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Postmortem normothermic regional perfusion (NRP) is a rising preservation strategy

in controlled donation after circulatory determination of death (cDCD). Herein, we

Madrid, Spain. present results for cDCD liver transplants performed in Spain 2012-2019, with out-
,Sp
Em:"_:dCO”Stantino'fondeVi'a@sa'”d' comes evaluated through December 31, 2020. Results were analyzed retrospectively
madrid.org

and according to recovery technique (abdominal NRP [A-NRP] or standard rapid re-
covery [SRR]). During the study period, 545 cDCD liver transplants were performed
with A-NRP and 258 with SRR. Median donor age was 59 years (interquartile range
49-67 years). Adjusted risk estimates were improved with A-NRP for overall biliary
complications (OR 0.300, 95% CIl 0.197-0.459, p < .001), ischemic type biliary lesions
(OR 0.112, 95% CI 0.042-0.299, p < .001), graft loss (HR 0.371, 95% Cl 0.267-0.516,
p < .001), and patient death (HR 0.540, 95% Cl 0.373-0.781, p = .001). Cold ischemia
time (HR 1.004, 95% Cl 1.001-1.007, p = .021) and re-transplantation indication (HR
9.552, 95% Cl 3.519-25.930, p < .001) were significant independent predictors for
graft loss among cDCD livers with A-NRP. While use of A-NRP helps overcome tradi-
tional limitations in cDCD liver transplantation, opportunity for improvement remains
for cases with prolonged cold ischemia and/or technically complex recipients, indicat-

ing a potential role for complimentary ex situ perfusion preservation techniques.
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1 | INTRODUCTION

cold ischemia), adequate results have been achieved using cDCD liv-

ers recovered with SRR.%™?

Controlled donation after circulatory determination of death (cDCD)
refers to donation from persons who die following withdrawal of
life-sustaining therapy (WLST), based on recognized futility of con-
tinuing such measures.>? Traditionally, organs from cDCD donors
have been recovered with rapid in situ cold preservation (standard
rapid recovery [SRR]) to halt warm ischemic injury as quickly as pos-
sible. By limiting risk factors (donor age, donor warm ischemia, graft

In the past 3 years, reports have come out of European coun-

10-15 3nd kidneys®® trans-

tries describing series of cDCD livers
planted after recovery with postmortem in situ normothermic
regional perfusion (NRP). Normothermic regional perfusion re-
lies on placement of cannulae and occlusion balloons or clamps
to isolate a region of circulation (abdomen [A-NRP] or chest and

abdomen [TA-NRP]). An extracorporeal pump and membrane
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oxygenator are used to recover donor arterial blood, oxygenate
it, and return it to venous circulation in the region of interest.) In
situ NRP may be considered “machine perfusion;” it is distinct from
ex situ machine perfusion, however, in that it restores oxygenated
blood flow to multiple cDCD organs (A-NRP: kidneys, liver, pan-
creas; TA-NRP: kidneys, liver, pancreas, heart, lungs), without any
intervening cold ischemia. While the exact mechanism by which
the beneficial effects of NRP are rendered remains unclear, ev-
idence suggests NRP functions, at least in part, by converting
the period of donor hypoperfusion and cardiac arrest into one of
ischemic preconditioning, restoring energy substrates, removing
waste products, and increasing endogenous antioxidants prior to
cold preservation and recovery.'®-2!

In Spain, cDCD was piloted in 2009 and formally regulated in
2012.222 The national protocol created a unique situation in the
country, allowing for either SRR or in situ A-NRP to be used for ab-
dominal organ recovery. This is contrast to other countries where
use of A-NRP has been either anecdotal or compulsory.?* In 2019,
we published the results of the Spanish experience 2012-2016
transplanting 117 cDCD livers recovered with SRR and 95 recovered
with A-NRP. The results of the study indicated postmortem A-NRP
was superior to SRR in ¢cDCD liver recovery and allowed for suc-
cessful transplantation of cDCD livers from donors of advanced age,
without increased risk for ischemic biliary complications and other
adverse posttransplant events.'®

Since the aforementioned publication, nearly 600 more cDCD
liver transplants have been performed in Spain, the great majority
with A-NRP. The objective of the present analysis is to describe
updated data on a much larger experience in ¢cDCD liver trans-
plantation, evaluate dynamics and impact of different strategies
for establishing A-NRP, and determine what risk factors may pre-
dispose to an adverse outcome among cDCD livers recovered with
A-NRP.

2 | PATIENTS AND METHODS

2.1 | Study design

This is an observational cohort study analyzing all cDCD liver trans-
plants performed in Spain between 2012 and 2019, with outcomes
evaluated through at least December 31, 2020.

2.2 | Donor selection and procedure

Each donor hospital determined its practice for recovery of cDCD
abdominal organs. Options included A-NRP or SRR with either an-
temortem or postmortem cannulation. Detailed techniques for

each have been described previously.®%°

If any antemortem in-
tervention (heparinization, cannulation) was performed, specific
prior authorization was obtained from the potential donor's legal

representative(s).

As per Spanish Liver Transplant Society (SETH) consensus state-
ments,?® there was no upper age limit for considering cDCD liver
donation. With SRR, liver donation was considered when donor
functional warm ischemia time (FWIT) was <30 min. For cDCD liver
donors recovered with postmortem A-NRP, no concise upper limit
was placed on the period of donor FWIT, as long as relevant param-
eters measured during subsequent A-NRP were adequate (see next

section).

2.3 | Abdominal normothermic regional perfusion
Postmortem A-NRP was generally run 1-4 h. Temperature was
maintained 35-37°C and pump flow 2.2-2.4 L/min/m?. Perfusate
transaminases (AST, ALT) and lactate levels were measured every
30-60 min during A-NRP. Ideally, hepatic transaminase levels re-
mained stable and <200 IU/L, and perfusate lactate trended down-
ward. Hemoglobin was monitored and red blood cells administered
to maintain hemoglobin >8-10 g/dIl. Heparin was re-dosed to main-
tain therapeutic activated clotting time.

During A-NRP, the abdominal cavity was thoroughly explored,
paying special attention to the macroscopic aspect of the liver, gall-
bladder, bile duct, and bowel. At the end of A-NRP, the cold preser-
vation solution was flushed via the arterial cannula, typically with
additional cannulation and flushing of a portal vein tributary. The
liver was removed as quickly as possible and placed in cold storage.
Neither TA-NRP nor ex situ machine perfusion were used in any liv-
ers included in this study.

2.4 | Recipient selection

In Spain, while cDCD livers recovered with A-NRP were considered
for any recipient on the waiting list, transplantation of cDCD livers
recovered with SRR into high-risk recipients (e.g., undergoing re-
transplantation or presenting severely decompensated liver disease)
was only considered for well-selected grafts with short donor warm
ischemia.?® Livers from cDCD donors were first offered to recipients
with urgent liver transplant status. If a graft was not accepted for an

urgent recipient, it was offered locally and then nationally.

2.5 | Data sources, variables, and definitions

Data for this study were recovered from the Spanish Liver Transplant
Registry (RETH), under the management and with the collaboration
of the Organizacion Nacional de Trasplantes (ONT). Additionally, the
ONT provided information regarding total numbers of cDCD livers
offered and evaluated in situ.

Registry data were assessed for missing information, which was
recovered after contacting individual centers. The following donor
variables were recorded: age, sex, body mass, height, days intubation
preceding WLST, cause of death, timing of cannulation (antemortem:
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prior to WLST; postmortem: following death declaration), location of
WLST (intensive care unit [ICU] or operating room), and warm isch-
emia times. Total warm ischemia time (TWIT) was the period in the
donor between WLST and the start of organ preservation (cold flush
with SRR or start A-NRP). Functional warm ischemia time started
when donor systolic blood pressure dropped <60 mmHg and ended
at the onset of organ preservation.27 Asystolic warm ischemia time
(AWIT) was the period between cardiac arrest and preservation; it
included the 5-minute “no-touch” observation period of absence of
respiration and circulation used to declare death.?® Additional graft
variables included cold ischemia time (CIT), defined as the period be-
tween the onset of cold preservation in the donor and removal from
cold preservation at the time of transplantation in the recipient, and
the static cold preservation solution(s) used.

The following recipient variables were recorded: age, sex, body
mass, height, laboratory MELD, and transplant indication. As well,
the UK DCD Risk Score was imputed. The UK DCD Risk Score strat-
ifies cDCD liver recipients according to seven variables (donor age,
donor body mass index, FWIT, CIT, recipient age, recipient MELD,
and re-transplantation indication) into three risk categories (low-risk,
high-risk, and futile), based on likelihood of 1-year graft loss.”

Intraoperative deaths were imputed as hours or minutes between
graft reperfusion and recipient death declaration and were subse-
quently converted into days. Primary allograft non-function (PNF)
was defined as graft failure resulting in re-transplantation or death
within the first week. Early allograft dysfunction (EAD) was defined
according to the Olthoff definition.?® Ischemic-type biliary lesions
(ITBL) were diagnosed in patients with a patent hepatic artery, signs
or symptoms of cholestasis, and direct or indirect cholangiographic
imaging reflecting strictures of the intra- and/or extrahepatic bili-
ary tree proximal to the transplant anastomosis.?’ They were fur-
ther classified anatomically according to the system described by

Croome et al.*°

2.6 | Legislative, institution, and recipient approval

Legal basis for performing cDCD liver transplantation in Spain was
provided by Royal Decree 1723/2012% and national protocols.?>?’
Local protocols were additionally approved by the institutional eth-
ics committees. Patients listed for transplantation were informed of
the possibility of receiving a DCD liver and signed their consent. This
analysis was additionally approved by the SETH and the Hospital
Clinic Committee on Ethics in Medical Research (protocol number

HCB/2021/0678).

2.7 | Statistical analysis

Categorical variables are described as frequencies and percent-
ages and continuous variables as median [25%-75% interquartile
range]. Categorical variables were compared using Pearson chi-
square test and continuous variables using Mann-Whitney U test for

independent samples. Logistic and Cox regression models were used
to estimate risks: odds ratio (OR) and hazards ratio (HR), with 95%
confidence intervals (Cl), for binary and time-to-event outcomes,
respectively. In order to identify risk factors independently associ-
ated with graft loss, multivariate Cox proportional hazards regres-
sion analysis was performed, starting with predictors with univariate
p < .2. Backward stepwise elimination was performed, with p > .1
used as criterion for removal, and stratifying according to transplant
center. Data were missing for <1.3% of all covariates; missing data
were handled by case-wise deletion. A value of p < .05 was con-
sidered significant. Statistical analyses were performed with SPss®
Statistics version 25 (IBM®).

3 | RESULTS

During the study period, 1384 livers were offered from cDCD
donors, and 1165 cDCD livers were evaluated in situ. Ultimately,
803 livers recovered at 86 hospitals were transplanted at 22 liver
transplant centers, among which 545 were recovered with postmor-
tem A-NRP (68%) and 258 with SRR (32%). Causes for graft discard
are provided in Table 1.

Figure 1 depicts year-to-year evolution of ¢cDCD liver trans-
plants, separated according to recovery strategy. Considering the
cut-off for high- versus low-volume centers of 250 liver transplants
per year,®! 80% and 20% of cDCD liver transplants performed with
A-NRP were performed at high- and low-volume liver transplant
centers, respectively, versus 83% and 17%, respectively, performed
with SRR (p = .358). There were 14 combined liver-kidney trans-
plants using organs from cDCD donors, all of which were recovered
with postmortem A-NRP.

For the entire cohort, median donor age was 59 years [49-67]
and body mass index (BMI) 26.3 [24.2-28.7]; 65% of ¢cDCD do-
nors were men. Cerebrovascular accident was the primary cause
of death, followed by anoxic brain injury. Table 2 provides donor
and graft characteristics for A-NRP and SRR subsets. Antemortem
cannulation was performed in the majority of cases with A-NRP
(N =506, 93%) and a minority of cases with SRR (N = 37, 14%). While
WLST was performed in ICU in 146 cases with A-NRP (27%), it was
performed in ICU in only nine cases with SRR (3.5%). Donor warm
ischemia times (TWIT, FWIT, and AWIT) were shorter in cases with
A-NRP versus those with SRR by approximately 4, 2, and 2 min, re-
spectively (p < .001 for all comparisons) (Figure S1). Use of different
cold preservation solutions also varied significantly according to re-
covery technique.

Globally, recipient age was 59 years [53-63] and BMI 26.9 [23.7-
29.9]; 80% of recipients were men. Cirrhosis was the most common
indication for transplantation, followed by hepatocellular carcinoma
(HCC). Laboratory MELD values including and excluding HCC patients
were 12 [9-16] and 13 [10-17], respectively. Median UK DCD Risk
Score was 5 [3-8], with 457 classified as low risk (57%), 304 as high
risk (38%), and 42 as “futile” (5%). Table 3 provides characteristics
associated with cDCD liver recipient and transplant procedures for
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TABLE 1 Reasons for discarding

lled DCD li f | i
controlled DCD livers for transplantation Reason for discard

Poor macroscopic

aspect at recovery®

Technical problem

Altered laboratory
values

Prolonged donor WIT

Pathological liver
biopsy

Previously undiagnosed

donor malignancy

Calcified hepatic artery

Active untreated
infection

A-NRP failure
Other

AJT

Overall A-NRP SRR
(N =362/1165) (N =230/775) (N=132/390) pvalue
245 151 (19%) 94 (24%) 276
27 10 (1%) 17 (4%) .003
23 21 (3%) 2 (0.5%) .004
18 8 (1%) 10 (3%) .084
14 10 (1%) 4 (1%) 531
13 13 (2%) 0 .005

5(0.6%) 1(0.3%) .310
4 2 (0.3%) 2 (0.5%) 571
1 1(0.1%) - 448
11 9 (1%) 2 (0.5%) .201

Abbreviations: A-NRP, abdominal normothermic regional perfusion; SRR, super-rapid recovery;

WIT, warm ischemia time.

@ Poor macroscopic aspect at recovery refers to an unfavorable impression of the liver as seen by
the donor surgeon and includes visual impression of moderate-to-severe steatosis, heterogeneous
and poor perfusion, and/or graft fibrosis/cirrhosis.

Bold indicates p < .05.

FIGURE 1 Year-to-year evolution of 200
controlled DCD liver transplant activity

in Spain, separated according to recovery

method. A-NRP, abdominal normothermic

regional perfusion; SRR, standard rapid 150
recovery [Color figure can be viewed at
wileyonlinelibrary.com]

100

50

— B SRR
| A-NRP

2012 2013

A-NRP and SRR subsets. Overall UK DCD Risk Score and percentages
in each risk category did not vary according to recovery method.
Rates and unadjusted and adjusted risks estimates for relevant
post-operative complications and outcomes are provided in Table 4.
Observed rates of EAD, PNF, hepatic artery thrombosis (HAT), over-
all biliary complications (including leaks and anastomotic and non-
anastomotic strictures), and ITBL were 15%, 3%, 4%, 12%, and 1%,
respectively, for cDCD livers recovered with A-NRP, versus 23%,
6%, 7%, 29%, and 9%, respectively, for those recovered with SRR.
Among livers recovered with A-NRP, risk ratios for EAD (OR 0.562,
95% C10.363-0.871, p = .010), HAT (OR 0.452, 95% Cl 0.219-0.932,
p = .032), overall biliary complications (OR 0.320, 95% CI 0.211-
0.485, p < .001), ITBL (OR 0.115, 95% Cl 0.044-0.302, p < .001),

2014 2015 2016 2017 2018 2019

re-transplantation (OR 0.258, 95% Cl 0.135-0.494, p < .001), overall
graft loss (HR 0.435, 95% CI 0.313-0.604, p < .001), and patient death
(HR 0.517, 95% Cl 0.357-0.748, p < .001) were improved. Table S1
provides further information regarding timing of presentation, number
of hospital admissions and invasive biliary procedures, anatomical dis-
tributions, and outcomes of the 30 cDCD liver transplants that devel-
oped ITBL (6 recovered with A-NRP, 21 recovered with SRR).

Survival curves are provided for patients and grafts in Figure 2.
Median follow-up was 31 months. One- and 3-year patient survival
rates were 92% and 89%, respectively, for transplants performed
with A-NRP, and 86% and 76%, respectively, for those performed
with SRR. One- and 3-year graft survival rates (not death censored)
were 90% and 87%, respectively, for A-NRP, and 79% and 68%,
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TABLE 2 Controlled DCD donor- and graft-related characteristics

A-NRP (N = 545) SRR (N = 258) p value % Missing

Age (y) 59 [49-67] 58 [48-67] .638 0
Sex male (%) 351 (64) 167 (65) 928 0
BMI 26.5[24.2-28.9] 26.2[24.2-28.2] .536 0.5
Intubation prior to WLST (days) 7 [4-11] 7 [4-11] 991 0.4
Cause of death (%) 0

CVA 252 (46) 107 (42) .205

Cerebral anoxia 173 (32) 93 (36) 226

TBI 52(9.5) 26 (10) 811

Other 68 (12.5) 32(12) 976
Antemortem cannulation (%) 506 (93) 37 (14) <.001 0
WLST location ICU (%) 146 (27) 9(3.5) <.001 0
TWIT (min) 18 [13-23] 22 [17-26] <.001 0.1
FWIT (min) 12 [9-16] 14 [11-20] <.001 0.1
AWIT (min) 6[5-6] 8[7-9] <.001 0.1
A-NRP duration (min) 111 [81-126] - - 1.3
CIT (min) 320 [270-379] 333 [284-388] 141 1.2
Preservation solution (%) 0

UW or IGL-1 125 (22.9) 31(12) <.001

Celsior 329 (60.4) 156 (60.6) 979

HTK 73(13.4) 61(23.6) <.001

Other 18 (3.3) 10 (3.9) .689

Abbreviations: A-NRP, abdominal normothermic regional perfusion; AWIT, asystolic warm ischemia time; BMI, body mass index; CIT, cold ischemia
time; CVA, cerebrovascular accident; FWIT, functional warm ischemia time; ICU, intensive care unit; SRR, standard rapid recovery; TBI, traumatic
brain injury; TWIT, total warm ischemia time; WLST, withdrawal of life-sustaining therapy.

Bold indicates p < .05.

TABLE 3 Controlled DCD recipient- and transplant-related characteristics

A-NRP (N = 545) SRR (N = 258) p value % Missing

Age (y) 59 [53-63] 58 [53-63] .701 0
Sex male (%) 431(79) 213(83) .248 0
BMI 26.9 [23.8-30.1] 26.7 [23.4-29.4] 216 0.4
Laboratory MELD score 12 [9-17] 12 [8-16] .358 1
Transplant indication 0

Cirrhosis 349 (64) 163 (63.2) .841

HCC 139 (25.5) 70(27.1) .617

PSC 10(1.8) 1(0.4) .110

Re-transplantation 17°(3.1) 3 (1.2) .089

Acute liver failure 1(0.2) 5(1.9) .007

Other 29 (5.3) 16 (6.2) .617
UK DCD Risk Score 5[3-8] 5[3-8] .297 0

Low risk (%) 319 (58.5) 138 (53.5) 194

High risk (%) 199 (36.5) 105 (40.7) 271

Futile (%) 27 (5) 15(5.8) .617

Abbreviations: A-NRP, abdominal normothermic regional perfusion; BMI, body mass index; HCC, hepatocellular carcinoma; MELD, Model for End-
stage Liver Disease; PSC, primary sclerosing cholangitis; SRR, standard rapid recovery.

? Including five very early re-transplants (within 2 weeks of previous transplant), six early re-transplants (between 2 weeks and 3 months after
previous transplant), and six late re-transplants (>3 months from previous transplant).’® Of note, one late re-transplant was the patient's third liver
transplant and one early re-transplant was the patient's fourth.

® Including one very early re-transplant and two late re-transplants; one late re-transplant was the patient's third liver transplant.
Bold indicates p < .05.
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TABLE 4 Controlled DCD posttransplant complications and outcomes
Unadjusted Adjusted®
A-NRP SRR Risks estimate (95% Risks estimate (95%
(N =545) (N =258) (o) p value (o)) p value
EAD (%) 81 (15) 60 (23) 0.576 (0.397-0.837) .004 0.562(0.363-0.871) .010
PNF (%) 16 (3) 15 (6) 0.490 (0.238-1.007) .052 0.573 (0.252-1.303) .184
HAT (%) 22 (4) 19 (7) 0.529 (0.281-0.996) .049 0.452(0.219-0.932) .032
All biliary complications (%)° 63(12) 75 (29) 0.319 (0.219-0.464) <.001 0.300 (0.197-0.459) <.001
ITBL (%) 6(1) 24 (9) 0.109 (0.044-0.269) <.001 0.112 (0.042-0.299) <.001
Re-transplantation (%) 19 (3.5) 31(12) 0.265 (0.146-0.478) <.001 0.279 (0.147-0.531) <.001
Graft loss® (%) 77 (14) 88 (34) 0.422 (0.311-0.574) <.001 0.371(0.267-0.516) <.001
Patient death (%) 65 (12) 66 (26) 0.494 (0.350-0.696) <.001 0.540(0.373-0.781) .001

Abbreviations: A-NRP, abdominal normothermic regional perfusion; Cl, confidence interval; EAD, early allograft dysfunction; HAT, hepatic artery

thrombosis; ITBL, ischemic type biliary lesions; PNF, primary non-function; SRR, standard rapid recovery.

Observed rates and unadjusted and adjusted risks estimates.

@ Adjusted for donor age, donor sex, donor body mass index, donor days of intubation prior to withdrawal of life-sustaining therapy, donor cause
of death, donor asystolic warm ischemia time, cold ischemia time, cold preservation solution, recipient age, recipient sex, recipient BMI, recipient
laboratory MELD score, and transplant indication. Donor total and functional warm ischemia times as well as timing of cannulation (ante- vs.
postmortem) were not included in the regression models, based on collinearity.

b Risks estimates are odds ratios from logistic regression models for all variables except for patient death and graft loss, where hazards ratios from

Cox models are shown.

¢ Including biliary leaks and anastomotic and non-anastomotic biliary strictures.

9 Not censored for patient death.
Bold indicates p < .05.

respectively, for those performed with SRR. Death-uncensored graft
survival further stratified according to UK DCD Risk classification is
depicted in Figure S2.

Risk factors for both death-censored and -uncensored graft
loss were evaluated among the subset of cDCD livers recovered
with A-NRP. Table 5 and Table S2 provide results of uni- and multi-
variate Cox proportional hazards models. Cold ischemia time and
re-transplantation as transplant indication were the only significant in-
dependent predictors for graft loss among cDCD livers recovered with
A-NRP. A potential interaction between cold preservation solution and
cold ischemia time was also investigated, but none was found. Seven
hours cold ischemia was determined to be the optimal cut-off point at
or beyond which graft survival decreased significantly. Survival curves
stratified according to CIT (<7 h vs. 27 h) and transplant indication
(re-transplantation vs. all other indications) are provided in Figure 3.

4 | DISCUSSION

Normothermic regional perfusion is a rising technology in solid
organ transplantation. This is the largest experience reported to
date describing results of cDCD liver transplants performed with
postmortem A-NRP. Relative to SRR, significant reductions were ob-
served in rates of all relevant posttransplant complications, including
HAT, biliary complications, graft loss, and patient death. Biliary com-
plications arose among 12% of A-NRP livers, and ITBL arose in only
six cases (1%), among which three recipients are still alive with their
functioning, native grafts at 23, 38, and 52 months.

While at present ex situ machine perfusion treats a single
organ, in situ A-NRP offers the ability to treat up to four transplant-
able organs. Simultaneous treatment of multiple organs using the
same device and resources is a distinct advantage of this perfusion
preservation modality relative to ex situ machine perfusion of the
individual organs. Nonetheless, the impact of in situ A-NRP has yet
to be evaluated in the context of a randomized clinical trial (RCT).
This is due, in part, to the compulsory nature of A-NRP application
in DCD in several European countries (France, Italy, Norway)24; in-
creasing preference for A-NRP in countries where different options
for cDCD recovery are permitted (e.g., Spain)®?; and above all dif-
ficulty in identifying clear, objective endpoints for clinical trials. In
situ A-NRP is applied in cDCD immediately following declaration of
death and prior to organ assessment. An RCT comparing A-NRP with
the alternative—SRR—would require randomizing donors and organs
at a point when none have been accepted. As such, any RCT on A-
NRP is inherently prone to selection bias. It is impossible to blind
donor surgeons to recovery method and probable that disparate
numbers of organs would be accepted and donor profiles vary sig-
nificantly according to the method used. Donor surgeons might be
more inclined to accept organs with a “riskier” profile recovered with
A-NRP, for example, as A-NRP allows for some viability assessment
not offered by SRR. Even in the context of an RCT, any endpoint that
might be assessed (graft or recipient complications, survival, etc.)
would be conditioned by these confounding variables. Alternatively,
the option of comparing in situ A-NRP with ex situ machine perfu-
sion in the liver still does not ensure the absence of selection bias;
does not adequately address risk to and potential loss of “bystander”
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organs (kidneys, pancreas); and is, above all, illogical, given that in
situ A-NRP and ex situ machine perfusion are not competitive pres-
ervation strategies and can and have been successfully applied in
the same grafts.?>33

Median donor age in the series was 59 years and higher than
that typically described in previous series of cDCD livers recovered
with SRR.5">?34 Donor age has been identified as a risk factor for
ischemic biliary injury in DCD liver transplantation.®>~%® Aging in-
duces changes in choleretic function, and injury response in senes-
cent cholangiocytes is impaired.??*° Cholangiocytes themselves,
however, appear less implicated in the pathogenesis of ischemic
biliary injury relative to peribiliary arterioles and deep peribiliary
glands (PBG),*1"*® the latter acting as a progenitor cell niche in the
setting of severe injury. A role for postmortem A-NRP in restoring

FIGURE 2 Kaplan-Meier survival
curves for cDCD liver recipients and
grafts, stratified according to recovery
method. Graft survival was not censored
for patient death with functioning
allograft. Adjusted Cox proportional
hazards ratio (95% Cl): patient survival
0.517 (0.357-0.748, p < .001), graft
survival 0.435 (0.313-0.604, p < .001).
A-NRP, abdominal normothermic
regional perfusion; SRR, standard rapid
recovery [Color figure can be viewed at
wileyonlinelibrary.com]
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PBG viability in the setting of DCD is plausible and warrants further
investigation.

Unlike previous reports on dynamic liver preservation strategies
applied at expert centers and oftentimes after considerable prior donor

and graft selection,***°

the present analysis includes a national cohort
of donors performed at over 80 centers, and the denominator for graft
discard is all cDCD livers evaluated in situ in the country during the in-
clusion period. As such, it offers a rather impartial view of what can be
expected from this preservation modality in real-world practice. There
were more technical problems during organ recovery that resulted in
liver discard when SRR was the recovery method, while more livers
were discarded based on altered laboratory values (i.e., hepatic trans-
aminases and lactate levels) measured during A-NRP. Interestingly,

while 13 cDCD livers recovered with A-NRP were discarded following
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TABLE 5 Univariate and multivariate Cox proportion hazards analyses evaluating risk factors for overall graft loss among cDCD livers

recovered with A-NRP

Univariate Multivariate
Hazards ratio 95% CI p value Hazards ratio 95% CI p value
Donor age 1.011 0.992-1.030 268
Donor sex male 1.483 0.873-2.518 .145
Donor BMI 0.982 0.926-1.042 .551
Donor days intubation prior 0.994 0.976-1.102 493
to WLST
Donor cause of death
CVA Reference category
Cerebral anoxia 1.013 0.583-1.763 962
TBI 1.281 0.606-2.708 517
Other 0.645 0.283-1.469 .296
Donor TWIT 1.010 0.983-1.036 482
Donor FWIT 1.005 0.966-1.047 796
Donor AWIT 1.040 0.989-1.094 126
Antemortem cannulation 0.736 0.189-2.868 .659
WLST location ICU 1.505 0.753-3.009 247
A-NRP duration 0.998 0.992-1.005 .609
CIT 1.003 1.000-1.006 .025 1.004 1.001-1.006 .015
Preservation solution
UW or IGL-1 Reference category
Celsior 0.997 0.266-3.733 .996
HTK 1.509 0.121-18.801 749
Other 0.635 0.075-5.380 677
CIT * preservation solution? 1.001 1.000-1.002 225
Recipient age 0.982 0.958-1.007 157
Recipient sex male 1.095 0.624-1.922 752
Recipient BMI 0.982 0.937-1.030 453
Recipient laboratory MELD 0.996 0.953-1.040 .845
score
Recipient transplant
indication
Cirrhosis Reference category
HCC 1.126 0.649-1.952 673
PSC 3.405 0.766-15.133 107
Re-transplantation 6.214 2.469-15.641 <.001 6.449 2.548-16.325 <.001
Other 1.726 0.713-4.182 .227

Abbreviations: A-NRP, normothermic regional perfusion; AWIT, asystolic warm ischemia time; BMI, body mass index; Cl, confidence interval; CIT,
cold ischemia time; CVA, cerebrovascular accident; FWIT, functional warm ischemia time; HCC, hepatocellular carcinoma; ICU, intensive care unit;
MELD, Model for End-stage Liver Disease; PSC, primary sclerosing cholangitis; TBI, traumatic brain injury; TWIT, total warm ischemia time; WLST,

withdrawal of life-sustaining therapy.
? Interaction term.

discovery of previously undiagnosed malignant cancer at the time of
organ recovery, no livers recovered with SRR were declined for this
reason. This novel observation is important and should serve as note of
caution for cDCD donor surgeons to ensure equally meticulous donor
cavity explorations regardless of the recovery method.

In Spain, very few cDCD donors are turned down for liver re-
covery due to prolonged donor warm ischemia. Antemortem can-
nulation reduces donor warm ischemia, although it is currently only
permitted in certain centers in Belgium and Spain.25 The mandatory
no-touch period for declaring death is 5 min in Spain, as opposed
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to 20 min in ltaly.t>?* As well, sedo-analgesia is applied during
WLST prior to cDCD in the same manner as it is applied in cases of
WLST where no subsequent organ donation is contemplated. Sedo-
analgesia is applied at the discretion of the physician or team of phy-
sicians managing WLST, which is entirely separate from the NRP and
organ recovery team(s). In other settings, sedo-analgesia prior to or
during WLST is not allowed, in order to avoid “hastening” death in
the context of cDCD.?’ It remains unclear, however, whether this
practice varies with respect to cases of WLST without subsequent
donation and/or whether lack of sedo-analgesia during withdrawal
induces undue suffering due to progressive dyspnea and asphyxia in
the final moments of life.*

The optimal length of time for running postmortem A-NRP in
c¢DCD has remained an issue of debate. In general, expert consen-
sus supports maintaining A-NRP 1-4 h.2>2%%7 |n our series, A-NRP
lasted a median of 111 min, with most centers opting for 2 h and a
few at least 1 h. On multivariate Cox proportional hazards analysis,
A-NRP duration was not observed to be associated with graft loss,
indicating that the typical strategy of 1-2 h postmortem A-NRP ap-
pears adequate in our setting.

In this study, apart from describing outcomes of cDCD liver
transplantation performed with A-NRP, we aimed to identify specific
risk factors for graft loss. On multivariate Cox proportional hazards
analysis, cold ischemia and re-transplantation were the significant
independent predictors that were identified. Neither of these risk
factors had anything to do with the transplant graft itself but rather
the logistical process and complexity of the recipient. While the UK
DCD Risk Score imputes increased risk of graft loss for cold ischemia
>6 h,7 we identified CIT 27 h as the optimal cut-off for risk stratifica-
tion in our A-NRP cohort. That said, we were not interested so much
in creating our own risk score for graft loss with A-NRP livers as we

60

48
74

FIGURE 3 Death-censored graft
survival among cDCD livers recovered
with A-NRP and stratified according

to cold ischemia time < versus 27 h

and re-transplantation versus all other
indications. Cox proportional hazards
ratios, stratified according to transplant
center, relative to CIT <7 h and no re-
transplantation (reference category): CIT
>7 h and no re-transplantation HR 2.732
(95% ClI 1.301-5.740, p = .008), CIT <7 h
and re-transplantation HR 7.604 (95% CI
2.560-22.581, p <.001), CIT 27 h and re-
transplantation HR 27.141 (95% CIl 4.506-
163.464, p < .001) [Color figure can be
viewed at wileyonlinelibrary.com]

were in identifying characteristics that might indicate a role for addi-
tional use of ex situ perfusion preservation strategies.

All ex situ perfusion strategies are complimentary and do not
compete with in situ A-NRP. A recently published randomized clinical
trial demonstrated that ex situ dual hypothermic oxygenated perfu-
sion (D-HOPE) led to a significant reduction in ITBL detected within
6 months of transplantation among cDCD livers recovered with SRR,
from 18% with static cold storage to 6% with end-ischemic D-HOPE
(p =.03).*8 While it is unlikely that we will be able to improve rates of
biliary complications or ITBL among cDCD livers recovered with A-
NRP in our setting, there may be a role for ex situ perfusion to reduce
rates of graft loss in cases with more difficult transplant logistics
and/or recipients. The strategy of A-NRP followed by end-ischemic
D-HOPE, in particular, is one that has offered good results in Italy. In
the most recent Italian multicenter publication (Table 6), in spite of
median FWIT of 40 min, the in situ A-NRP + end-ischemic D-HOPE
strategy offered good posttransplant outcomes (98% one-year pa-
tient survival, 91% one-year graft survival, and 2% ITBL) among 44
relatively low-risk recipients (median MELD 9, 66% transplanted for
Hce).»

The present study has limitations related to its retrospective
nature and the fact that different recovery strategies were not
randomized. Data for the study were recovered from a registry,
and some information was missing, although this was largely over-
come by contacting individual centers directly. Potential addi-
tional risk factors, such as donor hepatectomy and transplantation
warm ischemia times, and specific parameters related to A-NRP
(pump flows, transaminases, etc.), were not available for consid-
eration. As well, the average degree of recipient severity at the
time of liver transplantation, including MELD scores and need for
intensive care and organ replacement therapy, tends to be lower
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TABLE 6 Modern national/multicenter experiences using postmortem A-NRP in cDCD liver transplantation

One-year

All biliary

Indication re-

One-year graft
survival (%)

patient survival

(%)

ITBL
(%)

complications

(%)

transplantation

(%)

CIT (min)

FWIT (min)

Donor age (y)

N

Center, period

90
93?
91

92
95

12
17
22

320 [270-379]

12 [9-16]
22 [19-26]

59 [53-63]

545
132
44
43

Spanish multicenter, 2012-2019

342 [282-396]

0 [39-59]
59 (range 37-70)

41 [33-57]

French multicenter, 2015-2019 (13)
Italian multicenter, 2015-2019 (15)

UK multicenter, 2011-2017 (11)

98
95

5
5

394 (range 180-660)°

382 [303-502]

40 (range 34-69)

95

Total WIT 30 [26-36]

Abbreviations: CIT, cold ischemia time; FWIT, functional warm ischemia time; ITBL, ischemic type biliary lesions.

2Censored for tumor-related death.

bAdditional end-ischemic ex situ dual hypothermic oxygenated perfusion (D-HOPE) applied in 37/44 cases (84%).

in Spain relative to other countries, such as the United States, and
a degree of caution should be exercised when extrapolating these
results to distinct settings. It is important to note that no recip-
ient selection was performed herein based on MELD, and cDCD
livers are considered the same as livers arising from DBD donors
in Spain (offered to the same recipients according to the same al-
location policy).*?

In summary, in this large experience using postmortem A-NRP in
cDCD liver transplantation, biliary complications were consistently
low, and development of ischemic type biliary lesions was anecdotal.
The use of postmortem A-NRP can help overcome many of the tradi-
tional limitations seen with cDCD liver transplantation. Nonetheless,
there is still opportunity for improvement in outcomes for cases with
prolonged cold ischemia =7 h and/or technically complex recipients,
indicating a potential complimentary role for ex situ perfusion pres-

ervation techniques.
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