TCM&GM], December 2023 Khodeli at al.

Perfusion scheme for long-term preservation of isolated pig liver in an ex-
periment

Khodeli N.’, Pilishvili O.', Kordzaia D.', Chkhaidze Z.'

Abstract

Background: Recently, the method of machine perfusion of a liver transplant, which has been gaining popularity, justifies
the hopes placed on it. At the same time, the existence of many perfusion schemes confirms the need to find the optimal one.
The purpose of this study was to experimentally develop a perfusion scheme for long-term preservation of the liver outside
the body by perfusion with normothermic oxygenated blood.

Materials and methods: To create a perfusion device, we used a roller blood pump console, a standard pediatric oxygenator,
venous and arterial filters, polyvinyl chloride and silicone lines, and a constant-flow-to-pulsating (external pulsator) converter
of our own design. In the perfusion scheme after the roller pump, the blood flow was divided into two streams. The first was
sent to the oxygenator. Then, having passed the pulsator, the flow was fed through the aortic stump into the hepatic artery.
The second flow was directed to the upper soft-walled tank. As an experimental model, 5 pigs weighing up to 20 kg were
used. Under general endotracheal anesthesia under conditions of thoraco-laparotomy, the liver was explanted along with a
section of the caudal vena cava and aorta. Injection cannulas were inserted into the aorta and portal vein, and a draining can-
nula was inserted into the distal end of the vena cava. The cannulas were connected to the perfusion machine and perfusion
of the organ was started. Sensors for monitoring blood flow volume, pressure, temperature, and blood oxygen saturation were
located at different parts of the perfusion scheme.

Results and discussion: All experiments were carried out for 12 hours. The temperature of the perfusate was maintained
within the range up to 37°C; volumetric blood flow in the portal vein was 450-500 ml/min; pressure was maintained within
12-24 mm Hg; the pulse rate in the attetial line did not exceed 100 beats/wotld; volumettic blood flow in the hepatic artery
averaged 80-120 ml/min; the average pressure was maintained within 70 mm Hg. Dosing clamps located on the lines provid-
ed the opportunity to optimally redistribute the perfusate flows. So in the caudal vena cava, the pressure was maintained with-
in the physiological norm. At the same time, the required level of perfusate for gravitational injection into the portal vein was
stabilized in the soft-walled resetvoir.

Conclusion: The developed scheme for machine perfusion liver preservation allows stabilizing two blood (arterial and ve-
nous) flows of different characteristics during a prolonged experiment. In parallel with the liver, the kidney, which is ade-
quately perfused in the general blood flow, can function as a controller of hemohydrobalance, a stabilizer of acid-base bal-
ance, and an eliminator of metabolic wastes.(TCM-GM] December 2023; 8(2):P20-P24)
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of an organ, machine perfusion is an expensive proce-
dure. It involves the creation of a biotechnical complex
consisting of a transplant and a perfusion apparatus.
They are interconnected according to a certain scheme
by artificial blood lines. The existence of a variety of
perfusion schemes due to specific experimental or clini-

Introduction

he method of machine perfusion of a liver trans-
plant, which is gaining popularity, justifies the
hopes placed on it. First of all, due to the possi-

bility of a longer preservation of the organ,
reaching several days (1 ,2, 3, 4, 5, 6, 7). Perfusion-
controlled conservation, in a number of cases, makes it
possible to improve the condition of an organ rejected
for transplantation and thus has a positive effect on the
statistics of transplantations in general (8, 9). In addition,
in the process of perfusion preservation, the possibility of
prolonged physiological, metabolic, and morphological
monitoring of the organ arises. This is extremely im-
portant for confident prediction of its post-transplant
functioning (10, 11). In turn, compared with cold storage
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cal needs (12).

The purpose of this study was the experimental
development of a perfusion scheme for long-term
preservation of the liver outside the body by its perfu-
sion with native, norothermic, oxygenated blood.

Materials and methods

To create a perfusion apparatus, a roller blood pump
console with a control system was used. The device also
included a standard membrane, children's oxygenator
with a heat exchanger, venous and arterial filters, blood
tubes made of polyvinyl chloride and silicone. In addi-
tion, a soft-walled venous reservoir and an organ reset-
voir were used (13, 14). In the composition of the appa-
ratus, we included a converter of constant flow into a
pulsed flow (external pulsator) of our own design (15).
Its principle of operation consists in electronically con-
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trolled, dosed, external clamping of the arterial line with

the frequency of the native pulse (Fig. 1). The internal

circulation scheme was developed so that under the condi-
tions of operation of one pump (20) it was possible to
form two different blood flows.

The internal circulation scheme was developed so that

under the conditions of operation of one pump (20) it was

possible to form two different blood flows:

e venous (splanchnic) blood flow (15) from a soft-
walled reservoir (25) located above the graft at a cer-
tain height, which, together with an external pinch
valve, made it possible to control volumetric blood
flow and pressure;

e arterial pulsating blood flow with oxygenated blood
(16) created in a series circuit of a roller pump (20), an
oxygenator (22) and a pulsator (24).

According to the perfusion scheme after the roller
pump (20), the blood flow was divided into two lines. The
first was sent to the oxygenator (22) with a heat exchanger
(21). Then, through a pulsator (24), the flow was fed into
the aortic stump (9), from where it entered the hepatic
artery (7). The arterial line was dosed shunted (27) with the
second, venous (20) line (from the pump to the upper soft
-walled reservoir). This mixed flow (with an increased oxy-
gen content compared to venous blood) was sent to the
upper soft-walled reservoir (25). From the upper reservoir,
simulated splanchnic blood was gravitationally supplied to
the portal vein of the liver (6). Sensors for monitoring
pressure (30), temperature (31), and volumetric blood flow
velocity (29) were placed in different parts of the perfusion
scheme (apparatus). In addition, in certain sections of the
circuit, external pinch valves (28) metering the flow were
strengthened as shown in the diagram (Fig. 2). In a bench
test, the perfusion system showed stable operation in a 24-
hour experiment with standard and load hemodynamic
and temperature parameters. Ease and reliability in control
was also recorded when simulating the need for forced
movement of the volume of fluid in the circuit of the per-
fusion circuit of the device (between the upper and lower
venous reservoirs). To test the developed scheme “in vi-
vo”, 5 pigs weighing up to 20 kg were used as an experi-
mental model. Animals were introduced into the experi-
ment in accordance with the requirements of international
organizations on bioethics and the use of laboratory ani-
mals in scientific experiments (16, 17). Under general en-
dotracheal anesthesia (premedication - ketamine 15 mg/
kg, atropine sulfate 1%-0.05 mg/kg; general anesthesia -
isoflurane 1-2%, propofol 1% - 3-5 mg/kg), pressure was
measured under laparotomy and volumetric blood flow
velocity in the vena cava, portal vein, in the abdominal
aorta, in the common hepatic artery and in the renal artery.
The data obtained further served as tentative criteria for
adequate machine perfusion of these organs “ex vivo”.
For the same purpose, a control blood test was taken for
sugar, hematocrit, pH, and AST. Next, the vessels of the
liver, right kidney and their ligamentous apparatus were
mobilized and skeletonized. Thus, at the same time, the
liver with the right kidney was isolated on a common vas-
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cular pedicle. Heparin was injected into the vena cava
(2850 1U-0.78 ml - 3000 1U-0.6 ml). The aorta and vena
cava were opened at the bifurcation level. The native
blood of the animal was forcedly taken by filling the upper
and lower venous reservoirs of the perfusion apparatus.
The liver was explanted along with the supra- and subhe-
patic portion of the caudal vena cava and the subphrenic
portion of the aorta. The suprahepatic portion of the vena
cava and the distal end of the aorta were ligated. The liver
was placed in a reservoir for the organ, placing it down the
diaphragmatic surface on a special soft, fluctuating air
cushion. Injection cannulas were inserted into the aorta
and portal vein. A cannula (17) was placed into the distal
(subhepatic) end of the vena cava to drain blood into the
inferior venous reservoir (19). The right kidney (10) with
the feeding artery (11) was taken along with the aorta (9)
during liver explantation. The hepatic vein (12) was
drained into the venous line. The ureter was also drained,
placing the biliary and urinary catheters in graduated test
tubes. All cannulas were connected to a perfusion system
filled with native blood and normothermic preservation of
both organs was started (Fig. 3). In the process of perfu-
sion, the main hemodynamic parameters were taken into
account, comparing them with the initial parameters rec-
otrded in the body of a conditionally intact animal (under
conditions of endotracheal anesthesia before the start of
the main stage of organ mobilization). Throughout the
experiment, drug correction of vascular tone was not per-
formed. Each experiment was completed for comparison
at the end of the 12-hour perfusion, taking into account
the currently generally accepted and recognized optimal 8-
hour duration of hypo- and normothermic machine perfu-
sion.

Results and discussion

The performance of the roller pump of the perfusion
machine did not exceed 500 ml/min. The temperature of
the perfusate was maintained within 37°C; volumetric
blood flow in the portal vein averaged 350-400 ml/min;
the pressure was maintained within 12-24 mm Hg (by the
end of the experiment, these figures decreased from the
maximum to the minimum); the pulse rate in the arterial
line was standatrdly set within 100 beats/min; volumettic
blood flow in the hepatic artery averaged 80-100 ml/min;
the mean pressure was 70 mm Hg. These parameters were
maintained throughout the experiment. The division of the
blood flow in front of the oxygenator into two lines al-
lowed one of them to pump arterial, oxygenated blood
into the organs with a pulsating flow, maintaining in them
the volumetric blood flow and pressure planned according
to the initial indicators. By the other line, supply the pet-
fusate to the soft-walled upper tank, located 50-70 cm
above the perfused organ.

The pressure in the portal vein was regulated by vertical
movement of this reservoir. Dosing external pinch valves
on the lines, on the one hand, ensured the regulation of
the volumetric blood flow of the flowing blood, and, on
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the other hand, the possibility of optimal redistribution of
various flows, while stabilizing the levels in both reser-
voirs. So, in a soft-walled tank with mixed (splanchnic)
blood, the calculated (up to 200 ml) level of perfusate for
gravitational supply to the portal vein was standardly main-
tained. The volumetric flow rate in the portal vein was
controlled by the control of an external clamp on the out-
let line from the reservoit. In the caudal vena cava, the
pressure was maintained within the physiological norm (3-
5 mm Hg) to avoid stagnation in the liver. This was
achieved by establishing a certain level gradient between
the organ reservoir and the lower venous reservoir. The
hemodynamic parameters mentioned above were achieved
during the first hour of perfusion by a gradual increase
from the minimum to the average calculated values.

After relative, reperfusion stabilization of hemodynam-
ics of the liver, the intervals between the moments of the
necessary correction of some hemodynamic parameters of
the perfusion machine increased, reaching 40-60 minutes.
The stabilized blood flow in the biotechnical system did
not undergo drastic changes requiring close attention and
correction. This allowed the operator to leave to monitor
general and biochemical blood parameters.

Conclusions

The results obtained show that:

* The developed scheme for long-term machine preser-
vation of the liver outside the body allows you to stabilize
two different blood flows consumed by the liver using
only one blood pump;

* The perfusion machine designed according to the
proposed scheme simultaneously generates a normother-
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mic, oxygenated, pulsating (arterial) flow for the hepatic
artery and a venous (splanchnic) blood flow for the portal
vein that is maximally adapted to natural parameters;

* The perfusion machine prototype is easily assembled
from reusable and disposable accessories of the cardiopul-
monary bypass machine, easy to manage and reliable in
operation;

* Each section of the perfusion scheme is hemodynam-
ically maximally adapted to the parameters of native blood
flow in these organs;

* The described scheme of liver preservation includes
the method of its co-preservation together with the kid-
ney, which is explanted and perfused from similar sources,
receiving adequate hemodynamic and biochemical blood
flow. Therefore, it can be assumed that the kidney that has
restored its function is able to eliminate metabolites and
toxins that accumulate in the perfusate plasma and elimi-
nate the need to include a dialyzer in the perfusion scheme
of multi-day machine preservation;

* The developed scheme and method of multi-day ma-
chine perfusion of the hepato-renal complex on a com-
mon vascular pedicle requires careful experimental verifi-
cation to reliably confirm the identified innovations and
evaluate both in terms of bio-medical and economic bene-
fits.
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Figure 1: Scheme of biotechnical system: perfusion appa-
ratus and organ complex (liver, kidney on a common vas-
cular pedicle) ;

1. reservoir for an organ; 2. liver; 3. ligated suprahepatic
section of the vena cava; 4. cannulated subhepatic section
of the vena cava; 5. drained common bile duct; 6. cannu-
lated portal vein; 7. hepatic artery; 8. celiac trunk; 9. aorta;
10. kidney (right); 11. renal artery; 12. renal vein; 13.
drained ureter; 14. ligated left renal artery; 15. highway for
the blood of the portal vein; 16. aortic cannula; 17. venous
return line; 18. venous filter; 19. venous reservoir (lower,
hard-walled); 20. blood pump; 21. heat exchanger; 22. oxy-
genator; 23. arterial filter; 24. pulsator; 25. reservoir of
mixed blood (upper, soft-walled); 26. venous blood supply
line to the upper reservoir; 27. arterial blood supply line to
the upper reservoir; 28. external pinch valve; 29 sensor of
blood flow volumetric velocity; 30. blood pressure sensor;
31. temperature sensor
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Fig. 3. Long-term preservation of the hepatic-renal complex: C - 6th hour, D - 10th hour of perfusion



TCM&GM]J, December 2023

References:

1.

10.

11.

12.

Butler AJ, Rees MA, Wight DGD, Casey ND, Alexander G. Successful extra-
corporeal porcine liver perfusion for 72 hr.Transplantation. 2002; 73:1212-
1218. doi: 10.1097/00007890-200204270-00005.

Brockmann J, Reddy S, Coussios C, Pigott D, Guirtiero D, Hughes D, Mo-
rovat A, Roy D, Winter L, Friend PJ. Normothermic perfusion: a new para-
digm for otgan preservation.Ann Surg. 2009; 250:1-6. doi: 10.1097/
SLA.0b013e3181a63c10.

Guibert EE, Petrenko AY, Balaban CL, Somov AY, Rodriguez JV, Fuller
BJ. Organ Preservation: Current Concepts and New Strategies for the Next
Decade. Transfus ~ Med ~ Hemother. 2011; 38(2):125-142. doi:
10.1159/000327033.

Vogel T, Brockmann ]G, Pigott D, Neil DAH, Rathnasamy Muthusamy AS,
Coussios CC, Friend PJ. Successful transplantation of porcine liver grafts
following 48-hour normothermic preservation.PLoS ONE. 2017; 12(11):
€0188494. doi: 10.1371/journal.pone.0188494.

Liu Q, Nassar A, Quintini C, Buccini L. Ex situ 86-hour liver perfusion: Push-
ing the boundary of organ preservation.Liver Transplantation. 2018; 24(4):557
-561. doi: 10.1002/1t.25007.

Eshmuminov D, Becker D, Borrego LB, Hefti M, Schuler MJ, Hagedorn C,
Muller X, Mueller M, Onder C, Graf R, Weber A, Dutkowski P, von Rohr
PR, Clavien P-A. An integrated perfusion machine preserves injured human
livers for 1 week.Nat Biotechnol. 2020; 38(2):189-198. doi: 10.1038/s41587-
019-0374-x

Clavien P-A, Dutkowski P, Mueller M, Eshmuminov D, Borrego LB, Weber
A, Muellhaupt B, Da Silva RXS, Burg BR, von Rohr PR, Schuler MJ, Becker
D, Hefti M, Tibbitt MW. Transplantation of a human liver following 3 dais of
ex situ normothermic preservation.Nature Biotechnology. 2020; 40(11):1610-
1616. doi: 10.1038/s41587-022-01354-7.

Durin M, Hann A, Lembach H, Nutu A, Clarke G, Patel I, Sneiders D, Har-
tog H, Mirza DF, Perera MTPR. Normothermic Machine Perfusion as a Tool
for Safe Transplantation of High-Risk Recipients. Transplantology. 2022;
3:169-183. https://doi.org/10.3390/transplantology3020018.

Resch T, Cardini B, Oberhuber R, Weissenbacher A, Dumfarth ], Krapf C,
Boesmueller C, Oefner D, Grimm M, Schneeberger S. Transplanting Marginal
Organs in the Era of Modern Machine Perfusion and Advanced Organ Moni-
toring. Front Immunol. 2020; 11:631. doi: 10.3389/fimmu.2020.00631.

van Leeuwen OB, Bodewes SB, Lantinga VA, Haring MPD, Thorne AM.
Sequential hypothetmic and normothermic machine perfusion enables safe
transplantation of high-risk donor livers.American Journal of Transplantation.
2022; 22(6):1658-1670. doi: 10.1111/2jt.17022.

Koti R, Secifalian A, Davidson B. Protection of the liver by ischemic precondi-
tioning: a review of mechanisms and clinical applications.Dig Sutrg. 2003;
20:383-96. doi: 10.1159/000072064.

Spetzler VN, Goldaracena N, Selzner N, Selzner M. Early Clinical Results
Using Normothermic Machine Liver Preservation.Current Transplantation
Reports. 2015; 2(1):74-80. doi: 10.1007/s40472-014-0041-6.

13.

14.

15.

16.

17.

Khodeli at al.

. 4. Perfusion of the hepato-renal com-
plex, 18th hour of conservation

Briggenwirth IMA, van Leeuwen OB, Porte R], Martins PN. The Emerging
Role of Viability Testing During Liver Machine Perfusion.Liver Transplanta-
tion. 2022; 28(5):876-886. doi: 10.1002/1t.26092.

Khodeli N, Chkhaidze Z, Partsakhashvili ], Pilishvili O, Kordzaia D. Practical
and Theoretical Considerations for ECMO System Development.In book
"Extracorporeal Membrane Oxigenation: Advances in Therapy". Edited by
Michael S. Firstenberg. 2016; 18: 357-381. doi: 10.5772/64267.

Khodeli N, Chkhaidze Z, Shengelia O, Songulashvili D. Portable device for
controlling artificial blood. Georgian Patent (utility model U 2022 2139 Y).
2022.

DIRECTIVE 2010/63/EU OF THE EUROPEAN PARLIAMENT AND
OF THE COUNCIL of 22 September 2010 on the protection of animals
used for scientific purposes. https://eur-lex.europa.cu/LexUriServ/
LexUriServ.do?uri=0]:1.:2010:276:0033:0079:En:PDF

GUIDE FOR THE CARE AND USE OF LABORATORY ANIMALS.
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-
animals.pdf

24


https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:En:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:En:PDF
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf

