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1 | INTRODUCTION

Although liver transplantation is the treatment of choice for patients
with end-stage liver disease, its applicability is limited by the short-
age of suitable donor organs, resulting in significant mortality on the
waiting lists worldwide. On the other hand, the discard rate of de-
ceased donor livers is expected to increase from 22% in 2010, up to
56% in 2030 in the United States, as a result of the raising age of the
general population, the increasing incidence of comorbidities such
as diabetes mellitus and obesity, as well as an increase in donation
after circulatory death (DCD).!

Static preservation of donor livers submersed in an ice-cold
preservation solution has been the gold standard for organ pres-
ervation for decades. While ischemic static cold storage (SCS) is a
sufficient preservation method for optimal donor livers, this method
has proven to be insufficient for suboptimal donor livers with an
increased risk to develop ischemia-reperfusion injury-related com-
plications. Among these, primary non-function and post-transplant
biliary complications, including non-anastomotic stricture (NAS) of
the bile ducts, are a frequent cause of post-transplant morbidity,
early graft loss and patient death.?”

To overcome the limitations of SCS, dynamic preservation of
donor livers using ex situ machine perfusion has recently entered into
clinical practice. Two different types of ex situ liver machine perfu-
sion are currently applied clinically: (dual) hypothermic oxygenated
machine perfusion ((DJHOPE) and normothermic machine perfusion
(NMP).810 (D)HOPE (<12°C) has been shown to reduce ischemia-
reperfusion injury, especially of the donor bile ducts.**™** The clinical
efficacy of DHOPE was recently demonstrated in a multicenter, ran-
domized clinical trial, which revealed a 68% reduction in the risk of
NAS and a 39% reduction in early allograft dysfunction after trans-
plantation of DCD livers that underwent DHOPE, compared to SCS
alone.* In contrast to DHOPE, NMP (35-37°C) allows for biliary vi-
ability testing of (high-risk) donor livers prior to transplantation.*¢?
However, when applied after static cold storage (end-ischemic or
“back-to-base”), NMP is associated with ischemia-reperfusion injury
of the donor liver. This has been postulated to explain the relatively
high rate of post-transplant cholangiopathy in recipients of DCD liv-
ers that underwent end-ischemic NMP.2%17%? For this reason, it has
been proposed that end-ischemic NMP should best be preceded by
a short period of DHOPE.?®2! The first clinical trial of combined,
sequential DHOPE and NMP (DHOPE-NMP trial) for high-risk DCD
livers indeed demonstrated excellent results and a low rate of post-

transplant cholangiopathy.”?2

assessment of high-risk donor livers results in excellent transplant outcomes, irre-

spective of the oxygen carrier used.

clinical research / practice, donation after circulatory death (DCD), donors and donation, liver
transplantation / hepatology, organ perfusion and preservation

Contrary to DHOPE, the machine perfusion solution used
for NMP should contain an oxygen carrier to supply sufficient
oxygen to the metabolically fully active liver. Therefore, either
red blood cells (RBC) or an artificial hemoglobin-based oxygen
carrier (HBOC) are used in perfusion solutions for NMP.X While
HBOC can be used from hypothermia to normothermia, RBC are
at risk of hemolysis in hypothermic conditions; hence, in the pre-
viously performed clinical trial on DHOPE-NMP an HBOC was
used.” However, HBOC has not yet been approved for organ ma-
chine perfusion by competent authorities, which limits the wider
international dissemination of the protocol. To allow wider ap-
plication of the combined protocol of sequential DHOPE-NMP,
we have modified the perfusion protocol by using RBC instead
of HBOC as an oxygen carrier during the NMP phase, and by
using University of Wisconsin (UW) machine perfusion solution
(MPS) for the DHOPE-phase. We hypothesized that ex situ ma-
chine perfusion using sequential DHOPE-NMP for resuscitation
and viability assessment of high-risk human donor livers results
in safe transplantation, irrespective of the type of oxygen carrier
used. In this study, we compare the outcomes of two consecutive
prospective cohorts in which HBOC or RBC were used as oxygen
carrier in sequential DHOPE-NMP of previously declined, high-
risk donor livers.

2 | METHODS

2.1 | Study cohorts

In 2017, the prospective observational DHOPE-NMP study was
started after Medical Ethical Committee approval, registration in
Netherlands Trial Register (NTR5972), and publication of the study
protocol.?® After completion of the clinical trial and assessment
of the study endpoints,” the DHOPE-NMP protocol was imple-
mented as standard procedure for initially discarded human livers
in our center. The HBOC used in this study (HBOC-201, Hemopure,
HBO, therapeutics, Souderton, PA) could not be used outside a
clinical trial due to the lack of a formal registration. After comple-
tion of the trial, we therefore switched to an alternative oxygen
carrier for the NMP-phase, to enable continuation of the initially
successful protocol in a prospective observational study. Based
on extensive pre-clinical experience, an RBC-based perfusion so-
lution was used instead.?*?¢ The same predefined endpoints as
in the DHOPE-NMP trial were used. The primary outcome was
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graft survival at 3 months after transplantation. Secondary end-
points included patient and graft survival at 7 days, and 3, 6, and
12 months after transplantation, as well as occurrence of primary
non-function (PNF), early allograft dysfunction (EAD) and de-
velopment of NAS.2® All patients provided informed consent, in
compliance with the Declaration of Helsinki principles. The clini-
cal trial with an HBOC-based perfusion fluid was performed be-
tween January 1, 2017, and January 1, 2019 (HBOC-group) and
in all subsequent sequential DHOPE-NMP procedures, performed
between January 1, 2019, and March 1, 2021, an RBC-based per-
fusion solution was used (RBC-group). All patients had follow-up
until August 1, 2021.

2.2 | Procurement and organ preparation

All donor livers were procured by one of the regional multi-organ
procurement teams in the Netherlands, using a standardized proce-
dure, as described previously.'® Both extended criteria DCD livers
and donation after brain death (DBD) livers were accepted, as long
as the liver were nationwide declined for regular transplantation
based on medical reasons (Table S1). For DCD livers, a mandatory
5-minute no-touch period was applied after determination of cir-
culatory death, and no heparin was administered prior to circula-
tory arrest. After procurement, grafts were transported using SCS
in UW static cold storage solution. Upon arrival in our center, the
portal vein and supratruncal aorta were cannulated (25Fr cannu-
las) at the back-table. An 8Fr catheter was carefully secured in the
common bile duct for bile collection and subsequent analysis. In
addition, a 12Fr infusion line was inserted into the inferior vena
cava to allow venous sampling (Figure S1). Before insertion of the
bile duct catheter, a bile duct biopsy was taken from the distal end
of the common bile duct for blinded assessment of the bile duct
injury severity score, using light microscopy after hematoxylin &

eosin staining.”%’

2.3 | Machine perfusion

For the machine perfusion procedures, a Liver Assist device (XVIVO,
Gothenburg, Sweden) was used. All livers underwent one hour of
DHOPE, with a portal venous pressure of <5 mmHg and arterial
pressure of <25 mmHg. During DHOPE, 1L of 100% O, was sup-
plied. In the HBOC-group, a combination of DHOPE, controlled
oxygenated rewarming (COR), and NMP was performed without
the requirement for a perfusate switch. In the RBC-group, UW MPS
(PumpProtect, Carnamedica, Warshaw, Poland) was used during
the DHOPE-phase and this perfusion fluid was replaced by an RBC-
containing perfusion fluid for the COR-NMP phase (Figure 1). Apart
from the oxygen carrier, there were no major differences between
the two groups for the other components of the perfusion solutions
used in the COR-NMP phase (Table S2).

2.4 | Procedure with HBOC-based
perfusion solution

Donor livers were flushed at the backtable with 2 L of cold saline
prior to connection to the perfusion device for DHOPE. After 1 h of
DHOPE, livers underwent one hour of COR, followed by NMP, as de-
scribed previously.”?? Details of the perfusion solutions are shown
in Table 52.7%2

2.5 | Procedure with RBC-based perfusion solution
After one hour of DHOPE with UW MPS, the liver was briefly discon-
nected from the perfusion device and placed in a sterile bowl with
preservation solution and ice. The circuit was quickly drained and
rinsed with at least 3 L of sterile water, using surgical suction tubes.
Next, the perfusion machine was primed at 20°C with the perfusion
solution for COR and NMP. In the meantime, the donor liver was

HBOC group (n=18)

HBOC-based perfusion solution

60 minutes

UW MPS
RBC group (n=36)

HBOC-based perfusion solution

RBC-based perfusion solution

FIGURE 1 Schematic overview of
combined DHOPE and NMP procedures.
Initially discarded donor livers either
underwent the combination of DHOPE,
controlled oxygenation rewarming

and NMP with a HBOC or RBC-based
perfusion solution. In the RBC group,

a switch of perfusion solution was
performed between DHOPE and the
rewarming phase, whereas in the HBOC
group no switch was required. COR,
controlled oxygenated rewarming;
DHOPE, dual hypothermic oxygenated
machine perfusion; HBOC, hemoglobin-
based oxygen carrier; NMP, normothermic
machine perfusion; UW MPS, UW
machine perfusion solution [Color figure
can be viewed at wileyonlinelibrary.com]
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flushed with 2 L of cold saline to rinse out the potassium-rich UW
MPS. After performing a blood gas analysis to check oxygenation
and fluid composition, the liver was reconnected to the Liver Assist
device. Replacement of the perfusion fluid required approximately
15 to 30 min. Once the liver was reconnected and rewarmed to
20°C, the temperature and pressures were slowly increased to 37°C

at a similar pace as in the HBOC protocol.?%%

2.6 | Perfusate and bile analyses

During COR and NMP, oxygen supply was adjusted, by changing
the FiO,, based on arterial PO, (target range 10.0-13.3 kPa) and
venous saturation (target range 55%-75%). During NMP, every
30 min arterial, venous, and bile samples were collected for gas
analysis (ABL 90 Flex blood gas meter, Radiometer, Brgnhgj,
Denmark). For the analysis of bile pH, bicarbonate, and glucose,
bile was collected under mineral oil (Sigma Aldrich, Darmstadt,
Germany) in an Eppendorf tube (2 ml tubes, Sarstedt, Nimbricht,

Germany).27

2.7 | Hepatobiliary viability assessment

The hepatobiliary viability was assessed during the first 2.5 h
of NMP. The liver was considered suitable for transplantation
if the following criteria were met at any time point during the
first 2.5 h of NMP: arterial lactate <1.7 mmol/L, arterial pH be-
tween 7.35 to 7.45, bile production >10 ml, and bile pH >7.45.2%
In addition, the difference (delta) between bile and perfusate pH,
bicarbonate and glucose was determined to assess alkalization
of the bile and glucose reabsorption by the biliary epithelium
(Table 1).”28 The importance of these “secondary” viability cri-
teria became obvious with increasing experience and after post-
transplant cholangiopathy had developed in one recipient.” The
ultimate decision on whether or not to transplant a liver was
made by the surgeon supervising the perfusion procedure and
the surgeon who was going to perform the transplant procedure.
This discussion and decision included the medical condition and
urgency of the potential recipient. When a liver did not meet the
viability criteria after 2.5 h of NMP, the perfusion was stopped
and the liver was secondarily discarded. When the liver met the
viability criteria and was accepted for transplantation, NMP of
the liver continued during the recipient hepatectomy. When the
hepatectomy was finished, the donor liver was disconnected
from the perfusion device and subsequently flushed with 2 L of
UW cold storage preservation solution and placed in a sterile
bowl with UW preservation solution and ice for transfer to the
recipient. Implantation was performed using either the piggy-
back technique or classical implantation. All grafts underwent
reperfusion through the portal vein first, and the first 500 ml of
flushed recipient blood was discarded prior to the release of the

inferior vena cava clamp.

2.8 | Post-transplant care

Post-transplant immunosuppression was based on induction with
basiliximab and triple therapy using tacrolimus, mycophenolic acid,
and a rapid taper of steroids. Doppler ultrasound of the liver was
performed routinely on post-operative day 1, 4, and 7. All patients
with signs of cholestasis (icterus or pruritus, or increasing serum
gamma glutamyl transferase, alkaline phosphatase, or bilirubin lev-
els) underwent magnetic resonance cholangiography to assess po-
tential intra- or extrahepatic biliary strictures.

2.9 | Definitions

Static cold ischemia time was defined as the time between
initiation of in situ cold flushing in the donor and either graft
reperfusion in the recipient or the start of machine perfu-
sion. Recipient warm ischemia time was the time between the
liver taken out of ice for implantation and graft reperfusion
in the recipient. Post-reperfusion syndrome was defined as a
drop in mean arterial blood pressure of over 30% within the
first 10 min of reperfusion, in comparison to the mean arte-
rial blood pressure 5 min before reperfusion.?’ Primary non-
function was defined as liver graft failure leading to patient
death or requiring retransplantation within 7 days of trans-
plantation without an identifiable cause. NAS was defined as
narrowing of the donor bile ducts on magnetic resonance chol-
angiography or endoscopic retrograde cholangiography at any
other location than the anastomosis in a patient with signs of
cholestasis or cholangitis within the first year after transplan-
tation, in the presence of a patent hepatic artery. Anastomotic
biliary stricture was defined as narrowing of the bile duct at
the biliary anastomosis. Acute rejection was defined as biopsy-
proven rejection with the requirement for steroid bolus treat-
ment. Chronic rejection was based on persistent laboratory
abnormalities and histological confirmation. Graft survival was
defined as the time interval between transplantation and re-
transplantation or death due to graft dysfunction, with censor-

ing for death with a functioning graft.

2.10 | Data collection and statistical analysis

All perioperative data, including hemodynamics, perioperative
and postoperative laboratory values, as well as all clinical outcome
parameters, were prospectively collected and stored in a secure
database according to the data and privacy policy of our hospi-
tal. Statistical analyses were performed with SPSS, version 23
(IBM, Armonk, New York, NY). Continuous variables were com-
pared using the two-sided Mann-Whitney-U test and presented
as median with interquartile range (IQR). Categorical variables
were compared using two-sided Fisher's exact, or chi-square test
when appropriate. Actuarial one-year graft and patient survival
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P . G o TABLE 1 Criteria used to determine
arameter feen zone L viability during 2.5 h of NMP [Color table
Hepatocytes Bile production (ml) > 10? 5to 10 can be viewed at wileyonlinelibrary.com]
Perfusate lactate <17 1.7 to 4.0
(mmol/L)
Perfusate pH 7.35-7.45 7.25t07.35
Cholangiocytes Bile pH > 7.45 7.40 to 7.45
ApH > 0.10 0.05t0 0.10
AHCO,™ (mmol/L) > 5.0 3.0to 5.0
AGlucose (mmol/L) <-5.0 -3.0to -5.0

Note: Viability criteria that needed to be reached within 2.5 h of normothermic machine perfusion.
The green zone includes the four original viability criteria (perfusate pH, lactate, bile production,
and bile pH) that had to be reached at any time point within 2.5 h after initiation of NMP. The other
criteria were secondary criteria that emerged with increasing experience. Orange zone represents
potentially acceptable values which are “on the border” and that could be accepted if the other
viability criteria are “green.” Red zone indicates values that do not meet the viability criteria.

Abbreviations: NMP; normothermic machine perfusion.

20f which 24 ml in the last hour. A indicates the bile value minus the perfusate value.

were analyzed using Kaplan Meier method with a log-rank test for
comparison of groups. Statistical significance was determined at
p <.05.

3 | RESULTS

3.1 | Donor characteristics

The median donor age of all perfused livers was 66 years (56—
70 years), and the median donor risk index (DRI) was 2.84 (2.52-
3.11) (Table 2). All but one livers were derived from DCD type Il
or V donors. Between the 34 transplanted and 20 non-transplanted
livers, the only significant differences were cold ischemia time
(271 min [245-293] vs. 289 min [271-346], p = .007) and donor risk
index (2.73 [2.47-2.93] vs. 2.96 [2.64-3.37], p = .013).

3.2 | Machine perfusion characteristics

During NMP, all but one liver (53 of 54, 98%) cleared lactate suf-
ficiently, stabilized perfusate pH and produced bile >10 ml, and
thereby met the hepatocellular viability criteria (Table 3). Thirty-
four livers (63%) also met the predefined cholangiocellular viabil-
ity criteria and were subsequently accepted for transplantation.
Machine perfusion characteristics are shown in Figure 2. The liv-
ers that met the hepatobiliary viability criteria cleared lactate and
normalized pH rapidly in the perfusate. Additionally, the bile pH
and delta pH, bicarbonate and glucose were higher for the trans-
planted livers in comparison to the livers that did not meet the
viability criteria. Moreover, the bile duct injury severity score was
lower in the livers that were transplanted, compared to the liv-
ers that were secondary discarded (3.7 [3.4-4.2] vs. 4.4 [3.9-4.9],
p =.001).

3.3 | Recipient and transplant characteristics

In total, 34 patients underwent liver transplantation with a
donor liver after sequential DHOPE-NMP (Table 4; Table S3).
Hepatocellular carcinoma and cirrhosis based on non-alcoholic
indications for

steatohepatitis were the most common

transplantation.

3.4 | Oxygen carrier comparison

There were no significant differences in donor characteristics be-
tween the two oxygen carrier groups (Table S4). At the start of NMP,
perfusate lactate values were significantly higher in the HBOC-
group, compared to the RBC-group (Figure 3). This initial difference,
which is explainable by the fact that HBOC is dissolved in Ringers
lactate solution, disappeared after 1 h of NMP. During NMP, there
were no significant differences in arterial pH and delta pH, bicarbo-
nate, and glucose between the HBOC and RBC group, and therefore

the utilization rate was similar as well (Figure 3B-F).

3.5 | Post-operative results

When comparing the HBOC and RBC group, no differences were
observed in post-transplant outcomes (Table 4; Figure S2). The
median follow-up was 38 months (34-41) in the HBOC group and
17 months (13-25) in the RBC group. Post-operative results are
shown in Table 4. After DHOPE-NMP, post-reperfusion syndrome
was observed in four (12%) patients. Actuarial 1 -year graft sur-
vival was 94%, 1-year patient survival was 100%. In total, two
grafts were lost in the first year. One patient in the HBOC group
required retransplantation 14 days after the first transplant, be-

cause of a hepatic venous outflow tract obstruction. In the RBC
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TABLE 2 Donor characteristics

Variable All livers (n = 54)

Donor characteristics

Age (years) 66 (56-70)
Body mass index (kg/m?) 26 (24-28)
Gender
Male 36 (67%)
Female 18 (33%)
Cause of death
Trauma 10 (19%)
Cerebrovascular attack 21 (39%)
Anoxia 18 (33%)
Other 5(9%)
Donor type
DBD 1(2%)
DCD 53 (98%)
Time from withdrawal of life support 16 (11-20)
to circulatory arrest (min)
Time from circulatory arrest to cold 16 (15-18)
perfusion (min)
Functional donor warm ischemia time® 30(25-34)
Last sodium (mmol/L) 143 (140-146)
Last AST (U/L) 50 (27-104)
Last ALT (U/L) 37 (16-100)
Last GGT (U/L) 46 (18-93)
Last ALP (U/L) 71 (58-95)

279 (255-302)
2.98(2.63-3.25)
2.84(2.52-3.11)

Static cold ischemia time (min)
ET-DRI?
DRIP

Transplanted

Non-transplanted p-value transplanted vs

(n = 34) (n = 20) non-transplanted
63 (55-68) 68 (58-74) .103
26 (23-27) 26 (24-30) 483

163
25 (74%) 11 (55%)
9 (27%) 9 (45%)
.148
6 (18%) 4 (20%)
2 (35%) 9 (45%)
4 (41%) 3(15%)
2 (6%) 4 (20%)
1.000
1(3%) 0
33 (97%) 20 (100%)
15(11-19) 18 (10-22) 403
16 (15-18) 17 (14-19) .308
9(25-32) 32 (26-35) 155
143 (140-146) 142 (140-148) .780
7 (28-101) 31(25-126) 479
37 (18-100) 25 (16-118) .858
3(19-93) 35 (14-169) .548
70 (55-95) 71 (62-153) .372

271 (245-293) 289 (271-346) .007

2.91 (2.60-3.16) 3.12(2.63-3.38) .105

2.73(2.47-2.93) 2.96(2.64-3.37) .013

Note: Continuous data are presented as median (IQR), categorical data as number (percentage).

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBD, donation after brain death; DCD,
donation after circulatory death; DRI, donor risk index; ET-DRI, Eurotransplant donor risk index; GGT, gamma glutamyltransferase.

2Validated scoring tools to assess the risk of liver graft failure.3%%2

®Time from donor saturation <80% or mean arterial pressure <60 mmHg to initiation of in situ cold flushing in the donor.®® Static cold ischemia time
was defined as the time between initiation of in situ cold flushing in the donor and start of DHOPE. The statistical tests were not powered due to

small sample size, these results should be interpreted with caution.

group, one patient, who underwent transplantation for cirrhosis
due to auto-immune hepatitis, required retransplantation ten
months after the primary transplant because of severe chronic
rejection. No primary non-function was observed after DHOPE-
NMP. One patient in the HBOC group developed NAS, but none

developed NAS in the RBC group.

4 | DISCUSSION

We present the outcomes of sequential ex situ end-ischemic DHOPE
and NMP for high-risk donor livers, comparing two protocols with
two different oxygen carriers in the perfusion fluid. Transplantation

of these initially discarded livers after reconditioning and assess-
ment using DHOPE-NMP led to excellent results. We found no dif-
ferences in donor liver utilization rate, post-operative graft-related
complications or general post-transplant outcomes between RBC-
and HBOC-perfused donor livers.

In 2019, the first clinical experiences of DHOPE-NMP with
the use of a HBOC-based perfusion solution were presented
with an actuarial one-year graft survival of 100%.° However, the
unavailability of HBOC outside experimental studies hindered
wider acceptance of the combined DHOPE and NMP protocol
in other centers. A direct comparison of HBOC-based versus
RBC-based perfusion solutions for DHOPE-NMP, as performed
in the current study, was therefore necessary. The current study



4
<
=
i
z
z
o
w
[}
a
Z
>

XL an|3 e32q £0DH eea Hd elag onjg ag fooHaI1g Hd Jw ot <23|ig ajejoe] Hd
a|g

sawod1nQ Y G°Z 1e AjljiqelA Jejnjjad0iSuejoyd Y Gz 1e AJljiqelA Jejnjj9201edaH

[WOd"AJeIqI[BUIJUOAS|IM 1B PAMBIA 3 UBD 3]qe} J0j0D)] .dIAN JO U G'Z 3e SIadJewl A}|IGeIA JO SAN[BA [BNIDE PUE S[ISLISIORIEYD JDA]|



www.wileyonlinelibrary.com

AT | 1665

VAN LEEUWEN ET AL.

"SYN 40 @2U3pIAS ou pake|dsip SuiSew) AydeiSoiSuejoyd aoueuosal d13auSew Juejdsuel}-}sod Ing aulj4aplog, paIapisuod atam as0dn|3 pue S0 H exaqa,

"uorjejue|dsue.} 1oy 3|GEIINS SISA| 953U} JPISUOD pINom am ‘}a2dsou3ai Ul

‘paJ 10 28uUel0 Se payJew ale SISAI| pajue|dsuel) uj el19}1d (A1epuodas) awos Jo sanjeA ay3 Aym suiedxa siyl ‘Y Gz asoyy Suunp

juiod awi} Aue je Jow Apeadje sem Jey} anjeA UOIID3[3S PjoYsa4y3 aU3 U] JaMO| Jo JaySIy 349M eLI9ILID (AJEPUODISS) JO SaN|eA 3U} ‘S35ED SWOS U] ‘dIAIN 4O Y G'Z 18 PaInseawl sanjeA [EN}oe aY} aJe pajuasald,
'saInuIW Ul ] |MQ ‘SIedA Ul pajouap s| a8e JouoQ

‘uojjejueldsuesy

‘X] {521N32143S AJel|Iq J130WO0]SBUE-UOU ‘SN {9502N|S ON|S [DWI} BILISYDS] WIBM JOUOP ‘LM *,XOPUl 3SH JOUOP ‘Y ‘YIeap AI03e|Nd.ID I334. UOIJeUOp ‘G {Y3esp ulelq 1a3e uoljeuop ‘qgad :SUoeIAaIqqy
‘uoisnyJad pjod NS Ul 4O 1e3s pue 1oddns 941 JO [EMEIPYIM UDIMID] SWI} DY} SE PULIP SEM DU} BILUIBYDS] Wiem Jouoq

“1/]0Ww se pajuasald ale 9s0on|S (e3j2p) pue EODH (B32P) ‘©3830€7 "UOIIN|OS PAsE]-DFY B UM dIAIN JUSMISPUN SISED dUB|q 3Y} ‘UOIIN|OS Pase]-DOFH € UHM dIAN JUSMISpUn sased pasew A48 ay] 230N

6¢C 09°¢ 19 asa

ot 19°€ 74 asa

o€ 0S'C Ly ana

s€ 9€¢ L9 asa

€€ LE'E VL asa

9¢ £9°€ L asa

6€ 0c'e VL asa

L v6'C €9 ansa

LE 9€¢ L9 asa

S6 §S'¢C 19 aosa

144 98¢ 89 asa

144 LL'T 74 aosa

€€ 91°€ (44 asa

o€ 88'C |74 ansa

6L or'e 9 asa

8¢ 1L9°€ (074 ansa

9¢ ¥0'C 9S ansa

8T €6'C 4 asa

g€ JAR 174 asa

1€ 86'C 89 ansa

4 €8'C [4% ansa

€ oce 74 asa

6€ 8¢ 8T'¢ 69 asa

% 900 78T €€ G8'¢C 19 asa

SVN X1 onis eyp@ fooHelea Hd exaa onigag *0dH 2118 Hd lwot <239 9je3e] Hd 1ima a a8y adAL
2|lg

sawo21nQ Y Gz 1e AjljiqelA Jejnjj@d0i3uejoyd Y Gz 1e AJljiqelA Jejnjj@20ledaH JouoQ

(penunuod) € 374VL



1666 | VAN LEEUWEN ET AL.
AJT
(A) (B)
Perfusate lactate Perfusate pH
104 . . o v -m TX 757 * - Tx
I T - No Tx -# No Tx

g

©°

£

E

2

8

O

©

-

O L} T L} T 1 72 T L] T 1 1
0 30 60 90 120 150 0 30 60 920 120 150
Time (min) Time (min)
© Bile pH D) Delta pH
7.8' *kk Kkkk *kkk *kkk *kkk - Tx 02- ekl o Frkx dakk —@- TX

-# No Tx

pH

T 1 T 1
0 30 60 90 120 150
Time (min)

—
m
-~

Delta bicarbonate

*kxx —@- X
% } -= No Tx

90 120 150
Time (min)

12 *% *kkk *kkk *kkk

Bile - perfusate HCO3- (mmol/L)
w

Bile - perfusate pH

(F) Delta glucose
Time (min)
30 60 90 120 150
O 1 1 1 1 1 - - TX
-# No Tx

124

-15d+* * *kkk *kkk Kk KKk

Bile - perfusate glucose (mmol/L)
)

FIGURE 2 Biochemical viability parameters during NMP. (A) Perfusate lactate levels were significantly lower after 30 min of NMP in the
transplanted livers. (B) Perfusate pH was normalized more rapidly in the transplanted livers. (C-F) Bile pH, delta pH, delta HCO,", and delta
glucose were higher in the transplanted livers. Delta for pH, HCO,", and glucose was calculated between the bile and the arterial value,

at the same time point. * Indicates a statistically significant difference p < .05. **p < .01, ***p < .001, **** p < .0001. The statistical tests
were not powered due to small sample size, these results should be interpreted with caution. NMP, normothermic machine perfusion; Tx,
transplanted; No Tx, not transplanted [Color figure can be viewed at wileyonlinelibrary.com]

demonstrates that sequential end-ischemic DHOPE and NMP of
initially declined donor livers can be performed with similar good
results when an RBC-based perfusion solution is used instead of
a HBOC-based perfusion solution. These findings may facilitate
wider application of this dynamic preservation protocol in clinical
practice.

One difference between the two protocols, which is relevant
for machine perfusion procedures, is the simplicity of the HBOC-
based procedure in comparison to DHOPE-NMP with UW MPS

and subsequently RBC-based perfusion. The absence of a per-
fusate switch makes a perfusion with a HBOC-based perfusion
solution somewhat easier. However, we noted that the perfusion
fluid switch can be performed in 15-30 minutes and does not have
an impact on the clinical efficacy of the combined DHOPE-NMP
procedure. Since the disposable set of tubing and liver reservoir
was not replaced, this modification did also not increase the costs.
Another difference between the two protocols is the presence
of an oxygen carrier during DHOPE. In the HBOC-protocol, the
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TABLE 4 Post-transplant outcomes of recipients of DHOPE-NMP livers

Variable

Post-transplant outcomes

Actuarial graft survival
3 months
6 months
12 months
Retransplantation for
Chronic rejection
Venous outflow tract obstruction
Actuarial patient survival
12 months
Peak ALT (U/L)
Peak AST (U/L)
Bilirubin day 7 (umol/L)
INR day 7
GGT (IU/L)
Day 30
Day 90
Day 180
Alkaline phosphatase (U/L)
Day 30
Day 90
Day 180
Biliary complications
Non-anastomotic strictures
Anastomotic stricture
Bile leakage
Primary non-function
Hepatic artery thrombosis
Acute rejection
Chronic rejection
Relaparotomy for:
Bleeding
Bile leakage
Other
ICU stay (days)
Hospital stay (days)

All livers (n = 34)

97%
97%
94%

1(3%)
1(3%)

100%

685 (401-987)
1030 (635-1757)
13(8-37)
1.0(1.0-1.1)

107 (65-251)
62 (21-173)
92 (22-183)

156 (86-302)
162 (84-397)
143 (104-253)

1(3%)
12 (35%)
4(12%)
0

0

3(9%)

2 (6%)

3(9%)
4(12%)
4(12%)
2(1-3)

18 (14-25)

HBOC (n = 12)

92%
92%
92%

0
1(8%)

100%

685 (296-930)
900 (501-1757)
16 (9-39)
1.0(1.0-1.0)

100 (39-377)
67 (15-278)
147 (18-191)

87(65-277)
168 (70-464)
136 (84-282)

1(8%)
4 (33%)
1(8%)
0

0

2 (8%)
1(8%)

1(8%)
1(8%)

2 (17%)
2(1-4)

17 (15-24)

RBC (n =22)

100%
100%
95%

1(5%)

100%

693 (546-942)
1042 (762-1374)
12(8-31)
1.0(1.0-1.1)

136 (69-228)
60 (25-108)
78 (22-224)

188 (117-311)
155 (91-314)
146 (105-353)

0

8 (36%)
3 (14%)
0

0
1(5%)
1(5%)

2 (9%)

3 (14%)

2 (9%)
2(1-3)

18 (14-25)

p-value HBOC versus RBC

.785

1.000
.353
1.000

.534
.606
.709
.367

.298
.933
.860

154
923
.681

.353
1.000
.317

279
1.000
.667

.606
696

Note: Continuous data are presented as median (IQR), categorical data as number (percentage). The statistical tests were not powered due to small

sample size, these results should be interpreted with caution.

Abbreviations: HBOC, hemoglobin-based oxygen carrier; HCC, hepatocellular carcinoma; ICG, indocyanine green; ICU, intensive care unit; RBC, red

blood cell.

HBOC was present, whereas in the RBC protocol there was no
oxygen carrier was present in the UW MPS. However, at low tem-
peratures, high amounts of oxygen can be dissolved in a solution,
resulting in a high pO,, and therefore no oxygen carrier is required

for hypothermic machine perfusion.*® On the other hand, it did not

cause harm either.

In a recently published large multicenter DCD benchmark study,
1- year graft survival was 87.3% after transplantation of low-risk DCD
livers and 75.9% after transplantation of high-risk DCD livers.*® In the
current study using high-risk livers, we observed an overall 1-year graft
survival of 94%, which supports the benefits of the DHOPE-NMP pro-

tocol for this type of extended criteria donor livers.
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FIGURE 3 Machine perfusion characteristics. (A) Perfusate lactate levels were significantly lower at the start of NMP in the RBC
perfused livers. After 90 min of NMP, the difference was no longer observed. (B-E) Perfusate pH, delta pH, delta HCO,, and delta glucose
were all comparable between both groups. Delta for pH, HCO,, and glucose was calculated between the arterial and bile value, at the same
time point. (F) Utilization rate for both groups was similar (67% vs. 61% p = .693). * Indicates a statistically significant difference p < .05.
**p<.01, *** p<.001, **** p <.0001. The statistical tests were not powered due to small sample size, these results should be interpreted
with caution. HBOC-201, hemoglobin-based oxygen carrier 201; RBC, red blood cells [Color figure can be viewed at wileyonlinelibrary.com]

Following the multicenter, randomized controlled trial on end-
ischemic oxygenated DHOPE for regular DCD livers, we now use
oxygenated DHOPE as standard of care for regular DCD livers.*
In contrast to DHOPE, end-ischemic NMP may result in ischemia-
reperfusion injury of the biliary tree and thereby might not re-
duce the risk of NAS after transplantation.*?*”* In the current
situation in the Netherlands, the largest group of donor livers
that are frequently declined for transplantation are those from
older (>60 years) DCD donors. The risk of early graft loss due to

ischemia-reperfusion injury related complications, such as primary
non-function or NAS, is generally considered too high in these
livers. The application of sequential ex situ end-ischemic DHOPE
and NMP protects these livers against ischemia-reperfusion injury
(DHOPE phase) and enables viability assessment (NMP phase)
prior to transplantation, resulting in excellent outcome after trans-
plantation. Most importantly, this innovative dynamic preservation
method enables a safe expansion of the number of donor livers for
transplantation.
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In another clinical study on end-ischemic NMP for high-risk
donor livers, the VITTAL study, livers underwent NMP for hepa-
tocellular viability testing without a preceding period of DHOPE.*®
The post-transplant occurrence of NAS in DCD livers was 10 times
higher in the VITTAL study, compared to the current results after
sequential DHOPE-NMP. These findings suggest that the short
period of DHOPE prior to NMP, as well as biliary viability testing,
are important aspects that may have contributed to the low occur-
rence of NAS in the current cohort.% It appears that only livers that
have experienced too much ischemia of the bile ducts during the
DCD procedure and subsequent SCS are no longer salvageable with
DHOPE and are, therefore, did not meet the biliary viability criteria
during NMP.

It is obvious that selection of donor livers during machine per-
fusion is rapidly developing and we are all still learning. As was well
discussed in a recent editorial by Quintini et al., clinical studies on
NMP for (initially discarded) high-risk donor livers have been de-
signed with patient safety in mind.%¢ Consequently, very few failures
have been reported. It is therefore not possible to perform statistical
analyses for identification of (new) thresholds and boundaries for vi-
ability markers.3¢ Only by slowly extending the viability criteria after
sufficient confidence has been obtained in the NMP procedure,
we and other centers have slowly started to gather more insight in
this. With increasing experience and confidence in the protocol, we
gradually started to accept livers with some more ‘orange’ and ‘red’
values (Tables 1 and 3), as long as the original selection criteria (lac-
tate, arterial pH, bile production, bile pH) had been met at any point
during the first 150 minutes of NMP. In the interest of scientific
transparency, we show the data of all individual livers separately in
Table 3, so the results of the learning curve of the protocol can be
observed. In addition to our original four viability criteria, we tend
to rely more on the delta pH, bicarbonate and glucose, with their
optimal values as depicted in Table 1.%

The low rates of NAS and post-reperfusion syndrome in the
current study are in line with the results of the recently published
European multicenter, randomized controlled trial on DHOPE in
regular DCD liver transplantation.'® This trial demonstrated that a
short period of end-ischemic DHOPE prior to transplantation re-
sults in a 64% reduction of NAS, 57% reduction in post-reperfusion
syndrome, and 39% reduction in early allograft dysfunction after
transplantation.

A limitation of the current study is the non-randomized design
between HBOC and RBC perfusions. However, donor and recipient
characteristics in the two groups were similar at baseline and no
changes were made in the clinical transplant protocols during the
study period, making it unlikely that other factors have had an im-
pact on the results.

In conclusion, the combination of end-ischemic ex situ DHOPE
and NMP resulted in safe transplantation of high-risk donor livers
with excellent results. This indicates that this protocol of ex situ ma-
chine perfusion provides an effective tool to increase of the number
of suitable donor organs for transplantation. No differences were
observed in liver utilization rate, graft survival, or post-transplant

complications between livers that underwent sequential DHOPE-
NMP with either a HBOC- or RBC-based perfusion solution. The use
of an RBC-based perfusion solution may facilitate the wider applica-
tion of the sequential DHOPE-NMP protocol as a dynamic preserva-
tion strategy by other centers.
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