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Abstract

We aimed to understand the contemporary changes in the characteristics and the determinants

of outcomes among simultaneous liver-kidney transplantation (SLKT) recipients at 6 liver
transplantation centers in the United States. We retrospectively enrolled SLKT recipients between
2002 and 2017 in the US Multicenter SLKT Consortium. We analyzed time-related trends

in recipient characteristics and outcomes with linear regression and nonparametric methods.
Clustered Cox regression determined the factors associated with 1-year and overall survival.

We enrolled 572 patients. We found significant changes in the clinical characteristics of SLKT
recipients: as compared with 2002, recipients in 2017 were older (59 versus 52 years; £< 0.001)
and more likely to have chronic kidney disease (71% versus 33%; P< 0.001). There was a
marked improvement in 1-year survival during the study period: 89% in 2002 versus 96% in
2017 (P<0.001). We found that the drivers of 1-year mortality were SLKT year, hemodialysis
at listing, donor distance, and delayed kidney allograft function. The drivers of overall mortality
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were an indication of acute kidney dysfunction, body mass index, hypertension, creatinine at
SLKT, ventilation at SLKT, and donor quality. In this contemporary cohort of SLKT recipients, we
highlight changes in the clinical characteristics of recipients. Further, we identify the determinants
of 1-year and overall survival to highlight the variables that require the greatest attention to
optimize outcomes.

The prevalence of chronic kidney disease (CKD) among liver transplantation candidates

has increased more than 2-fold in the last decade, a cumulative manifestation of an aging
population with a high burden of comorbidities (ie, diabetes mellitus and hypertension)
coupled with an allocation system dependent on kidney dysfunction.(2=4) This rise in
preliver transplantation CKD is a critical issue—patients with preliver transplantation kidney
dysfunction are at a high risk of postliver transplantation CKD and postliver transplantation
mortality.(1:25-7) To offset these trends, simultaneous liver-kidney transplantation (SLKT)
utilization has increased by nearly 300% in the past decade (from 326 SLKTs in 2006 to 910
SLKTs in 2016).0)

Despite this increase in utilization, there is little known about the drivers of outcomes
among SLKT recipients. To date, studies evaluating outcomes after SLKT have been limited
to either single-center or national data sets without the necessary granularity.(®-13) These
studies report conflicting evidence regarding the benefit of SLKT, with the most optimistic
studies demonstrating a 4-month increase in survival among transplantation candidates with
chronic kidney dysfunction who underwent SLKT as compared with liver transplantation
alone.(®11.14) By contrast, others showed no significant survival benefit.(8-13)

Therefore, to better understand SLKT in the United States, we created the United
States SLKT study (US-SLKT), a multicenter observational study structured to describe
contemporary trends and inform the drivers of mortality among SLKT recipients.(15.16)

Patients and Methods

All patients undergoing SLKT between January 1, 2002, and December 31, 2017, at

6 transplantation centers (Columbia University; University of Michigan; Northwestern
University; University of California, San Francisco; University of Washington; and Duke
University) in 6 different United Network for Organ Sharing (UNQOS) regions were
retrospectively enrolled in the US-SLKT Consortium. This study was approved by the
institutional review board at each of the participating centers. The University of Michigan is
the data coordinating center.

STUDY DESIGN AND DEFINITIONS

Patients and Data Collection—We obtained detailed retrospective data on all SLKT
recipients. We collected recipient data at the time of listing for SLKT and at the time

of transplantation, as well as kidney and liver donor factors. The Model for End-Stage
Liver Disease (MELD) score(X”) was calculated and capped at 6 and 40, according to

the current liver allocation policy. Because we included patients in this study before

the implementation of Model for End-Stage Liver Disease-sodium (MELD-Na), we used
the MELD score for this study. We grouped etiologies of cirrhosis into the following
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common diagnostic categories: hepatitis C virus, nonalcoholic fatty liver disease (including
cryptogenic cirrhosis and nonalcoholic steatohepatitis [NASH]), alcohol-related cirrhosis,
autoimmune etiologies (including primary biliary cirrhosis, primary sclerosing cholangitis,
and autoimmune hepatitis), and other etiologies of cirrhosis (any other listing code that met
inclusion criteria). We used laboratory MELD scores rather than allocation MELD scores for
all descriptions of MELD score.

Etiology of Kidney Dysfunction—\We ascertained the etiology of preliver
transplantation kidney dysfunction at several time points. We defined kidney dysfunction

as an estimated glomerular filtration rate (eGFR) of less than 60 mL/minute/1.73 m? using
the Modification of Diet in Renal Disease 4-item version (MDRD4) equation.(18) These
time points were included at the time of listing for a liver transplantation, at the time

of listing for a kidney transplantation, and at the time of SLKT. At each time point, we
determined whether patients had acute kidney dysfunction (AKD), CKD, or indeterminate.
We utilized the duration of kidney dysfunction that required SLKT to determine the group:
AKD if less than 90 days, CKD if greater than or equal to 90 days, and indeterminate if

the duration was unknown. We additionally captured the known time with an eGFR <60 mL/
minute/1.73 m? and an eGFR <25 mL/minute/1.73 m2. For those with AKD at the time of
SLKT, we utilized the clinical documentation at SLKT to categorize AKD into the following
clinical diagnoses: hepatorenal syndrome, acute tubular necrosis, other, and unknown. In
other words, we attempted to analyze the information available in clinical practice—rather
than retrospectively introduce an ascertainment bias. For those with CKD, we staged them
according to current guidelines: Stage IV (eGFR <30 and =15 mL/minute/1.73 m2) or Stage
V (eGFR <15 mL/minute/1.73 m?).(9)

Hemodialysis—At each time point, we determined the hemodialysis status and duration
of hemadialysis. In all modeling, we assigned a serum creatinine of 4 mg/dL to all patients
on hemodialysis, as done in the calculation of the MELD score. We defined delayed kidney
allograft function (DGF) as the use of hemodialysis within 7 days of SLKT.(20)

Immunosuppression—The immunosuppression protocols among all 6 centers were
similar. All of the centers use tacrolimus-based immunosuppression with mycophenolic
acid and corticosteroids. Northwestern University has a stand-alone immunosuppression
for SLKT. Their protocol consists of an induction phase with basiliximab (on day 0

and day 2 in addition to solumedrol for all patients) and a maintenance phase with
tacrolimus and mycophenolic acid, followed by corticosteroid tapering which remains on
5 mg indefinitely. All other centers have an immunosuppression protocol for SLKT that
was similar to the kidney transplantation—alone immunosuppression protocol. Induction
with thymoglobulin, basiliximab, and dacluzimab was based on presence of panel reactive
antibody and sensitization. The tacrolimus trough levels in all the centers were based on
days after SLKT (days 0-90: 8-12 ng/mL; days 91-120: 6-10 ng/mL; and days >120: 4-8
ng/mL).
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STATISTICAL APPROACH

Results

We compared continuous variables between groups by Wilcoxon rank sum or Kruskal-
Wallis test. We compared categorical variables between groups by the chi square test.

We tested statistical trends over time in 2 ways: (1) utilizing weighted linear regression
models to evaluate the outcome (the clinical variable of interest) and the exposure (calendar
year as a continuous variable); (2) performing nonparametric tests for trend. For a further
description of bivariate relationships between clinical variables of interest and calendar year,
we used the locally weighted scatter-plot smoothing (LOWESS) technique.

The primary outcome was early SLKT mortality, defined as death within 1 year of
transplantation. The secondary outcome was overall survival, defined as death any time
during follow-up. We utilized Cox regression analysis clustered on center to determine the
factors associated with the primary and secondary outcomes. Unadjusted models were used
to assess the association between covariables and the outcomes of interest. All covariables
with a £< 0.2 in univariable analysis were considered for inclusion in multivariable models.
Sequential backward selection was used to eliminate those not reaching significance of P

< 0.05. Postkidney transplantation survival rates were estimated using the Kaplan-Meier
method and compared using the log-rank test.

Significance—Two-sided Pvalues less than 0.05 were considered statistically significant.
We performed analyses using Stata 15.0 statistical software (StataCorp., College Station,
TX).

POPULATION CHARACTERISTICS

A total of 572 patients underwent SLKT during the study period. These patients had a
median age of 57.7 years (interquartile range [IQR], 50.8-63.8) and 211 (37%) were female
(Table 1). The most common etiologies of liver disease were hepatitis C virus in 188 (33%)
and NASH in 110 (19%) patients. The median (IQR) MELD at listing was 28 (22-35) and
the median (IQR) MELD at transplantation was 30 (25-36). Comorbidities were common:
239 (42%) patients had diabetes mellitus, 303 (53%) patients had hypertension, 434 (76%)
patients had ascites, and 363 (64%) patients had hepatic encephalopathy.

The majority of patients (n = 472, 83%) had kidney dysfunction at the time of listing for
liver transplantation. Of the 100 patients without kidney dysfunction at the time of listing
for liver transplantation, 97 (97%) developed kidney dysfunction requiring SLKT while
awaiting liver transplantation. The duration of kidney dysfunction was ascertainable in 538
(94%) patients. The median (IQR) duration with an eGFR less than 60 mL/minute/1.73 m?2
was 204 (60-672) days, with an eGFR less than 25 mL/minute/1.73 m? was 67 (22-259)
days, and the median (IQR) time on hemodialysis was 13 (0-92) days. Of the 572 patients
who underwent SLKT in this study, 237 (41%) had AKD, 303 (53%) had CKD, and 32
(6%) had an indeterminate duration of their kidney dysfunction (Table 1). Of the 572
patients who underwent SLKT in this study, a greater of proportion of patients with AKD
were on mechanical ventilation at the time of transplantation (AKD: 36%; indeterminate:
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13%; CKD: 7%; P< 0.001). Likewise, those with AKD had significantly higher MELD-Na
(median [IQR]) scores (AKD: 38 [29-38]; indeterminate: 31 [26-36]; CKD: 29 [23-35]; P
< 0.001). Of the 237 patients with AKD, 130 (55%) had a clinical diagnosis of hepatorenal
syndrome, 78 (33%) had acute tubular necrosis, and 29 (12%) had an unknown diagnosis.
Of these patients with AKD, 224 (39%) were on hemodialysis at the time of SLKT with a
median (IQR) duration of 67 days (13-287).

TEMPORAL TRENDS AMONG SLKT RECIPIENTS

During the study period, there were several significant changes in the characteristics of
patients undergoing SLKT. The median (IQR) age of SLKT increased from 52.2 (48.0-55.3)
years in 2002 to 58.8 (54.1-65.4) years in 2017 (p = 0.24; P=0.02; test for trend: P=
0.001). The percentage of patients with NASH increased from 17% in 2002 to 29% in 2017
(p =0.38; P<0.001; test for trend: A< 0.001). Among those with a diagnosis of CKD,

the percentage of patients with NASH increased from 25% in 2003 to 35% in 2016 (f =
0.95; P<0.001; test for trend: P< 0.001). The percentage of patients with diabetes mellitus
increased from 33% in 2002 to 50% in 2017 (B = 0.32; A< 0.001; test for trend <0.001).
Importantly, the indication (at the time of SLKT) for SLKT changed significantly during

the study period—the percentage of patients listed with CKD increased significantly from
33% in 2003 to 75% in 2017 (B = 1.24; P< 0.001; test for trend: P < 0.001), whereas the
percentage of patients with AKD decreased significantly from 28% in 2002 to 21% in 2017
(B =-0.30; P=0.01,; test for trend: 2= 10.04). The percentage of patients on hemodialysis at
the time of SLKT also increased from 28% in 2002 to 68% in 2017 (B = 2.7; < 0.001; test
for trend: £<0.001). These trends are demonstrated through locally weighted scatterplots in
Fig. 1

OUTCOMES FOLLOWING SLKT

Our cohort had a median follow-up of 5.3 (2.4-9.2) years. Of the 572 patients who
underwent SLKT, 188 (33%) post-SLKT deaths were reported. Cumulative post-SLKT
survival at 1 and 3 years was 92% (95% confidence interval [C1], 90%-94%) and 87%

(95% ClI, 84%-90%), respectively (Fig. 2). There was a significant improvement in 1-year
mortality during the study period, decreasing from 11% in 2002 to 4% in 2017 ( = —0.85; P
< 0.001; test for trend: A< 0.001).

KIDNEY ALLOGRAFT OUTCOMES

Overall, 131 (31%) episodes of delayed graft function were reported. The proportion of
patients with delayed graft function increased significantly during the study period—from
6% in 2002 to 43% in 2017 (B = 1.48; P< 0.001; test for trend: £< 0.001). A total of 120
(21%) SLKT recipients developed stage 4 or 5 CKD at the end of the follow-up period. The
cumulative incidence of posttransplantation stage 4 or 5 CKD at 1, 3, 5, and 10 years was
10%, 12%, 16%, and 25%, respectively.

OUTCOMES 1 YEAR AFTER SLKT

In univariable Cox regression, the following factors were significantly associated with post-
SLKT mortality: year of SLKT (0.88 per year from 2002; 95% ClI, 0.82-0.95), hemodialysis
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at listing for SLKT (hazard ratio [HR], 1.63; 95% CI, 1.11-2.41), deceased donor (HR,
2.01; 95% ClI, 1.15-3.49), national SLKT offer (as compared with local: HR, 6.60; 95%
Cl, 3.41-12.73), and delayed graft function (HR, 3.26; 95% CI, 1.26-8.46). In the final
multivariable model clustered on institution, the following were associated with 1-year
post-SLKT mortality: year of SLKT (adjusted HR [aHR], 0.85 per year from 2002; 95%
Cl, 0.78-0.92), hemodialysis at listing for SLKT (aHR, 1.84; 95% ClI, 1.01-3.52), national
SLKT offer (as compared with local: aHR, 4.76; 95% Cl, 1.78-12.74), and delayed graft
function (aHR, 3.14; 95% Cl, 1.61-6.12; Table 2).

OVERALL SURVIVAL

In univariable Cox regression the following factors were significantly associated with post-
SLKT mortality: as compared with those with an indeterminate kidney diagnosis, AKI
(HR, 2.11; 95% Cl, 1.73-2.58) and CKD (HR, 1.64; 95% Cl, 1.12-2.41); presence of
diabetes mellitus (HR, 1.36; 95% CI, 1.08-1.71); serum creatinine at the time of SLKT
(HR, 0.89; 95% ClI, 0.83-0.96); utilization of mechanical ventilation (HR, 1.70; 95% ClI,
1.14-2.53); hepatic warm ischemia time (HR per minute, 1.01; 95% CI, 1.00-1.01); and
national allograft (HR, 2.67, as compared with local offer; 95% ClI, 1.52-4.69). In the

final multivariable model clustered on institution, the following factors were significantly
associated with overall post SLKT mortality: AKD as compared with indeterminate (aHR,
2.26; 95% Cl, 1.44-3.54), body mass index (BMI; aHR, 1.00 per 1 kg/m?; 95% Cl,
1.00-1.01), serum creatinine at SLKT (aHR, 0.90 per 1 mg/dL; 95% CI, 0.82-0.98),
mechanical ventilation (aHR, 1.95; 95% CI, 1.59-2.38), hepatic warm ischemia time (aHR,
1.01 per minute; 95% Cl, 1.00-1.01), national liver-kidney offer (as compared with local:
aHR, 3.48; 95% CI, 2.09-5.78; Table 3).

Discussion

The US Multicenter SLKT consortium includes 6 LT programs in 6 UNQOS regions,
providing a comprehensive assessment of SLKT in the United States. Prior studies either
utilized the national database, without the necessary granularity, or were single center,
limiting the generalizability of their findings. Our efforts included a characterization of
the etiology and duration of kidney dysfunction before SLKT, a description of common
comorbidities (eg, hypertension, diabetes mellitus), and an ascertainment of key kidney-
related outcomes (eg, DGF). Herein, we more fully characterize the clinical characteristics
and determinants of outcomes among 572 SLKT recipients.

We highlight that SLKT is a life-saving procedure with 1 and 3-year survival of 92%

and 87%, respectively. We build on these findings to demonstrate that the demographics
of SLKT are changing—SLKT recipients are getting older, with a higher likelihood of
NASH and its associated comorbidities (ie, diabetes mellitus, coronary artery disease, and
hypertension). The indication for SLKT is evolving with an increasing burden of CKD, as
opposed to AKD, and the degree of kidney dysfunction at the time of SLKT is worsening,
with a higher utilization of hemodialysis; therefore, special attention to these trends is
needed as the criteria for SLKT continue to evolve. Despite these trends, we demonstrate

Liver Transpl. Author manuscript; available in PMC 2022 November 01.
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that early (ie, 1-year) survival after SLKT is improving with a greater than 50% (11% in
2002 to 4% in 2017) reduction in 1-year mortality in recent years.

Next, to better understand why clinical outcomes are improving despite a higher prevalence
of comorbid conditions among SLKT recipients, we determined the drivers of both short-
and long-term mortality. Within the first year, we found that these included the year of
transplantation, utilization of hemodialysis at listing for SLKT, the type of SLKT offer,

and delayed graft function. These findings highlight that recipient clinical acuity (ie,
hemodialysis status) and allograft quality are the main drivers of early post-SLKT mortality
and, importantly, there have been significant improvements in early outcomes over the study
period.

The factors identified to be associated with overall survival included AKD as opposed

to indeterminant kidney dysfunction, serum creatinine and mechanical ventilation at the
time of SLKT, hepatic warm ischemia time, national SLKT offer, BMI, and hypertension.
For overall survival, the drivers not only include recipient clinical acuity (eg, AKD,
mechanical ventilation) and allograft quality, but also expand to include causes of long-term
posttransplantation complications—specifically, hypertension and BMI. We hypothesize that
AKD, as opposed to indeterminant kidney dysfunction, may be associated with decreased
survival, as these patients were more likely to have increased rates of multiorgan failure

(eg, need for mechanical ventilation) and higher MELD-Na scores at transplantation.
Collectively, these analyses highlight opportunities to optimize both early and late post-
SLKT outcomes.

Our study has limitations. First, it is retrospective, and data are limited to those collected
by the sites. The lack of missing data suggests clear effective documentation, but some
variables, such as type of kidney dysfunction at the time of SLKT, were affected.

Although the trends and associations described align with previously published data,(121)
the increased granularity of our data, particularly with regard to variables not captured in
national registries, highlights the value of multicenter studies structured to advance our
understanding of SLKT. Second, the possibility that unmeasured center-related behaviors
may be driving our findings remains. However, by completing all analyses clustered on
center, we should be measuring the effects of captured variables on our outcomes of
interest, limiting any residual confounding of center related practices. Third, we are unable
to determine whether improvements in GFR, particularly in those with AKD and those with
DGF, were driven by the transplanted kidney or improved function of the native kidneys.
Finally, this study did not include those with kidney dysfunction who were considered

for SLKT but underwent liver transplantation alone or died on the transplantation waiting
list. The clinical decision to undergo liver alone or SLKT is complex, and prospective,
protocolled studies are needed—we believe our multicenter, collaborative approach provides
the framework to address this in the future. Despite these limitations, our study provides a
comprehensive assessment of SLKT throughout the United States.

In conclusion, the characteristics of SLKT recipients have changed over time. Despite
changing demographics, increasing age, comorbidities, and kidney DGF, survival has
improved among SLKT recipients. Importantly, our evaluation of the evolving trends and

Liver Transpl. Author manuscript; available in PMC 2022 November 01.
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the drivers of early and overall survival provide insights into the factors that require the most
attention to refine current SLKT criteria and to optimize post-SLKT outcomes.
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HTN hypertension
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LOWESS locally weighted scatter-plot smoothing

MDRD4 Modification of Diet in Renal Disease 4-item version

MELD Model for End-Stage Liver Disease

MELD-Na Model for End-Stage Liver Disease-sodium

NASH nonalcoholic steatohepatitis

SLKT simultaneous liver-kidney transplantation

UNOS United Network for Organ Sharing
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FIG. 1.
Correlation between proportion of total patients at SLKT and year of transplantation.
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FIG. 2.
Kaplan-Meier curve for probability of overall post-SLKT mortality.
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TABLE 1.

Baseline Demographics of the 572 Patients Undergoing SLKT

Characteristic Value
Age, years 57.7 (50.8-63.8)
Female sex 211 (37)
Race
Caucasian 477 (83)
African American 73 (13)
Other 22 (4)
BMI, kg/m? 27.2 (23.5-32.2)
Year of transplantation
2002-2006 164 (29)
2007-2010 130 (23)
2011-2014 178 (31)
2015-2017 100 (17)
Indication for SLKT
AKD 237 (41)
CKD 303 (53)
Indeterminate 32 (6)

Days with eGFR <60 mL/minute/1.73 m?
Days with eGFR <25 mL/minute/1.73 m?

Hemodialysis at listing
Days on hemodialysis before SLKT
Hepatitis C
EtOH related
NASH
Diabetes mellitus
Hypertension
Coronary artery disease
MELD at SLKT
Serum creatinine at SLKT (mg/dL)
Ascites
None
Mild
Moderate
Refractory
Hepatic encephalopathy
Hospitalization status
Home
Medical ward
Intensive care unit

Mechanical ventilation

Liver Transpl. Author manuscript; available in PMC 2022 November 01.

204 (60-672)

67 (22-259)
224 (39)
13 (0-94)
188 (33)
132 (23)
110 (19)
239 (42)
303 (53)
116 (20)

30 (25-36)

3.0 (2.1-4.6)

138 (24)
74 (13)
180 (31)
180 (31)
363 (63)

171 (30)
76 (13)
325 (57)
119 (21)
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Characteristic Value
Hemodialysis at SLKT 212 (37)
Cold ischemia time (min) 360 (300-477)
Warm ischemia time (min) 38 (23-60)
Donor distance
Local 522 (91)
Regional 36 (6)
National 14 (2)
Delayed graft function 131 (23)

NOTE: The data are expressed as median (IQR) or n (%).
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