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Abstract

Background

Historically, liver allografts with >30% macrosteatosis (MaS) on donor biopsy have been
associated with early allograft dysfunction and worse graft survival; however, successful
outcomes have been reported in small cohorts. This study proposes an elevated MaS
threshold for organ utilization without detriment to graft survival.

Methods

The UNOS Standard Transplant Analysis and Research database was evaluated for trans-
plants between 2006—-2015. Graft survival up to 1-year was evaluated by Kaplan-Meier
(KM) survival analyses, and by univariate and multivariable logistic regression analyses,
including donor and recipient characteristics. Odds ratios (OR) with 95% confidence inter-
vals (CI) for risk of graft loss are reported.

Results

Thirty-day risk of graft loss was increased with MaS as low as 10-19% (OR [95% CI] 1.301
[1.055-1.605], p<0.0001) and peaked with MaS 50-59% (2.921 [1.672-5.103)]). At 1-year,
risk of graft loss remained elevated with MaS 40—-49% (1.465 [1.002—-2.142]) and Ma$S 50—
59% (1.978 [1.281-3.056], p = 0.0224). Multivariable models were created for Lower and
Higher MELD recipients and MaS cutoffs were established. In Lower MELD recipients,
organs with >50% Ma$S had increased risk of graft loss at 30 days (2.451 [1.541-3.897], p
0.0008) and 1-year post-transplant (1.720 [1.224-2.418], p = 0.0125). Higher MELD recipi-
ents had increased risk of graft loss at 30 days with allografts showing MaS >40% (4.204
[1.440-5.076], p = 0.0016). At 1-year the risk remained increased, but MaS was not signifi-
cant predictor of graft 10ss.048 [1.131-3.710], p = 0.0616). In both MELD cohorts, organs
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with MaS levels below threshold had similar survival to those transplanted without a donor
biopsy.

Conclusions

In conjunction with recipient selection, organs with MaS up to 50% may be safely used with-
out detriment to outcomes.

Introduction

Currently, over 13,000 candidates are listed for and awaiting liver transplantation nationwide
(UNOS Data as of April 3, 2019). Despite a steady increase in the number of liver transplants
occurring in the United States over the past five years[1], there remains a significant unmet
need for donor organs. Strategies to increase donor utilization have promoted the use marginal
or extended criteria donors (ECD), including those with hepatic steatosis.[2]

Hepatic steatosis is common, being reported in 30-51% of donor livers,[3,4] a number that
may increase with rising prevalence of obesity and non-alcoholic fatty liver disease in the
United States.[5,6] Liver steatosis is characterized as either microvesicular (MiS) or macrovesi-
cular (MaS); however, only Ma$ has been shown to significantly influence allograft and patient
survival following liver transplantation (LT).[7-10]The volume of hepatic MasS is based on his-
tologic evaluation and classically described as mild (<30%), moderate (30-60%), or severe
(>60%).

The use of grafts with mild steatosis is generally accepted, as Kwon et al. demonstrated suc-
cessful outcomes using donor allografts with <30% MaS.[11] Conversely, increased MaS$ in
donor livers has been associated with early allograft dysfunction (EAD), primary graft non-
function (PNF), and biliary complications.[8,12] Spitzer et al. showed an increased risk ratio
(RR) of 1.71 for graft loss at 1-year with allografts having >30% MaS.[13] In contrast, McCor-
mack ef al. found increased rates of primary graft dysfunction, but no difference in 60-day or
3-year patient mortality using allografts with severe steatosis.[14] Multiple clinical series have
reported similarly acceptable outcomes with the use of allografts with higher volumes of MaS.
[15-23] These data are derived from small cohorts at single institutions and no large or nation-
wide studies exist, leaving significant controversy over the utilization of allografts with elevated
MaS.

As waitlist registrations continue to rise, ongoing efforts to expand the donor pool are
imperative. Using the Organ Procurement and Transplant Network Standard Transplant
Analysis and Research (OPTN STAR) database, we hypothesized that liver allografts with
increased levels of Ma$S above 30% may be used safely in LT. Furthermore, we attempted to
identify a threshold MasS level for safe transplantation and characterize the donor and recipient
factors which contribute to short and long-term graft survival amongst steatotic allografts in
the modern transplant era.

Methods
Patient population

The OPTN STAR database contains prospectively collected data on donors and recipients for
transplantation of all organs. A retrospective review of liver transplants and potential liver
donors between January 1, 2006 and June 30, 2015 was performed. Data were obtained from
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the OPTN directly and are available to all interested parties through the OPTN (www.optn.
transplant.hrsa.gov). Institutional approval was sought from the Cedars-Sinai Medical Center
review board and given the de-identified nature of the data, it was deemed that additional IRB
approval was not necessary.

Data were evaluated and exclusion criteria were applied. Exclusion criteria included pediat-
ric patients (<18 years-old), multi-organ or split-liver recipients, donation after circulatory
death (DCD) transplants, recipients with prior liver transplant, recipients listed as Status 1A,
as well as any recipient without at least 1-year of follow-up. After applying these criteria,
41,347 transplants were available for analysis. Pre-donation liver biopsy was identified in
19,137 transplants, of which 16,306 had information on donor liver steatosis and comprised
the study group.

All transplants with donor liver biopsy were categorized by volume of MaS identified on
biopsy. Seven MaS groups were identified: 0-9% (n = 9,999 transplants), 10-19% (n = 2,673),
20-29% (n = 1,122), 30-39% (n = 762), 40-49% (n = 223), 50-59% (n = 150), and >60%

(n = 142). Organs without a donor liver biopsy were classified as “No Biopsy.” Donor liver
biopsy is typically used in the evaluation of questionable donors, while donors without a biopsy
are considered acceptable to transplant for selected recipients. Therefore, these donors com-
prise an “ideal” control group by which to compare outcomes.

Donor and recipient characteristics were collected and evaluated, including age, gender,
ethnicity, blood type, body mass index (BMI), viral status for Epstein-Barr (EBV), cytomegalo-
virus (CMV), hepatitis B virus (HBV) and hepatitis C virus (HCV), as well as cold ischemic
time (CIT). Donor-specific variables included biopsy results with percent MasS, calculated
Donor Risk Index (DRI), history of hypertension, diabetes, prior myocardial infarctions, his-
tory of cigarette or drug use, and Center for Disease Control (CDC) classification as high-risk
donor. Recipient-specific variables included lab-based Model for End-stage Liver Disease
(MELD) score, etiology of liver disease, history of diabetes, prior abdominal surgery, portal
vein (PV) thrombosis, prior transjugular intrahepatic portosystemic shunt (TIPS), and need
for dialysis or mechanical ventilation at time of transplant.

Outcomes

The primary outcome was graft survival following transplantation. Graft survival was defined
as the period between transplantation and graft loss necessitating re-transplantation or recipi-
ent death, whichever occurred first. Graft survival was assessed for the duration of individual
patient follow-up, up to 1-year after transplantation. Patients who were lost to follow-up with a
functioning graft were censored.

Subgroup analyses were performed with subgroup determination based on recipient MELD
score. Two subgroups were created—Lower MELD (score <33) and Higher MELD (score 33
to 40). For easier application in the current clinical scene, grouping determination was based
on recently implemented allocation policies, which facilitate local-regional sharing of available
allografts amongst recipients with MELD scores of 33 and higher.

Statistical analysis

Statistical analysis was performed in JMP Pro 13.1 (SAS Institute Inc., Cary, NC). Single vari-

able analyses were performed using Students t-tests and ANOV A where appropriate; multiple
variable categorical analyses were performed using Pearson’s chi-squared tests. Kaplan-Meier
(KM) survival analyses were performed and were censored for patients with functioning graft
at last known follow-up with survival times truncated to 365 days. Logistic regression models

were utilized to evaluate graft survival at 30 days, 90 days, and 1-year post-transplant.
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Univariable analyses identified factors for inclusion in multivariable analyses using a p-value
<0.10 as a threshold for inclusion. A manual, stepwise regression analysis was performed
using a threshold p-value of <0.05 for significance with the exception of inclusion for factors
previously shown to influence graft survival (ie. donor age, recipient age, etc).[24] Odds ratios
(OR) and 95% confidence intervals (CI) for graft loss are reported. Initial models were created
including only transplants in which pre-donation liver biopsy had been performed. The vari-
ables of region of transplant (eg. UNOS region 1 to 11), donor and recipient age, and recipient
etiology of end-stage liver disease were forced into models in which they were not otherwise
included based on significance, given their import in clinical decision making. P-values are
reported per Wilcoxon-Rank sum for graft survival at 1-year. Findings were considered signifi-
cant with p-value <0.05. Bonferroni corrections were applied for multiple comparisons.

Results
Population characteristics

After applying exclusion criteria, 41,347 transplants remained for analysis. Donor liver biopsy
was performed in 16,306 (39.4%), comprising the biopsy cohort. Select donor and recipient
characteristics are presented in Table 1 (complete characteristics in S1 Table). Briefly, allografts
with a biopsy were from donors who were older, had higher BMI, and overall a higher calcu-
lated DRI. Recipients of organs with a biopsy were slightly older and a smaller proportion of
biopsied allografts went to Higher MELD recipients, recipients on a ventilator, or those with
dialysis within one week of transplant.

Graft survival was compared between recipients of liver allografts with and without donor
liver biopsy. Overall, graft survival was lower for biopsied organs than those without a biopsy
at 30 days (95.6% vs 96.4%, p<0.001), 90 days (93.2% vs 94.1%, p<0.001), and 1-year (86.5%
vs 87.9%, p<0.001) after transplant. Interestingly, amongst allografts that survived 30 days,
there was no difference in 90-day survival (97.6% with biopsy vs 97.6% without biopsy,

p = 0.82) and a small but statistically significant difference in 1-year survival (90.8% with
biopsy vs 91.4% without biopsy, p = 0.044).

Graft loss following donor biopsy

Incidence of graft loss increased with increasing volumes of steatosis (Fig 1A). At 30 days post-
transplant, incidence of graft loss was lowest amongst allografts with 0-9% MasS (4.0%) and
was highest with MaS 40-49% (9.5%) and MaS 50-59% (10.7%, p<0.001). Similar trends were
seen at 90 days and 1-year follow-up. At 1-year, incidence of graft loss was highest for MaS 40-
49%, 50-59% and >60% groups (17.9%, 20.9%, and 15.4%; p<0.001). KM survival analysis of
organs with biopsy showed significant differences in graft survival across biopsy groups (Fig
1B). Interestingly, grafts with >60% had better graft survival than those with 40-49% and 50—
59%, which likely represents a selection bias for these very high MaS organs.

Donor and recipient characteristics within each MaS group are presented in Table 2 (com-
plete characteristics in S2 Table). Higher Ma$S donors were younger (p<0.001) and had lower
rates of diabetes (p = 0.01) and hypertension (p<0.001); however, DRI was similar across
groups (p = 0.11). Notably, there were no significant differences in recipient age, ethnicity,
BMLI, etiology of ESLD, or MELD score across Ma$S groups.

Graft MaS was significantly associated with graft survival at all time points in multivariable
analyses (Table 3, complete multivariable models presented in S3A-S3C Table). Compared to
organs with MaS 0-9%, there was an increased likelihood of graft loss at 30 days with MasS lev-
els as low as 10-19%. Allografts with 40-49% and 50-59% MaS carried the highest likelihood
of graft loss. Notably, donor age, recipient age, and recipient MELD score were not
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Table 1. Selected donor and recipient characteristics for transplants with and without donor liver biopsy.

All Transplants (n = 41,347)

Donor Biopsy (n = 16,306)

No Biopsy (n = 25,041)

p-Value

Age, years (mean+SD, median (IQR)) 43.0 £16.8 50.0 £ 14.9 38.4+16.3 <0.001
44 (28-56) 51 (40-61) 38 (24-51)

Gender (female) 16,891 (40.9%) 7,555 (46.3%) 9,336 (37.3%) <0.001
Ethnicity <0.001

White 27,187 (65.8%) 11,080 (68.0%) 16,107 (64.3%)

Black 7,555 (18.3%) 3,017 (18.5%) 4,538 (18.1%)

Hispanic 5,047 (12.2%) 1,591 (9.8%) 3,456 (13.8%)

Asian 1,024 (2.5%) 397 (2.4%) 627 (2.5%)

Other 534 (1.3%) 221 (1.4%) 313 (1.3%)
BMI, kg/m2 27.7+6.3 29.5+7.3 264 +5.3 <0.001
Cause of Death <0.001

Anoxia 9,566 (23.1%) 4,225 (25.9%) 5,341 (21.3%)

Trauma 13,622 (33.0%) 3,537 (21.7%) 10,085 (40.3%)

CVA 17,142 (41.5%) 8,164 (50.1%) 8,978 (35.9%)

Other 1,017 (2.5%) 380 (2.3%) 637 (2.5%)
Diabetes 5,153 (12.5%) 3,159 (19.5%) 1,994 (8.0%) <0.001
Hypertension 15,663 (38.1%) 8,448 (52.2%) 7,215 (29.0%) <0.001
Cigarette Smoker 11,129 (26.9%) 5,587 (34.3%) 5,542 (22.1%) <0.001
Any Drug Use 15,524 (37.6%) 5,705 (35.0%) 9,819 (37.6%) <0.001
HCV-Positive 1,747 (4.2%) 1,366 (8.4%) 381 (1.5%) <0.001
HBV-Positive 2,396 (5.8%) 1,485 (9.1%) 911 (3.6%) <0.001
Donor Risk Index 1.75+0.39 1.89 £ 0.41 1.66 + 0.34 <0.001
CIT Groups <0.001

<8 hours 29,325 (72.3%) 10,839 (67.6%) 18,486 (75.4%)

8 to 12 hours 9,676 (23.9%) 4,484 (28.0%) 5,192 (21.2%)

>12 hours 1,560 (3.9%) 712 (4.4%) 848 (3.5%)
Age 552+94 55.7£9.0 549 +£9.7 <0.001

56 (51-61) 57 (51-62) 56 (50-61)

Gender (female) 12,722 (30.8%) 4,719 (28.9%) 8,003 (32.0%) <0.001
Ethnicity <0.001

White 29,686 (71.8%) 12,091 (74.2%) 17,595 (70.3%)

Black 3,763 (9.1%) 1,466 (9.0%) 2,297 (9.2%)

Hispanic 5,508 (13.3%) 1,849 (11.3%) 3,659 (14.6%)

Asian 1,883 (4.6%) 672 (4.1%) 1,211 (4.8%)

Other 507 (1.2%) 228 (1.4%) 279 (1.1%)
MELD Score 22 (15-30) 21 (15-29) 23 (16-31) <0.001
MELD Groups <0.001

Lower MELD (Score <33) 33,586 (81.3%) 13,840 (85.0%) 19,746 (78.9%)

Higher MELD (Score 33-40) 7,710 (18.7%) 2,441 (15.0%) 5,269 (21.1%)
Prior TIPS 3,773 (9.3%) 1,519 (9.5%) 2,254 (9.1%) 0.29
PV Thrombosis 4,160 (10.2%) 1,625 (10.1%) 2,535 (10.3%) 0.57
Encephalopathy 25,757 (62.3%) 9,873 (60.6%) 15,884 (63.4%) <0.001
Ascites 31,251 (75.6%) 12,096 (74.2%) 19,155 (76.5%) <0.001
Dialysis within 1 week of Transplant 3,372 (8.2%) 1,018 (6.3%) 2,354 (9.4%) <0.001
https://doi.org/10.1371/journal.pone.0230995.t001
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Fig 1. Allograft survival following donor liver biopsy by % macrosteatosis. Organs with donor liver biopsy were
grouped by % MaS observed on biopsy. A) Incidence of graft loss is reported by Ma$S group at 30 days, 90 days and
1-year after transplant. P-value <0.0001 assessed for each follow-up time point comparing across Ma$ groups. B) KM
survival analysis performed for 1-year graft survival amongst all organs with donor liver biopsy, comparing MaS
groups. Mean graft survival reported; all graft survival to 365 days.

https://doi.org/10.1371/journal.pone.0230995.9001

significantly associated with 30-day graft loss amongst transplants with a donor biopsy. Allo-
grafts with 40-49% MaS and 50-59% Mas$ continued to have an increased likelihood of graft
loss at 90-days and 1-year after transplantation. Grafts with lower levels of MaS, however, did
not have a significantly elevated likelihood of graft loss after 30 days from transplant. Other
factors associated with graft survival are reported in supplemental materials.

Sub-group analysis in Lower and Higher MELD cohorts

KM survival analyses showed no significant difference across MaS groups for 1-year graft sur-
vival in Lower MELD recipients (Fig 2A, p = 0.12). Conversely, in Higher MELD recipients,
there was a significant difference in graft survival by MaS groups (Fig 2B, p = 0.007).

Amongst Lower MELD recipients, allograft MaS was an independent predictor of graft loss
at 30-days and 90-days, but not at 1-year after transplant (Table 4, complete models in S4A-
S4C Table). At 30 days post-transplant, the likelihood of graft loss was highest for allografts
with 50-59% MasS (p = 0.002). At 90 days post-transplant a similar pattern was seen with the
highest likelihood of graft loss in organs with 50-59% MasS (p = 0.04). Although allograft MaS
was not an independent predictor of graft loss at 1-year, the odds of graft loss was again the
highest for organs with 50-59% MaS (p = 0.14).
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Table 2. Donor and recipient characteristics by donor biopsy Ma$S group.

0-9% Ma$S 10-19% Ma$S 20-29% Ma$S 30-39% Ma$S 40-49% Ma$S 50-59% Ma$S >60% MaS | p-Value
(n =9,999) (n=2,673) (n=1,122) (n=762) (n=223) (n =150) (n =142)

Donor Characteristics
Age, years (mean+SD) 50.0 +15.4 51.5+13.9 50.2 +13.1 50.1 +13.1 46.2+13.6 43.5+12.2 46.0 + 14.2 <0.001
Gender (female) 4,661 (46.6%) 1,264 (47.3%) 490 (43.7%) 339 (44.5%) 88 (39.5%) 73 (48.7%) 71 (50.0%) 0.09
Ethnicity <0.001

White 6,751 (67.5%) 1,843 (69.0%) 781 (69.6%) 535 (70.2%) 152 (68.2%) 102 (68.0%) 104 (73.2%)

Black 2,055 (20.6%) 404 (15.1%) 149 (13.3%) 104 (13.7%) 17 (7.6%) 14 (9.3%) 23 (16.2%)

Hispanic 826 (8.3%) 311 (11.6%) 136 (12.1%) 93 (12.2%) 48 (21.5%) 30 (20.0%) 12 (8.5%)

Asian 237 (2.4%) 77 (2.9%) 32 (2.9%) 20 (2.6%) 2 (0.9%) 3 (2.0%) 2(1.4%)

Other 130 (1.3%) 38 (1.4%) 24 (2.1%) 10 (1.3%) 4 (1.8%) 1(0.7%) 1(0.7%)
BMI, kg/m? 28.7+72 31.0+£7.3 31.9+7.2 32174 31.7+7.1 30.7 7.4 30.8+7.2 <0.001
Diabetes 1,911 (19.2%) 569 (21.4%) 219 (19.7%) 160 (21.1%) 41 (18.6%) 17 (11.5%) 20 (14.3%) 0.01
Hypertension 5,115 (51.5%) 1,434 (54.0%) 611 (55.2%) 441 (58.3%) 98 (44.3%) 58 (39.5%) 63 (45.0%) <0.001
HCV-Positive 959 (9.6%) 172 (6.4%) 66 (5.9%) 25 (3.3%) 6 (2.7%) 13 (8.7%) 4 (2.8%) <0.001
Donor Risk Index 1.85(1.57-2.16) | 1.86(1.61-2.16) | 1.85(1.59-2.12) | 1.85(1.60-2.11) | 1.83 (1.55-2.09) | 1.71 (1.53-2.00) 1.83 (1.54- 0.11
(median, IQR) 2.11)
Transplant
Characteristics
CIT Groups 0.51

<8 hours 6,686 (67.9%) 1,794 (68.1%) 718 (65.3%) 490 (65.6%) 138 (62.7%) 92 (62.2%) 97 (69.3%)

8 to 12 hours 2,718 (27.6%) 727 (27.6%) 333 (30.3%) 220 (29.5%) 71 (32.3%) 50 (33.8%) 39 (27.9%)

>12 hours 439 (4.5%) 112 (4.3%) 49 (4.5%) 37 (5.0%) 11 (5.0%) 6 (4.1%) 4(2.9%)
Recipient
Characteristics
Age, years 55.6 +£9.1 55.7 + 8.8 56.3 + 8.2 55.5+9.5 56.4 £ 8.6 54.2+9.3 54.9+9.3 0.12
Body Mass Index, kg/m* 28.7+5.6 28.8+5.6 29.0 £5.7 28.9+6.0 28.8+5.7 28.5+5.6 29.0+5.8 0.58
MELD Score 22 (15-29) 22 (15-29) 21 (14-29) 21 (15-28) 21 (15-28) 21 (15-27) 20 (15-27) 0.68
Etiology of ESLD" 0.60

Acute Liver Failure 138 (1.4%) 30 (1.1%) 10 (0.9%) 14 (1.8%) 1 (0.5%) 2(1.3%) 2(1.4%)

CC/NASH 1,206 (12.1%) 330 (12.4%) 154 (13.7%) 109 (14.3%) 31 (13.9%) 15 (10.0%) 21 (14.8%)

Cholestatic Disease 704 (7.0%) 200 (7.5%) 62 (5.5%) 61 (8.0%) 18 (8.1%) 11 (7.3%) 10 (7.0%)

Cirrhosis (NOS) 410 (4.1%) 116 (4.3%) 48 (4.3%) 26 (3.4%) 9 (4.0%) 7 (4.7%) 9 (6.3%)

Congenital/Metabolic 305 (3.1%) 56 (2.1%) 27 (2.4%) 15 (2.0%) 2 (0.9%) 5(3.3%) 3 (2.1%)

Alcohol 1,262 (12.6%) 357 (13.4%) 150 (13.4%) 104 (13.7%) 32 (14.4%) 25 (16.7%) 18 (12.7%)

HBV 144 (1.4%) 43 (1.6%) 20 (1.8%) 14 (1.8%) 3 (1.4%) 2 (1.3%) 2 (1.4%)

HCV 2,795 (28.3%) 735 (27.5%) 301 (26.8%) 190 (24.9%) 51 (22.9%) 42 (28.0%) 38 (26.8%)

HCC 2,833 (28.3%) 759 (28.4%) 321 (28.6%) 217 (28.5%) 73 (32.7%) 39 (26.0%) 38 (26.8%)

Other 202 (2.0%) 47 (1.8%) 29 (2.6%) 12 (1.6%) 3 (1.4%) 2 (1.3%) 1(0.7%)
Diabetes 2,586 (26.2%) 677 (25.6%) 292 (26.2%) 201 (26.5%) 55 (24.8%) 30 (20.1%) 39 (28.1%) 0.72
Prior TIPS 901 (9.2%) 282 (10.7%) 111 (10.0%) 76 (10.1%) 17 (7.7%) 12 (8.2%) 17 (12.2%) 0.18
PV Thrombosis 1,005 (10.2%) 281 (10.7%) 109 (9.8%) 75 (9.9%) 23 (10.4%) 15 (10.1%) 15 (10.6%) 0.99
Dialysis within 1 week of 612 (6.1%) 175 (6.6%) 76 (6.8%) 42 (5.5%) 2 (5.4%) 6 (4.0%) 4(2.8%) 0.40
Transplant
Ventilator Support 264 (2.6%) 65 (2.4%) 23 (2.1%) 2 (1.6%) 7 (3.1%) 1 (0.7%) 3(2.1%) 0.32

https://doi.org/10.1371/journal.pone.0230995.t002

Allograft Ma$S was significantly associated with graft loss at all time points for Higher
MELD recipients (Table 4, complete models in S5A-S5C Table). At 30 days after transplanta-
tion, likelihood of graft loss peaked for organs with 40-49% MaS (p = 0.002). At 90 days after
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Table 3. Likelihood of graft loss with donor liver macrosteatosis after transplant.

30-Day Graft Loss
Biopsy Result- % Ma$

0 to 9%

10 to 19%

20 to 29%

30 to 39%

40 to 49%

50 to 59%

>60%
90-Day Graft Loss
Biopsy Result- % MaS

0to 9%

10 to 19%

20 to 29%

30 to 39%

40 to 49%

50 to 59%

>60%
1-Year Graft Loss
Biopsy Result- % Ma$S

0 to 9%

10 to 19%

20 to 29%

30 to 39%

40 to 49%

50 to 59%

>60%

OR

Reference
1.273
1.351
1.564
2.553
2.925
1.645

Reference
1.144
1.277
1.360
2.150
2.155
1.361

Reference
0.987
1.108
1.088
1.415
1.710
1.179

Unadjusted Adjusted®
95% CI p-Value OR 95% CI p-Value
<0.001 <0.001
Reference
1.041 - 1.557 1.301 1.055 - 1.605
1.020 - 1.789 1.311 0.972 - 1.768
1.142 - 2.142 1.488 1.061 - 2.088
1.610 — 4.047 2.466 1.522 -3.993
1.724 - 4.960 2.921 1.672 - 5.103
0.831 - 3.255 1.731 0.862 - 3.477
<0.001 <0.001
Reference
0.967 - 1.353 1.145 0.961 - 1.364
1.013 - 1.608 1.230 0.962 - 1.573
1.040 - 1.778 1.320 0.992 - 1.755
1.435-3.223 2.119 1.390 - 3.231
1.323 - 3.511 2.265 1.356 - 3.786
0.749 - 2.472 1.391 0.755 - 2.563
0.09 0.02
Reference
0.866 - 1.123 0.959 0.837 - 1.099
0.924 - 1.329 1.106 0.913 - 1.339
0.876 - 1.352 1.075 0.854 - 1.353
0.982 - 2.039 1.465 1.002 - 2.142
1.311 - 2.586 1.978 1.281 - 3.056
0.730 - 1.906 1.335 0.814 - 2.189

*Adjusted models present OR [95% CI] derived from multivariable models including factors significantly associated with allograft survival within respective cohorts at

each follow-up duration.

https://doi.org/10.1371/journal.pone.0230995.t003

transplant with the highest odds of graft loss was seen amongst allografts with 40-49% Ma$
(p = 0.002). Importantly, at 90 days post-transplant, the risk of graft loss was not statistically
different between organs with 0-9% and 30-39% MaS. At 1-year, likelihood of graft loss did
not significantly differ across allografts with <40% MaS. Organs with MaS 40-49% however
had persistently increased likelihood of graft loss (p = 0.01).

Graft loss with and without donor biopsy

As shown above, allografts without a donor biopsy have slightly better graft survival and may
represent a higher standard for allograft survival. Therefore, allograft survival for organs with-
out a donor biopsy was compared to those with a biopsy, by degree of Ma$ seen on biopsy.

In Lower MELD recipients, MaS level was significantly associated with 30-day and 90-day
allograft survival, but again was not significantly associated with 1-year graft survival (Fig 3A-
3C). At 30 days post-transplant, there was increased likelihood of graft loss with MaS levels as
low as 10-19% compared to No Biopsy recipients (p<0.001). The odds of graft loss peaked for
organs with 50-59% MaS. At 90 days, the likelihood of graft loss remained significantly
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Fig 2. Allograft survival for organs with donor liver biopsy by MELD group. KM survival analyses were performed
for 1-year allograft survival in Low MELD (A) and High MELD (B) recipients. Survival was compared across Ma$S
groups. Allograft survival was truncated to 365 days; mean allograft survival is reported.

https://doi.org/10.1371/journal.pone.0230995.9002

increased for allografts with 50-59% (p = 0.02), while allografts with lower levels of MaS had
similar odds of graft loss those without a biopsy. At 1-year post-transplant, there was increased
risk of graft loss with organs showing 50-59% Ma$, however graft MaS was not significantly
associated with graft survival overall (p = 0.17).

In Higher MELD recipients, allograft MaS was associated with graft survival at all time
points (Fig 3D-3F). Unlike Lower MELD recipients, however, risk of graft loss at 30 days post-
transplant did not significantly increase until Ma$ levels reached 30-39% (p = 0.004) and was
highest for organs with MaS 40-49%. At 90 days, MasS levels of 40-49% were associated with
increased likelihood of graft loss compared to No Biopsy cohort (p = 0.009). At 1-year, there
remained an increased likelihood of graft loss for organs with MaS 40-49% compared to No
Biopsy grafts (p = 0.046).

Graft survival with elevated MaS thresholds

The likelihood of graft loss across Ma$ subgroups presented here suggest that Lower MELD
recipients may tolerate allografts with up to 50% MaS and Higher MELD recipients may toler-
ate allografts with up to 40% MasS without significant decrease in graft survival. Therefore,
these new MaS thresholds were established and graft survival was evaluated compared to
organs transplanted without a pre-donation biopsy.
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Table 4. Odds of graft loss by Ma$S groups in Low and High MELD recipients®.

Lower MELD Recipients Higher MELD Recipients
OR 95% CI p-Value OR 95% CI p-Value
30-Day Graft Loss
Biopsy Result- % Ma$S 0.002 0.002
0 to 9% Reference Reference
10 to 19% 1.368 1.085 - 1.725 0.991 0.604 - 1.627
20 to 29% 1.373 0.993 - 1.898 0.847 0.376 - 1.909
30 to 39% 1.280 0.869 - 1.885 2.365 1.163 - 4.810
40 to 49% 1.807 0.984 - 3.319 6.878 2.631 -17.984
50 to 59% 2.962 1.627 - 5.391 2.552 0.499 - 13.034
>60% 1.715 0.815 - 3.607 1.383 0.168 - 11.394
90-Day Graft Loss
Biopsy Result- % Ma$S 0.04 0.002
0to 9% Reference Reference
10 to 19% 1.175 0.967 - 1.427 1.017 0.684 - 1.514
20 to 29% 1.178 0.895 - 1.550 1.337 0.763 - 2.344
30 to 39% 1.187 0.862 - 1.636 1.846 0.919 - 3.708
40 to 49% 1.537 0.905 - 2.612 6.687 3.024 - 14.790
50 to 59% 2.350 1.366 — 4.042 1.659 0.339 - 8.099
>60% 1.494 0.788 — 2.831 0.613 0.076 - 4.914
1-Year Graft Loss
Biopsy Result- % Ma$S 0.14 0.01
0to 9% Reference Reference
10 to 19% 0.950 0.817 - 1.105 1.015 0.745 - 1.383
20 to 29% 1.032 0.833 - 1.278 1.426 0.923 - 2.201
30 to 39% 1.037 0.807 - 1.334 1.151 0.656 - 2.019
40 to 49% 1.150 0.732 - 1.808 3.986 1.841 - 8.634
50 to 59% 1.871 1.178 - 2.970 2.720 0.756 - 9.785
>60% 1.501 0.903 - 2.494 0.355 0.045 - 2.827

*Adjusted OR presented were derived from multivariable models which adjusted for factors significantly associated with allograft survival for respective cohorts at each

follow-up duration.

https://doi.org/10.1371/journal.pone.0230995.t004

KM survival analyses showed significant differences in 1-year graft survival in both Lower
MELD (Fig 4A) and Higher MELD (Fig 4B) recipients with thresholds of 50% MaS and 40%
MasS, respectively. In Lower MELD recipients, MaS >50% carried an increased likelihood of
graft loss at 30-days, 90-days and 1-year after transplant. Amongst Higher MELD recipients,
organs with MaS >40% showed increased odds of graft loss at 30- and 90-days. At 1-year, the
odds of graft loss were increased with MaS >40%; however, with inclusion of No Biopsy recip-
ients, allograft MaS was not significantly associated with graft survival overall (p = 0.06).
Importantly, the likelihood of graft loss for organs below MaS thresholds of 50% in Lower
MELD and 40% in Higher MELD recipients was not significantly different than those without
a donor biopsy at any time point.

Discussion

Historically, organs with MasS levels >30% have been deemed unsuitable for transplant due to
an increased risk of PNF, EAD, and poor outcomes overall.[8,12] As waitlists for liver trans-
plant continue to grow in the United States, there has been increasing support for the use of
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Fig 3. Relative risk of graft loss compared to organs without donor liver biopsy. Forest plot representing the relative
risk of allograft loss determined by multivariable logistic regression models. Risk of graft loss in Lower MELD
recipients at A) 30 days, B) 90 days, C) 1 year; risk of graft loss in Higher MELD recipients at D) 30 days, E) 90 days,
and F) 1 year.

https://doi.org/10.1371/journal.pone.0230995.g003

marginal organs, including those with increased levels of MaS. Small, single-institution studies
have reported successful outcomes with the use of high Ma$S organs; however, no large cohort
has been studied. Therefore, we used a large nationally derived database to evaluate the out-
comes of high Ma$ organs and sought to establish new thresholds for acceptable Ma$ to
increase the donor pool without detriment to outcomes in liver transplantation.

Using the OPTN STAR database, we were able to compile a group of 16,050 transplants
from across the United States with information on MasS levels after donor liver biopsy, repre-
senting the largest cohort evaluated to date. In an analysis of all transplants with biopsy data,
allografts with MaS levels of 10-19% and 20-29% carried an increased likelihood of graft loss
at 30-days, compared to those with 0-9% MasS. This finding is important, as it suggests that
even low levels of Ma$S present a risk factor for early graft loss. Furthermore, likelihood of
30-day graft loss more than doubled with Ma$ 40-49% and showed a nearly threefold increase
for allografts with MaS 50-59%.

By convention, organs with 30-60% MaS have been combined into a single “Moderate”
steatosis group. Wu et al. recently performed a systematic review and found organs with mod-
erate steatosis had increased risk of PNF but no difference in 1-year mortality.[25] The results
of our study show that risk is not evenly distributed across the range of moderate MaS. While
we found increased risk of 30-day graft loss for multiple levels of MaS, the likelihood for long-
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Fig 4. Allograft survival for organs with and without donor liver biopsy. Organs with biopsy are grouped into new Mas$ cut-off groups. KM Survival
analysis is performed to compare organs without a donor biopsy to those with a donor biopsy. Likelihood of graft loss assessed by multivariable logistic
regression with odds ratios reported. A) Low MELD recipients comparing those without biopsy to those with a biopsy showing <50% Ma$S and >50% MasS.
B) High MELD recipients comparing those without biopsy to those with biopsy showing <40% Ma$S and >40% Mas$. Allograft survival truncated to 365
days; mean allograft survival is reported.

https://doi.org/10.1371/journal.pone.0230995.9004

term graft loss, specifically at 1-year after transplant, was elevated with MasS levels of 40-49%
and 50-59% but not 30-39%.

The allocation of organs is highly dependent on recipient MELD score. Allocation policies
have recently undergone multiple changes since the implementation of a MELD-based system
in 2003.[26,27] The most recent policies incorporate both recipient MELD score as well as geo-
graphic distribution. The MELD groups identified in this study reflect these allocation policies
by establishing a cutoff score of 33 to differentiate Lower and Higher MELD recipients. Prior
studies on steatosis have evaluated outcomes in primarily Lower MELD recipients. This study
showed that amongst all biopsied organs, recipient MELD was not a significant predictor of
30-day graft loss when other recipient factors (i.e. ventilator dependence, dialysis, and portal
vein thrombosis, etc.) were considered. However, recipient MELD score was associated with
90-day and 1-year risks of graft loss.

Subgroup analysis of Lower and Higher MELD recipients receiving organs with Ma$S
revealed different 1-year graft survival on KM analysis. Mean graft survival for an organ with
40-49% MaS in a Lower MELD recipient was 293.9 days, while it was only 94.9 days in a
Higher MELD recipient. Similarly, a 50-59% MaS graft had mean survival of 217.4 days in
Low MELD recipients and 84.2 days in Higher MELD recipients. Differences existed but were
smaller for lower Ma$ organs. Notably, there were significant decreases in mean graft survival
at 50-59% MaS in Low MELD recipients and 40-49% in High MELD recipients. These find-
ings were reflected in multivariable analyses of risk of graft loss. In Low MELD recipients,
there was increased odds of graft loss with organs having MaS 50-59% at all time points. High
MELD recipients showed an increased likelihood of graft loss with organs over 40% MaS at all
time points.

To date, this is the first study to evaluate graft survival for steatotic organs in Low and High
MELD recipients separately. These results are important for recipient selection during the
organ allocation process. The risk of graft loss with organs showing 30-39% MaS was not sig-
nificantly different from lower MaS organs in Low MELD recipients, and only increased at
30-days in High MELD recipients. These data again show that organs previously singly
grouped as moderate steatosis actually show variable outcomes. Furthermore, it highlights the
importance of recipient selection for high Ma$S organs.

This study showed significantly different 1-year graft survival between organs with and
without donor biopsy, therefore, outcomes were assessed against a No Biopsy cohort. The dif-
ference in outcomes is likely related to donor quality, as those who remained without a biopsy
were younger and had fewer comorbidities. The No Biopsy cohort provides a positive control
group to measure outcomes against. This additional comparison provides a frame of reference
by which to interpret outcomes. Notably, similar outcomes between organs with and without
biopsy suggest these marginal organs are likely to be successful despite differences in other
donor characteristics. This study demonstrated that in Lower and Higher MELD recipients,
organs with <30% and 30-39% Mas$ did not have significantly different risks of graft com-
pared to those without a biopsy at 90 days and 1-year post-transplant. Furthremore, this study
established new threshold cutoffs for allograft Ma$S of 50% MaS in Lower MELD and 40% MaS
in Higher MELD recipients. KM survival analyses showed significantly different 1-year graft
survival between these high MaS organs and the lower MaS and No Biopsy organs in both
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Lower and Higher MELD populations. Notably, these thresholds are higher than previously
proposed 30% MasS.

The results of this study overall suggest that allografts with increased levels of MaS may be
transplanted successfully in both Lower and Higher MELD recipients. The implications of
these findings would increase the number of potential donors by accepting these organs for
transplant. Previously, our group reported that there is a significant association between
UNOS Region and acceptance of organs with increased MaS, but overall utilization rates
remained low.[28] Further evaluation of donor characteristics amongst discarded organs with
higher levels of MaS is indicated to truly determine the potential impact of these findings on
the donor pool.

Despite no statistically significant difference in lower Ma$ organ survival compared to
those without a biopsy in both Lower and Higher MELD groups, there remains improved graft
survival in lower MELD recipients for high MaS organs. Still, we have found that organs up to
40% MaS$ may be used without significant detriment in outcomes for High MELD recipients,
which is notable as these are the recipients most in need. Unfortunately, outcomes research in
transplantation is significantly hindered by selection bias, as outcomes from discarded organs
are unknown. Pursuit of prospective studies would be similarly difficult due to outcomes-
based accreditation programs which limit the risk programs are willing to undertake with such
studies.

This study has many strengths and limitations. There are likely additional factors and inter-
actions which contribute to both positive and poor outcomes with the use highly steatotic
organs, which are not recognized and will remain in question due to bias and variation inher-
ent to donor and recipient selection and post-transplant care. Still, as the largest and most
comprehensive study to date, the results from this study could potentially provide guidelines
to carry out such a study, with threshold MaS values to better evaluate the role of other factors
such as donor and recipient ages and comorbidities. Furthermore, this study was the first to
evaluate differences in outcomes directly related to recipient MELD to account for recipient
variability and found that organs with levels of steatosis up to 50% may be used with good out-
comes in Lower MELD recipients.

Additional limitations must be acknowledged in this study. First, this is a retrospective
study of prospectively collected data and only a prospective study would provide more defini-
tive results. Additionally, the analysis is limited to the factors provided within the database and
studies have shown additional factors to significantly influence outcomes, such as recipient
infection or use of vasopressors.[29] Second, only 8.6% of biopsied donors had MaS >30%,
with very low numbers of organs with MaS 40-49%, 50-59% and >60%. Still, the population
in this study represents the largest cohort evaluated from a national database to date. With
such a large population, we recognize that statistical significance may be present with small dif-
ferences; however, we have attempted to delineate the clinical significance of these findings.
Third, donor liver biopsies may show liver fibrosis or cellular damage, in addition to steatosis,
which all may contribute to the decision to reject an organ. The OPTN STAR database how-
ever only captures steatosis and therefore we are limited in our ability to comment fully on
organ discard practices. Furthermore, prior studies have shown significant inter-observer vari-
ability in frozen section interpretation as well as the definitions of macrosteatosis, microsteato-
sis, and other histologic findings.[30-34] A notable finding throughout this study was
consistently better results from organs with MaS >60% compared to those with lower levels.
This is likely explained by organ selection as these donors were younger with fewer comorbidi-
ties. Lastly, a number of important groups were excluded from evaluation, including DCD
donors and Status 1 recipients. The influence of organ Ma$S on outcomes of these organs
should be investigated.
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As transplant waitlists see a rising number of new registrants each year there remains a per-
sistent disparity between allograft availability and waiting candidates. To bridge this gap, there
has been increased importance placed on the use of marginal organs. However, best practices
for safe and effective use of these remain in question. Macrosteatosis has long been associated
with a threshold of 30% for acceptable risk with organ utilization. Our study shows that in the
modern transplant era, allografts with increased MaS levels, up to 50%, may be used safely
with appropriate recipient selection. The results of this study support the use of these donors
and should encourage the utilization of more donors with higher levels of Ma$ in both Lower
and Higher MELD recipients.
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