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Abbreviations
AHN: Acute hepatic necrosis
BMI: Body mass index
CIT: Cold ischemia time
DAA: Direct-acting antiviral therapy
DCD: Deceased after cardiac death
HBV: Hepatitis B virus
HCC: Hepatocellular carcinoma
HCV: Hepatitis C virus
HR: Hazard ratio
IQR: Interquartile range
IRB: Institutional review board
LT: Liver transplantation
MELD: Model for end-stage liver disease
NAT: Nucleic acid amplification testing
OKT3: Monoclonal antibody targeted at the CD3 receptor
OPTN: Organ Procurement and Transplantation Network
Re-LT: Re-liver transplantation
STAR: Standard Transplant and Research
SVR: Sustained viral response
TIPS: Transjugular intrahepatic portosystemic shunt
UNOS: United Network for Organ Sharing
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Abstract
The success of direct-acting antiviral (DAA) therapy has led to near-universal cure for patients
chronically infected with hepatitis C virus (HCV) and improved post-liver transplant(LT) outcomes.
We investigated the trends and outcomes of re-transplantation in HCV and non-HCV patients before
and after the introduction of DAA. Adult patients who underwent re-LT were identified in the
OPTN/UNOS database. Multi-organ transplants and patients with more than two total LTs were
excluded. Two eras were defined, pre-DAA(2009-2012), and post-DAA(2014-2017). A total of 2,112
re-LT patients were eligible(HCV: n=499 pre-DAA and n=322 post-DAA; non-HCV: n=547 preDAA and n=744 post-DAA). HCV patients had both improved graft and patient survival after re-LT
in the post-DAA era. One-year graft survival was 69.8% pre-DAA and 83.8% post-DAA(p<0.001).
One-year patient survival was 73.1% pre-DAA and 86.2% post-DAA(p<0.001).Graft and patient
survival was similar between eras for non-HCV patients. When adjusted, the post-DAA era
represented an independent positive predictive factor for graft and patient
survival(HR:0.67;p=0.005,and HR:0.65;p=0.004) only in HCV patients. The positive post-DAA era
effect was observed only in HCV patients with first graft loss due to disease
recurrence(HR:0.31;p=0.002, HR 0.32;p=0.003, respectively). Among HCV patients, receiving a reLT in the post-DAA era was associated with improved patient and graft survival.
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Introduction
Hepatitis C virus (HCV)-related liver disease has traditionally represented the leading indication for
both primary and re-transplantation (re-LT) but has seen a decline, in recent years, likely as a result of
the introduction of direct-acting antiviral (DAA) therapy.1,2 Liver transplantation (LT) outcomes in
HCV patients, before DAA, were affected by HCV recurrence with an accelerated course. Five-10%
of patients developed an unusually aggressive fibrosing cholestatic hepatitis with graft loss within a
year and an additional 10-30% of patients developed cirrhosis and allograft failure within five years
of LT.3,4 Though the best option for many of these patients was re-LT, many studies showed patient
and graft survival were worse in HCV patients compared with re-LT for other indications.5–7 In light

of this, coupled with the prevailing scarcity of organs, re-LT for HCV was controversial.
The incidence of re-LT ranges from 5-22%. Compared to the primary LT, re-LT is associated

with increased operative complexity including longer ischemia times and use of more blood products
and a more difficult postoperative course with more frequent complications and higher cost.8–11
Moreover, patient and graft survival after re-LT have historically been worse than after the primary
LT.5,12,13 The indications for re-LT are typically dependent on the period between primary and re-LT

with early indications being primary nonfunction and vascular complications and late indications from
disease recurrence and chronic rejection.8,14,15 DAA for the treatment of HCV became widely
available in the United States in 2014.16 The advent of DAA-therapy has resulted in effective
treatment of HCV and a near-universal cure in patients chronically infected, with resulting
improvements in both graft and patient survival following LT.17,18 The number of HCV patients
requiring LT and re-LT has gradually decreased. 1,19,20 However, the impact that the introduction of
DAA has had on indications for re-LT as well as for outcomes after re-LT have not been previously
described.
We hypothesized that introduction of DAA-therapy has resulted in several changes in re-LT in

both the patient population undergoing re-LT, the number of re-LT, and potential improvements in
outcomes after re-LT in HCV patients. We investigated the trends and outcomes of re-transplantation
in HCV and non-HCV patients in the United States before and after the introduction of DAA using
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the Organ Procurement and Transplantation Network/United Network for Organ Sharing
(OPTN/UNOS) registry.

Methods
Patient Cohort
This study used data from the OPTN/UNOS from the Standard Transplant and Research (STAR) file,
which contains information from all patients who underwent liver transplantation up until 31-Mar2020 in the United States. Patients who were younger than 18 years old, underwent multi-organ
transplantation, who had more than two total liver transplants, and patients with missing information
for the first or the re-transplant were excluded. A STROBE compliant figure of full patient inclusion
and exclusion is shown in Figure 1. The study was approved for an institutional review board (IRB)
waiver after IRB review.
As DAA was introduced in 2013 and widely available in 2014, two time periods were defined:

patients undergoing re-LT from January 2009-December 2012 represented the pre-DAA era, and
patients undergoing re-LT from January 2014-March 2019 represented the post-DAA era. 2013 was
considered a transitional year and was excluded. 2019 was selected as the last year of follow up to
allow a minimum of 1-year post-transplant follow-up for all patients. A similar definition of era was
used by Flemming et al., in which 2003-2010 was the interferon era, 2011-2013 the protease inhibitor
era and 2014-2015 the DAA era.21 Patients were grouped into HCV and non-HCV groups according
to the etiology of liver disease (defined by the primary or secondary diagnostic codes or manual text
entries in the dataset). Patients classified as 4204 (Cirrhosis type C), 4206 (Cirrhosis: type B and C),
4104 (AHN: type C), 4106 (AHN: type B and C), 4216 (Alcoholic cirrhosis with hepatitis C) 4593
(Hepatitis C: chronic or acute), and positive HCV serostatus either at primary or re-LT were classified
as HCV. All other etiologies were classified as non-HCV. The hepatocellular carcinoma (HCC)
variable was defined according to any presence of HCC at the primary listing, primary transplant, reLT listing, at re-LT, or any point before either LT.
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Variables related to graft failure at primary LT, demographics at re-LT (including recipient

age, gender, albumin, MELD, BMI), donor characteristics at re-LT (including donor gender, age,
BMI, deceased after cardiac death (DCD), HCV donor antibody, HCV Nucleic acid amplification
testing (NAT), comorbidities, and cold ischemia time (CIT), and graft failure at re-LT were recorded.
Disease recurrence as a contributing cause of graft failure comprised both HCV and non-HCV disease
recurrence.

Analysis of Post-Transplant Outcomes and comparison of the hazard of mortality and graft loss
One year and overall patient and liver graft survival after re-LT were compared between HCV and
non-HCV populations in each era. After that, outcomes were compared between pre- and post-DAA
eras in HCV and non-HCV patients separately. Both unadjusted and adjusted survival analyses were
performed. Risk factors for post-re-LT mortality and graft loss were evaluated adjusting for the
following variables present at the time of re-LT: DCD donor, recipient diabetes, recipient BMI,
MELD score, dialysis requirement week prior to re-LT, CIT, Karnofsky performance status score, the
time interval between primary and re-LT, donor age, donor BMI, center experience, hepatitis C
antibody donor positivity, recipient life support, MELD exception, and status 1A. HCV NAT donor
positivity could not be adjusted for as this was not present in any of the donors in the pre-DAA era.
Subgroup analyses were performed in patients who developed graft failure secondary to HCV
recurrence after primary LT. Adjustments were made for center experience by dividing centers
according to percentiles based on the total national re-transplant volumes in the study period into
<25%ile (low) for centers that performed <20 re-LTs, 25-75%ile (intermediate) for centers that
performed 20-42 re-LTs, and >75%ile (high) for centers that performed over 43 or more re-LTs. The
primary cause of death in the recipient is captured by the variable name COD and up to two
contributory causes of death are captured by the COD2 and COD3 variables, respectively.

Statistical Analysis

This article is protected by copyright. All rights reserved

Accepted Article

Descriptive data for continuous variables were expressed as means and standard deviation if the
distribution was normal and medians and interquartile range (IQR) for non-normal distribution. These
were compared using the Student t-test and Mann Whitney U test, respectively. Categorical variables
were expressed as number and percentage and were compared using chi-square and Fischer exact test.
Patient and graft survival were analyzed from time of re-LT using the Kaplan-Meier method and
groups compared with log-rank tests. Cox proportional hazard regression models were constructed to
identify predictors for post-re-LT patient and graft survival. A p-value <0.05 was considered
statistically significant. All statistical analyses were performed using R (R Core Team (2019) R: A
language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org/).
Results
A total of 2,112 patients were identified who underwent re-LT and met inclusion criteria.
There were 1,046 in the pre-DAA era and 1,066 In the post-DAA era. Of the 1,046 pre-DAA
patients, 499 (47.7%) had HCV and 547 (52.3%) did not, compared to 322 (30.2%) and 744 (69.8%)
post-DAA, respectively (Table 1).
Comparisons of post-re-LT survival between pre- and post-DAA
HCV patients
In the post-DAA era (n=322), compared to the pre-DAA era (n=499), HCV patients had lower rates
of biliary complications (2.8% vs. 14.0%; p<0.001), disease recurrence (15.5% vs. 35.7%; p<0.001),
primary graft failure (9.6% vs. 24.8%; p<0.001), and vascular thrombosis (5.3% vs. 23.6%; p<0.001)
as contributing factors of primary graft failure. In contrast, HCV patients in the post-DAA era had
higher rates of diffuse cholangiopathy (8.7% vs. 0.0%; p<0.001, and primary nonfunction (16.1% vs.
0.6%; p<0.001) as contributing causes for graft failure after primary transplant (Figure 2a) HCV
patients overall had similar characteristics in both pre- and post-DAA eras at the time of re-LT. In the
pre-DAA era, patients were younger (median (IQR) 55 (51-59) vs. 59 (54-63) p<0.001), but had
similar performance status (Karnofsky score 10-30%: 53.5% vs. 59.1%; p=0.13). HCV patients in the
pre-DAA had lower rates of dialysis requirement in the week prior to re-LT (15.0% vs. 22.4%;
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p=0.009) and lower rates of an HCC diagnosis (34.1% vs. 52.5%; p<0.001). Donor characteristics at
re-LT were similar except for CIT which was longer pre-DAA ((hours median (IQR) 6.5 (5.0-8.0) vs.
5.9 (4.6-7.2); p<0.001) (Table 1).
The graft and patient survival after re-LT were better in the post-DAA era in HCV patients (1-

, 3-, and 5-year graft survival: pre-DAA 69.8%, 61.0%, 57.0% vs. post-DAA 83.8%, 77.1%, 69.9%;
p<0.001) (Figure 3a and 3b). In HCV patients who had graft failure post-re-LT, the rates of disease
recurrence and primary graft failure as contributing factors to graft failure post-re-LT were lower in
the post-DAA era (5.1% vs. 13.9%; p=0.04 and 0.0% vs. 13.5%; p<0.001, respectively) (Figure 4a).
When adjusted for recipient and donor characteristics as well as center experience, receipt of a re-LT
in the post-DAA era a positive independent risk factor for both graft survival and patient survival (HR
0.67, 95% CI 0.51-0.89; p=0.005 and HR 0.65, 95% CI 0.49-0.88; p=0.004, respectively) (Table 2).
HCV antibody donor positivity at re-LT did not represent a risk factor for either graft failure or
mortality after re-LT in HCV patients. In contrast, higher (>75%ile) center experience was protective
for both graft and patient survival after re-LT in HCV patients.
Hepatitis Recurrence and non-recurrence after primary LT in HCV patients
In HCV patients, who underwent re-LT for disease recurrence after the primary transplant, re-LT in
the post-DAA was a positive independent risk factor for both graft and patient survival (HR 0.31,
95% CI 0.15-0.66; p=0.002 and HR 0.32, 95% CI 0.15-0.68; p=0.003, respectively). Era was not
clearly associated with graft or patient survival in HCV patients who did not have disease recurrence
after primary LT (HR 0.78, 95% CI 0.57-1.08; p=0.13, and HR 0.78, 95% 0.56-1.09; p=0.14,
respectively).
Non-HCV patients
In the post-DAA era (n=744) compared to the pre-DAA era (n=547), non-HCV patients had lower
rates of chronic rejection (6.5% vs. 10.4%; p=0.01), biliary complications (2.8% vs. 15.0%; p<0.001),
primary graft failure (4.0% vs. 26.1%; p<0.001) and vascular thrombosis (3.0% vs. 25.2%; p<0.001)
as contributing factors for graft failure after primary LT. In contrast, rates of diffuse cholangiopathy
(7.5% vs. 0.2%; p<0.001), and primary nonfunction (16.3% vs. 0.2%; p<0.001) were higher in the
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post-DAA era. (Figure 2b). Non-HCV patients in the post-DAA era had higher rates of dialysis
requirement prior to re-LT (21.3% vs. 13.5%; p<0.001), worse performance status (Karnofsky score
10-30%, 61.8% vs. 53.2%; p=0.002), higher rates of HCC diagnosis (16.5% vs. 11.7%; p=0.02) and
higher MELD scores at re-LT (median (IQR) 29 (18-36) vs. 25 (18-33); p=0.003). The re-LT interval
(from primary to re-LT) was similar between eras (p=0.48). Cold ischemia times were shorter in the
post-DAA era (median hours (IQR) 5.7 (4.5-7.1) vs. 6.0 (5.0-7.7); p=0.003). Other recipient and
donor characteristics were similar between pre- and post-DAA eras in non-HCV patients (Table 1).
In non-HCV patients, the 1-, 3- and 5-year graft and overall patient survival were similar in the preand post-DAA eras (Figures 3c and 3d). Contributing factors for graft failure in patients with graft
failure after re-LT were significant for a lower proportion of biliary complications (0.0% vs. 4.8%
p=0.001), primary graft failure 1.6% vs. 6.5%; p=0.01) and vascular thromboses (1.0% vs. 6.5%;
p=0.005) in the post-DAA era. In contrast, there was a higher proportion of primary nonfunction in
the post-DAA era compared with the pre-DAA era (10.4% vs. 1.3%; p<0.001) (Figure 4b). When
adjusted for recipient and donor characteristics, as well as center experience, receiving a re-LT in the
post-DAA era was not associated with graft or patient survival in non-HCV patients (Table 3). Center
experience with re-LT did not represent a risk factor for either graft failure or mortality after re-LT in
non-HCV patients.
Comparisons of post-re-LT survival between HCV and non-HCV populations in pre- and post-DAA
Pre-DAA era
A total of 1,046 patients who received re-LT were identified in the pre-DAA era (2009-2012) (HCV
n=499 (47.7%), non-HCV n=547 (52.3%)). Disease recurrence as a contributing cause for graft
failure was higher in HCV patients (35.7% vs. 16.1%; p<0.001). Other contributing factors for graft
failure of the primary transplant were similar between HCV and non-HCV patients in the pre-DAA
era (Table 1).
HCV and non-HCV patients had overall similar characteristics at the time of re-LT, except

HCV patients were more often male (77.0% vs. 60.1%; p<0.001), older (median (IQR) 55 (51-59) vs.
50 (41-59); p<0.001). HCV patients had higher rates of HCC (34.1% vs. 11.7%; p<0.001). The time
between primary and re-LT was similar. HCV patients were less often Status 1A at re-LT (12.0% vs.
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17.4%; p=0.02). The donor characteristics at re-LT were similar except for a longer CIT in HCV
patients (CIT hours median (IQR) 6.5 (5.0-8.0) vs. 6.0 (5.0-7.7); p=0.004). There was a higher
proportion of HCV antibody donor positivity at re-LT in HCV patients (3.7% vs. 0.2%; p<0.001).
(Table 1).
In the pre-DAA era, the graft survival after re-LT was better for non-HCV patients compared

to HCV patients (1-,3-, and 5-year survival non-HCV 77.8%, 71.2%, 65.6% vs. HCV 69.8%, 61.0%,
57.0%; p=0.004). Similarly, patient survival was significantly worse in HCV patients (1-,3- and 5year survival non-HCV 80.1%, 74.2%, 68.9% vs. HCV 73.1%, 64.5%, 60.1%; p=0.002)
(Supplemental Figure 1a and 1b). Causes for graft-failure after re-LT were similar between HCV
and non-HCV patients, except for higher rates of primary graft failure (13.5 % vs. 6.5%; p=0.01) and
disease recurrence as a contributing factor for graft failure in HCV patients (13.9 vs. 4.8%; p<0.001)
(Figures 4a and 4b).
After risk adjustment, a diagnosis of HCV represented an independent risk factor for post-re-

LT graft failure and patient mortality (HR 1.25, 95% CI 1.03-1.53; p=0.027 and HR 1.40, 95% CI
1.14-1.73; p=0.002) (Table 4). Risk factors for patient survival included an intermediate and longer
period between index and re-LT (30-364, and >365 days), underweight recipient BMI (BMI <18.4),
status 1A at re-LT, and recipient life support at re-LT. A better performance status (Karnofsky 40100%) ((ref: 10-30%) HR 0.76, 95% CI 0.59-0.98; p=0.031), and a higher center experience with reLT was protective for post-re-LT survival ((ref: <25%ile) 75%ile HR 0.70, 95% CI 0.52-0.93;
p=0.015. The use of Hepatitis C antibody positive donors did not represent a risk factor for either
graft failure or mortality.
Post-DAA era
A total of 1,066 patients were identified in the post-DAA era (HCV n=322 (30.2%) vs. non-HCV
n=744 (69.8%). All causes for graft failure after the primary transplant in the post-DAA era were
similar between HCV and non-HCV patients, except for a lower rate of primary graft failure in nonHCV patients (4.0% vs. 9.6%; p<0.001) (Figures 2a and 2b).
HCV and non-HCV patients had overall similar characteristics at the time of re-LT, except

HCV patients were more often male (75.2% vs. 61.3%; p<0.001), older (median (IQR) 59 (54-63) vs.
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51 (41-60); p<0.001), and with higher rates of HCC (52.5% vs. 16.5%; p<0.001). Donor
characteristics at re-LT and causes for graft failure after re-LT were similar except for a higher
proportion of HCV NAT positive donors in HCV patients (3.2% vs. 0.8%; p=0.018) and HCV donor
antibody positivity (4.7% vs. 2.0%; p=0.025). (Table 1).
In the post-DAA era, overall patient and graft survival were similar between HCV and non-

HCV patients (log-rank p=0.48 and 0.18) (Supplemental Figure 1c and 1d). Causes for graft-failure
after re-LT were similar between HCV and non-HCV patients, including disease recurrence as a
contributing factor for graft failure in HCV patients (5.1% vs. 4.7%; p>0.9) (Figures 4a and 4b).
After risk adjustment, the etiology of liver disease was not associated with graft and survival

(HCV vs. non-HCV (ref), HR 0.95, 95% CI 0.72-1.26; p=0.742 and HR 0.99, 95% CI 0.74-1.33;
p=0.963, respectively) (Table 4). DCD allograft, recipient dialysis requirement at re-LT, increase in
CIT, an intermediate primary to re-LT interval (30-364 days), and recipient life support requirement
at re-LT were risk factors for graft failure. Similar factors represented risk factors for post-re-LT
patient survival. Additionally, MELD exception point awarding represented an independent
protective factor for post-re-LT survival. The use of HCV antibody-positive donors did not represent
a risk factor for either graft failure or mortality post-re-LT.
Discussion
This study evaluated the possible effects of the introduction of DAA therapy on re-LT outcomes in
HCV patients compared to non-HCV patients. Our results indicate that the introduction of DAA was
associated with significant, and temporally associated, improvement in re-LT outcomes in the HCV
population. HCV patients had worse re-LT outcomes, in both patient and graft survival, compared
with non-HCV in the pre-DAA era. After the introduction of DAA, patient and graft survival rates
were similar between the two populations. Importantly, hepatitis recurrence as a cause of graft failure
after re-LT accounted only for 5.1% in the HCV population in the post-DAA era. This finding may
support our hypothesis that the introduction of DAA decreased the HCV recurrence risk and graft
loss. This is the first study investigating outcome trends of re-LT related to DAA introduction using
the OPTN/UNOS registry.
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In this study, HCV patients comprised 47.7% and 30.2% of re-LT recipients in the pre- and

post-DAA era, respectively. This trend is consistent with the OPTN/SRTR Annual Report which
noted the incidence of re-LT in the United States has decreased from 7.9% (417 re-LT, 5,289 first
transplants) in 2008 to 4.2% (312 re-LT, 7,375 first transplants) in 2018.1 Following the introduction
of DAA-therapy in 2013, there has been a near-universal cure rate in chronically infected HCV
patients.16–20 One of the potential impacts of DAA has been a dramatic decline in the number of
patients undergoing LT for decompensated cirrhosis secondary to HCV, which has resulted in an
estimated 600 livers every year becoming available for patients with other LT indications.19 Though
previously the leading indication for both LT and re-LT in the U.S., the annual re-LT (per 100 HCV
LT) rate for chronic HCV patients has gradually decreased from 8.8 in 2005 to 6.4 in 2010 to 3.8 in
2014.20
This study demonstrated that despite worse post-re-LT patient and graft survival in the pre-

DAA era, there were no statistical differences in outcomes in HCV and non-HCV patients in the postDAA era after covariate adjustment. Moreover, the favorable post-DAA effect in patient and graft
survival was only present in HCV patients. While several factors may be contributing to this,
including improved patient selection, surgical, and medical care, it is likely that DAA therapy
significantly contributed to the improvement in re-LT outcomes in HCV patients. For instance,
disease recurrence as a cause for primary graft failure in HCV patients decreased from 35.7% in the
pre-DAA era to 15.5% in the post-DAA era. Of note, we evaluated trends in outcomes in the PostDAA era over the years in the HCV population, which demonstrated that receipt of re-LT in
2018&2019 had a similar risk of patient and graft failure as in 2014 (ref 2014, HR 1.43, 95% CI 0.623.30; p=0.40 and HR 1.41, 95% CI 0.65-3.05; p=0.38, respectively). These findings further supported
that the introduction of DAA is the main reason for the improved post-transplant outcomes in the
HCV population and their outcomes have been stabilized since then. It has been reported that HCV
recurrence affects prognosis more adversely in re-LT patients than in primary LT patients.22 This may
in part be aggravated by an accelerated disease course resulting from several factors including donor
age, high viral titers and acute rejection episodes with rejection directed immunosuppressive
therapy.4,23–26 HCV patients who undergo re-LT for recurrent HCV have improved graft survival if a
sustained viral response (SVR) can be achieved, which has become significantly more in the DAA
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era.27 A decrease in HCV recurrence would result in an improved prognosis following re-LT. Within
this context, subgroup analysis demonstrated the improved both patient and graft survival in the postDAA era was seen primarily after re-LT in HCV patients who had hepatitis recurrence as a
contributing factor to primary graft failure compared to patients who did not. This subset of HCV
patients may be driving the overall improvements seen.
While overall LT and re-LT outcomes have improved over the past decades, improvements in

post-LT survival after 2014 (post-DAA) have been seen exclusively in HCV patients.28 Over time, reLT graft survival has become equivalent to graft survival after primary LT.27 Our study demonstrates
that while HCV had worse outcomes in patient and graft survival than non-HCV patients in the preDAA era, the outcomes between the groups were equivalent in the post-DAA era. A consensus for a
minimum transplant survival of 50% at five years has been established to ensure the available scarce
donor pool’s maximum utility and equity. .29 This is particularly relevant in the case of re-LT which is
associated with higher risks, worse survival, and higher costs compared to the primary LT.30,31 Early
studies found both patient and graft survival after re-LT to be inferior in HCV patients compared to
non-HCV patients.5–7 Our study confirms these findings, and further adds that HCV post-re-LT
outcomes have become equivalent to non-HCV patients. In an early OPTN/UNOS study, when HCV
patients’ outcomes were compared to other etiologies, they had a worse survival when compared to
patients with autoimmune hepatitis and hepatitis B virus (HBV) for re-LT.13 The group speculated

that the differential outcomes observed may have been a result of advantages from
immunosuppression and hepatitis B immunoglobulin and lamivudine therapies, respectively.13 Early

pre-DAA HCV treatment relied mainly on interferon and ribavirin with SVR rates between 25-50%.
In contrast, the novel DAA-therapies result in SVR in over 95% of all HCV patients.34 Although our
observational retrospective study design cannot infer causation, the improvements in re-LT outcomes
found in this study are likely a result of DAA-therapy.
According to the findings of this study, risk factors for mortality and graft loss after re-LT in

HCV patients were an increased donor BMI, a longer period between primary and re-LT, and
recipient life support at re-LT. In non-HCV patients, risk factors were recipient dialysis at re-LT, an
intermediate (30-364 days) period between primary and re-LT, an elevated donor age, an increase in
CIT, recipient life support at re-LT, and recipient being status 1A at the time of re-LT. Additionally,

This article is protected by copyright. All rights reserved

Accepted Article

though the proportion of HCV donors was higher in HCV patients compared with non-HCV patients,
this did not result in an increased risk to either graft or patient survival, suggesting the safety of use of
such organs in this clinical situation. In HCV patients, but not non-HCV patients, improved
performance status and a higher center experience (>75%ile) with re-LT were protective for both
patient and graft survival. Hong et al. performed a single-institution study, evaluating 466 re-LT
patients from 1984 to 2010.8 The group developed a predictive primary/prognostic score that could
predict graft failure after re-LT.8 Several other models have been developed to predict survival after
re-LT and therein better stratify candidates. These have included factors such as UNOS status,
preoperative serum creatinine, serum bilirubin, HCV status, recipient age, donor age, ischemia times,
mechanical support, operative factors, and time between primary and re-LT.35,36 This study revealed
that risks for graft failure and patient mortality differed between HCV and non-HCV patients,
suggesting that certain variables may impact outcomes more depending on the underlying liver
disease and the period in which the re-LT was performed. We did not identify recipient age, ischemia
time, or pre-re-LT dialysis as consistent predictors of graft failure or mortality. An intermediate and
long period between primary and re-LT, compared to a short interval, was identified as a predictor of
graft failure and patient mortality in HCV patients but not for non-HCV patients. This is in contrast to
Hong et al., who demonstrated a short interval (15-30 day) was a predictor of graft failure. The
inconsistency between these findings and other models may be a result of changes in organ allocation,
recent improvements in peri-transplant care and patient selection. Future prediction models for postre-LT outcomes will benefit from continuous refinement as indications for LT and re-LT change, but
will also need to accommodate the impact of evolving medical therapies for the various etiologies of
liver disease.
This study is limited by its retrospective nature with the potential for misclassification and

selection bias. It does not contain information on patients with HCV who were denied a LT, and as
such, it is not possible to extend the findings of this study to that subset of patients. Direct causation
cannot be drawn between DAA and improved outcomes following re-transplantation as the UNOS
dataset does not contain information on whether a patient received DAA treatment or not. It is
difficult to clearly define the exact cause of graft failure in the database, and the variable primary graft
failure, though included in this analysis, does not further provide further clarification, and this

This article is protected by copyright. All rights reserved

Accepted Article

heterogeneity represents a limitation. Moreover, the database does not include information on HCV
genotype and level of viremia. It is difficult to ascertain the exact cause of graft failure, although
previous studies have found no difference in patient survival based on the reason for graft failure.37

Although covariate adjustments were made for group comparisons, there is always a potential for
residual confounding.
In conclusion, outcomes for HCV were improved in the post-DAA era compared to the pre-

DAA era, and this era effect was more prominent in those who lost the first liver graft due to disease
recurrence. Continual evaluation of LT and re-LT outcomes is necessary, particularly in the setting of
novel therapies and management strategies for liver disease, which impact not only patient and graft
survival but also characteristics of patients on the waitlist.
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Figure legends
Figure 1. STROBE Diagram of Cohorts Included and Excluded
Figure 2 Reasons for graft failure after primary
a) After primary LT in HCV patients pre- vs. post-DAA b) After primary LT in non-HCV patients
pre- vs. post-DAA Causes for graft failure are not mutually exclusive and can overlap.
Figure 3. Kaplan Meier analyses of graft and patient survival in HCV and non-HCV patients.
a) Overall patient survival in HCV patients stratified by era. b) Graft survival in HCV patients
stratified by era. c) Overall patient survival in non-HCV patients stratified by era. b) Graft survival in
non-HCV patients stratified by era.
Figure 4. Reasons for graft failure after re-LT
a) After re-LT in HCV patients who lost their graft after re-LT pre- vs. post-DAA b) After re-LT in
non-HCV patients who lost their graft after re-LT pre- vs. post-DAA. Causes for graft failure are not
mutually exclusive and can overlap.
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Table 1. Patient characteristics
HCV
Variable

Pre-DAA (N=499)

Post-DAA (N=322)

Non-HCV
p value

Pre-DAA (N=547)

Post-DAA (N=744)

p value

Demographics at reLT
0.5581

Sex
Female

115 (23.0%)

80 (24.8%)

Male

384 (77.0%)

242 (75.2%)
<0.001

Age at re-LT
Median (Q1, Q3)

55 (51, 59)

0.6871
218 (39.9%)

288 (38.7%)

329 (60.1%)

456 (61.3%)

2

59 (54, 63)

0.1842
50 (41, 59)

51 (41, 60)

1

0.0591

0.097

Status 1A at re-LT
Not Status 1A

439 (88.0%)

270 (83.9%)

Status 1A

60 (12.0%)

52 (16.1%)

452 (82.6%)

644 (86.6%)

95 (17.4%)

100 (13.4%)

2

0.2612

0.922

MELD score at listing
for re-LT
Median (Q1, Q3)

22 (16, 30)

22 (14, 32)

26 (19, 35)

26 (17, 36)

0.0032
25 (18, 33)

29 (18, 36)

2

0.8272

0.269

Days on waitlist
Median (Q1, Q3)

23 (16, 32)

0.813

MELD score at re-LT
Median (Q1, Q3)

22 (15, 30)
2

20.00 (5, 108)

15 (3, 113)

17 (5, 90)

16 (4, 113)

1

0.1481

0.382

Recipient diabetes
N-Miss

10

0

6

3

No

355 (72.6%)

224 (69.6%)

378 (69.9%)

545 (73.5%)

Yes

134 (27.4%)

98 (30.4%)

163 (30.1%)

196 (26.5%)

1

0.0021

0.130

Karnofsky score at
re-LT
N-Miss

4

2
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10-30%

265 (53.5%)

189 (59.1%)

40-100%

230 (46.5%)

131 (40.9%)

288 (53.2%)

458 (61.8%)

253 (46.8%)

283 (38.2%)

1

0.4531

0.112

TIPS prior to re-LT
N-Miss

5

5

2

12

No

467 (94.5%)

290 (91.5%)

519 (95.2%)

689 (94.1%)

Yes

27 (5.5%)

27 (8.5%)

26 (4.8%)

43 (5.9%)

0.0091

Dialysis requirement

<0.0011

week prior to re-LT
No

424 (85.0%)

250 (77.6%)

Yes

75 (15.0%)

72 (22.4%)
<0.001

HCC diagnosis prior

473 (86.5%)

584 (78.7%)

74 (13.5%)

158 (21.3%)

1

0.0161

to re-LT
No

329 (65.9%)

153 (47.5%)

Yes

170 (34.1%)

169 (52.5%)

483 (88.3%)

621 (83.5%)

64 (11.7%)

123 (16.5%)

1

0.4811

0.011

Time period between
index and re-LT
N-Miss

11

0

1

2

<30 days

121 (24.8%)

111 (34.5%)

173 (31.7%)

251 (33.8%)

30-364 days

121 (24.8%)

65 (20.2%)

127 (23.3%)

153 (20.6%)

>365 days

246 (50.4%)

146 (45.3%)

246 (45.1%)

338 (45.6%)

2

0.4742

0.137

Days between
primary and re-LT
Median (Q1, Q3)

372 (31, 1488)

227.00 (12, 1751)

237.5 (15, 2500)
0.3742

0.045

Follow-up time
Median (Q1, Q3)

234.5 (17, 1867)
2

413 (36, 1659)

227 (12, 1751)

Length of hospital
stay after re-LT
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0.8322
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Median (Q1, Q3)

13 (8, 28)

12 (8, 27)

14 (8, 27)
0.5301

0.715

Donor sex at re-LT
Female

192 (38.5%)

128 (39.8%)

Male

307 (61.5%)

194 (60.2%)

223 (40.8%)

317 (42.6%)

324 (59.2%)

427 (57.4%)

2

0.3082

0.287

Donor BMI at re-LT
Median (Q1, Q3)

13 (8, 29)
1

25.8 (22.5, 29.6)

25.4 (22.2, 29.0)

25.6 (22.5, 29.8)

26.0 (22.6, 29.8)

0.4891

DCD

0.5171

N-Miss

9

1

7

9

No

484 (98.8%)

319 (99.4%)

529 (98.0%)

724 (98.5%)

Yes

6 (1.2%)

2 (0.6%)

11 (2.0%)

11 (1.5%)

<0.001

Cold ischemia time at

2

0.0032

re-LT
Median (Q1, Q3)

6.5 (5.0, 8.0)

5.9 (4.6, 7.2)

6.0 (5.0, 7.7)

5.7 (4.5, 7.1)

N-Miss

499

104

547

135

Negative

0

211 (96.8%)

0

604 (99.2%)

Positive

0

7 (3.2%)

0

5 (0.8%)

HCV NAT positive at
re-LT

1

0.0031

0.474

HCV antibody donor
positive at re-LT
N-Miss

9

1

7

9

Negative

472 (96.3%)

306 (95.3%)

539 (99.8%)

720 (98.0%)

Positive

18 (3.7%)

15 (4.7%)

1 (0.2%)

15 (2.0%)

1

0.1651

0.106

Center experience
<25%ile

109 (21.8%)

86 (26.7%)

141 (25.8%)

173 (23.3%)

25-75%ile

255 (51.1%)

167 (51.9%)

256 (46.8%)

388 (52.2%)

>75%ile

135 (27.1%)

69 (21.4%)

150 (27.4%)

183 (24.6%)
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Abbreviations: BMI: body mass index, CIT: Cold ischemia time, DCD: Deceased after cardiac death, HCC: Hepatocellular carcinoma, HCV: Hepatitis C virus,
Q1, Q3: Interquartile range, LT: Liver transplant, MELD: Model for end-stage liver disease, NAT: Nucleic acid amplification testing, TIPS: Transjugular
intrahepatic portosystemic shunt. 1. Fisher’s Exact Test for Count Data 2.Kruskal-Wallis rank sum test
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Table 2. Risk factor analysis for post re-LT graft loss and mortality in HCV patients
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Table 3. Risk factor analysis for post re-LT graft loss and mortality in non-HCV patients
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Table 4. Risk factor analysis for graft loss in pre and post-DAA eras
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Adult liver retransplantations in 2009-2019
(n=2,452)

♦

3rd re-LT in 2009-2019 (n=115)
Pre-DAA: HCV (n=20 (37%), non-HCV (n=34 (63%))
Post-DAA: HCV (n=10 (16%)), non-HCV (n=51 (84%))

♦

4th re-LT in 2009-2019 (n=13)
Pre-DAA: HCV (n=4 (57%)), non-HCV (n=3 (43%))
Post-DAA: HCV (n=3 (50%)), non-HCV (n=3 (50%))

Included in the analysis

Excluded (n=212)

Re-LT 2009-2019 (n=2,112)

Re-LT in 2013

Pre-DAA (2009-2012)

Post-DAA (2014-2019)

(n= 1,046)

(n= 1,066)

HCV

Non-HCV

HCV

Non-HCV

(n=499 (47.7%))

(n=547 (52.3%))

(n=322 (30.2%))

(n=744 (69.8%))

Figure 1: STROBE Diagram of Cohorts Included and Excluded

This article is protected by copyright. All rights reserved

Figure 2. Reasons for graft failure after primary LT
a

b

Figure 3. Kaplan Meier analyses of graft and patient survival in HCV and non-HCV patients
a

c

b

d

Figure 4: Reasons for graft failure after re-LT
a

b

