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Background: We aimed to review the indications and outcomes of adults undergoing
combined heart-liver transplantation (CHLT) in the US using national registry data.

Methods: Adult (=18 years) CHLT recipients in the United Network for Organ Sharing
database were included (09/1987-09/2020; era 1 = 1989-2000, era 2 = 2001-2010, era
3 =2011-2020). Survival analysis was conducted by means of Kaplan-Meier method, log-
rank test, and Cox regression.

Results: We identified 369 adults receiving CHLT between 12/1989-08/2020. The
number of adult CHLT recipients (R® = 0.75, p < 0.001) and centers performing CHLT
(R? = 0.80, p < 0.001) have increased over the study period. The most common cardiac
diagnosis in the first two eras was restrictive/infiltrative cardiomyopathy, while the most
common in era 3 was congenital heart disease (p = 0.03). The 1-, 3-, and 5-years patient
survival was 86.8, 80.1, and 77.9%, respectively. In multivariable analysis, recipient
diabetes [adjusted hazard ratio (@HR) = 2.35, 95% Cl: 1.23-4.48], CHLT between
1989-2000 compared with 2011-2020 (@aHR = 5.00, 95% Cl: 1.13-22.26), and
sequential-liver first CHLT compared with sequential-heart first CHLT (@HR = 2.44,
95% Cl: 1.156-5.18) were associated with increased risk of mortality. Higher left
ventricular ejection fraction was associated with decreased risk of mortality (@HR =
0.96, 95% CI: 0.92-0.99).

Conclusion: CHLT is being increasingly performed with evolving indications. Excellent
outcomes can be achieved with multidisciplinary patient and donor selection and surgical
planning.
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INTRODUCTION

Since the first combined heart-liver transplant (CHLT) in 1984,
its indications, patient demographics, and outcomes have evolved
significantly [1, 2]. Once a rare and herculean endeavor, CHLT is
now being practiced with increasing regularity and improved
outcomes [2-7].

The growing practice of CHLT is partially credited to the
poor outcomes associated with isolated heart transplantation in
the context of concurrent end-stage liver disease. Mortality has
been reported to be as high as 50% for patients with known
cirrhosis undergoing isolated heart transplantation [8]. In such
cases, dual organ transplantation remains the only definitive
therapy that can achieve long-term survival. Recent graft
survival after CHLT has been found to be similar to that of
isolated heart and isolated liver transplantation in carefully
selected patients [3].

In the contemporary era, increasing heterogeneity of
indications for CHLT as well as variability in listing practices,

patient selection, and perioperative management exist.
Recipients’ complex pathologies vary  broadly—from
congenital, ischemic, or infiltrative heart diseases with

associated congestive hepatopathy, to liver-based metabolic
disorders  with  systemic complications, to cirrhotic
cardiomyopathy [3, 9]. As CHLT becomes an increasingly
frequent practice, renewed analyses and review of current
practices are necessary to optimize patient selection,
perioperative practices, and outcomes. Here, we present a
comprehensive retrospective review of adult patients

undergoing CHLT in the United States (US) between 1989
and 2020 using national registry data.

PATIENTS AND METHODS

Data Source, Patient Identification, Data

Encoding

The United Network for Organ Sharing (UNOS) database
administers the Organ Procurement and Transplantation
Network under contract with the US Department of Health
and Human Services. This database contains data on all
transplant candidates listed for solid organ transplantation in
the US since October 1987. All data are de-identified, and thus no
Institutional Review Board approval was required.

We included all adult (>18 years) patients undergoing CHLT
between September 30th, 1987, and September 4th, 2020, in the
US. Patient pre-transplant, transplant, and follow-up data were
obtained from the UNOS Standard Transplant Analysis and
Research data file (released on September 4th, 2020).

For candidates on dialysis, creatinine was set to 4.0 mg/dl [10].
Estimated Glomerular Filtration Rate (eGFR) was estimated by
the 4-variable Modification of Diet in Renal Disease Study
equation [eGFR = 175 X (serum creatinine in mg/dL)l'154 X
(age in years)_o‘zo3 x 1.212 (if black) x 0.742 (if female)] [11].
Model for End-stage Liver Disease excluding International
Normalized Ratio (MELD-XI) score was calculated as MELD-
XI = 11.76*In(serum creatinine in mg/dL) + 5.112*In(total
bilirubin in mg/dL) + 9.44 [12]. Patients were grouped in the
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FIGURE 1 | Bar plot demonstrating an increase in the number of patients
receiving combined heart-liver transplantation by transplant year.

following five cardiac diagnosis subgroups: 1) restrictive/
infiltrative cardiomyopathy, 2) ischemic heart disease, 3)
congenital  heart  disease, 4) dilated non-ischemic
cardiomyopathy, and 5) other. Transplant sequence was
determined by subtracting the cardiac cold ischemia time
(CIT) from the liver CIT (<—30 min: sequential-liver first; —30
to 30 min: simultaneous; >30min: sequential-heart first).
Transplant era groups were generated by decade as follows:
era 1 = 1989-2000, era 2 = 2001-2010, and era 3 = 2011-2020.

Statistical Analysis

Categorical variables are described as frequencies and percentages
and compared with the chi-square or Fisher’s exact test, while
continuous variables are presented as medians [interquartile
ranges (IQR)] and compared with the Kruskal-Wallis test.
Univariable linear regression was used to assess the number of
patients receiving and the number of centers performing CHLT
over the study period. Patient survival was the main outcome of
interest and was determined as the duration from the date of
CHLT until the date of last patient contact or death. Survival
analysis was performed using the Kaplan-Meier method, and
between-group comparisons were performed with the log-rank
test. Cox proportional hazards regression models were fitted to
estimate the hazard ratio (HR) and 95% confidence interval (CI).
The variables incorporated in the multivariable model were pre-
specified to avoid the inferential limitations around selecting
covariates for multivariable analysis based on stepwise
procedures or univariable comparisons [13]. The multivariable
Cox model investigating risk factors of patient mortality in the
total cohort included recipient age at transplant, diabetes at
listing, MELD-XI score at transplant, cardiac diagnosis,
transplant era, donor age, donor diabetes, donor left
ventricular ejection fraction, and transplant sequence. The
median follow-up time was calculated using the reverse
Kaplan-Meier method [14]. To determine the potential impact
of annual isolated heart transplant and isolated liver transplant
center volume on CHLT outcomes, all centers performing CHLT

Adult Combined Heart-Liver Transplantation

were classified in tertiles (low, medium, high) based on their
isolated heart transplant and isolated liver transplant volume for
each given year that each CHLT was performed. All statistical
analyses were conducted using Stata IC 16.0 (StataCorp LLC,
College Station, TX). All p-values were based on two-sided
statistical tests, and significance was set at <0.05.

RESULTS

Patient Demographics and Clinical

Characteristics

A total of 369 adult patients who received CHLT between
December 1989 and August 2020 were identified. No CHLT
recipients were identified between October 1987 and December
1989. The median follow-up time was 49.2 months (95% CI:
42.7-60.9) for the whole cohort. Both the number of adult
patients receiving CHLT (R*> = 0.75, p < 0.001; Figure 1) and
the number of centers performing CHLT (R = 0.80, p < 0.001)
increased significantly over the study period. The number of
centers performing CHLT was 10 between 1989 and 2000, 20
between 2001 and 2010, and 46 between 2011 and 2020.

Several differences in patient characteristics were identified
among the three transplant eras. The median MELD score at
transplant was higher in patients transplanted between 2011 and
2020 compared with those transplanted between 2001 and 2010
(16.0 vs. 13.5; p = 0.007). On the other hand, median MELD-XI
was lower in patients transplanted in more recent eras (17.5 vs.
12.4 vs. 11.5; p = 0.007). Among the three eras, median waitlist
time was significantly shorter in the most recent era (era 1:
86days vs. era 2: 128days vs. era 3: 82days; p = 0.045).
Cardiac diagnosis was also significantly different among the
three eras (p = 0.03); the most common cardiac diagnosis in
the first two eras was restrictive/infiltrative cardiomyopathy,
while the most common cardiac diagnosis in the most recent
era was congenital heart disease (CHD). During the first two eras,
nearly all CHLTs were sequential-heart first (100 and 97.1%,
respectively), while in the most recent era 79.9% were sequential-
heart first, 13.8% sequential-liver first, and 6.3% simultaneous
(p = 0.001). Two donor livers in era 3 underwent machine
perfusion. A detailed comparison of patient characteristics
among the three transplant eras is depicted in Table 1.

Several differences in patient characteristics were identified
among the cardiac diagnosis groups. The majority of patients
in the restrictive/infiltrative cardiomyopathy, ischemic heart
disease, and dilated non-ischemic cardiomyopathy groups
were male, while the sex proportions were more equally
distributed in the CHD and other groups (p < 0.001). The
CHD group had lower median age (p < 0.001) and MELD-XI at
transplant (p = 0.01) compared with the other diagnosis
groups, and together with the restrictive/infiltrative
cardiomyopathy group had longer median waitlist times
compared with the other three diagnosis groups (p < 0.001).
Additionally, as compared with other cardiac diagnosis
groups, a higher proportion of the CHD group had
undergone prior cardiac surgery at transplant (p < 0.001)
and had received sequential-liver first and simultaneous
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TABLE 1 | Patient baseline demographic and clinical characteristics by era.

Characteristics Total (n = 369)

Recipient
Sex

Female 113 (30.6%)

Male 256 (69.4%)
Age at listing (years)

Median (IQR) 49.0 (37.0-58.0)
Age at transplant (years)

Median (IQR) 49.0 (37.0-58.0)
Waitlist time (days)

Median (IQR) 96.0 (36.0-244.0)
Laboratory MELD score at transplant (n = 339)

Median (IQR) 16.0 (11.0-20.0)
MELD-XI score at transplant (n = 368)

Median (IQR) 11.9 (8.2-16.3)
Serum creatinine at transplant (mg/dl) (n = 368)

Median (IQR) 1.2 (0.9-1.6)
Diabetes at listing (n = 355)

No 295 (83.1%)

Yes 60 (16.9%)
Dialysis the week prior to transplant (n = 361)

No 345 (95.6%)

Yes 16 (4.4%)
eGFR at transplant (ml/min/1.73 m?) (n = 368)

Median (IQR) 61.2 (45.2-81.6)
CKD stage at transplant (n = 368)

Stage 1 70 (19.0%)

Stage 2 117 (31.8%)

Stage 3a 82 (22.3%)

Stage 3b 62 (16.9%)

Stage 4 20 (56.4%)

Stage 5 17 (4.6%)
BMI at transplant (kg/m?) (n = 367)

Median (IQR) 24.5 (21.9-28.3)
On ventilator at transplant

No 348 (94.3%)

Yes 21 (5.7%)
ICU at transplant (n = 365)

No 201 (55.1%)

Yes 164 (44.9%)

Cardiac diagnosis

Restrictive/infiltrative cardiomyopathy 109 (29.5%)

Ischemic heart disease 42 (11.4%)

Congenital heart disease 98 (26.6%)

Dilated non-ischemic cardiomyopathy 80 (21.7%)

Other 40 (10.8%)
Prior cardiac surgery at transplant (n = 319)

No 175 (564.9%)

Yes 144 (45.1%)
VAD at transplant (n = 333)

No 309 (92.8%)

Yes 24 (7.2%)
Cigarette use at listing (n = 322)

No 209 (64.9%)

Yes 113 (35.1%)
Liver diagnosis

Amyloidosis 74 (20.1%)

Cardiac cirrhosis 123 (33.3%)

NASH 9 (2.4%)

Alcoholic liver disease 12 (3.3%)

Other 151 (40.9%)
Donor
Age (years)

Median (IQR) 28.0 (21.0-38.0)

Donor-to-recipient height ratio (n = 366)

1989-2000 (n = 25)

8 (32.0%)
17 (68.0%)

45.0 (27.0-56.0)
45.0 (28.0-57.0)

86.0 (31.0-350.0)

17.5 (11.6-22.0)
1.2 (1.0-2.1)

17 (89.5%)
2 (10.5%)

17 (94.4%)
1 (5.6%)

63.7 (28.7-83.5)

5 (20.8%)
7 (29.2%)
3 (12.5%)
2 (8.3%)
5 (20.8%)
2 (8.3%)

23.7 (20.6-27.2)

22 (88.0%)
3 (12.0%)

15 (60.0%)
10 (40.0%)

9 (36.0%)
2 (8.0%)
3 (12.0%)
6 (24.0%)
5 (20.0%)

7 (28.0%)
1 (4.0%)
0 (0.0%)
2 (8.0%)
5

15 (60.0%)

24.0 (17.0-34.0)

2001-2010 (n = 79)

19 (25.1%)
60 (76.0%)

48.0 (36.0-56.0)
48.0 (36.0-57.0)
128.0 (56.0-295.0)
13.5 (10.0-19.0)
12.4 (9.0-16.8)
1.3 (1.0-1.6)

65 (87.8%)
9 (12.2%)

77 (97.5%)
2 (2.5%)

58.9 (45.1-81.9)
14 (17.7%)
24 (30.4%)
20 (25.3%)
11 (13.9%)

8 (10.1%)
2 (2.5%)

24.1 (21.1-27.9)

71 (89.9%)
8(10.1%)

53 (67.1%)
26 (32.9%)

30.0 (21.0-43.0)

2011-2020 (n = 265)

86 (32.5%)
179 (67.6%)

50.0 (38.0-58.0)
50.0 (38.0-58.0)
82.0 (35.0-212.0)
16.0 (12.0-20.0)
11.5 (7.7-15.5)
1.2 (0.9-1.6)

213 (81.3%)
49 (18.7%)

251 (95.1%)
13 (4.9%)

62.0 (45.8-81.4)

51 (19.3%)
86 (32.5%)
59 (22.3%)
49 (18.5%)

7 (2.6%)

13 (4.9%)
24.9 (21.9-28.6)

255 (96.2%)
10 (3.8%)

133 (51.0%)
128 (49.0%)

71 (26.8%)
34 (12.8%)
82 (30.9%)
56 (21.1%)
22 (8.3%)

134 (51.7%)
125 (48.3%)

242 (92.7%)
19 (7.3%)

180 (68.2%)
84 (31.8%)

48 (18.1%)
107 (40.4%)
9 (3.4%)
8 (3.0%)
93 (35.1%)

28.0 (22.0-38.0)

Adult Combined Heart-Liver Transplantation

p-Value

0.36

0.30

0.34

0.045

0.007

0.007

0.64

0.31

0.62

0.89

0.01

0.20

0.03

0.04

0.03

0.02

0.92

0.009

<0.001

0.04

(Continued on following page)
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TABLE 1 | (Continued) Patient baseline demographic and clinical characteristics by era.

Characteristics Total (n = 369) 1989-2000 (n = 25) 2001-2010 (n = 79) 2011-2020 (n = 265) p-Value

Median (IQR) 1.00 (0.96-1.04) 1.01 (0.97-1.08) 0.99 (0.94-1.03) 1.00 (0.96-1.04) 0.04
Left ventricular ejection fraction (%) (n = 343)

Median (IQR) 62.0 (59.0-65.0) 60.0 (52.5-62.5) 65.0 (56.0-65.0) 61.5 (60.0-65.0) 0.50
Diabetes (n = 361)

No 352 (97.5%) 21 (100.0%) 78 (98.7%) 253 (96.9%) 0.82

Yes 9 (2.5%) 0 (0.0%) 1(1.3%) 8 (3.1%)
Liver CIT (hours) (n = 352)

Median (IQR) 7.0 (6.3-8.0) 7.2 (6.7-9.0) 6.7 (6.0-8.0) 7.0 (5.0-8.0) 0.06
Heart CIT (hours) (n = 359)

Median (IQR) 3.0 (2.3-3.8) 2.8 (2.3-3.1) 2.5(1.9-3.2) 3.1 (2.5-3.9) <0.001
Transplant sequence (n = 344)

Simultaneous 17 (4.9%) 0 (0.0%) 1(1.4%) 16 (6.3%) 0.001

Sequential-heart first 291 (84.6%) 20 (100.0%) 68 (97.1%) 203 (79.9%)

Sequential-liver first 36 (10.5%) 0 (0.0%) 1(1.4%) 35 (13.8%)

Abbreviations: CIT, cold ischemia time; CKD, chronic kidney Disease; eGFR, estimated glomerular filtration rate; ICU, intensive care unit; INR, international normalized ratio; IQR,
interquartile range; MELD, model for end-stage liver disease; MELD-XI, model for end-stage liver disease excluding INR; NASH, nonalcoholic steatohepatitis; VAD, ventricular-assist

device.

Note: Continuous variables are presented as median (interquartile range) and categorical variables as frequencies (%).

A Total Cohort
100
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FIGURE 2 | (A) Kaplan-Meier patient survival curve for the total cohort of combined
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heart-liver transplant recipients. (B) Kaplan-Meier patient survival curves

CHLT (p < 0.001). A detailed comparison of patient
characteristics among the five cardiac diagnosis groups is
depicted in Supplementary File S1.

Survival Outcomes

The 1-, 3-, and 5-years cumulative patient survival point
estimates after CHLT for the total cohort were 86.8, 80.1, and
77.9%, respectively (Figure 2A). For those who survived at least
1 year after CHLT (n = 286), the 3- and 5-years cumulative
patient survival point estimates were 92.6 and 90.3%, respectively.
Six patients required liver retransplant over a median post-CHLT
period of 19days (IQR: 13.0-441.0) with indications being
hepatic artery thrombosis (n = 2), acute rejection (n = 1),
primary graft failure (n = 1), severe preservation injury (n =

1), and unknown (n = 1). One patient required heart retransplant
12 days post-CHLT due to primary nonfunction. In the total
cohort, statistically significant differences in unadjusted patient
survival were observed between the three transplant eras (p =
0.009; Figure 2B). More specifically, patients undergoing CHLT
between 1989 and 2000 demonstrated 2.5 times higher risk of
mortality (95% CI: 1.37-4.53; p = 0.003) compared with those
undergoing CHLT between 2011 and 2020, while no statistically
significant differences in survival were observed between those
undergoing CHLT between 2001 and 2010 and between 2011 and
2020 (HR = 1.38, 95% CI: 0.85-2.25; p = 0.19) (Supplementary
File S2). No statistically significant differences were observed in
unadjusted patient survival among the cardiac diagnosis groups
(p = 0.85; Figure 3). In univariable Cox regression analysis
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FIGURE 3 | Kaplan-Meier patient survival curves demonstrating no
statistically significant difference by cardiac diagnosis.

(Supplementary File S2), recipient diabetes at listing was
associated with an increased risk of patient mortality (HR = 1.72,
95% CI: 1.01-2.94; p = 0.047) and higher donor left ventricular
ejection fraction with a decreased risk of patient mortality (HR = 0.96,
95% CI: 0.93-0.99; p = 0.02). Nevertheless, no statistically significant
difference between the groups was determined, when classifying each
center performing CHLT as low, medium, or high volume based on
either their annual isolated heart transplant (p = 0.18) volume or their
annual isolated liver transplant volume (p = 0.87).

In multivariable Cox regression analysis (Table 2), recipient
diabetes at listing (adjusted HR = 2.35, 95% CI: 1.23-4.48; p =
0.009), receiving CHLT between 1989 and 2000 compared with
2011-2020 (adjusted HR = 5.00, 95% CI: 1.13-22.26; p = 0.03), and
receiving sequential-liver first CHLT compared with sequential-
heart first CHLT (adjusted HR = 2.44, 95% CI: 1.15-5.18; p = 0.02)
were associated with an increased risk of patient mortality after
CHLT. Higher donor left ventricular ejection fraction was
associated with a decreased risk of patient mortality after CHLT
(adjusted HR = 0.96, 95% CI: 0.92-0.99; p = 0.01).

DISCUSSION

The annual number of adult CHLT in the US has risen sharply, with
more CHLT performed during the past 2 years than during either of
the previous 2 decades, and a more than four-fold increase over time
in the number of centers offering this therapy. While our data
demonstrate progressive, era-related improvements in outcomes
after CHLT, an appreciation for evolving patient characteristics
and indications for CHLT, as well as best practices in surgical
techniques, will be critical to ensure appropriate patient selection
and favorable outcomes going forward.

Among the most significant changes in CHLT in recent decades
has been an evolution in the indications for this procedure. Although
restrictive/infiltrative cardiomyopathies secondary to diseases such as
amyloidosis and hemochromatosis were the most common indication
for CHLT in the early era, CHD is now the most common indication,

Adult Combined Heart-Liver Transplantation

TABLE 2 | Multivariable analysis for association among recipient and donor
characteristics with patient survival.

Characteristics Hazard p-value
(n=312) ratio (95% CI)
Recipient
Age at transplant (years) 0.98 (0.96-1.01) 0.19
Diabetes at listing (ref: no) 2.35 (1.23-4.48) 0.009
MELD-XI score at transplant 1.01 (0.97-1.05) 0.56
Cardiac diagnosis (ref: restrictive/infiltrative cardiomyopathy)
Ischemic heart disease 0.83 (0.34-1.98) 0.67
Congenital heart disease 0.81 (0.36-1.83) 0.61
Dilated non-ischemic cardiomyopathy 0.88 (0.42-1.84) 0.74
Other 0.57 (0.22-1.49) 0.25
Transplant era (ref: 2011-2020)
1989-2000 5.00 (1.13-22.26) 0.03
2001-2010 1.67 (0.93-3.00) 0.09
Donor
Age (years) 1.00 (0.98-1.03) 0.70
Left ventricular ejection fraction (%) 0.96 (0.92-0.99) 0.01
Diabetes (ref: no) 0.97 (0.23-4.13) 0.97
Transplant sequence (ref: Sequential-heart first)
Simultaneous 1.39 (0.42-4.64) 0.59
Sequential-liver first 2.44 (1.15-5.18) 0.02

Abbreviations: Cl, confidence interval; MELD-XI, model for end-stage liver disease
excluding INR.

accounting for nearly one third of CHLT. This trend corresponds to
the rising prevalence of liver disease among children with single-
ventricle physiology palliated with Fontan. Current life-expectancy
post-Fontan exceeds 25 years, by which point many patients develop
advanced heart failure and Fontan-associated liver disease manifesting
with peri-central and peri-sinusoidal hepatic fibrosis which may
progresses to cirrhosis, with increased risk of hepatocellular
carcinoma [15, 16]. Even in hemodynamically well-compensated
patients, isolated liver transplantation in this population has been
ill-advised due to inability to manage elevated right-sided pressures
during the anhepatic and reperfusion phases [15]. Despite a
progressive era-related increase in use of a sequential-liver first
approach for patients with CHD, our data suggest that this
approach is associated with worse outcomes.

As would be expected, we identified significant differences in the
characteristics of patients undergoing CHLT, based on cardiac
diagnosis. Interestingly, however, cardiac diagnosis in and of itself
was not associated with differences in post-transplant survival, nor was
recipient age, prior tobacco use or MELD-XI score at transplant.
Conversely, recipient diabetes, liver-first surgical sequence, and
lower donor left ventricular ejection fraction were each
independently associated with worse post-CHLT outcomes. These
findings underscore the importance of appropriate patient and
donor selection for CHLT based on individual patient and donor
characteristics, as well as the need for thoughtful pre-operative planning
among surgeons from both heart and liver disciplines [12, 17-20].
Despite all of these challenges, the reported survival outcomes of CHLT
are similar to those of heart transplant alone [4, 21].

The issue of identification of specific donor factors impacting
outcomes persists and may be confounded by changes in donor
selection criteria over the years to identify excellent donors, but also a
change towards more lenient selection criteria as experience
grows. This is supported by the higher donor age, liver and
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heart CIT, proportion of diabetic donors, as well as by the
more optimal donor-recipient height matching and the lower
left ventricular ejection fraction in the most recent era. At our
center, candidates for CHLT are evaluated jointly by our heart

and liver transplant teams and discussed in a
multidisciplinary ~ forum  that includes transplant
cardiologists and hepatologists, adult (and sometimes

pediatric) surgeons and, when appropriate, members of the
adult CHD team. Upon listing of patients and prior to
transplant, surgeons agree on a peri-operative strategy.
Team members of both organ programs take part in donor
selection. Future research on the optimization of donor
selection would enable improved donor-recipient matching.
Additionally, the advent and increasing utilization of donor
liver machine perfusion may be particularly useful in CHLT as
it can mitigate the effects of increased liver graft preservation
time while allowing the heart transplant to occur without time
pressure constraints [22].

Although the present analysis represents the largest, most
comprehensive review of US patients undergoing CHLT during
recent decades, certain limitations should be considered when
interpreting the results of our study. Due to its retrospective
nature, the present study imparts a degree of selection bias
regarding patient selection and management. Additionally,
there is inconsistency or lack of reporting of parameters that
may influence patient survival (i.e., anatomical complexity and
number of prior surgeries of the CHD patients, pathologic degree
of liver involvement, rationale of performing sequential-liver first
CHLT, biliary complications, abortion of liver transplant because
of heart transplant induced issues). Lastly, the statistically
insignificant results in certain variables may be attributed to
lack of power to detect the presence of a potential association.

In conclusion, as more CHD patients survive to adulthood and
the prevalence of ischemic and other heart diseases complicated
by cirrhosis increases, CHLT will be increasingly necessary to
help extend lives. Our data suggest that in the contemporary era,
appropriate patient selection for CHLT combined with
thoughtful surgical planning and donor selection allow for
excellent patient outcomes.

CAPSULE SENTENCE SUMMARY

The aim of this paper was to present a comprehensive
retrospective review of adult patients undergoing combined
heart-liver transplantation (CHLT) in the United States
between 1989 and 2020 using national registry data. According
to our findings, CHLT is being increasingly performed with
evolving indications as more congenital heart disease patients
survive to adulthood and the prevalence of ischemic and other
heart diseases complicated by cirrhosis increases. Additionally, in
the contemporary era, appropriate patient selection for CHLT
combined with thoughtful surgical planning and donor selection
allow for excellent patient outcomes. Overall, we believe that our
work is of increased interest and educational value to the
readership of Transplant International and anticipate to
decisively influence current perspectives in the field of CHLT.

Adult Combined Heart-Liver Transplantation

AUTHOR’S NOTE

Orally presented at the American Transplant Congress—June
4-9, 2021.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the
Standard Transplant Analysis and Research file from the United
Network for Organ Sharing. Requests to access the datasets should
be directed to https://optn.transplant.hrsa.gov/data/request-data/.

AUTHOR CONTRIBUTIONS

SA: conception and design, analysis and interpretation of data,
drafting of the manuscript, final approval of the manuscript
submitted, agreement to be accountable for all aspects of the work.
WW: analysis and interpretation of data, drafting of the manuscript,
final approval of the manuscript submitted, agreement to be
accountable for all aspects of the work. IZ: conception and design,
analysis and interpretation of data, drafting of the manuscript, final
approval of the manuscript submitted, agreement to be accountable
for all aspects of the work. LM: analysis and interpretation of data,
revising the manuscript critically for important intellectual content,
final approval of the manuscript submitted, agreement to be
accountable for all aspects of the work. MR: analysis and
interpretation of data, revising the manuscript critically for
important intellectual content, final approval of the manuscript
submitted, agreement to be accountable for all aspects of the work.
ML analysis and interpretation of data, revising the manuscript
critically for important intellectual content, final approval of the
manuscript submitted, agreement to be accountable for all aspects
of the work. RP: analysis and interpretation of data, revising the
manuscript critically for important intellectual content, final approval
of the manuscript submitted, agreement to be accountable for all
aspects of the work. KS: analysis and interpretation of data, revising the
manuscript critically for important intellectual content, final approval
of the manuscript submitted, agreement to be accountable for all
aspects of the work. JM: analysis and interpretation of data, revising
the manuscript critically for important intellectual content, final
approval of the manuscript submitted, agreement to be
accountable for all aspects of the work. AS: analysis and
interpretation of data, revising the manuscript critically for
important intellectual content, final approval of the manuscript
submitted, agreement to be accountable for all aspects of the work.

AUTHOR DISCLAIMER

The data reported here have been supplied by the United
Network for Organ Sharing as the contractor for the Organ
Procurement and Transplantation Network. The interpretation
and reporting of these data are the responsibility of the author(s)
and in no way should be seen as an official policy of or
interpretation by the OPTN or the U.S. Government.

Transplant International | Published by Frontiers

January 2022 | Volume 35 | Article 10036


https://optn.transplant.hrsa.gov/data/request-data/

Alexopoulos et al.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

REFERENCES

10.

11.

12.

. Starzl TE, Bahnson HT, Hardesty RL, Iwatsuki S, Gartner JC, Bilheimer DW,

et al. Heart-Liver Transplantation in a Patient With Familial
Hypercholesterolaemia. The Lancet (1984) 323:1382-3. doi:10.1016/s0140-
6736(84)91876-2

. Lee S, Matsuoka L, Cao S, Groshen S, Alexopoulos SP. Identifying Predictors of

Outcomes in Combined Heart and Liver Transplantation. Transplant Proc
(2019) 51:2002-8. doi:10.1016/j.transproceed.2019.04.038

. Cannon RM, Hughes MG, Jones CM, Eng M, Marvin MR. A Review of the

United States Experience With Combined Heart-Liver Transplantation.
Transpl Int (2012) 25:1223-8. doi:10.1111/j.1432-2277.2012.01551.x

. Cotter TG, Wang ], Peeraphatdit T, Sandikqi B, Ayoub F, Kim G,

et al.Simultaneous Heart-Liver Transplantation for Congenital Heart
Disease in the USA: Rapidly Increasing With Acceptable Outcomes.
Hepatology (2021) 73 (4):1464-1477. doi:10.1002/hep.31426

. Bryant R, Rizwan R, Zafar F, Shah SA, Chin C, Tweddell JS, et al

Contemporary Outcomes of Combined Heart-Liver Transplant in Patients
With Congenital Heart Disease. Transplantation (2018) 102:e67-e73.
doi:10.1097/tp.0000000000001978

. Vaikunth SS, Concepcion W, Daugherty T, Fowler M, Lutchman G, Maeda K,

et al. Short-Term Outcomes of en bloc Combined Heart and Liver
Transplantation in the Failing Fontan. Clin Transpl (2019) 33:e13540.
doi:10.1111/ctr.13540

. Barbara DW, Rehfeldt KH, Heimbach JK, Rosen CB, Daly RC, Findlay JY. The

Perioperative Management of Patients Undergoing Combined Heart-Liver
Transplantation. Transplantation (2015) 99:139-44. doi:10.1097/tp.0000000000000231

. Hsu R-B, Chang C-I, Lin F-Y, Chou N-K, Chi N-H, Wang S-S, et al. Heart

Transplantation in Patients With Liver Cirrhosis. Eur ] Cardio-Thoracic Surg
(2008) 34:307-12. doi:10.1016/j.ejcts.2008.05.003

. Matyas C, Haské G, Liaudet L, Trojnar E, Pacher P. Interplay of

Cardiovascular Mediators, Oxidative Stress and Inflammation in Liver
Disease and its Complications. Nat Rev Cardiol (2021) 18:117-35.
doi:10.1038/541569-020-0433-5

Somsouk M, Kornfield R, Vittinghoff E, Inadomi JM, Biggins SW. Moderate
Ascites Identifies Patients With Low Model for End-Stage Liver Disease Scores
Awaiting Liver Transplantation Who Have a High Mortality Risk. Liver
Transpl (2011) 17:129-36. doi:10.1002/1t.22218

Levey AS, Coresh ], Greene T, Stevens LA, Zhang Y, Hendriksen S, et al. Using
Standardized Serum Creatinine Values in the Modification of Diet in Renal
Disease Study Equation for Estimating Glomerular Filtration Rate. Ann Intern
Med (2006) 145:247-54. doi:10.7326/0003-4819-145-4-200608150-00004
Assenza GE, Graham DA, Landzberg MJ, Valente AM, Singh MN, Bashir A,
et al. MELD-XI Score and Cardiac Mortality or Transplantation in Patients

Adult Combined Heart-Liver Transplantation

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontierspartnerships.org/articles/10.3389/t1.2021.
10036/full#supplementary-material

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

After Fontan Surgery. Heart (2013) 99:491-6. doi:10.1136/heartjnl-2012-
303347

Heinze G, Wallisch C, Dunkler D. Variable Selection - A Review and
Recommendations for the Practicing Statistician. Biom J (2018) 60:431-49.
doi:10.1002/bim;j.201700067

Schemper M, Smith TL. A Note on Quantifying Follow-Up in Studies of
Failure Time. Controlled Clin Trials (1996) 17:343-6. doi:10.1016/0197-
2456(96)00075-x

Emamaullee J, Zaidi AN, Schiano T, Kahn J, Valentino PL, Hofer RE, et al.
Fontan-Associated Liver Disease. Circulation (2020) 142:591-604.
doi:10.1161/circulationaha.120.045597

Daniels CJ, Bradley EA, Landzberg MJ, Aboulhosn J, Beekman RH, Book W,
et al. Fontan-Associated Liver Disease. ] Am Coll Cardiol (2017) 70:3173-94.
doi:10.1016/j.jacc.2017.10.045

Foroutan F, Alba AC, Guyatt G, Duero Posada J, Ng Fat Hing N, Arseneau E,
et al. Predictors of 1-Year Mortality in Heart Transplant Recipients: A
Systematic Review and Meta-Analysis. Heart (2018) 104:151-60.
doi:10.1136/heartjnl-2017-311435

Roussel JC, Baron O, Périgaud C, Bizouarn P, Pattier S, Habash O, et al.
Outcome of Heart Transplants 15 to 20 Years Ago: Graft Survival, Post-
transplant Morbidity, and Risk Factors for Mortality. ] Heart Lung Transplant
(2008) 27:486-93. doi:10.1016/j.healun.2008.01.019

Deo SV, Al-Kindi SG, Altarabsheh SE, Hang D, Kumar S, Ginwalla MB, et al.
Model for End-Stage Liver Disease Excluding International Normalized Ratio
(MELD-XI) Score Predicts Heart Transplant Outcomes: Evidence From the
Registry of the United Network for Organ Sharing. | Heart Lung Transplant
(2016) 35:222-7. doi:10.1016/j.healun.2015.10.008

Weiss ES, Allen JG, Arnaoutakis GJ, George TJ, Russell SD, Shah AS, et al.
Creation of a Quantitative Recipient Risk Index for Mortality Prediction After
Cardiac Transplantation (IMPACT). Ann Thorac Surg (2011) 92:914-22.
doi:10.1016/j.athoracsur.2011.04.030

Zhao K, Mclean RC, Hoteit MA, Olthoff KM. Combined Heart and Liver
Transplant: Indication, Patient Selection, and Allocation Policy. Clin Liver Dis
(2019) 13:170-5. doi:10.1002/cld.812

Nasralla D, Coussios CC, Coussios CC, Mergental H, Akhtar MZ, Butler AJ,
et al. A Randomized Trial of Normothermic Preservation in Liver
Transplantation. Nature (2018) 557:50-6. doi:10.1038/s41586-018-0047-9

Copyright © 2022 Alexopoulos, Wu, Ziogas, Matsuoka, Rauf, Izzy, Perri, Schlendorf,
Menachem and Shah. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Transplant International | Published by Frontiers

January 2022 | Volume 35 | Article 10036


https://www.frontierspartnerships.org/articles/10.3389/ti.2021.10036/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2021.10036/full#supplementary-material
https://doi.org/10.1016/s0140-6736(84)91876-2
https://doi.org/10.1016/s0140-6736(84)91876-2
https://doi.org/10.1016/j.transproceed.2019.04.038
https://doi.org/10.1111/j.1432-2277.2012.01551.x
https://doi.org/10.1002/hep.31426
https://doi.org/10.1097/tp.0000000000001978
https://doi.org/10.1111/ctr.13540
https://doi.org/10.1097/tp.0000000000000231
https://doi.org/10.1016/j.ejcts.2008.05.003
https://doi.org/10.1038/s41569-020-0433-5
https://doi.org/10.1002/lt.22218
https://doi.org/10.7326/0003-4819-145-4-200608150-00004
https://doi.org/10.1136/heartjnl-2012-303347
https://doi.org/10.1136/heartjnl-2012-303347
https://doi.org/10.1002/bimj.201700067
https://doi.org/10.1016/0197-2456(96)00075-x
https://doi.org/10.1016/0197-2456(96)00075-x
https://doi.org/10.1161/circulationaha.120.045597
https://doi.org/10.1016/j.jacc.2017.10.045
https://doi.org/10.1136/heartjnl-2017-311435
https://doi.org/10.1016/j.healun.2008.01.019
https://doi.org/10.1016/j.healun.2015.10.008
https://doi.org/10.1016/j.athoracsur.2011.04.030
https://doi.org/10.1002/cld.812
https://doi.org/10.1038/s41586-018-0047-9
https://creativecommons.org/licenses/by/4.0/

	Adult Combined Heart-Liver Transplantation: The United States Experience
	Introduction
	Patients and Methods
	Data Source, Patient Identification, Data Encoding
	Statistical Analysis

	Results
	Patient Demographics and Clinical Characteristics
	Survival Outcomes

	Discussion
	Capsule Sentence Summary
	Author’s Note
	Data Availability Statement
	Author Contributions
	Author Disclaimer
	Conflict of Interest
	Supplementary Material
	References


