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Abstract

In recent years, there has been a shift in the donor demographics with an increase in donation after circulatory death (DCD). Livers
obtained from DCD donors are known to have poorer outcomes when compared to donors after brainstem death and currently
only a small proportion of DCD livers are used. This review outlines the recent technological developments in liver DCD donation,
including clinical studies using normothermic regional perfusion and extracorporal machine perfusion of livers from DCD donors.
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INTRODUCTION

Liver transplantation remains the only treatment for the
end-stage liver disease. Despite advances in transplantation
and an increase in the number of donors, there remains
a significant disparity between organ availability and the
clinical need. In recent years, there has been a shift in donor
demographics with an increase in donation after circulatory
death (DCD). DCD donation currently represents over
40% of all deceased donation in the UK!" and similar
figures are seen in other European countries.” In the
United States, only 6-8% of organs transplanted are from
DCD donorts, but this number is increasing.”! Whereas
87% of donors after brainstem death (DBD) livers are
used, only 28% of livers recovered from DCD donors are
transplanted in the UK [Figure 1]. Allografts obtained
from DCD donors are known to have poorer outcomes
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when compated to brain dead organ donors.! Prolonged
exposure to ischemia, particularly warm ischemia
followed by cold ischemia is known to exacerbate organ
injury.’! Focus has therefore shifted within the transplant
community to examine strategies for improving organ
quality after DCD donation to allow more transplants to be
performed with improved short- and long-term function.
Interest has been reignited in machine perfusion, which
allows an assessment of organ viability and a potential
improvement of organ function. Machine perfusion of
donor organs is not a new phenomenon. Huntley ez a/. first
used 77 situ extracorporeal machine perfusion in 1963.1
However, these machines were expensive and difficult
to transport, and with the advent of better and cheaper
storage solutions such as Eurocollins and University
of Wisconsin, static cold storage became the universal
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preservation technique. As we look to expand the donor
pool by using increasingly more extended criteria organs,
particulatly those from DCD donors, the use of machine
perfusion is being revisited.

This review outlines the recent technological developments
in liver DCD donation, including clinical studies
using normothermic regional perfusion (NRP) and
extracorporal machine perfusion of livers from DCD
donors.

THE CHALLENGES OF DONATION AFTER
CIRCULATORY DEATH LIVER DONATION

The number of DBD donors has declined in recent years.
This is partly due to improved neurosurgical care and a
reduction in the number of subarachnoid hemorrhages.”
DCD donors are, however, on the rise and have a significant
contribution to the potential donor pool.! DCDs are
classified into four categories as part of the Maastricht
criteria [Table 1]. The majority of donors worldwide are
controlled DCD Category I1I donors. However, in Spain
DCD Category 11 donors have been increasingly used,
primarily with the introduction of NRP.

While DCD donors are a valuable source of organs,
they are associated with poorer outcomes in liver
transplantation. In renal transplantation, DCD kidneys
have similar long-term outcomes to DBD kidneys, albeit
with a higher incidence of delayed graft function.’! Liver
transplantation, however, is associated with an increased
incidence of primary nonfunction (3-7%) and ischemic
type biliary strictures (15-25%).% ' In addition up to 10%
of the recipients die due to graft related causes with an
additional 10% of patients being relisted for transplantation
within a year of the initial transplant. The assessment of
graft quality is notoriously difficult and relies heavily on
surgeon’s experience. As a result, only a small percentage
of DCD livers are used [Figure 1].

Conventional organ preservation slows the metabolic
processes to prolong the time during which an organ can
be deprived of oxygen without loss of viability. However,
despite slowing metabolism to a minimum, it does not
halt it completely and subsequent damage results from
adenosine triphosphate (ATP) depletion and mitochondrial

damage.'! In organs procured from DCDs, there is an
additional period of damaging warm ischemia from the
time of the systolic blood pressure (BP) falling below 50
mmHg until the commencement of cold perfusion (known
as functional warm ischemia). This ischemic process is
distinct from cold ischemia damage and results in rapid
cellular depletion of glycogen, oxygen, and ATP leading to
anaerobic metabolism. The ATP depletion ultimately leads
to failure of ATP dependent Na*/K*" membrane pumps
causing progressive cell swelling resulting in sinusoidal
narrowing. "> This narrowing causes microcirculatory
impedance and platelet and neutrophil aggregation.
Furthermore, Kupffer cells become activated and
release reactive oxygen species, which is aggravated on
reperfusion.”

TECHNOLOGICAL ADVANCES FOR DONATION
AFTER CIRCULATORY DEATH LIVER
OPTIMISATION

Several technologies are currently explored for the
recovery and preservation of DCD livers. Many offer the
opportunity to assess organ viability prior to transplantation
in order to allow a better selection of the livers grafts and
minimize the incidence of graft failure and postoperative
complications. Whilst the mechanisms of action for these
novel technologies is yet to be fully understood, most aim
at reversing the ATP depletion and minimize the degree
of ischemia reperfusion injury. This also opens an exciting
prospect for organ repair and reconditioning prior to
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Figure 1: Organ utilization rates from donation after circulatory death
donors in the UK

Table 1: Maastricht classification of donors after circulatory death

Category Alternative categorization Status of potential donor Hospital department

| Uncontrolled Dead upon arrival Accident and emergency
I Uncontrolled Resuscitation attempted without success Accident and emergency
1 Controlled Awaiting cardiac arrest Intensive care

\Y Controlled Cardiac arrest while brain dead Intensive care
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transplantation, which may expand the pool of donor
organs beyond the currently accepted criteria.

The field of liver optimization through novel organ
recovery and preservation technologies is evolving rapidly,
and several approaches have translated into clinical practice
covering the entire pathway from organ recovery (i situ)
to preservation and transport and perfusion prior to
implantation (ex sif#) at hypothermic, sub normothermic
and normothermic temperatures. Given these different
approaches there is a clear need for a uniform terminology
to enable subsequent comparisons and a common approach
for all transplanted organs.

NORMOTHERMIC REGIONAL PERFUSION

One potential way to improve the outcome of DCD liver
transplantation is to restore the circulation with oxygenated
blood to the abdominal organs in the donor 7 situ, using
extracorporeal membrane oxygenation (ECMO) technology
at body temperature. The use of ECMO to facilitate organ
donation was first described by Johnson e# a/. in 1997.%
NRP, or normothermic recirculation, has been developed
in Spain for uncontrolled DCD donors (Maastricht
Category II).'! Following confirmation of death and
a 5 min stand-off period, cardiorespiratory supportive
maneuvers are restarted, and vascular access is obtained
via the femoral vessels and a supraceliac balloon is inflated
in the aorta to prevent brain reperfusion. The cannulae
are connected to an extracorporeal circuit incorporating
an oxygenator, centrifugal pump, a heat exchanger, and a
reservoir. The donor blood is anticoagulated, and NRP is
continued between 2 and 4 h. From 40 identified donots,
the Barcelona group transplanted 10 livers, with one case
of primary nonfunction and one hepatic artery thrombosis
(HAT). The rate of ischemic type biliary strictures was
10%, significantly lower than in many controlled DCD
program, especially when considering that some of the
donors had prolonged warm ischemia times."! The same
group subsequently reported an expanded cohort of 34
livers transplanted from DCD donors maintained with
NRP, with the 1-year recipient and graft survivals of 82%
and 70%, respectively (median follow-up 24 months).!'”

There have been a limited number of studies using
normothermic extracorporeal support in controlled
(Maastricht Category IIT) DCD donation.'"™"”! These
reports suggested an apparent increase in the recovery
rates of extra-renal organs with good initial function. In
these studies, vascular cannulation and heparinization
were performed prior to the declaration of death in order
to minimize the risk of thrombosis post withdrawal of
therapy. However, in some countries, including the UK,

these interventions are not permitted. Our group has
recently reported the current UK experience without prior
heparinization.”” Following the declaration of death, a
5 min stand-off period was observed. Where possible,
heparin was infused under pressure via existing cannulae
while the patient was transferred to the operating room.
The aorta and inferior vena cava were then cannulated
following rapid midline laparotomy and after cross-
clamping of the aorta, NRP was commenced. The
results from the first 21 NRP retrievals in the UK have
demonstrated that a period of 2 h of 7 situ NRP is safe
and allows a more controlled pace of the donor procedure,
thus minimizing the risk of organ damage. There was an
increased organ recovery rate (mean of 3 organs/donor).
In particular the liver utilization rate increased to 52%
compared to in standard DCD donors, with no change in
the current criteria for DCD selection, with a functional
warm ischemia time <30 min (WIT from systolic BP
<50 mmHg to start of perfusion). Two hours of in situ
NRP appeared to be sufficient to allow the assessment
of liver graft function based on a composite index of
macroscopic appearance, bile production, and dynamic
biochemical markers analysis (serial measurements of
lactate, base excess, bicarbonate, and alanine transaminase
[ALT]). Posttransplant there was a lower mean ALT with
a quicker trend to normalization during the 1% week post
liver transplant compared with standard DCD donors. No
patients developed ischemic type biliary strictures during
the follow-up (range 3-36 months), although one patient
had primary nongraft function despite no worrying donor
and perfusion characteristics.”

The use of NRP in DCD donors does not preclude the
retrieval of DCD lungs, as dual temperature multiorgan
retrieval is possible using abdominal NRP and concomitant
cold lung flushing allowing both a rapid removal of the
lungs and normothermic preservation of the abdominal
organs.?!

The use of in sitn NRP is a significant advance in organ
retrieval and has the potential to increase organ recovery
rates due to its applicability in both controlled and
uncontrolled DCD donors. Furthermore, the ability to
restore the ATP supplies and the dynamic assessment
of organ function prior to transplantation may allow a
better selection of grafts and provide a superior long-term
outcome compared to current DCD liver transplantation
results.”

HYPOTHERMIC MACHINE PERFUSION

Whilst hypothermic machine perfusion (HMP) of kidneys
is a part of routine clinical practice in many centers due to
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improved shott-term outcomes,™ a similar approach to
liver perfusion is in the early stages of development and
clinical evaluation. Nonhuman studies have demonstrated
the potential of HMPP**7 but to date, there have been
very few clinical studies. Early experimental studies raised
concerns that HMP may be associated with reduced bile
flow, endothelial cell damage, and higher hepatic artery
resistance®™*! potentially increasing the risk of HAT,
however, recent clinical studies of HMP have been
encouraging. Guarrera ef al. reported the use of HMP in a
prospective Phase 1 safety and feasibility study, comparing
20 recipients of HMP livers to a matched group of patients
transplanted following static cold storage of the grafts.™”
HMP was performed at the end of the cold storage period
for 3-7 h using centrifugal perfusion with a customized
solution (Vasosol) at 4-6°C. There were no cases of
primary nonfunction, and the HMP group exhibited less
early allograft dysfunction rates (5% vs. 25%, although
this did not reach significance). At 12 months, there were
two deaths in each group, all unrelated to the preservation
method. The recipients of HMP livers had fewer biliary
complications and a shorter hospital stay; these findings
were also confirmed in a subsequent report investigating
the use of 31 extended criteria livers.P!

Dutkowski e# al. used a different approach employing
hypothermic oxygenated perfusion (HOPE).P? The
addition of oxygen was based on their previous experimental
findings that oxygenated perfusion reduced endothelial cell
and Kupffer cell activation and subsequent mitochondrial
injury.?*! In a pilot clinical study, 8 DCD (Maastricht
Category 11I) livers were perfused and subsequently
transplanted.’? Following asystole, a 10 min “no touch”
period was observed prior to cannulating the iliac artery
with a double balloon catheter and iz sitn flushing of the
organs. The livers were retrieved with a mean functional
warm ischemia time of 31 min and placed on the
Extra-corporal Organ Perfusion System device (Organ
Assist, Netherlands) at the transplant center. HOPE
was performed at 10° for 1-2 h prior to transplantation,
whilst hepatectomy was undertaken in the recipient. In
this small study, there was no primary nonfunction and
liver transaminases were similar to a contemporaneous
control group of DBD recipients. All recipients underwent
magnetic resonance cholangiopancreatography with no
evidence of cholangiopathy.

These clinical studies have demonstrated the safety and
feasibility of HMP with or without the addition of oxygen.
Other studies examined the use of HMP in discarded
marginal livers and demonstrated that 4 h of HMP
improves the markers of hepatocellular injury (aspartate
transaminase and ALT) following rewarming compared to
a cohort of cold-stored discarded livers.”"

These early studies demonstrate the potential of HMP
for organ resuscitation as supported by the analysis of
the perfusate fluid. However, there still remain a number
of unanswered questions, particularly with regards to the
duration of perfusion, the optimal perfusion fluid and
whether or not there is a need for active oxygenation.

NORMOTHERMIC MACHINE PERFUSION

Since the early conception of ex-vivo machine perfusion, there
has been a cogent rationale for trying to maintain normal
physiology when preserving organs. Fx-zivo normothermic
machine perfusion (NMP) attempts to do this by mimicking
the /7 vivo environment and perfusing organs with oxygenated
blood at 37°C. As with 7z sitn NRP, this allows resuscitation
of potential donor organs, as well as the clinical assessment
of the appearance and biochemical evaluation of the
function of the organ. Schén e al. demonstrated the potential
value of NMP in an experimental large animal liver transplant
model.? Shortly after, Friend’s group demonstrated livers
maintain stable ex-vivo function following 72 h of NMPP!
The Oxford group went on to successfully transplant porcine
livers after combinations of prolonged warm ischemia up to
40 min and preservation times of up to 20 h.F The same
group has recently presented early clinical experience with
10 DBD livers which were successfully transplanted in adult
recipients with the end-stage liver disease at Kings College
Hospital in the UK. Although these were low-risk donors and
recipients, the safety and feasibility of combining standard
organ retrieval practice, back-bench preparation at the donor
hospital and normothermic transportation and storage was
demonstrated with 100% graft and patient survival.?

An alternative strategy is a period of normothermic
perfusion at the end of the cold storage period, prior to
implantation, whilst recipient hepatectomy is undertaken.
Porte’s group used this approach in discarded livers and
showed a beneficial effect on the liver recovery with the

ability to assess the function of the graft.’)

Although this latter approach avoids the potential risks of
graft loss in case of technology failure with normothermic
storage and transport, it does not avoid organ cooling. Both
small*! and large animal studies” have demonstrated the
detrimental effect of cooling, suggesting it may be desirable
to eliminate cooling altogether. The Barcelona group
combined NRP with NMP in a porcine model and showed
that continuous normothermia achieves better results
compared with any other storage and retrieval combination
even after a prolonged warm ischemia time of 90 min 1"

These experimental and clinical studies looked at a number
of parameters to predict viability including transaminases,

13 LJournaI of Natural Science, Biology and Medicine | January 2016 | Vol 7 | Issue u




Sutherland and Oniscu: Optimizing liver allografts

glucose metabolism, lactate, pH, and bile production.
However, it is still not clear, as with NRP, which are the
best predictors of subsequent organ function. Porte’s study
suggested that bile output during perfusion may be the
best parameter to predict viability.”” However, all these
studies examine short-term markers indicating that these
livers are unlikely to suffer primary nonfunction. However,
ischemic cholangiopathy may not become appatent for
up to a year after transplantation and, therefore, further
long-term studies are required to determine the impact of
these approaches on the development of this particular
complication.

FUTURE DEVELOPMENTS

After over two decades of experimental research into
machine perfusion and preservation in animal models,
we are now seeing real progress in the clinical translation
of these technologies. All three perfusion systems: HMP,
NRP, and NMP, have embarked on or have completed early
Phase 1 clinical studies. Randomized controlled trials that
compare these three technologies to cold static storage
have commenced for NMP and HMP, and a randomized
controlled trial of NRP is planned for the near future.

These studies will allow us to determine the therapeutic
effect of these technologies versus cold-static storage, whilst
future studies may directly compare different technologies
ot their combined use. As our clinical experience with these
technologies increases and there is a greater utilization of
extended criteria organs, there is a need to determine the
parameters that are best able to predict organ function
and identify pharmacological interventions that used in
combination with the novel technologies would allow us
to recondition these organs. Itis yet unclear it HMP, NMP,
or NRP should be used alone or in combination or indeed
if their use should be extended to all liver grafts.

Certainly, with the recent increase in DCD liver
transplantation and its associated morbidity, one cannot
afford to ignore the application of new technologies to
assess, resuscitate and possibly treat donor’s livers.
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