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Introduction

In the past 60 years, cancer has become the first or second
leading cause of premature death in 134 of 183 countries and
the third or fourth primary cause in the rest of the countries
according to the WHO’s Global Health Estimates [1]. Specifi-
cally, in the countries with high levels of the Human Develop-
ment Index (like China and Brazil), cancer is the second leading
cause of premature death [1].

Among the most common cancers and a most common
cause of cancer death worldwide, liver cancer ranked sixth
and fourth in 2018 [2]. There were 953,000 incident cases of
liver cancer and 819,000 deaths globally in 2017, contributing
to 20.8 million disability-adjusted life years (DALYSs). Of the
35% increase rate between 2007 and 2017, 17% can be
explained by population aging, 13% by population growth,
and 6% by increasing age-specific incidence rates [3].

In China, the incidence of liver cancer ranked third among
all cancers, and the mortality rate ranked second in 2015. The
contribution of hepatitis B virus, hepatitis C virus, alcohol,
and other causes on absolute liver cancer deaths in china were
41%, 8%, 33%, and 18%, respectively [4]. Surgical resection is
the mainstay of treatment in well-selected candidates with
primary or secondary liver tumors [5-8]. According to the
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Abstract — The incidence rate of liver cancer is increasing year by year globally. Liver transplantation has become one
of the therapeutic methods for patients with liver cancer. In the past, ischemia-reperfusion injury (IRI) was unavoidable
in liver transplantation, compromising recipient and graft survival. At the same time, the imbalance between the supply
and demand of organs limits the use of transplantation in patients with liver cancer. Recently, advances have been made
in machine perfusion techniques to reduce graft IRI. However, none of the techniques can completely abrogate graft
IRIL In 2017, the concept of ischemia-free organ transplantation (IFOT) was proposed, and our group conducted the
first case of ischemia-free liver transplantation (IFLT). We then extended the concept of IFOT to kidney transplantation
in 2018 and to heart transplantation in 2021. Here, we review the history, strengths, and weaknesses, and the future
direction of IFOT, particularly in patients with liver cancers.

Key words: Liver cancer, Ischemia-reperfusion injury, Ischemia-free organ transplantation, Ischemia-free liver

European Association for the Study of the Liver (EASL)
Clinical Practice Guidelines for Management of hepatocellular
carcinoma in 2018, in patients with early tumors, surgical resec-
tion and orthotopic liver transplantation (OLT) are the first
choices on an intention-to-treat perspective [7].

In 1963, Starzl et al. performed the first OLT in humans [9].
OLT has been associated with efficient improvements in the
survival of patients with end-stage liver disease [10-13]. The
Milan criteria are the benchmark for liver transplantation in
patients with liver cancer [14], while the Child-Pugh-Turcotte
classification and the model for end-stage liver disease (MELD)
score are used to evaluate the patient priority on the waiting list
[15]. For patients meeting Milan criteria but not suitable for
liver surgical resection, OLT is recommended as the first-line
treatment option [7]. Moreover, hepatocellular carcinoma
(HCC), as a particular MELD exception, requires extra points
to enter the transplant routine, standardized in different coun-
tries considering size, number of nodules, alpha-fetoprotein
levels, recurrence after tumor downstaging [13].

The history and achievement of ischemia-free
organ transplantation (IFOT)

Ischemia-reperfusion injury (IRI) in organ transplantation
is unavoidable, leading to early allograft dysfunction (EAD),
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primary nonfunction (PNF), immune rejection response, and the
other complication [16-18]. IRI damages all parenchymal cells
in the liver, including hepatocytes, sinusoidal endothelial cells,
and biliary epithelial cells [19]. The mechanisms mainly contain
reactive oxygen species (ROS) [20], toll-like receptor activation
[21], autophagy regulation [22], and hypoxia-inducible factor
(HIF) activation [23], which connect parenchymal cells, kupffer
cells, T cells, neutrophils, and platelets in the liver to form the
network of IRI pathogenesis.

Various mechanical perfusion techniques have been
clinically proven to reduce IRI and improve transplant out-
comes, including hypothermic machine perfusion (HMP) [24],
hypothermic oxygenated perfusion (HOPE) [25], subnormother-
mic machine perfusion (SNP) [26], controlled oxygenated
rewarming (COR) [27], normothermic machine perfusion
(NMP) [28]. However, these techniques alone cannot eliminate
graft IRI because the organs still suffer ischemia during procure-
ment and implantation.

To completely avoid graft IRI, the transplant team of The
First Affiliated Hospital of Sun Yat-sen University in China
proposed a unique solution, the IFOT procedure, during which
the donor organs are procured, preserved, and implanted
without interruption of blood supply by using NMP. In 2017,
He and his colleagues performed the first ischemia-free liver
transplantation (IFLT) in humans [29]. The perfusion inflow
is established by cannulization of the portal vein and gastroduo-
denal/splenic artery. The perfusion outflow is established by
cannulization of the inferior vena cava. The cannulas are con-
nected with the perfusion lines or organ reservoir of an NMP
device. After the in-situ NMP is set up, the liver is procured
and moved to the organ reservoir of the NMP device for con-
tinuous ex-situ NMP (Video 1). After the hepatectomy of the
diseased liver is completed, the donor’s liver is moved to the
recipient’s abdominal cavity and implanted under in-situ
NMP. Importantly, the donor’s liver was with 85-90%
macrovesicular hepatosteatosis, which is usually discarded in
the majority of transplant centers all over the world. Moreover,
the pathological studies of the liver biopsy samples suggest that
graft IRI is largely avoided. Therefore, the first case confirmed
the feasibility and efficacy of the concept of IFOT.

In 2018, our group expanded the IFOT concept to kidney
transplantation and conducted the first case of ischemia-free
kidney transplantation (IFKT) in humans [30]. We recently
moved forward to the ischemia-free beating heart transplanta-
tion (IFBHT) on June 26th, 2021. A donor heart with an
ischemic time over 6 h is considered a marginal one and often
discarded. Prolonged ischemic time of donor’s heart is signifi-
cantly associated with inferior graft survival and increased
allograft rejection [31]. During IFBHT, the donor’s heart is
transplanted under an ischemia-free, beating, normothermic,
oxygenated perfused state. Therefore, IFBHT provides a brand
new approach to increase donor heart availability and improve
transplant outcomes.

One of the advantages of IFOT is that graft viability can be
easily assessed during the procedure. We analyzed the parame-
ters of liver perfusion in 28 IFLT cases to identify the correlation
between perfusion parameters, such as vascular flow/pressure,
blood gas analysis of the perfusate and bile, liver function
tests of the perfusate, and the post-transplant outcomes [32].

Video 1. Conventional cold storage (CCS) has been the standard
conventional preservation technique in liver transplantation, with the
unavoidable graft damage in the reperfusion stage. This video shows
the ischemia-free liver transplantation (IFLT), during which the donor
organs are procured, preserved and implanted without interruption of
blood supply by using normothermic machine perfusion (NMP).
https://vem.edpsciences.org/10.1051/vem/2021005#V 1.

We established an objective criterion of transplant ability in
marginal donor livers based on these parameters. Importantly,
because there is no ischemia before implantation, the graft func-
tion is stable, which makes the assessment much easier than
other approaches.

In 2021, our group published the results of the first prospec-
tive, single-center, non-randomized controlled trial [33]. The
study showed that IFLT can foster liver graft recovery and
reduce the incidence of IRI-related complications. Importantly,
by using the new technique, the livers from extended criteria
donors (ECD) yielded a faster recovery than those from standard
criteria donors (SCD) undergoing conventional transplant tech-
niques. The pathological, transcriptome, proteome and metabo-
lome studies of the liver biopsy samples demonstrated that graft
IRI is largely avoided by using IFLT [34].

The application of ischemia-free liver
transplantation in liver cancer patients

Liver cancer is one of the major indications for liver trans-
plantation in China. From January 1st, 2015, to December 31st,
2019, 52% of patients receiving liver transplantation had liver
malignancies in our center. Studies have shown that profound
graft IRI is associated with the recurrence of liver cancer
[35-37]. Since graft IRI is largely abrogated in IFLT, the inci-
dence of post-transplant cancer recurrence might be lower in
IFLT versus conventional liver transplantation. Interestingly,
the recipient of the first case of IFLT was a 51-year-old man
with decompensated liver cirrhosis and hepatocellular carci-
noma (HCC). We are collecting data concerning the cancer
prognosis in the new and conventional transplant procedure.
The preliminary data suggest that IFLT can reduce cancer
recurrence (unpublished data).

The strengths and weaknesses of IFOT

Robert et al. from the University of Groningen highly
recognizes our team’s pioneering work in the field of organ
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transplantation and made a comment that “the team led by Dr.
He is to be commended for this great achievement, which we
consider a milestone in the history of organ transplantation”
[38]. Quintini et al. from Cleveland Clinic commented that
“to achieve what researchers worldwide had pursued for
decades: the abrogation of IRI in transplantation” [39]. Jayant
et al. from Imperial London College considered our technique
“realized the dream of ischemia-free organ transplantation”
[40]. Kim et al. from Medical College of Wisconsin com-
mented that “The ischemia-free organ transplantation (IFOT)
achieved complete avoidance of IRI” [41].

On the other hand, there are limitations of the novel tech-
nique at the current stage. Firstly, a transportable NMP device
is required to make distant procurement of donor organs possi-
ble. Secondly, the surgical techniques need to be simplified.
Thirdly, a multicenter trial is pending to confirm the clinical
benefits of IFOT.

The future direction of IFOT

There are debates on whether NMP can repair damaged
organs or simply reduce the cold ischemic injury. Every year,
a large number of marginal organs are discarded because of
pre-existing damages. The maximum benefits of IFOT depend
on the repairing abilities of NMP. Therefore, the major direction
of IFOT includes (1) elongating the NMP duration [42], (2) add-
ing defatting agents to the perfusate to reduce liver steatosis
[43, 44], stem cells or organoids [45], anti-inflammation agents
[46, 47], and miRNA therapy in the NMP perfusate [48]. More
importantly, IFOT opens the window of organ-based medicine
[49]. Based on the ex-situ multiple organ NMP platforms, the
diseases of specific human organs can be studied and treated
in an isolated state, which might promote the advances of
medical science in the near future.
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