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Abstract

Background: The high prevalence of obesity in the United States drives the

burden of NASH, recently renamed as metabolic dysfunction–associated

steatohepatitis (MASH). We assessed the most recent trends in liver

transplantation in the United States.

Methods: The Scientific Registry of Transplant Recipients (SRTR 2013-

2022) was used to select adult (18 years or above) candidates who under-

went liver transplant.

Results: There were 116,292 candidates who underwent liver transplant

with known etiology of chronic liver disease. In candidates without HCC, the

most common etiology was alcohol-associated liver disease (ALD),

increasing from 23% (2013) to 48% (2022), followed by NASH/MASH, which

increased from 19% to 27%; the rates of viral hepatitis decreased (chronic

hepatitis C: 28%–4%; chronic hepatitis B: 1.8%–1.1%) (all trend p<0.01).

The proportion of HCC decreased from 25% (2013–2016) to 17% (2021-

2022). Among HCC cohort, the proportion of chronic hepatitis C decreased

from 60% (2013) to 27% (2022), NASH/MASH increased from 10% to 31%,

alcohol-associated liver disease increased from 9% to 24% (trend

p< 0.0001), and chronic hepatitis B remained stable between 5% and 7%

(trend p= 0.62). The rapid increase in the proportion of NASH/MASH in HCC

Abbreviations: ALD, alcohol-associated liver disease; CVD, cardiovascular disease; HRSA, Health Resources and Services Administration; MASH, metabolic
dysfunction–associated steatohepatitis; MASLD, metabolic dysfunction–associated steatotic liver disease; OPTN, Organ Procurement and Transplantation Network;
SRTR, Scientific Registry of Transplant Recipients; T2D, type 2 diabetes.
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continued during the most recent study years [20% (2018), 28% (2020), 31%

(2022)]; the trend remained significant after adjustment for age, sex, eth-

nicity, obesity, and type 2 diabetes.

Conclusions: Liver transplant etiologies in the United States have changed

over the last decade. Alcohol-associated liver disease and NASH/MASH

remain the 2 most common indications for transplantation among those

without HCC, and NASH/MASH is the most common in patients with HCC.

INTRODUCTION

Liver transplantation remains the curative treatment for
end-stage liver disease. According to the data from the
Global Burden of Disease study, the absolute inci-
dence, cumulative prevalence, and the number of
deaths and disability-adjusted life years attributable to
liver cirrhosis increased significantly between 1990 and
2019. At the same time, there was also a noted
decrease in the age-standardized incidence of cirrhosis
from 25.7 per 100,000 in 1990 to 25.3 per 100,000 in
2019, accompanied by even more substantial
decreases in age-adjusted cirrhosis-associated deaths
and disability-adjusted life years.[1] These decreases
appear to be driven by fewer cases of viral hepatitis-
related cirrhosis which, in turn, is most likely attributable
to increasing availability of curative drugs for HCV,
prevention vaccination for HBV infection, and effective
viral suppression treatments for those with chronic
HBV.[1–3] On the other hand, these investigators and
others have found that cirrhosis due to NAFLD (now
called metabolic dysfunction–associated steatotic liver
disease, or MASLD) and alcohol use are increasing
around the world, especially in Asia, Europe, and North
America.[4–9] As such, the need for liver transplantation
may change in parallel with the changes seen among
those with cirrhosis. To build upon ours and others’ prior
work on the liver transplant landscape,[10–14] we aimed
to describe the trends of liver transplantation in the
United States using the national solid organ transplant
registry from the most recent decade.

METHODS

Data source

In this study, we used data from the Scientific Registry
of Transplant Recipients (SRTR). The SRTR data
system includes data on all donor, waitlisted candi-
dates, and recipients of transplant in the United States,
submitted by the members of the Organ Procurement
and Transplantation Network (OPTN). The Health
Resources and Services Administration (HRSA) and

US Department of Health and Human Services provide
oversight to the activities of the OPTN and SRTR
contractors. All research was conducted in accordance
with both the Declarations of Helsinki and Istanbul; all
research was approved by the appropriate ethics and/or
institutional review committee at Inova Health Systems
and provided a waiver of consent.

For the study, we included all the candidates who
underwent liver transplant and recipients of at least
18 years of age who were waitlisted and/or transplanted
during the most recent decade (2013-2022). The most
common primary listing diagnoses were collected from
subjects’ medical history; HCC could have been
recorded as a primary or secondary diagnosis. Subjects
with a listing diagnosis indicative of acute liver disease
or with missing listing diagnosis data were excluded.

For candidates who underwent transplant, the outcome
was removal from the transplant list as of the study cutoff
(March 2, 2023); the main causes of removal from the list
could be receiving a transplant, death, removal due to
deterioration (too sick to transplant) or due to improvement
(no longer qualify), refusal, and transfer to another center.
For recipients of transplant, the primary outcomes were
time to post-transplant mortality (determined by matching
with the Social Security Death Master File provided by
SRTR) and graft loss (defined by either a documented
retransplant or by a cause of death being graft failure).
Patients undergoing retransplants included in the mortality
analysis only with their most recent transplants. Patients
with no documented date of death were presumed alive as
of the study cutoff date (March 2, 2023).

Statistical analysis

All collected clinical and demographic parameters of
included recipients of transplant were summarized as
mean±SD or N (%) in subjects with and without HCC
separately. Trends over time were evaluated using
univariate generalized or logistic regression with calen-
dar year being an independent variable; a multivariable
logistic regression was used when a trend was
evaluated with adjustment for confounders (age, sex,
ethnicity, obesity, and type 2 diabetes).
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To evaluate changes in outcomes over time, the
association of the year of listing/transplantation with the
study outcomes (time to transplantation for candidates,
with being removed from the list due to death or
deterioration as competing risks in cause-specific hazards
models, follow-up time censored at death or removal for
deterioration or the study cutoff date; time to post-
transplant mortality for recipients of transplant) was
assessed by Cox proportional hazard models adjusted
for potential confounders. Given the limited availability of
demographic and clinical parameters in the SRTR data
collection, the list of potential confounders included age,
sex, ethnicity, the type of insurance coverage, functional
status score (0-100), body mass index, history of
pretransplant type 2 diabetes and nonhepatic cancer,
chronic liver disease etiology, indicators of liver disease
severity such as MELD score, the presence of ascites
(moderate or severe), HE (grade 1–4), bacterial peritoni-
tis, PVT, history of TIPS, and receiving a liver retransplant.

All analyses were run in SAS 9.4 (SAS Institute,
Cary, NC). The study was granted an exemption from
IRB review as a non-human subject research by the
Inova Institutional Review Board.

RESULTS

There were 121,544 adult candidates who underwent
liver transplant in 2013-2022. Of those, 116,292 had
chronic liver disease (CLD) with a known etiology and
were included in this study, including 24,657 (21%) with
HCC and 91,635 without HCC. During the study period,
the prevalence of HCC among candidates who under-
went liver transplant decreased from 24% to 25% in
2013–2016 to 22% in 2017-2018 to 19% in 2019-2020
to 17% in 2021-2022 (trend p< 0.0001).

Liver transplant candidates with HCC

A total of 24,657 candidates with HCC who underwent
transplant were included in this study. The absolute
number of HCC listings was the highest in 2016
(n=2745); it decreased to its lowest observed value
in 2022 (n=2057). During the study period, the average
age of a candidate with HCC who underwent transplant
increased from 60 to 63 years, along with a decrease in
the proportion of non-Hispanic Whites (65%–61%) and
Blacks (10%–6%) contrasted by an increase in the
proportion of Hispanics (16%–24%) (all p<0.01)
(Table 1). There was also a substantial increase in the
proportion of patients covered by Medicare: 28%–39%
(p<0.0001) (Table 1). The proportions of obesity and
type 2 diabetes increased from 35% to 43% and 30% to
40%, respectively (both p< 0.0001) (Table 1).

Considering etiologies of CLD among candidates with
HCC, the proportion of chronic hepatitis C (CHC)

decreased from 60% (2013) to 27% (2022), while
NASH/MASH increased from 10% to 31% and alcohol-
associated liver disease (ALD) from 9% to 24%,
respectively (all trend p<0.0001) (Table 1, Figure 1).
On the other hand, the proportion of chronic hepatitis B
remained stable at 5%–7% (trend p=0.62) (Table 1,
Figure 1). Among candidates with HCC, the rapid
increase in the proportion of NASH was observed
throughout the study duration and, importantly, also
continued during the most recent study years: 20%
(2018) to 28% (2020) to 31% (2022) (Figure 1). As a
result, in 2022, NASH/MASH became the most common
etiology of CLD among candidates who underwent liver
transplant surpassing CHC (year 2021: 29% NASH vs.
30% CHC vs. 21% ALD; year 2022: 31% NASH vs. 27%
CHC vs. 24% ALD). Furthermore, the increasing trend
remained significant after adjustment for candidates’
age, sex, ethnicity, obesity, and type 2 diabetes, and the
average magnitude of increase in the proportion of
NASH/MASH in candidates with HCC in 2018–2022 was
+2.8 percentage points per year (p<0.0001).

Of the included candidates with HCC who underwent
transplant, 62% eventually received a transplant, 6% died
on the list, 14% were removed due to deterioration, 2%
refused a transplant, 2% improved, 8% were removed
from the list for other causes, and 6% were still waiting as
of the time of the study. Since the proportion of candidates
whose waitlist outcome was unknown (still waiting) was
31% for the years 2021-2022, we excluded these 2 most
recent study years from the analysis of trends in waitlist
outcomes. As a result, we observed a trend toward
decreasing rates of transplantation and longer wait times
among candidates with HCC: of those listed in 2013-2014,
30% received a transplant within 6 months versus 19% in
2019-2020 (p<0.0001) (Table 2). At the same time, the
proportions of those who died on the list or were removed
due to deterioration (too sick to transplant) remained
unchanged: 21% in 2013-2014 versus 20% in 2019-2020
(Table 2). In time-to-event regression analysis, there was
a significant association of a more recent calendar year
with a lower chance of receiving a transplant among
candidates with HCC [adjusted HR (95% CI)=0.972
(0.965–0.980) per calendar year, p<0.0001] (Supple-
mental Table S1, http://links.lww.com/HC9/A714).

Candidates without HCC who underwent
liver transplant

A total of 91,635 adult candidates without HCC
underwent liver transplant. The absolute number of
listings without HCC increased from n= 8279 in 2013
to 10,352 in 2022. During the study period, the
average age of a candidate without HCC who under-
went transplant decreased from 55 to 54 years, the
proportion of male subjects decreased from 62% to
59%, the proportion of non-Hispanic Blacks decreased
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TABLE 1 Changes in clinicodemographic parameters of liver transplant candidates with HCC over the last decade (2013-2022)

2013-2014,
n (%)

2015-2016,
n (%)

2017-2018,
n (%)

2019-2020,
n (%)

2021-2022,
n (%) pa All, n (%)

N 5142 5463 5259 4617 4176 — 24,657

Age, y 60.3± 6.8 61.1±6.9 61.9± 7.0 62.3±7.7 62.8± 8.0 < 0.0001 61.6±7.3

Male 3949 (76.8) 4168 (76.3) 4096 (77.9) 3483 (75.4) 3132 (75.0) 0.03 18,828 (76.4)

Non-Hispanic White 3317 (64.5) 3491 (63.9) 3238 (61.6) 2924 (63.3) 2525 (60.5) < 0.0001 15,495 (62.8)

Non-Hispanic Black 527 (10.2) 570 (10.4) 461 (8.8) 346 (7.5) 264 (6.3) < 0.0001 2168 (8.8)

Asian 408 (7.9) 361 (6.6) 409 (7.8) 315 (6.8) 324 (7.8) 0.82 1817 (7.4)

Hispanic 831 (16.2) 951 (17.4) 1061 (20.2) 952 (20.6) 998 (23.9) < 0.0001 4793 (19.4)

Other race/ethnicity 59 (1.1) 90 (1.6) 90 (1.7) 80 (1.7) 65 (1.6) 0.06 384 (1.6)

US citizen 4834 (94.0) 5115 (93.6) 4887 (92.9) 4313 (93.4) 3845 (92.1) 0.0006 22,994 (93.3)

College-educated 1144 (23.3) 1258 (23.5) 1192 (23.0) 1132 (25.2) 1085 (26.8) < 0.0001 5811 (24.2)

Insurance: private 2678 (52.5) 2641 (48.6) 2361 (44.9) 2046 (44.4) 1798 (43.3) < 0.0001 11,524 (46.9)

Insurance: Medicare 1449 (28.4) 1760 (32.4) 1842 (35.1) 1731 (37.6) 1613 (38.9) < 0.0001 8395 (34.2)

Insurance: Medicaid 776 (15.2) 809 (14.9) 800 (15.2) 601 (13.0) 535 (12.9) 0.0006 3521 (14.3)

Insurance: other 51 (1.0) 55 (1.0) 71 (1.4) 82 (1.8) 72 (1.7) < 0.0001 331 (1.3)

Insurance: none 17 (0.3) 10 (0.2) 5 (0.1) 8 (0.2) 2 (0.0) 0.001 42 (0.2)

On life support 37 (0.7) 46 (0.8) 41 (0.8) 33 (0.7) 39 (0.9) 0.63 196 (0.8)

Ascites 2547 (49.5) 2652 (48.5) 2450 (46.6) 2217 (48.0) 2042 (48.9) 0.45 11,908 (48.3)

Bacterial peritonitis 173 (3.4) 170 (3.1) 175 (3.3) 158 (3.4) 162 (3.9) 0.09 838 (3.4)

HE 1993 (38.8) 2043 (37.4) 1946 (37.0) 1789 (38.7) 1640 (39.3) 0.22 9411 (38.2)

PVT 286 (5.6) 356 (6.5) 453 (8.6) 403 (8.7) 387 (9.3) < 0.0001 1885 (7.7)

TIPS 181 (3.5) 257 (4.9) 271 (5.2) 246 (5.5) 234 (5.8) < 0.0001 1189 (4.9)

BMI, kg/m2 28.7± 5.2 29.1±5.4 29.4± 5.4 29.7±5.8 29.7± 5.7 < 0.0001 29.3±5.5

Obese (BMI> =30) 1817 (35.4) 2107 (38.7) 2178 (41.5) 2007 (43.6) 1773 (42.7) < 0.0001 9882 (40.2)

Type 2 diabetes 1506 (29.8) 1813 (33.5) 1834 (35.2) 1629 (35.6) 1655 (39.9) < 0.0001 8437 (34.6)

Functional status
(0–100)

72.6±16.9 70.7±17.5 70.2±17.5 71.0±17.7 71.0±18.4 0.0001 71.1± 17.6

MELD score 14.6± 8.7 14.1±8.3 13.8± 7.9 14.0±7.9 13.9± 7.9 0.0001 14.1±8.2

Re-transplant 78 (1.5) 76 (1.4) 72 (1.4) 76 (1.6) 65 (1.6) 0.54 367 (1.5)

Primary listing diagnosis

Chronic hepatitis B
(CHB)

271 (6.2) 234 (4.7) 266 (5.8) 218 (5.6) 204 (5.9) 0.62 1193 (5.6)

Chronic hepatitis
C (CHC)

2662 (60.6) 2657 (53.9) 2107 (46.1) 1417 (36.6) 984 (28.6) < 0.0001 9827 (46.4)

NASH/MASH 456 (10.4) 743 (15.1) 855 (18.7) 990 (25.6) 1033 (30.1) < 0.0001 4077 (19.2)

Autoimmune
hepatitis

44 (1.0) 60 (1.2) 49 (1.1) 46 (1.2) 55 (1.6) 0.06 254 (1.2)

Alcoholic liver
disease (ALD)

409 (9.3) 631 (12.8) 705 (15.4) 689 (17.8) 782 (22.8) < 0.0001 3216 (15.2)

ALD+CHC 350 (8.0) 366 (7.4) 389 (8.5) 265 (6.9) 173 (5.0) < 0.0001 1543 (7.3)

Primary biliary
cholangitis

31 (0.7) 44 (0.9) 49 (1.1) 44 (1.1) 47 (1.4) 0.004 215 (1.0)

Primary sclerosing
cholangitis

21 (0.5) 16 (0.3) 19 (0.4) 23 (0.6) 16 (0.5) 0.31 95 (0.4)

Other known CLD
etiology

147 (3.3) 178 (3.6) 136 (3.0) 176 (4.6) 143 (4.2) 0.02 780 (3.7)

ap-value indicates significance of a trend over time returned by a regression model.
Abbreviations: ALD, alcohol-associated liver disease; BMI, body mass index; CHB, chronic hepatitis B; CHC, chronic hepatitis C; CLD, chronic liver disease; MASH,
metabolic dysfunction–associated steatohepatitis; MELD, model for end-stage liver disease.
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from 9% to 6% while the proportion of Hispanics
increased from 14% to 17% (all trend p< 0.01)
(Table 3). The proportion of patients covered by
Medicaid increased from 17% to 19%, while the
proportion of those on Medicare decreased from
25% to 22% (p< 0.0001) (Table 3). In addition, there

was evidence of increasing severity of liver disease
manifested via increased rates of ascites, bacterial
peritonitis, HE, and PVT (all p< 0.0001), although
there was no concurrent increase in the average
MELD score: 23.1 in 2013-2014 versus 22.5 in 2021-
2022 (Table 3).

F IGURE 1 Distributions of CLD etiologies among adult candidates with and without HCC who underwent liver transplant. Abbreviations: AIH,
ALD, alcohol-associated liver disease; CHB, chronic hepatitis B; CHC, chronic hepatitis C; CLD, chronic liver disease; PBC, primary biliary
cholangitis; PSC, primary sclerosing cholangitis.

TABLE 2 Waitlist outcomes of candidates with and without HCC who underwent liver transplant in 2013-2020

2013-2014 2015-2016 2017-2018 2019-2020 2013-2020

Candidates with HCC

Transplanted in 3 mo 816 (16.4) 765 (14.4) 618 (12.1) 588 (13.1) < 0.0001 2787 (14.0)

Transplanted in 6 mo 1506 (30.2) 1236 (23.3) 864 (16.9) 856 (19.0) < 0.0001 4462 (22.4)

Transplanted in 12 mo 2356 (47.3) 2592 (48.9) 2535 (49.7) 2124 (47.2) 0.87 9607 (48.3)

Transplanted in 18 mo 2888 (57.9) 3169 (59.8) 3005 (58.9) 2462 (54.7) 0.0009 11,524 (58.0)

Transplanted in 24 mo 3171 (63.6) 3371 (63.7) 3147 (61.7) 2610 (58.0) < 0.0001 12,299 (61.9)

Died on the list 346 (6.7) 302 (5.5) 292 (5.6) 236 (5.1) Nc 1176 (5.7)

Removed due to deterioration 727 (14.1) 814 (14.9) 775 (14.7) 675 (14.6) Nc 2991 (14.6)

Refused transplant 89 (1.7) 95 (1.7) 100 (1.9) 87 (1.9) Nc 371 (1.8)

Transferred to another center 75 (1.5) 69 (1.3) 51 (1.0) 49 (1.1) Nc 244 (1.2)

Removed due to improvement 87 (1.7) 101 (1.8) 127 (2.4) 98 (2.1) Nc 413 (2.0)

Removed for other reasons 363 (7.1) 417 (7.6) 459 (8.7) 419 (9.1) Nc 1658 (8.1)

Still on the list 11 (0.2) 20 (0.4) 56 (1.1) 184 (4.0) Nc 271 (1.3)

Candidates without HCC

Transplanted in 3 mo 4296 (27.0) 5412 (33.2) 6110 (34.7) 7807 (41.5) < 0.0001 23,625 (34.4)

Transplanted in 6 mo 5490 (34.5) 6695 (41.0) 7655 (43.4) 9340 (49.6) < 0.0001 29,180 (42.5)

Transplanted in 12 mo 6698 (42.1) 8037 (49.3) 9239 (52.4) 10,813 (57.5) < 0.0001 34,787 (50.7)

Transplanted in 18 mo 7281 (45.8) 8725 (53.5) 9990 (56.7) 11,409 (60.6) < 0.0001 37,405 (54.5)

Transplanted in 24 mo 7690 (48.3) 9084 (55.7) 10,334 (58.6) 11,750 (62.4) < 0.0001 38,858 (56.6)

Died on the list 2259 (13.7) 1907 (11.3) 1826 (10.0) 1637 (8.5) Nc 7629 (10.8)

Removed due to deterioration 1971 (11.9) 1667 (9.9) 1544 (8.5) 1312 (6.8) Nc 6494 (9.2)

Refused transplant 103 (0.6) 136 (0.8) 124 (0.7) 108 (0.6) Nc 471 (0.7)

Transferred to another center 369 (2.2) 268 (1.6) 216 (1.2) 148 (0.8) Nc 1001 (1.4)

Removed due to improvement 1173 (7.1) 1048 (6.2) 1147 (6.3) 1054 (5.5) Nc 4422 (6.2)

Removed for other reasons 1436 (8.7) 1307 (7.8) 1276 (7.0) 1092 (5.6) Nc 5111 (7.2)

Still on the list 157 (1.0) 273 (1.6) 591 (3.2) 1397 (7.2) Nc 2418 (3.4)

Note: Nc—cumulative outcomes with unequal follow-up duration were not compared cross-sectionally.
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TABLE 3 Changes in clinicodemographic parameters of candidates without HCC liver transplant over the last decade (2013-2022)

2013-2014,
n (%)

2015-2016,
n (%)

2017-2018,
n (%)

2019-2020,
n (%)

2021-2022,
n (%) p All, n (%)

N 16,513 16,847 18,245 19,337 20,693 91,635

Age, y 54.9± 10.5 54.6±10.9 54.8±11.3 54.7± 11.5 53.9±11.7 < 0.0001 54.6± 11.2

Male 10,206 (61.8) 10,239 (60.8) 10,860 (59.5) 11,512 (59.5) 12,290 (59.4) < 0.0001 55,107 (60.1)

Non-Hispanic
White

12,038 (72.9) 12,124 (72.0) 13,296 (72.9) 13,906 (71.9) 14,932 (72.2) 0.12 66,296 (72.3)

Non-Hispanic
black

1418 (8.6) 1338 (7.9) 1325 (7.3) 1254 (6.5) 1265 (6.1) < 0.0001 6600 (7.2)

Asian 518 (3.1) 572 (3.4) 554 (3.0) 592 (3.1) 638 (3.1) 0.33 2874 (3.1)

Hispanic 2310 (14.0) 2552 (15.1) 2753 (15.1) 3236 (16.7) 3473 (16.8) < 0.0001 14,324 (15.6)

Other race/
ethnicity

229 (1.4) 261 (1.5) 317 (1.7) 349 (1.8) 385 (1.9) < 0.0001 1541 (1.7)

US citizen 15,743 (95.4) 15,970 (94.8) 17,353 (95.1) 18,319 (94.8) 19,454 (94.9) 0.04 86,839 (95.0)

College-educated 4037 (26.0) 4463 (27.6) 5161 (29.0) 5692 (30.4) 6528 (33.0) < 0.0001 25,881 (29.4)

Insurance: private 8965 (54.8) 9107 (54.4) 9535 (52.5) 10,149 (52.6) 10,981 (53.8) 0.002 48,737 (53.6)

Insurance:
Medicare

4014 (24.5) 4081 (24.4) 4698 (25.8) 4785 (24.8) 4510 (22.1) < 0.0001 22,088 (24.3)

Insurance:
Medicaid

2717 (16.6) 2913 (17.4) 3223 (17.7) 3587 (18.6) 3963 (19.4) < 0.0001 16,403 (18.0)

Insurance: other 174 (1.1) 224 (1.3) 272 (1.5) 333 (1.7) 445 (2.2) < 0.0001 1448 (1.6)

Insurance: none 92 (0.6) 65 (0.4) 50 (0.3) 51 (0.3) 47 (0.2) < 0.0001 305 (0.3)

On life support 648 (3.9) 733 (4.4) 760 (4.2) 803 (4.2) 787 (3.8) 0.72 3731 (4.1)

Ascites 12,688 (76.8) 13,129 (77.9) 14,356 (78.7) 15,497 (80.2) 17,084 (82.6) < 0.0001 72,754 (79.4)

Bacterial peritonitis 1466 (9.0) 1536 (9.2) 1918 (10.6) 2123 (11.0) 2451 (12.0) < 0.0001 9494 (10.4)

HE 10,975 (66.5) 11,272 (66.9) 12,257 (67.2) 13,102 (67.8) 14,253 (68.9) < 0.0001 61,859 (67.5)

PVT 1084 (6.7) 1295 (7.7) 1586 (8.7) 1678 (8.7) 1782 (8.7) < 0.0001 7425 (8.2)

TIPS 1605 (9.8) 1603 (9.8) 1684 (9.3) 1755 (9.4) 1717 (8.6) 0.0001 8364 (9.4)

BMI, kg/m2 28.8±6.0 28.9±6.1 29.1± 6.2 29.1±6.3 28.9±6.2 0.03 29.0±6.2

Obese (BMI≥30) 6206 (37.8) 6398 (38.1) 7042 (38.8) 7593 (39.6) 7803 (38.1) 0.05 35,042 (38.5)

Type 2 diabetes 3937 (24.3) 4436 (26.6) 4840 (26.7) 5133 (26.7) 5134 (25.2) 0.28 23480 (25.9)

Cancer (other than
HCC)

1483 (9.2) 1618 (9.6) 1906 (10.4) 1988 (10.3) 2175 (10.6) < 0.0001 9170 (10.1)

Functional status
(0–100)

59.7± 22.7 56.6±22.0 56.1±21.2 56.3± 21.7 55.4±22.3 < 0.0001 56.7± 22.0

MELD score 23.1± 10.4 23.0±10.4 22.2±10.0 22.4±9.9 22.5±9.8 < 0.0001 22.6± 10.1

Retransplant 905 (5.5) 837 (5.0) 826 (4.5) 846 (4.4) 795 (3.8) < 0.0001 4209 (4.6)

Primary listing diagnosis

Chronic hepatitis
B (CHB)

292 (1.8) 307 (1.9) 296 (1.7) 276 (1.5) 223 (1.1) < 0.0001 1394 (1.6)

Chronic hepatitis
C (CHC)

4259 (26.9) 2781 (17.1) 1913 (10.9) 1236 (6.6) 809 (4.1) < 0.0001 10,998 (12.5)

NASH/MASH 3093 (19.5) 3818 (23.5) 4641 (26.3) 5109 (27.5) 5266 (26.6) < 0.0001 21,927 (24.9)

Autoimmune
hepatitis

617 (3.9) 700 (4.3) 662 (3.8) 714 (3.8) 649 (3.3) 0.0002 3342 (3.8)

Alcohol-
associated
liver disease
(ALD)

3713 (23.4) 4850 (29.8) 6017 (34.1) 7426 (39.9) 9229 (46.7) < 0.0001 31,235 (35.4)

ALD+CHC 877 (5.5) 619 (3.8) 498 (2.8) 447 (2.4) 307 (1.6) < 0.0001 2748 (3.1)

Primary biliary
cholangitis

584 (3.7) 603 (3.7) 638 (3.6) 606 (3.3) 589 (3.0) < 0.0001 3020 (3.4)
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Among candidates without HCC, the most common
CLD etiology was ALD, which increased from 23%
(2013) to 48% (2022) (Table 2, Figure 1). The second
most common indication for non-HCC liver
transplantation was NASH/MASH, the proportion of
which increased from 19% (2013) to 27% (2022)
(Table 2, Figure 1). In contrast, rates of CHC
decreased from 28% (2013) to 4% (2022), and
chronic hepatitis B declined from 1.8% (2013) to 1.1%
(2022) (all trend p< 0.01) (Table 2, Figure 1).

Of the included candidates without HCC who under-
went transplant, 61% eventually received a transplant,
10% died on the list, 8% were removed due to
deterioration, <1% refused a transplant, 5% improved,
6% were removed from the list for other causes, and 8%
were still waiting as of the time of the study. There was a
consistent trend toward increasing rates of transplanta-
tion and shorter wait times among candidates without
HCC: 35% received a transplant within 6 months in 2013-
2014 versus 50% in 2019-2020 (all p<0.0001) (Table 2).
At the same time, the rates of death or deterioration on
the list decreased: 26% in 2013-2014 versus 15% in
2019-2020 (Table 2). In time-to-event analysis, there was
a significant association of a more recent year of listing
with the higher chance of receiving a transplant among
candidates without HCC [adjusted HR (95% CI)=1.067
(1.063–1.071) per calendar year, p<0.0001] (Supple-
mental Table S2, http://links.lww.com/HC9/A714).

Post-transplant outcomes with and without
HCC

Of those who received a transplant, post-transplant
mortality was assessed over time (Table 4). Among
candidates with HCC who underwent liver transplant,
there was a decrease in 1-year mortality from 8.4% in
2013-2014 to 6.1% in 2017-2018, followed by an increase
of 6.9% in 2019-2020 (Table 4). However, there were no
significant differences in mortality outcomes when
assessed later in follow-up (all p>0.01) (Table 4). The
cumulative rate of graft failure was 4.5% among those
transplanted in 2013-2014 vs. 2.9% in 2019-2020
(Table 4). The most common cause of death among
recipients of liver transplant with HCC was malignancy,

followed by infections and cardiovascular causes
(Table 4). In multivariable survival analysis, the
association of the risk of post-transplant mortality with
calendar year among recipients of transplant with HCC
was not significant: p=0.05 (Supplemental Table S3,
http://links.lww.com/HC9/A714).

Among candidates without HCC who underwent liver
transplant, there was a decreasing trend in post-
transplant mortality over time: 1-year mortality 9.6% in
2013-2014 versus 6.8% in 2019-2020 (p< 0.0001)
(Table 4); the trend was also observed later in follow-
up (trend p< 0.01 until post-transplant year 6). After
adjustment for changes in the distributions of CLD
etiologies and other confounders in a Cox proportional
hazards model, the association of a more recent year of
transplantation with the lower risk of post-transplant
mortality in recipients of transplant without HCC was
significant (adjusted HR= 0.968 (0.959–0.978) per
calendar year, p<0.0001) (Supplemental Table S4,
http://links.lww.com/HC9/A714). The cumulative rate of
graft loss decreased over time, similar to the HCC
sample (Table 4). The most common causes of death
among recipients of liver transplant without HCC were
infections followed by cardiovascular disease (Table 4).

DISCUSSION

Along with changes in demographics observed in the
United States,[15] the portrait of a candidate who under-
went liver transplant in the United States has evolved over
time. At present, candidates with HCC who underwent
liver transplant in the United States have an average age
of 62 years and are most commonly white, male, without a
college degree, covered by private insurance or Medicare,
presenting with ascites or HE as indicators of hepatic
decompensation. These patients are also commonly
overweight or obese, with NASH/MASH, CHC, or ALD
being the most likely etiologies of their underlying liver
disease. During the study period, there was a significant
increase in Hispanic patients with HCC noted. In fact, in
2021-2022 almost 1 out of every 4 patients with HCCwere
Hispanic, a change from 1 out of every 6 in 2013-2014.
Additionally, more patients with HCC were on Medicare,
most likely due to the increasing age of the recipients of

TABLE 3 . (continued)

2013-2014,
n (%)

2015-2016,
n (%)

2017-2018,
n (%)

2019-2020,
n (%)

2021-2022,
n (%) p All, n (%)

Primary
sclerosing
cholangitis

880 (5.6) 1011 (6.2) 1033 (5.9) 990 (5.3) 1015 (5.1) 0.0006 4929 (5.6)

Other known
CLD etiology

1532 (9.7) 1591 (9.8) 1930 (10.9) 1789 (9.6) 1694 (8.6) 0.0001 8536 (9.7)

ap-value indicates significance of a trend over time returned by a regression model.
Abbreviations: ALD, alcohol-associated liver disease; BMI, body mass index; CHB, chronic hepatitis B; CHC, chronic hepatitis C; CLD, chronic liver disease; MASH,
metabolic dysfunction–associated steatohepatitis; MELD, model for end-stage liver disease.
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transplant. Candidates were also more likely to be obese
and have type 2 diabetes (T2D), which is not unexpected,
given the increasing prevalence of these metabolic
conditions and their association with NASH/MASH and
NASH-related cirrhosis, the liver disease that saw the
largest increase among candidates with HCC who under-
went transplant (an increase from 1 in 10 for NASH/MASH
in 2013-2014 to 1 in 3 in 2022). This is in line with the
sociodemographic characteristics of NAFLD/MASLD, the
most common chronic liver disease in the world.[5–9]

Our analysis also provided some encouraging data
suggesting a significant decrease in CHC-related HCC

being listed for liver transplantation. Although in 2013-
2014, over 60% of candidates who underwent transplant
had CHC-related HCC, in 2021-2022, less than 30% of
cases were related to CHC. We believe this is most likely
due to the wide availability of curative therapy for chronic
HCV infection, which reduces the rates of HCC.[2,16–19]

Notably, the proportion of those with HBV-HCC requiring
a transplant remained low and decreased further over
time, suggesting the positive impact of antiviral therapy
and preventive HBV vaccination.[3,4]

In contrast to candidates with HCC who underwent
liver transplant, liver transplant candidates without HCC

TABLE 4 Changes in the outcomes of liver transplant recipients during the study period (2013-2022).

2013-2014 2015-2016 2017-2018 2019-2020 2021-2022 p All

Transplantations with HCC

N 3088 3343 3435 2926 2704 15,496

Discharged alive 2963 (96.9) 3227 (97.3) 3341 (97.9) 2824 (97.2) 2569 (97.5) 0.13 14,924 (97.4)

6-mo mortality 157 (5.2) 148 (4.5) 125 (3.7) 133 (4.6) 91 (4.2) 0.05 654 (4.5)

1-y mortality 252 (8.4) 229 (7.0) 205 (6.1) 198 (6.9) 108 (7.3) 0.009 992 (7.1)

3-y mortality 488 (16.3) 461 (14.1) 480 (14.2) 238 (13.4) — 0.02 1667 (14.6)

5-y mortality 644 (21.5) 652 (20.0) 454 (22.7) — — 0.05 1750 (21.2)

8-y mortality 884 (29.5) 98 (34.5) — — — 0.08 982 (29.9)

Graft failure 139 (4.5) 117 (3.5) 95 (2.8) 84 (2.9) 62 (2.3) Nc 497 (3.2)

Causes of death

Graft failure 48 (6.5) 45 (7.1) 37 (6.4) 30 (8.3) 12 (7.7) Nc 172 (7.0)

Infection 99 (13.4) 98 (15.4) 93 (16.1) 72 (20.0) 31 (19.9) Nc 393 (15.9)

Cardiovascular 105 (14.2) 102 (16.1) 67 (11.6) 50 (13.9) 29 (18.6) Nc 353 (14.3)

Pulmonary 46 (6.2) 39 (6.1) 47 (8.2) 23 (6.4) 17 (10.9) Nc 172 (7.0)

Cerebrovascular 19 (2.6) 13 (2.0) 11 (1.9) 11 (3.1) 2 (1.3) Nc 56 (2.3)

Hemorrhage 18 (2.4) 11 (1.7) 9 (1.6) 11 (3.1) 8 (5.1) Nc 57 (2.3)

Malignancy 320 (33.1) 262 (30.4) 254 (33.8) 128 (29.4) 35 (19.2) Nc 999 (31.2)

Other 82 (11.1) 65 (10.2) 58 (10.1) 35 (9.7) 22 (14.1) Nc 262 (10.6)

Transplantations without HCC

N 8504 9951 11,019 12,938 14,155 56,567

Discharged alive 8042 (95.4) 9452 (95.8) 10,516 (96.1) 12,413 (96.7) 13,378 (96.8) <0.0001 53,801 (96.2)

6-mo mortality 602 (7.4) 604 (6.3) 614 (5.7) 628 (5.0) 574 (5.0) <0.0001 3022 (5.7)

1-y mortality 782 (9.6) 808 (8.4) 821 (7.6) 861 (6.8) 511 (6.5) <0.0001 3783 (7.7)

3-y mortality 1261 (15.4) 1284 (13.3) 1369 (12.8) 913 (12.5) — <0.0001 4827 (13.4)

5-y mortality 1644 (20.1) 1727 (17.9) 1140 (18.4) — — 0.0007 4511 (18.8)

8-y mortality 2323 (28.4) 197 (26.2) — — — 0.20 2520 (28.2)

Graft failure 503 (5.9) 437 (4.4) 396 (3.6) 429 (3.3) 276 (1.9) Nc 2041 (3.6)

Causes of death

Graft failure 183 (9.9) 153 (9.0) 136 (9.2) 129 (10.4) 67 (9.2) Nc 668 (9.5)

Infection 410 (22.2) 388 (22.8) 343 (23.1) 326 (26.2) 180 (24.6) Nc 1647 (23.5)

Cardiovascular 291 (15.7) 346 (20.4) 319 (21.5) 233 (18.7) 174 (23.8) Nc 1363 (19.4)

Pulmonary 174 (9.4) 142 (8.4) 124 (8.4) 124 (10.0) 60 (8.2) Nc 624 (8.9)

Cerebrovascular 66 (3.6) 57 (3.4) 55 (3.7) 36 (2.9) 40 (5.5) Nc 254 (3.6)

Hemorrhage 86 (4.6) 62 (3.6) 79 (5.3) 71 (5.7) 52 (7.1) Nc 350 (5.0)

Malignancy 330 (13.1) 268 (11.8) 215 (10.8) 135 (8.3) 49 (5.3) Nc 997 (10.7)

Other 310 (16.7) 284 (16.7) 212 (14.3) 188 (15.1) 108 (14.8) Nc 1102 (15.7)

Note: Nc—cumulative outcomes with unequal follow-up duration were not compared cross-sectionally.
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were younger, more commonly White, females with
private insurance. Similarly, they were typically over-
weight and presented with ascites and HE as frequent
complication of cirrhosis. Also, their most common
primary diagnosis was ALD followed by NASH/MASH.
During the study period, we noted a decrease in the
average age of candidates without HCC who underwent
transplant, an increase in the percentage of females
requiring a transplant, and an increase in the rate of
Medicaid coverage. There were also increases in
cirrhosis complications (ascites, HE, and bacterial
peritonitis) among those listed without HCC. Similar to
the HCC group, the proportion of candidates with CHC
who received liver transplant among those without HCC
has dropped substantially from over 26% in 2013-2014
to 4% by 2020-2022. Although both NASH/MASH and
ALD increased significantly, ALD incurred the largest
increase over time and now comprises almost half of all
candidates without HCC who underwent transplant.
These trends may be reflective of the new changes in
the transplant policy where not only are the sickest
patients allocated to the top of the waiting list but organs
are allowed to be dispersed to a wider geographical
area than in prior years.[20,21] Additionally, there has
also been an increase in the use of deceased donor
livers, livers that have been infected with HCV, and the
removal of the requirement for alcohol abstinence for
6 months or longer before being waitlisted for a liver
transplant.[22–29] As a result, candidates with ALD
meeting the newer eligibility criteria for liver transplan-
tation may not experience long waiting times for an
organ.[28,29] The increase in ALD as a cause for liver
transplantation also helps to explain the decrease in
age and the increase in females among the candidates
who underwent transplant as the latest reports have
highlighted the increasing rates of alcohol use disorder
among the 18–34 years and females in particular.[30–39]

Considering waitlist outcomes over time, fewer
candidates with HCC who received liver transplant
were transplanted within 2 years of being placed on the
list. On the other hand, those listed for transplant
without HCC saw positive changes over time, where
more candidates were transplanted in the first 3 months
through 2 years. These outcomes are also most likely
reflective of the policy changes in which the sickest
patients are trying to be addressed, but in doing so,
changes in other areas had to be made due to the finite
number of organs available for transplant.[20–23]

In addition to waitlist outcomes, we assessed post-
transplant outcomes. In this context, post-transplant
outcomes for those with HCC showed that 86.6% of
patients were still alive at 3 years post-transplant (2019-
2020), a significant improvement since 2013-2014. A
similar finding was noted for those transplanted without
HCC. In both cohorts, the cumulative percent of graft
failures decreased over time, suggesting improvements in
post-transplant management. The leading cause of short-

term death among both HCC and non-HCC cohorts was
infection, which, as of the study date, accounted for
approximately 20% of the deaths in patients transplanted
in 2021-2022. However, among those with HCC, malig-
nancy was the second leading cause of death, which also
accounted for almost 20% of deaths in 2021-2022, but
unlike infection that had increased during the study period,
deaths from malignancy decreased from 33% in 2013-
2014 to 19% in patients transplanted in 2021-2022. It is
important to note that the observed changes in the causes
of death are likely biased by the available duration of
follow-up for the respective groups in which recurrence of
HCC and malignancy-related deaths would occur later
and/or are postponed by surveillance while infection-
related deaths are more commonly observed shortly after
the transplantation when the immunosuppressive regimen
is typically the most aggressive.

Among the non-HCC cohort, cardiovascular disease
(CVD) was the second most common cause of death,
also accounting for almost 20% of short-term deaths.
Notably, the proportion of CVD as a cause of death has
increased from 16% in the earlier study years to 24% in
the most recent years. This finding may not be surprising
given that more patients are now on the transplant list
with CVD risk factors to include obesity, T2D, and NASH/
MASH.[40] On the other hand, these results suggest that
careful evaluation of patients with CVD risk factors needs
to be undertaken prior to transplantation, especially
among those with NASH, as the presence of T2D in this
population has been shown to independently increase
the risk of mortality by as much as 40%.[41–43] Patients
with NASH/MASH also tend to be older and, as noted in
our study as others, older age can be associated with
increased mortality, although many older patients do well
post-transplant.[10,44] Additionally, the presence of sarco-
penia (surrogate of which could be the functional score)
has been associated with poorer outcomes following liver
transplantation; this is a concern for those with NASH/
MASH as sarcopenia is known to be associated with an
increase in mortality in that population.[45–48] Therefore,
careful assessment and management of the comorbid-
ities present in those with NASH/MASH is needed prior to
liver transplant to maximize the chance for positive
outcomes. As NASH-HCC is now the number one
indication for liver transplantation among those with
HCC, hepatology and transplantology experts will need
to develop such management guidelines.

The limitations of the study are related to its
observational design, the quality of data, which is not
centrally controlled and may vary across centers and
over time, and the lack of potentially important
confounding factors such as relevant comorbidities,
laboratory parameters, and unaccounted socio-
economic factors. Nevertheless, the large sample size
and availability of pretransplant and post-transplant
outcomes provide a great opportunity to assess factors
associated with outcomes in liver transplantation.
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In conclusion, these results from a recent registry-
based study suggest that although criteria for being
transplanted have expanded and some outcomes
have shown improvement, overall older, sicker
patients with T2D have a lower chance to fare well
with a liver transplant. On the other hand, the alarming
increase in the need for liver transplant among
younger adults due to ALD as well as the increase of
liver transplant among those with NASH-HCC are both
areas that may benefit from public health interven-
tions. Through increased awareness campaigns,
mental health advocacy, and the provision of healthy
foods at affordable prices, these trends may be able to
be reversed. However, simultaneous to these cam-
paigns, experts will need to continue to assess
candidates who undergo liver transplant and work to
optimize the liver candidate’s chances of survival post-
transplant through a thorough pretransplant assess-
ment and aggressive management of pretransplant
and de novo comorbidities.
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