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Introduction and Objectives: Primary biliary cholangitis (PBC) frequently overlaps with metabolic dysfunction-
associated steatotic liver disease (MASLD). The impact of concurrent MASLD on liver transplant (LT) in PBC
remains unclear. This study compared pre- and post-LT outcomes between PBC with and without MASLD.

Materials and Methods: We conducted a retrospective study using the UNOS/OPTN database to compare adult
LT candidates with PBC or concomitant PBC/MASLD from 2002 to 2024. Nearest neighbor 1:1 propensity
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matching by multiple variables ensured cohort comparability. Outcomes included transplant probability,
waitlist dropout, and post-LT patient and graft survival, analyzed with Kaplan-Meier and adjusted Cox
regression.

Results: Before matching, PBC/MASLD had higher BMI (pre-transplant: 31.9 vs 26.8; post-transplant: 32.0 vs

Waitlist outcomes

26.6) and more diabetes (pre-transplant: 45% vs 15%; post-transplant: 42% vs 14%) compared to PBC-only.
Post-transplant survival

After matching (215 pre- and 151 post-transplant), PBC-only showed higher waitlist dropout (p = 0.005).
Post-transplant patient and graft survival rates were similar between groups. Among PBC/MASLD, diabetes
was associated with significantly lower long-term patient survival (10-year survival: 46% vs 76% in PBC/
MASLD without diabetes, p = 0.01). On multivariate analysis, PBC/MASLD with diabetes remained the stron-
gest independent predictor of post-transplant mortality (aHR 2.32, p = 0.01), followed by MELD score (aHR
1.03 per point, p = 0.02).
Conclusions: PBC is associated with increased waitlist dropout compared to PBC/MASLD. Post-LT survival is
comparable between groups unless diabetes is present, which significantly impairs long-term outcomes in
PBC/MASLD. Prioritized diabetes screening and metabolic management post-LT is essential in this group.
Future research should investigate factors affecting waitlist dropout and optimal glycemic control strategies
in PBC patients.
© 2026 Fundacién Clinica Médica Sur, A.C. Published by Elsevier Espafia, S.L.U. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abbreviations: AASLD, American Association for the Study of Liver Diseases; AlH,
Autoimmune Hepatitis; AILD, Autoimmune Liver Disease; APRI, Aspartate Aminotrans-
ferase to Platelet Ratio Index; BMI, Body Mass Index; CIT, Cold Ischemia Time; DM, Dia-

1. Introduction

betes Mellitus; DRI, Donor Risk Index; HCC, Hepatocellular Carcinoma; HDL, High-
Density Lipoprotein; HR, Hazard Ratio; HTN, Hypertension; INR, International Normal-
ized Ratio; IRB, Institutional Review Board; IQR, Interquartile Range; LDL, Low-Density
Lipoprotein; LOS, Length of Stay; Lp-X, Lipoprotein-X; LT, Liver Transplant; MASH,
Metabolic Dysfunction-Associated Steatohepatitis; MASLD, Metabolic Dysfunction-
Associated Steatotic Liver Disease; MELD, Model for End-Stage Liver Disease; OPTN,
Organ Procurement and Transplantation Network; PBC, Primary Biliary Cholangitis;
PSC, Primary Sclerosing Cholangitis; PVT, Portal Vein Thrombosis; SBP, Spontaneous
Bacterial Peritonitis; TCR, Transplant Candidate Registration; TIPS, Transjugular Intra-
hepatic Portosystemic Shunt; UDCA, Ursodeoxycholic Acid; UK-PBC, United Kingdom
Primary Biliary Cholangitis Risk Score; UNOS, United Network for Organ Sharing; WL,
Waitlist
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Primary biliary cholangitis (PBC) is a chronic autoimmune liver
disease (AILD) characterized by progressive destruction of intrahe-
patic bile ducts, leading to cholestasis.! The prevalence of PBC in the
United States has increased, rising from 21.7 to 39.2 per 100,000
persons.? For end-stage liver disease in PBC, liver transplantation
(LT) is the only therapeutic option that has been shown to prolong
survival.>* Post-LT outcomes in PBC have been favorable, with 5-year
patient survival ranging from 82—90 % and graft survival from 71
—81 %.>5 PBC frequently overlaps with other liver diseases, including
MASLD. In fact, approximately 28 % of patients with PBC have been
shown to have MASLD.”
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Metabolic dysfunction-associated steatotic liver disease (MASLD)
affects approximately 30 % of the global adult population.” Its preva-
lence varies by region, with the highest rates in North Africa and the
Middle East (41.7 %) and the lowest in high-income countries
(17.3 %).2 MASLD represents a spectrum ranging from simple steato-
sis to more severe forms, such as metabolic dysfunction-associated
steatohepatitis (MASH), which, similar to PBC, can progress to
advanced fibrosis, cirrhosis, and hepatocellular carcinoma (HCC).*'°

The interplay between PBC and MASLD is of growing clinical and
prognostic significance, given the rising prevalence of metabolic syn-
drome in recent years.'” Each of these conditions presents unique
challenges, as their interaction is known to cause accelerated fibrosis
progression.!! However, it is unclear whether accelerated fibrosis in
patients with both PBC and MASLD translates into worse clinical out-
comes.

Studies have revealed that the growing prevalence of MASLD
among patients with PBC further complicates diagnosis and
prognosis.'"'? Hernandez-Pérez et al. found that PBC patients with
histologically confirmed MASLD overlap had higher rates of liver-
related mortality and liver transplantation.” Similarly, Sorrentino et
al. reported steatosis in 40.5 % of PBC patients, with 14.9 % demon-
strating steatohepatitis, linking it to accelerated disease progres-
sion.'”> We hypothesize that the presence of diabetes, a known
accelerator of metabolic and fibrotic injury'®, may act synergistically
in patients with concurrent PBC and MASLD, compounding disease
severity beyond what is observed with either condition alone.

Despite this concern, no studies have specifically examined the
outcome of PBC and MASLD overlap in the transplant population.
This study aims to address this gap. Herein, we aimed to compare
pre-LT outcomes (i.e., waitlist dropout and transplant probability)
and post-LT outcomes (i.e., patient and graft survival up to 10 years)
between PBC patients with and without MASLD. Secondarily, we
compared post-LT patient and graft survival between PBC and PBC/
MASLD patients with and without diabetes.

Table 1
Baseline characteristics of the pre-liver transplant population.
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2. Materials and Methods
2.1. Study population

We conducted a comprehensive retrospective study using the
United Network for Organ Sharing (UNOS)/Organ Procurement and
Transplantation Network (OPTN) database to identify adult patients
aged >18 years with PBC and concomitant MASLD/PBC who were
listed for LT between January 1, 2002, and April 4, 2024. Patients
were excluded if they had any of the following (1) prior organ trans-
plantation (2) multi-organ transplantation (3) split/reduced LT or (4)
transferred to or received LT at another center to prevent counting
multiple-listed patients (5) missing data in any of the variables used
for predictors of long term outcomes (6) any other concomitant liver
disease etiology including autoimmune hepatitis or primary scleros-
ing cholangitis.

The authors’ institution deemed the UNOS database as publicly
available de-identified data; thus, institutional review board (IRB)
approval was not required. The data reported here were supplied by
UNOS as the contractor for OPTN.

2.2. Study variables

This study included variables at the time of candidate listing for
LT. Recipients and donor variables were categorized into two groups:
PBC and concomitant PBC/MASLD. We included primary diagnoses of
liver diseases. Etiologies were defined using OPTN/UNOS primary list-
ing diagnosis codes, listed in the variable Transplant Candidate Regis-
tration (TCR): PBC (codes 4220) and MASLD (code 4214). Patients
diagnosed with cryptogenic cirrhosis (codes 4208 and 2013) who
had a body mass index of 30 or higher were classified within the met-
abolic MASLD group, consistent with the methodology used in prior
research.'4~16

Characteristic

Before propensity score matching (n = 9394)

After propensity score matching (n = 430)

PBC(n=9139) PBC/MASLD (n=255) P-value SMD PBC (n=215) PBC/MASLD (n=215)  P-value  SMD

Age group, n (%) <0.001 0.26 0.77 0.03

18-50 2479 (27.2 %) 48(18.8%) 51(23.7%) 42(19.5%)

50-60 3368 (36.9 %) 86 (33.7 %) 74 (344 %) 77 (35.8 %)

60—70 2924 (32.1 %) 107 (42.0 %) 80(37.2%) 85(39.5%)

>70 347 (3.8 %) 14 (5.5 %) 10 (4.7 %) 11(5.1%)
Female sex, n ( %) 7733 (84.6 %) 202 (79.2'%) 0.02 0.14 169 (78.6 %) 169 (78.6 %) 1.00 0
Race/ethnicity, n ( %) 033 0.04 0.69 0.08

White 6617 (72.4 %) 180 (70.6 %) 150 (69.8 %) 153 (71.2 %)

Black 571(6.2%) 12 (4.7 %) 9(4.2%) 9(4.2%)

Hispanic 1565 (17.1 %) 55(21.6%) 44(20.5 %) 47(21.9%)

Asian 254(2.8 %) 5(2.0%) 7(33%) 4(19%)

Other 132(1.4%) 3(1.2%) 5(23%) 2(09%)
Median follow up time, IQR 7.3 (1.6-23.5) 42(1.0-11.6) <0.001 0.32 3.4(0.7-13.0) 4.6(1.4-12.7) 038 0.08
BMI, kg/m?, mean + SD 26.83(5.61) 31.85(6.97) <0.001 0.79 30.98 (6.33) 31.24(6.63) 0.68 0.04
Diabetes, n ( %) 1328 (14.5 %) 115 (45.1 %) <0.001 0.71 96 (44.9 %) 98 (45.6 %) 037 0.08
Encephalopathy, n ( %) 4269 (46.7 %) 184 (72.2%) <0.001 0.54 154 (71.6 %) 154 (71.6 %) 1.00 0
Ascites, n ( %) 5435 (59.5 %) 207 (81.2%) <0.001 0.49 180 (83.7 %) 174 (80.9 %) 0.45 0.07
Dialysis, n ( %) 261(34%) 12 (4.7 %) 0.25 0.07 7(33%) 11(5.1%) 034 0.09
Life support, n ( %) 198 (2.2 %) 5(2.0%) 0.82 0.01 5(23%) 4(19%) 0.74 0.03
TIPS, n ( %) 840(9.2%) 51(20.0%) <0.001 0.31 41(19.1 %) 46(21.4 %) 0.55 0.06
Portal vein thrombosis, n ( %) 695 (7.6 %) 28 (11.0%) 0.05 0.12 33(15.3%) 27(12.6 %) 0.40 0.08
SBP, n (%) 435 (4.8 %) 20(7.8%) 0.02 0.13 23(10.7 %) 17 (7.9 %) 032 0.10
MELD, mean + SD 17.65 (8.02) 19.47 (7.96) <0.001 0.23 20.01(8.47) 19.01 (7.95) 0.21 0.10
Creatinine, mg/dL, mean+SD  1.05(0.75) 1.19(0.83) 0.004 0.18 1.27 (0.80) 1.16 (0.83) 0.15 0.09
INR, mean + SD 1.44(0.61) 1.62 (0.60) <0.001 0.29 1.69 (1.09) 1.59 (0.59) 0.23 0.09
Bilirubin, mg/dL, mean + SD 7.04 (8.06) 5.53(6.54) 0.003 -021 594(6.14) 5.62 (6.95) 0.61 0.05
Albumin, g/dL, mean + SD 3.00(0.64) 3.01(0.67) 0.66 0.03 3.01(0.64) 3.04(0.66) 0.64 0.05

Abbreviations: BMI, Body Mass Index; INR, International Normalized Ratio; IQR, Interquartile Range; MASLD, Metabolic Dysfunction-Associated Steatotic Liver Dis-
ease; MELD, Model for End-stage Liver Disease; PBC, Primary Biliary Cholangitis; SBP, Spontaneous Bacterial Peritonitis; SD, Standard Deviation; SMD, Standardized

Mean Difference; TIPS, Transjugular Intrahepatic Portosystemic Shunt.
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Table 2
Baseline characteristics of the post-liver transplant population.
Characteristic Before propensity score matching (n = 4780) After propensity score matching (n = 302)
PBC (n = 4629) PBC/MASLD (n=151)  P-value SMD  PBC(n=151) PBC/MASLD (n=151)  P-value = SMD

Recipient characteristics
Age group, n (%) 0.16 0.14 0.95 0.01

18-50 1147 (24.8 %) 26(17.2 %) 24(15.9 %) 26(17.2 %)

50—60 1610 (34.8 %) 58(38.4%) 62 (41.1%) 58(38.4%)

60—70 1593 (34.4 %) 61 (404 %) 58 (38.4%) 61 (404 %)

>70 279 (6.0 %) 6(4.0%) 7(46%) 6(4.0%)
Female sex, n ( %) 3838(82.9%) 117 (77.5 %) 0.08 0.16 119 (78.8 %) 117 (77.5 %) 0.78 0.04
Race/ethnicity, n ( %) 0.83 0.04 0.48 0.06

White 3333(72.0%) 104 (68.9 %) 106 (70.2 %) 104 (68.9 %)

Black 341 (7.4 %) 10 (6.6 %) 16 (10.6 %) 10 (6.6 %)

Hispanic 761 (164 %) 32(21.2 %) 25(16.6 %) 32(21.2 %)

Asian 133 (2.9%) 3(20%) 1(0.7 %) 3(20%)

Other 61(1.3%) 2(13%) 3(20%) 2(13%)
BMI, kg/m?, mean + SD 26.63 (5.51) 32.04(6.51) <0.001 0.86 32.73 (7.50) 32.04(6.51) 0.40 0.09
Median follow up time, IQR 8.3(2.0-16.2) 5.8 (1.0-6.9) <0.001 0.50 5.7 (1.8-11.0) 5.8 (1.0-6.9) 0.05 0.08
Days on waitlist, mean + SD 325.45(564.47)  182.71(363.02) 0.004 0.27 298.80(506.33)  182.71(363.02) 0.02 0.26
Length of stay, mean =+ SD 16.22 (20.72) 18.74 (28.72) 0.31 0.07 19.88 (25.53) 18.74(28.72) 0.72 0.04
Diabetes, n ( %) 628 (13.6 %) 64 (424 %) <0.001 0.69 59 (39.1%) 64 (424 %) 0.56 0.07
Encephalopathy, n ( %) 2966 (64.3 %) 109 (72.2 %) 0.42 0.08 99 (65.6 %) 109 (72.2 %) 0.21 0.04
Ascites, n (%) 3578 (77.3%) 124 (82.1%) 0.31 0.08 126 (83.4%) 124 (82.1%) 0.76 0.03
Dialysis, n ( %) 418 (9.1 %) 22(14.6 %) 0.04 0.15 22(14.6 %) 22(14.6 %) 0.99 0
Life support, n ( %) 64(1.4%) 4(26%) 0.20 0.09 4(26%) 4(26%) 0.99 0
TIPS, n (%) 529(11.4 %) 30(19.9 %) 0.001 0.23 27(17.9%) 30(19.9 %) 0.66 0.05
Portal vein thrombosis, n ( %) 520(11.2%) 14 (9.3 %) 0.99 0 13 (8.6 %) 14(9.3%) 0.84 0.02
SBP, n ( %) 246 (5.3 %) 17(11.3 %) 0.01 0.18 16 (10.6 %) 17(11.3 %) 0.85 0.02
UNOS region, n ( %) 0.77 0.03 0.59 0.04

1 140 (3.0 %) 6(4.0%) 4(26%) 6(4.0%)

2 479 (10.3 %) 10 (6.6 %) 17(11.3%) 10 (6.6 %)

3 713 (154 %) 27(17.9%) 19(12.6 %) 27(17.9%)

4 425(9.2 %) 17 (11.3 %) 20(13.2 %) 17(11.3 %)

5 722 (15.6 %) 23(15.2 %) 16 (10.6 %) 23(15.2 %)

6 141 (3.0 %) 4(2.6%) 6(4.0%) 4(26%)

7 480 (10.4 %) 18(11.9%) 21(13.9%) 18(11.9%)

8 319(6.9%) 10 (6.6 %) 9(6.0%) 10 (6.6 %)

9 309 (6.7 %) 6(4.0%) 11(7.3%) 6(4.0%)

10 518 (11.2 %) 22(14.6 %) 17 (11.3%) 22(14.6 %)

11 383(8.3%) 8(53%) 11(7.3%) 8(5.3%)
MELD, mean + SD 22.89(9.48) 26.25(8.39) 0.002 0.27 26.72 (10.30) 26.25(8.39) 0.66 0.05
Creatinine, mg/dL, mean+SD  1.22(0.88) 1.53 (1.05) <0.001 0.28 1.49 (0.93) 1.53 (1.05) 0.76 0.03
INR, mean + SD 1.80(1.42) 2.21(0.74) 0.17 0.13 2.36(3.47) 2.21(0.74) 0.22 0.06
Bilirubin, mg/dL, mean + SD 11.67 (11.44) 9.30(8.65) <0.001 0.29 8.07 (7.29) 9.30(8.65) 0.19 0.04
Albumin, g/dL, mean + SD 2.98(0.71) 2.99(0.69) 0.59 0.05 2.95 (0.65) 2.99(0.69) 0.65 0.05
Donor characteristics
Donor age group, n ( %) 0.69 0.08 0.92 0.04

0-29 2636 (61.2 %) 87 (60.8 %) 85 (60.7 %) 87 (60.8 %)

30-39 808 (18.8 %) 29(20.3 %) 32(22.9%) 29(20.3 %)

40-49 580 (13.5 %) 17 (11.9%) 15(10.7 %) 17(11.9%)

>50 280 (6.5 %) 10 (7.0 %) 8(5.7%) 10 (7.0 %)
Donor female, n ( %) 2259 (48.8 %) 65 (43.0%) 0.28 0.09 73 (483 %) 65 (43.0%) 0.36 0.09
Donor BMI, mean + SD 28.20(7.21) 27.0(6.30) 0.15 0.12 27.73 (6.52) 27.0(6.30) 0.31 0.09
Donor diabetes, n ( %) 500 (12.2 %) 13 (8.6 %) 0.20 0.14 10 (6.6 %) 13 (8.6 %) 0.52 0.07
Donor race/ethnicity, n ( %) 0.91 0.02 0.97 0.04

White 3094 (66.8 %) 101 (66.9 %) 102 (67.5 %) 101 (66.9 %)

Black 678 (14.6 %) 25(16.6 %) 22(14.6 %) 25(16.6 %)

Hispanic 701 (15.1 %) 20(13.2 %) 21(13.9%) 20(13.2 %)

Asian 109 (2.4 %) 4(26%) 4(26%) 4(26%)

Other 47 (1.0 %) 1(0.7 %) 2(13%) 1(0.7 %)
DRI, mean & SD 1.74(0.77) 1.69 (0.73) 0.39 0.08 1.62 (0.70) 1.69 (0.73) 0.44 0.09

Abbreviations: BMI, Body Mass Index; DRI, Donor Risk Index; INR, International Normalized Ratio; IQR, Interquartile Range; MASLD, Metabolic-Associated Steatotic
Liver Disease; MELD, Model for End-stage Liver Disease; PBC, Primary Biliary Cholangitis; SBP, Spontaneous Bacterial Peritonitis; SD, Standard Deviation; SMD, Stan-
dardized Mean Difference; TIPS, Transjugular Intrahepatic Portosystemic Shunt; UNOS, United Network for Organ Sharing.

Recipient demographics included age, sex, race, blood group, BMI,
and comorbidities such as diabetes mellitus, ascites, encephalopathy,
spontaneous bacterial peritonitis (SBP), presence of hepatocellular
carcinoma (HCC), prior dialysis (within the week before LT), prior
abdominal surgery, and portal vein thrombosis (PVT). Laboratory var-
iables comprised the Model for End-Stage Liver Disease (MELD) score.

The geographic region was also considered. Donor variables encom-
passed age, sex, race, body mass index (BMI), diabetes mellitus, cold
ischemia time (CIT), and donor risk index (DRI). We also captured
life-support status at listing, defined as the use of major organ-sup-
port therapies such as invasive mechanical ventilation or other
organ-support devices (e.g., ECMO or ventricular assist devices).
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Fig. 1. Waitlist dropout rates in the first 40 months after listing.

Abbreviations: CI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Waitlist dropout probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point;
Interval events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time

interval.

2.3. Outcomes

Primary outcomes were pre-LT outcomes and post-LT outcomes
between PBC patients with and without MASLD. Pre-LT outcomes
included waitlist dropout and LT probability. Waitlist dropout was a
composite outcome defined as removal due to death before LT, clini-
cal deterioration, or "other." Transplant probability was defined as
the cumulative incidence (probability) of undergoing LT after WL,
with death, clinical deterioration, or other removal treated as com-
peting risks.

Post-LT outcomes were patient and graft survival after LT at 1-, 3-,
5-, and 10-years. Patient survival was defined as the time from the
date of LT until the date of death or last follow-up. Graft survival was
defined as the time from the date of LT until graft failure, last follow-
up, or the need for a re-LT.

In the subgroup analysis, secondary outcomes were differences in
patient and graft survival after LT at 1-, 3, 5-, and 10-years between
PBC and MASLD patients with and without diabetes.

2.4. Statistical analysis

Continuous variables were summarized as means with standard
deviation (SD) and median with interquartile range (IQR), using
ANOVA or the Kruskal-Wallis test according to the underlying distri-
bution. Categorical variables were summarized using frequencies and
percentages, and the chi-square test was performed as the compara-
tive measure.

To evaluate post-transplant outcomes, we performed propensity
score matching to adjust for potential confounding by age, sex, BMI,
candidate race, and comorbidities present at the time of transplant,
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Fig. 2. Probability of receiving a liver transplant in the first 40 months after listing.

Abbreviations: CI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Transplant probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point;
Interval events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time

interval.

including use of life support, dialysis, hepatic encephalopathy, and
ascites. We also included the MELD score at transplant, candidate dia-
betes status, donor age, donor race, and donor history of diabetes. For
pre-transplant analyses, we considered the same candidate-related
variables; however, complications were assessed at the time of wai-
tlisting, and donor variables were excluded. To mitigate confounding
bias and enhance validity, we conducted exact 1:1 matching between
the PBC and PBC/MASLD groups for both pre- and post-transplant
analyses. Matching was performed using propensity scores derived
from a greedy nearest-neighbor algorithm with a caliper width of
0.1, ensuring close balance across baseline characteristics.
Kaplan-Meier failure functions were utilized to graphically depict
the cumulative incidence of waitlist removal and transplantation.
The Kaplan-Meier method was applied to estimate the time-to-event
distributions, and comparisons between the groups were performed
using the log-rank test to assess statistical significance. These

analyses allowed for clear visualization and comparison of the failure
probabilities over time.

Kaplan—Meier estimates, followed by the nonparametric log-rank
test and propensity score matching, were used to assess survival
rates between the study groups. Cox proportional hazard regression
models were performed, and the multivariate analysis was adjusted
for recipient variables (race, diabetes, encephalopathy, transjugular
intrahepatic portosystemic shunt [TIPS], previous abdominal surgery,
dialysis, PVT, and MELD), donor characteristics (age, diabetes), and
geographic region. Forward manual selection of variables, including
those with a p-value <0.05 and those of clinical relevance, was per-
formed. Sensitivity analyses were conducted by stratifying outcomes
by PBC and PBC/MASLD, and by excluding patients classified as
MASLD based on cryptogenic cirrhosis with obesity.

All 95 % CIs were based on two-sided hypothesis tests, with
p < 0.05 considered statistically significant. The statistical analysis
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Fig. 3. Patient survival over the last decade.

Abbreviations: ClI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Survival probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point; Interval
events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time interval.

was executed using Stata version 19.0 MP (StataCorp LP, College Sta-
tion, TX, USA).

2.5. Ethical considerations

No direct patient contact or intervention occurred, and the study
was conducted in accordance with the ethical standards of the 1964
Declaration of Helsinki and its later amendments. All data were han-
dled confidentially, and no individual patient was identified from the
dataset. The interpretation and reporting of these data are the sole
responsibility of the authors and do not represent an official policy or
interpretation of OPTN or the U.S. Government.

3. Results
3.1. Study sample

The pre-transplant cohort included 9394 patients before propen-
sity score matching, of whom 9139 had PBC alone and 255 had PBC/

MASLD (Table 1). However, the two patient groups were largely
imbalanced (standardized mean difference p < 0.05 for 13 of 17

variables). After 1:1 propensity score matching (215 in each group),
covariate balancing was achieved across all patient characteristics
(standardized mean difference [SMD] p > 0.05 for all).

The post-transplant cohort included 4780 liver transplant recipi-
ents before propensity score matching, of whom 4629 had PBC alone
and 151 had PBC/MASLD (Table 2); however, the two patient groups
were imbalanced. After 1:1 propensity score matching (151 in each
group), covariate balancing was achieved on all variables except for
waitlist time (SMD, 0.26).

3.2. Pre-LT waitlist dropout and transplant probabilities

Waitlist dropout (Fig. 1) showed a statistically significant differ-
ence between the PBC and PBC/MASLD groups (log-rank p = 0.005).
At 5 months, dropout probability was 0.12 (95 CI: 0.08—0.18) for PBC
and 0.06 (95 CI: 0.03-0.10) for PBC/MASLD. By 10 months, dropout
probability increased to 0.23 (95 CI: 0.16—0.32) in PBC and 0.10 (95
CI: 0.06—0.17) in PBC/MASLD. At 20 months, dropout probability
reached 0.29 (95 CI: 0.21-0.39) for PBC and 0.20 (95 CI: 0.13-0.32)
for PBC/MASLD. Long-term dropout at 40 months was 0.36 (95 CI:
0.26—0.48) for PBC and 0.24 (95 CI: 0.14-0.37) for PBC/MASLD.
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Fig. 4. Graft survival over the last decade

Abbreviations: CI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Survival probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point; Interval
events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time interval.

Transplant probabilities (Fig. 2) did not demonstrate a statistically
significant difference between the PBC and PBC/MASLD groups (log-
rank p = 0.97). At 5 months, liver transplant probability was 0.44 (95
ClI: 0.38—-0.52) for PBC and 0.44 (95 CI: 0.38—0.52) for PBC/MASLD. By
10 months, the probability increased to 0.58 (95 ClI: 0.51-0.65) for
PBC and 0.56 (95 CI: 0.49—0.63) for PBC/MASLD. By 20 months, prob-
abilities further increased to 0.70 (95 CI: 0.63—0.77) for PBC and 0.63
(95 CI: 0.56—0.70) for PBC/MASLD. Long-term transplant probability
at 40 months was 0.76 (95 CI: 0.68—0.84) for PBC and 0.74 (95 CI:
0.66—0.81) for PBC/MASLD.

3.3. Post-LT patient and graft survival

The Kaplan-Meier analysis of post-transplant patient survival
(Fig. 3) showed no statistically significant difference between the PBC
and PBC/MASLD groups (log-rank p = 0.11). At 1 year, patient survival
probability was 0.93 (95 CI: 0.87—0.96) for PBC and 0.91 (95 CI: 0.85
—0.95) for PBC/MASLD. At 3 years, survival was 0.89 (95 % CI: 0.82
—0.93) for PBC and 0.84 (95 CI: 0.76—0.90) for PBC/MASLD. At 5 years,
survival declined to 0.84 (95 CI: 0.77-0.90) for PBC and 0.77 (95 CI:

0.67—-0.84) for PBC/MASLD. At 10 years, survival was 0.71 (95 CI: 0.61
—0.79) for PBC and 0.63 (95 CI: 0.50—0.73) for PBC/MASLD.

Graft survival (Fig. 4) showed no statistically significant difference
between the PBC and PBC/MASLD groups (log-rank p = 0.31). At 1
year, graft survival probability was 0.88 (95 CI: 0.82—0.92) for PBC
and 0.90 (95 CI: 0.84—0.94) for PBC/MASLD. By 3 years, survival was
0.84 (95 CI: 0.77—0.89) for PBC and 0.83 (95 % CI: 0.75—-0.88) for PBC/
MASLD. At 5 years, graft survival probability declined to 0.79 (95 %
CI: 0.73-0.87) for PBC and 0.75 (95 % CI: 0.66—0.83) for PBC/MASLD.
At 10 years, long-term graft survival was 0.67 (95 CI: 0.57-0.75) for
PBC and 0.60 (95 CI: 0.47—0.71) for PBC/MASLD.

3.4. Post-LT patient and graft survival subgroup analysis

When stratifying post-transplant patient survival by diabetes
status (Fig. 5), the survival curves differed significantly (log-rank
p = 0.03). Patient survival probability at 1 year was 0.93 for PBC
without diabetes (95 CI: 0.85-0.97), 0.92 for PBC with diabetes
(95 CI: 0.81-0.97), 0.92 for PBC/MASLD without diabetes (95 CI:
0.84-0.96), and 0.90 for PBC/MASLD with diabetes (95 CI: 0.79
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Fig. 5. Patient survival over the last decade by diabetes status.

Abbreviations: CI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Survival probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point; Interval
events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time interval.

—0.95). By 5 years, survival was 0.84 (95 CI: 0.74-0.90), 0.86 (95
Cl: 0.72-0.93), 0.83 (95 CI: 0.71-0.90), and 0.68 (95 CI: 0.52
—0.80), respectively. At 10 years, survival was 0.69 (95 CI: 0.56
—-0.79), 0.75 (95 CI: 0.57-0.86), 0.76 (95 CI: 0.61-0.86), and 0.46
(95 CI: 0.26-0.63), respectively; the lowest survival was observed
in PBC/MASLD with diabetes, which was significantly lower com-
pared to PBC/MASLD without diabetes (p = 0.01), PBC with diabe-
tes (p = 0.01), and PBC without diabetes (p = 0.02).

Graft survival stratified by diabetes status (Fig. 6) showed no
statistically significant difference between groups (log-rank
p = 0.18). Graft survival probability at 1 year was 0.90 for PBC
with diabetes (95 CI: 0.81-0.95), 0.85 for PBC without diabetes
(95 CI: 0.73-0.92), 0.91 for PBC/MASLD with diabetes (95 CI: 0.82
—0.96), and 0.90 for PBC/MASLD without diabetes (95 CI: 0.79
—0.95). By 5 years, survival was 0.81 (95 CI: 0.71-0.88), 0.77 (95
Cl: 0.62-0.86), 0.81 (95 CI: 0.68—0.88), and 0.68 (95 CI: 0.52
—0.80), respectively. At 10 years, long-term graft survival was
0.67 (95 CI: 0.57-0.75) for PBC and 0.60 (95 CI: 0.47-0.71) for
PBC/MASLD, with lower survival observed in the PBC/MASLD with
diabetes subgroup compared to PBC/MASLD without diabetes
(p = 0.04), PBC with diabetes (p = 0.13), and PBC without diabetes
(p = 0.06).

3.5. Predictors of post-LT outcomes

In univariate analysis for predictors of post-LT patient mortality
(Table 3), PBC/MASLD was not significantly associated with mortality
(HR 1.43; 95 % (I, 0.90—2.20; p = 0.12). In the multivariate model,
only age (aHR 1.03; 95 % Cl, 1.01-1.06; p = 0.05) and MELD score
(aHR 1.03; 95 % CI, 1.01-1.05; p = 0.02) were independently associ-
ated with post-LT mortality. Similarly, in stepwise analysis for predic-
tors of graft failure (Table 4), PBC/MASLD status was not significant in
univariate analysis (HR 1.24; 95 % CI, 0.82—1.88; p = 0.31). Life sup-
port (aHR 2.16; 95 % CI, 1.26—12.92; p = 0.02) and encephalopathy
(aHR 1.72; 95 % CI, 1.06—2.79; p = 0.03) were the only independent
predictors of graft failure.

In sensitivity analyses adjusted for variables that entered the mul-
tivariable models (Table 5), DM in PBC-only patients was not associ-
ated with patient mortality (aHR 1.01; 95 % CI, 0.54—1.92; p = 0.96) or
graft failure (aHR 1.22; 95 % CI, 0.69—2.16; p = 0.50), whereas among
PBC/MASLD patients, DM was significantly associated with a doubling
of patient mortality (aHR 2.32; 95 % CI, 1.17-4.61; p = 0.01). After
excluding patients classified as MASLD based on cryptogenic cirrho-
sis, the association between DM and patient mortality remained sig-
nificant (aHR 2.01; 95 % CI, 1.04—4.99; p = 0.04).
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Fig. 6. Graft survival over the last decade by diabetes status.

Abbreviations: CI: Confidence interval; MASLD: Metabolic dysfunction-associated steatotic liver disease; PBC: Primary biliary cholangitis.
Definitions: Survival probabilities were estimated using the Kaplan-Meier method; Number at risk represents patients remaining under observation at each time point; Interval
events indicate the number of deaths occurring within each time interval; Interval losses represent patients censored (lost to follow-up or study end) within each time interval.

3.6. Causes of post-LT mortality by diabetes status

Across the causes of death listed (n = 83), the leading causes were
cardiovascular (27.7 %) and unknown (27.7 %), followed by other
(18.1 %), infection (12.0 %), malignancy (9.6 %), and pulmonary (4.8 %)
(Table 6). In PBC without DM, unknown (31.0 %) and cardiovascular
(24.1 %) predominated. In PBC with DM, unknown causes were high-
est (40.0 %), with cardiovascular disease second (20.0 %). In PBC/
MASLD without DM, cardiovascular (38.9 %) were most frequent,
whereas PBC/MASLD with DM showed a more even distribution (car-
diovascular 28.6 %; infection/malignancy/other each 14.3 %). There
was no significant difference across the causes of mortality between
the groups (p = 0.50).

4. Discussion

We compared pre-LT outcomes (i.e., waitlist dropout and trans-
plant probability up to 40 months) and post-LT outcomes (i.e., patient
and graft survival up to 10 years) between PBC patients with and
without MASLD. Secondarily, we compared post-LT patient and graft
survival between PBC and PBC/MASLD patients with and without dia-
betes. Several main findings emerged from our study.

First, in the unmatched group, patients with PBC/MASLD had
higher rates of adverse events, as noted by the increased need for life
support and burden of encephalopathy and ascites, as well as higher
MELD scores. This is consistent with Herndndez-Pérez et al.,, who
reported higher UK PBC and Globe scores in PBC/MASLD.” UK-PBC
and Globe scores are strong predictors of PBC disease severity and
UDCA response.'”'® However, other studies have reported that the
presence of fatty liver disease does not change PBC disease activity
and severity based on APRI and FIB-4 scores.!®?° It is plausible that
concurrent MASLD and diminished clinical response to UDCA may
have contributed to the increased liver-related adverse events and
higher MELD scores observed in our PBC/MASLD cohort before LT.

Second, though there was no difference between PBC and PBC/
MASLD in regards to LT probabilities, patients with PBC alone experi-
enced more waitlist dropout compared to those with PBC/MASLD
overlap, a finding that has not previously been reported in the litera-
ture. Prior studies have largely focused on comparisons between PBC
and the broader NAFLD/MASLD or MASH populations rather than
specific overlap syndromes. Notably, Zhou et al. reported higher 24-
month waitlist mortality in PBC compared to MASH (23.0 % vs
20.0 %), and Nagai et al. similarly observed higher short- and interme-
diate-term waitlist mortality for PBC over MASH in adults.?*
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Table 4
Stepwise Cox regression analysis for predictors of graft failure.

Variable Univariate Analysis Multivariate Analysis
HR 95%CI P-value aHR 95%Cl P-value

Recipient Demographics
PBC Status
PBC-only (Refer- — — —

ence)
PBC/MASLD 143 0.90-2.20 0.12
Age 1.03 1.00-1.05 0.04 1.03 1.01-1.06 0.05
Male sex 1.07 0.65-1.78 0.79
Recipient BMI 1.02 0.99-1.05 0.28
Race

White (Ref) — — —

Black 112 0.53-235 0.77

Hispanic 1.20 0.68-2.10 0.53

Asian 099 0.60-241 0.99

Other 057 0.08-4.11 0.7
Recipient Comorbidities
Life support 1.68 041-6.89 047
TIPS 1.57 0.93-2.63 0.09 1.57 0.93-2.65 0.09
PVT 1.22 049-3.05 0.67
Ascites 1.06 0.58-192 0.86
Encephalopathy 1.64 1.01-2.69 0.05
SBP 142 0.73-2.76  0.30 091 0.44-1.87 0.79
MELD Score 1.02 1.01-1.04 0.04 1.03 1.01-1.05 0.02
Donor Variables
Donor age 1.00 0.98-1.01 043
Donor male sex 1.07 0.69-1.67 0.75
Donor diabetes 039 0.12-125 0.11
Donor Race

White (Ref) — — —

Black 1.18 0.66-2.13 0.58

Hispanic 095 049-1.81 0.7

Asian 0.68 0.17-2.81 0.60

Other 270 0.37-19.63 033

Donor Risk Index  0.80 0.57-1.12 0.19

(DRI)

Variable Univariate Analysis Multivariate Analysis
HR 95%Cl P-value aHR 95%Cl P-value
Recipient Demographics
PBC/DM Status
PBC (Reference) — — —
PBC/MASLD 124 0.82-1.88 031
Age 1.03 1.00-1.05 0.04 1.00 0.98-1.03 0.87
Male sex 1.07 0.65-1.78 0.79
Recipient BMI 1.02 0.99-1.05 028
Race
White (Ref) — — —
Black 0.80 0.35-1.85 0.60
Hispanic 0.72 041-1.26 0.25
Asian 1.15 0.60-2.20 0.67
Other 1.10 0.50-2.40 0.80
Recipient Comorbidities
Life support 226 1.30-5.62 0.01 216 1.26-12.92 0.02
TIPS 1.38 0.83-2.28 021
PVT 1.74 0.94-3.22 0.08
Ascites 146 0.82-2.63 0.20
Encephalopathy 1.71 1.05-2.78 0.03 1.72 1.06-2.79 0.03
SBP 093 045-1.93 0.85
Diabetes 146 0.96-2.21 0.08
MELD Score 1.02 1.01-1.04 0.04
Donor Variables
Donor age 1.00 0.98-1.01 043
Donor male sex 1.07 0.69-1.67 0.75
Donor diabetes 039 0.12-1.25 0.11
Donor Race
White (Ref) — — —
Black 149 091-244 0.11
Hispanic 0.96 0.49-1.88 0.91
Asian 0.85 0.85-2.40 0.99
Other 1.11 0.40-3.12 084
Donor Risk Index 0.80 0.57-1.12 0.19
(DRI)

Abbreviations: aHR, Adjusted Hazard Ratio; BMI, Body Mass Index; CI, Confidence
Interval; DM, Diabetes Mellitus; DRI, Donor Risk Index; HR, Hazard Ratio; MASLD,
Metabolic-Associated Steatotic Liver Disease; MELD, Model for End-stage Liver Dis-
ease; PBC, Primary Biliary Cholangitis; PVT, Portal Vein Thrombosis; SBP, Spontane-
ous Bacterial Peritonitis; TIPS, Transjugular Intrahepatic Portosystemic Shunt.

However, neither addressed outcomes in PBC/MASLD overlaps,
highlighting the novelty of our data.

One potential contributing factor for the higher waitlist dropout in
PBC-only patients is the unmeasured confounding factors in the
UNOS database, particularly frailty and cardiometabolic risk factors.
Frailty, including sarcopenia and low physiologic reserve, is prevalent
in PBC and strongly predicts waitlist dropout.”>~2® PBC-specific
mechanisms, chronic cholestasis with fat-soluble vitamin deficiency,
persistent fatigue and pruritus causing inactivity and sarcopenic

Abbreviations: aHR, Adjusted Hazard Ratio; BMI, Body Mass Index; CI, Confidence
Interval; DM, Diabetes Mellitus; DRI, Donor Risk Index; HR, Hazard Ratio; MASLD,
Metabolic-Associated Steatotic Liver Disease; MELD, Model for End-stage Liver Dis-
ease; PBC, Primary Biliary Cholangitis; PVT, Portal Vein Thrombosis; SBP, Spontane-
ous Bacterial Peritonitis; TIPS, Transjugular Intrahepatic Portosystemic Shunt.

obesity masked by BMI, accelerate muscle loss even at modest MELD,
which potentially increases dropout on the waitlist.?>?~3° Standard-
ized frailty metrics (e.g., Liver Frailty Index, handgrip, 6-minute walk)
are not captured in the UNOS database; thus, observed differences
may reflect greater prevalence and severity of unmeasured frailty
burden in PBC-only patients compared to PBC/MASLD overlap
patients.?*~2839 Similar limitations have been highlighted in other
cholestatic cohorts using UNOS, reinforcing the impact of unmea-
sured patient-level factors on outcomes.?9~>!

Table 5
Sensitivity analysis by PBC status.
Scenario PBC-only PBC/MASLD
Patient Mortality Graft Failure Patient Mortality Graft Failure
aHR  95%Cl P-value aHR 95%Cl P aHR  95%Cl P aHR  95%Cl P-value
Full cohort
Diabetes
No (Reference) — — — — — — — — — — — —
Yes 1.01  054-192 096 122 069-2.16 050 232 1.17-461 001 194 1.01-372 0.05
Excluding cryptogenic cirrhosis
Diabetes
No (Reference) — — — — — — — — — — — —
Yes 1.01  054-192 096 122 069-2.16 050 2.01 1.04-499 004 166 0.78-3.51 0.19

Models adjusted for independent variables that were significant in the univariable analysis for each scenario. Abbreviations: aHR, adjusted hazard ratio;
CI, confidence interval; MASLD, metabolic dysfunction-associated steatotic liver disease; PBC, primary biliary cholangitis.
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Table 6
Causes of post-LT mortality by PBC status.
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PBC/DM Status, N (%)  Cardiovascular  Infection Malignancy  Pulmonary  Other Unknown  Overall P-value
PBC 10(22.7) 5(11.4) 5(11.4) 3(6.8) 6(13.6) 15(34.1) 0.50
PBC/MASLD 13(33.3) 5(12.8) 3(7.7) 1(2.6) 9(23.1) 8(20.5)

Total 23(27.7) 10(12.0) 8(9.6) 4(4.8) 15(18.1)  23(27.7)

Abbreviations: DM, Diabetes Mellitus; MASLD, Metabolic-Associated Steatotic Liver Disease; PBC, Primary Biliary Cholangitis.

Another possibility for the increased waitlist dropout in the PBC-
only group is that the MELD score may not fully capture the unique
pathophysiology of cholestatic liver disease. As evidenced by the per-
formance of PBC-specific prognostic scores, MELD may fail to incor-
porate important markers of disease severity in PBC, potentially
underestimating risk in this population.®?

Third, our post-LT analysis showed no significant differences in
patient and graft survival between groups over a 10-year follow-up.
This finding aligns with previous studies showing similar early post-
LT survival between MASLD and other liver transplant indications.>

When stratified by diabetes, PBC/MASLD patients with diabe-
tes had the greatest odds of post-LT mortality. This suggests that
diabetes is associated with increased risk of mortality and graft
failure in PBC/MASLD patients. The finding could be attributed to
higher rates of metabolic complications after LT in diabetics. Simi-
larly, in our analysis, PBC/MASLD with diabetes had a 132%
higher post-LT patient mortality risk within 10 years, compared
to those without diabetes.

Our data reveal that while PBC/MASLD overlap does not signifi-
cantly alter post- LT mortality, the addition of diabetes to the PBC/
MASLD overlap confers an increase in mortality risk. We hypothesize
that this may be related to a synergistic interaction between PBC/
MASLD and diabetes. Notably, graft failure itself did not significantly
vary between groups, suggesting that diabetes primarily drives
patient mortality via systemic complications rather than graft-spe-
cific dysfunction. Diabetes is known to exacerbate steatosis, inflam-
mation, and impair graft regeneration, while PBC-related cholestasis
impairs bile acid and FXR-mediated glucose/lipid homeostasis.>*>”

Our study had several limitations and strengths. The UNOS data-
base is a national database that lacks granularity, particularly regard-
ing cardiovascular risk factors. Additionally, the UNOS database did
not have variables of PBC-specific treatments, frailty outcomes, or
response to diabetes management. We also acknowledge that the
PBC/MASLD cohort may be underrepresented in the UNOS database
because overlapping etiologies are not consistently captured in sec-
ondary diagnosis codes.'* Another important limitation involves the
categorization of patients with cryptogenic cirrhosis and BMI >30 kg/
m? as MASLD, while consistent with prior UNOS-based studies,'4~'¢
this may introduce potential misclassification bias.

Despite these limitations, a key strength of our study lies in
the use of a robust and large sample size, which allowed us to
obtain a sizeable cohort of PBC/MASLD overlap patients. We fur-
ther strengthened the validity of our comparative analyses by
using nearest neighbor propensity score matching to closely bal-
ance baseline characteristics between groups, thereby reducing
confounding and potential selection bias. We also adjusted for
multiple confounding factors to achieve reliable multivariate
analysis results.

5. Conclusions

In summary, our study reveals that PBC patients experience more
waitlist dropout compared to those with PBC/MASLD overlap. Impor-
tantly, there was no significant difference in LT rates between these
groups. Furthermore, the presence of diabetes in the PBC/MASLD

cohort was independently associated with significantly decreased
patient survival at 10 years post-LT. These results underscore the
importance of optimizing diabetes screening and metabolic manage-
ment post-LT in PBC/MASLD patients. Given the substantial negative
impact of diabetes on long-term post-LT outcomes, targeted inter-
ventions for glycemic and cardiometabolic risk control are of high
priority in this population. Future research should focus on defining
optimal strategies for diabetes management before and after trans-
plantation to improve survival outcomes in PBC/MASLD patients.
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