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Abstract

Aims: The use of extended criteria donors is a routine practice that sometimes in-
volves extracorporeal membrane oxygenation (ECMO) in donations after cardiac
death or brain death.

Methods: We performed a retrospective study in a single center from January 2006
to December 2019. The study included 90 deceased donor liver transplants. The pa-
tients were divided into three groups: the donation after brain death (DBD) group
(=58, 64.4%), the DBD with ECMO group (n=11, 12.2%) and the donation after
cardiac death (DCD) with ECMO group (n=21, 23.3%).

Results: There were no significant differences between the DBD with ECMO group
and the DBD group. When comparing the DCD with ECMO group and the DBD group,
there were statistically significant differences for total warm ischemia time (p <0.001),
total cold ischemia time (p=0.023), and split liver transplantation (p<0.001), and
there was significantly poor recovery in regard to total bilirubin level (p=0.027) for
the DCD with ECMO group by repeated measures ANOVA. The 5-year survival rates
of the DBD, DBD with ECMO, and DCD with ECMO groups were 78.1%, 90.9%, and
75.6%, respectively. The survival rate was not significantly different when compar-
ing the DBD group to either the DBD with ECMO group (p=0.435) or the DCD with
ECMO group (p=0.310).

Conclusions: Using ECMO in donations after cardiac death or brain death is a good
technology, and it contributed to 35.6% of the liver graft pool.

KEYWORDS
donation after brain death, donation after cardiac death, extracorporeal membrane
oxygenation, liver transplantation, long-term outcome
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1 | INTRODUCTION

According to the Taiwan Organ Registry and Sharing Center, there
were 15.2 donors per million deaths in 2019. However, after exclud-
ing single tissue donation, the number of organ donors was only 5.6
per million deaths in 2019. End-stage liver or renal disease patients
on long waiting lists turn to living organ donors. Facing the shortage
of available organs, the Taiwan Organ Registry and Sharing Center
has promoted “controlled donation after cardiac death” in recent
years. Donations after cardiac death or donation after circulatory
death numbers were more than 10%-20% of all deceased donors.!?
Controlled donation after cardiac death (DCD) had the major issue
of warm ischemic time, and reported to have significantly more
substantial ischemic injury (high peak alanine aminotransferase and
biliary strictures), and increased the risk of delayed graft function,
graft loss, and mortality.3’4 Our institution had started the process
for donation after brain death (DBD) with extracorporeal membrane
oxygenation (ECMO) during the brain-death determination in 2008,>
and utilized ECMO to provide hypothermic perfusion in controlled
DCD since 2014. Using the extended criteria in organ donations is
an approved strategy to increase the pool of organs, and ECMO can
be used after cardiac death or brain death. We presented the short-
term and long-term outcomes of liver transplants involving DBD
with ECMO or DBD with ECMO.

2 | MATERIALS/PATIENTS AND METHODS
This retrospective review describes patients with ECMO support in
brain death and cardiac death. Donations of liver grafts from such
patients have the potential to increase the applicability of trans-
plantation as a treatment for end-stage organ disease. We intro-
duced the work of the Organ Donation Crew of Changhua Christian
Hospital between January 2006 and December 2019 (94 liver trans-
plantations). The grafts from DCD without ECMO support (n=2)
and deaths occurring <72h after transplantation (n=2, bleeding)
were excluded. There were 90 liver transplantations (LT) included.

The patients were divided into three groups: the DBD group (n=58,
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64.4%), the DBD with ECMO group (n=11, 12.2%) and the DCD
with ECMO group (n=21, 23.3%). The study was approved by the
Institutional Review Board of the Changhua Christian Hospital (No.
CCH 191244).

2.1 | Donation after brain death (DBD) with ECMO
The donors had either (1) systolic blood pressure below 90mm Hg
after resuscitation and under two vasopressor agents using or (2)
low oxygen saturation (SaO, 90%) under mechanical ventilation
with high-level positive end-expiratory pressure and high demand
of oxygen (FiO, > 80%) were indicated for ECMO support during the
brain-death determination after obtaining the consent from the do-
nor's family.5 After assessment of brain death twice (Figure 1), liver
graft was harvested and implanted as a treatment for end-stage liver
disease.

2.2 | Donation after cardiac death (DCD)
with ECMO

Controlled DCD (Maastricht type Ill donors) typically involves a mechan-
ically ventilated patient with overwhelming single or two organ failure,
usually involving a severe brain injury (n=20) or myocardial infarction
combined with hypoxia encephalopathy (n=1).¢ With the family's agree-
ment, a decision is made to withdraw life-sustaining treatment.
Parameters were as follows: mean arterial pressure <50 mm Hg.
Functional warm ischemia time (WIT) was defined as the period from
the occurrence of any hemodynamic parameters until the start of
in situ cold perfusion. After declaring cardiac death (5min of cardiac
standstill), rapid cooling by ECMO preservation methods achieved
the core temperature around 10-20°C (Figure 1). The unique ability
of ECMO to provide hypothermic perfusion and reduce WIT. Organ
procurement would follow by the ECMO setup. Once the moder-
ately rapid infusion of cold preservation solution (HTK solution) into
the portal and aortic cannulation, the ECMO would be stopped and

started as cold ischemia time (CIT) period.
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FIGURE 1 Processes for extended criteria liver donation. The process of donation after brain death (DBD) included brain-death
determination, cold ischemia time and warm ischemia time. The process of DBD with extracorporeal membrane oxygenation (ECMO)
included brain-death determination during ECMO, cold ischemia time, and warm ischemia time. The process of donation after cardiac death
(DCD) with ECMO included functional warm ischemia time after withdrawing life-sustaining treatment, cooling perfusion by ECMO after
cardiac death was declared, cold ischemia time, and warm ischemia time.
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2.3 | Definitions

CIT (minutes) is indicated as the period from aortic clamping and
infusion of cold preservation solution (HTK solution) in the graft
until putting the graft into the recipient's abdominal cavity. WIT
is defined as the time interval from placing the graft into the ab-
dominal cavity until detaching the vascular clamps after finish-
ing all venous anastomoses (IVC piggy-back or hepatic vein and
portal vein anastomoses). Total WIT is defined as functional warm
ischemic time plus WIT. In the DCD with ECMO group, total CIT
is defined as the time taken for ECMO to provide hypothermic
perfusion plus the CIT (Figure 1).

2.4 | Statistical analysis

We had correlated clinical factors, including age, model for end-
stage liver disease (MELD) score, blood loss, CIT, WIT, ECMO with
hypothermic perfusion, functional WIT, international normalized
ratio (INR), alanine aminotransferase (ALT), total bilirubin, gamma-
glutamyl transferase (GGT), length of stay, post LT complications,
and hospital mortality. All data were recorded on a computerized
database. The patients were classified into three groups: DBD,
DBD with ECMO, and DCD with ECMO. Pearson's chi-squared test,
Fisher's exact test, t-tests for independence, the Mann-Whitney
test, and repeated measures ANOVA were used to examine differ-
ences in the demographic factors and the clinical characteristics of
the patients. Values for the continuous variables are presented as
mean + standard deviation (SD) in this study. A p value less than 0.05
was considered to be statistically significant. All statistical analysis
was performed with SPSS (Statistical Package for Social Science,

version 20.0).

3 | RESULTS

Ninety LT patients were included in this study. There was not any
significant difference in demographic data and clinical features
between the DBD with ECMO group and the DBD group. There
were statistically significant differences between the DCD with
ECMO group and the DBD group in items of total WIT (p<0.001),
total CIT (p=0.023) and proportion of split LT (p<0.001) (Table 1).
In the DCD with ECMO group, the ECMO with hypothermic perfu-
sion time (mean=+standard deviation) was 76.81 +20.38 min (range
34.00-126.00), and the functional WIT was 22.48 + 17.07 min (range
6.00-68.00). Six patients had the functional WIT above 30min.
The most common causes of hospital death were infection (n=4)
and graft-versus-host disease (=1, DCD with ECMO group). There
were no patients who developed any ischemic-type biliary stricture
complications after LT, but one patient in the DCD with ECMO group
had repeated cholangitis that was treated with antibiotics.

The DBD with ECMO group had significantly higher INR level
than the DBD group (p=0.048) on postoperative day 7. However,

the DCD with ECMO group had significantly lower INR level than
the DBD group (p=0.030) on postoperative day 1. INR level showed
significantly different time points for DBD with ECMO versus DBD
(p<0.001) and for DCD with ECMO versus DBD (p<0.001) by re-
peated measures ANOVA. Over various postoperative days, ALT
levels showed no significantly difference when comparing both the
DBD with ECMO group and the DCD with ECMO to the DBD group.
ALT level showed significantly different time points for DBD with
ECMO versus DBD (p=0.006) and for DCD with ECMO versus DBD
(p<0.001) by repeated measures ANOVA. In the DBD with ECMO
group and the DCD with ECMO group, total bilirubin level was not
significantly different compared to the DBD group over various
postoperative days. Total bilirubin level showed significantly dif-
ferent time points for DBD with ECMO versus DBD (p=0.027) and
for DCD with ECMO versus DBD (p=0.001), and it had significantly
different time x group for DCD with ECMO versus DBD (p=0.027)
by repeated measures ANOVA. Over various postoperative days,
GGT level was not significantly different when comparing both the
DBD with ECMO group and the DCD with ECMO group to the DBD
group. GGT level showed significantly different time points for DBD
with ECMO versus DBD (p <0.001) and for DCD with ECMO versus
DBD (p<0.001) by repeated measures ANOVA (Figure 2).

The 1-year survival rate of the DBD, DBD with ECMO, and DCD
with ECMO groups were 94.8%, 90.9%, and 75.6%, respectively.
The 5-year survival rates of the DBD, DBD with ECMO, and DCD
with ECMO groups were 78.1%, 90.9%, and 75.6%, respectively.
When compared to the DBD group, the DBD with ECMO group
(p=0.435) and the DCD with ECMO group (p=0.310) did not have
significantly different survival rates (Figure 3). The causes of death
in DBD group included cancer (n=7, hepatocellular carcinoma recur-
rent=>5, esophageal cancer=1, cholangiocarcinoma metastatic=1),
acute hepatitis B infection with acute hepatic failure=1, sepsis=1,
chronic graft rejection=1, and sudden cardiac death=1. In DCD
with ECMO group, causes of hospital death included pancreas can-
cer=1 and sepsis=2.

4 | DISCUSSION

Severe head injury combined with cardiac or respiratory failure
posed a challenge in performing apnea testing during brain-death
determination in patients with ECMO. ECMO is a technique used
in the most hemodynamically unstable patients who are treated
with two vasopressor agents, and also in respiratory failure patients
with refractory hypoxia (e.g., severe hemopneumothorax, pulmo-
nary edema or acute respiratory distress syndrome) during the
brain-death determination. Veno-arterial extracorporeal membrane
oxygenation (V-A ECMO) has the advantage of providing complete
cardiac and respiratory support. To be clinically evaluated, a patient
must show evidence of cerebral unreceptivity and un-responsivity
with absence of brainstem reflexes. To performing apnea test with
ongoing V-A ECMO or with an oxygenator with ECMO, set the FiO,
to 100% for 10 min before ventilator disconnection. ECMO can easily
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provide high blood oxygen levels in organs than ventilator. When
the ventilator disconnected, oxygenator air flow of ECMO was also
closed. A targeted mean blood pressure of more than 60-70mmHg
is recommended when setting the pump speed. Besides, ECMO can
decrease the risk of cardiac arrest in the respiratory acidosis phase,
which might lead to shock, hypoxia, or coronary artery low profu-
sion. Once the brain-death determination finished (if success or fail-
ure), oxygenator air flow of ECMO was rapidly increased to wash out
carbon dioxide, keep blood oxygenation, and decrease respiratory
acidosis.

The apnea test is employed to assess respiratory drive when the
arterial partial pressure of carbon dioxide rises beyond the apneic
threshold, which will stimulate the medullary respiratory center.
The absence of respiratory effort or movement when PaCO, ex-
ceeds 60 mm Hg is indicative of brain death. In patients with ECMO
support, to reach the apneic threshold, either lower the air gas flow
rate to reduce carbon dioxide elimination, or add exogenous carbon
dioxide to the gas blender at the extracorporeal circuit to achieve
hypercapnia is needed.” However, once the oxygenator has higher
air flow, carbon dioxide will be washed out (arterial PaCO,<60mm
Hg), and the addition of exogenous carbon dioxide might result in
respiratory acidosis. In our practice, when oxygenator air flow of
ECMO reduced, we adjusted the pump speed and used vasopres-
sor agents to keep the mean blood pressure above 60mm Hg. It
is a valid method for conducting apnea tests with ECMO support,
two donors failed the brain-death determination exam in the study
period. Apnea testing is an essential component in the clinical de-
termination of brain death. Under physiological apnea states, the
PaCO, level is predicted to increase by 3-4mm Hg/min in such
situations.® The main purpose of apnea test is to allow increasing
serum carbon dioxide level in central nervous system, which would
normally stimulate the respiratory centers in a functioning medulla.
On the other hand, donors with no medullary function will not make
any spontaneous respiratory effort in the setting of profound hy-
percarbia and acidosis.” The negative test of outcome is defined
by any spontaneous respiratory efforts in response to hypercapnic
and acidotic stimulation; the positive test is the absence of any re-
spiratory activity under this condition. The two donors appeared
to have spontaneous respiratory efforts (negative test of outcome)
during their apnea tests.

Hemodynamic instability and poor oxygenation, marginal grafts,
and using the ex vivo technique were considered as contraindications
to splitting liver transplantation.'® ECMO is a rapidly mechanical as-
sist device for supporting the circulatory and respiratory systems.
When hemodynamic failure to recover and can prevent organ dam-
age from hypoperfusion, using ECMO improves organ perfusion,
increased partial pressure of arterial oxygen, and decreased lactic
acid level. This technique allows reduction of the need for inotro-
pes or vasopressors. The use of DBD with ECMO group (whole liver
transplantation n=7, split liver transplantation n=4) is considered
similar to that of DBD group in terms of postoperative graft func-
tion, primary nonfunction, and complications in this study. The two
split donors were 35 and 42years old. WIT were 16 and 18 min and

CIT were 37 and 76 min in right lobe liver transplantation, WIT were
15 and 15min and CIT were 139 and 194 min in left lobe liver trans-
plantation. The in situ procedure was chosen for the following rea-
sons: (1) both donors were hemodynamic stable on ECMO, (2) very
short graft ischemia times, (3) it provides superior and young grafts,
and (4) split right lobe using living liver donor technique, (5) split left
lobe (with middle hepatic vein) was piggyback technique in orthot-
opic liver transplantation. We propose that using DBD with ECMO
should not be considered as a contraindication to splitting liver
transplantation, that was also similar to the method in one study.!
This technique (DBD with ECMO, n=11) was applied 15.9% of DBD
donors (DBD with/without ECMO donors n=69).

From the declaration of cardiac death (5minutes after a flat
electrocardiogram) to the completion of organ procurement, the
warm ischemic time (WIT) of liver may extend beyond 60 minutes.
ECMO can provide hypothermic perfusion by rapid cooling to 10-
20°C and reduce WIT time in DCD for transferring donor to opera-
tive room and operative to arterial cannulation time. There are two
other benefits of using ECMO in DCD donors in clinical practice.
First, the cardiac death determination can take place in intensive
care unit, instead of occupying the operating room, especially fail
(alive) or WIT over 120min. Second, there are much enough time
for transferring donor to operative room and the organ procure-
ment procedure.

Patients in the DCD group or DBD with ECMO group showed
significantly poor recovery of bilirubin levels compared to the DBD
group. WIT was longer in DCD with ECMO group. Once unstable
hemodynamic (high dose or two vasopressor agents) and low ox-
ygen saturation happened to DBD donor, the grafts might become
hypoperfusion and marginal graft. Using ECMO improved organ
perfusion and maintain oxygen saturation during brain-death de-
termination. In the short term, DBD with ECMO group showed
poor recovery of bilirubin and INR levels than DBD group. Hepatic
ischemia reperfusion injury developed cellular metabolic distur-
bances, lack of oxygen supply and ATP depletion, and profound in-
flammatory immune response that involves both direct and indirect
cytotoxic mechanisms, the risk of early and late graft dysfunction
of donor livers is directly related to hepatic ischemia reperfusion
injury.“'13 In situ normothermic machine perfusion circuit signifi-
cantly reduced complications related to ischemia-reperfusion
injury compared to a conventional approach, and granting a con-
sistent reduction of graft complications.** Normothermic ECMO
perfusion can re-establish circulation to some parts of the body,
however, the use of normothermic perfusion in this context remains
ethically controversial.

There was no significant difference between the DBD group and
the DBD with ECMO group regarding recipient survival. Bronchard
et al.'® reported a similar result. In the selection of splitting liver
graft, many reports recommended the following criteria: hemody-
namically stable, younger donors (below aged of 40-55), less than
30% hepatic steatosis, ALT <60U/L, Na<160mmol/L, duration of
intensive care unit treatment less than 5days, single vasopressor

t.lé |'11

and low inotropic support.”® Assalino et al.** also reported two DBD
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donors underwent in situ liver splitting transplantation with ECMO To face the organ shortage, the Taiwan Organ Registry and
support. We have performed four DBD with ECMO LT involving situ Sharing Center has promoted “controlled donation after cardiac
liver splitting. One recipient had hospital mortality due to sepsis, and death.” After cardiac-death declaration (5 min of cardiac standstill),
the other recipients survived over 5years (n=1) or between 3 and ECMO can be used along with hypothermic perfusion in an abdom-
S5years (n=2). inal organ (liver or kidney). We used ECMO technology to improve
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FIGURE 2 Liver function comparisons among three groups were assessed for postoperative days 1, 3, and 7 and day of discharge by
repeated measures ANOVA. International normalized ratio (INR) level showed significantly different time when comparing the donation
after brain death (DBD) group to the DBD with extracorporeal membrane oxygenation (ECMO) group (p <0.001) and the donation after
cardiac death (DCD) with ECMO group (p <0.001). Alanine aminotransferase (ALT, U/L) level showed significantly different time for DBD
with ECMO versus DBD (p=0.006) and for DCD with ECMO versus DBD (p <0.001). Total bilirubin (TB, mg/dL) level showed significantly
different time for DBD with ECMO versus DBD (p=0.027) and for DCD with ECMO versus DBD (p=0.001), and it had significantly different
time x group for DCD with ECMO versus DBD (p=0.027). Gamma-glutamyl transferase (GGT, U/L) level showed significantly different time
for DBD with ECMO versus DBD (p <0.001) and for DCD with ECMO versus DBD (p <0.001).
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FIGURE 3 Five-year patient survival rates for three groups.

The 5-year patient survival rates of the donation after brain death
(DBD), DBD with extracorporeal membrane oxygenation (ECMO),
donation after cardiac death (DCD) with ECMO groups were 78.1%,
90.9%, and 75.6%, respectively. The patient survival rates for the
DBD with ECMO group (p=0.435) and the DCD with ECMO group
(p=0.310) were not significantly different from the patient survival
rate of the DBD group.

the outcome of DCD LT by restoring the circulation of oxygenated
blood to the abdominal organs in the donor. Functional WIT was
22.48 +17.07 min (range 6.00-68.00). The time for ECMO with hy-
pothermic perfusion was 76.81 +20.38 min (range 34.00-126.00).
The DCD with ECMO group had significantly longer total WIT
(p<0.001) and total CIT (p=0.023) than the DBD group. Six pa-
tients had over 30min of functional WIT (44.5 + 14.40min, range
34-68min, median 36.5min). One patient died from graft-versus-
host-disease in the hospital, and the other five patients were alive
at the time of writing. During the follow-up period, there was no
ischemic-type biliary stricture complication after LT. We believed
that functional WIT could be safely extended to 40 min, however
sample size was relatively small; Mihaylov et al.” suggested ex-
tended to 40min as well. The WIT in DCD with ECMO group was
twice as long as the DBD group and the DBD with ECMO group. In
the DCD with ECMO group, there was poor recovery of the short-
term total bilirubin level (p =0.027) by repeated measures ANOVA,;
therefore, split LT is not recommended.

Delayed graft function occurred for four split grafts (one
hospital death in DBD group), one marginal graft (severe hepatic
steatosis), and two DCD with ECMO grafts. The use of ECMO
in supporting circulatory and respiratory functions during DBD
can reduce liver injury from vasoactive drugs, and the primary
non-function of the liver graft was reported to be zero.*® In our
study, ECMO kept the graft perfusion quality and reduced the
graft discard rate. Hospital deaths were caused by infection (n=4,
three split grafts and one DCD with ECMO graft) and graft-ver-
sus-host disease (n=1, DCD with ECMO group). We found that
the 5-years survival rate in DBD group was similar with the DBD
with ECMO group (p=0.435) and the DCD with ECMO group
(p=0.310). The other review article indicated that the 1-year DCD
patient survival rate was 74%-84%, and DCD liver grafts remain
at increased risk of postoperative biliary complications, especially
ischemic cholangiopathy.w A recent European study found that
the 1-year survival rate for 1497 recipients receiving controlled
DCD was 90%.2° However, in our study the 1-year survival rate
was 75.6% (n=2 in hospital mortality, n=2 due to sepsis shock
related to intra-abdominal infection, n=1 due to recurrent he-
patocellular carcinoma) and 90.9% (n=1 in hospital mortality),
respectively, for the DCD with ECMO group and the DBD with
ECMO group. Ischemic-type biliary stricture complications can
occur after LT due to prolonged cold-warm ischemic time or shock
liver, but there were none in this study.

The liver machine perfusion techniques can be divided into
two major subtypes, including normothermic machine perfusion
and the other machine perfusion (sub-normothermic machine
perfusion or hypothermic machine perfusion). Sub-normothermic
machine perfusion and hypothermic machine perfusion of the liver
needs a no red blood cell solution containing oxygen. Hypothermic
machine perfusion could protect against initiation ischemic reper-
fusion injury, oxygenation of the perfusate during hypothermic
oxygenated perfusion leads to metabolic resuscitation with re-
synthesis of adenosine triphosphate and cellular energy charge
during cold perfusion, the biliary tree is protected from the injury
and complications after LT.2%?2 Normothermic machine perfusion
has been used recently in graft preservation, especially in DCD or
extended donation criteria. Normothermic machine perfusion can
restore and maintain liver function at body temperature, to assess
liver function and predict the quality of the donor organ by the
bile production, metabolic and dynamic parameters.?® The mate-
rial cost of machine perfusion is too expensive, especially in small
organ donation centers. Extracorporeal support with oxygen-
ation in DCD has been reported to increase the available number
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of donors by approximately 33%, ECMO facilities should embed
local programs for donation after cardiac-death in the emergency
department or intensive care.?

According to the Taiwan Organ Registry and Sharing Center, there
were 118 liver grafts from deceased donors in 2019 (DCD grafts:
n=7, DBD grafts: n=111). In recent years, donation after circulatory
death has received increased attention worldwide. Since the success
of DCD LT depends on preservation methods to maintain viability,
many machine perfusion systems were developed. However, ex situ
liver machine perfusion is complicated and expensive, comparing to
ECMO, which is easier and cheaper. Our study had certain limitations.
First, the study was retrospective, and the data were collected from
medical records. Second, the sample size was relatively small from a

single medical center.

5 | CONCLUSIONS

Using ECMO in donations after DCD or DBD is an effective technique
to increase organ pool. In the short term, the bilirubin levels poorly re-
covered when using ECMO preservation, but no patient experienced
any ischemic-type biliary stricture complication after LT. Neither the
DBD with ECMO group nor the DCD with ECMO group had signifi-
cantly different short-term or long-term patient survival rates than the
DBD group. This extracorporeal membrane oxygenation technique was
utilized in our center, and expanded 35.6% (n=232/90) of the liver graft

pool.
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