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Abstract

AIM: To evaluate the effects of a portocaval shunt on
the decrease of excessive portal flow for the prevention
of sinusoidal microcirculatory injury in extremely small-
for-size liver transplantation in pigs.

METHODS: The right lateral lobe of pigs, i.e. the 25%
of the liver, was transplanted orthotopically. The pigs
were divided into two groups: graft without portocaval
shunt (7 = 11) and graft with portocaval shunt (7 = 11).
Survival rate, portal flow, hepatic arterial flow, and
histological findings were investigated.

RESULTS: In the group without portocaval shunt, all
pigs except one died of liver dysfunction within 24 h
after transplantation. In the group with portocaval shunt,
eight pigs survived for more than 4 d. The portal flow
volumes before and after transplantation in the group
without portocaval shunt were 118.2+26.9 mL/min/100 g
liver tissue and 270.5+£72.9 mL/min/100 g liver tissue,
respectively. On the other hand, in the group with
portocaval shunt, those volumes were 124.2+27.8 mL/
min/100 g liver tissue and 42.7+32.3 mL/min/100 g liver
tissue, respectively (P<0.01). As for histological findings

in the group without portocaval shunt, destruction of the
sinusoidal lining and bleeding in the peri-portal areas
were observed after reperfusion, but these findings were
not recognized in the group with portocaval shunt.

CONCLUSION: These results suggest that excessive
portal flow is attributed to post transplant liver dysfunction
after extreme small-for-size liver transplantation caused
by sinusoidal microcirculatory injury.

©2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Since the first successful living donor liver transplantation
(LDLT) in a child" patient and an adult” patient, LDLT
has become the established method to reduce the number
of patients on the waiting list and is considered as an
alternative to standard liver transplantationp'”. The
survival rate of adults is significantly lower than that in
children™ and the key to a successful LDLT, especially
in adult recipients, is the adequacy of the size of the
graft that can be safely harvested from the donot”". In
some cases, graft weight ratio of the recipient native liver
weight (GWRLW) of 30% or less has been transplanted
successfully, but in general, graft weight per recipient’s
body weight (GWBW) less than 0.8% or GWRLW less
than 40% has been considered marginal or small-for-
size. These small-for-size grafts are associated with an
increased incidence of complications and graft failure” .
A small-for-size graft cannot supply the metabolic demand
of an adult recipient in the early posttransplant period.
Poor early graft function is characterized by protracted
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Figure 1 Anterior view of left tri-segmentectomy. Bold line indicates the left and
middle hepatic veins ligated by transfixing suture; arrow indicates parenchymal
transection of the left lobe and right paramedian lobe; L: left lateral lobe; M:
median lobe; R: right lateral lobe; IVC: inferior vena cava.

cholestasis, coagulopathy and ascites, and these findings
are proposed to be the essential symptoms of small-for-
size syndrome'”, However, the precise mechanism for this
dysfunction remains unclear.

Previously, we have reported that portal hypertension
after reperfusion is one of the most important factors
aggravating the microcirculatory injury of the graft'”. In
the present study, we hypothesized that the increment of
portal flow played a major role in graft injury and poor
function of small-for-size grafts, and investigated the
effects of portocaval shunt (PCS) on the excessive portal
flow for the prevention of the sinusoidal microcirculatory
injury after extremely small-for-size liver transplantation

using pigs.

MATERIALS AND METHODS

Animals

Landrace white pigs, weighing 18-28 kg, were used as
donors and recipients. All experiments were conducted
according to Principles of Laboratory Animal Care (NIH
publication No. 86-23, revised in 1985). Food was withheld
for 24 h before the operation. Anesthesia was induced by
intramuscular administration of ketamine (5 mg/kg) and
atropine sulfate (1.0 mg/body) followed by endotracheal
intubation and maintenance with oxygen and isoflurane by
positive pressure mechanical ventilation. A catheter was
placed in the internal jugular vein for fluid administration
and central venous pressute (CVP) monitoring and fixed
at the back of the neck for postoperative venous sampling,
A carotid arterial line was also placed for intraoperative
blood sampling and monitoring mean arterial pressure
(MAP). In recipients, an opposite internal jugular vein was
used for the venovenous bypass from the portal vein and
femoral vein. Eleven transplantations were carried out in
cach group.

Donor operation

After laparotomy, the left hepatic artery supplying the
left lateral and left median lobes was ligated and divided.
Glisson’s sheaths of the left lobe and the right median lobe
were identified and resected. After mobilization of the
liver, by dissecting all ligamentous attachments, the left and

Figure 2 Schematic view of the liver graft with PCS placed by side-to-side
anastomosis of PV and IVC. R: right lateral lobe; C: caudate lobe; PV: portal vein;
IVC: inferior vena cava; PCS: portocaval shunt.

middle hepatic veins were ligated with transfixing sutures
(Figure 1). Parenchymal transection of the left lobe and
the right median lobe was performed and finally left tri-
segmentectomy of the liver was done.

Following intravenous administration of heparin,
catheters were cannulated in the lower abdominal aorta
and splenic vein. The diaphragm was widely opened and
the supradiaphragmatic aorta was divided and encircled.
Cold University of Wisconsin (UW) solution (4 ) was
flushed in from both the aorta and the splenic vein after
aortic clamp. The right lateral lobe was removed and
preserved in UW solution.

Back table operation

In the group with shunt, the PCS was made on the back
table and placed by means of side-to-side anastomosis
between the portal vein and the infra-hepatic inferior vena
cava (IVC) (Figure 2). The diameter of the PCS was 6 mm.
The graft was weighed after the back table preparation.

Recipient operation

Total hepatectomy was performed under ilioportaljugular
venovenous bypass'”. The reduced-size graft with or
without PCS was implanted orthotopically with end to
end vascular anastomosis of the suprahepatic IVC, the
portal vein, the infra-hepatic IVC, and the hepatic artery.
Before anastomosis of the portal vein, rinse solution was
perfused into the portal vein of the graft. Hepatic arterial
reconstruction was performed under a microscope. A
catheter was inserted into the common bile duct for bile
drainage.

After transplantation, the pigs were placed in a warmed cage
with free access to water and food. FK506 (0.1 mg/kg * d) was
injected for immunosuppression from postoperative day
(POD) 1-7. When recipients died, autopsy was performed
to exclude the possibility of technical complications and to
confirm the patency of all anastomoses. Liver grafts were
also weighed.

Monitoring

Systemic hemodynamic monitoring of MAP and CVP
was carried out continuously during the operation, as
well as portal vein pressure was monitored. Portal flow
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and hepatic arterial flow (HAF) were measured before
hepatectomy in donors and after arterial reperfusion in
reciplents using ultrasound transit time flow probes and
a flow meter (Transonic Systems Inc., Ithaca, NY, USA).
The diameter of the probe was 8 mm for the portal vein
and 3 mm for the artery. Total liver blood flow (TLBF)
was calculated as the sum of portal flow and HAFE Liver
biopsies were performed before hepatectomy, after
reperfusion, and on every other day up to POD 7, and
tissue specimens were examined under light microscope
and Ki-67 staining was performed for the determination
of proliferating hepatocytes. Transmission electron
microscopical findings were also investigated in the
specimen after reperfusion. Arterial blood samples were
obtained hourly for gas analysis during the operation and
determining alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (T-Bil), and anti-
thrombin IIT (AT-1II) before the operation, at 3 and 6 h
after reperfusion and on every POD up to POD 7.

The graft weight at the time of transplantation
expressed as a percentage of GWRLW and GWBW was

calculated.

Statistical analysis

Values of parameters wete expressed as meantSD. Statistical
significance was determined by Student’s #test. The survival
rate was calculated by the Kaplan-Meier method. Values
between the two groups were statistically analyzed by
generalized Wilcoxon test. P values less than 0.05 were
regarded as statistically significant.

RESULTS

Graft volume and operation time

Body weight, graft volume, and operation time are shown
in Table 1. The graft volume was approximately 25% of
the recipient native liver volume, and 0.6% of the recipient
body weight in both groups. The cold ischemic time in the
group with PCS was slightly longer than that in the group
without PCS because of the time required for the PCS
at the back table, but there was no statistical difference.
There was no significant difference in MAP or CVP

Table 1 Graft characteristics (mean+SD)

Parameters Group without PCS Group with PCS
(n=11) (n=11)
DBW (kg) 21.8+2.7 20.8+1.1
RBW (kg) 22.841.2 22.1+2.6
GW (g) 131.8+18.3 139.3£32.0
RLW (g) 525.4+41.4 548.3+63.8
GWRLW (%) 25.1%2.7 254434
GWBW (%) 0.58+0.09 0.63+0.13
Anhepatic time (min) 4342 41+4
Operation time (min) 261+28 263+44
Total ischemic time (min) 151451 161+20

DBW: donor body weight; RBW: recipient body weight; GW: liver graft
weight at implantation; RLW: recipient native liver weight; GWRLW:
percentage of GW to the recipient native liver weight; GWBW: percentage of
GW to the recipient body weight.

between the two groups (data not shown).

Survival rate

In the group without PCS, all pigs except one died of
liver dysfunction within 24 h after reperfusion. On the
other hand, in the group with PCS, eight pigs survived for
more than 4 d and the remaining three died of portal vein
thrombosis at the anastomotic site of PCS or perforated
gastric ulcer within 3 d. The PCS significantly improved the
survival rate of the animals in comparison to the animals
without the shunt after transplantation (P<0.05) (Figure 3).

Portal pressure

There were no significant differences in portal vein
pressures at laparotomy in both groups. However, after
reperfusion, portal vein pressures significantly increased up
to 2.2£0.7 KPa in the group without PCS and 1.6+0.6 KPa
in the group with PCS (Figure 4).

Hepatic hemodynamics

Hepatic hemodynamic parameters including portal flow,
HAF and TLBF at laparotomy and after reperfusion
in both groups are shown in Table 2. The portal flow
after reperfusion in the group without PCS increased
significantly more than that at laparotomy, whereas it
decreased in the group with PCS (P<0.01). The HAF after
reperfusion decreased compared to that at laparotomy in
the group without PCS, while it increased more than that
at laparotomy in the group with PCS (P<0.05).

R Group with PCS (7 = 11)
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Figure 3 Survival rates. °P<0.01 vs the group without PCS.
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Figure 4 Changes of portal vein pressure (n = 11). °P<0.05 vs the group with PCS.
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Table 2 Changes of hepatic hemodynamics (mean+SD)

Parameters Group At laparotomy After transplantation
Portal flow Group without PCS 118.2426.9 270.5£72.9™
(mL/min/100 g liver tissue) Group with PCS 124.2427.8 42.7432.3°
Hepatic arterial flow Group without PCS 50.1+8.3 37.7421.0°
(mL/min/100 g liver tissue) Group with PCS 50.5+11.6 75.1£39.5
Total liver blood flow Group without PCS 168.3£30.9 308.2452.8™
(mL/min/100 g liver tissue) Group with PCS 174.8429.1 117.8+42.1°
Ratio of PF/TLBF (%) Group without PCS 70.2+4.2 87.848.2>
Group with PCS 71.1+4.9 36.3£19.5

PF: portal flow; TLBF: total liver blood flow.

°P<0.01 vs the group with PCS; *P<0.01 vs at laparotomy; *P<0.05 vs the group with PCS; “P<0.05 vs at laparotomy.

Figure 5 Histological findings of hepatic tissues after reperfusion (x100).

The TLBF after reperfusion increased significantly
higher than that at laparotomy in the group without PCS,
whereas the TLBF slightly decreased after reperfusion
in the group with PCS. After reperfusion, the TLBF in
the group without PCS was significantly greater than that
in the group with PCS (P<0.01). In the group without
PCS, the contribution of portal flow to TLBF increased
from 70.2% to 87.8%, while in the group with PCS the
contribution of the portal flow to TLBF decreased from
71.1% to 36.3%.

Histological findings
The light microscopical findings of the liver graft after
reperfusion are shown in Figure 5. In the group without
PCS, enlargement of the sinusoidal lumen and bleeding in
the peri-portal triads were observed but these abnormal
findings were not recognized in the group with PCS.
Transmission electron microscopic findings of the
sinusoid after reperfusion are shown in Figure 6. In the
group without PCS, the sinusoidal endothelial cells were
destroyed and detached into the sinusoidal space with
destruction of the Disse’s spaces, while in the group with
PCS the sinusoidal endothelial cells were well preserved,
the Disse’s spaces were intact, and the structure of
endothelial lining was well preserved.

Liver regeneration in the group with PCS

The graft weight in the recipients who survived for more
than 4 d (# = 8) increased to 87.3% of the recipient native
liver. Ki-67 labeling index before and after transplantation
is shown in Figure 7. The Ki-67 labeling index showed
only 1.0% of hepatocytes at laparotomy. However, it
increased abruptly after transplantation, reaching a peak

Figure 6 Transmission electron microscopical findings of the sinusoid after
reperfusion. Arrowheads indicate the destroyed or preserved or detached
sinusoidal endothelial cells into the sinusoidal space with destructed or intact
Disse’s spaces.

80 4

60

40

Ki-67 positive cells (%)

T T T
At laparotomy POD 2 POD 4

Figure 7 Ki-67 detection in the pigs that survived for more than 4 d in the group
with PCS (n = 8).

value of approximately 60% at POD 2, and decreasing to
30% on POD 4.

Liver function

There were no significant differences in ALT, AST or
T-Bil until POD 1 after reperfusion in either group
(Table3). ALT and AST increased after reperfusion, taking
a peak value on POD 2 and POD 1 and then decreased.
However, T-Bil increased continuously until POD 4. AT-
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Table 3 Changes of serum ALT, AST, T-Bil, and AT-Ill (meantSD)
Parameters Group Preo RP3h RP6h POD 1 POD 2 POD 3 POD 4
ALT (KU) A 2241 1612 2043 35418 - - -

B 25+7 18+5 25+9 33+13 38+15 3011 27+10
AST (KU) A 3013 80436 144451 351442 - - -

B 32419 78+38 172437 306£36 293+46 217421 152+48
T-Bil (mg/dL) A 0.24+0.26 0.3240.18 0.48+0.21 0.88+0.54 - - -

B 0.10£0.07 0.2740.16 0.48+0.31 0.83+0.24 1.39+£0.37 1.75+0.71 1.79+0.86
AT-III (%) A 122426 69+19 57423" 66+15a - - -

B 125421 86137 91+25 86134 75+14 82+12 107+23

Preo: preoperation; RP 3 h: 3 h after reperfusion; RP 6 h: 6 h after reperfusion; POD: postoperative day; A: group without PCS; B: group with PCS; ALT: alanine
aminotransferase; KU: karmen unit; AST: aspartate aminotransferase; T-Bil: total bilirubin; AT-III: anti-thrombin III. "P<0.05 vs the group with PCS.

IIT decreased after reperfusion in both groups. At 6 h after
reperfusion and on POD 1, AT-III in the group with PCS
was significantly higher than that in the group without PCS
(P<0.05).

DISCUSSION

In clinical liver surgery, an extended hepatectomy of 80%
or 85% of the whole liver can be tolerable in patients
with a normal liver"'”. In previous reports, 70-75%
hepatectomy in animals represents a model of critical
residual liver volume and is used to study the mechanism
of liver regenerationmw]. This means that 25-30% of the
liver can sustain hepatic function. However, this cannot
be translated directly into a minimum graft volume in
small-for-size liver transplantation, in which grafts are
subjected to cold and warm ischemia and subsequent
reperfusion injury. This is why the minimum graft volume
for successful liver transplantation is presumably higher
than the residual liver volume in extended hepatectomy.
Currently, experience with living-related and split-
liver transplantation has demonstrated that the size of
the graft required for a successful liver transplantation
is at least 40% of the recipient’s native liver volume
and more than 0.8% of the recipient body Weight[é’zo].
This is associated with lack of portosystemic collateral
circulation, which lessens the influence of a high portal
flow on the grafts and prevents the development of severe
portal hypertension”. The precise mechanism of graft
injury in a small-for-size liver transplantation remains
still unknown. But there is a case report of hemorrhagic
necrosis secondary to excessive portal flow in an adult
LDLT™. An adult LDLT with small-for-size graft has
been successfully performed using a mesocaval shunt
to avoid graft failure caused by portal hyperperfusionm]
From these reports, we hypothesized that excessive portal
flow could attribute to postoperative liver dysfunction
caused by sinusoidal microcirculatory injury after small-
for-size liver transplantation. In our experiment, we
investigated the effect of PCS on excessive portal flow
for the prevention of sinusoidal microcirculatory injury
in extremely small-for-size liver transplantation in pigs,
focusing on the prevention of primary graft dysfunction.
We chose the pig model because the anatomy, metabolism,
and physiology of the liver are similar to those in human

beings. As a result, we clarified that PCS could prevent
portal hypertension and excessive portal inflow in small-
for-size liver transplantation.

The sinusoids are the principal vessels involved in the
transvascular exchange between blood and the parenchymal
cells and play an important role in hepatic microcirculation.
In an experimental transplantation model using a small-
for-size graft weighing less than 30% of the native liver,
Asakura ¢ a/' and Man et ai* demonstrated that portal
hypertension is a determinant factor for the injury of
sinusoidal endothelial cells and hepatic parenchyma. The
portal flow through the reduced microvascular bed of the
small-for-size graft after reperfusion is likely to induce
injury of sinusoidal endothelial cells and activation of
Kupffer’s cells, which is similar to those after extended
hepatectomy in rats reported by Panis ez al™.

In this study, TLBF after reperfusion increased
approximately twice in comparison to the flow at laparotomy
in the group without PCS. The portal flow increased
predominantly and HAF reduced. Histological findings
clearly indicated disruption of the sinusoidal lining
and disturbance of the sinusoidal microcirculation.
Furthermore, the graft became swollen after reperfusion,
progressing into severe bowel congestion and then blood
oozing. These phenomena were associated with a poor
survival rate in the group without PCS. On the other
hand, in the group with PCS, graft inflow was modified
by PCS which permitted a significantly lower portal
flow and a higher HAF. The pathological findings of
microcirculatory disturbance after reperfusion recognized
in the group without PCS were not observed in the group
with PCS. The results of our study strongly suggest that
an excessive portal flow after reperfusion in small-for-size
liver transplantation is one of the major factors that cause
sinusoidal microcirculatory injury and result in graft failure.

With regard to the graft regeneration in the group
with PCS, though the TLBF was low, the weight of the
graft and Ki-67 index increased remarkably in the pigs
that survived for more than 4 d. The decreased HAF
subsequent to the excessive portal flow observed after
reperfusion in the group without PCS was also believed
to contribute to the poor regeneration of residual liver
and the poor outcome. Sato ez al™ reported that portal
hypertension is a trigger of liver regeneration following
partial hepatectomy. But surplus portal hypertension
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induces liver dysfunction. Results of our study support
the hypothesis that portal flow controls liver regeneration
in small-for-size liver transplantation and maintains liver
function.

In conclusion, an extreme small-for-size graft weighing
less than 25% of the native liver can be successfully
transplanted with a PCS in pigs. Portal hyperperfusion in
small-for-size liver transplantation appears to play a major
role in aggravating microcirculatory injury of the graft and
attenuation of portal hyperperfusion by PCS minimizes
the injury and improves the survival. This study provides
helpful information for transplant surgeons regarding the
novel therapeutic strategies for the rescue of small-for-size
liver grafts.
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