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Background:Currently, 30%macrovesicular steatosis (MaS) content is usually assigned

empirically as the boundary between “use” and “refuse” a donor liver for liver

transplantation (LT); however, this cut-off is questionable due to the lack of systemic

evidence of the efficiency relative to prognosis prediction. Clinicians have tried to identify

the threshold for optimized utilization of marginal steatotic allografts, but controversy

exists among different studies.

Aim: Our study aimed to systematically determine an acceptable donor MaS content

cut-off without incurring extra risk in liver transplantation, using meta-analysis.

Methods: The relevant literature reporting the relationship between MaS content and

post-transplant mortality/morbidity was searched and retrieved in Pubmed, Embase, and

ISI Web of Science.

Results: Nine studies were enrolled into the final analysis. A categorical comparison

revealed that patients who received allografts with moderate steatosis (MaS

content >30%) had significantly higher risks of graft failure/dysfunction, but not of

mortality. Dose-response analysis showed that donor MaS content affected the graft

failure/dysfunction in a non-linear relationship. Risks associated with MaS content

in terms of poorer outcomes were independent of other risk covariates for liver

transplantation. A non-significant increase in risk of inferior post-transplant outcomes

was observed in patients who received allografts with a MaS content <35%. The risks

of post-transplant graft failure and dysfunction increased with severe donor MaS content

infiltration, without a consistent relationship.

Conclusions: The threshold of allograft MaS content can be safely extended to 35%

without additional risk burden on post-transplant inferior outcomes. Clarification on “the

effects of stratification” for MaS content can provide theoretical evidence for further

optimal utilization of marginal steatotic allografts in liver transplantation.
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INTRODUCTION

Liver transplantation (LT) is still the most effective strategy for
treatment of end-stage liver disease, hepatobiliary carcinoma,
and acute/chronic liver failure. Currently, organ shortage is
prominent in view of the contradiction between the limited
donor pool and the ongoing increasing demand for liver
allografts from patients registered on waiting lists (Lucidi et al.,
2015). A steatotic allograft is one of the most commonly used
marginal donors in clinical practice (McCormack et al., 2011),
but affects the prognosis in >30% of patients who undergo
liver transplantation (McCormack et al., 2011). Given the global
epidemic of non-alcoholic fatty liver disease (Younossi et al.,
2018) and the increase in organs from older donors (Halazun
et al., 2018), the impact of steatotic grafts on transplantation cases
is an inevitable issue.

Fatty infiltration amplifies the susceptibility to primary
non-function (PNF) and early allograft dysfunction (EAD)
(McCormack et al., 2011; Deschenes, 2013); however,
adverse events associated with implants have been presented
inconsistently as a result of variance in pathologic type and
steatotic severity (Attia et al., 2008). Currently, organs with mild
macrovesicular steatosis (MaS) content (<30%) are routinely
used in many centers without additional risk, while the risks
associated with grafts with moderate (30–60%) or severe (>60%)
MaS content are increased, but controversial, with discrepancies
across different studies (Busuttil and Tanaka, 2003; Nocito
et al., 2006). Some researchers have speculated the existence
of a “threshold value” for MaS content in connection with a
prominent impact on post-transplant outcomes, but the exact
cut-off value is unknown (Imber et al., 2002).

Dozens of papers have been published over recent decades,
evaluating the risk of MaS allografts on post-operational
morbidity and mortality (Urena et al., 1998; Crowley et al.,
2000; Verran et al., 2003; Burra et al., 2009; Li et al., 2009;
Noujaim et al., 2009; Doyle et al., 2010; Deroose et al., 2011;
da Teng et al., 2012; de Graaf et al., 2012; Chavin et al., 2013),
but inconsistencies have been observed among studies regarding
many aspects, including primary disease, steatosis classification,
and outcome indicators. A dose-response meta-analysis provides
the possibility of data integration, quantitative risk assessment,
and cut-off evaluation (Orsini et al., 2011). In the current study,
key issues were systematically elucidated, as follows: (1) trends
and quantitative risk assessment of allograft MaS content as a
continuous covariate in post-transplant outcomes as a function
of time; (2) Identification of a “cut-off” value for MaS content
triggering a significant increase in morbidity and mortality risk;
and (3) potential confounders affecting the relationship between
MaS content and post-transplant outcomes.

METHODS

Search Strategy
This study was conducted strictly according to the guidelines
of Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) (Moher et al., 2009). A systematic literature
search was performed in Pubmed, Embase, and ISI Web of

Science using the medical terminologies described in Table S1,
with the language restriction limited to English (updated until 20
January 2019). Details of the search strategy in each database are
presented in Table S1.

Inclusion Criteria
Given the study purpose, we attempted to conduct a broad
search that included literature involving continuous risks of all
post-operational outcomes in different time periods associated
with different degrees of pre-operational allograft MaS severity.
Full-length articles that met the following inclusion criteria
were included as eligible literature: (1) study was based on
adult patients (age >18-years) who received cadaveric liver
transplantation; (2) graft MaS content was determined by
histological examination before implanting into recipients; (3)
patients were categorized into three or more groups by donor
MAS severity; (4) MaS-specific patient mortality and graft failure
were reported or could be evaluated by calculation; (5) patients
were followed for >90-days; and (6) sample size was >50
participants for each individual study.

Data Extraction
Available information for all eligible studies was extracted
independently by two investigators (ZL and SQ) according to a
unified standardized reporting form. Potential inter-investigator
discrepancies were checked and resolved by a third experienced
author (HN).

Information collected for the extraction form included the
following items, if provided in the original literature: (1)
general information (author, country of origin, publication
date, duration of follow-up, and definition of post-operative
complications/ symptoms); (2) allograft factors (steatotic severity
and methods used for histological examination); (3) etiology
for liver transplantation and post-operative cause of death; (4)
donor/recipient factors [age, gender distribution, body mass
index (BMI), and model of end-stage liver disease (MELD)
score]; (5) surgical factors (operational data and surgical
approaches); and (6) MaS-specific outcomes [post-operative
laboratory examination, length of hospitalization/intensive care
unit (ICU) stay, occurrence rates of EAD/PNF, and patient
mortality/organ failure].

Data involved in graphs of enrolled literature were extracted
by GetData Graph Digitizer software (v 2.26; downloaded
from http://getdata-graph-digitizer.com/index.php. For studies
providing only a MaS content range, the median value was
defined as the mid-point across the upper and lower limits. For
open-ended data, the median value was 20% higher than the
lower limit or 20% lower than the upper limit.

Quality Assessment
Methodologic quality was assessed by two reviewers (ZL and
SQ) independently for each study, based on items from the
Newcastle-Ottawa Scale (NOS) for non-randomized cohort
study (NOS checklist) (Wells et al., 2016) (http://www.ohri.
ca/programs/clinical_epidemiology/oxford.asp). Specifically,
enrolled studies were assessed by NOS under the following three
conditions: (1) patient selection; (2) group comparability; and
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(3) definition of the exposure or outcome of interest quantified
by the star system. A study awarded six or more stars were
considered high quality based on the NOS system.

Data Synthesis and Statistical Analysis
Odds ratios (ORs) were chosen to estimate the risk of MaS
content on patient mortality, organ failure, and related post-
operational complications. If the data was not provided in the
enrolled literature, the OR and corresponding 95% confidence
interval (CI) were evaluated using an online calculator (https://
www.medcalc.org/calc/oddsratio.php) based on the case and
total number of patients in different MaS content categories.

For a categorical comparison, the combined ORwas evaluated
in patients who received organs with differentMaS content [(high
and middle) vs. low]. Pooled standardized mean differences
(SMDs) were chosen to assess the quantitative differences in
groups classified by graft MaS content (high/middle vs. low).
The calculation was performed by Metan (Higgins et al., 2003).
The dose-response impact of allograft MaS severity on post-
transplant outcomes was evaluated using a two-stage random-
effects dose-response model, which was developed by Orsini
et al. (2011) Specifically, dose-response ORs were modeled by
restricted cubic spline in a fixed-effect model with fixed knots at
5, 35, 65, and 95% of the MaS distribution. First, the restricted
cubic spline model was constructed using generalized least-
squares regression with consideration of the log OR and relevant
variance in each individual study (Orsini et al., 2006). Then, the
separate ORs were combined by a multivariate random-effects
model (Jackson et al., 2010). Pooled data were plotted to show
the risk tendency. Evidence of non-linearity was examined by
null hypothesis on regression coefficients in pooled cubic splines
(equal to zero). A P < 0.05 was assumed to be significant for
a non-linear relationship. Compared to groups using allografts
without MaS, the extent of risk was assessed at fixed knots of the
MaS content based on best curves. For non-linear cubic splines,
the safety threshold was defined as the donor MaS content with a
lower 95% CI of the OR on post-transplant outcomes at 1.

Subgroup Analysis, Meta-Regression,
Sensitivity Analysis, and Publication
Bias Analysis
Subgroup analysis was performed to separately evaluate the
effects of potential confounders on the risk associated with MaS
severity on patient and graft survival rates. Sensitivity analysis
was conducted to assess the influence of a single study on the
overall effects of pooled results. Potential publication bias was
estimated by Egger’s test (Egger et al., 1997). The influence
of intermediate confounders on the association between MaS
content and post-transplant outcomes was determined by
meta-regression (Higgins and Thompson, 2004)27. Statistical
heterogeneity was evaluated based on chi-squared Q and I2 tests.
I2 values of 25, 50, and 75% were defined as low, moderate,
and high heterogeneity, respectively (Higgins et al., 2003).
Calculations were performed using Stata software (release 14;
StataCorp, College Station, TX, USA) and a two-sided P-value
(P < 0.05) was considered to be statistically significant.

RESULTS

Literature Selection and
Study Flow-Diagram
Figure 1 shows a flow-diagram, illustrating the procedure for
selection of the literature. Nine studies involving the risk of
stratifiedMaS content on post-transplant outcomes were enrolled
into our analysis. High consistency across investigators were
observed in the literature retrieval (kappa index= 0.81).

Quality Assessment
The NOS scale for a non-randomized cohort study was adopted
for quality assessment. The majority of studies had high-quality
performance based on results from the NOS scale (score ≥ 6).
Two studies (Verran et al., 2003; Nikeghbalian et al., 2007) had
inferior quality, which wasmainly due to defects in comparability
and ascertainment of post-transplant outcomes (Table S2).

Description of Enrolled Studies
The characteristics of enrolled studies are shown in Table 1. Nine
studies (Verran et al., 2003; Briceño et al., 2005; Nikeghbalian
et al., 2007; Burra et al., 2009; Li et al., 2009; Noujaim et al.,
2009; Doyle et al., 2010; Deroose et al., 2011; de Graaf et al.,
2012) with 1,976 patients were included for a meta-analysis.
The patients received cadaveric liver transplantations between
1993 and 2008. The patient age range was 45–55-years. The
average duration of follow-up was 21–86 months. Five studies
provided gender distribution data; male gender was dominant
(range, 55.0–75.8%). Five studies reported the indications for
liver transplantation and showed no hierarchical variation in
underlying diseases in groups receiving grafts with different
MaS content. All enrolled data originated from a single-center

FIGURE 1 | Study flow diagram for selection of qualified studies. MaS,

macrovesicular steatosis; LDLT, living donor liver transplantation.
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study. Liver biopsies were performed to evaluate steatosis post-
reperfusion in most studies (six of nine); liver biopsies were
obtained before reperfusion in three additional studies (Table 1).
MaS content was quantitatively evaluated and determined based
on the percentage of large droplets of fat on hematoxylin and
eosin (H&E)-stained slides under microscopic observation.

The MaS-specific post-transplant indicators reported in each
individual study are summarized inTable S3. Six studies reported
both patient and organ survival in the enrolled cohort. Another
three studies reported only the patient or graft survival data. Of
note, three studies excluded allografts with severe MaS content
(>60%) as an absolute contraindication for liver transplantation.
Of the patients, 1,146 (58%), 556 (28%), and 214 (11%) received
organs with low (MaS content <10%), mild (10% < MaS content
<30%), and moderate (30% < MaS content <60%) steatosis,
respectively. The patients in six studies who received organs with
severe steatosis (MaS content>60%)were combined (60 patients;
<3% of all cases). Data on the development of PNF and EAD
were available in five and six studies, respectively.

Varied causes of patient death and graft loss were summarized
in five studies (Table S4). The most common cause for patient
death was post-operative infection/sepsis (47%), recurrence of
primary disease (21%), and bleeding (16%) 3-years after liver
transplantation. Organ failure was usually attributed to patient
death (46%), hepatic artery thrombosis (14%), and graft rejection
(19%). When categorized by MaS severity, potent risk factors
that had been raised in prior predictive models on post-
transplant prognosis [donor/recipient age, BMI, MELD score,
and cold ischemic time (CIT)] were not comparable. Graft
MaS severity was positively correlated with donor age and
BMI (P < 0.05, Table S5). Grafts with a higher MaS content
tended to select for recipients with lower MELD scores and
shorter cold ischemic time; however, significant heterogeneity
was presented across individual studies for the above-mentioned
positive results (I2 > 50%, P < 0.05; Table S5). Publication
bias was assessed based on the cold ischemic time between
groups with higher and lower MaS content (P for Egger’s test
= 0.02). MaS content was associated with the peak level of liver
enzymes [alanine aminotransferase/aspartate aminotransferase
(ALT/AST)] and length of hospitalization (ward/ICU stay) after
liver transplantation in four studies (Table S3). EAD and PNF
were selected as major complications for observation. Diagnostic
criteria were defined in six studies (Table S6). The definition of
these complications varied greatly across individual studies.

Impact of MaS Severity on
Post-operational Mortality
and Complications
The overall 90-day, 1, 2, 3, and 5-years post-transplant mortality
rates were 12, 13, 15, 16, and 25% in the lowerMaS content group,
respectively. In themiddleMaS content group, the corresponding
mortality rates were 15, 16, 17, 21, and 25%, respectively. The
post-transplant mortality rates increased to 20, 22, 22, 27, and
30% in the higher MaS content group, respectively.

The 90-day, 1, 2, 3, and 5-years post-operative graft loss
rates were 13, 16, 16, 23, and 29% in the lower MaS content

group, respectively. The graft loss rates were similar in the middle
MaS content group (14, 17, 17, 23, and 30%, respectively), but
increased in the higher MaS content group (24, 30, 29, 36,
and 40%, respectively). EAD occurrence increased from 11 to
49% following transplantation with severe organ steatosis. An
increasing trend was also observed regarding the incidence of
PNF following transplantation with organs with elevated MaS
content, but the total number of cases was much lower in the
enrolled cohorts (<2%).

A categorical comparison was performed to evaluate the
MaS-stratified risk of post-operative outcomes (Table 2). Data
from the lower MaS content group was assigned as the
reference for comparison. The number of available participants
for comparison varied from 470 patients (in two studies) to
1,121 patients (in five studies; Table 2). Severe MaS significantly
affected the 90-day patient mortality [pooled OR: 1.55 (1.03–
2.35), P < 0.05], but beyond this result, donor allograft steatosis
did not affect patient mortality in any post-transplant periods (P
> 0.05). With respect to graft survival, no significant difference
was found for the middle MaS content group compared to
controls at different time points after liver transplantation (all
P > 0.05); however, graft failure in the higher MaS control
group increased disproportionately in the first 3-years after
liver transplantation (Table 2). Severe steatosis (MaS > 30%)
persistently increased the graft failure rate by approximately 2-
fold in the following 3-years after liver transplantation with low-
to-moderate heterogeneity (I2 ranged, 0–33.9%; P > 0.05). The
pooled ORs for 90-day, 1, 2, and 3-years graft mortality rates
in the severe MaS content group were 2.16, 2.47, 2.11, and 2.00,
respectively. With respect to post-transplant complications, EAD
and PNF were significantly associated with severe steatosis (MaS
content >30%). Compared to the control group, severe MaS
caused a 4-fold higher increase in EAD and PNF. Pooled ORs for
the impact of MaS content on EAD are presented with evident
inter-group heterogeneity across individual studies (I2 > 50%; P
< 0.05, Table 2).

Egger’s test revealed that publication bias was not significant
in nearly all comparisons, except for slight asymmetry for the 90-
day patient mortality rate in a comparison between the middle
and lower MaS content groups (P = 0.04; Table 2).

The differences in post-transplant liver enzymes and length
of hospitalization cannot be combined due to an absence of
standard deviation (SD) values in the original studies. All studies
revealed prominent increases in liver enzyme peaks (ALT/AST)
in the higher MaS content group (P < 0.05; Figure S1). For post-
operative hospitalization, two studies speculated that higher graft
steatosis (MaS content >30%) might prolong the length of the
ward and ICU stay, but a negative relationship was presented in
another three studies (Figure S1).

“Safety Threshold” of MaS Content in
Liver Transplantation
Continuous dose-response risk of allograft MaS content on
post-transplant outcomes was evaluated by best-fit spline
(Figures 2, 3). The number of patients and studies for each
assessment is listed in Table 3.
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TABLE 2 | Categorical comparison on post-transplant mortality and post-operational complications classified by macrosteatosis degree.

Item Comparison

(MaS degree)

Number of

studies

Number of

patients

Pooled OR I2 (%) p-value (Heterogeneity

chi-squared)

p-value

(Egger’s test)

PATIENT MORTALITY

90-day High vs. low 7 1,288 1.55 (1.03–2.35) 0 0.654 0.09

Middle vs. low 1.23 (0.87–1.95) 25.2 0.237 0.04

1-year High vs. low 6 892 1.63 (0.98–2.71) 0 0.761 0.14

Middle vs. low 1.25 (0.80–1.95) 0 0.525 0.12

2-year High vs. low 4 659 1.78 (0.98–3.26) 0 0.648 0.59

Middle vs. low 1.03 (0.61–1.74) 0 0.616 0.70

3-year High vs. low 3 589 1.78 (0.96–3.30) 0 0.397 0.60

Middle vs. low 1.21 (0.73–1.98) 0 0.798 0.14

5-year High vs. low 2 470 1.32 (0.69–2.53) 0 0.987 na

Middle vs. low 0.98 (0.58-1.64) 0 0.415 na

ALLOGRAFT FAILURE

90-day High vs. low 5 1,472 2.16 (1.44–3.24) 33.9 0.195 0.96

Middle vs. low 1.04 (0.71–1.51) 31.4 0.212 0.13

1-year High vs. low 6 1,178 2.47 (1.61–3.80) 0 0.745 0.58

Middle vs. low 1.21 (0.82–1.80) 0 0.440 0.18

2-year High vs. low 5 1,141 2.11 (1.38–3.22) 0 0.411 0.87

Middle vs. low 1.05 (0.75–1.53) 0 0.430 0.88

3-year High vs. low 4 1,038 2.00 (1.28–3.13) 22.2 0.278 0.39

Middle vs. low 1.13 (0.79–1.62) 0 0.765 0.75

5-year High vs. low 3 1,055 1.51 (0.99–2.31) 0 0.453 0.40

Middle vs. low 1.11 (0.79–1.54) 0 0.531 0.79

POST-TRANSPLANT COMPLICATION

EAD High vs. low 4 816 4.02 (2.14–7.53) 73.2 0.011 0.42

Middle vs. low 1.28 (0.70–2.34) 73.2 0.011 0.06

PNF High vs. low 7 1,762 4.26 (1.54–11.8) 0 0.560 0.36

Middle vs. low 1.57 (0.52–4.76) 0 0.891 0.53

Data in extremely higher MaS group (MaS > 60%) was combined for comparison. Egger’s test can’t be performed when lower than three studies was enrolled for analysis (na). EAD,

early allograft dysfunction; MaS, macrovesicular Steatosis; OR, odds ratio; PNF, primary non-function.

For MaS-specific patient mortality, a linear model was used
for non-significance of the non-linearity test of regression
coefficients in cubic splines (all P > 0.05). As shown in Figure 2,
there was a trend of increasing patient mortality in patients who
received allografts with severe MaS content. In response to a 10%
increment of liver fatty infiltration, 7, 11, 10, and 10% higher risks
were observed on 90-day, 1, 2, and 3-years patient mortality rates,
but with statistical non-significance compared to controls (all P
> 0.05). More details on pooled ORs and 95% CIs of different
donor MaS contents on patient survival in distinguished time
points are listed inTable 3. No heterogeneity was observed across
individual studies (P > 0.05).

Donor MaS content affected the post-transplant organ failure
in a non-linear pattern (P for non-linearity <0.05). As shown
in Figure 2 and Table 3, a non-significant increment on organ
mortality occurred in patients who received organs with a lower
MaS content (<30%) as the widely acceptable safety threshold
for liver transplantation. The pooled ORs were 1.33 (95% CI:
0.81–2.14), 1.42 (95% CI: 0.90–2.22), 1.48 (95% CI: 0.88–2.35),
1.31 (95% CI: 0.83–2.01), and 1.02 (95% CI: 0.67–1.51) for 90-
day, 1, 2, 3, and 5-years allograft mortality, respectively. In

addition, the safety threshold of MaS content can be extended
to 38, 35, 36, and 42% according to the impact on 90-day,
1, 2, and 3-years organ survival, respectively (Figure 2). The
stratified risk of allograft MaS severity on post-transplant organ
mortality is presented in Table 3. Non-significant heterogeneity
was observed in the relationship between MaS content and organ
survival (P > 0.05).

Severe MaS positively affected the development of EAD or
PNF in a non-linear dose-response manner with prominent
heterogeneity observed across individual studies (both P <

0.05, Table 3). An increase in post-transplant complications
was observed in association with severe allograft MaS content.
Compared to the group using negative steatotic grafts, 30% fatty
infiltration caused a 1.90- and 1.73-fold higher occurrence of
EAD and PNF, respectively (P > 0.05). The safety threshold for
MaS severity on the incidence of EAD or PNF can be extended to
39 and 40%, respectively (Figure 4).

Except for the above-mentioned pooled risk, more details
on the ORs of stratified allograft MaS severity on post-
transplant patient/organ mortality in distinguished time-points
are presented in Table 3.
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FIGURE 2 | Dose-response relationship between donor MaS degree and the risk of patient mortality. (A) Dose-response relationship between donor MaS degree and

the risk of 90-days patient mortality. (B) Dose-response relationship between donor MaS degree and the risk of 1-year patient mortality. (C) Dose-response

relationship between donor MaS degree and the risk of 2-year patient mortality. (D) Dose-response relationship between donor MaS degree and the risk of 3-year

patient mortality. The black solid and long-dashed curves represented instant ORs and their respective 95% CIs for patients’ mortality compared to the subgroup

using allografts without MaS based on the restricted cubic splines model. The red solid and short-dashed line represented the instant ORs and their respective 95%

CIs for patients’ mortality compared to the subgroup using allografts without MaS based on the generalized least squares model. MaS, macrovesicular steatosis; CI,

confidence interval; OR, odds ratio.

FIGURE 3 | Dose-response relationship between donor MaS degree and the risk of allograft failure. (A) Dose-response relationship between donor MaS degree and

the risk of 90-day allograft failure. (B) Dose-response relationship between donor MaS degree and the risk of 1-year allograft failure. (C) Dose-response relationship

between donor MaS degree and the risk of 2-year allograft failure. (D) Dose-response relationship between donor MaS degree and the risk of 3-year allograft failure.

(E) Dose-response relationship between donor MaS degree and the risk of 5-year allograft failure. The black solid and long-dashed curves represented instant ORs

and their respective 95% CIs for allograft failure compared to the subgroup using allografts without MaS based on the restricted cubic splines model. The red solid

and short-dashed line represented the instant ORs and their respective 95% CIs for allograft failure compared to the subgroup using allografts without MaS based on

the generalized least squares model. MaS, macrovesicular steatosis; CI, confidence interval; OR, odds ratio.
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TABLE 3 | Dose-response risk for MaS severity on post-transplant outcomes.

Item Number of

study

Number of

participant

P for

non-linearity

Regression model/

Pooled ORc (95%CI)

P for

heterogeneity

P for

significancea
MaS safety

threshold (%)b

Patient mortality

90-day 7 1,463 0.22 GLS 0.39 0.10 na

10 vs. 0% 1.07 (0.99–1.17)

20 vs. 0% 1.15 (0.97–1.36)

30 vs. 0% 1.23 (0.96–1.59)

40 vs. 0% 1.33 (0.95–1.86)

50 vs. 0% 1.42 (0.94–2.17)

60 vs. 0% 1.53 (0.92–2.54)

1-year 6 892 0.18 GLS 0.48 0.08 na

10 vs. 0% 1.11 (0.99–1.24)

20 vs. 0% 1.22 (0.99–1.51)

30 vs. 0% 1.38 (0.98–1.87)

40 vs. 0% 1.50 (0.98–2.30)

50 vs. 0% 1.66 (0.97–2.84)

60 vs. 0% 1.84 (0.96–3.49)

2-year 4 659 0.59 GLS 0.09 0.13 na

10 vs. 0% 1.10 (0.97–1.24)

20 vs. 0% 1.21 (0.95–1.54)

30 vs. 0% 1.33 (0.92–1.91)

40 vs. 0% 1.46 (0.90–2.38)

50 vs. 0% 1.60 (0.87–2.95)

60 vs. 0% 1.76 (0.85–3.67)

3-year 3 589 0.99 GLS 0.11 0.12 na

10 vs. 0% 1.10 (0.97–1.24)

20 vs. 0% 1.21 (0.95–1.53)

30 vs. 0% 1.33 (0.93–1.89)

40 vs. 0% 1.46 (0.90–2.34)

50 vs. 0% 1.60 (0.88–2.90)

60 vs. 0% 1.76 (0.86–3.59)

Organ failure

90-day 5 1,472 <0.01 RCS 0.07 n.a 38.0

10 vs. 0% 1.02 (0.70–1.55)

20 vs. 0% 1.13 (0.67–1.89)

30 vs. 0% 1.33 (0.81–2.14)

40 vs. 0% 1.61 (1.05–2.46)

50 vs. 0% 1.98 (1.33–2.98)

60 vs. 0% 2.44 (1.54–3.85)

1-year 6 1,178 <0.01 RCS 0.20 n.a 35.0

10 vs. 0% 1.08 (0.80–1.53)

20 vs. 0% 1.22 (0.78–1.90)

30 vs. 0% 1.42 (0.90–2.22)

40 vs. 0% 1.70 (1.11–2.61)

50 vs. 0% 2.07 (1.35–3.19)

60 vs. 0% 2.53 (1.55–4.11)

2-year 6 1,141 <0.01 RCS 0.29 n.a 36.0

10 vs. 0% 1.06 (0.76–1.62)

20 vs. 0% 1.21 (0.74–1.93)

30 vs. 0% 1.48 (0.88–2.35)

40 vs. 0% 1.93 (1.08–3.37)

50 vs. 0% 2.59 (1.25–5.47)

(Continued)
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TABLE 3 | Continued

Item Number of

study

Number of

participant

P for

non-linearity

Regression model/

Pooled ORc (95%CI)

P for

heterogeneity

P for

significancea
MaS safety

threshold (%)b

60 vs. 0% 3.50 (1.30–9.16)

3-year 4 1,042 <0.01 RCS 0.37 n.a 42.0

10 vs. 0% 1.01 (0.76–1.38)

20 vs. 0% 1.11 (0.73–1.68)

30 vs. 0% 1.31 (0.83–2.01)

40 vs. 0% 1.58 (0.97–2.56)

50 vs. 0% 1.92 (1.08–3.46)

60 vs. 0% 2.29 (1.07–4.88)

5-year 4 1,059 0.10 GLS 0.09 0.08 n.a

10 vs. 0% 1.08 (0.99–1.18)

20 vs. 0% 1.17 (0.98–1.40)

30 vs. 0% 1.27 (0.98–1.66)

40 vs. 0% 1.38 (0.97–1.97)

50 vs. 0% 1.50 (0.96–2.33)

60 vs. 0% 1.61 (0.96–2.76)

Complications

EAD 4 816 <0.01 RCS <0.01 n.a 38.6

10 vs. 0% 1.13 (0.45–3.75)

20 vs. 0% 1.41 (0.33–5.29)

30 vs. 0% 1.90 (0.57–6.12)

40 vs. 0% 2.67 (1.09–6.86)

50 vs. 0% 3.78 (1.80–8.11)

60 vs. 0% 5.30 (2.64–10.5)

PNF 7 1,762 <0.01 RCS 0.67 n.a 39.5

10 vs. 0% 1.07 (0.51–2.73)

20 vs. 0% 1.26 (0.40–3.66)

30 vs. 0% 1.73 (0.60–4.70)

40 vs. 0% 2.65 (1.03–6.84)

50 vs. 0% 4.20 (1.61–11.1)

60 vs. 0% 6.53 (2.28–18.4)

Evaluation can’t be performed for patients’ 5-year mortality for less than three studies reported the relevant data.
aP-value for statistical significance was only evaluated in GLST model.
bSafety threshold was defined as the cut-off MaS value with lower limit of 95% CI at 1 in RCS model.
cRegression model was selected for each indicators (e.g., 90-day patient mortality), Pooled OR was listed as risk extent for difference on MaS severity in each specific indicator (e.g.,

10% vs. 0% in 30-day patient mortality).

GLS, generalized least-squares; MaS, macrovesicular steatosis; RCS, Restricted cubic splines.

Comprehensive Analysis on
Potential Confounders
As shown in Table 4, no significant inter-subgroup differences
were demonstrated with respect to patient survival (P > 0.05).
Of note, the results were still stable and no positive pooled
risk of MaS content on patient mortality was observed in
any subset.

The pooled risk of graft survival was higher in studies
with relatively older recipients (pooled OR: 3.15; 95% CI:
1.46–6.77) or patients with a higher MELD score (pooled
OR: 3.06; 95% CI: 1.27–7.40), but did not reach statistical
significance (P > 0.05, Table 4). Of note, subgroup analysis
did not detect an interactive effect between prolonged cold
ischemic time and the risk of MaS severity on graft loss in
patients after liver transplantation. Subgroup analysis did not

detect any factors with significant influence on PNF occurrence
(all P > 0.05).

Considering the selection bias for recipient, donor, and
surgical features categorized by MaS severity (Table S5), meta-
regression was performed to evaluate the impact of inter-
subgroup recipient, donor, or surgical difference on MaS-
specificmortality/complications. As shown inTable S7, the inter-
subgroup SMDs (for donor/recipient age, MELD score, and CIT
did not affect the risk of patient mortality, allograft failure, and
post-operational complications (all P > 0.05).

For sensitivity analysis on pooled risks of severe steatotic
allografts, consistent trends were observed in most positive
results by re-analysis after omitting each single study
(Figures S2–S4). The pooled risk of MaS on PNF occurrence had
a normal skewed distribution (Figure S4).
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FIGURE 4 | Dose-response relationship between donor MaS degree and the

risk of post-operative complications. (A) Dose-response relationship between

donor MaS degree and the risk of post-operative EAD occurrence; (B)

Dose-response relationship between donor MaS degree and the risk of

post-operative PNF occurrence. The black solid and long-dashed curves

represented instant ORs and their respective 95% CIs for post-operative

complications compared to the subgroup using allografts without MaS based

on the restricted cubic splines model. The red solid and short-dashed line

represented the instant ORs and their respective 95% CIs for post-operative

complications compared to the subgroup using allografts without MaS based

on the generalized least squares model. MaS, macrovesicular steatosis; CI,

confidence interval; OR, odds ratio.

DISCUSSION

This is the first evidence-based study with a systematic
and quantitative analysis of the risk associated with allograft
macrovesicular steatosis as a risk covariate on post-operational
clinical outcomes in patients who received orthotropic liver
transplantation. Based on data combined in 1,976 cases of
cadaveric liver transplantation from nine centers recorded from
2003 to 2011, we had major findings as follows: (1) The use
of donor livers with mild steatosis (MaS content <30%) is safe
without additional risk compared to non-steatotic grafts. (2)

Moderate and severe donor liver steatosis (MaS content >30%)
mainly affects the graft, but not patient survival in the first
3-years after liver transplantation. (3) Severe donor steatosis
(MaS content>30%) also caused inferior prognosis by increasing
the occurrence of EAD and PNF 4-fold in patients after liver
transplantation. (4) Donor MaS affected the post-transplant
allograft loss and complications in a non-linear, dose-dependent
pattern. The threshold of donor MaS content can be safely
extended to 35% for liver transplantation. (5) Allograft steatosis
exerted its effect on post-transplant outcomes independent of
other common risk covariates.

Followed with the rising prevalence of NAFLD in general
population, steatosis has become a common and increasing
phenomenon in candidate allografts for liver transplantation
(Boteon et al., 2018; Moosburner et al., 2018). Allograft steatosis
can be categorized into microvesicular, macrovesicular, and
mixed forms on pathological perspective (Tannapfel et al.,
2011). The microsteatosis (MiS) is usually considered as benign
symptom without extra risk on post-transplant prognosis (Han
et al., 2014a,b; Andert et al., 2017). Previous study found MiS
didn’t have interaction with MaS, either (Han et al., 2015).
Severe MaS increased the post-transplant complications for its
impact on ischemia/reperfusion injury and portal vein blood flow
(Selzner et al., 2006). But the safety threshold was present with
controversy across different studies (McCormack et al., 2011).

Disparities in MaS-specific graft failure and patient death
have rarely been discussed in prior studies. Although trends
are observed for both variables, we found that the pathologic
MaS content of donor livers mainly exerted effects on post-
operative graft failures, but not patient deaths. A more than
2-fold higher rate of organ failure occurred in the severe MaS
content group 3-years after liver transplantation. With respect to
patient survival, theMaS-specific risk was discrete and attenuated
with increasing follow-up duration (Tables 2, 3). As shown in
Table S4, patient death contributed to part of the etiology of
graft failure (Lozanovski et al., 2018). We speculate that the risk
of MaS-related graft failures might be mediated by non-fatal
cases. All in all, our results indicated that the graft-failure-free
survival might be more sensitive and accurate for post-transplant
outcomes of steatotic donors.

On the background of global controversy between limited
“organ source” and the increased “waiting list demand” (Pais
et al., 2016), many centers have reached consensus that the
allografts should be treated by distinction of categorical MaS
severity. In general, donor livers with mild steatosis (MaS
content <30%) were acceptable for expansion of the donor pool
without additional risk on post-transplant outcomes. Ongoing
debate involves the impact of donor livers with moderate
steatosis severity (MaS content ranging between 30 and 60%)
with respect to wide discrepancies in terms of prognostic
indicators after liver transplantation (Pais et al., 2016; Vodkin
and Kuo, 2017; Vinaixa et al., 2018). While allografts with
severe steatosis (MaS content >60%) were routinely discarded
on the grounds of disproportionate increase in severe post-
transplant complications, with the only exception being some
special donor-recipient matched cases under additional restricted
control on other risk indices like CIT or MELD scores
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TABLE 4 | Subgroup analysis for risk assessment of macrovesicular steatosis on post-transplant mortality and complications.

Number of studies Number of patients ORc (95%CI) I2 (%) Pa
1

Pb
2

Patient mortality

Sample size

<150 3 243 2.44 (0.86–6.90) 0 0.73

>150 3 649 1.43 (0.80–2.57) 0 0.54 0.38

Recipient age (years)

<50 3 351 1.78 (0.78–4.09) 0 0.84

≥50 2 367 2.50 (0.98–6.37) 0 0.66 0.60

Donor age (years)

<40 2 186 1.89 (0.47–7.71) 0 0.56

≥40 2 367 2.50 (0.98–6.37) 0 0.66 0.75

Recipient MELD score

<20 3 351 1.78 (0.78–4.09) 0 0.84

≥20 2 367 2.50 (0.98–6.37) 0 0.66 0.60

Cold ischemic time (min)

<400 2 380 2.33 (0.81–6.73) 0 0.72

≥400 3 338 1.95 (0.90–4.19) 0 0.73 0.79

Organ failure

Sample size

<150 3 268 3.98 (1.48–10.7) 0 0.95

>150 3 918 2.21 (1.37–3.56) 0 0.47 0.30

Recipient age (years)

<50 2 235 1.47 (0.58–3.71) 0 0.46

≥50 3 508 3.15 (1.46–6.77) 0 0.76 0.21

Donor age (years)

<40 2 513 2.71 (1.47–4.97) 0 0.83

≥40 3 508 3.15 (1.46–6.77) 0 0.76 0.76

Recipient MELD score

<20 3 376 1.84 (0.83–4.07) 0 0.50

≥20 2 367 3.06 (1.27–7.40) 0 0.47 0.40

Cold ischemic time (min)

<400 2 380 2.57 (0.95–6.94) 0 0.79

≥400 3 380 2.18 (1.05–4.54) 19.7 0.29 0.79

Time for liver biopsy

Post-perfusion 3 641 2.97 (1.72–5.10) 0 0.76

Before and post-perfusion 2 475 1.71 (0.82–3.57) 0 0.39 0.24

Primary non-function

Sample size

<200 4 492 4.68 (1.20–18.2) 0 0.50

>200 3 1,253 3.43 (0.72–16.5) 7.6 0.34 0.77

Recipient age (years)

<50 3 351 2.86 (0.63–13.0) 0 0.90

≥50 3 951 12.3 (2.02–75.1) 6.1 0.35 0.23

Donor age (years)

<40 3 629 2.21 (0.45–10.88) 0 0.85

≥40 2 451 8.41 (0.95–74.7) 43.1 0.19 0.33

Recipient MELD score

<19 4 922 6.36 (1.64–24.7) 10.4 0.34

≥19 2 380 3.06 (0.33–28.5) 0 0.68 0.58

Cold ischemic time (min)

<400 3 880 6.30 (1.01–39.4) 0 0.49

≥400 3 442 4.61 (1.03–20.6) 14.7 0.31 0.80

Time for liver biopsy

Post-perfusion 3 584 4.81 (0.79–29.2) 60.5 0.11

Before/Post-perfusion 2 975 4.23 (0.96–18.7) 0 0.42 0.37

aP1 value represented heterogeneity in subgroups.
bP2 value represented heterogeneity across subgroups.
cPooled OR represented the risk with comparison performed on patient mortality, graft failure, or Primary non-function occurrence at 1-year in groups with higher (>30%) and lower

(<10%) MaS degree. MELD, model for end-stage liver disease; OR, odds ratio.
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(Chavin et al., 2013; Wong et al., 2016). In accordance with the
previous consensus, our study revealed that allografts with mild
MaS content (<30%) can be safely utilized without extra risk
(Table 2), while less experience and unreliable results were
aggregated for rare relevant data assessed in donors with severe
steatosis (MaS content >60%) from enrolled studies [<3% of
the total cases (data not shown)]. A key point in optimizing
the use of steatotic livers involves the application of allografts
with moderate MaS severity. Increased risk of organ loss and
EAD/PNF occurrence was indicated in the group using grafts
with moderate MaS contents (Table 2). Further dose-response
analysis found stratified intra-group risks on post-transplant
outcomes for moderateMaS content in a non-linear manner. The
cut-off percentage of MaS content in the donor liver can be safely
expanded to approximately 35% based on a predicted value fitted
by the RCS model. Similarly, a very recent binary comparison
of 611 patients from German clinical centers also confirmed the
increased risk of 3-year graft failure with a threshold of 40% for
MaS content (Lozanovski et al., 2018).

Primary graft dysfunction (PGD) is one of the major
complications for patients after liver transplantation. Classified
by disease severity, the post-transplant PGD can be divided into
mild EAD and severe PNF (Deschenes, 2013; Chen and Xu, 2014;
Neves et al., 2016). The existence of donor MaS was considered a
major cause of PGD occurrence in a previous study (Kulik et al.,
2017). No unified diagnostic criteria were defined across different
centers (Table S6). The risk threshold was conventionally defined
as 30% by experience inmost cases without strong evidence grade
(Davis and Florman, 2014; Neves et al., 2016). In our study, a 4-
fold higher risk of EAD and PNF occurrence was observed in
the group with severe steatotic allografts (MaS content >30%).
Dose-response analysis revealed that the safety of the MaS cut-off
could be extended to approximately 40%. A lower prevalence of
PNF in all patients should be noted. The accurate PNF occurrence
deviated from 1% in the lower MaS content group to 4% in the
higher MaS content group.

Current concepts of donor quality appraisal emphasize that
graft steatosis should be assessed as a continuous risk for liver
transplantation rather than simply defined by “good” or “poor”
quality (Durand et al., 2008). Therefore, dose-response risks
of MaS severity on post-transplant outcomes at different time
points were evaluated based on predicted values by best-fit
curves (Table 3). In general, a trend of increasing post-transplant
outcomes was observed to be associated with MaS development.
Statistically significant risk increases in post-transplant graft
failure or complications appeared to occur between 35 and 42%
of MaS content, respectively; however, the grafts with a higher
MaS content than the safety threshold should not be considered
as an absolute contraindication for liver transplantation. Patient
death might occur while on the waiting list (Kim et al., 2008) and
the application of ECDs was proven to be an effective approach
to reducing waiting list mortality by providing more sub-optimal
organ donations for liver transplantation (Barshes et al., 2007).
Use of allografts with severe MaS might further relieve the urgent
organ shortage, with more opportunity of liver transplantation
for recipients in the early stage of liver disease after registration,
at the price of inferior post-transplant survival. Based on previous

data, our study provided systemic data on evaluating the impact
of steatotic donors on post-transplant mortality, which might
help clinicians to make better decisions on the balance between
the “risk” for MaS-related inferior survival and the “benefit” of
saving more registrants from waiting list mortality.

Previous studies have shown additive effects of MaS on
post-transplant outcomes by interaction with other risk factors.
Briceño et al. (2005) found non-significant risk stratification
on post-transplant mortality contributed by MaS severity in
patients with lower MELD scores. Another case-control study
reported similar effects of grafts with moderate MaS content
on post-transplant prognosis compared to a non-steatotic group
under strict limitation of CIT length (<8 h) (Westerkamp et al.,
2015). Highly stringent selectivity on low-risk donors, recipients,
and surgical options guaranteed the quality of inferior steatotic
donors for liver transplantation (Wong et al., 2016). Based
on pooled results, we found that the grafts with moderate
and severe MaS content were usually allocated to patients
with less severe disease under more stringent limitations on
ischemia-reperfusion injury (Table S5); however, the impact of
MaS content appeared stable on subgroup analysis classified by
potential confounders (Table 4). No variation was observed on
pooled risk of MaS-related post-transplant outcomes, even after
adjustment for other risk factors, such as donor age, recipient
MELD score, and intra-operative CIT (Table S7). Our data
indicated independence on the risk of allograft MaS content on
post-transplant outcomes, which cannot be compensated for by
attenuation of other co-existing risks.

The strengths of our data are as follows: (1) Donor MaS
content exerted an independent dose-dependent impact on
post-transplant graft failure after adjustment for differences
on other risk variables. (2) MaS content cut-off can be
safely extended to 35% with a non-significant risk increase
in post-operative mortality. Currently, approximately 20%
of steatosis was observed with inter-regional variation in
cadaveric organ donors (Koneru and Dikdan, 2002). In contrast,
approximately 40% of donor livers with severe pathologic
steatosis were discarded for liver transplantation, with steatosis
being the primary cause, based on data from the European
organ procurement organizations (Loinaz and Gonzalez, 2000).
Allograft macrovesicular steatosis is considered an independent
predictor for inferior outcomes and should be involved in risk
assessment score systems for liver transplantation (Spitzer et al.,
2010; Dutkowski et al., 2012). A defatting system, like machine
perfusion, is utilized as an effective strategy to extend the pool of
marginal steatotic donors (Boteon et al., 2018). Our data provided
systematic evidence on risk index of donor MaS content in liver
transplantation, which might be applied to facilitate the accuracy
of further risk algorithms on outcome prediction, and to optimize
the therapeutic destination for defatting devices.

The limitations of our study should be noted as follows.
Firstly, all patients were enrolled from a single-center study. An
individual study with fewer patients might limit the reliability of
pooled results. Secondly, the severity of allograft steatosis was
decided by H&E-stained biopsied samples in all studies. The
H&E stain has lower accuracy in terms of prediction of steatotic
severity for high inter-observer variation (Fiorini et al., 2004).
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Computerized analysis of Oil Red O (ORO)-stained samples
were recommended to optimize the classification and minimize
these random errors (Fiorini et al., 2004; Homeyer et al.,
2017). Thirdly, potential bias might be caused by unavailable
information on allograft biopsies in a portion of the donors.
Fourthly, heterogeneity of the risk of post-transplant EAD
occurrence cannot be assessed by subgroup analysis for less
relevant data. The non-unified definition of post-transplant
complications (Table S6) also contributed to inconsistency of
pooled data, especially for EAD risk (Table 2). Pooled risks
cannot be assessed on variables like length of ward/ICU stay for
the absence of standard deviation. Fifthly, many factors, such as
recipient age, MELD score, CIT length, and liver biopsy time,
might interfere with the final results as potential confounders;
however, subgroup analysis revealed that these covariates could
not change the trend of results with a non-significant impact.
Finally, selection bias was also attributed by an inter-subgroup
difference in other major risk covariates (Table S5). The risk of
MaS content on post-transplant outcomes might be mediated
by aged and obese donors as other covariates for higher risk
of inferior post-transplant outcomes (Bertuzzo et al., 2017);
however, the results from meta-regression analysis revealed that
the impact was negligible (Table S7).

In conclusion, allograft MaS content can be safely extended to
35% with acceptable post-transplant outcomes in cadaveric liver
transplantation. Severe donor MaS content exerted its impact on
graft failure and PGD, which was independent of other risks,

including recipient MELD score or CIT length. A mechanistic
study is warranted to further clarify the “threshold effects” of
donor MaS content on post-transplant complications.
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