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ABSTRACT

الأهداف: وصف نموذج حيواني جديد لتروية الكبد خارج الجسم.

المنهجية: خلال الفترة من سبتمبر 2016م ويناير 2019م قمنا في مستشفى 
تعمل  تروية  دائرة  بعمل  بالرياض  الأبحاث  ومركز  التخصصي  فيصل  الملك 
للضغط  مستمر  قياس  مع  مستمر،  بضغط  مدفوعة  شريانية  مضخة  بواسطة 
وكمية السائل في الوريد البابي والشريان الكبدي. قمنا باستخدام سائل إرواء 
مؤكسج بدرجة حرارة الجسم )37 درجة مئوية(، بعد أن تم استئصال الكبد 

المستخدمة من الأغنام.

 9 إلى  للكبد لمدة تصل  النتائج: تم تحقيق نضح مستمر خارج الجسم الحي 
والوريد  الكبدي  الوريد  من  كل  في  مستقرين  وحجم  ضغط  مع  ساعات، 
البابي، لاحظنا إنتاج العصارة الصفراوية خلال فترة التروية، وكانت العلامات 
الحيوية مشابهة لما تم نشره سابقاً في نموذج تروية كبد الخنازير بإستخدام سائل 

بدرجة حراره طبيعيه.س

الأغنام،  باستخدام كبد  بنجاح  دائرة نضح خارج الجسم  إنشاء  الخلاصة: تم 
الفسيولوجية،  الدموية  الدورة  على  تحافظ  ناجحة  ضخ  دائرة  إنشاء  استطعنا 

المزيد من الأبحاث والدراسات على هذا النموذج الحيواني يبدو ممكناً.

Objectives: To describe a novel animal model for 
ex-vivo liver perfusion. 

Methods: This study was carried out at King Faisal 
Specialist Hospital and Research Center, Riyadh, 
Saudi Arabia, between September 2016 and January 
2019. We assembled a perfusion circuit operated 
by a continuous pressure-driven arterial pump with 
continuous portal and arterial pressure and volume 
measurements. We used normothermic oxygenated 
perfusate. The livers used were retrieved from the 
sheep.

Results: Ex-vivo continuous perfusion of the liver 
was achieved for up to 9 hours with stable pressure 
and volume in both hepatic artery and portal 
vein. In 4 experiments the arterial pressure was 
kept in a range of 48-52 mmHg with a mean of 
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51.75±4.31 resulting in arterial volume at steady 
state of 223.5±48.25 ml/minute (95% confidence 
level). At steady state the mean portal pressure 
was 16.25±1.45 mmHg with a mean volume of 
854±313.75 ml/minute (95% confidence level). 
Bile production was observed during the perfusion 
period. Hemodynamic parameters were similar to the 
physiological parameters observed in normothermic 
perfusion model of the porcine liver.

Conclusion: A normothermic oxygenated ex-vivo 
perfusion circuit was successfully constructed using 
the sheep liver. A sustainable functional circuit with 
physiological hemodynamic parameters was achieved. 
Further study on sheep model seems to be feasible.
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Organ preservation has been an important aspect 
in the logistics of organ transplantation that 

remarkably affects the eventual outcome of organ 
transplantation. Classically, this has been carried out 
through cold storage of the organs in order to decrease 
their metabolic rate, until they are perfused in the 
recipient.1 Though this has been very successful, it 
neither allows for the extension of preservation time nor 
for judging the quality of organs. Another disadvantage 
of cold preservation is the fact that it does not allow the 
manipulation of the organ in order to improve its quality 
while being prepared for implantation. Moreover, due 
to the higher complication rate, static cold storage 
does not seem to provide adequate protection to the 
harvested organs and other preservation strategies might 
be required for their safe use in transplantation. With 
these goals in mind, organ preservation using ex-vivo 
perfusion has been performed successfully in kidney 
and lung preservation.2,3 However, clinical experience 
with ex-vivo liver preservation is limited.4-7 On the other 
hand, there is a lot of experimental work carried out in 
both small and large animal models.8-12 Of particular 
interest is the most recent advance in experimental 
liver machine perfusion, in which purification of 
the perfusate was assessed in porcine model.13 In this 
study, we describe our initial experience with ex-vivo 
perfusion of the liver using the sheep as a novel animal 
model which is readily available especially in countries 
where using a porcine model is not possible for religious 
or cultural reasons. We also describe the circuit setup 
and the hemodynamic variable during isolated liver 
perfusion.

Methods. The research project was carried out 
between September 2016 and January 2019 after 
obtaining the necessary ethical approval at King Faisal 
Specialist Hospital and Research Center, Riyadh, Saudi 
Arabia.

In general, outbred male weanling sheep (30-40 kg) 
of Naimi strain (Ovis aries, Awassi), were used. The 
sheep were obtained from local market and housed in 
accordance with the international regulations for the 
Care and Use of Laboratory Animals.14 The sheep were 
placed in temperature and light-controlled cages under 

a 12:12 h light: dark cycle and provided with food 
and water ad libitum. The sheep were given 2 weeks 
acclimation period. A thorough physical examination, 
including the assessment of temperature, cardiac 
function, pulmonary ventilation, and hydration status 
by assessing mucous membrane color, and pulse quality 
was performed. Blood samples from jugular vein were 
obtained for routine laboratory work-up, including 
complete blood count, and chemistry profile to 
determine the animal health status. Initially we started 
with the strain Barbary (Ammotragus lervia) in 3 cases. 
However, the anatomy of the hepatic artery was found 
unsuitable because of its size and variability.

The sheep were premedicated with xylazine 
(0.05-0.2 mg/kg IM). The sheep were weighed and taken 
to the operating table, still spontaneously breathing, 
15 minutes (mins) after premedication. A 16-gauge 
3¼ inch percutaneous jugular catheter was placed and 
secured to allow for administration of induction agents, 
supplemental parenteral anesthetics and analgesics, and 
IV fluids. Propofol 4 mg/kg was injected through the 
IV route for induction. The sheep were then placed 
in sternal recumbency with a soft rope placed around 
each of the upper and lower jaw to facilitate opening 
the mouth and holding the head and neck elevated 
and extended. Using a laryngoscope, the larynx was 
visualized, and approximately 2 ml of lignocaine 20% 
was dripped onto the larynx using a syringe with 5¼ 
inch catheter without stylet. The endotracheal tube 
(ET) with an internal diameter of 8 mm was inserted, 
secured, and the cuff inflated. A large oral-gastric tube 
was inserted aiming to go as far as possible without 
undue force with the aim of proper positioning in the 
rumen of the multipartite stomach after laparotomy. 
At this point, the head could be lowered, and the 
sheep were positioned for surgery. The sheep were pre-
oxygenated with 100% oxygen and was administered 
inhaled isoflurane (2-5%, titrated to effect) to deepen 
the sedation. The sheep were ventilated with volume-
controlled intermittent positive pressure ventilation to 
maintain the end-tidal CO2 between 35-40 mmHg and 
PaO2 between 200-240 mmHg. A 16-gauge catheter 
was placed in the right carotid artery for continuous 
monitoring of the sheep’s blood pressure. Anesthesia 
was maintained with isoflurane (1-2% titrated to effect 
prior to skin incision. Fentanyl (100 mg followed by 
50 mg/h IV) was administered for analgesia. Warm 
crystalloid solution (0.9% NaCl, 20-25 ml/kg/h) was 
administered during the procedure.

A midline incision was made, with a right transverse 
extension. The abdominal cavity was then explored. 
The oral-gastric tube was palpated and positioned in 
the rumen reservoir of the stomach which is the largest 
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of the 4 stomach reservoirs. The abdominal viscera was 
retracted to the left, and the inferior vena cava (IVC), 
and aorta were exposed (Figure 1A). This was followed 
by mobilizing the infrarenal aorta that was encircled. 
We then exposed the supra-celiac aorta by incising the 
diaphragmatic crura. It was encircled with umbilical 
tape (Figure 1B). Attention was then paid to the hilum 
of the liver where the hepatic artery was identified and 
dissected as proximally as possible (Figure 1C).

The common bile duct was then dissected. We 
then cannulated and connected the aorta to a cold 
saline bag. The aorta and IVC were ligated at the iliac 
branching to exclude the lower limbs. The aorta was 
clamped at the supra-celiac part. The perfusate was then 
started, and the IVC was incised immediately to drain 
the circulation out. Saline perfusion was continued 
until the drainage started to clear. We then perfused 
using Histidine-Tryptophan-Ketoglutarat (Custodiol® 
HTK, Dr Franz Köhler Chemie GmbH, Germany) 
preservation solution. The liver was then procured. 
The aorta and IVC were dissected with ligation of the 
renal and superior mesenteric vessels. The structures of 
the hilum were then exposed. The portal and superior 

mesenteric veins were dissected carefully and ligated. 
The left gastric and the splenic arteries were ligated. 
The retrieval of the liver was completed with incising 
the diaphragm and IVC at the right atrium and finally 
the thoracic aorta. The average weight of livers was 
876 grams.

The ex-vivo perfusion circuit, which was built 
in-house at the King Faisal Specialist Hospital and 
Research Center, Riyadh, Saudi Arabia, was the 
modification of the circuit used by the Toronto group.15 
The components of the circuit include the following: 
biomedical pump (Bio-Pump® Centrifugal pump, 
Medtronic, Minneapolis, MN, USA); inflow tubing 
(portal and arterial); exit tubing (venous outflow); 
portal flow reservoir; heat exchange and oxygenator; 
and flow meters and monitor (System M®, Spectrum 
Medical, USA).

We also designed a metallic reciprocal with 
the necessary inflow and outflow gadgets. A fully 
functioning circuit, which was tested several times with 
necessary modifications, was thus developed (Figure 2).

After the completion of the connections, the circuit 
was started by switching on the biomedical pump 

Figure 1 -	 Sheep liver harvesting. A) The aorta and inferior vena cava (IVC) exposed for cannulation. B) The aorta at the hiatus of the diaphragm exposed 
for clamping just prior to organ flushing in preparation for retrieval. C) Anatomy of the liver hilum in the sheep; the hepatic artery (HA) 
encircled with the portal vein (PV), and the common bile duct (BD) posteriorly and laterally. 
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with manual adjustment of the pressure in the hepatic 
artery aiming for a pressure of at least 50 mmHg while 
observing the liver for overperfusion. The pressure 
in the portal vein was kept as low as possible by 
manually adjusting the height of the portal pressure bag 
(Figure 2A) while trying to keep the flow in the portal 
vein between 0.5-1.5 ml/mins/gram of liver tissue and 
observing for overperfusion. The perfusates used were 
HTK (Custodiol®, Dr Franz Köhler Chemie GmbH, 
Germany), Steen solution (STEEN Solution™ XVIVO, 
USA), and albumin-based fluid with packed red blood 
cells at hematocrit of 15%. The fluid was normothermic 
and oxygenated with addition of heparin.

Results. We experimented on 10 livers after the 
successful retrieval. The mechanical characteristic of the 
circuit was the focus of the experiments trying to keep 
the flow, pressure, and volume as steady as possible. 
After several experiments, we managed to reach a 
steady state with continuous liver perfusion for up to 9 
hours as shown in Figure 3&4. Flow and pressure were 
continuously monitored and projected into a real-life 
graphic image produced by System M® (Spectrum 
Medical, Fort Mill, SC, USA).

In the 4 experiments, the arterial pressure was 
kept in a range of 48-52 mmHg with a mean of 
51.75±4.31 resulting in arterial volume at steady state 

Figure 2 -	Normothermic oxygenated machine perfusion circuit. A) A schematic representation. B) Components of the normothermic machine 
perfusion system.

Figure 3 -	Hemodynamics in the sheep liver showing a steady state 
over 3 hours with a portal pressure average of 16-19 mmHg 
and volume up to 450 ml/min. The hepatic artery (HA) 
pressure average is around 50 mmHg with a volume of 
120-200 ml/min. PV: portal vein

of 223.5±48.25 ml/mins at 95% confidence level. The 
portal pressure was kept below 20 mmHg by adjusting 
the height of the portal bag. At steady state the 
resulting mean portal pressure was 16.25±1.45 mmHg 
with a mean volume of 854±313.75 ml/mins at 95% 
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confidence level. The perfused liver produced bile as 
shown in Figure 5.

Discussion. Ideal settings for ex-vivo liver perfusion 
should consider the optimization of fluid dynamics, 
perfusion solution, temperature, and oxygenation. 
Oxygenation and temperature are relatively easy 
to control compared to the hemodynamics. The 
hemodynamics of liver circulation is complicated as it 
is the only organ in the body that receives blood from 2 
sources (namely, the portal vein, and hepatic artery). The 
reciprocal contribution of volume and pressure in these 
2 sources seems to be dynamic in response to different 
metabolic needs. The use of mechanical device to 
sustain physiological flow and pressure in ex-vivo circuit 
is very challenging since they are intimately interrelated 
hemodynamic parameters. Attentive regulation of these 
parameters is very crucial to have successful ex-vivo 
perfusion. High pressure may lead to shear stress that 
could be damaging to the sinusoidal endothelium. On the 
other hand, low pressure may cause sinusoidal collapse 
that could result in an heterogenous perfusion. The 
aim of the pressure-controlled perfusion is to approach 
near physiological pressures with portal pressure 
ranging between 5-15 mmHg and an arterial pressure 
of 60-130 mmHg. Isolated porcine liver perfusion has 
been studied by several groups with variation in the 
hemodynamic paramours and difference in the way the 

Figure 4 -	Hemodynamics in the sheep liver showing a steady state over 9 hours with a portal pressure average of 17-20 
mmHg and volume up to 1400 ml/min. The hepatic artery (HA) pressure average is around 50 mmHg with a 
volume of 300 ml/min. PV: portal vein

Figure 5 -	 Sheep liver with a cannulated hepatic artery (HA), portal 
vein (PV), and inferior vena cava (IVC). A) Perfused with 
normothermic oxygenated albumin-based fluid with packed 
red blood cells. B) Steen solution with resulting bile duct (BD) 
production. 
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circuit is controlled.8,9 Table 1 lists some of the studies 
showing pressure and volume of the portal vein, and 
hepatic artery during isolated porcine perfusion. As can 
be seen, there is a wide variation in these values with 
hepatic artery pressure ranging between 59-130 mmHg 
and volume of 150-600 ml/min. The portal vein 
pressure varied between 5-18 mmHg with volume 
ranging between 250-1750 ml/min.

Using the sheep liver, we were able to sustain the 
circuit for more than 8 hours with a close range of 
volume, flow, and pressure in hepatic artery, portal vein, 
and hepatic vein. This needed a close monitoring of 
these parameters in order to prevent over perfusion and 
organ swelling, which is expected to have a deleterious 
effect on the organ. Our values are within the range of 
those obtained in an isolated porcine model.

Though the model is well established in pigs, we 
were able to apply it on sheep livers. in which the sheep 
liver was used. Of particular importance is the technical 
difficulties in dealing with the large multipartite 
stomach. Oral gastric tube, though essential had limited 
efficacy in deflating the stomach which makes surgical 
exposure challenging. This report concentrated on the 
mechanical characteristics of ex-vivo perfusion without 
looking at the biochemical characteristics. The outcome 
we have observed is very encouraging to proceed with 
further experimental work.

We demonstrated the potential of using sheep model 
to study isolated normothermic perfusion. This is 
especially important in countries where porcine model 
cannot be used for cultural and religious reasons.

Study limitations. The number of experiments 
executed were limited (4 successful experiments). 
There was a wide variation in the dynamics of the 4 
experiments. However, we eventually managed to 
achieve stable flow and pressure dynamics which is 
comparable to those in the well-established porcine 
model. The other limitation of our study is the lack 
of biochemical measurements. The only functional 
parameter obtained was observing bile excretion. This 
work may open the door for using this novel animal 
model to explore isolated liver perfusion in future 
research.

In conclusion, we managed to build an ex-vivo 
perfusion circuit, in which we used the liver from a 
sheep model. We sustained 9 hours of continuous 
perfusion with relatively stable hemodynamics. This 
model is encouraging for further experimental studies 
on ex-vivo liver perfusion.
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