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Abstract t 

Introduction.. Hypothermic perfusion (HP) of the liver is applied during total vascular 

exclusionn (TVE) to reduce ischemic injury during liver resection. Ringer-lactate solution is 

commonlyy used for in situ HP. Celsior solution is used for organ preservation but might also 

bee suitable for in situ HP. The aim of this study was to compare Ringer-lactate solution (RL) 

withh Celsior solution (Cs) for HP in a pig model of 60 min TVE. 

Animalss and Methods. Twenty pigs underwent 60 min TVE of the liver followed by 24h 

reperfusion.. HP was performed via the portal vein using ice cold Cs or RL (4°C). Pigs were 

assignedd to three groups; group 1: TVE without HP (no-HP, n=9), group 2: TVE with HP 

usingg RL (n=6) and group 3: TVE with HP using Cs (n-5). Outcome parameters were plasma 

aspartatee aminotransferase (AST), arterial pH and base excess directly after TVE, vascular 

infloww and bile production, tissue pO, levels, liver tissue glutathione content, coagulation 

parameterss prothrombin time (PT) and thrombin-antithrombin (TAT) complexes. 

Results.. In the no-HP group, plasma AST values were significantly increased during 

reperfusionn (p<0.05) while liver tissue p 02 levels (p<0.01) were decreased when compared to 

thee RL and Cs groups. Post-TVE metabolic acidosis was significantly reduced in the Cs group 

(p<0.05).. After 24 hours reperfusion, bile production and liver tissue glutathione content 

weree significantly higher (p<0.05) in the Cs group 7 mL/hour and 2 nmol/ 

mg,, resp.) as compared to the RL group 5 mL/hour and 8 nmol/mg, resp.), 

whilee prothrombin time (PT) was more prolonged in the RL group and the no-HP group as 

comparedd to the Cs group (p<0.05). 

Conclusion.. The protective effect of HP during TVE was confirmed in this study. HP with 

Css was more effective in reducing metabolic acidosis, restoring radical scavenging capacity 

andd bile production and maintaining coagulation capacity as compared to HP with RL. 
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Introduction n 

Totall  vascular exclusion (TVE) consists of clamping of the portal vein, the hepatic artery and 

thee supra-and infrahepatic caval vein '. It is applied during extended liver resection when 

backfloww from the caval vein causes significant blood loss or when part of the caval vein is 

involvedd in the tumour. TVE leads to hepatic ischemia and subsequent reperfusion (I/R) 

injuryy when the clamps are removed and normal blood flow to the liver is restored. Especially 

inn patients with underlying liver disease, hepatic ischemia for periods longer than 60 minutes 

leadss to increased risk of liver failure and death 2~4. Liver I/R injury is caused by the release 

off  reactive oxygen species and the onset of an inflammatory response by Kupffer cells. This 

leadss to further damage of the parenchymal and sinusoidal endothelial cells, leading to 

necrosis,, apoptosis and microcirculatory failure 5i 6. 

InIn situ hypothermic perfusion (HP) of the liver during TVE is an option to reduce hepatic 

I/RR injury during extensive liver resections 7A2. The protective effect of HP is based on the 

conceptt that hypothermia leads to diminished metabolism and hence, decreased energy and 

oxygenn demand. Ringer-lactate (RL) is one of the most often used solutions for HP 7' H. It is a 

crystalloidd solution without any additives and without buffering capacity. The aim of HP with 

Ringer-lactatee solution is solely to cool the liver and thereby to decrease metabolism and the 

needd for oxygen. At 28°C, however, cellular metabolism and oxygen demand is still around 

50%% 13. Next to RL solution, organ preservation solutions have also been applied during 

HPP 8' 9. The advantage of organ preservation solutions lies in their ability to prevent tissue 

acidosis,, cell swelling, free radical damage and energy depletion, all phenomena which occur 

duringg ischemia and subsequent reperfusion. A relatively new organ preservation solution, 

calledd Celsior (Cs) solution, has also shown to be effective in both experimental and clinical 

organn preservation 14 21. It was originally designed for donor heart and lung preservation, 

butt has also proven to be suitable for the preservation of liver grafts 15, 18, 21. Cs contains 

reducedd glutathione which has a strong anti-oxidative effect. Also, glutathione plays a role 

inn preserving endothelial function by enhancing endothelium-dependent NO release, as has 

beenn demonstrated in pulmonary grafts 22,23. Cs also contains mannitol and lactobionate 

too prevent cell swelling and glutamate for energy supply. Histidine buffer has been added to 

preventt tissue acidosis and magnesium sulphate acts as a membrane stabilizer. 

Thee aim of this study was to assess whether in situ HP during TVE using Cs shows a benefit 

abovee RL solution in terms of further diminishing liver damage and preserving endothelial 

celll  integrity and microcirculation. TVE with HP using Cs or RL was also compared with 

TVEE without HP. 

Materialss and methods 

Animals s 

Twentyy male pigs (Vendrig, Amsterdam, The Netherlands) were used, weighing 40-50 kg. Al l 

pigss were allowed to acclimatize to the laboratory environment for 7 days with free access 

too standard laboratory food (Blok, Woerden, The Netherlands) and water. Pigs were fasted 
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overnightt with free access to water before the experiments. The experiments were approved 

byy the Animal Ethics Committee of the Academic Medical Center, University of Amsterdam, 

Thee Netherlands. 

Anes thes ia a 

Methodss concerning premedication and anaesthesia were described previously u. Blood 

temperature,, measured in the brachiocephalic vein, was continuously monitored and a 

physiologicall  body temperature of 37-38"C was maintained by means of a heating lamp and 

aa heating mat. Arterial blood gas analysis was performed before and at regular intervals 

afterr TVE (ABL 505/OSM 3 HEMOXIMETER', Copenhagen, Denmark). Metabolic acidosis 

wass corrected with 8.4% HC03~ (Fresenius Kabi Nederland B.V., 's Hertogenbosch, The 

Netherlands). . 

Surgicall procedure 

AA midline laparotomy was performed followed by dissection (Force™ 20, Valleylab, 

Boulder,, USA) and cannulation of the common bile duct for continuous measurement of 

bilee production. Another cannula was placed into the distal common bile duct and the 

duodenumm to return the bile to the intestine of the animal during the experiment. The 

portall  vein, the hepatic artery and the caval vein were dissected free and the right gastric 

andd the gastroduodenal artery were divided together with the right gastric vein in order 

too cut off any accessory blood supply to the liver. TVE was achieved by clamping of the 

infraa and suprahepatic caval vein, the common hepatic artery and the portal vein. To prevent 

splanchnicc congestion and venous congestion in the lower limbs, a situation that is lethal 

inn pigs, a polyethylene prosthesis with one side port was used to bypass blood from the 

infrahepaticc caval vein and portal vein to the suprahepatic caval vein through a transverse 

incisionn in the infrahepatic caval vein. 

Thee prosthesis was inserted and guided intralumenally in cranial direction. It was fixed into 

thee caval vein using two slings, which were placed in suprahepatic as well as in infrahepatic 

position.. Then, the portal vein was divided and the proximal end was connected to the 

sidee port of the prosthesis after which the clamps were removed from the caval vein and 

portall  vein. The distal end of the portal vein was used to perfuse the liver with cold RL or Cs 

solution.. The perfusate was allowed to drain through the transverse incision of the caval vein 

intoo the abdominal cavity, from where it was removed. 

Afterr 60 minutes of TVE, the perfusion was stopped and the proximal portal vein was 

reconnectedd to the distal end. A ligature was placed cranial from the side port around 

thee infrahepatic caval vein (to secure the intraluminal prosthesis and to prevent blood 

fromm entering the abdominal cavity after reperfusion of the liver) and the sling around the 

suprahepaticc caval vein was removed. The liver was then reperfused by releasing the clamps 

fromm the portal vein and the common hepatic artery and the abdomen was closed. 

Experimentall  design 

Al ll  20 pigs underwent 60 minutes of TVE followed by 24 hours of reperfusion. The animals 

weree randomly divided into three groups. In the first group, TVE was performed without 

178 8 



Hypothermicc perfusion using Celsior and Ringer-lactate 

HPP (no-HP group; n=9) In the second group, livers were perfused with ice cold RL solution 

withh an average core liver temperature of 28°C (RL group; n=6). In the third group, livers 

weree perfused with ice cold Cs solution also maintaining an average core liver temperature 

off  28UC (Cs group; n=5). The components of the two perfusion solutions are shown in table 

1.. Core liver temperature was measured by two temperature probes_(Metatemp, Industrial 

Temperaturee Measurement, Steenbergen, The Netherlands) and monitored continuously 

(Thermistorr 4070, Mallinckrodt, St. Louis, USA). The probes were placed in the right lateral 

andd the left medial liver lobes. The tip was placed 4-5 cm within the liver tissue. 

Thee average temperature was used for adjusting the flow of the perfusion solution. Perfusion 

wass powered by a roller pump (Gambro Instrumenta AB, Lund, Sweden) and the flow was 

adjustedd from 50 to 500 ml/hour depending on the core liver temperature. Flow was started at 

100-2000 ml/hour and when the target core liver temperature was attained, flow was adjusted 

too 50 ml/hour, to maintain core liver temperature at the desired level. In the group without 

perfusion,, liver temperature was maintained at 37-38°C. After TVE and reperfusion, the pigs 

remainedd under anesthesia for 24 hours after which they were sacrificed. 

Hepatoce l lu larr injury 

Too assess hepatocellular injury, aspartate aminotransferase (AST) and alanine aminotrans-

ferasee (ALT) concentrations were measured in arterial blood samples taken before TVE and 

afterr 1, 6, 12 and 24 hours of reperfusion using routine laboratory techniques. 

Hepaticc pedicle blood flow 

Portall  vein and hepatic artery blood flow were monitored continuously (Transonic Systems, 

A.B.. Medical B.V., Roermond, The Netherlands). 

Microvascularr perfus ion 

Microvascularr perfusion was assessed by performing intrahepatic tissue p 02 measurements 

usingg a polarographic p 02 needle electrode (SIGMA pGyHistograph KIMOC, Eppendorf, 

Hamburg,, Germany), as described previously 24> 2S. A p 02 histogram was constructed from 

1000 consecutive p 02 values obtained by stepwise withdrawal of the needle over a 2 cm tract 

(pilgrimm step method) in the right median liver lobe. Intrahepatic p 02 measurements were 

performedd before TVE and after TVE at 10 min, 1 and 24 hours. 

Glutath ionee concentrat ion 

Glutathionee concentrations were measured in liver tissue, bile and blood plasma according 

too the method of Tietze 26. Liver biopsies were taken from the rim of the right medial liver 

lobe.. The biopsies were homogenized in 1 mL ice cold phosphate buffered saline. After 

proteinn determination (BCA protein assay, Pierce) in liver tissue homogenates, 3.6 mL 

metaphosphoricc acid (MPA, 50 g/L) was added to the homogenates, bile and plasma samples 

andd the suspensions were vortexed and centrifuged (4,500 rpm, 10 min). Supernatants were 

usedd for glutathione measurements. Total (oxidized and reduced) glutathione concentrations 

weree measured before, and 10 min, 1, 6 and 24 hours after TVE. 
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Coagulationn parameters 
Prothrombinn time (PT) was determined using a one stage clotting assay and Thromborel-

SS thromboplastin (Dade Behring, Leusden, The Netherlands). The plasma concentration of 

thrombin-antithrombinn complexes (TAT) were measured by ELISA (Enzygnost TAT, Dade 

Behring,, Leusden, The Netherlands). 

Statisticall analysis 

Resultss are expressed as mean  standard error of the mean (SEM). Statistical analysis was 

performedd using SPSS 12.0.1 for Windows (SPSS Inc., Chicago, 111, USA). One-way ANOVA, 

followedd by Bonferroni post-test was used for differences between groups. Repeated measures 

ANOVAA was used for measurements at multiple time-points followed by Bonferroni post-

testt for differences between groups or paired T-test for differences within groups at different 

timee points. A p-value <0.05 was considered significant. 

Results s 

Survival l 
Threee animals (33%) in the no-HP group died shortly after TVE. Death in these animals 

wass caused by massive congestion of the liver leading to non-controllable hypotensive shock, 

highlyy elevated heart rate and eventually cardiac arrhythmia and arrest. No animals died 

duringg the experiment in the other groups. 

Arteriall  blood gas analysis 

Afterr reperfusion, the first arterial blood gas analysis was performed at 10 min. Abnormal 

valuess found on these analyses were immediately corrected by adjusting ventilation (for p 02 

orr pCO,, abnormalities) and/or infusion of HC03 ' (for metabolic acidosis). On these analyses, 

significantlyy lower arterial pH and base excess values were found in the no-HP group and the 

RLL group as compared to the CE group (Table 2). In all groups, arterial pH and base excess 

valuess were significantly lower after 10 min. reperfusion as compared to before TVE. 

Parenchymall  injury 
ASTT was significantly elevated in the no-HP group as compared to the RL group and the Cs 

groupp after TVE (Fig la). No statistical differences were found between the RL group and the 

CEE group. ALT values showed a similar pattern (data not shown). 

Vascularr inflow into the liver 

Decreasedd flow through the liver was found immediately after reperfusion in animals that 

didd not undergo HP. Blood flow in the hepatic artery and the portal vein was significantly 

lowerr in the no-HP group as compared to the RL and Cs groups, 10 min. after reperfusion 

(Figg lb). Flow subsequently normalized in all groups and no significant differences were 

foundd anymore. 
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Bilee production 

Baselinee bile production was 35-40 mL/hour. During TVE, bile production decreased to 

almostt zero (Fig lc). After release of the clamps, bile production gradually increased in all 

groups.. After 1, 6 and 12 hours reperfusion, bile production was significantly higher in the RL 

andd Cs groups as compared to the no-HP group. After 24 hours reperfusion, bile production 

wass significantly higher in the Cs group as compared to the no-HP and RL groups. 

Figuree 1. Aspartate aminotransferase (AST) levels (a), 
hepaticc artery and portal venous blood flow (b) and 
bilee production (c), measured before TVE, during TVE 
(T),, 10 min after TVE (R) up to 24 hours after TVE 
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la:: AST values were significantly lower in the RL 
groupp and the Cs group compared to the no-HP 
groupp (**  repeated measures ANOVA, p<0.05). 
Noo differences in AST were found between 
thee RL group and the Cs group, lb: After 10 
minn reperfusion, blood flow was significantly 
decreasedd in no-HP as compared to the other 
groupss (**  P<0.02). No significant differences were 
foundd in blood flow on the other time points, lc: 
Bilee production was significantly higher in the RL 
groupp and the Cs group as compared to the no-
HPP group at all time points after TVE (**  p<0.05). 
Afterr 24 hours reperfusion, bile production was 
significantlyy higher in the Cs group as compared 
too the no-HP group and the RL group (*  p<0.05). 
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Figuree 2. Intrahepatic tissue pO, 

7 0--

6 0--

~~ 50-

aa 40-

i i 

I I 

I I I I 
~ ~ 

noo HP 
Rl l 
Cs s 

pre-TVEE 10 min 1 hour 24 hours 

Reperfusionn time (hours) 

Intrahepaticc tissue pO, was significantly 
lowerr in the no-HP group (black bars) as 
comparedd to the RL (grey bars) and Cs (white 
bars)) groups (*  p<0.01) after 10 min and 1 
hourr reperfusion. * Significantly different 
fromm pre-TVE (p<0.05). 

Microvascularr perfus ion 

Microvascularr perfusion, as measured by intrahepatic tissue p02 levels, decreased 

significantlyy 10 min after reperfusion as compared to pre-TVE values in the no-HP group 

(Figg 2). After 1 hour reperfusion, microvascular perfusion was significantly increased in the 

Css group as compared to before TVE. This relative hyperperfusion also occurred to a lesser 

extentt in the RL group, but not in the no-HP group. After 24 hours reperfusion, intrahepatic 

tissuee p02 levels had normalized in all groups. 

Glutathionee levels 

Afterr reperfusion, liver tissue glutathione significantly decreased in the no-HP group as 

comparedd to pre-TVE (Fig 3a). This did not occur in the other groups. After 10 min and 6 hours 

reperfusion,, liver tissue glutathione was significantly higher in the Cs group as compared to 

thee no-HP group. After 24 hours reperfusion, liver tissue glutathione was significantly higher 

Figuree 3. Liver tissue (a) and bile (b) glutathione concentration, measured before TVE and during 
reperfusion n 
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3a;; After 10 min and 6 hours reperfusion, liver tissue glutathione was significantly higher in the Cs group as 
comparedd to no-HP (*  p<0.05). After 24 hours reperfusion, liver tissue glutathione was significantly higher in 
thee RL as compared to no-HP (*  p<0.05) and also in the Cs group as compared to RL and no-HP (**  p<0.02). 3b: 
Afterr 6 and 24 hours reperfusion, bile glutathione was significantly higher in the RL and Cs groups as compared to 
thee no-HP group (*  p<0.05). Bile glutathione was also significantly higher in the Cs group as compared to the RL 
groupp after 24 hours reperfusion (**  p<0.05). * Significantly different from pre-TVE (p<0.05). 
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inn the RL and Cs groups as compared to the no-HP group. Liver tissue glutathione was also 

higherr in the Cs group as compared to the RL group after 24 hours reperfusion. Liver tissue 

glutathionee was significantly higher in the Cs group after 24 hours reperfusion as compared 

too pre-TVE. During reperfusion, bile glutathione significantly increased in the RL and Cs 

groupss as compared to pre-TVE (Fig 3b). After 6 and 24 hours reperfusion, bile glutathione 

wass significantly higher in the RL and Cs groups as compared to the no-HP group. Bile 

glutathionee was also significantly higher in the Cs group as compared to the RL group after 

244 hours reperfusion. Plasma glutathione levels during reperfusion showed no differences 

betweenn groups, nor when compared to pre-TVE values (data not shown). 

Coagulat ionn parameters 

Thee function of the coagulation system, as assessed by PT, significantly decreased at all 

timee points after TVE in all groups (Fig 4a). After 12 and 24 hours reperfusion, PT was 

significantlyy prolonged in the no-HP group as compared to the RL and Cs groups. After 24 

hourss reperfusion, PT was also significantly higher in the RL group as compared to the Cs 

group.. Only in the Cs group, PT values almost returned to baseline values after 24 hours 

reperfusion.. Activation of coagulation, leading to thrombin generation, as measured by 

plasmaa TAT complexes, was significantly increased at all time points during reperfusion as 

comparedd to before TVE in all groups (Fig 4b). After TVE, TAT complexes were significantly 

higherr in the no-HP group as compared to the RL and Cs groups. No statistical differences in 

TATT complexes were found between RL and Cs groups. 

Figuree 4. Prothrombin time (PT) (a) and thrombin-antithrombin (TAT) complexes (b) measured before 
TVEE and during reperfusion 

4a:: PT was significantly higher at all time points after reperfusion as compared to before TVE in all groups 
(p<0.05).. After 12 and 24 hours reperfusion, PT was significantly higher in the no-HP group as compared to 
thee RL and Cs groups (**  p<0.05). After 24 hours reperfusion, PT also was significantly higher in the RL group 
ass compared to the Cs group (*  p<0.05). 4b: TAT complexes were significantly higher at all time points during 
reperfusionn as compared to before TVE in all groups (p<0.05). After 1,6, 12 and 24 hours reperfusion, TAT 
complexess were significantly higher in the no-HP group as compared to the RL and Cs groups (**  p<0.05). 
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Discussion n 

Thee effect of in situ HP using Celsior solution, a relatively new organ preservation solution, 

wass compared with HP using Ringer-lactate and no-HP during 60 min TVE of porcine liver. 

Thee advantage of HP during TVE was confirmed in this study and is in agreement with 

otherr reports 12. Although no differences in parenchymal damage and microcirculatory 

perfusionn were found, HP with Celsior solution resulted in less decrease of arterial pH and 

basee loss, better restoration of bile production, more radical scavenging capacity and better 

maintenancee of coagulation capacity as compared to HP with Ringer-lactate solution. Hence, 

HPP with Celsior solution is advantageous over HP with Ringer-lactate solution. The arterial 

pHH drop and base loss observed directly after reperfusion was probably caused by the onset 

off  anaerobic glycolysis due to the lack of oxygen. This leads to metabolic acidosis secundary 

too the formation of lactate. Whereas acidotic pH can protect against anoxic cell death, 

reperfusionn of ischemic cells at acidotic pH leads to more cell killin g (pH paradox) 2/' 28. The 

minorr decrease in arterial pH and base loss in the Celsior group as compared to the Ringer-

lactatee group is most likely caused by the histidine buffer contained in Celsior. Ringer-lactate 

solutionn does not have a buffer capacity and has a low pH (6.0) by itself 

Formationn of reactive oxygen species is an important step in the onset of I/R damage '• 6. 

Reducedd glutathione is known to be a potent radical scavenger and has shown the ability to 

reducee I/R damage in different models 29,3(). Increased radical scavenging capacity in HP with 

Celsiorr solution was most pronounced after 24 hours reperfusion but was already visible 

afterr 10 min reperfusion. It is hypothesized that the reduced glutathione in Celsior solution 

wass directly oxidized in the liver during TVE. Accordingly, excretion of oxidized glutathione 

intoo the bile was also most pronounced in the Celsior group. It also was seen earlier after 

reperfusionn and peaked after 24 hours reperfusion. Peak values of liver and bile glutathione 

afterr 24 hours reperfusion probably better reflect the restorative capacity of glutathione. 

Leakagee of glutathione from damaged cells into the systemic circulation did not appear to be 

aa major factor in this study, as no differences were found in plasma glutathione levels after 

TVEE as compared to pre-TVE in all groups. 

Microcirculatoryy disturbances within the liver were most apparent directly after reperfusion. 

Hepaticc artery and portal venous flow as well as intrahepatic pO, levels were decreased after 

100 min reperfusion and subsequently recovered in the no-HP group. In the animals that did 

nott survive the experiments, this no-reflow state persisted and was accompanied by massive 

congestionn of the liver and non-correctable systemic shock. Activation of coagulation is also 

knownn to occur as part of 1/R injury :11,32. The formation of TAT complexes was significantly 

increasedd in the no-HP group. HP with Celsior solution not only resulted in reduction of 

thee formation of TAT complexes, but also PT was almost normalized within 24 hours of 

reperfusion.. So HP with Celsior solution leads to faster restoration of liver synthesis function 

ass compared to HP with Ringer-lactate, while coagulation activation is equally reduced. The 

restorationn of liver synthesis function by Celsior, measured with PT, is remarkable and has 

nott been described previously. 

Fromm organ preservation studies it is known that additives such as energy supplements, 

pHH buffer and membrane stabilizers can decrease cold ischemic damage and prolong 

preservationn periods n . Although organ preservation solutions such as University of 
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Wisconsinn (UW) solution have been used for HP, no comparative studies with Ringer-lactate 

havee been performed 9< 10. Currently, many consider UW solution as the gold standard in 

organn preservation. In our experience, however, UW has some disadvantages. Due to the 

colloidd hydroxyethylstarch, U W solution has a relatively high viscosity, rendering it difficult 

too use as a wash-out solution. Furthermore, it is an intracellular type solution containing a 

highh potassium concentration (120 mmoI/L). Therefore, it is potentially dangerous to use 

inin situ, because of the risk of cardiac arrhythmias, when UW is spilled into the systemic 

circulation.. Celsior solution is a relatively new organ preservation solution with a lower 

potassiumm concentration (15 mmol/L) and lower viscosity than UW solution. We therefore 

decidedd to use Celsior solution in this study. 

Inn humans, in situ HP of the liver during TVE resulted in a drastic reduction of parenchymal 

damagee during liver resection and decreased post-operative complications 9. Although TVE 

mayy only be needed in complex liver resections, it is advised to use HP during TVE, even when 

thee expected duration of TVE is below 60 min. The safe limi t for vascular inflow occlusion 

duringg partial liver resections has not been defined. A period of 60 min is considered to be 

relativelyy safe in humans, depending on quality of the liver parenchyma 33. In our pig model, 

however,, TVE for 60 min without HP resulted in a 33% mortality rate (3/9). When, during 

pilott experiments, TVE duration was extended to 90 min, no animals survived (0/3). These 

resultss confirm the fact that the pig liver is more susceptible to I/R damage than the human 

liver,, and in order to test different perfusion solutions, a period of 60 min TVE suffices in the 

pigg model. 

Inn conclusion, the protective effect of in situ HP during TVE was confirmed in this study. 

Furthermore,, whereas no difference in parenchymal damage or microcirculatory disturbances 

weree found, HP with Celsior solution was more effective in reducing metabolic acidosis, 

restoringg radical scavenging capacity and bile production and maintaining coagulation 

capacityy as compared to HP with Ringer-lactate. Therefore, when applying HP in humans, 

Celsiorr is considered the preferred perfusion solution. 
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