
2504  |        Artificial Organs. 2022;46:2504–2510.wileyonlinelibrary.com/journal/aor

Received: 13 March 2022  |  Revised: 8 June 2022  |  Accepted: 18 July 2022

DOI: 10.1111/aor.14372  

C A S E  R E P O R T

Long- term normothermic perfusion of human livers for 
longer than 12 days

Ngee- Soon Lau1,2,3  |   Mark Ly1,2,3 |   Claude Dennis4 |   Ken Liu1,3 |   
James Kench3,4 |   Michael Crawford1,2 |   Carlo Pulitano1,2,3

1Australian National Liver Transplantation Unit, Royal Prince Alfred Hospital, Sydney, New South Wales, Australia
2Centre for Organ Assessment Repair and Optimisation, Royal Prince Alfred Hospital, Sydney, New South Wales, Australia
3Faculty of Medicine and Health, The University of Sydney, Sydney, New South Wales, Australia
4Department of Tissue Pathology and Diagnostic Oncology, NSW Health Pathology, Royal Prince Alfred hospital, Sydney, New South Wales, Australia

Correspondence
Carlo Pulitano, Australian National Liver Transplantation Unit, Royal Prince Alfred Hospital, 50 Missenden Road, Camperdown, NSW 2050, 
Australia.
Email: carlo.pulitano@sydney.edu.au

Keywords: ex situ machine perfusion, long- term perfusion, split livers

Ex situ machine perfusion technology has provided the 
opportunity  for  assessment  and  resuscitation  of  grafts 
prior to implant but the focus of this technology has so 
far been on short- term perfusion  (≤24 h).1,2 Long- term 
ex  situ  machine  perfusion  for  days- to- weeks  raises  the 
possibility of meaningful liver repair and regeneration.3 
Although  this has been reported up  to 7– 11 days using 
subnormothermic conditions (34°C),4,5 long- term perfu-
sions of grafts beyond this time and using true normo-
thermic  conditions  (36°C)6  have  never  been  reported. 
Here,  we  report  the  longest  ever  ex  situ  perfusion  of 
human livers.

A 30- year- old liver was declined for transplantation at 
our  center  through  the  donation  after  circulatory  death 
(DCD) pathway due to a prolonged time between the with-
drawal of cardiorespiratory support and cessation of cir-
culation (31 min). Similarly, a 44- year- old DCD pathway 
liver was declined due to simultaneous offers at our cen-
ter and the inability to perform simultaneous transplants. 
The functional warm ischemia time (WIT) (systolic blood 
pressure ≤ 50 mm Hg to cold flush) was 29 and 14 min, re-
spectively. The asystolic WIT (cessation of circulation  to 
cold flush) was 4 and 7 min, respectively. The livers were 
procured in the usual fashion and reperfused ex situ after 

a cold ischemia time (cold flush to ex situ reperfusion) of 
449 and 274 min, respectively.

We  modified  a  commercial  organ  perfusion  system 
(LiverAssist,  Xvivo,  Gronigen,  Netherlands)  by  adding 
long- term  oxygenators  (Quadrox- iD  Pediatric,  Macquet, 
Getinge  Group,  Rastatt,  Germany)  for  long- term  perfu-
sion  and  a  gas- blender  (Low  Flow  2003  Series,  Bio- Med 
Devices,  Connecticut,  USA)  for  mixing  of  compressed 
air and oxygen (Figure 1). The system utilizes a pressure- 
controlled dual- pump circuit which was set at 60 mm Hg 
and  8 mm Hg  for  the  hepatic  artery  and  portal  vein  re-
spectively. A dialysis filter (Polyflux, Baxter, Illinois, USA) 
was added in parallel for filtration of water- soluble toxins 
and  regulation  of  perfusate  volume  (Figure  1). The  per-
fusate was prepared by mixing 4 units of human- packed 
red  cells,  2  units  of  fresh  frozen  plasma,  200 ml  of  20% 
albumin,  1  L  of  normal  saline,  and  10– 20 ml  of  sodium 
bicarbonate (8.4%). Perfusion was maintained at normo-
thermia (36°C) without perfusate exchange and anticoag-
ulated using intermittent enoxaparin (100 mg twice daily). 
Cephazolin (1 g daily) was used for antibiotic prophylaxis. 
Nutrition was maintained with amino acids (10– 20 ml/h, 
Synthamin  17,  Baxter  Healthcare,  Illinois,  USA),  lipids 
(0.1 ml/h, Clinoleic 20%, Baxter Healthcare, Illinois, USA), 
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F I G U R E  1  Schematic and system set up for the modified commercial liver perfusion system. We modified a LiverAssist (Xvivo, 
Gronigen, Netherlands) by adding long- term oxygenators (Quadrox- iD Pediatric, Macquet, Getinge Group, Rastatt, Germany), a gas- blender 
(Low Flow 2003 Series, Bio- Med Devices, Connecticut, USA) and a dialysis filter (Polyflux, Baxter, Illinois, USA). The system utilizes a dual- 
pump pressure- controlled circuit with a thermoregulator and an open venous reservoir. [Color figure can be viewed at wileyonlinelibrary.
com ]
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taurocholic  acid  (7.7  mg/h)  and  methylprednisolone 
(21 mg/h). Glucose was maintained between 5– 15 mmol/L 
by titration of glucose (10%), glucagon (20 μg/ml), and in-
sulin (Actrapid 2 IU/ml) infusions. Oxygenation and acid– 
base balance was maintained to a pO2 of 100– 200 mm Hg 
and a pH of 7.3– 7.45 by adjustment of oxygen- compressed 
air ratios. Hemoglobin was maintained between 55– 65 g/L 
by adjustment of dialysis filtration.

The whole livers were surgically split during continuous 
normothermic  perfusion  into  extended  right  grafts  (ERG, 
segments I, IV- VIII) and left lateral segment grafts (LLSG, 
segments  II  and  III),  as  we  have  previously  described,7 

and the ERGs were transferred to a second liver perfusion 
system. This model of  liver splitting and  long- term perfu-
sion  was  chosen  for  its  potential  in  studying  therapeutics 
with a matched control and to facilitate the study of  liver 
injury and regeneration. Supportive perfusion under phys-
iological conditions continued until the grafts were clearly 
non- viable  with  an  exponentially  rising  lactate,  cessation 
of bile production, or unresponsive hypoglycemia. For the 
first liver, the whole liver was split after 15.5 h of resusci-
tation and the splitting took 110 min. The resulting LLSG 
survived for a total of 107 h, and the ERG for 288 h (12 days). 
For the second liver, the whole liver was split after 21.5 h of 

F I G U R E  2  Evidence of preserved metabolic activity during long- term ex situ machine perfusion of human livers. (A) Lactate from packed 
red blood cells was cleared rapidly by all grafts, and lactate clearance was maintained until graft failure at 107 h, 288 h, 328, and 328 h for the 
4 grafts respectively. (B) Bile production adjusted to the weight of each partial graft was constant with a deterioration in the rate of production 
towards the point of graft failure. (C) Bile pH remained high (>7.45) for the majority of perfusion for both partial grafts but decreased towards 
the point of graft failure. (D) Perfusate bilirubin levels remained stable during perfusion before rising exponentially towards the point of graft 
failure. (E) Factor V levels rose during the corresponding period of stable liver function and decreased towards the point of graft failure. (F and 
G) Perfusate gamma- glutamyl transferase (GGT) and alkaline phosphatase (ALP) levels rose in the first 72 h and 48 h of perfusion respectively 
before plateauing. There was a second peak toward the end of the perfusion. (H) Perfusate levels of alanine aminotransferase (ALT) peaked 
in the first 24 h of perfusion and stabilized during the long- term phase. (I) Tissue adenosine triphosphate (ATP) demonstrated an initial fall 
followed by a plateau in all grafts during long- term perfusion. [Color figure can be viewed at wileyonlinelibrary.com ]
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resuscitation and the splitting took 106 min. The LLSG and 
ERG from this liver both survived for 328 h (13 days).

Preserved liver metabolic activity was evidenced by lac-
tate clearance, production of bile, maintenance of bile pH, 
stable liver biochemistry, production of coagulation factors, 
and stable deposition of ATP in both grafts (Figure 2). As 
grafts became non- viable, we noted an increase in vascular 
resistance, unresponsive hypoglycemia (with an increased 
glucose requirement), rising bilirubin, and worsening per-
fusate acidosis (Figures 2 and 3). The liver architecture was 

preserved in liver biopsies taken throughout perfusion with 
minimal evidence of hepatocyte detachment, bile duct in-
jury, or coagulative necrosis (Figure 4). Perfusate cultures 
taken  at  96 h  after  splitting  were  negative  but  a  mixed 
growth  of  gram- negative  and  gram- positive  bacteria  was 
evident in perfusate cultures at 306 h after splitting for the 
two grafts that survived to 13 days.

To  our  knowledge,  this  is  the  longest  ever  reported 
ex  situ  perfusion  of  a  liver  under  normothermic  condi-
tions.  After  surviving  a  surgical  split,  the  partial  grafts 

F I G U R E  3  Evidence of worsening liver function at the end of perfusion during long- term ex situ machine perfusion of human 
livers. (A and B) For all livers (A: Liver 1, B: Liver 2) and all partial grafts, perfusate glucose levels remained stable during long- term 
perfusion sustained on infusions of glucose and glucagon. Towards the end of perfusion, there was a trend towards hypoglycemia with a 
corresponding increasing glucose requirement until the liver failed. (C) Perfusate pH was neutral or alkalotic throughout perfusion until the 
end of perfusion where acidosis predominated and was unresponsive to treatment. (D and E) Portal vein flow and corresponding resistance 
in the left lateral segment grafts (LLSG) (D) and extended right grafts (ERG) (E) remained stable until the end of perfusion where there was 
an increase in vascular resistance and a corresponding decrease in portal vein flow. (F and G) Hepatic artery flow and resistance in the left 
lateral segment grafts (F) and extended right grafts (G) remained stable during perfusion. There was an increase in hepatic artery flow in the 
left lateral segment graft towards the end of the perfusion. [Color figure can be viewed at wileyonlinelibrary.com ]
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demonstrated  preserved  metabolic  function  for  up  to 
13 days, 1 week longer  than previous reports, which also 
used  subnormothermic  conditions  (34°C).4– 6  We  believe 
that  the  key  modifications  facilitating  this  extended  sur-
vival  were  the  dialysis  filter  for  toxin  removal  and  the 
air- oxygen  gas- blender  for  intensive  regulation  of  acid– 
base balance. This was also all achieved using a modified- 
commercial  system,  making  this  an  easily  reproducible 
and repeatable model.

Currently available markers of liver function are by no 
means perfect. Unfortunately, livers in this study were not 

currently considered suitable for clinical use at our center 
and, therefore, evaluation of preserved function by trans-
plantation  was  not  possible.  All  4  grafts,  however,  met 
the  viability  criteria  for  transplantation  proposed  by  the 
VITTAL  clinical  trial  (lactate ≤ 2.5 mmol/L,  two  or  more 
of: bile production, pH ≥ 7.30, glucose metabolism, hepatic 
arterial flow ≥ 150 ml/min, and portal vein flow ≥ 500 ml/
min,  or  homogeneous  perfusion)8  immediately  prior  to 
splitting and at 24 h after splitting (Table 1).

The  successful  ex  situ  perfusion  of  partial  human 
livers  for  up  to  13 days  in  this  case  series  sets  the  new 

F I G U R E  4  Macroscopic and microscopic evidence of preserved architectural integrity during long- term ex situ machine perfusion of human 
livers. Macroscopic images of left lateral segment grafts (A), and extended right grafts (B) at 4, 96, and 240 h after splitting. Hematoxylin and 
eosin- stained sections of core biopsies (C) were taken at 4, 96, and 240 h after splitting (200× magnification). Occasional patchy areas of necrosis 
are seen (arrow) but the liver architecture was preserved in all sections from 4 h to 240 h after splitting (scale bar 100 μm). Periodic- acid Schiff- 
stained sections of core biopsies (D) were taken at 4, 96, and 240 h after splitting (200× magnification, scale bar 200 μm). Glycogen deposition 
increases within hepatocytes over time demonstrating energy storage during perfusion. [Color figure can be viewed at wileyonlinelibrary.com ]
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standard  for  long- term  perfusion.  With  ongoing  devel-
opments  in the evaluation of graft viability,9 we believe 
that the value of this model is in its ability to provide the 
basis for a meaningful study of liver function ex situ in 
the long- term. This may in turn permit the development 
of  sophisticated viability protocols. Despite  these grafts 
coming  from  young  donors  which  could  have  contrib-
uted to their extended survival, questions remain about 
why these organs eventually failed. Possible causes could 
include failure to meet metabolic needs and overwhelm-
ing  infection.  Future  work  should  aim  to  understand 
these reasons for organ failure with the goal of preserva-
tion for weeks to months to truly realize the potential of 
long- term perfusion.
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