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INTRODUCTION

Aberrant arterial anatomy is present in approximately 
30% of livers.1,2 With increasing numbers of organ pro-
curements and transplant operations being carried out, 
clinicians are encountering these anomalies frequently 
(Figure 1). This poses a challenge during implantation as, 
in most recipients, it is preferable to have a single anas-
tomosis between the donor and recipient hepatic arteries. 
Only very rarely is it possible to use 2 separate sources 
of run-in for arterial reconstructions. The options there-
fore in the traditional setting are to (a) perform an arte-
rial reconstruction between the graft vessels during cold 
preservation before implantation (in an ice bath) or (b) 

perform an additional reconstruction sequentially in situ 
after establishing the main arterial vascular inflow. Both 
of  these approaches almost inevitably prolong the cold 
ischemic time (for ex situ reconstruction) or the period of 
time before arterial reperfusion (for in situ reconstruction). 
The nature of the arterial reconstruction varies between 
cases depending on the anatomical aberration.

Normothermic machine preservation (NMP) involves per-
fusing a liver with oxygenated blood, medications, and nutri-
ents at normal body temperature to preserve it in a functioning, 
physiological state. There is accumulating evidence that NMP 
may improve the quality of organs at the end of preservation, 
while also enabling assessment of organ viability and safely 
extending preservation times according to logistical needs.3-5
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A further, often underappreciated, benefit of NMP is the 
potential to surgically intervene the graft using a medium in 
which the impact of this intervention can be evaluated mechan-
ically and functionally in real time without jeopardizing patient 
safety. Although this potential is often mentioned as a possibil-
ity of NMP, to date it has not been used in clinical practice.

Hepatic artery integrity is crucial for the success of liver 
transplantation. Cannulation of the hepatic artery, as is per-
formed during NMP, does have the potential to cause arte-
rial injury, although no such problems have been reported in 
clinical studies to date. Meanwhile, recent advances in NMP 
cannulation technology have enabled dual cannulation tech-
niques to be applied clinically allowing grafts with aberrant 
hepatic artery anatomy to be perfused successfully. This leaves 
the implanting surgeon to decide on arterial reconstruction 
technique—whether to perform these anastomoses in the 
recipient or consider the alternative of ex vivo reconstruction 
during NMP. This early report aims to shed light on the latter 
option, its safety and feasibility in an era in which machine 
perfusion is likely to reshape liver transplantation practice.

MATERIALS AND METHODS

The series described herein are cases from the Consortium 
for Organ Preservation in Europe (COPE)3 randomized con-
trolled trial comparing NMP with static cold storage. The 
COPE trial recruited a total of 335 cases for randomization 
between June of 2014 and March 2016, of which 221 were 
successfully transplanted. From the total group, Birmingham 
recruited 117 patients and transplanted 105, being 59 cases 
(56%) randomized to the machine perfusion arm. All the 
cases included in this case series were performed at a sin-
gle transplant center. Organs were procured using standard 
donor after cardiac death or donor after brain death (DBD) 
retrieval technique, and all grafts randomized to the NMP 
arm were preserved from donor hospital to implantation 

using the OrganOx Metra device. As described in detail in the 
COPE trial protocol,3 approval was obtained from national 
research ethics committees and medical device regulatory 
bodies in each trial region, the trial protocol was registered 
before recruitment (ISRCTN 39731134), and all relevant ethi-
cal regulations relating to the conduct of this study were fol-
lowed at each trial site.

Before initiating NMP at the donor hospital, macroscopic 
evaluation of the graft including presence of steatosis and 
vascular abnormalities is recorded by retrieval surgeon. Back-
table preparation of the liver is then performed after which 
the organ is cannulated, connected to the machine, and the 
perfusion commenced. The liver back table is conducted in 
the standard fashion, with skeletonization of the inferior vena 
cava (IVC), hepatic artery (HA) as far as the gastroduodenal 
artery (GDA), and portal vein to the level of its bifurcation. 
Meticulous hemostatic technique is crucial during this process 
as it is not sufficient for the organ to be “blood-tight”—the 
perfusate is composed of packed red cells, gelofusin, and hep-
arin with no platelets or clotting factors present. Therefore, 
any bleeding that occurs will persist for the duration of the 
perfusion. The liver needs to be “water-tight.”

Once the back table is complete, the cannulation process 
begins with closure of the suprahepatic IVC (using either with 
a vascular stapler or suture). The infrahepatic IVC, HA, and 
portal vein are then cannulated using appropriately sized, 
wire-reinforced cannulae secured in place using a heavy vic-
ryl ligature (or equivalent) with additional reinforcement of 
the IVC cannula using a nylon tape snugger. A silicon tube is 
secured in the bile duct to enable measurement of bile produc-
tion (Figure 2).

In the 5 cases presented, aberrant arterial anatomy was 
encountered, which prevented standard single vessel cannula-
tion. Accordingly, a dual arterial cannulation technique was per-
formed using a Y-piece adaptor to attach 2 cannulae to the arterial 
line (Figure 2). Once in the recipient center, ex vivo hepatic artery 

FIGURE 1. Commonly encountered aberrant hepatic artery (HA) anatomy. Variant hepatic vessels originate from a source different than the 
hepatic artery (ie, an accessory left hepatic coming from the left gastric artery). An “accessory” is a variant vessel that runs parallel to the normal 
left or right hepatic artery, in contrast to a “replaced” vessel, which provides exclusive arterial supply to that particular lobe (ie, a replaced right 
hepatic artery arising from the superior mesenteric artery supplies exclusively the right hepatic lobe).
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reconstruction during NMP was performed by the implanting 
team. A functional evaluation of the reconstruction including 
anastomotic patency, macroscopic appearance of the graft, and 
lactate clearance was carried out before transplantation.

Graft implantation was carried out by the participat-
ing transplant teams according to standard local protocols. 
Selection of inflow vessel, magnification, and type of arterial 
anastomosis was done according to the transplanting surgeon 
preference. The use of operating microscope was not required 
in any of the presented cases. In our group, the use of antico-
agulation is not standard after an arterial reconstruction, and 
the use of platelet antiaggregating therapy is common, usually 
decided by the treating surgeon in a case by case basis.

RESULTS

We present 5 consecutive cases of ex vivo reconstruction of 
an aberrant right hepatic artery (RHA) or left hepatic artery 
(LHA) performed during NMP. In all cases the ex situ recon-
struction was performed in the NMP device liver bowl with 
cannulae in situ during normothermic perfusion using stand-
ard reconstructive technique. This was usually an oblique, 
end-to-end anastomosis of RHA on to splenic or GDA using a 
continuous, circumferential suture technique with 7-0 prolene. 
The automated feature of the NMP device allowed flows to be 
maintained even with significant manipulation of the vessels 
or cannulae. If flows are compromised this is displayed on the 
graphical user interface and, if flow is persistently absent, an 
alarm sounds.

A summary of each case is shown in Table  1. A more 
detailed description follows below.

Case 1
A liver from a 72-y-old female DBD donor was accepted 

for transplant following NMP preservation. During the 

warm-phase dissection in the donor a replaced RHA was iden-
tified arising from the superior mesenteric artery (SMA). The 
aorta was retrieved intact including celiac artery and SMA 
(Figure 3A). Following back-table preparation, the aorta was 
cannulated and perfusion of HA and SMA performed via the 
aorta (Figure 3B). The organ perfused well achieving HA flows 
500 mL/min with lactate dropping from 10.1 mmol to 1.3 
mmol by 1 h, then falling further to 0.3 mmol by 6 h.

After approximately 15 h NMP, anastomosis of the RHA 
to the GDA was performed. On completion of this recon-
struction HA flow remained at 500 mL/min with no change 
in lactate.

The organ was transplanted successfully into a recipient 
affected by primary biliary cirrhosis. The time from end of 
NMP to portal reperfusion was 58 min. HA reperfusion 
occurred 28 min later. The recipient remains well at 2 y.

Case 2
The liver from a 73-y-old female, donor after cardiac death 

donor with a previous diagnosis of nonalcoholic steato hepa-
titis on United States was accepted for transplant following 
NMP preservation. The functional warm ischemic time was 
16 min. The liver weighed approximately 2 kg with macro-
scopic appearance of moderate steatosis and some nodularity 
(Figure 3C). During back-table preparation a replaced RHA 
was identified arising from the SMA. The HA and SMA were 
cannulated separately and perfused well, achieving HA flow 
400 mL/min with lactate falling from 17.6 mmol to 6.1 mmol 
in the first hour before falling further to 0.8 mmol.

After approximately 7 h NMP, anastomosis of the RHA to 
the splenic artery was performed (Figure 3D). On completion 
of this reconstruction HA flow remained at 400 mL/min with 
no change in lactate.

The organ was perfused for a total of 8 h 45 min before 
being transplanted successfully into a recipient with hepato-
cellular carcinoma. The time from end of NMP to portal rep-
erfusion was 30 min HA reperfusion occurred 36 min later. 
The recipient remains well at 2 y.

Case 3
The liver from a 41-y-old male, DBD donor was accepted 

for transplant following NMP preservation. During the warm-
phase dissection in the donor, a replaced RHA was identified 
arising from the SMA. The celiac artery and SMA were can-
nulated separately (Figure  3E) and perfused well achieving 
flows of 600 mL/min with lactate falling from 10.1 mmol to 
1.5 mmol and normalization of most physiological param-
eters by 1 h (Figure 3F).

After approximately 4 h 30 min, NMP anastomosis of the 
RHA to the splenic artery was performed. On completion of 
this reconstruction HA flow remained at 600 mL/min with no 
change in lactate.

The organ was transplanted successfully into a recipient 
with polycystic liver disease. The time from end of NMP to 
portal reperfusion was 20 min HA reperfusion occurred 40 
min later. The recipient remains well at 2 y.

Case 4
The liver from a 57-y-old female, DBD donor was accepted 

for transplant following NMP preservation. During the warm-
phase dissection in the donor, an accessory LHA was identi-
fied arising from the left gastric artery and an accessory RHA 

FIGURE 2. A cannulated liver during NMP. CBD, common bile 
duct; HA, hepatic artery; IVC, inferior vena cava; NMP, normothermic 
machine perfusion; PV, portal vein.
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arising from the SMA (Figure 3G). Dual cannulation of the 
celiac and SMA was performed and perfused well achieving 
flows of 300 mL/min with lactate falling to 0.1 mmol by 2 h.

After approximately 17 h NMP, anastomosis of the RHA 
to the splenic artery was performed (Figure 3H). On comple-
tion of this reconstruction HA flow remained at 300 mL/min 
with no change in lactate.

After NMP the graft was transplanted successfully into a 
recipient with hepatocellular carcinoma. The time from end 
of NMP to portal reperfusion was 23 min. HA reperfusion 
occurred 52 min later. The recipient remains well at 2 y.

Case 5
The liver from a 55-y-old female, DBD donor was accepted 

for transplant following NMP preservation. The 1.7 kg liver 
appeared moderately steatotic with a replaced LHA that was 
inadvertently divided close to the hilum during the retrieval. 
This was identified on the back table and a bulldog clip 
placed across it (Figure 3I) as the vessel length was consid-
ered too short for safe cannulation. On commencing NMP 
lactate dropped from 16 to 1.3 mmol in the first hour of 
NMP, but there was visible hypoperfusion of the left lobe 
(Figure 3J left).

On arrival at the transplanting center a 2-stage reconstruc-
tion was performed, initially anastomosing the accompanying 
iliac vessels to the replaced LHA and establishing dual perfu-
sion through the celiac artery and iliac artery.

Once perfusion had been reestablished through the replaced 
LHA the liver appearance improved (Figure 3J right), HA flow 
increased from 400 to 800 mL/min and lactate fell from 1.3 to 
0.3 mmol. After 7 h 43 min, NMP the liver was removed from 
the device and the reconstruction completed in the cold phase 
with the remaining limb of the iliac vessel anastomosed to the 
celiac artery. It was then transplanted into a recipient with 
alcoholic liver disease. The time from end of NMP to portal 
reperfusion was 73 min HA reperfusion occurred 27 min later. 
The recipient remains well at 2 y.

Outcomes
All patients survived transplantation, having spent 1–7 d 

in the intensive care unit and discharged home after 5–15 d. 
None of the cases developed early allograft dysfunction or 
any early technical complications including hepatic artery 
thrombosis. All patients have received at least 2 y follow-up 
with no evidence of late hepatic artery thrombosis, stenosis, 
or any other vascular–related complication. Four of the 5 
patients underwent magnetic resonance cholangiopancreatog-
raphy (as part of the trial protocol) at 6 mo with no evidence 
of ischemic cholangiopathy reported.

DISCUSSION

The case series described above suggests that minor, yet 
crucial surgical interventions to the liver graft during ex 
vivo NMP are feasible, safe, and effective. The preparation 
and cannulation processes have been identified as the criti-
cal steps in achieving a successful normothermic perfusion. 
Simple interventions such as the repair of minor damage 
or hemorrhage control are unquestionably safe and often 
necessary to maintain a successful perfusion. However, until 
now, the feasibility of more substantial interventions has 
been uncertain.T
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There are a range of benefits to performing surgical inter-
ventions during normothermic perfusion. First, provided the 
arterial reconstruction is performed using the splenic or GDA, 

then these branches can be side-clamped while normothermic 
perfusion continues via the main hepatic artery, supplying the 
majority of the liver graft without compromising perfusion. 

FIGURE 3. Back-table preparation and NMP of 5 arterial reconstruction during NMP cases. aLHA, accessory left hepatic artery; aRHA, 
accessory right hepatic artery; DBD, donor after brain death; DCD, donor after circulatory death; HA, hepatic artery; NMP, normothermic 
machine perfusion; NMP, normothermic perfusion; rRHA, replaced left hepatic artery; SMA, superior mesenteric artery.
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This prevents the intervention from impacting on the cold 
ischemia time6 or implantation time,7 both of which have 
been shown to be important in preventing later complications.

Second, the necessity of the intervention can be assessed. 
It is not always apparent if an aberrant hepatic artery is an 
accessory vessel or a replaced artery supplying an important 
territory of the liver. As was demonstrated in case 5, this aber-
rant left hepatic vessel was critical to the perfusion of the left 
lateral section of the liver. Not only was demarcation of this 
segment seen when the vessel was clamped but, once normo-
thermic perfusion through this vessel was established, it was 
accompanied by a further substantial drop in lactate. Such 
easily measurable changes may be useful in guiding whether it 
is safe for such a vessel to be sacrificed if, for example, it has 
been injured during the retrieval process.

Third, performing the reconstruction during NMP allows the 
mechanical integrity of the reconstruction to be assessed. Any 
problems can then be corrected without exposing the recipient 
to the risks of bleeding or extended reconstruction periods once 
the graft is implanted, should refashioning be required.

We have not observed any complications as a consequence 
of performing ex vivo arterial reconstruction. In particular, 
none of the recipients developed biliary complications dur-
ing their 2-y follow-up or displayed radiological evidence 
of biliary strictures. This is perhaps surprising given that for 
the duration of the reconstruction the aberrant vessel’s ter-
ritory is potentially experiencing warm ischemia. However, 
in this normothermic model, the portal venous supply is also 
fully oxygenated, which may mitigate the effects of arterial 
hypoperfusion.

Other groups have already reported performing liver split-
ting during normothermic perfusion.8 This, combined with 
our experience, suggests that it may be feasible to foresee even 
major surgical resections during ex vivo normothermic liver 
perfusion. The logical next step would be to consider perform-
ing ex vivo resections of complex hepatic lesions using nor-
mothermic perfusion. Such resections are currently performed 
under conventional cold storage conditions often involving 
an anhepatic phase of several hours. On autotransplanta-
tion of these organs there is a risk or primary nonfunction9 

or significant hemorrhage, both of which may be avoidable 
using NMP.

As NMP gains traction in the liver transplant community 
its wider applications are being explored. Much attention is 
focused on the development of ex vivo therapeutic interven-
tions such as defatting agents. However, it is apparent that 
NMP can also be a tool for surgical intervention. Refinements 
in the design of the NMP liver bowl may be needed if more 
complex resections are to be considered; at present, the access 
to the liver is somewhat restricted by the high bowl edges. 
But the experience to date suggests that such interventions are 
safe, effective, and may offer advantages over existing ex vivo 
surgical techniques.
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