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Abstract

Combined heart-liver transplantation is a rare, life-saving procedure that treats complex and often
fatal diseases including familial amyloidosis polyneuropathy and late stage congenital heart
disease status-post previous repair. There were 159 combined heart-liver transplantations
performed between January 1, 1988 and October 3, 2014 in the United States. A multitude of
potential techniques to be used for combined heart and liver transplant including: orthotopic heart
transplant (OHT) and orthotopic liver transplant (OLT) on full cardiopulmonary bypass (CPB),
OHT with CPB and OLT with venovenous bypass (VVB), OHT with CPB and OLT without VVB,
enbloc technique and sequential transplantation. Outcomes of combined heart-liver transplant
have been demonstrated to be comparable to outcomes of isolated heart and isolated liver
transplant. The liver graft may provide some tolerance of other allografts © 2016 Elsevier Inc. All
rights reserved.

1. Introduction

The first combined heart-liver transplantation (CHLT) was performed in a six year-old
female with familial hypercholesterolemia and heart failure secondary to coronary artery
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disease and was described by Starzl et al. in 1984 [1]. This index case patient survived for
eight years post-transplant; the next two died shortly after transplant [2]. The second CHLT
was a 2 year-old female with end-stage cardiomyopathy and biliary hypoplasia who
underwent CHLT followed by low cardiac output and acidosis requiring intra-aortic balloon
pump and finally re-transplant of the heart within 24 h. She showed initial improvement, but
died shortly after. The third CHLT was a 17 year-old female with familial
hypercholesterolemia with significant history of abdominal and cardiac surgery including
portacaval shunt, aortic valve replacement, coronary artery bypass grafting, mitral valve
replacement, periprosthetic valve leak repair, and prosthetic valve replacement. Immediately
after her CHLT was performed there was compression of the heart and the chest and
abdomen were reopened and partial liver resection performed. She was never able to be
weaned from cardiopulmonary bypass (CPB) [2].

There were 192 combined heart-liver transplantations (CHLT) performed in the United
States between January 1, 1988 and December 31, 2015 [3]. The majority of these were
performed at high-volume centers: Mayo Clinic (n = 33), Hospital of the University of
Pennsylvania (n = 31), University of Pittsburgh Medical Center (n = 14), University of
Chicago Medical Center (n = 13), Methodist Hospital (n = 13), Cedars-Sinai Medical Center
(n =9). The remaining 33 centers performed 7 or less CHLTS each [4].

Graft survival after CHLT is similar to that of isolated heart and isolated liver
transplantation, with 1-year survival greater than 80% and 10-year survival greater than 70%
[5,6]. Here, we will review the past and current medical literature on the CHLT procedure
with a focus on indications, procedure and outcome to assist clinicians in evaluating patients
for CHLT, discussing potential complications and prognosis, and in procedural planning.
Although still a rare procedure, it is increasing in frequency (Fig. 1) [3]. Therefore there is
need to understand current indications and outcomes.

The literature search was begun with a search of PubMed. Each of the citations for the
papers originally pulled was then reviewed for additional articles for inclusion.

2. Indications

Current indications for CHLT include end-stage heart and liver disease of varying etiology,
end-stage heart and liver disease of related etiology, and end-stage heart disease with liver
transplantation performed to prevent damage to the cardiac allograft [7]. Familial amyloid
polyneuropathy (FAP) and heart failure with associated cardiac cirrhosis are the most
common indications for CHLT [5-8]. Additional indications reported in the medical
literature are listed in Tables 1 and 2.

In a series of 27 CHLTSs, 21 (78%) were performed for FAP [7]. In an analysis of the United
Network for Organ Sharing (UNOS) database between 1988 and 2005 FAP was the most
common indication (30%) [8]. In FAP, there is increase production of mutant transthyretin
from the liver resulting in abnormal accumulation in the peripheral nervous system and in
end-organs, such as the heart, soft tissues, urinary bladder and gastrointestinal tract [7,9,10].
In cases of significant heart involvement with TTR deposition, CHLT is considered in order
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to prevent accumulation in the cardiac allograft [5]. Some patients with FAP also have
severe renal insufficiency and in that case combined heart-liver—kidney transplant may be
performed [8,11]. Explanted liver from patients afflicted with FAP patients can be used for
domino transplantation in select recipients [7,12-15].

Ninety-seven (97) cases in the UNOS database between 1987 and 2010 were reviewed and it
was noted that FAP was the most common indication for heart transplantation (n = 26,
26.8%), followed by congenital heart disease (n = 17, 17.5%), and idiopathic dilated
cardiomyopathy (n = 14, 14.4%). The most common indication for liver transplantation in
this analysis was amyloidosis (n = 27, 27.8%), followed by cardiac cirrhosis (n = 17, 17.5%)
[5]. In a pooled analysis of 36 cases the most common indications for CHLT were FAP (n =
11, 31%) or heart failure with associated cardiac cirrhosis (n = 6, 17%) [6].

The first reported CHLT was performed for familial hypercholesterolemia [1,2]. Familial
hypercholesterolemia is a dominant inherited disease of low-density lipoprotein (LDL)
caused by mutations of LDL receptors located in the hepatocyte, leading to severe
cardiovascular disease in the second or third decade of life [5,16-18]. Typically CHLT is
performed patients who have a homozygote genetic mutation, but can be performed for
heterozygotes after failure of medical management [16,18]. Other treatments that are
currently in use include lipid lowering medications; including statins, nicotinic acid and
bezafibrates; plasma apheresis; partial ileal bypass; portacaval shunting; and isolated liver
transplantation [16,18,19]. CHLT leads to a reduction in lipid values to normal levels
[1,19,20] and resolution of tuberous xanthomas [6]. However, some patients may still
require lipid lowering medications after CHLT to control lipid levels [16,17,21] or to
encourage regression of xanthomas [17].

CHLT has also been performed in patients after surgical treatment for congenital heart
disease. CHLT was performed for a 42-year-old patient who was born with situs ambiguous
and had undergone five previous cardiac surgeries including Fontan palliation [22]. The
authors also detail their institutional experience with CHLT, which includes 4 patients with
failed Fontan physiology and 10 patients with biventricular heart failure. Both groups had
good heart and liver function at 1 year (p = NS). There were two deaths in the first year in
the biventricular group and none in the failed Fontan group [23]. In a series of three pediatric
patients undergoing CHLT for failed single ventricle palliation, all three patients were alive
at 2, 3 and greater than 5 years respectively [24]. CHLT has also been used to treat a patient
with polysplenia and dextrocardia with situs ambiguous [25].

Accumulation of iron in the heart and liver is also an indication for CHLT [26].
Homozygous beta-thalassemia patients usually require blood transfusions leading to
accumulation of iron in tissues, including the heart and liver, which is fatal without iron-
chelating therapy. Additionally, CHLT may be performed for hereditary hemochromatosis
and is also an indication for CHLT. These patients have abnormal absorption of iron in their
intestines and develop tissue iron deposition leading to cirrhosis and cardiomyopathy [6,27].
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3. Waitlist outcomes

In a single-center experience, eight patients were listed for CHLT from January 1997 to
February 2004. Three patients survived to transplantation (42%), while four died awaiting
transplantation and one remained on the waitlist at the time of study conclusion. For those
patients who died on the waitlist, time on the list ranged from 63 to 1140 days [28].

Nationally, there were 110 patients listed for CHLT during this same time period and 33 of
them were transplanted (30%), 30 patients died (27%) and 11 were still listed (10%). The
remaining 34 received single organ transplants, sequential transplants or were awaiting
single organ transplants after recovery of one of their organs. The authors asserted that
current policies for organ allocation placed patients with MELD scores in the range of 20-29
who were cardiac status 2 at a disadvantage. They proposed exception MELD points for
patients with both cardiac and liver failure [28].

4. Pre-transplant work-up

Few authors detail the pre-transplant evaluation of patients requiring CHLT. The typical
approach seems to be independent evaluation for each organ. There are no published
guidelines regarding evaluation for CHLT [29,30]. To optimize organ allocation to an orphan
population of transplant candidates is an important area for future development.

5. Order of operation, cardiopulmonary bypass and venovenous bypass

There are a variety of approaches to the surgical procedure for CHLT. Originally, Starzl et al.
[1] and Shaw et al. [2] performed dissection of both the abdomen and chest prior to the
arrival of the donor organs. Both heart transplantation (OHT) and liver transplantation (OLT)
were performed on cardiopulmonary bypass (CPB). Additionally, OLT was performed with
portal bypass. The patients were heparinized throughout the entire period of CPB. Currently,
most authors perform the heart transplant first with the patient on CPB. CPB is then
discontinued and with reversal of anticoagulation for the liver transplant.

The more commonly described technique is performing the heart transplant on CPB,
discontinuing bypass, leaving the chest open, and performing the liver transplant with
selective use of venovenous bypass (VVB). Patients with FAP whose livers were used for
domino transplant were put on VVB and the caval interposition technique was used. For
other patients, the piggyback technique was used and VVB was avoided. The mediastinum
was left open throughout the liver transplant. The abdomen was closed over drains and with
biliary tube in place in the donor cystic duct stump, when possible. The chest was then
closed over two chest tubes [15]. The majority of authors used this technique or a slightly
modified version [Table 4] [7,9,10,12,16,21,29,31-35].

Although it is no longer the standard of practice to complete the entire procedure on CPB,
experts report that while there are risks to CPB [39] during liver transplantation these are
outweighed by the improved hemodynamic stability and decreased metabolic disturbances
with hepatic reperfusion, protecting the cardiac allograft from hyperkalemia, fluid overload
and acidosis, thereby lessening stress on the newly implanted cardiac graft [36—38]. The
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combined procedure on CPB also reduces liver cold ischemia time by eliminating the time
period required for reversal of anticoagulation [36,38]. In a case series of 4 CHLTS, the
associated bleeding risk with OHT and OLT on CPB is discussed [37]. The transfusion
requirements in their study were similar to prior to those using alternative strategies, with the
exception that patients required more platelets [37]. Continuing CPB with partial flow
through the liver transplant portion has also been described in order to provide
hemodynamic support to the cardiac allograft and to protect it from injury during
reperfusion of the liver [30].

Some centers transplant the heart and liver en-bloc or use this technique selectively. When
the en-bloc technique is performed the liver and heart remain connected by the inferior vena
cava and the liver is cooled while the heart transplant is performed. The heart and liver are
re-perfused simultaneously [34,40]. Authors using the en-bloc technique argue that the
procedure minimizes hepatic cold ischemia time, CPB supports the transplantation of the
heart as well as the liver, hemodynamic impact of liver reperfusion is minimized and optimal
oxygenation is provided to help the cardiac and hepatic allografts recover from ischemia—
reperfusion injury [40]. Arguments against the en-bloc approach center on the detrimental
impact of simultaneous reperfusion [36].

Successful step-wise, or staged, CHLT has also been performed with a heart and liver from
different donors [9,41]. A 12 year-old boy with terminal ischemic heart disease secondary to
homozygous familial type lla hypercholesterolemia underwent heart transplant, followed by
the liver transplant 21 days later [41]. A patient underwent sequential transplant when during
planned CHLT it was noted that the liver was unacceptable secondary to significant
steatosis. He received a follow-up liver transplant from a different donor 175 days after his
heart transplant [9].

Several unique situations have been reported in the literature including the use of an
implantable centrifugal blood-pump (extracorporeal membrane oxygenation [ECMO]) as a
bridge to transplantation [42], CHLT in a patient with pulmonary hypertension [33], early
cardiac graft failure in a CHLT patient requiring ECMO support during the liver
transplantation [43], and CHLT with a right split liver graft [32].

The operative techniques used, duration of operation, cold ischemia times for the heart and
liver and duration of the anhepatic period reported are summarized in Table 3.

6. Outcomes

There are two large database studies of CHLT using the United Network for Organ Sharing
(UNQS) database. In the first study based on the UNOS database, Te et al. described the
United States experience from October of 1987 to December of 2005, at which time there
were 41 cases of CHLT and 6 cases of combined heart—liver—kidney transplant (CHLKT).
Amyloidosis was the most common indication for both heart and liver grafts. The most
common immunosuppressive regimens were corticosteroids and either tacrolimus or
cyclosporine, however 28.2% of patients were maintained on a single immunosuppressive
agent. In this cohort there were 7 episodes of liver rejection observed in 6 patients (13%),
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that were treated with corticosteroids or corticoste-roids and tacrolimus, with all episodes
except 1 occurring within the first two years after transplantation. There were 5 episodes of
heart rejection in 5 (10.9%) patients. Four patients (8.7%) developed malignancy. There was
one case of CMV and no cases of EBV. Patient 1- and 5-year survival was 84.8% and
75.6%. Heart graft survival at 1- and 5-years was 84.8% and 75.6%. Liver graft survival at
1- and 5-years was 82.4% and 73.5%. They concluded that CHLT is a viable option for
candidates requiring combined organ transplantation and that outcomes were comparable to
those for single-organ recipients [8].

Cannon et al. completed a review of the United States experience with CHLT using the
UNOS data on 97 cases reported between October of 1987 and December of 2010. In 9 of
these patients a simultaneous kidney transplant was performed. In 10 of these patients a
simultaneous lung transplant was performed. Amyloidosis was the most common indication
for both heart and liver transplantation (Heart, n = 26, 26.8%, Liver, n = 27, 27.8%). Liver
graft survival at 1-, 5- and 10-years was similar between CHLT patients and isolated liver
patients (83.4%, 72.8%, 71.0% versus 79.4%, 71%, 65.1%, p = 0.894). Cardiac allograft
survival at 1-, 5- and 10-years was similar between CHLT and isolated cardiac
transplantation (83.5%, 73.2%, 71.5%, versus 82.6%, 71.9%, 63.2%, p = 0.341). They
concluded that CHLT is a safe procedure with graft survival rates similar to liver-alone and
cardiac-alone transplantation. In patients with greater than 1 year survival, the incidence of
acute liver rejection was lower in the CHLT group than in those undergoing liver transplant
alone (5.2% versus 12.2%, p = 0.060). The incidence of acute cardiac rejection was also
lower in the group undergoing CHLT than in the cardiac transplant alone group (8.9% versus
23.9%, p = 0.002). A multivariable analysis that controlled for recipient age, recipient
gender and donor age, found no significant difference in risk for patient death or graft failure
in the CHLT group versus isolated liver transplant (HR 1.30, 95% CI 0.93-1.84, p = 0.127
and HR 1.09, 95% CI 0.79-1.52, p = 0.589). There was also no significant difference
between CHLT and isolated heart transplant in risk for patient death or graft failure (HR
0.90, 95% CI 0.64-1.26, p = 0.538 and HR 0.86, Cl 0.62-1.21, p = 0.386) [5].

There are also a multitude of single center studies described in the literature (Table 4).

7. Graft tolerance

In determining order of transplantation for multi-organ transplantation, clinicians need to
consider each graft's tolerance to cold ischemia [13,44]. In CHLT, the heart is typically
transplanted first. This provides the benefit of a functioning heart adequately perfusing the
liver graft once it is transplanted [13]. Additionally, the heart is less tolerant of ischemia.

In a large series, 25 of 27 (93%) patients had heart transplantation completed prior to liver
transplantation. In the remaining 2 (7%) patients, liver transplantation was completed prior
to heart transplantation in an effort to protect the cardiac graft from high titer donor-specific
antibodies [7]. No data are currently available on the clinical outcomes of these different
orders of transplantation.
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In a case where liver transplantation proceeded heart transplantation to protect the cardiac
allograft from donor specific antibodies. It has been demonstrated that a positive cross-
match with a donor can become negative after liver transplantation and the authors
hypothesized that if they transplanted the liver first and followed it with the heart they could
protect the heart from antibody mediated rejection. This effect has also been described in
combined liver—kidney transplantation [45]. Induction of tolerance of the heart allograft in
the setting of concomitant liver allograft has been demonstrated in animal models [46].

In the case of a 41 year-old female with apical variant hypertrophic cardiomyopathy,
congestive hepatopathy, and high titers of donor-specific anti-human leukocyte antigen
(HLA) antibodies. The patient underwent preoperative plasma exchange and reverse order of
transplantation to reduce exposure of the cardiac graft to donor specific antibodies [7].

In a study of 22 consecutive liver allograft recipients who tested positive for
immunoglobulin (IgG) lymphocytotoxicity demonstrated that 14 of 22 (64%) of sensitized
patients had a negative cross-match on post-operative day 1 and remained negative, while 8
of 22 (36%) had cross-match results that remained positive. Most of those who had a
negative cross-match post-operatively had low titers prior to transplant (< or =1/16), while
most of those with positive cross-match postoperatively had high-titers (>1/32-1024).18 The
authors conclude that patients with titers >1/32 are more likely to have persistently positive
cross-matches and an accompanying syndrome including increased total hemolytic
complement activity, circulating immune complexes, and refractory thrombocytopenia [47].

It has been suggested that the liver allograft protects the kidney allograft from hyperacute
rejection in combined liver—kidney transplantation. One mechanism proposed for this is
reduction of donor specific antibodies [48]. It has been demonstrated that there is a reduction
in donor specific antibodies (DSA) after transplantation of the liver and that in patients
where DSA persist, while there is evidence of complement activation in the graft, there is
not significant clinical impact in the first year [49]. Experts have postulated that there may
be a differential reduction of class I versus class 11 donor specific antibodies and
concomitant transplantation may not be sufficient to protect the kidney [48]. The exact
mechanism of reduction of donor specific antibodies is unknown. Experts suggest several
hypothesis: phagocytosis of antibodies by Kupffer cells, HLA antigen secretion, dilution of
antibody concentrations caused by bleeding or a large vascular bed [7]. Reduction in donor
specific HLA antibodies has been demonstrated after isolated liver and combined kidney—
liver transplantations [7].

In a large single-center series, a lower than anticipated rate of rejection, which they state
may be caused by hepatic allograft conferring a protective effect on the cardiac allograft
[31]. In a single center study the rate of acute rejection was found to be lower in patients
who have received a combined heart and liver transplantation than in those who have
received an isolated liver transplant or isolated heart transplant and report that the incidence
of acute liver rejection in patients with liver graft survival greater than 1 year was lower in
the CHLT group than in those undergoing liver transplant alone (5.2% versus 12.2%, p =
0.060) [5]. Previous work found that CHLT recipients were maintained on much lower doses
of immunosuppression than their isolated heart transplant patients, which suggests that the
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liver does provide some an immunoprotective effect [24]. A proposed mechanism for the
protective effect of the liver is the shedding of soluble human leukocyte antigens [50]. Some
authors propose as a result of this protective effect patients who have undergone CHLT may
tolerate lower levels of immunosuppressive medications [11].

Rana et al. examined the protective effects of different allografts. The authors analyzed a
total of 133,416 patients and concluded that in an allograft transplanted with a heart, liver or
kidney rejection rates are significantly lower than for organs transplanted alone. The same
did not apply for organs transplanted with small bowel or pancreas [51].

8. Conclusion

Extensive and unified efforts are needed to coordinate this complex care between two organ
transplant programs to optimize patient outcomes with only a few select programs offering
this type of combined transplantation. It has been demonstrated that there is a wide range of
potentially successful techniques for completing this procedure. Majority of authors
complete the heart transplantation on CPB with the patient heparinized and then discontinue
heparinization prior performing the liver transplantation. Therefore, we would recommend
this approach. Immunosuppressive regimens are similar to those used for isolated liver and
heart transplants, but a large body of work regarding graft tolerance in combined liver
transplantation suggests that these patients may not require high levels of
immunosuppression. This is an important area for future exploration.
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Fig. 1.

Frequency of combined heart-liver transplantations in the United States between January 1,
2000 and December 31, 2015 as reported to the OPTN [4].
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Table 1

Indications for Combined Heart-Liver Transplantation (CHLT) As Reported in the Literature.

Indication for Combined Heart-Liver Transplantation

Familial amyloidosis [5-10,12,14,15,30,34,35,52]

Familial hypercholesterolemia [1,2,17,19,21,35]
Homozygous beta-thalassemia [19,35]

Hemochromatosis [5,8,15,27,35,53]

Alcoholic cardiomyopathy [35]

Cryptogenic cirrhosis with underlying cardiomyopathy [35]
Glycogen storage disease [8]

Indications for Heart Portion Indications for Liver Portion

failure of single ventricle variations of congenital heart disease [22-25,40]  congestive hepatopathy or cardiac cirrhosis [5-8,15,22—

24,29,31,36,37,40,54]
congenital heart disease [5,7,8,15,31] hepatitis C [5,6,8,31,35,37,42]
idiopathic restrictive cardiomyopathy [5,7,8] cryptogenic cirrhosis [5,6,8,33,35,38,44,55]
restrictive cardiomyopathy[15,37] alcoholic cirrhosis [5,6,8,33,36,44,56]
arrhythmogenic right ventricular dysplasia [7] chronic hepatitis — other [5]
coronary artery disease [8] acute hepatic failure [5]
nonischemic cardiomyopathy [29,31] primary biliary cirrhosis [5,6,8,15]
ischemic cardiomyopathy [31,33,36,37] primary sclerosing cholangitis [5,6,8]
idiopathic cardiomyopathy [2,44] biliary atresia’/hypoplasia [2,5]
alcoholic cardiomyopathy [8,35] metabolic disease — other [5]
viral dilated cardiomyopathy [8] cirrhosis — other [5,25]
idiopathic dilated cardiomyopathy [5,8] Carcinoid [5]
ischemic dilated cardiomyopathy [5] cystic fibrosis [5]
alcoholic dilated cardiomyopathy [5] Budd—Chiari syndrome [5,8]
dilated cardiomyopathy [33,36,37,42,44,56] unknown [5]
apical variant hypertrophic cardiomyopathy [7] alpha 1-antitrypsin [6,8,31]
hypertrophic cardiomyopathy [5,37,38] autoimmune hepatitis [8]
valvular disease [5,8,35] nodular regenerative hyperplasia [8]

primary pulmonary hypertension [5,15]
glycogen storage disease [5]

cystic fibrosis [5]

sarcoidosis [5]

unknown [5]
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Table 2

Combined Heart—Liver Transplantation (CHLT) Reviews in the Literature.

Author (citation) Teetal. [8] Cannon et al. [5]
Year 2008 2014
# of Cases Included 47 97

Age

Gender

BMI

Number w/ Associated Kidney Tx
MELD at Transplant

Patients with MELD exception
Follow-up

Liver Graft Failure

Cardiac Graft Failure

Patient Survival, 1-year
Patient Survival, 3-year
Patient Survival, 5-year

Heart Graft Survival, 1-year
Heart Graft Survival, 5-year
Heart Graft Survival, 10-year
Liver Graft Survival, 1-year
Liver Graft Survival, 3-year
Liver Graft Survival, 5-year

Liver Graft Survival, 10-year

Mean 46, Range 22-65

31 (67%) Male, 16 (33%) Women
NR

6

NR

NR

Mean 1362 days/3.7 year, Range 0-12.6 year
NR

NR

84.80%

79.50%

75.60%

84.80%

75.60%

NR

82.40%

77.30%

73.50%

NR

Mean 43.7 SD 16 Range 1-67
68 (70.1%) Male
Mean 24.3SD 5.1
NR

Mean 13.8 SD 5.4
17 (26.2%)

NR

12 of 97

10f 97

84.40%

78.00%

72.40%

83.00%

73.20%

71.50%

83.40%

NR

72.80%

71.00%
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