell– mediated rejection, 
antibody- mediated rejection, and cardiac allograft 
vasculopathy. The presence of a simultaneously trans-
planted liver allograft was the most predictive factor 
for lower incidence of rejection.(32) While the harder 
endpoints such as reduced rates of graft failure attrib-
utable to rejection in sensitized CHD HLT recipients 
were not observed, the overall results are compelling 
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and suggest that sensitization levels should be con-
sidered as part of the overall selection process as to 
which CHD patients require HLT. Finally, the rel-
atively longer operating times of HLT compared to 
HT alone did not appear to increase the risk of post-
transplant stroke in patients, which is an important 
consideration.

One of the remaining substantial questions is when 
to perform HT only versus HLT in the setting of 
clear but incompletely defined chronic liver disease 
in the CHD population. There are two key aspects 
to this question. One is how best to assess fibrosis 
stage and liver function in patients with CHD and 
congestive hepatopathy, and another is the reversibil-
ity/risk of posttransplant decompensation in patients 
with evidence of more advanced disease. This analy-
sis cannot directly address these important questions. 
Interestingly, the patients who experienced liver failure 
in the CHD HT- only group had favorable prognos-
tic pretransplant parameters, with low bilirubin and 
MELD- IX scores, highlighting inadequate prediction 
of which patients require HLT using the existing pre-
diction tools. As many patients with heart failure are on 
anticoagulation, we calculated the MELD- XI score of 
individual patients. The MELD- XI scores, calculated 
based on only bilirubin and creatinine, have been val-
idated as a prognostic index in liver transplantation(17) 
as well as HT.(36- 38) They are normalized to the same 
range and distribution as MELD scores and carry 
equivalent prognostic information. The MELD- IX did 
not appear to be a useful predictor of mortality in our 
cohort. In addition, other common measures of hepatic 
function including hepatic venous portal gradient and 
cross- sectional imaging have been reported to be sub-
stantially affected by chronic outflow obstruction.(7) 
Prospective studies of existing and potential biomarkers 
or predictive models are badly needed in order to opti-
mize and standardize patient selection as the demand 
for transplant for CHD increases.

The associations with higher bilirubin conferring 
increased mortality risk in HLT recipients suggest 
that serum total bilirubin may be useful in high-
lighting which patients are at higher risk and require 
optimal posttransplant care. On average, every unit 
increase in total bilirubin conferred a 6% increased 
risk of death among HLT recipients. Recipient diabe-
tes was also independently associated with mortality 
risk among the HLT recipients, conferring a 3- fold 
increase in hazard risk. Although the rate of diabetes 

is comparatively lower in patients with CHD, intense 
efforts should be made to improve glycemic control in 
patients with CHD and diabetes both pretransplant 
and posttransplant.

Our study has some limitations. It is import-
ant to acknowledge that the UNOS database lacks 
more granular data such as anatomical complexity 
and number of prior surgeries of the patients with 
CHD as well as pathologic degree of liver involve-
ment, which could create bias in patient selection. 
It also limits our understanding of the phenotype of 
Fontan patients who received HT only versus HLT. 
This calls for future prospective studies investigat-
ing consensus among centers in selection criteria for 
Fontan patients. We do know that the vast majority 
(i.e., 95%) of CHD HLT recipients had prior cardiac 
surgery, supporting the hypothesis that many of these 
are post- Fontan. The UNOS database also contains 
missing data; however, as outlined in Patients and 
Methods, these missing data are minimal and unlikely 
to affect our results or conclusions. The MELD score 
was also not available for HT patients; however, we 
calculated the validated MELD- IX on all patients to 
mitigate this limitation. Finally, the small sample size 
(and ultimately low event rate) of our CHD HLT 
cohort precluded more extensive exploration of Cox 
proportional hazards modeling due to suboptimal 
power. However, we included the non- CHD HLT 
population in our model to increase our sample size 
and included the presence of congenital heart disease 
as a covariate. Thus, we were still able to derive mean-
ingful outcomes with relevant clinical implications. 
That said, even with the addition of the non- CHD 
HLT recipients, we still acknowledge that the lack of 
statistical significance in some variables may be due to 
lack of power to detect the association. Future stud-
ies should assess for associations in the CHD HLT 
cohort as sample size increases in the near future.

Our results show that the rate of HLT for adults 
with CHD in the United States is rising quickly with 
a relatively small number of transplant centers with 
experience in managing these patients, highlighting 
the logistical barriers some patients face in order to 
acquire the appropriate care. Our results provide reas-
surance to providers who deem a patient with CHD 
requires HLT, with outcomes comparable to HT alone 
and reduced rejection rates observed without increased 
risk of stroke. Within the constraints of our analysis, 
age alone should not deter providers from considering 
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patients with CHD in their 40s or 50s  for consider-
ation of HLT. Patients with CHD require expert spe-
cialist care, which is further highlighted by the trend 
toward better outcomes at higher- volume centers. An 
average of one CHD HLT per year could be consid-
ered a minimum quality metric at transplant centers. 
Among HLT patients, diabetes and higher bilirubin 
levels predicted mortality and should be considered in 
future management and studies designed to optimize 
the care of this complex patient population. In sum-
mary, while long- term prospective studies are needed 
to evaluate the effects of medical therapy, listing pri-
orities, timing, and risks of single- organ and multior-
gan transplantations, our encouraging results support 
the listing of patients with CHD for HLT when 
indicated at transplant centers that regularly perform 
these operations.

Author Contributions: T.G.C. was responsible for study 
concept and design, analysis and interpretation of data, 
drafting of the manuscript, and critical revision of the 
manuscript for important intellectual content. J.W. was 
responsible for study design, drafting of the manuscript, 
and critical revision of the manuscript for important 
intellectual content. B.S. and F.A. were responsible for 
interpretation of data and drafting of the manuscript. 
T.P., G.K., H.T., V.J., and D.d.S. were responsible for 
critical revision of the manuscript for important intel-
lectual content. M.C. was responsible for study design 
and critical revision of the manuscript for important 
intellectual content. All authors approved the final ver-
sion to be published.

ReFeReNCeS
 1) Starzl TE, Bahnson HT, Hardesty Rl, Iwatsuki S, Gartner JC, 

Bilheimer DW, et al. Heart– liver transplantation in a patient with 
familial hypercholesterolaemia. Lancet 1984;1:1382- 1383.

 2) Beal EW, Mumtaz K, Hayes D Jr, Whitson BA, Black SM. 
Combined heart– liver transplantation: indications, outcomes and 
current experience. Transplant Rev (Orlando) 2016;30:261- 268.

 3) Gilboa SM, Devine OJ, Kucik JE, Oster ME, Riehle- Colarusso 
T, Nembhard WN, et al. Congenital heart defects in the United 
States: estimating the magnitude of the affected population in 
2010. Circulation 2016;134:101- 109.

 4) Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax 
1971;26:240- 248.

 5) Kreutzer G, Galindez E, Bono H, De Palma C, Laura JP. An op-
eration for the correction of tricuspid atresia. J Thorac Cardiovasc 
Surg 1973;66:613- 621.

 6) de Leval MR. The Fontan circulation: a challenge to William 
Harvey? Nat Clin Pract Cardiovasc Med 2005;2:202- 208.

 7) Wu FM, Ukomadu C, Odze RD, Valente AM, Mayer JE Jr, 
Earing MG. Liver disease in the patient with Fontan circulation. 
Congenit Heart Dis 2011;6:190- 201.

 8) Gonzalez RS, Gilger MA, Huh WJ, Washington MK. The spec-
trum of histologic findings in hepatic outflow obstruction. Arch 
Pathol Lab Med 2017;141:98- 103.

 9) Akintoye E, Miranda WR, Veldtman GR, Connolly HM, Egbe 
AC. National trends in Fontan operation and in- hospital out-
comes in the USA. Heart 2019;105:708- 714.

 10) Hoffman JI, Kaplan S. The incidence of congenital heart disease.  
J Am Coll Cardiol 2002;39:1890- 900.

 11) Pundi KN, Johnson JN, Dearani JA, Pundi KN, Li Z, Hinck CA, 
et al. 40- year follow- up after the Fontan operation: long- term out-
comes of 1,052 patients. J Am Coll Cardiol 2015;66:1700- 1710.

 12) Rychik J, Atz AM, Celermajer DS, Deal BJ, Gatzoulis MA, 
Gewillig MH, et al. Evaluation and management of the child 
and adult with Fontan circulation: a scientific statement from the 
American Heart Association. Circulation 2019;140:e234- e284.

 13) Atz AM, Zak V, Mahony L, Uzark K, D’agincourt N, Goldberg 
DJ, et al. Longitudinal outcomes of patients with single ventricle 
after the Fontan procedure. J Am Coll Cardiol 2017;69:2735- 2744.

 14) Bryant R 3rd, Rizwan R, Zafar F, Shah SA, Chin C, Tweddell 
JS, et al. Contemporary outcomes of combined heart– liver trans-
plant in patients with congenital heart disease. Transplantation 
2018;102:e67- e73.

 15) Organ Procurement and Transplant Network (OPTN)/United 
Network for Organ Sharing (UNOS). Adult heart allocation. 
https://optn.trans plant.hrsa.gov/learn/ profe ssion al- educa tion/adult 
- heart - alloc ation/. Published June 15, 2019. Accessed April 19, 2020.

 16) Scientific Registry of Transplant Recipients (SRTR) database: 
overview. https://www.srtr.org/about - the- data/the- srtr- datab ase/. 
Accessed April 4, 2020.

 17) Heuman DM, Mihas AA, Habib A, Gilles HCS, Stravitz RT, 
Sanyal AJ, et al. MELD- XI: a rational approach to “sickest first” 
liver transplantation in cirrhotic patients requiring anticoagulant 
therapy. Liver Transpl 2007;13:30- 37.

 18) Arnaoutakis GJ, George TJ, Kilic A, Weiss ES, Russell SD, Conte 
JV, et al. Effect of sensitization in US heart transplant recipients 
bridged with a ventricular assist device: update in a modern co-
hort. J Thorac Cardiovasc Surg 2011;142:1236- 1245.e1.

 19) Fraser CD 3rd, Zhou X, Magruder JT, Suarez- Pierre A, Lui C, 
Grimm JC, et al. Outcomes after heart transplantation in sensi-
tized patients bridged with ventricular assist devices. J Card Surg 
2019;34:474- 481.

 20) Ebong IA, Sayer G, Kim G, Jeevanandam V, Baker T, Becker Y, 
et al. Simultaneous heart, liver and kidney transplantation: a viable 
option for heart failure patients with multiorgan failure. J Heart 
Lung Transplant 2019;38:997- 999.

 21) Nattiv J, Liu G, Banankhah P, et al. The impact of the revised 
United Network of Organ Sharing (UNOS) heart allocation pol-
icy on transplant waitlist times and post transplant mortality. J Am 
Coll Cardiol 2020;75:1076.

 22) Organ Procurement and Transplant Network (OPTN)/United 
Network for Organ Sharing (UNOS). Thoracic organ transplan-
tation.    https://optn.trans plant.hrsa.gov/media/ 2028/thora cic_
polic ynoti ce_201612.pdf. Published August 2016. Accessed April 
20, 2020.

 23) Organ Procurement and Transplant Network (OPTN)/United 
Network for Organ Sharing (UNOS). Important policy notice: 
clarifying multi- organ policies (Policies 5.8.B). https://www.trans 
plant pro.org/wp- conte nt/uploa ds/sites/ 3/Policy_Notice_07- 2015.
pdf?a3c8d8. Published September 1, 2015. Accessed April 20, 
2020.

 24) Wong K, Tecson K, Cedars A. Outcomes of multi- organ trans-
plant in adult patients with congenital heart disease. J Am Heart 
Assoc 2019;8:e014088.

 25) Bradley EA, Pinyoluksana KO, Moore- Clingenpeel M, Miao Y, 
Daniels C. Isolated heart transplant and combined heart– liver 

https://optn.transplant.hrsa.gov/learn/professional-education/adult-heart-allocation/
https://optn.transplant.hrsa.gov/learn/professional-education/adult-heart-allocation/
https://www.srtr.org/about-the-data/the-srtr-database/
https://optn.transplant.hrsa.gov/media/2028/thoracic_policynotice_201612.pdf
https://optn.transplant.hrsa.gov/media/2028/thoracic_policynotice_201612.pdf
https://www.transplantpro.org/wp-content/uploads/sites/3/Policy_Notice_07-2015.pdf?a3c8d8
https://www.transplantpro.org/wp-content/uploads/sites/3/Policy_Notice_07-2015.pdf?a3c8d8
https://www.transplantpro.org/wp-content/uploads/sites/3/Policy_Notice_07-2015.pdf?a3c8d8


Hepatology, Vol. 73, No. 4, 2021 COTTER, WANG, ET AL.

1477

transplant in adult congenital heart disease patients: insights 
from the United Network of Organ Sharing. Int J Cardiol 
2017;228:790- 795.

 26) Giamberti A, Chessa M, Abella R, Butera G, Carlucci C, Nuri 
H, et al. Morbidity and mortality risk factors in adults with con-
genital heart disease undergoing cardiac reoperations. Ann Thorac 
Surg 2009;88:1284- 1289.

 27) Kenny LA, DeRita F, Nassar M, Dark J, Coats L, Hasan 
A. Transplantation in the single ventricle population. Ann 
Cardiothorac Surg 2018;7:152- 159.

 28) Calne RY, Sells RA, Pena JR, Ashby BS, Herbertson BM, Millard 
PR, et al. Toleragenic effects of porcine liver allografts. Br J Surg 
1969;56:692- 693.

 29) Calne RY, White HJ, Yoffa DE, Binns RM, Maginn RR, 
Herbertson RM, et al. Prolonged survival of liver transplants in 
the pig. Br Med J 1967;4:645- 648.

 30) Davies HS, Pollard SG, Calne RY. Soluble HLA antigens in the cir-
culation of liver graft recipients. Transplantation 1989;47:524- 527.

 31) Taner T, Stegall MD, Heimbach JK. Antibody- mediated rejection 
in liver transplantation: current controversies and future directions. 
Liver Transpl 2014;20:514- 527.

 32) Wong TW, Gandhi MJ, Daly RC, Kushwaha SS, Pereira NL, 
Rosen CB, et al. Liver allograft provides immunoprotection for 
the cardiac allograft in combined heart– liver transplantation. Am J 
Transplant 2016;16:3522- 3531.

 33) Raichlin E, Um JY, Duncan KF, Dumitru I, Lowes BD, Moulton 
M, et al. Combined heart and liver transplantation against posi-
tive cross- match for patient with hypoplastic left heart syndrome. 
Transplantation 2014;98:e100- e102.

 34) Daly RC, Topilsky Y, Joyce L, Hasin T, Gandhi M, Rosen C, et al. 
Combined heart and liver transplantation: protection of the car-
diac graft from antibody rejection by initial liver implantation. 
Transplantation 2013;95:e2- e4.

 35) Taner T, Heimbach JK, Rosen CB, Nyberg SL, Park WD, Stegall 
MD. Decreased chronic cellular and antibody- mediated injury in 
the kidney following simultaneous liver– kidney transplantation. 
Kidney Int 2016;89:909- 917.

 36) Grimm JC, Shah AS, Magruder JT, Kilic A, Valero V, Dungan 
SP, et al. MELD- XI score predicts early mortality in patients after 
heart transplantation. Ann Thorac Surg 2015;100:1737- 1743.

 37) Assenza GE, Graham DA, Landzberg MJ, Valente AM, Singh 
MN, Bashir A, et al. MELD- XI score and cardiac mortal-
ity or transplantation in patients after Fontan surgery. Heart 
2013;99:491- 496.

 38) Deo SV, Al- Kindi SG, Altarabsheh SE, Hang D, Kumar S, 
Ginwalla MB, et al. Model for End- Stage Liver Disease exclud-
ing international normalized ratio (MELD- XI) score predicts 
heart transplant outcomes: evidence from the registry of the 
United Network for Organ Sharing. J Heart Lung Transplant 
2016;35:222- 227.


