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Hepatitis C virus infection has been the most common etiology in HCC-related liver
transplantation (LT). Since 2014, direct-acting antivirals (DAAs) have dramatically
improved HCV cure. We aimed to study the changing pattern of etiologies and im-
pact in outcome in HCC-related LT according to HCV treatment-era through retro-
spective analysis of the Scientific Registry of Transplant Recipients (SRTR) database
(1987-2017). A total of 27 855 HCC-related liver transplants were performed (me-
dian age 59 years, 77% male). In the DAA era (2014-2017) there has been a 14.6%
decrease in LT for HCV-related HCC; however, HCV remains the most common eti-
ology in 50% of cases. In the same era, there has been a 50% increase in LT for
NAFLD-related HCC. Overall survival was significantly worse for HCV-related HCC
compared to NAFLD-related HCC during pre-DAA era (2002-2013; P = .031), but
these differences disappeared in the DAA era. In addition, HCV patients had a signifi-
cant improvement in survival when comparing the DAA era with IFN era (P < .001).
Independent predictors of survival were significantly different in the pre-DAA era
(HCV, AFP, diabetes) than in the DAA era (tumor size). HCV-related HCC continues to
be the main indication for LT in the DAA era, but patients’ survival has significantly
improved and is comparable to that of NAFLD-related HCC.

Abbreviations: AHN, acute hepatic necrosis; ALD, alcoholic liver disease; AIH, autoimmune hepatitis; BCS, Budd-Chiari syndrome; Cl, confidence intervals; DDLT, deceased donor LT;
DAAs, direct-acting antivirals; DSA, donation service area; HR, hazard ratios; HRSA, Health Resources and Services Administration; HBV, hepatitis B virus; HCV, hepatitis C virus; HCC,
hepatocellular carcinoma; IFN, interferon; IQR, interquartile ranges; LT, liver transplantation; MMRF, Minneapolis Medical Research Foundation; MELD, Model for End-Stage Liver
Disease; NM, nautical mile; NAFLD, nonalcoholic fatty liver disease; OPTN, Organ Procurement and Transplantation Network; PBC, primary biliary cholangitis; PSC, primary sclerosing

cholangitis; RBV, ribavirin; SRTR, Scientific Registry of Transplant Recipients; SVR, sustained virologic response.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common cancer
and the fourth leading cause of cancer-related mortality world-
wide.2? At-risk populations are well defined and include patients
with cirrhosis due to alcoholic liver disease (ALD), hepatitis B virus
(HBV), hepatitis C virus (HCV), nonalcoholic fatty liver disease
(NAFLD), and other chronic liver diseases.® Curative treatment op-
tions are available for patients with local disease and include abla-
tion, resection, and liver transplantation (Lm.2 Particularly, patients
with early stage HCC with cirrhosis, who are not eligible for surgical
resection, represent ideal candidates for LT when the tumor burden
is within Milan criteria.**

After the implementation of the Model for End-Stage Liver
Disease (MELD) score in 2002, HCC patients were granted MELD
exception points with the intent to balance the risk of tumor pro-
gression and subsequent dropout from the waiting list with death
compared to non-HCC patients.® However, based on recent data
demonstrating that the system advantaged HCC recipients com-
pared to patients without HCC, the policy was modified in 2015 in
order to decrease the priority awarded to HCC patients.6 Overall,
the organ allocation policies for HCC have evolved over the recent
years to deprioritize HCC relative to other indications.”

Among the underlying etiologies of liver disease, HCV has been
the most common indication for LT among HCC patients in the United
States.® Treatment options of HCV have evolved tremendously in the
recent years.9 After November 2013, with the availability of interferon
(IFN) free direct-acting antivirals (DAAs), sustained virologic response
(SVR) rates of >90% in both pre- and post-LT settings and in patients
with impaired liver function is achievable.'®! Prior to 2011, IFN and
ribavirin (RBV) were the only available treatment for HCV that were
associated with low SVR rates of only 20%-40% and significant side
effects.? In 2011, the first generation of protease inhibitors was ap-
proved that improved the SVR rates to 50%-60%; however, they were
still associated with side effects because they were combined with
IFN/RBV.*

Although HCV treatment options have evolved considerably,*®
the growing obesity epidemic in the United States has led to an
increased prevalence of NAFLD.** Current estimates indicate that
68% of US adults are overweight or obese, and between 75-100 mil-
lion individuals likely have NAFLD.'® Herein, it has been speculated
that due to the DAAs, the relative burden of HCC arising from HCV
will diminish and NAFLD eventually will become the leading indica-
tion for HCC-related LT.*

Patterns of underlying liver diseases giving rise to HCC and ul-
timately leading to LT are likely going to shift in the coming years,
warranting a closer look at the etiologies. The recent changes in the

MELD exception policies, the availability of DAAs to treat HCV, and
the rise in the prevalence of obesity and fatty liver disease prompted
us to study (a) the changing pattern of HCC-related LT etiologies
over the past 30 years and (b) the impact of etiology in HCC-related
LT outcomes, focusing on HCV treatment changes. In order to re-
flect both the changing patterns in etiology and the outcomes as
treatment for HCV has advanced we defined four time intervals: the
pre-MELD era (1987-2001), the IFN-only era (2002-2010), early IFN-
DAA era (2011-2013), and the DAA-only era (2014-2017).

2 | MATERIALS AND METHODS

2.1 | Datasource

The data reported here have been supplied by the Minneapolis
Medical Research Foundation (MMRF) as the contractor for the
Scientific Registry of Transplant Recipients (SRTR). The interpreta-
tion and reporting of these data are the responsibility of the authors
and in no way should be seen as an official policy of or interpretation
by the SRTR or the US Government. The SRTR data system includes
data on all donor, waitlisted candidates, and transplant recipi-
ents in the United States, submitted by the members of the Organ
Procurement and Transplantation Network (OPTN). The Health
Resources and Services Administration (HRSA), US Department of
Health and Human Services provides oversight to the activities of
the OPTN and SRTR contractors.

2.2 | Study population

Our study retrospectively evaluated adult patients who received
a deceased donor LT (DDLT) in the SRTR database from 1987 to
September 2017 in the United States. LT recipients with HCC were
identified using the primary or secondary coding for the diagnosis of
HCC at the time of listing or at the time of transplant in the SRTR da-
tabase. In addition to the aforementioned coding, we included recip-
ients whose providers had sought HCC MELD exception points and
were approved, even if the diagnosis of HCC had not been entered.
Data regarding incidental HCCs among patients transplanted for
their native MELD were not available within the database. Overall,
patients below age 18, living donor recipients, or any patient with
prior history of organ transplant (except kidney transplant) or other
primary or secondary liver malignancies were excluded (Table S1).
In line with this analysis and using additional available coding, the
underlying etiologies of liver disease at the time of listing were de-
termined. Patients were categorized in the following groups: HCV,
ALD, HBV, ALD/HCV, NAFLD, and cryptogenic. Patients who did not
have any codes for these diagnoses or had codes under unknown
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etiology were included in the “unknown” category. Patients who had
codes for autoimmune hepatitis (AIH), primary biliary cholangitis
(PBC), primary sclerosing cholangitis (PSC), Budd-Chiari syndrome
(BCS), hemochromatosis, alpha-1 antitrypsin deficiency, acute he-
patic necrosis (AHN), or other diagnoses were included in the “other”
category. Patients with ALD/HCV were considered separately and
not included in the calculations for HCV or ALD patients. Patients
with combination codes for NAFLD and HCV (n = 89) or NAFLD and
ALD (n = 50) were not included in the HCV, NAFLD, and ALD groups.

2.3 | Statistical analysis

Categorical variables are reported by percentages, and continuous
variables are reported as medians with interquartile ranges (IQR).
Differences between qualitative variables were assessed with the
Fisher's exact test. Differences between quantitative variables were
analyzed with a nonparametric test (Mann-Whitney or Kruskal-
Wallis for independent samples).

Survival was calculated for each patient between the date of
transplantation relevant to the date of death or retransplant, date of
the last follow-up, or the end of the study period in September 2017.
Univariate and multivariate Cox regression models were constructed
to estimate mortality hazard ratios (HR) and 95% confidence inter-
vals (Cl) for baseline clinical and analytical parameters. We con-
structed two different models for the pre-DAA era (2002-2013)
and the DAA era (2014-2017). The model obtained for the pre-DAA
era was also applied to the DAA era. All the models were adjusted
for known baseline factors related to survival, which were used as
covariates (Table S4). Survival curves by HCC etiology following LT
were obtained from Kaplan-Meier estimates of mortality probabil-
ities. Differences between survival curves were tested using the
log-rank test. Statistical analyses were performed using the SPSS

software package (version 24.0; SPSS Inc, Chicago, IL).

3 | RESULTS

3.1 | Study population

Between October 1987 and September 2017 there were a total of
132 731 adult DDLT recipients in the United States. Of these 27 855
(21%) underwent an initial DDLT for an HCC-related indication.
Overall, 22 280 (80%) of the HCC-related LT recipients had been
granted HCC MELD exception points. Baseline characteristics of the
study population are summarized in Table 1. The median age of LT
recipients was 59 years, and 77% of the patients were males. Overall,
69.5% of patients had T2 TNM stage tumor. Median lab MELD of the
cohort at the time of transplantation was 12.7

The most common underlying etiology was HCV (48.9%) fol-
lowed by HCV/ALD (10.6%), ALD alone (8.1%), NAFLD (6.1%), HBV
(5.8%), and cryptogenic (3%). HCV patients, compared to NAFLD,
were younger (58.4 vs 63.9 years), mostly male (76.9% vs 65.2%),
with lower body mass index (BMI) (27.9 vs 32.3 kg/mz), and lower
MELD at transplant (12 vs 14) (all P < .001, Table S2). Proportion of

TABLE 1 Baseline characteristics of the HCC recipients

All patients, N = 27 855

58.8(53.4-63.8)
21515(77.2)

Age (years)
Gender (male, %)

Etiology (n, %)

HCV 13 609 (48.9)

NAFLD 1699 (6.1)

BMI (kg/m?) 28 (24.9-31.7)

Diabetes (yes, %) 7521 (28.9)

Hypertension (yes, %) 5337 (28.2)
Ascites (n, %)

None 10 195 (40)

Mild 11767 (46.2)

Moderate 3503 (13.8)
Number of HCC lesions (n, %)

1 15173 (68)

2 5016 (22.5)

3 2024 (9.1)

>3 94 (0.4)

Size of HCC lesions (cm) 2.5(2.1-3.2)
TNM stage (n, %)

T1 477 (2.1)

T2 16 079 (69.5)

Outside criteria 5824 (25.2)

Others 744 (3.2)

AFP (ng/mL) 12 (5-49)

MELD transplant 12 (9-17)

Sodium (mmol/L) 138 (135-140)

Creatinine (mg/dL) 0.9 (0.8-1.2)

Albumin (g/dL) 3.2(2.7-3.7)

ALT (1U/L) 51 (32-85)

Bilirubin (mg/dL) 1.8(1-3.1)

INR 1.3(1.2-1.6)

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; Bili, bilirubin;
BMI, body mass index; HCC, hepatocellular carcinoma; HCV, hepatitis
C virus; INR, international normalized ratio; M, male; MELD, model for
end-stage liver disease.

diabetes (70.4% vs 23.9%) and hypertension (47.9% vs 28.2%) were
significantly higher among NAFLD patients compared to HCV (both
P <.001) (Table S2).

The characteristics of the donors for the different etiologies of
HCC-related LT are presented in Table S3.

3.2 | Etiology trends of HCC-related LT

There was a remarkable increase in HCC-related LT from 222 (5.3%)
in 2001 to 977 (21.8%) in 2002, following the implementation of the
MELD system and MELD exceptions for HCC recipients (P < .001)
(Figure 1). After 2002, the number and proportion of HCC-related LT
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FIGURE 1 The trend of HCC-related liver transplants in the United States based on SRTR data. A, total number (n); B, percentage

continued to increase steadily until 2015 (30.5% in 2008, 36.1% in
2015). Following the MELD policy change in 2015 that would deprior-
itize HCC patients, the rate of HCC as an indication for DDLT declined
from 36.1% in 2015 to 30% in 2016 (P < .001) (Figure 1). Although the
first patient undergoing LT for HCV-related HCC was reported in 1991,
the first LT for NAFLD-related HCC was not until 2003. In the entire
pre MELD era (1987-2001) the most frequent underlying liver disease
for patients with HCC undergoing LT was HCV (31%) followed by an
unknown etiology (23.8%). In the MELD era, patients with unknown
liver disease only accounted for 3.8% of all patients with HCC-related
LT (P < .001). The proportion of HCV-related HCC peaked at 55.5%
in 2010 and slightly decreased in 2016 and 2017 (46.3% and 45.7%,
respectively). On the other hand, there has been a steady increase
in the number and proportion of NAFLD patients from 2003 (n = 4,
0.4%) to 2016 (n = 276, 13.2%). In parallel, the NAFLD/HCV ratio has

decreased from 1/145 in 2003 (one NAFLD-related transplant for
every 145 HCV-related transplants) to 1/12 in 2010 and 1/4 in 2017.

Considering the different HCV treatment eras, the proportion
of HCV-related LT kept an increasing trend in the IFN-only era
(48.2%) and the early IFN-DAA era (53%) but started to decrease
in 2015 coinciding with the IFN-free DAA era (50.3%) (Figure S1).
Conversely, NAFLD-related LT rose constantly from the IFN-only
era (3.1%) to the early IFN-DAA era (7%) and the DAA era (11.3%),
with the highest proportion in 2016-2017 (13.3%) (Figures 2 and S1).
Consequently, NAFLD is now the second leading cause of HCC-re-
lated LT in the IFN-free DAA era, after HCV. However, it is important
to note that 9% of patients have concomitant HCV and ALD diagno-
sis. Hypothetically, if the recipients with HCV/ALD (9%) are counted
towards the ALD-only group (9%), then ALD will be the second lead-
ing cause of HCC-related LT (18%) (Figure S1E).
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[Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Outcomes and survival in HCC patients

The causes of death were different according to etiology. HCV pa-
tients had a higher rate of graft-related death compared to NAFLD
patients (12.4% vs 4.8%, P < .001). On the contrary, NAFLD individu-
als showed a higher rate of cardiovascular-related death (13.3% vs
7.8%, P <.001) (Table 2).

The main determinants of death (HR, 95% ClI, P value) in the IFN

era (2002-2013) as determined through Cox regression multivariate

analysis were HCV etiology (1.155, 1.0179-1.237, P < .001), alpha-feto-
protein (1.288, 1.200-1.382, P < .001), and diabetes (1.188, 1.102-1.280,
P <.001) (Figure 3A and Table S4A). Remarkably, in the DAA era, etiology
was not related to survival neither in the univariate (0.963, 0.836-1.110,
P =.603) nor in the multivariate analysis (1.115, 0.892-1.394, P = .338)
(Figure 3B and Table S4B). Only tumor size (1.189, 1.079-1.311, P =.001)
was related to an impaired survival in the DAA era.

Overall, HBV patients had the best survival among the different
etiologies (log-rank < 0.001) (Figure S2). This difference in outcome
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FIGURE 3 Determinants of death in HCC-related LT. A, IFN-era (2002-2013); B, DAA-era (2014-2017) [Color figure can be viewed at
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was maintained when only patients transplanted in the MELD era
were taken into consideration (Figure 4A). In the same period,
HCV patients had lower survival compared to NAFLD patients
(log-rank = 0.030) (Figure 4B). This impaired survival was conveyed
through a markedly worse outcomes during the IFN-only era, and
the early IFN-DAA era (log-rank = 0.031) as no significant difference
was observed in the IFN-free DAA era (log-rank = 0.321) (Figure 4C).
When evaluating the survival changes according to the HCV treat-
ment era, HCV-related LT showed a significant improvement, com-
paring the IFN-only to the early IFN-DAA era (log-rank < 0.001)
and the early IFN-DAA era to the DAA era (log-rank = 0.002)
(Figure 4D). In contrast, NAFLD patients showed improved sur-
vival only when comparing the IFN-only era to the early IFN-DAA
era (log-rank = 0.001), but no difference compared to the DAA era
(log-rank = ns).

4 | DISCUSSION

In this study, we retrospectively evaluated the evolving trends of
HCC and the underlying diagnosis of liver disease in deceased donor
LT recipients over the last three decades (1987 to September 2017)

using the SRTR database. In addition to including patients with
the diagnosis of HCC, we included recipients whose providers had
sought HCC MELD exception points and were approved, even if the
diagnosis of HCC had not been entered. This allowed us to identify
cases with HCC as an indication for LT more broadly. Therefore, our
reported HCC cases/per year are higher than those noted in previ-
ous publications.”” Our study shows a trend toward a decrease in
HCV-related LT and a parallel increase in NAFLD-related LT follow-
ing the implementation of DAAs in clinical practice. Moreover, we
show a significant improvement in HCV patients’ survival in the DAA
era, being now comparable to NAFLD patients, whereas survival for
the latter group remains unchanged.

Our study shows an increase in HCC-related LT, particularly in the
MELD era. The trends and peaks of HCC over time are reflective of
changes in the way patients with HCC are prioritized for LT. Following
the implementation of MELD exception points in 2002, HCC has
grown as an indication for LT and accounts for 21% of the total number
of deceased donor LTs over a 30-year period. As a result of a series of
analyses indicating that the MELD exception scores advantaged HCC
patients, the system was modified in 2003, 2004, and 2005 to reduce
the priority accorded to these pa\tients.“”m19 Despite these modifica-
tions, we show that the rate of LT for HCC continued to rise.
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In 2013 “Share 35” policy was implemented with the goal of
allowing an increased proportion of patients with a MELD > 35 to
undergo LT and thus decreasing death on the waiting list. A study
evaluating the effect of “Share 35" on patients who underwent LT
for HCC demonstrated no change in the proportion of LT performed
or overall waiting time. However, a higher rate of death/delisting was
observed.?° Similarly, in our study, we did not observe any signifi-
cant change in the rate of LT for HCC in the Share 35 era, although
our study did not specifically evaluate United Network for Organ
Sharing regional differences. Only after the most recent modifica-
tion in 2015 in which HCC patients received no priority for 6 months
and the MELD exception score was capped at 34 points®’ has the
rate of LT for HCC and proportion of HCC candidates undergoing
LT declined (Figure 1). The most recent MELD policy change awards
exception points equal to median MELD score of a DSA (donation
service area) region minus 3 using a calculation based on a 250
nautical mile (NM) circle around each donor hospital that is recalcu-
lated every 180 days.?! Although this policy only was recently im-
plemented, it is speculated that it may decrease the rate of LT and

increase the dropout rate for HCC candidates.

Our study confirms that HCV has been the leading etiology for HCC
as an indication for LT over the last 25 years, accounting for almost half
of the cases. Even during the current IFN-free DAA era in which HCV is
routinely cured, HCV remains the predominant etiology of liver disease
in HCC patients, although there is a downward trend. It is worth noting
that the SRTR database cannot distinguish active from cured-HCV in
the LT candidates or recipients. Model-based simulation studies have
predicted that HCC will continue to increase over the next decade.?? In
addition, in some liver transplant centers patients with HCV and HCC
are treated with DAA after LT to increase their chance of receiving a
HCV positive organ and decreasing the waiting list time.X° Although
achieving SVR decreases the risk of all-cause and liver-related mortal-
ity, the risk of developing HCC persists, more so in those with cirrhosis,
in which the annual incidence of HCC in post-SVR patients is 1.82/100
person per year in patients with cirrhosis compared to 0.34/100
person per year in those without cirrhosis.? Although early reports
suggested that DAA treatment may lead to increased risk of cancer
occurrence/recurrence, that concern has proven unfounded.?*2° From
a public health perspective, it will be several years before there will be
a decline in the rates of HCC secondary to HCV.?
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Based on the analysis herein presented, NAFLD-related HCC,
which was first reported as a diagnosis in the SRTR database in
2003, is shown to be the most rising etiology of liver disease in
HCC patients undergoing LT.%” It is estimated that the incidence
of HCC secondary to NAFLD will increase by 137% by 2030.%8
Unlike other groups analyzing the SRTR database, we did not in-
clude patients with cryptogenic cirrhosis or unknown diagnosis
with DM or elevated BMI > 30 in the NAFLD group.'”?’ This is of
critical importance, as our analysis shows that up to 50% of HCC-
related LT patients have underlying ascites, which falsely raises
the BMI. Of note, cryptogenic cirrhosis accounted for less than
3% of cases.

As no patients with NAFLD codification were transplanted
until 2003, we performed our survival analysis in the MELD era
(2002-2017). In our study, HCV was a main determinant of death
in the pre-DAA era (2002-2013) but was not associated with de-
creased survival in the DAA era (2014-2017), confirming that HCV
widespread cure has significantly improved the prognosis of HCV
patients undergoing LT for HCC.%® During the 2002-2013 period,
HBV patients showed the best survival, and HCV patients had an
impaired survival compared to NAFLD patients. Even though dia-
betes was far more prevalent in the NAFLD population, and having
diabetes was a strong predictor of mortality, survival was signifi-
cantly worse for HCV-infected patients. However, this strong effect
of HCV infection on survival disappeared in 2014, in concert with
the rise of DAAs, and no differences in survival have been noted
between HCV and NAFLD patients since then. Even though the fol-
low-up is still short and median survivals have not been reached, our
study is, to the best of our knowledge, the first to show the changing
trends on etiology and their impact on survival in HCC-related LT in
the United States in the recent years. Of note, the causes of death
were different among HCV and NAFLD patients, and as expected,
more related to cardiovascular events in the latter. The higher rate of
graft-related death among HCV patients may be explained by differ-
ences in recipient and donor characteristics or, plausibly, be related
to post-LT HCV recurrence and related graft failure before the DAA
era. Remarkably, graft-related deaths were comparable in patients
with HBV and HCV.

There are several limitations to our study. Due to the nature
of the database, the determination of the underlying etiology of
chronic liver disease, by the primary and secondary diagnoses, is
based on how the diagnosis codes were entered into the database.
Therefore, the HCC cases could be under or overreported. Data
regarding HCV-RNA are not available in the database. Therefore
it is unclear whether HCV recipients were post-SVR or had active
HCV. Furthermore, a detailed history regarding the amount of alco-
hol use is not available. Besides, there are missing data, specifically
prior to 2002, and cases with unknown etiology within the database.
Patients with HCC with unknown etiology were noted to have the
highest mortality compared to other groups. However, in recent
years, these cases accounted for only 5% of the total.

In summary, changes in the MELD exception policy have over time

led to a decrease in the proportion of LT for HCC candidates after an

initial significant increase with the adoption of the MELD score for
organ allocation. Although HCV remains the most common etiology
of HCC-related LT, the availability of DAA is decreasing its burden.
Conversely, there is in the same timeframe a steady increase in patients
undergoing LT with NAFLD-related HCC. Whereas in the pre DAA era
HCV infection was one of the strongest determinants of death in the
HCC-related LT population, NAFLD and HCV patients have similar sur-
vival in the DAA era, and HCV is no longer an independent predictor
of an adverse outcome. The rate of death for cardiovascular disease is
higher in NAFLD patients, whereas the rate of graft-related death is
higher among HCV individuals. Further studies in the next years will be

of high importance in order to confirm these changing trends.
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