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reduces liver ischemia and reperfusion injury during partial
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Abstract

Objective: The aim of this study was to assess liver I/R injury under a mild decrease in core liver

temperature with 10°C by in situ hypothermic perfusion during ischemia.

Methods: Liver ischemia was induced by total hepatic vascular exclusion with concomitant in
situ perfusion with hypothermic (4°C) Ringer-glucose (cold perfused group, core liver
temperature maintained at 28°C), with normothermic (38°C) Ringer-glucose (warm perfused
group) or without in situ perfusion (control group).

Results: In the cold perfused, warm perfused and control groups, 24 hrs survival was 5/5, 0/5 and
3/5 respectively. Hemodynamic parameters in the cold perfused group remained stable whereas
pigs in both other groups required circulatory support. Plasma AST and IL-6 levels were lower in
the cold perfused group than in both other groups. Hepatocellular function was best preserved in
the cold perfused group as indicated by complete recovery of bile production during reperfusion
and no loss of indocyanine green (ICG) clearance capacity. In both other groups, bile production
and ICG clearance capacity were significantly reduced. Hyaluronic acid uptake capacity of pigs in
the cold perfused group or control group did not differ, indicating preserved sinusoidal endothelial
cell function. Histopathological injury-scores during reperfusion were significantly lower in the
cold perfused group when compared to both other groups.

Conclusions: A mild decrease in core liver temperature with 10°C by in situ hypothermic liver
perfusion during ischemia significantly protects the liver from I/R injury. This protection owes to

cooling of the liver rather than the wash out of blood during perfusion.
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Abbreviations

AST

aspartate aminotransferase
hyaluronic acid
indocyanine green
ischemia/reperfusion

left hemihepatectomy
sinusoidal endothelial cell

total hepatic vascular exclusion
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Introduction

During major liver resections, blood flow to the liver may be temporarily occluded to prevent
massive blood loss. This maneuver, first described by Pringle in 1908, reduces intra-operative
blood loss and significantly improves post-operative outcome '~. A second factor contributing to
intraoperative blood loss during resection is back-bleeding from the hepatic veins. This problem
can be tackled by occluding the supra- and infrahepatic caval vein in conjunction with vascular
inflow occlusion. This technique of total hepatic vascular exclusion (THVE) has been reported to
effectively reduce blood loss during extensive resectional procedures of the liver **. At the same
time, this maneuver induces ischemia of the liver by vascular inflow occlusion of the portal vein
and hepatic artery. Subsequent reperfusion is initiated when the clamps are released and the
circulation to the liver is restored, giving rise to ischemia/reperfusion (I/R) injury °.

Normothermic ischemia up to one hour is well tolerated in normal human livers,
however morbidity rates in patients with chronic hepatic disease are significantly higher '~
Whereas in the majority of liver resections, parenchymal dissection can be completed within one
hour, tumoral invasion in surrounding vascular structures may necessitate major liver resections
with vascular reconstruction, leading to longer periods of normothermic ischemia *°. When liver
I/R injury can be reduced, clamping times can be safely prolonged, allowing a more prudent,
unhurried transection of liver parenchyma and consequent decrease in the risk of technical error,
bile leakage and intra- and postoperative hemorrhage.

To attenuate ischemic injury, hypothermia is commonly used for the preservation of
liver grafts and recently has also been applied during hepatic resections under THVE '*'*. The
influence of ischemia on parenchymal cells and sinusoidal endothelial cells (SEC) under

hypothermic conditions, are clearly distinct. Whereas parenchymal cells are protected from I/R

injury, SEC injury is enhanced by hypothermic ischemia and subsequent reperfusion . Recent

studies have pointed out that the optimal temperature for cooling of organs has not been defined
and that mild hypothermia (26-34°C instead of 4°C) effectively protects the liver microcirculation
14

The aim of this study was to assess liver I/R injury under 120 min of THVE while
decreasing the core temperature of the liver with 10°C by in situ hypothermic perfusion of the
liver during left hemihepatectomy (LHX). Perfusion of the liver prevents stasis of blood in the
microcirculation, which could be in part responsible for the attenuation of liver I/R injury.

Therefore, to distinguish between the effects of cooling per se, and blood clearance of the liver on
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I/R injury, a second group of pigs underwent LHX during THVE in combination with in situ,
normothermic liver perfusion. A third group of pigs underwent LHX during 120 min of THVE
without in situ perfusion as control series. The main outcome parameters were survival of the
animal, hemodynamic changes, parenchymal and SEC injury, functional capacity of hepatocytes

and inflammatory response during 24 hrs of reperfusion.

Materials and methods

Animal preparation

This study was approved by the Animal Experiment Committee of the Academic Medical Center,
University of Amsterdam, The Netherlands. Fifteen female pigs (36-46 kg; Vendrig, Amsterdam,
The Netherlands) were used. All pigs were allowed to acclimatize to the laboratory environment
for 7 days with free access to water and standard laboratory food (Blok, Woerden, The
Netherlands). Pigs were housed under standard environmental conditions with a 12-hour

light/dark cycle. Pigs were fasted overnight with free access to water before use in experiments.

Anesthesia

Female pigs were premedicated with ketamine (10mg/kg; Nimatec®, Eurovet, Bladel, The
Netherlands), clonidine (5pg/kg) and atropine (0.1mg/kg). After inhalation of a mixture of O, :
N,O (1 : 1 I/min) and isoflurane (1-1.5%; Florene®, Abbott Laboratories Ltd., Queensborough,
Kent, United Kingdom), pigs were intubated endotrachealy and ventilated with a mixture of O,

and air. Anesthesia was maintained by intravenous administration (25 ml/h before LHX and 12

mb/h after LHX) of a mixture of sufentanil citrate (20mg/1; Sufenta Forte®, Janssen-Cilag, Tilburg,

The Netherlands) and ketamine (20g/1). Muscle relaxation was accomplished by intravenous
administration (2 ml/h) of pancuronium bromide (2 mg/ml; Pavulon®, Organon Teknika B.V.,
Boxtel, The Netherlands). Arterial blood pressure was maintained by fluid infusion (Hartman,
Ringer-glucose, NPBI B.V., Emmer-Compascum, The Netherlands and eloHaes, Fresenius B.V.,
‘s-Hertogenbosch, The Netherlands). If fluid infusion alone could not maintain mean arterial
blood pressure above 55 mmHg, phenylephrine (10 mg/ml; 2-25 mb/h i.v.) was administered.

Plasma glucose level was controlled by infusion of 20% glucose solution in saline.

Surgical procedure
All operative procedures were performed under sterile conditions. A cannula was inserted in the

ear vein for administration of all anesthetic drugs. A second cannula was inserted in the cephalic
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vein for fluid infusion. Furthermore, a cannula was inserted in the popliteal artery for monitoring
of blood pressure and heart rate and for the purpose of blood sampling and a Swann-Ganz catheter
was inserted in the left jugular vein for measurement of pulmonary, wedge and central venous
pressures. Urine production was monitored after surgical insertion of a catheter in the bladder. A
cell-saver unit (Cellsaver® 3 plus, Haemonatics®, Massachusetts, USA) was used during the
procedure.

After midline laparotomy, all ligamentous connections to the liver were divided. After
isolation of the hepatic pedicle, the common bile duct was cannulated to assess bile production
during the experiment and the common hepatic artery, portal and caval vein were dissected free.
In order to cut off any accessory blood supply to the liver, the right gastric and gastroduodenal
artery were divided. The left main branch(es) of the portal vein and hepatic artery were ligated
resulting in discoloration of the left liver lobes, thereby defining the resection plane. Ischemia of
the liver was induced by clamping the portal vein, common hepatic artery as well as the
suprahepatic and infrahepatic caval vein for total hepatic vascular exclusion (THVE). A
Venflon™ (16 GA) was inserted in the proximal stump of the severed, left hepatic artery for
retrograde perfusion of cold or warm isotonic Ringer-glucose into the right liver. Because pigs do
not resist splanchnic congestion, a polyethylene prosthesis with one side port was devised to
bypass blood from the infrahepatic caval vein and the portal vein to the suprahepatic caval vein.
After transverse incision in the infrahepatic caval vein, the prosthesis was inserted and guided in
cranial direction after which the distal end was fixed with a sling cranial to the hepatic veins.
Caudal to the incision in the infrahepatic caval vein, the prosthesis was fixed with a sling above
the renal veins. A silicone tube (DLP@’ 16 Fr, Medtronic Cardiac Surgical Products, Grand Rapids,
MI 49504-6393 USA) was inserted in the portal vein and attached to the side port of the
prosthesis as a portal-systemic shunt (Figure 1). The bypass procedure did not last for more than 5
min on average to complete. During retrograde perfusion, the perfusate was drained from the
caval vein via the previous incision. A left hemihepatectomy was performed using an
electrosurgical knife. Hemostasis at the resection margin was achieved by suture closure of the
resection plane of the remnant liver. Reperfusion was initiated by removing the clamps from the
hepatic artery and portal vein. Just prior to reperfusion, the sling above the hepatic veins was
released, allowing blood from the liver to drain again into the caval vein and a second ligature
was placed distal of the caval incision (preventing blood from the liver to enter the abdominal

cavity during reperfusion). The portal-systemic shunt was removed and the abdomen was closed.
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Figure 1.

Situation created during total hepatic vascular exclusion (THVE) in the pig. Both portal vein (PV) and
hepatic artery (HA) are occluded. A polyethylene prosthesis (P) is inserted in the inferior caval vein (ICV)
and slings are tightened at both ends, allowing blood from the infrahepatic vein to drain through the
prosthesis to the heart. A silicone tube is inserted in the PV and is attached to the side-port of the prosthesis
as a portal venous shunt. An infusion system is applied after division of left HA and retrograde perfusion is
initiated, resulting in discoloration (with or without cooling) of the right hepatic lobes. The perfusate is
drained from the caval vein via the incision used for access of the prosthesis. THVE was continued for 2 hrs
in which time a left hemihepatectomy (LHX) was performed.
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Experimental design

Fifteen female pigs underwent 120 min of continuous liver ischemia under THVE, followed by 24
hrs of reperfusion. The first group received a left hemihepatectomy while the future remnant liver
was perfused with cold (4°C) isotonic Ringer-glucose (cold-LHX group). The second group
underwent a left hemihepatectomy while the future remnant liver was perfused with
normothermic (38°C) isotonic Ringer-glucose (warm-LHX group), to compare with the effects of
in situ cooling. The third group underwent a left hemihepatectomy without iz situ fluid perfusion
(control-LHX group, n=5). In all pigs, both rectal and esophageal temperature were monitored
continuously as well as core liver temperature (Mon-a-therm”™ Myocardial Thermistor YSI 400
series 30mm temperature probe connected to a Thermistor monitor model 4070, Mallinckrodt, St.
Louis, USA).

A pressurized standard clinical infusion system (Flexline, Medisize, Hillegom, The
Netherlands) was used to perfuse the right liver lobes by retrograde infusion of Ringer-glucose
through the left hepatic artery. This infusion system allows for adjustment of flow rate.
Immediately after induction of ischemia, maximum flow rate was used to rapidly drain the liver
from blood with or without cooling. In case of cooling, maximum flow rate was maintained until
the desired core liver temperature of 28°C was reached. To maintain a liver temperature of 28°C
flow rate was adjusted accordingly. In case of normothermic ischemia, liver temperature was

maintained at 38°C (= body temperature).

Assessment of hepatocellular injury

Hepatocellular injury was assessed by measurement of aspartate aminotransferase (AST) levels in
plasma. In pigs, alanine aminotransferase (ALT) and lactate dehydrogenese (LDH) are less
discriminative and less sensitive parameters for hepatocellular injury, as was concluded from
previous experiments in our laboratory '*_ Plasma aspartate aminotransferase (AST) levels were

measured before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion.

Assessment of hepatocellular function

Bile production is an active secretory process of hepatocytes involving bile salt-dependent and
salt-independent mechanisms. Both bile salt-dependent and bile salt-independent bile productions
are considered to be reliable parameters for the assessment of hepatocellular function '°. Bile
production, as parameter of excretory hepatocellular function, was monitored continuously and

was expressed as ml/min. In order to make comparison between pre-ischemic and post-ischemic
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values possible, reported pre-ischemic levels reflect the bile production of the functional mass of
the future remnant liver after resection.

The indocyanine green (ICG) clearance test, expressed as % of ICG cleared from the
circulation 15 min after intravenous infusion, was used to assess hepatocellular function '". ICG is
a dark green synthetic dye which is exclusively cleared from the circulation by the liver and
secreted into bile without being metabolized 1821 " After intravenous administration of ICG (0,5
mg/kg bw, SIGMA®, Steinheim, Germany), plasma samples were collected every 5 min until 20
min. ICG concentration in plasma was determined by spectrophotometric analysis (A=805nm).
The ICG clearance rate after 6 and 24 hrs of reperfusion was compared with baseline clearance

before ischemia.

Assessment of SEC function

The SEC take up and metabolize more than 90% of circulating hyaluronic acid (HA) 224 The
percentage of administered HA taken up by the SEC during 60 min was used as parameter for
SEC function. After intravenous infusion of 5 mg HA (Healon®, Pharmacia & Upjohn AB,
Uppsala, Sweden), plasma samples were collected every 10 min during 60 min starting 1 min
after infusion. Plasma HA concentrations were measured using a radio-labeled binding assay
(Pharmacia & Upjohn AB, Uppsala, Sweden). We examined the ability of SEC to take up

exogenous HA after 24 hours of reperfusion.

Assessment of inflammatory response

Several parameters can be used to assess a systemic inflammatory response. In this study, plasma
TNF-a and IL-1 levels were measured in the pigs but proved undetectable in any sample at any
given time. Plasma IL-6 levels, however, could be accurately measured and are considered to be a

reliable indicator of inflammatory response *>*

. IL-6 concentration was measured in plasma by
cell proliverative assay using the B9 cell line ** and rHull-6 as a standard (CLB, Amsterdam, The

Netherlands) before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion.

Histopathology

Liver biopsies were taken before ischemia, and after 10 min and 24 hrs of reperfusion,
respectively. For light microscopy, biopsies were fixed in 4% buffered formaldehyde and were
routinely processed for paraffin embedding. Sections (4p) were cut and stained with haematoxylin

and eosin. Semi-quantitative light microscopic evaluation was performed of all sections to assess
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liver parenchymal injury. All sections were examined for hepatocellular cytoplasmatic color
fading, hepatocellular vacuolisation, hepatocellular nuclear condensation, hepatocellular nuclear
fragmentation, hepatocellular nuclear fading and erythrocyte stasis. Each phenomenon was scored
according to the percentage of cells showing this phenomenon per 10 microscopic fields (200x):

0=0%, 1=0-10%, 2=10-50%, 3=50-100%.

Statistical analysis

esults are expressed as mean = standard error of the mean (SEM). Statistical analysis (Student t-
test and ANOVA for repeated measurements) was performed using GraphPad Prism version 3.02
for Windows (GraphPad Software, San Diego California USA). A p-value <0.05 was considered
significant.

Results

Survival

All pigs in the cold-LHX group survived 120 min ischemia and 24 hrs of subsequent reperfusion,

whereas not one pig survived in the warm-LHX group. In the control-LHX group, 3 out of §
animals survived. Survival rate of pigs in the warm-LHX group was significantly lower when

compared to pigs in the cold-LHX and control-LHX group (figure 2).

Figure 2.

Survival curves (Kaplan-
Meier) of pigs after cold-
LHX (straight line, n=5),
warm-LHX (dashed line,
n=5) and control-LHX
(dotted line, n=5) and 24
hrs of reperfusion. All
pigs survived after cold-
LHX, whereas after
warm-LHX and control-
LHX, none and three
pigs survived,
respectively.

* Significantly lower
when compared to the

Reperfusion time (hrs) cold-LHX and control-
LHX group.

Percent Survival
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General parameters

In pigs in the cold-LHX, warm-LHX and control-LHX groups, both resected liver weights
(453+25, 472+36, 447+18 gr, resp.) and remnant (736+15, 718+30, 728+35 gr, resp.) liver
weights (mean+SEM) were comparable.

Although normal body temperature of pigs is considered 38°C, pigs in this study showed
higher pre-ischemic body temperatures of 39°C due to anesthesia-induced stress, a commonly
observed phenomenon in our laboratory. Body temperature of pigs in all groups was significantly
decreased with 1-2°C after 2 hrs ischemia when compared to pre-ischemic levels, showing no
significant differences between pigs in all groups. During reperfusion body temperature remained
significantly below pre-ischemic temperature values in all groups (table 1).

Hemodynamic parameters changed significantly during the experiment (table I).
Hemodynamic parameters of pigs in the cold-LHX group remained stable during the experiment,

without the need for intravenous phenylephrine administration .

Experimental groups Cold-LHX Warm-LHX Control-LHX
pre-I 39.1+£03°% 392+04° 387+02°
OhrR 371014 38.0+028 37.4+£03°€
Body temp (°C)
6 hrs R 38.0+0.2 38.3+0.7 383+02
24hrs R 38.1+0.0 38.3+0.1
pre-1 110.6 2.6 107.8 £2.4PF 106.4+0.7F
OhrR 998+ 7.7 67.0£129° 756+7.7F
SAP (mmHg)
6 hrs R 95.6+3.2 87.0+23°F 96.5+2.8
24 hrs R 1058+ 1.2 97.3+43
pre-I 81.2+3.1%H1 715370 758 £32MY
OhrR 59.6+4.7° 408+75% 432+52M
DAP (mmHg)
6 hrs R 51.0+2.6" 373+5.7'0 463+35"
24 hrs R 59.0+4.3" 46.0+89
pre-1 69 + 4 845 796
Heart rate OhrR 94+ 10 112+6 13220
(beats/min) 6 hrs R 77£6° 111+7° 94+ 10
24 hrs R 8110 118 30
pre-1 0 0 0
Phenylephrine OhrR 0 0 33+33
(mg/h) 6 hrs R 0FQ 226+ 81° 90+19°
24 hrs R or 106 71}
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Table 1

Mean rectal body temperature, hemodynamic parameters and use of phenylephrine before induction of
ischemia and after 0, 6 and 24 hrs of reperfusion. Hemodynamic parameters remain most stable in pigs after
cold-LHX with no need for phenylephrine. Values are expressed as mean + SEM.

Temp=temperature, SAP=systolic arterial pressure, DAP=diastolic arterial pressure

Significant differences exist between values tagged with equal fonts (p<0.05).

Hepatocellular injury

After control-LHX, AST levels were significantly elevated during reperfusion when compared to
pre-ischemic levels and continued to increase during reperfusion, reaching maximum levels at 24
hrs. AST levels after warm-LHX were higher when compared to pigs after control-LHX during
reperfusion but this did not reach statistical significance (p=0.17). After cold-LHX, AST levels
were significantly lower than in pigs after warm-LHX and control-LHX at all time points and

reached maximum levels after 6 hrs of reperfusion (figure 3).

Figure 3

Plasma aspartate aminotransferase
(AST) assessed in pigs after cold-LHX
(dashed bar, n=5), warm-LHX (grey bar,

2000 n=5, n=3 at 6 hrs of reperfusion) and

*
*
* control-LHX (closed bar, n=5, n=4 at 6
* and 12 hrs of reperfusion, n=3 at 24 hrs
of reperfusion) at pre-ischemia and after
% 10 min, 6, 12 and 24 hrs of reperfusion.
After cold-LHX, AST levels were
“ % % significantly lower than after warm-
-7 LHX and control-LHX. Bars represent

pre-l 10mR 6hR 12hR  24hR mean = SEM.

Sampling time * Significantly different from pigs after
cold-LHX.

Hepatocellular function

Bile production decreased to almost zero during ischemia in all pigs. During 24 hrs of reperfusion
bile production in pigs after cold-LHX returned to pre-ischemic levels. In contrast, bile
production in pigs after warm-LHX and control-LHX did not recover and remained significantly
lower when compared to pigs after cold-LHX (figure 4).

Indocyanine green (ICG) clearance in pigs in the cold-LHX group did not change during
the time course of the experiments. However, after warm-LHX and control-LHX, ICG clearance
after 6 hrs of reperfusion was significantly decreased. Pigs in the control-LHX group did not show
any recovery of ICG clearance after 24 hrs of reperfusion and ICG clearance remained

significantly lower when compared to pigs after cold-LHX (figure 5).
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Figure 4

Bile production in pigs after cold-
LHX (dashed bar, n=5), warm-
LHX (grey bar, n=5, maximum n=4
during 21 hrs of reperfusion) and
control-LHX (closed bar, n=5, n=4
during reperfusion) assessed pre-
ischemia, during ischemia and
during 24 hrs of reperfusion. In
contrast to pigs after warm-LHX
and control-LHX, bile production
completely recovered during
reperfusion after cold-LHX. Bars
represent mean = SEM.

* Significantly different from pigs
after warm-LHX and control-LHX.

Figure 5

Indocyanine green (ICG) clearance
in pigs after cold-LHX (dashed bar,
n=5), warm-LHX (grey bar, n=5,
n=3 at 6 hrs of reperfusion) and
control-LHX (closed bar, n=5, n=4
at 6 hrs of reperfusion, n=3 at 24
hrs of reperfusion) at pre-ischemia
and after 6 and 24 hrs of
reperfusion. ICG clearance
capacity was maintained during
reperfusion after cold-LHX. After
warm-LHX and control-LHX, ICG
clearance was decreased during
reperfusion, showing rates
compatible with severely impaired
liver function. Bars represent mean
+ SEM.

* Significantly different from pigs
after cold-LHX.



Chapter 7

SEC function

HA uptake could only be measured in pigs after cold-LHX and control-LHX since all pigs after
warm-LHX died within 24 hrs of reperfusion. The HA uptake profile after 24 hrs of reperfusion
was not significantly different between both groups during the 60 min sampling period. After
cold-LHX and control-LHX, 74% and 78%, resp. of exogenous HA was cleared from the

circulation indicating near normal SEC function *° after 24 hrs of reperfusion in both groups.

Figure 6

Uptake of exogenous hyaluronic acid
(HA) in a 60 min period following 2
hrs ischemia and 24 hrs of reperfusion
after cold-LHX (dashed bar, n=5) and
control-LHX (closed bar, n=3). There
were no survivors in the warm-LHX
group after 24 hrs of reperfusion.
Results were expressed as the
percentage of exogenous administered
HA taken up by the sinusoidal
endothelial cells (SEC) during 60
min. No decrease in SEC function
was observed in pigs after cold-LHX
when compared to pigs after control-
LHX. Bars represent mean + SEM.

HA uptake (%)
N D @
5 9

N
o
1

o
s

30 40 50 60

Period (min)

Inflammatory response

Inflammatory response was assessed by measurement of IL-6 in plasma. Plasma IL-6 was not
detectable before induction of ischemia, indicating that none of the pigs suffered from infectious
diseases prior to the experiment. After 10 min of reperfusion, pigs in all groups showed a marked
increase in IL-6 levels, but levels in pigs after cold-LHX were significantly lower when compared
to both other groups. At 6 hrs of reperfusion IL-6 levels of pigs in the warm-LHX and control-
LHX group reached maximum values whereas IL-6 levels of pigs in the cold-LHX group showed
a decrease. After 12 hrs and 24 hrs of reperfusion IL-6 levels of pigs after cold-LHX were still
lower than in pigs after control-LHX but this did not reach statistical significance (p=0.09 and
p=0.08 resp., figure 7).
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IL-6 (U/ml)

pre-| 10mR 6h R 12h R

Sampling time

Histopathology

24h R

Figure 7

Plasma IL-6 levels measured in pigs after
cold-LHX (dashed bar, n=5), warm-LHX
(grey bar, n=5, n=3 at 6 hrs of reperfusion)
and control-LHX (closed bar, n=5, n=4 at 6
and 12 hrs of reperfusion, n=3 at 24 hrs of
reperfusion) at pre-ischemia and after 10
min, 6, 12 and 24 hrs of reperfusion. After
cold-LHX, IL-6 levels were significantly
lower than after warm-LHX and control-
LHX until 6 hrs of reperfusion. Bars
represent mean = SEM.

* Significantly different from pigs after
cold-LHX.

Microscopic evaluation of liver biopsies of all pigs showed a significant increase in

histopathology score after 10 min of reperfusion when compared to pre-ischemia. The score in

pigs after cold-LHX was significantly lower when compared to pigs after warm-LHX and control-

LHX after 10 min of reperfusion. After 24 hrs of reperfusion, pigs in both the cold-LHX and the

control-LHX group showed more pathologic changes when compared to 10 min of reperfusion

although statistical significance was not reached (p=0.25 and p=0.05 resp.). The histopathological

scores in biopsies collected at 24 hrs of reperfusion were significantly higher in pigs after control-

LHX than after cold-LHX (figure 8). Histopathological scores in the warm-LHX group are

lacking because there were no survivors in this group after 24 hrs of reperfusion.

Figure 8

Histopathology scores (min=0,
max=18) of H&E stained liver sections
of pigs after cold-LHX (dashed bar,
n=5), warm-LHX (grey bar, n=5) and
control-LHX (closed bar, n=5) at pre-
ischemia and after 10 min as well as 24
hrs of reperfusion. After cold-LHX,
histopathology scores were
significantly lower than after warm-
LHX and control-LHX. Bars represent
mean + SEM.

* Significantly different from pigs after
cold-LHX.

Histopathology score

NzzB

pre-l

il

10mR
Sampling time
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Discussion

Various vascular occlusion techniques have been used to prevent massive blood loss during
partial hepatectomy. Portal triad clamping (Pringle maneuver) and THVE are two methods to
reduce hemorrhage during parenchymal dissection. Although hemorrhage can be more effectively
reduced during partial hepatectomy under THVE, there is evidence that by applying this
technique, liver tissue oxygenation is further hampered due to the lack of back-perfusion from the

caval vein thereby enhancing /R injury ***'

. This finding underscores the use of protective
measures when applying THVE, such as in situ hypothermic perfusion of the future remnant liver.

The objective of this study was to examine whether in situ hypothermic perfusion is a
useful tool to attenuate liver I/R injury and to investigate if this protective effect resulted from
clearance of the liver from blood or to cooling of the liver per se. Cooling of the organ leads to a
decrease in cell metabolism, as was demonstrated by a reduction in the velocity of various organic
reactions by a factor 2 for every 10°C reduction in temperature *>. This results in a decrease in
hepatic oxygen demand and uptake and thus provides an effective protection from hepatic oxygen
deprivation thereby reducing reperfusion injury **. In literature, a major role is attributed to the

34-36

formation of reactive oxygen species during reperfusion , which is attenuated by cooling of

the organ. Other mechanistic factors, like maintenance of mitochondrial function by preventing

. 7 . . . . 3
calcium overload *’, suppression of nitric oxide formation *

or preservation of important
intracellular concentrations of metabolites are also shown to play a role in temperature related I/R
injury. This study showed that clearance of the liver from blood without concomitant cooling
severely aggravates liver I/R injury. The use of Ringer-glucose as perfusion fluid has several
implications for the observed outcome in this study. Although the Ringer-glucose solution was
isotonic, the lack of proteins and the acidotic pH (4.65) probably enhanced endothelial cell
swelling at normothermic temperatures, leading to microvascular disturbances and ultimately
enhanced liver injury during reperfusion *°. This explanation is corroborated by the extensive
congestion of the liver observed at the onset of reperfusion in pigs of the warm perfused group.

In the present study, a decrease in core liver temperature of 10°C was chosen to
investigate if hepatocytes could be protected from I/R injury at this temperature without
hampering sinusoidal endothelial cell (SEC) function. Preserved hyaluronic acid (HA) uptake
capacity after 24 hrs of reperfusion indicates that a drop of 10°C in liver core temperature did not
affect SEC function. In fact, SEC still had a high reserve capacity for HA uptake after left
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hemihepatectomy which is in agreement with previous experiments performed in our laboratory
29

This pig liver I/R model constitutes a clinically relevant, large animal model, but at the
same time has its limitations. Relatively long THVE times were used in this protocol for optimal
investigation of the protective effect of in situ cooling on liver /R injury. A THVE time of 2 hrs
results in sub-lethal liver failure, indicated by the survival of only 3 out of 5 pigs in the control-
LHX group during 24 hrs of reperfusion. If circulatory support by infusion of phenylephrine was
not provided in the control-LHX group, all pigs would have died during the 24 hrs of reperfusion
period and a statistical significant difference with the cold-LHX group would have been easily
reached. Pigs in the cold-LHX group did not require phenylephrine infusion. Whereas plasma
AST levels in pigs in the cold-LHX group reached maximum levels afier 6 hrs of reperfusion,
AST levels in pigs in the control-LHX group continued to increase during the 24 hrs of
reperfusion period. This indicates that only pigs in the cold-LHX group showed recovery from the
sustained hepatic I/R injury.

In humans, an ICG clearance in livers of >90% is considered normal. In this study, ICG
clearance in all pigs before induction of ischemia was 89.9+1.01 (meantSEM), which is
comparable to the human situation. In literature, a correlation was observed between ICG

* In this study however, no differences were observed

clearance and functional liver mass
between ICG clearance in pigs of the cold-LHX group before and after partial liver resection,
indicating an ample reserve capacity of the liver for ICG clearance. Pigs after warm-LHX and
control-LHX, however, showed clearance rates of <70%, compatible with severely impaired liver
function.

Use of THVE can cause serious side effects like hemodynamic instability *'. Because
portosystemic collateral circulation is poorly developed in pigs, portal venous drainage is

3142

mandatory under THVE . In humans, however, collateral circulation of the portal venous
system is better developed and therefore, a portal venous shunt is usually not required. Sustained
hypotension by test clamping prior to resection ', indicates the need for a venovenous bypass
during THVE of which several systems have been described, both passive * and active '%*",
Usually in these cases, systemic heparinisation is required to minimize the risk of intra-shunt
clotting, thereby increasing the risk of uncontrolled hemorrhage. In the present experiments, a
custom made, stiff polycarbonate intraluminal prosthesis with one side-port was used to bypass
blood from the infrahepatic caval vein to the suprahepatic caval vein while at the same time

draining the portal venous system. Intra-shunt clotting was not observed and systemic
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heparinisation or local use of heparin was not required, which can be a major advantage during
these operative procedures.

Several methods have been described for in situ cooling of the liver. Yang-IL et al. used
simple in situ cooling by rapid infusion of chilled 450 m! Ringer-lactate before clamping of the
portal triad (Pringle maneuver). In their study, hypothermia of the liver lasted about one hour and
no concomitant depression in body temperature was observed *. These findings, however, could
not be reproduced in our laboratory in which liver temperature in pigs could not be significantly
reduced by rapid cold infusion without a concomitant decrease in body temperature (data not
shown). Cooling of the liver can be achieved by infusion of different fluids via the hepatic artery
"2 or portal vein **, or via both at the same time '°. Alternatively, topical surface cooling during
partial hepatectomy can be used *** It is not yet known which perfusion method is most
effective, although our study shows that perfusion via the hepatic artery alone provides sufficient
cooling of the liver.

In conclusion, a mild decrease in core liver temperature with 10°C by in situ
hypothermic perfusion proved effective in attenuating liver /R injury as demonstrated by
improved hepatocellular function, preservation of SEC function, less histopathological damage,
decreased systemic inflammatory response and increased survival in this pig model. Clearance of

the liver from blood using Ringer-glucose without concomitant cooling severely aggravated I/R

injury.
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