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Abstract

Background/Objectives: Metabolic dysfunction-associated steatotic liver disease (MASLD)
is associated with an increased risk of portal vein thrombosis (PVT), which may negatively
affect post-liver transplant (LT) outcomes. We aimed to evaluate the impact of PVT on post-LT
outcomes in MASLD versus non-MASLD recipients and assess outcomes in MASLD patients
with PVT who received donation after circulatory death (DCD) grafts. Methods: Using the
UNOS database, we analyzed adult LT recipients from 2002 to 2022. Kaplan–Meier and Cox
regression models were used to assess one-year post-LT outcomes. Results: Among 46,933 LT
recipients, 20% had MASLD (15% PVT prevalence) and 80% had non-MASLD etiologies
(9% PVT prevalence). Overall, 3051 recipients (6.5%) received DCD grafts. PVT at the time of
transplant was associated with significantly higher risks of all-cause mortality, graft failure,
and death-censored graft failure (DCGF) in both MASLD and non-MASLD groups (p < 0.05),
although no significant differences were observed between the two groups. In the DCD
subgroup, MASLD recipients with PVT had a significantly higher risk of all-cause mortality
compared to non-MASLD recipients without PVT (adjusted hazard ratio [aHR] 2.24, 95% CI
1.17–4.28, p = 0.01), but no differences were observed for graft failure or DCGF. Conclusions:
PVT at the time of transplant is associated with poorer survival in MASLD and non-MASLD
recipients. No difference was found between the two groups. In candidates receiving DCD
grafts, the presence of PVT at time of transplant was associated with a marked increase in
mortality risk, although this finding requires further validation in larger cohorts.

Keywords: liver transplantation; metabolic dysfunction-associated steatohepatitis; metabolic
dysfunction-associated steatotic liver disease; non-alcoholic fatty liver disease; portal vein
thrombosis; donation after circulatory death

1. Introduction
The global prevalence of metabolic dysfunction-associated steatotic liver disease

(MASLD) has surged, affecting nearly one-third of the adult population and emerging as
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the fastest-growing indication for liver transplantation (LT) [1,2]. MASLD is now the second
leading LT indication in the United States, mirroring European trends [2,3]. These trends
underscore the critical importance of understanding MASLD’s impact on LT indications
and outcomes.

MASLD is increasingly being recognized as a prothrombotic condition. The persistent
inflammation associated with MASLD triggers heightened activation of the coagulation
cascade, characterized by reduced protein C and fibrinolysis, alongside elevated factor
VIII [4]. This inflammatory state, with the concurrent presence of diabetes and obesity,
significantly increases the risk of thrombotic events in MASLD patients, including portal
vein thrombosis (PVT) [5–7].

PVT at the time of LT has been linked to increased early post-transplant morbidity and
mortality, with a reported prevalence of 2% to 26 [8,9]. In MASLD recipients specifically, a
recent study indicated that those with PVT at LT had a 31% higher risk of overall mortality
and a 37% higher risk of graft failure compared to those without PVT [10]. Currently,
the prevalence of PVT in MASLD recipients approaches 12% [11], which is double that of
recipients without MASLD. As waitlist times continue to increase, it is crucial to investigate
whether the presence of PVT in MASLD recipients is associated with worse post-transplant
outcomes compared to non-MASLD recipients who also have PVT. The growing use of
livers from donation after circulatory death (DCD) donors, prompted by ongoing organ
shortages, adds another layer of complexity [12,13]. The combination of MASLD and PVT
in recipients of DCD liver grafts raises significant concerns regarding surgical challenges,
graft viability, and recipient survival.

This study aimed to (1) evaluate the impact of PVT on post-LT all-cause mortality,
graft failure, and death-censored graft failure (DCGF) in MASLD versus non-MASLD
recipients; and (2) assess outcomes of MASLD recipients and PVT who underwent LT with
DCD grafts. We hypothesized that the presence of PVT would worsen post-transplant
outcomes in MASLD recipients compared with non-MASLD recipients with PVT, and this
effect would be exacerbated in recipients of DCD liver allografts.

2. Materials and Methods
2.1. Data Source and Cohort Definition

A retrospective cohort study was conducted utilizing OPTN database, which was
overseen by the U.S. Department of Health and Human Services. The OPTN contractor,
the UNOS, is responsible for its operations. Institutional Review Boards at Rutgers New
Jersey Medical School (NJ, USA), Cedars-Sinai Medical Center (CA, USA), and Mount
Sinai Hospital (NY, USA) deemed the UNOS database de-identified and publicly available,
thus exempt from approval. The data reported here have been supplied by UNOS as the
contractor for the OPTN. The interpretation and reporting of these data are the responsibility
of the author(s) and in no way should be seen as an official policy of or interpretation by
the OPTN or the U.S. Government.

Based on OPTN data as of February 2022, our study focused on LT recipients aged
18 years or older who underwent transplantation from February 2002 to February 2022. Ex-
clusion criteria included: (1) multi-organ transplant—including simultaneous kidney–liver;
(2) split-liver allografts; (3) prior LT; (4) status 1; (5) living donor LT; (6) prior transjugular
intrahepatic portosystemic shunt (TIPS); (7) history of malignancy, including cholangiocar-
cinoma, hepatoblastoma, or hepatocellular carcinoma; (8) transfer or transplant at another
center after listing, to prevent double-counting of patients; and (9) unknown PVT status at
the time of transplant.

Our study cohort comprised patients with the primary diagnosis of MASLD and
other chronic liver conditions (non-MASLD cohort), including alcoholic liver disease
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(ALD), autoimmune liver disease (AILDs), hepatitis B (HBV), hepatitis C (HCV), and
others. Secondary diagnoses were disregarded except for cryptogenic cirrhosis (diagnosis
codes 4208 and 4213), which was included in the MASLD cohort if the secondary diagnosis
corresponded to MASLD, following the methodology reported in other studies [3,14,15].
Codification for diagnosis can be found on Table S1.

2.2. Study Variables and Definitions

Our primary variable of interest was PVT at the time of transplant (PVT Tx), as
documented by the center on the Transplant Recipient Report (TRR). We also defined the
previous history of PVT (PVT Hx) in patients documented by the center to have PVT at
the time of listing or registration (as reported on the Transplant Candidate Report [TCR]).
Based on this data, the patient cohort was stratified based on PVT Tx and/or PVT Hx,
following the approach outlined in previous studies [10]. Baseline covariates included
recipient characteristics (age, sex, race/ethnicity, blood type), manifestations of portal
hypertension (spontaneous bacterial peritonitis, encephalopathy, ascites), comorbidities
(prior abdominal surgery, dialysis), severity of liver disease indicated by the Model for
End-Stage Liver Disease (MELD) score at the time of transplant (most recent listing MELD),
laboratory values (albumin, bilirubin, INR, creatinine, sodium), and risk factors for MASLD
(body mass index [BMI] ≥ 30, diabetes). Donor covariates included donor characteristics
(age, sex, race/ethnicity, BMI, BMI ≥ 30), presence of diabetes, cold ischemia time (CIT),
liver donor risk index (DRI)—alone and categorized into tertiles, donor graft type (donation
after brain death [DBD] or DCD), and donor–recipient match per body surface area (BSA),
as previously described. Listed and transplant patients were subclassified by era in 5-year
interval periods: 2002–2006, 2007–2011, 2012–2016, and 2017–2022. The UNOS regions
were grouped into four geographic areas: Northeast (1, 2, and 9), Southeast (3, 4, and 11),
Midwest (7, 8, and 10), and West (5 and 6).

Variables were considered as missing values under the following conditions: recipient
characteristics (BMI < 15 or > 55 kg/m2), laboratory values (albumin < 0.5 or >6 g/dL,
total bilirubin < 0.1 or >50 mg/dL, creatinine < 0.1 or >15 mg/dL), and donor variables
(age < 10 or >75 years old, CIT < 1 or >24 h).

2.3. Outcome Assessment

The primary outcome was all-cause mortality. Secondary outcomes included graft
failure and DCGF following LT. The follow-up period for all-cause mortality began on
the date of LT and extended to the date of death. For graft failure, the follow-up period
commenced on the date of LT and continued until either irreversible graft failure or patient
death, whichever event came first. For DCGF, the follow-up period commenced on the
date of LT and continued until irreversible graft failure.

2.4. Statistical Analysis

Baseline recipient and donor characteristics were categorized by the presence or
absence of PVT at the time of transplant and by etiology of liver disease: MASLD and
non-MASLD. Continuous variables were presented as means ± standard deviation (SD)
(if normally distributed) or as median and interquartile range (IQR) and analyzed using
the Student t-test or the Kruskal–Wallis test, as appropriate. Categorial variables were
presented as frequencies and percentages and analyzed using the chi-square test.

Kaplan–Meier estimates were conducted to determine the effect of PVT at the time of
transplant on post-LT outcomes within one year after transplantation. Overall patient sur-
vival, graft failure, and DCGF rates at 3, 6, 9, and 12 months post-transplant were compared
using the log-rank test. Post-LT survival outcomes across 5-year interval periods were
compared using the Peto-Peto-Prentice test [16]. Hazard ratios (HRs) and 95% confidence
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intervals (CI) were calculated using the Effron approximation for handling ties [14,17]. Cox
proportional hazards modeling was performed to study the effect of PVT on post-LT out-
comes. The same approach was used in the group analysis, including only liver recipients
from DCD donors. Multivariable adjustments were made for recipient and donor covari-
ates, with proportional-hazards assumptions tested using Schoenfeld residuals. To ensure
compliance with proportionality, the model was adjusted by employing the “strata ( )”
function in STATA, adjusting the baseline hazard function across the different levels of the
covariates diabetes and obesity. Model fit was evaluated using Cox–Snell residuals. We
further stratified analyses by sex status within the MASLD cohort to evaluate potential
effect modifications associated with post-LT outcomes. Variables with a p-value < 0.20 and
those clinically relevant were included in the models through forward manual selection.

Additional subgroup analysis examined the effect of PVT on post-LT outcomes based
on its presence at listing and/or transplant. Causes of death and graft failure were also
assessed. Statistical significance was defined as p < 0.05, with analyses conducted using
Stata version 18.0 (StataCorp, College Station, TX, USA).

3. Results
3.1. Study Cohort

Of 149,334 adult LT recipients transplanted from February 2002 to December 2022 in
the United States, a final cohort of 46,993 met all inclusion and exclusion criteria. Among
these, 9362 (20%) had MASLD, while 37,361 (80%) had non-MASLD etiologies (Figure 1).
Non-MASLD group etiologies included ALD (n = 15,613; 41.4%), HBV (n = 1248; 3.3%), HCV
(n = 9984; 26.5%), AILDs (n = 7687; 20.4%), and other etiologies (n = 3099; 8.2%). PVT at the
time of transplant was present in 15% of MASLD patients and 9% of non-MASLD patients.

Figure 1. Study cohort flow chart. Note: Autoimmune disease included primary biliary cholangitis,
primary sclerosing cholangitis and autoimmune hepatitis. Other included cryptogenic cirrhosis with
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body mass index lower than 30, Wilson disease, hemochromatosis and alpha-1 antitrypsin deficiency.
Abbreviations: ALD, alcoholic liver disease; CCA, cholangiocarcinoma; HCC, hepatocellular carci-
noma; HBV, hepatitis B; HCV, hepatitis C; MASLD, metabolic dysfunction-associated steatotic liver
disease; PVT, portal vein thrombosis; TIPS, transhepatic intrajugular portosystemic shunt.

Regardless of liver disease etiology, recipients with PVT at the time of transplant
(PVT+) exhibited distinct clinical differences (Table 1). Compared to those without PVT
(PVT−), MASLD PVT+ and non-MASLD PVT+ patients were older (p < 0.01, both), less
likely to be female (p = 0.03, MASLD, p < 0.01, non-MASLD), and more likely to have
diabetes (p < 0.01, both), a history of recent SBP (p < 0.01, both), or prior abdominal
surgery (p < 0.01, both). Both MASLD and non-MASLD patients with PVT+ tended to
be transplanted with lower biologic MELD scores (p < 0.01, both), as well as lower total
bilirubin (p < 0.01, both), higher serum albumin (p = 0.04, MASLD and p < 0.01, non-
MASLD), and higher sodium (p = 0.04, MASLD and p < 0.01, on-MASLD). Donors for
MASLD and non-MASLD patients with PVT+ exhibited statistically higher BMI (p < 0.01,
both). CIT was also greater for PVT+ recipients (p < 0.01, both), likely reflecting longer
operative times. A higher proportion of non-MASLD PVT+ patients received DCD grafts
compared to those without PVT (7.9% vs. 6.3%, p < 0.001).

3.2. Prevalence PVT in Study Cohort

The prevalence of PVT in MASLD recipients doubled over time, increasing from 8.8%
in 2002–2006 to 17.2% in 2017–2022. This prevalence was notably higher in MASLD than
in non-MASLD recipients, whether considered as a combined group or stratified by liver
disease etiology (Figure S1A,B). Of note, the incidence of PVT among HCV+ recipients
was also noted to rise across eras, with the highest incidence occurring following the
introduction of Direct Acting Antivirals (DAA).

3.3. Effect of PVT on Post-Transplant Outcomes
3.3.1. Kaplan–Meier Estimates of Post-Transplant Outcomes

Presence of PVT at the time of transplantation (PVT+), regardless of liver dis-
ease etiology, was associated with poorer overall patient survival, graft survival, and
death-censored graft survival (Figure 2A–C). MASLD and non-MASLD PVT+ recipients
exhibited significantly lower patient survival, graft survival, and death-censored graft
survival rates at 1, 3, 6, and 12 months post-transplant compared to those without PVT
(p < 0.01) (Table 2). Notably, non-MASLD PVT+ recipients demonstrated lower death-
censored graft survival rates compared to MASLD PVT+ recipients, (p = 0.041) (Figure 2C).

Next, the patient cohort was stratified into 5-year intervals to assess the impact
of the transplant era on recipient outcomes. As expected, post-transplant outcomes in
PVT+ recipients have improved over time (Figures S2–S4). MASLD PVT+ had worse pa-
tient survival and death-censored graft survival compared to MASLD PVT− across all
periods, except for 2012–2016. Similarly, lower graft survival was observed in MASLD
PVT+ in all periods, except for 2002–2006. During this era, relatively few cases of graft loss
were reported in MASLD patients. Graft survival was lower in MASLD PVT+ compared
with MASLD PVT− recipients (p = 0.125) in this era, but the difference was not significant.
Non-MASLD PVT+ patients similarly exhibited significantly lower patient, graft, and
death-censored graft survival rates across all time periods, except for death-censored graft
survival during the 2002–2006 interval (Figures S2–S4).

Among non-MASLD PVT+, the lowest one-year post-LT survival outcomes were ob-
served in HCV patients (patient survival: 86.9%, graft survival: 85.2%, and death-censored
graft survival: 90%) and those in the “other” subgroup (patient survival: 85.2%, graft
survival: 81.9%, and death-censored graft survival: 90%) (Figure S5).
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Table 1. Baseline characteristics of study population.

MASLD Non-MASLD

Overall
(n = 9362)

PVT+
(n = 1465)

PVT−
(n = 7897) p-Value Overall

(n = 37,631)
PVT+

(n = 3283)
PVT−

(n = 34,348) p-Value

Recipient characteristics

Age †, mean ± SD 58.1 ± 8.8 59.4 ± 7.8 57.9 ± 8.9 <0.01 52.2 ± 10.4 54.3 ± 10.1 52 ± 10.4 <0.01

Female sex, n (%) 4198 (48.1) 614 (45.0) 3584 (48.7) 0.03 12,534 (35.6) 1006 (33.3) 11,528 (35.8) <0.01

Race/ethnicity, n (%) 0.03 <0.01

NH White 7066 (80.9) 1085 (79.4) 5981 (81.2) 25,712 (73) 2144 (70.9) 23,568 (73.2)

NH Black 191 (2.2) 24 (1.8) 167 (2.3) 3221 (9.2) 232 (7.7) 2989 (9.3)

Hispanic 1212 (13.9) 213 (15.6) 999 (13.6) 4741 (13.5) 512 (16.9) 4229 (13.1)

NH Asian 135 (1.6) 21 (1.5) 114 (1.6) 1059 (3.0) 90 (3.0) 969 (3.0)

Other 129 (1.5) 23 (1.7) 106 (1.4) 476 (1.4) 46 (1.5) 430 (1.3)

Blood type, n (%) 0.79 0.86

Group O 3882 (44.5) 619 (45.3) 3263 (44.3) 15,622 (44.4) 1361 (45) 14,261 (44.3)

Group A 3241 (37.1) 502 (36.8) 2739 (37.2) 12,900 (36.6) 1092 (36.1) 11,808 (36.7)

Group B 1139 (13.0) 174 (12.7) 965 (13.1) 4743 (13.5) 406 (13.4) 4337 (13.5)

Group AB 471 (5.4) 71 (5.2) 400 (5.4) 1944 (5.5) 165 (5.5) 1779 (5.5)

BMI, kg/m2, mean ± SD 33.4 ± 5.9 33.4 ± 5.7 33.3 ± 5.9 0.77 28.4 ± 5.7 28.4 ± 5.4 28.4 ± 5.7 0.48

BMI ≥ 30 kg/m2, n (%) 6344 (72.6) 1012 (74.1) 5332 (72.4) 0.69 11,844 (33.6) 1034 (34.2) 10,810 (33.6) 0.57

Presence of diabetes, n (%) 4333 (49.6) 788 (57.7) 3545 (48.1) <0.01 5822 (16.5) 665 (22.0) 5157 (16.0) <0.01

Presence of encephalopathy,
n (%) 6630 (75.9) 1067 (78.1) 5563 (75.5) 0.14 25,707 (73.0) 2248 (74.3) 23,459 (72.9) 0.20

Presence of ascites, n (%) 7722 (88.4) 1216 (89.0) 6506 (88.3) 0.96 30,504 (86.6) 2668 (88.2) 27,836 (86.5) 0.05

Presence of SBP, n (%) 801 (9.2) 150 (11.0) 651 (8.8) 0.01 3771 (10.7) 443 (14.7) 3328 (10.3) <0.01

Prior dialysis ‡, n (%) 1099 (12.6) 152 (11.1) 947 (12.9) <0.01 4430 (12.6) 366 (12.1) 4064 (12.6) 0.70
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Table 1. Cont.

MASLD Non-MASLD

Overall
(n = 9362)

PVT+
(n = 1465)

PVT−
(n = 7897) p-Value Overall

(n = 37,631)
PVT+

(n = 3283)
PVT−

(n = 34,348) p-Value

Prior abdominal surgery,
n (%) 5313 (60.8) 868 (63.5) 4445 (60.3) <0.01 15,746 (44.7) 1627 (53.8) 14,119 (43.9) <0.01

MELD §, median (IQR) 24 (19–31) 24 (19–30) 25 (19–31) <0.01 25.9 (19–33) 25 (19–33) 25.9 (19–33) <0.01

Serum albumin, g/dL,
mean ± SD 3.1 ± 0.7 3.1 ± 0.7 3.1 ± 0.7 0.04 3.0 ± 0.7 3.1 ± 0.7 3.0 ± 0.7 <0.01

Serum bilirubin, mg/dL,
median (IQR) 4.5 (2.5–9.3) 3.4 (1.9–7.1) 4.7 (2.6–9.7) <0.01 6.9 (3.2–15.5) 5 (2.5–12.6) 7 (3.3–15.8) <0.01

INR, median (IQR) 1.8 (1.5–2.3) 1.9 (1.5–2.4) 1.8 (1.5–2.3) <0.01 1.9 (1.5–2.5) 1.9 (1.5–2.5) 1.9 (1.5–2.5) 0.79

Creatinine, mg/dL,
median (IQR) 1.3 (0.9–1.9) 1.3 (1.0–1.9) 1.3 (0.9–1.9) 0.14 1.2 (0.8–1.8) 1.2 (0.9–1.8) 1.2 (0.8–1.8) 0.03

Sodium, mg/dL, mean ± SD 134.8 ± 5.0 135 ± 4.9 134.8 ± 5.1 0.04 134.6 ± 5.0 134.9 ± 5.2 134.6 ± 5.0 <0.01

History of PVT, n (%) 785 (8.9) 644 (47.1) 141 (2.0) <0.01 1600 (4.5) 1160 (38.3) 440 (1.4) <0.01

Cause of Liver disease, n (%) 0.999 <0.01

MASLD 8733 (100%) 1366 (15.6) 7367 (84.3) - - -

ALD - - - 14,606 (41.4) 1141 (37.7) 13,465 (41.8)

HBV - - - 1178 (3.4) 89 (2.9) 1089 (3.4)

HCV - - - 9348 (26.5) 817 (27.0) 8531 (26.5)

Autoimmune - - - 7165 (20.3) 640 (21.2) 6525 (20.2)

Other - - - 2912 (8.2) 337 (11.1) 2575 (8.0)

Transplant era, n (%) <0.01 <0.01

2002–2006 970 (11.1) 85 (6.2) 885 (12.0) 9122 (25.9) 432 (14.3) 8690 (27.0)

2007–2011 1430 (16.4) 195 (14.3) 1235 (16.8) 7051 (20.0) 646 (21.4) 6405 (19.9)

2012–2016 1982 (22.7) 338 (24.7) 1644 (22.3) 6702 (19.0) 804 (26.6) 5898 (18.3)

2017–2022 4351 (49.8) 748 (54.8) 3603 (48.9) 12,334 (35.0) 1142 (37.8) 11,192 (34.8)
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Table 1. Cont.

MASLD Non-MASLD

Overall
(n = 9362)

PVT+
(n = 1465)

PVT−
(n = 7897) p-Value Overall

(n = 37,631)
PVT+

(n = 3283)
PVT−

(n = 34,348) p-Value

Geographic region, n (%) 0.04 <0.01

Northeast 1315 (15.1) 173 (12.7) 1142 (15.5) 7233 (20.5) 481 (15.9) 6752 (21.0)

Southeast 3856 (44.2) 622 (45.5) 3234 (43.9) 13,862 (39.4) 1196 (39.6) 12,666 (39.4)

Midwest 2320 (26.6) 381 (27.9) 1939 (26.3) 8216 (23.3) 759 (25.1) 7457 (23.2)

West 1242 (14.2) 190 (13.9) 1052 (14.3) 5898 (16.8) 588 (19.4) 5310 (16.5)

Donor
characteristics

Donor age mean ± SD † 42.9 ± 15.8 43.1 ± 15.5 42.9 ± 15.8 0.16 41.4 ± 15.6 41.9 ± 15.4 41.3 ± 15.7 0.01

Donor sex, female n (%) 5248 (60.1) 820 (60.0) 4428 (60.1) 0.79 21,138 (60.0) 1828 (60.5) 19,310 (60.0) 0.75

Donor race/ethnicity, n (%) 0.04 <0.01

NH White 5770 (66.1) 888 (65.0) 4882 (66.3) 23,281 (66.1) 1968 (65.1) 21,313 (66.2)

NH Black 1630 (18.7) 271 (19.8) 1359 (18.5) 6027 (17.1) 543 (18.0) 5484 (17.0)

Hispanic 1054 (12.1) 172 (12.6) 882 (12.0) 4832 (13.7) 411 (13.6) 4421 (13.7)

NH Asian 194 (2.2) 30 (2.2) 164 (2.2) 722 (2.1) 64 (2.1) 658 (2.0)

Other 85 (1.0) 5 (0.4) 80 (1.1) 347 (1.0) 38 (1.3) 309 (1.0)

Donor BMI, kg/m2,
median (IQR)

28.3 ± 6.5 28.4 ± 6.5 28.3 ± 6.5 <0.01 27.5 ± 6.1 27.9 ± 6.3 27.5 ± 6.1 <0.01

Donor BMI ≥ 30, n (%) 2896 (33.2) 459 (33.6) 2347 (33.1) 0.94 9947 (28.3) 911 (30.1) 9036 (28.1) <0.01

Diabetes, n (%) 1161 (13.3) 195 (14.3) 966 (13.1) 0.27 3950 (11.2) 357 (11.8) 3593 (11.2) 0.07

Cold ischemia time, hours,
mean ± SD 6.3 ± 2.4 6.4 ± 2.3 6.2 ± 2.4 <0.01 6.5 ± 2.4 6.6 ± 2.4 6.5 ± 2.4 <0.01

DRI, median (IQR) 1.4 (1.2–2.2) 1.4 (1.2–2.2) 1.4 (1.2–2.2) 0.20 1.3 (1.1–1.8) 1.6 (1.1–1.9) 1.3 (1.1–1.8) 0.44

DRI categories ¶, n (%) 0.25 0.50

Low-DRI 4557 (52.2) 696 (51.0) 3861 (52.4) 19,573 (55.6) 1653 (54.7) 17,920 (55.7)
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Table 1. Cont.

MASLD Non-MASLD

Overall
(n = 9362)

PVT+
(n = 1465)

PVT−
(n = 7897) p-Value Overall

(n = 37,631)
PVT+

(n = 3283)
PVT−

(n = 34,348) p-Value

Medium-DRI 1739 (19.9) 270 (19.8) 1469 (19.9) 7040 (20.0) 615 (20.3) 6425 (20.0)

High-DRI 2437 (27.9) 400 (29.3) 2037 (27.7) 8596 (24.4) 756 (25.0) 7840 (24.4)

Graft type, n (%) 0.95 <0.001

DBD 37,631 (93.3) 1366 (93.2) 7367 (93.3) 34,348 (91.3) 3024 (92.1) 32,185 (93.7)

DCD 629 (6.7) 99 (6.8) 530 (6.7) 3283 (8.7) 259 (7.9) 2163 (6.3)

Donor–recipient match per
BSA, n (%) 0.85 0.24

Too small 303 (3.5) 50 (3.7) 253 (3.4) 676 (1.9) 57 (1.9) 619 (1.9)

Appropriate size 8048 (92.2) 1253 (91.7) 6795 (92.2) 32,207 (91.5) 2749 (90.9) 29,458 (91.5)

Too large 382 (4.4) 63 (4.6) 319 (4.3) 2326 (6.6) 218 (7.2) 2108 (6.6)
† Recipient and donor age in years. ‡ Most recent waiting list dialysis twice in a prior week before transplant or at removal if removed. § At the time of transplant. ¶ DRI categorized
using tertiles. Abbreviations: DBD, donation after brain death; DCD, donation after circulatory death; MASLD, metabolic dysfunction-associated steatotic liver disease; PVT, portal vein
thrombosis; SD, standard deviation; NH, non-Hispanic; BMI, body mass index; SBP, spontaneous bacterial peritonitis; MELD, Model for End-Stage Liver Disease; IQR (inter-quartile
range); INR, international normalized ratio; ALD, alcoholic liver disease; HBV, hepatitis B; HCV, hepatitis C; DRI, donor risk index; BSA, body surface area.

https://doi.org/10.3390/jcm15051787

https://doi.org/10.3390/jcm15051787


J. Clin. Med. 2026, 15, 1787 10 of 19

Figure 2. Kaplan–Meier curves of (A) overall patient survival, (B) graft survival and (C) death-
censored graft survival after one-year post-LT in patients with MASLD and non-MASLD with and
without PVT.
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Table 2. Survival rates of PVT+ and PVT− MASLD and non-MASLD recipients.

MASLD
(n = 9362)

Non-MASLD
(n = 37,631)

Patient Survival,
95% CI

Graft Survival,
95% CI

Death-Censored
Graft Survival, 95%

CI

Patient Survival,
95% CI

Graft Survival,
95% CI

Death-Censored
Graft Survival, 95%

CI

1 month

PVT+ 95.8 (94.6–96.8) 94.3 (92.9–95.4) 96.42 (95.1–97.4) 96.3 (95.6–96.9) 94.3 (93.4–95.1) 96.16 (95.3–96.9)

PVT− 97.7 (97.3–98.0) 96.8 (96.4–97.2) 98.13 (97.7–98.4) 97.6 (97.5–97.8) 96.3 (96.1–96.5) 97.44 (97.2–97.6)

3 months

PVT+ 93.3 (91.8–94.5) 91.5 (89.8–92.8) 96.04 (94.7–97.1) 93.3 (92.3–94.2) 91.0 (89.9–91.9) 94.67 (93.7–95.5)

PVT− 95.6 (95.1–96.1) 94.4 (93.8–94.9) 97.21 (96.7–97.6) 95.9 (95.6–96.1) 94.0 (93.7–94.3) 96.27 (96.0–96.5)

6 months

PVT+ 91.4 (89.7–92.8) 89.2 (87.4–90.8) 95.18 (93.7–96.3) 91.5 (90.4–92.4) 88.6 (87.5–89.7) 93.51 (92.4–94.4)

PVT− 94.1 (93.5–94.6) 92.5 (91.9–93.1) 96.55 (96.0–97.0) 94.2 (93.9–94.4) 92.0 (91.7–92.3) 95.13 (94.8–95.4)

1 year

PVT+ 88.9 (87.1–90.5) 86.5 (84.5–88.2) 94.15 (92.5–95.4) 88.9 (87.7–90.0) 85.8 (84.5–87.0) 92.15 (91.0–93.2)

PVT− 92.1 (91.5–92.7) 90.3 (89.6–90.9) 95.56 (95.0–96.1) 91.8 (91.5–92.1) 89.0 (88.7–89.4) 93.30 (93.0–93.6)
Abbreviations: CI, confidence interval; MASLD, metabolic dysfunction-associated liver disease; PVT, portal vein thrombosis.
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3.3.2. Subgroup Analysis Assessing the Effect of PVT at Listing and/or Time
of Transplantation

We next evaluated the impact of PVT at listing (PVT Hx) with PVT at transplant
(previously codified as PVT+, codified is this analysis as PVT Tx) on post-LT outcomes.
Within the MASLD cohort, PVT Tx+ recipients, regardless of PVT history at listing (PVT Tx+
PVT Hx- and PVT Tx+ PVT Hx+), exhibited lower overall patient survival, graft survival,
and death-censored graft survival rates compared to those PVT Tx− (Figure S6A,C,E).
Similar trends were observed in the non-MASLD cohort (Figure S6B,D,F).

3.3.3. Multivariate Analysis of Post-Transplant Outcomes

On multivariate analysis adjusted for recipient and donor characteristics (Tables S2–S4),
we found that compared to patients without PVT, both MASLD and non-MASLD PVT+
showed poorer post-LT outcomes (Table 3). MASLD PVT+ had a significantly higher
risk of all-cause mortality (adjusted hazard ratio [aHR] 1.55, 95% confidence interval [CI]
1.29–1.80, p < 0.001), graft failure (aHR 1.54, 95% CI 1.31–1.83, p < 0.001), and DCGF (aHR
1.50, 95% CI 1.12–2.01, p = 0.007). Similarly, non-MASLD PVT+ patients also had a sig-
nificantly higher risk of all-cause mortality (aHR 1.56, 95% CI 1.39–1.76, p < 0.001), graft
failure (aHR 1.50, 95% CI 1.36–1.67, p < 0.001), and DCGF (aHR 1.38, 95% CI 1.20–1.59,
p < 0.001). Presence of PVT did not significantly affect post-LT outcomes between MASLD
and non-MASLD recipients.

Table 3. Multivariate Cox regression analysis of the association between PVT at time of transplant
and post-transplant outcomes in the patient cohort.

MASLD Non-MASLD

PVT+ (Ref. PVT−) aHR 95% CI p-Value aHR 95% CI p-Value

All-cause mortality † 1.55 1.29–1.87 <0.001 1.56 1.39–1.76 <0.001
Graft failure † 1.54 1.31–1.83 <0.001 1.50 1.36–1.67 <0.001

DCGF † 1.50 1.12–2.01 0.007 1.38 1.20–1.59 <0.001
† Within the non-MASLD cohort, we performed a statistical analysis using “strata( )” function in STATA to control
for diabetes and obesity on multivariate analysis to avoid violation of the proportionality hazard assumption.
Abbreviations: aHR, adjusted hazard ratio; CI, confidence interval; DCGF, death-censored graft failure; MASLD,
metabolic dysfunction-associated steatotic liver disease; PVT, portal vein thrombosis.

When stratified by sex within the MASLD cohort, the presence of PVT at the time
of transplant in male recipients was significantly associated with higher risk of all-cause
mortality (aHR 1.70, 95% CI 1.34–2.16, p < 0.001), graft failure (aHR 1.65, 95% CI 1.33–2.04,
p < 0.001), and death-censored graft failure (aHR 1.50, 95% CI 1.06–2.14, p = 0.02). Among
female recipients, no significant differences were observed in all-cause mortality (aHR 1.27,
95% CI 0.97–1.67, p = 0.08) or death-censored graft failure (aHR 1.42, 95% CI 0.91–2.22,
p = 0.12), although PVT was significantly associated with graft failure (aHR 1.31, 95% CI
1.03–1.67, p = 0.03).

3.4. Effect of PVT on Post-Transplant Outcomes in Recipients of Livers from DCD Donors

A total of 3051 recipients (6.5%) received grafts from DCD donors, among whom
PVT at the time of transplant was present in 15.7% of MASLD recipients and 10.7%
of non-MASLD recipients (p < 0.001). Kaplan–Meier analysis demonstrated signifi-
cantly worse patient survival in MASLD PVT+ patients compared to non-MASLD PVT−
(p = 0.013; Figure 3A). However, no significant differences were observed in graft survival
or death-censored graft survival (Figure 3B and 3C, respectively).

In multivariate analysis using non-MASLD PVT− recipients as the reference group,
MASLD PVT+ had a significantly higher risk of all-cause mortality (aHR 2.24, 95% CI
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1.17–4.28, p = 0.01). This finding is limited by the small simple size leading to imprecision of
hazard ratio estimates. No significant differences were observed for graft failure (aHR 1.74,
95% CI 0.95–3.21, p = 0.08) or death-censored graft failure (aHR 1.05, 95% CI 0.31–3.50,
p = 0.93) (Table 4).

In multivariate analysis restricted to MASLD recipients undergoing liver transplan-
tation with DCD grafts, we observed that those with PVT at the time of transplant had
a higher, though not statistically significant, risk of adverse outcomes compared to those
without PVT. Specifically, PVT was associated with increased all-cause mortality (adjusted
hazard ratio [aHR] 1.97; 95% CI, 0.98–3.96; p = 0.06), graft failure (aHR 1.81; 95% CI,
0.94–3.50; p = 0.08), and death-censored graft failure (aHR 1.16; 95% CI, 0.29–4.75; p = 0.22).

3.5. Causes of Death and Graft Failure in Study Cohort

A significant difference was observed in the causes of death within the first-year
post-LT between MASLD and non-MASLD recipients (Table S5). The most common causes
of death within one year were infection (23.5%) and cardiovascular complications (21.0%).
Within the MASLD group, cardiovascular complications were the leading cause of death,
particularly among recipients with PVT, in whom the incidence was higher compared to
those without PVT (29.0% vs. 23.0%, p < 0.001). In contrast, among non-MASLD recipients,
infection was the primary cause of death, with a significantly higher rate observed in those
with PVT compared to those without PVT (24.7% vs. 23.0%, p < 0.001).

(A) 

Figure 3. Cont.
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(B) 

(C) 

Figure 3. Kaplan–Meier curves of (A) overall patient survival, (B) graft survival and (C) death-
censored graft survival after one-year post-LT in recipients of livers from donation after circulatory
death donors. Abbreviations: LT, liver transplantation; MASLD, metabolic dysfunction-associated
steatotic liver disease; PVT, portal vein thrombosis.
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Table 4. Multivariate Cox regression analysis of the association between PVT at time of transplant
and post–transplant outcomes in recipients of livers from donation after circulatory death donors.

All-Cause Mortality † Graft Failure † Death-Censored Graft Failure †

Etiology aHR 95% CI p-Value aHR 95% CI p-Value aHR 95% CI p-Value

Non-MASLD PVT− as the reference

Non-MASLD PVT− 1.00 1.00 1.00

MASLD PVT− 1.38 0.92–2.10 0.11 1.12 0.77–1.61 0.56 1.01 0.57–1.80 0.96

Non-MASLD PVT+ 1.37 0.83–2.24 0.21 1.26 0.82–1.96 0.30 1.10 0.56–2.16 0.77

MASLD PVT+ 2.24 1.17–4.28 0.01 1.74 0.95–3.21 0.08 1.05 0.31–3.50 0.93

MASLD PVT− as the reference

MASLD PVT− 1.00 1.00 1.00

MASLD PVT+ 1.97 0.98–3.96 0.06 1.81 0.94–3.50 0.08 1.16 0.29–4.75 0.22
† Within the non-MASLD cohort we performed a statistical analysis using “strata( )” function in STATA to control
for diabetes and obesity on multivariate analysis to avoid violation of the proportionality hazard assumption.
Abbreviations: aHR, adjusted hazard ratio; CI, confidence interval; DCGF, death-censored graft failure; MASLD,
metabolic dysfunction-associated steatotic liver disease; PVT, portal vein thrombosis.

Primary non-function (37.4%) and infection (21.4%) were the most common causes of
graft failure in our cohort (Table S6). Primary non-function was the predominant cause of
graft failure in both MASLD and non-MASLD recipients, irrespective of PVT status. Graft
failure resulting from hepatic artery thrombosis occurred more frequently in MASLD PVT+
than in MASLD PVT−.

4. Discussion
In this national retrospective cohort study of U.S. LT recipients, while we observed that

the presence of PVT at the time of transplant was significantly associated with increased
all-cause mortality, graft failure, and DCGF within the first-year post-transplantation in
both MASLD and non-MASLD patients, the clinical outcomes did not differ significantly
between these two groups. When restricting the analysis to only recipients receiving
grafts from DCD donors, we found that MASLD PVT+ recipients exhibited the highest
all-cause mortality. This is the first study to explore the effect of PVT in transplant outcomes
comparing MASLD to non-MASLD patients and studying the effect of PVT in MASLD
recipients undergoing transplantation from DCD donors.

Our study showed that PVT worsens post-transplant outcomes in both MASLD and
non-MASLD; however, no significant changes were found between these two groups.
While our findings are consistent with prior research which reported that PVT at time of
LT in metabolic dysfunction-associated steatohepatitis (MASH) recipients increased the
risk of graft failure and all-cause mortality [10], our study builds on these findings by
leveraging a larger sample size, extending the observation period, and incorporating DCGF
as a critical outcome measure. This approach allows for a more precise identification of
the intrinsic factors contributing to graft failure, which might otherwise be obscured if
death were not censored. Furthermore, we observed a steady increase in the prevalence
of PVT among MASLD recipients over the past decade, rising from 12% to 17% in the
most recent five-year period (2017–2022). Several factors likely contribute to this increasing
prevalence. First, the parallel trends of worsening obesity and the MASLD epidemic have
coincided with an increasing demand for LT. Second, advances in surgical techniques have
made surgeons more adept and comfortable with performing transplants on patients with
PVT [8]. Third, the established link between MASLD and PVT as a risk factor has led to
heightened awareness and early detection of PVT in this patient population [18].
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The presence of PVT at the time of transplant was associated with a higher risk of
all-cause mortality in MASLD recipients who received grafts from DCD donors. Although
prior studies have demonstrated that selected patients with low-grade PVT can safely
undergo DCD liver transplantation without adversely affecting survival or graft function,
current international guidelines do not recommend the routine use of DCD grafts in re-
cipients with complex PVT due to increased technical difficulty and risk [13,19,20]. Some
studies showed that while grade I–II PVT may be compatible with acceptable outcomes
using DCD grafts, patients with grade III–IV PVT or uncharacterized thrombosis had sig-
nificantly worse outcomes [20]. While the impact of donor steatosis on transplant outcomes
has been previously studied, to our knowledge, no prior investigation has specifically eval-
uated the combined effect of PVT and DCD graft use in MASLD recipients. Our findings
may reflect the complex interplay between the higher prevalence of obesity and diabetes in
MASLD, and the increased perioperative risk associated with PVT. The addition of DCD
grafts in this setting may further compound technical and hemodynamic challenges during
transplantation, contributing to poorer outcomes in this high-risk subgroup.

When evaluating the association of PVT at listing and at the time of transplantation,
our study found that MASLD recipients with PVT at LT, regardless of PVT status at listing,
exhibited poorer post-LT outcomes. A similar trend was observed in the non-MASLD
cohort, consistent with previous studies linking newly diagnosed PVT at LT to lower
90-day patient and graft survival compared to those without PVT at either listing or LT [21].
Despite concerns about the accuracy of PVT data in the OPTN database, Ghabril et al.
highlighted distinct clinical phenotypes within these subgroups, reinforcing the importance
of PVT status throughout the transplant process [21].

In addition, we observed a higher rate of cardiovascular-related death among MASLD
recipients with PVT compared to those without PVT. This may reflect a greater burden
of underlying cardiometabolic dysfunction in patients who develop PVT, factors that are
not fully captured by conventional variables such as MELD score, age, or BMI. Emerging
evidence suggests that patients with cardiometabolic disease may harbor distinct polygenic
risk profiles that predispose them to venous thromboembolism, in some cases with a
risk magnitude comparable to that of established monogenic thrombophilias [22]. It is
therefore plausible that MASLD patients who develop PVT represent a genetically and
phenotypically distinct subgroup with heightened prothrombotic and cardiovascular risk,
ultimately contributing to poorer post-transplant outcomes.

The rates of hepatic artery thrombosis (HAT) were higher in MASLD patients with PVT
(PVT+) compared to those without PVT (PVT−). In a large U.S. retrospective cohort study,
pre-transplant PVT was associated with a two-fold increased risk of developing HAT, leading
to graft loss within 90 days post-transplantation [23]. The study’s authors hypothesized that
a combination of endothelial dysfunction, a predisposition to post-LT hypercoagulability,
surgical techniques, and cold ischemia contribute to the development of HAT in patients with
PVT. Additionally, the pro-inflammatory state and hypercoagulability commonly observed
in MASLD may further exacerbate this risk, potentially explaining why HAT rates were
higher in PVT+ MASLD patients compared to PVT+ non-MASLD patients.

To date, this is the largest study examining PVT in recipients with MASLD and, to our
knowledge, the first to study the effect PVT in MASLD patients undergoing transplantation
from DCD donors. However, our study has some limitations. First, its retrospective
design may introduce selection bias. Second, the lack of granularity in the UNOS database
limits the evaluation of factors influencing the development, treatment, and prognosis
of PVT, such as inherited thrombophilia, anticoagulation use for other conditions, and
detailed characterization of thrombosis, including extent, chronicity, and intraoperative
management strategies, all of which may affect post-transplant outcomes [8]. Third, while
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we excluded patients with a prior history of TIPS due to the lack of granular data to
characterize its specific effect on PVT in MASLD patients, future studies should explore
whether outcomes differ by liver disease etiology among those with PVT who underwent
TIPS. Fourth, although categorizing cryptogenic cirrhosis with BMI ≥ 30 kg/m2 as MASLD
may introduce heterogeneity, previous studies have shown that including this subset of
patients enhances the generalizability of findings [3,14,15,24,25]. Fifth, a key limitation of
our study is the lack of data on graft preservation techniques, particularly ex situ machine
perfusion, which is underreported in the UNOS STAR files. Hypothermic oxygenated
machine perfusion (HOPE) has been shown to reduce biliary complications after DCD liver
transplantation and may alter the risk profile in recipients with PVT [25]. Future studies
should examine its role in this high-risk population. Finally, excluding HCC patients may
have inadvertently excluded a substantial cohort of patients with low natural MELD scores
who were transplanted using MELD exceptions.

In conclusion, we found that while the presence of PVT at time of transplantation was
associated with poor transplant outcomes in both MASLD and non-MASLD recipients; no
significant difference was found between the two groups. Within the DCD group, MASLD
patients with PVT at time of transplantation had increased significant risk for all-cause
mortality. Given the increase trends of MASLD as a transplant indication, the persistent
organ shortage and increased utilization of DCD grafts, careful recipient selection should
be implemented, particularly in patients with PVT at time of transplantation.
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