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Abstract

The standard approach to organ preservation in liver transplantation is by static
cold storage and the time between the cross-clamping of a graft in a donor and its
reperfusion in the recipient is defined as cold ischemia time (CIT). This simple
definition reveals a multifactorial time frame that depends on donor hepatectomy
time, transit time, and recipient surgery time, and is one of the most important
donor-related risk factors which may influence the graft and recipient’s survival.
Recently, the growing demand for the use of marginal liver grafts has prompted
scientific exploration to analyze ischemia time factors and develop different organ
preservation strategies. This review details the CIT definition and analyzes its
different factors. It also explores the most recent strategies developed to
implement each timestamp of CIT and to protect the graft from ischemic injury.

Key Words: Cold ischemia time; Liver transplantation; Organ donation; Donation after
cardiac death; Warm ischemia time; Machine perfusion
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Core Tip: Many variables affect liver transplantation outcomes. Among these variables, cold ischemia time (CIT), defined as
the time from the cold flushing of the donor organ until the graft is removed from ice to be implanted into the recipient, is
the one of the most important and is incorporated into many predictive scoring systems. CIT is a multifactorial variable that
depends on donor hepatectomy time, transit time and recipient surgery time and can only be calculated retrospectively.
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INTRODUCTION

The outcome of liver transplantation (LT) has markedly improved in recent decades with patient survival rates of > 90%,
85% and 70% at 1-, 5-, and 10-years post-LT[1,2]. Such good results have been achieved thanks to improvements in the
management of many variables that affect LT outcomes. Among these variables, cold ischemia time (CIT), defined as the
time from the cold flushing of the donor organ until the graft is removed from ice to be implanted into the recipient, is the
one of the most important factors that affects organ and patient survival. Indeed, several reports have documented that
prolonged CIT is an independent risk factor for the development of delayed graft function and primary non-function[3].
Moreover, many of the predictive models proposed to estimate survival after LT incorporate CIT into their scoring
systems[4-6]. However, CIT is a multifactorial variable that depends on donor hepatectomy time, transit time and
recipient surgery time and can only be calculated retrospectively. Therefore, to reduce CIT and improve the results of
transplantation, attention must be focused on each modifiable timestamp associated with CIT (Figure 1). In this editorial
we analyze each step of CIT and describe ongoing research about this important LT variable.

DEFINITION OF ISCHEMIA TIME

Organ ischemia time is divided into cold and warm ischemia time (WIT). WIT is a term used to describe ischemia of cells
and tissues under normothermic conditions[7]. In the transplant setting, WIT is used to describe two physiologically
distinct periods of ischemia: (1) Ischemia during organ procurement, from the time of cross clamping (or of asystole in
non-heart-beating donors), until cold perfusion or normothermic regional perfusion are commenced; and (2) Ischemia
during implantation, from removal of the organ from ice until portal reperfusion[8]. CIT is defined as the time from cold
perfusion of the graft until the removal of the graft from ice to be implanted. During this period, static cold storage lowers
the temperature of the graft between 0 °C and 4 °C.

PATHOPHYSIOLOGY OF CIT

Hypothermia has been considered key to successful graft preservation since 1960 when Colins demonstrated that a
kidney could be preserved for 30 h safely before transplantation[9]. During hypothermia, cellular metabolism is slowed
(the coenzyme Q10 effect[10]), which limits the need for adenosine triphosphate (ATP). However, the beginning of CIT
when organs are flushed with cold preservation solution causes inflammation and injury due to sodium-potassium
membrane pump dysfunction, resulting in cellular edema with free calcium influx, and subsequent activation of enzyme
cascades leading to cellular death. Once the graft is perfused by recipient blood at the end of WIT, there is a restoration of
circulation and ATP breakdown with xanthine oxidase generation of free radicals. This causes lipid peroxidation with
cellular destruction named ischemia-reperfusion (IR) injury[11,12]. This graft damage is exacerbated by prolonged CIT
and it is responsible of primary non-function, arterial thrombosis, biliary complications and recipient mortality[13,14].

Therefore, organs with prolonged CIT are often deemed unsuitable for LT[15]. Many studies have attempted to define
the ideal duration of CIT but there is no absolute consensus, and the only recommendation is that it should be as short as
possible. Initially, some investigators considered acceptable a CIT of up to 18 h, while recipient survival was shown to be
adversely affected by CIT over 12 h in a European survey and over 10 h in a United States survey[16,17].

Today, a CIT between 8 and 10 h is tolerable[18,19], demonstrating significant differences in complications compared
with liver grafts implanted after this period. Recently Lozanovski et al[20], reported that each additional hour of CIT was
associated with a 3.4% increase risk of liver graft loss and the extent of negative impact depended on underlying disease.
Indeed, patients with hepatitis C virus (HCV)-cirrhosis demonstrated the highest risk of graft loss due to prolonged CIT,
probably because during the hepatocyte proliferation in the IR injury, HCV infiltrates into the proliferating cells, leading
to early HCV recurrence[21]. Additionally, Pan et al[22] demonstrated that risk of prolonged hospital stays (PLOS, > 30 d)
steadily increased with increasing CIT, reaching the greatest odds ratio (OR) for PLOS with 13-14 h [odds ratio (OR) =
2.05; 95% confidence interval (CI): 1.57-2.67] and 15-16 h (OR = 2.06; 95%CI: 1.27-3.33) of CIT.
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Figure 1 The different phases during liver procurement and transplantation. In donation after brain death donor, warm ischemia time (WIT) is very
short, and it starts at the time of cross clamping until flush of cold perfusion. Donation after circulatory death donor is more complex: WIT starts when either SpO, or
blood pressure drop below a certain threshold and lasts until the start of cold perfusion or the start of normothermic regional perfusion. For every donor, cold ischemia
time (CIT) starts at cold perfusion, after aortic cross-clamp, and continues during graft removal, graft transportation and back table preparation until removal from ice
for implantation in the recipient. Transport time is a part of CIT unless the organ undergoes some form of normothermic organ perfusion. CIT: Cold ischemia time;
DBD: Donation after brain death; DCD: Donation after circulatory death.
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DIFFERENTIAL INFLUENCE OF CIT

The impact of prolonged CIT varies between donation types, ages and graft steatosis severity. In donation after
circulatory death (DCD) LT, successful outcomes hinge on events occurring during organ procurement and prolonged
organ ischemia (donor WIT and CIT) dramatically impact LT results, so every step of procurement aims to minimize
ischemic times. Paterno et al[23] reported that CIT cut-off > 4 h in DCD LT is associated with increased risk for graft loss,
longer post-transplant hospital stays, higher rate of primary non-function, and hyperbilirubinemia. The elderly liver graft
has a diminished regenerative response to partial resection and a reduction in the capacity to generate an acute phase
protein response[24,25] so prolonged CIT results in an increase of substrate for reactive oxygen species potentiating the
effects of IR injury[26]. It is unclear why steatotic livers demonstrate increased susceptibility to IR injury. Proposed
mechanisms include impaired hepatic microcirculation[27,28] and mitochondrial dysfunction[29]. Macrovesicular
steatosis leads to increased hepatocyte volume causing obstruction of the adjacent sinusoid space and increased hepatic
microcirculation vascular resistance[30,31]. This can impair oxygen and nutrient delivery following reperfusion to an
already susceptible organ. Increased lipid levels in steatotic livers result in the formation of reactive oxygen species which
may lead to mitochondrial dysfunction[32]. The interruption of crucial mitochondrial processes disrupts normal cellular
bioenergetics, impairs cellular function, and leads to cell necrosis or apoptosis[33]. Kupffer cell dysfunction and impaired
leukocyte adhesion may also increase steatotic liver susceptibility to IR injury[34].

CIT STEPS

Donor CIT starts when organs are flushed with cold preservation solution. This is the donor cross-clamp timestamp. In
the case of multiorgan donors, liver procurement begins after heart and lung retrieval. The surgical technique[35] is
divided into warm and cold dissections according to the tissue perfusion time. Warm dissection has the advantage of
perfusion after confirming the vascular structures and it is mandatory in case of living donor and recommended in case
of in situ split LT[36,37] where hepatic vessels and parenchymal dissection should be performed before cross clamp to
reduce CIT. Contrarily, cold dissection can reduce operative donor time and organ damage by rapid organ procurement.
Both warm and cold dissection end with donor hepatectomy, with duration influencing early outcomes after LT. There
are likely independent factors influencing donor hepatectomy time, as surgical technique and the surgeon’s experience,
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but duration > 60 min is associated with early allograft dysfunction[38]. European studies have demonstrated that donor
hepatectomy time is an independent risk factor for graft loss and development of ischemic cholangiopathy[39-41].
Moreover, every 10-min increase in donor hepatectomy time has a detrimental effect on early allograft dysfunction
similar to a 1-h increase in CIT[42]. Conversely, no significant interaction between donor hepatectomy time and donor
type (donation after brain death vs DCD) has been observed, indicating that DCD is equally susceptible to the effect of
donor hepatectomy time. A particular type of procurement is the super-rapid technique[43]. Utilized in DCD donors in
case of absence of normothermic regional perfusion, it initiates in less than 4 min after skin incision to reduce the WIT.
The supraceliac aorta is cross-clamped and the intrapericardial inferior vena cava is vented to avoid organ engorgement.
The inferior mesenteric vein is then cannulated to perfuse the portal system. Once the liver becomes cold and free of
blood, en bloc hepatectomy is performed expeditiously. However, it is strongly recommended that this technique be
performed by experienced donor surgeons.

To avoid graft ischemia entirely, Giil et al[44] and He et al[45] proposed the “ischemia-free” LT techniques. The first
technique proposed to perform a liver graft procurement without cold preservation, based on the setting of an in-house
donor and a consecutive in situ preparation of the liver to be able to perform an immediate warm-ischemia-only LT
without cold preservation. In the second method liver grafts are procured, preserved, and implanted under continuous
normothermic machine perfusion. Both studies reported good results in 6 and 38 cases respectively. However, the risk of
extrahepatic organ loss, technical difficulties, the need of an in-house donor and the cost of machine perfusion limited the
consideration of such novel techniques as the gold standard in liver procurement.

Transit time

Once procured, the donor liver graft is preserved for transport, either by static cold storage on ice or recently in machine
perfusion. Transportation of the graft requires seamless coordination between the donor hospital, the national transplant
organization or the Organ Procurement Organization, and the recipient’s transplant surgeons. Ambulances, helicopters,
and airplanes could be utilized depending on the distance involved and the national allocation policy. Allocation policies
have evolved in the last few decades from prioritizing local centers first to a priority national assignment of model for
end-stage liver disease-sodium score[46] that resulted in reduced waitlist mortality and increased graft utilization in the
United States. However, the allocation process is complex[47], and CIT can be managed by optimizing internal
organization and regional allocation when estimated CIT exceeds acceptable limits. Moreover, it is universally accepted
that there is no difference in clinical transplant outcomes for local and imported liver allografts[48] and with the ready
availability of modern private jet travel and careful coordination, CIT could be minimized. To date, there are only two
studies about the relationship between transport time and CIT in the LT setting. In 2002, Totsuka et al[49] reported that
increased CIT decreases liver graft survival rate in case of organ transportation for a long distance (> 200 m) so they
recommended avoiding long-distance graft transportation. Conversely, during the World Transplant Congress in 2014,
Gentry et al[50] reported in a larger cohort that: (1) Graft survival rate is not affected by distance; (2) The transport time
explains < 15% of variation in CIT; and (3) As for kidney transplantation[51] CIT is not dominated by transport factors.
More specifically, these results indicated for the first time that CIT is the amount of time which accumulates between
organ recovery and organ transplantation and is not only impacted by transit time. Although further investigations are
required to clarify the detailed factors involved in CIT, literature reports new transport technology that make organs able
to be transported thousands of miles from donor to recipient. In 2019, Scalea et al[52] tested an innovated unmanned
aircraft system, or drone, in kidney and liver graft transport from the donor hospital to the recipient hospital. This
modern technology which would not rely on inconvenient commercial flight times or prohibitively expensive charter
flights could allow organs to be transplanted more expeditiously. Moreover, given the background of the era of COVID-
19 when travel of in-person procurement surgeons has been discouraged and the 27 documented fatalities in 7 aircraft
crashes while traveling on an organ procurement flight[53], real improvements in organ transportation with clinicians
and pilot safety are needed. Alternatively, organs can be transported using a normothermic perfusion option. Indeed,
portable normothermic perfusion enabling initiation of perfusion from the donor hospital until the recipient hospital
allows maximal reduction of CIT and extended periods of preservation and observation relative to cold storage. With
normothermic perfusion, organs are maintained under close-to-physiologic conditions. This technology also allows
transplant centers to monitor organ function for an extended period and lowers the rate of IR injury, an approach that is
particularly advantageous for marginal and older donor organs[54]. In the PROTECT trial, the use of normothermic
machine perfusion resulted in a significant reduction in CIT (175.4 min compared with 338.8 min) and led to superior
short-term and midterm clinical outcomes, with significant reduction of early allograft dysfunction[55]. However, this
approach has not been widely implemented due to complexity and the cost.

Recipient surgery

Back table preparation and recipient hepatectomy are the last timestamp of CIT in LT. Theoretically, in the ideal logistical
strategy both procedures should be performed simultaneously and synchronized. However recipient hepatectomy can be
challenging due to local conditions such as portal hypertension and perihilar inflammation so it can delay the liver graft
reperfusion in the recipient. Median recipient hepatectomy times reported vary widely from 45 min[56,57] to 131 min[58]
but previous decompensated cirrhosis with variceal bleeding and/or ascites, higher body mass index, previous
abdominal surgery, and surgeon experience are independently associated with prolonged recipient hepatectomy (> 131
min) which is associated significantly with CIT. Back table preparation can be performed in the recipient hospital or in the
donor hospital immediately after the removal of the graft to avoid any additional CIT. It consists in checking for organ or
vessel injuries and in a very thorough and meticulous vessel dissection to minimize the risk of allograft congestion and
bleeding during implantation. However, surgical procedure could be modified and may prolong CIT. For example, in
case of split LT or living donor, vascular conduits could be lengthened by patch, venoplasty or arterial graft interposition,
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to prevent vessel narrowing and optimize arterial supply or venous drainage. The procedure needs two surgeons and
duration varies depending on the procurement technique: Extensive dissection[59] or the en bloc procurement technique
[60]. In 2022, Song et al[61] proposed a magnetic anchoring traction assisted system able to assist the surgeon in the
vascular exposure and dissection of liver graft back table. This system replaced the assistant surgeon in the back table
preparation and reduced significantly (P = 0.019) the time taken for the procedure (55 min vs 85 min). However, the study
did not report if this system impacted CIT but only the feasibility, safety, and effectiveness of the traction system. To our
knowledge, none of the large transplant registries collect information on back-table time, although this might be a
valuable variable to investigate[62].

CIT AND PRESERVATION SOLUTION

The impacts of CIT could be also influenced by preservation solution. The most widely used preservation solutions have
been Euro Collins[63], University of Wisconsin Solution (UW)[64], Institut Georges Lopez-1 (IGL-1), Celsior solution[65]
and histidine-tryptophan-ketoglutarate (HTK) preservation solution. The “optimal” preservation solution should prevent
graft damage by minimizing cellular changes during CIT and decrease IR injury to the organ after restoration of the blood
supply in the recipient. A recent meta-analysis from the European Liver Transplant Registry compared results of LT in
relation to liver preservation using four different preservation solutions (UW, IGL-1, Celsior solution, and HTK) and
concluded that better results in LT could be achieved using UW and IGL-1, especially in the setting of prolonged CIT[66].
Other studies comparing HTK with UW, report no difference in the occurrence of common complications or necessity of
operative revisions after LT, confirmed also in subgroup analyses for living donor and paediatric transplantation and
cases with prolonged CIT[67,68]. Moreover, HTK could have an economically superior profile due to low cost. Thus, it
remains unclear whether one of the solutions is preferable in situations with extensively prolonged CIT.

DYNAMIC PRESERVATION

Dynamic preservation should be included among the prospects to minimize CIT and improve graft outcomes. This
innovative strategy could not only replace static cold storage preservation and avoid CIT, but also offering a platform for
viability assessment[69]. Liver allografts can be preserved through hypothermic machine perfusion, normothermic
machine perfusion, and subnormothermic machine perfusion. Their use has the potential advantage of improving clinical
results in LT especially in extended criteria donor allografts[70]. Although associated with increased costs, techniques
employing machine perfusion of liver allografts have been considered clinically feasible but not yet well defined. Thus,
hypothermic and normothermic approaches may have complementary applications depending on the clinical situation
[71]. With the aim of reducing CIT, portable normothermic machine perfusion seems to be more effective since it allows
ischemia free procurement (as mentioned above), supports safe organ transportation, extends preservation times, enables
graft viability testing and improves recovery of injured liver graft[71].

CONCLUSION

In conclusion, CIT is one of the most important factors impacting graft and recipient survival and it is the result of the
accumulated time between organ procurement and organ transplantation. Because of the complicated network involved,
each step (donor, transit, recipient) should be considered to minimize CIT duration. Reducing donor hepatectomy,
recipient hepatectomy and back table time by novel procurement techniques and adequate fellow training, and
improving transportation with modern technologies maintaining organ (and surgeon) safety are the keys for a successful
reduction of CIT. Portable donor liver machine perfusion offers an effective method to reduce CIT and mitigate the effects
of CIT on graft injury, thereby expanding the liver donor pool and reducing waiting list mortality.
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