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Strategiess to improve outcome 
II after partial liver resec t i on ! 

Sanderr  Dinan t 



en n 
Leverresectiee in combinatie met hilusresectie in vergelijking met alleen 
hilusresectiee bij patiënten met Klatskin type II , III en soms IV tumoren leidt tot 
meerr radicale resecties en zal tot een betere overleving leiden, terwijl de 
postoperatievee morbiditeit en mortaliteit niet toeneemt, (dit proefschrift) 

Klatskinn type IV tumoren zijn niet per definitie irresectabel. (dit proefschrift) 

Hepatobiliairee scintigrafie als standaard preoperatieve test zal het optreden van 
postoperatievee leverinsufficièntie en mortaliteit na partiële leverresecties doen 
afnemen,, (dit proefschrift) 

Interleukine-100 is effectief in het voorkomen van ischemie en reperfusieschade, 
waarbijj  de proliferatieve respons behouden blijft , (dit proefschrift) 

Hypothermee perfusie van de lever onder 28 graden Celsius tijdens partiële 
leverresectiee is weinig zinvol en zeer onpraktisch, (dit proefschrift) 

Tijdenss 60 minuten hypotherme perfusie is het gebruik van een 
orgaanpreservatievloeistoff  zoals Celsior zinvol, (dit proefschrift) 

Dee inter en intra-species variatie van leverschade als reactie op ischemie is een 
zeerr uitdagend promotieonderwerp. 

Dee juiste conclusies trekken is een onderschatte bezigheid. 

Eenn kritische blik is minstens evenveel waard als een klinische blik. 

Verstandigg is hij, die handelt naar wat hij weet en weet wat hij niet weet. 
(Confucius) ) 

Volhardingg is geconcentreerd geduld. (Thomas Carlyle) 

Doo or do not. There is no 'try'. (Yoda, The Empire Strikes Back) 

Knowledgee speaks, but wisdom listens. (Jimi Hendrix) 
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Introductionn and outline of the thesis 

Inn this thesis, two important complications of partial liver resections are addressed, namely 

1)) liver failure, caused by inadequate function of the remnant liver, and 2) hepatic ischemia 

andd reperfusion injury, caused by vascular inflow occlusion, which may increase the risk of 

remnantt liver failure. Part 1 (chapter 2-6) consists of clinical studies on outcome of partial 

liverr resections and prevention of liver insufficiency and liver failure. Part 2 (chapter 7-9) 

consistss of experimental studies aiming at increasing remnant liver volume or decreasing 

liverr damage and inflammation secondary to hepatic ischemia and reperfusion. Part 
33 (chapter 10-12) consists of experimental studies on hypothermic perfusion to decrease 

hepaticc ischemia and reperfusion injury. 

PARTI I 

1.11 Liver resection 

Partiall  liver resection is the only curative option for patients with liver malignancies, such as 

metastasess from colorectal cancer, hepatocellular carcinoma or hilar cholangiocarcinoma. 

Whenn performing partial liver resection, the anatomic division of the liver into segments 

accordingg to Couinaud's classification is used (Fig. 1). The classical types of anatomical 

resectionn comprise segmentectomy (one segment), bisegmentectomy (2 segments), left 

hemihepatectomyy (segments 1-4), right hemihepatectomy (segments 5-8) or extended 

rightt hemihepatectomy (segments 4-8). Recently, a new terminology of liver anatomy and 

resectionss has been proposed by the terminology committee of the International Hepato-

Pancreato-Biliaryy Association '. Although mortality has decreased over the past decade, 

Figuree 1. The anatomical division of the 
liverr  into segments according to Couinaud 
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Chapterr 1 

morbidityy is still substantial 2 4. Most frequent postoperative complications are biliary 

leakage,, infectious complications such as perihepatic abscess or wound infection, pleural 

effusionn and bleeding I Especially when liver function is compromised before operation 

duee to cirrhosis, chronic sclerosing cholangitis or steatosis, the risk of major complications 

iss increased 4~7. An important cause of postoperative morbidity and mortality is loss of 

functionall  liver tissue due to resection. When more liver parenchyma is resected, the risk of 

postoperativee liver insufficiency and liver failure increases 3<8. Especially when postoperative 

liverr failure is accompanied by infectious complications, intensive care treatment is often 

necessaryy and maximum median mortality rates are 70%. 

Onee group of patients that has an increased risk of postoperative complications after partial 

liverr resection are patients with hilar cholangiocarcinoma 9. These carcinomas originate 

fromm the proximal bile duct and often infiltrate into the liver. Forty to sixty percent of all 

cnoiangiocarcinomass arise IIUUL uie pujAinicn unc UU^L «VUL.^O »^'^' ^ — . .- ^ v . ^ ^ 

intrahepaticc cholangiocarcinomas (10-15%) and distal extrahepatic cnoiangiocarcinomas (20-

30%)) 10. Hilar cholangiocarcinomas are also called Klatskin tumors, named after the person 

whoo first described a patient series in 1965 n . Klatskin Tumors can be classified as proposed 

byy Bismuth and Corlette et. al. 12. Only a minority of patients can be treated with curative 

intent,, because at presentation the tumor often has metastasized or ingrowth into the liver 

iss too extensive 10-1315. For most type II and all type III tumors, treatment consists of hilar 

resectionn combined with partial liver resection. When ingrowth into the main trunk of the 

portall  vein or hepatic artery is present, vascular resection is necessary in combination with 

hilarr resection 16' 17. In selected cases, type IV tumors can also be resected depending on 

biliaryy segmental anatomy at the liver hilum. In the last lOyears, a more aggressive surgical 

strategyy has been advocated, mainly by Japanese surgeons, in order to achieve a higher rate 

off  tumor free margins and consequently, improved survival 14' 17"21. However, postoperative 

morbidityy and mortality rates are high, ranging from 37%-85% and 096-15% respectively 6' 
2222''2S2S.. In chapter  2, a a series of 99 patients is described, which had undergone resection for 

Klatskinn tumors in the Academic Medical Center in a 15 year period. Three periods of 5 

yearss are compared in respect with postoperative morbidity and mortality and long-term 

survival.. In chapter 3, an overview is given of the diagnostic and surgical approaches as 

appliedd in the Academic Medical Center. The criteria for resectability are discussed in the 

lightt of classification systems. Liver segment one, or the caudate lobe is often infiltrated in 

hilarr cholangiocarcinoma patients due to its location directly posterior to the hepatic hilum. 

Concomitantt complete resection of the caudate lobe is therefore important to obtain margin 

negativee resections 19'27'29. In chapter 4, the benefit of total resection of segment one to 

obtainn tumor free resection margins during resection for Klatskin tumors is demonstrated 

inn the same series of patients.. 

1.33 Assessment of liver functional reserve 

Ass stated above, the volume of resected liver parenchyma is an important factor in the 

developmentt of postoperative liver failure. When liver function is normal, and the patient 

iss not diabetic or immunocompromised, up to 70% of liver volume can be resected without 

12 2 



Introductionn and outline of the thesis 

increasedd risk of liver failure M)n. On the other hand, when liver function is compromised, 

duee to underlying liver disease, the safe resection limi t lies around 50-60% 33'34. Total liver 

volumee and volume of the liver segments that remain after resection (future remnant liver) 

cann be calculated using computer tomography (CT)-volumetry 31' n- 3f\ This technique is 

widelyy used to exclude patients from liver resection or to select patients who wil l benefit from 

aa future remnant liver volume increasing procedure such as portal vein embolization 3fv4ü. 

CT-volumetryy is performed by manually delineating the whole liver, the tumor and the future 

remnantt liver on preoperative CT abdominal images. A drawback of this technique is that it 

iss based on liver morphology and provides no information on function of the liver. Therefore, 

measurementt of remnant liver volume alone is not enough to assess resectability, especially 

inn patients with parenchymal disease 3 4 3 5. Liver function can be assessed with conventional 

laboratoryy tests such as bilirubin, albumin, and coagulation parameters. Many investigators, 

however,, did not find any predictive value using these tests 41, 42. Serum hyaluronic acid 

concentrationn is thought to reflect the degree of hepatic fibrosis and sinusoidal endothelial 

celll  damage 43 43. Exogenous hyaluronic acid administered in an experimental setting, can 

bee used to measure sinusoidal endothelial cell function 46 48. Hyaluronic acid has been found 

too correlate with conventional liver function tests and indocyanine green clearance rate 49. 

Indocyaninee green is an organic dye that shows rapid liver uptake and is excreted into the bile 

byy the adenosine 5'-triphosphate dependant export pump multidrug-resistance associated 

protein-2,, without undergoing biotransformation 50- 51. Indocyanine green clearance rate 

hass shown predictive value for posthepatectomy liver failure 52. It is used in many centers, 

particularlyy in the Far East, to measure pre-operative liver function 5 3 5 4. A drawback of the 

above-mentionedd liver function tests is that they provide no objective criteria concerning the 

amountt of liver parenchyma that can safely be resected in any individual patient. 

Onee method to measure functional distribution of the liver is technetium-99m labeled 

(99mTc)-galactosyll  human serum albumin liver scintigraphy. It has been used as a receptor-

targetedd liver function test 55"58. A good correlation with indocyanine green clearance and 

conventionall  liver function parameters was found 55' 59, 60. In 2 studies, it also seems to 

havee predictive value for short-term outcome 57,61. As a drawback, 99mTc-galactosyl human 

serumm albumin accumulates within the liver and is not excreted into the bile. Therefore, no 

informationn is provided regarding biliary function. Furthermore, 99mTc-galactosyl human 

serumm albumin is only available in Japan and not in Europe or the USA. 

1.3.22 Hepatobiliary scintigraphy 

Functionn of the future remnant liver can be measured using hepatobiliary scintigraphy with 
99mTc-iminodiaceticc acid analogues such as 99mTc-mebrofenin 62 63. Once injected into the 

bloodd stream, 99mTc-mebrofenin is totally cleared by the liver over time 64. The percentage of 

injectedd 99mTc-mebrofenin that is cleared within a certain period of time is therefore a measure 

off  liver function. 99mTc-mebrofenin is excreted into the bile by the adenosine 5'-triphosphate-

dependentt export pumps, multidrug-resistance-associated protein 1 and 2, without undergoing 

biotransformationn during transit through the hepatocyte 65. Preoperative 99mTc-mebrofenin 

clearancee rates have shown to correlate with indocyanine green clearance rates in a series of 

partiall  hepatectomy patients 66. The advantage of hepatobiliary scintigraphy over other liver 

functionn tests is that 2-dimensional images of the liver are acquired with a gamma camera, 
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Chapterr 1 

showingg the regional uptake and excretion of  99mTc-mebrofenin by the liver 6" 68. 99mTc-

mebrofeninn uptake of the future remnant liver is calculated by manually drawing regions 

off  interest around the future remnant liver and calculating radioactivity within this region. 

Thiss is then divided by total liver 99mTc-mebrofenin uptake and corrected for body surface 

area.. In chapter  5, preoperative 99mTc-mebrofenin hepatobiliary scintigraphy is used to assess 

functionn of the future remnant liver in patients who would undergo partial liver resection. 

Itt is compared to hepatobiliary scintigraphy, measured 1-3 days after the operation to assess 

correlationn of the results of both measurements. In chapter  6, a larger patient series is used to 

assesss the predictive value of future remnant liver function measured with 99mTc-mebrofenin 

hepatobiliaryy scintigraphy. This method is compared to calculation of the future remnant 

liverr by CT-volumetry and is related to postoperative morbidity, liver failure and mortality. 

14 4 
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PARTT 2 

2.11 Portal vein embolization 

Whenn the future remnant liver is too small, usually after planned extended right 

hemihepatectomy,, partial liver resection cannot be performed because of the high risk 

off  postoperative liver failure. For some of these patients, portal vein embolization can be 

consideredd 69 ' \ With this technique, usually the right main branch of the portal vein is 

completelyy embolized. This is most often performed using coils to close the large tributaries 

off  the portal vein and polyvinyl alcohol to close the smaller vessels 33, 74>75. Because portal 

venouss flow to the embolized liver segments is blocked, these segments show atrophy and 

shrink.. The other liver segments wil l receive more venous blood and therefore wil l show 

hypertrophyy and increase in size. Thus, through a process of regeneration it is possible to 

augmentt size and function of the future remnant liver, making resection possible. 

Tumorr progression plays a crucial role in application of portal vein embolization, as previous 

reportss show that the volume of metastatic liver tumors increases more rapidly than the 

volumee of the liver parenchyma after portal vein embolization, both in nonembolized and 

embolizedd liver segments /6'77. This acceleration is probably due to increased arterial flow in 

thee embolized liver segments as most tumors mainly receive arterial blood supply78. Therefore, 

duall  embolization of hepatic artery and portal vein has been suggested to induce liver 

regenerationn on the one hand and prevent stimulation of tumor growth before hepatectomy 

onn the other hand. The obvious advantage of dual embolization compared to portal vein 

embolizationn only is, that complete occlusion of both portal and arterial blood supply to the 

tumorr bearing liver segments is accomplished ~9' 80. The timing of portal vein embolization 

andd arterial embolization is important, since simultaneous embolization increases the risk 

off  parenchymal infarction 81. Also, no studies are available assessing the potential systemic 

andd local proinflammatory cytokine response directly after dual embolization. In chapter  7, 

thee effect of portal vein ligation as well as both portal vein and hepatic artery ligation, using 

twoo different time schedules, was studied in a rat model (Fig. 2). Outcome parameters were 

atrophyy and hypertrophy as well as hepatocellular damage and inflammation. 

2.22 Vascular inflow occlusion and postischemic 
reperfusionn injury 

Nextt to size and function of the FRL, another important determinant of the outcome of 

partiall  liver resections is blood loss during and after surgery. Several studies have shown that 

intra-operativee blood loss is a significant prognostic factor for outcome after resection 3i 26. 

Too reduce blood loss, blood flow to the liver can be temporarily occluded during partial liver 

resection.. This maneuver, first described by Pringle in 1885 (Pringle's maneuver), significantly 

reducess intra-operative blood loss82 83. When backflow from the hepatic veins still causes 

majorr blood loss or when tumor is situated near the caval vein, total vascular exclusion can 
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Figuree 2. The rat liver 

Rightt median iobe Left median 
// lobe 

Commonn bile duct 

Hepaticc artery 

bee applied in which the supra- and infrahepatic caval vein are clamped in addition to the 

portall  vein and hepatic artery 84'86. 

AA major drawback of these clamping techniques during partial liver resection is that they 

inducee liver ischemia, when applied for prolonged periods. In humans, signs of ischemia 

occurr when clamping for 60 minutes or more K/,8S. Ischemia can be defined as 'a condition 

inn which an organ is deprived of sufficient blood supply'. It is accompanied by lack of oxygen 

andd substrates, the essential sources for cellular energy metabolism, and failure to remove 

end-productss of metabolism 89. This wil l lead to increased lactate production and therefore, 

metabolicc acidosis due to anaerobic glycolysis. The lack of adenosine 5'-triphosphate as 

energyy substrate, which is needed for maintenance of cell homeostasis and integrity, wil l 

causee cellular dysfunction, cellular and interstitial edema and eventually massive cell death 

(i.e.. necrosis) 89. 

Whenn removing the clamps after parenchymal dissection, the remnant liver is reperfused. 

Reperfusionn has important benefits such as restoration of oxygen supply and removal of 

toxicc metabolites. On the other hand, the combination of ischemia followed by reperfusion 

paradoxicallyy enhances damage and inflammation 90, 91. Two different phases of ischemia 

andd reperfusion injury can be distinguished. An early phase (< 2 hours after reperfusion) in 

whichh production of reactive oxygen species plays a dominant role and a late phase (6 to 48 

hourss after reperfusion), characterized by the onset of an inflammatory response. These two 

phasess result in enhanced parenchymal cell death with leakage of intracellular enzymes such 

ass aspartate aminotransferase and alanine aminotransferase as well as increased apoptosis 

andd necrosis. 
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2.2.22 Early phase of ischemia and reperfusion injury 

Reactivee oxygen species are molecules centered on oxygen that react rapidly and rather 

indiscriminatelyy with all important classes of biological macromolecules. Under physiologic 

conditions,, reactive oxygen species are generated in mitochondria of every cell. Under 

ischemicc conditions, production is increased due to the enzyme xanthine oxidase. The latter 

iss formed by conversion of xanthine dehydrogenase during ischemia. Xanthine oxidase 

catalysess a reaction forming hydrogen peroxide and superoxide anion, which are important 

reactivee oxygen species 92. The reaction uses oxygen as a substrate, which is absent during 

ischemia,, but present in abundance at reperfusion. Reactive oxygen species not only cause 

directt cellular damage, but also act as intracellular signaling molecules. They interact with 

targett molecules including nuclear factor-kappa Beta and stress-activated protein kinases, 

implicatedd in apoptosis 93' 94. Transcription factor Nuclear factor-kappa Beta plays a pivotal 

rolee in the onset of inflammatory reactions by inducing transcription of proinflammatory 

mediatorss 9'J. 

Thee pathophysiological relevance of intracellular reactive oxygen formation during hepatic 

ischemiaa and reperfusion is a topic of debate 96. More evidence exists on extracellular 

reactivee oxygen species formation as an important cause of damage 96, 97. Known sources 

off  extracellular reactive oxygen species producing cells are Kupffer cells, neutrophils and 

monocytess 98. Most organisms have endogenous defense mechanisms against reactive oxygen 

species,, in which antioxidants play a major role. In the liver, glutathione is an important 

antioxidant.. It removes hydrogen peroxide by converting reduced glutathione to its oxidized 

dimmerr and has shown to protect against ischemia and reperfusion injury " 101. Other 

importantt antioxidants are superoxide dismutase and vitamin E. 

Duringg the early phase of reperfusion, disturbances of the microcirculation occur which can 

ultimatelyy lead to the 'no reflow' phenomenon 102. The basis of these disturbances is damage 

too the sinusoidal endothelial cells, caused by ischemia and reactive oxygen species released 

duringg reperfusion. This leads to leukocyte-endothelial cell interactions via induction of 

leukocytee adhesion molecules such as intercellular adhesion molecule-1. Also, procoagulant 

factorss such as tissue factor and factor V and VII are released and activated, resulting in 

fibrinogenfibrinogen deposition and platelet adhesion m 104. Furthermore, sinusoidal endothelial 

celll  damage leads to impaired endothelium-dependant vasodilatation, while the potent 

vasoconstrictorr endothelin-1 is produced during reperfusion 105 106. These factors result in 

endotheliall  edema, neutrophil and platelet plugging, microthromboses and vasoconstriction, 

ultimatelyy leading to reduced microvascular circulation, hypoperfusion and decreased liver 

functionn 107109. 

2.2.33 Late phase of ischemia and reperfusion injury 

Thee late phase of ischemia and reperfusion injury is characterized by the onset of an 

inflammatoryy reaction. Activation of Kupffer cells during the early phase results in the 

releasee of the proinflammatory cytokine tumor necrosis factor-a n a U1. Tumor necrosis 

factor-aa has local damaging effects and plays a role in the induction of apoptosis 112. Also, 

tumorr necrosis factor-a can cause expression of other proinflammatory cytokines, such 

ass interleukin-1 and interleukin-6. This, together with the release of other mediators, such 
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ass chemokines interleukin-8 and cytokine-induced neutrophil chemoattractant, leads to 

activation,, attraction and transendothelial migration of neutrophils u \ Neutrophils release 

cytotoxicc enzymes such as myeloperoxidase and elastase. Also, distant organ damage and 

inflammationn can occur, as part of the systemic inflammatory response syndrome. This 

usuallyy starts in the lungs and can lead to multiple organ failure. 

2.2.44 Prevention of hepatic ischemia and reperfusion injury 

Manyy animal studies have been performed, aiming at reduction of hepatic ischemia and 

reperfusionn injury m . Pharmacological interventions have been examined, focusing on 

differentt aspects of ischemia and reperfusion injury, such as scavenging reactive oxygen 

species,, decreasing apoptosis or inhibiting the complement or coagulation cascade '0 I ' l i : ' 122. 

Inn humans however, not many options have become available for treatment of the ischemia and 

lepeii  lusion iiiuuced systemic inflammatory response svndrome. Prevention of inflammatorv 

responsess is another possible way to diminish I/R injury. Interleukin-10 is a potent anti-

inflammatoryy cytokine, which inhibits the production of proinflammatory cytokines such 

ass tumor necrosis factor-a interleukin-6, released by activated monocytes, macrophages and 

neutrophilss 123'12\ Interleukin-10 also induces downregulation of chemokines in rats and 

humanss l28' 129. Furthermore, interleukin -10 blocks nuclear factor-kappa P DNA binding 

andd activation 13° li2. The effect of interleukin-10 administration has been studied in various 

modelss of ischemia and reperfusion injury 1331?8. In most of these studies, interleukin-10 

appearss to have an attenuating effect on organ damage caused by ischemia and reperfusion. 

Besidess mediating the inflammatory response, tumor necrosis factor-a and interleukin-6 

aree also involved in priming hepatocyte proliferation when functional liver mass is lost 139' 
140.. Therefore, interleukin-10 may on the one hand protect hepatic function by diminishing 

inflammation,, but on the other hand may have negative effects by decreasing the proliferative 

responsee of hepatocytes through its action via interleukin-6 down-regulation. In chapter 
8,, the effect of interleukin-10 administration is examined in a rat model of 60 minutes 

hepaticc ischemia and reperfusion. Outcome parameters were parenchymal damage, hepatic 

andd pulmonary inflammation and the balance between hepatocellular apoptosis and 

proliferation. . 

Anotherr mediator that enhances damage and inflammation after hepatic ischemia and 

reperfusionn as well as after partial liver resection is lipopolysaccharide 141 143. It is released 

byy Gram-negative bacteria, which migrate through the intestinal mucosa into the portal 

circulationn and lymph nodes 144p 145. This bacterial translocation is increased during and 

afterr hepatic ischemia-reperfusion and after partial liver resection. Lipopolysaccharide 

cann be dephosphorylated and thereby inactivated by exogenous alkaline phosphatase I4fl 

l4/.. Alkaline phosphatase reduced inflammatory responses in terms of reduced cytokine 

responsee and neutrophil influx in sepsis and secondary peritonitis, two conditions in which 

lipopolysaccharidee plays a prominent role ,4H 1:,°. In chapter  9, the effect of exogenous 

administrationn of alkaline phosphatase is studied in a rat model of hepatic ischemia-

reperfusionn and resection. Outcome parameters were hepatic damage, pulmonary damage 

andd inflammation. 
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PARTT 3 

3.11 Hypothermic perfusion 

Nextt to pharmacological interventions, other means to reduce or prevent hepatic ischemia 

andd reperfusion injury have been explored. One of these techniques is in situ hypothermic 

perfusionn of the liver. With this technique, the liver is cooled during ischemia via hepatic 

arteriall  or portal venous perfusion with a cold solution 151 152. Cooling of the liver results in 

decreasedd oxygen and energy demand owing to a lower rate of metabolism 1D3, 1D4. Cellular 

metabolismm is reduced 2-fold when temperature is lowered by 10°C lDf\ Therefore, cellular 

viabilityy can significantly be prolonged during hypothermia lfl6. Hypothermic perfusion can 

onlyy be applied during total hepatic vascular exclusion and not during Pringle's maneuver, 

becausee during total vascular exclusion hepatic venous drainage is blocked, preventing 

perfusionn solution to flow via the caval vein into the systemic circulation. Hypothermic 

perfusionn has shown to be effective in experimental as well as in clinical studies of liver 

resectionn l a'4 6 1. 

Fromm organ preservation studies it is known that parenchymal liver cells and sinusoidal 

endotheliall  cells respond differently to hypothermic conditions. Parenchymal cells and 

sinusoidall  endothelial cells are both damaged after prolonged periods of warm ischemia 

(37°C),, whereas cold ischemia (4UC) mostly affects sinusoidal endothelial cells and is 

associatedd with cell vacuolization and necrosis l62 164. Therefore, the temperature at which 

thee liver is optimally protected during ischemia lies somewhere between 4°C and 37°C. In 

previouss studies from our laboratory, using a partial hepatectomy model in the pig, it was 

foundd that hypothermic perfusion during total vascular exclusion at subnormothermic 

temperaturee (28°C), attenuated hepatocyte damage compared to perfusion at 37°C or no 

perfusionn at all, and that sinusoidal endothelial cell function was spared 46'1:j '. The question 

thenn arises whether hypothermic perfusion below 28°C further improves liver protection, 

bearingg in mind that cold storage of liver grafts prior to transplantation is undertaken at 4°C. 

Inn chapter  10, the effect of hypothermic perfusion at 37°C, 28°C and 20°C was examined in 

aa pig model of 60 minutes total vascular exclusion. Pigs cannot withstand prolonged periods 

off  elevated splanchnic pressure. Therefore, a shunt was used in all animals to bypass blood 

fromm the portal vein and inferior caval vein to the superior caval vein. Groups were compared 

forr hepatic damage and inflammation as well as function of parenchymal cells and sinusoidal 

endotheliall  cells. 

3.1.22 Organ preservation solutions 
Whilee Ringer-lactate is the most commonly used solution for hypothermic perfusion, organ 

preservationn solutions also have been used 158, 16°. The advantage of organ preservation 

solutionss lies in their ability to prevent tissue acidosis, cell swelling, free radical damage and 

energyy depletion which occur during and after ischemia. University of Wisconsin solution 

iss the gold standard organ preservation solution at this moment 16^'16\ Although effective, 
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thee high viscosity and high potassium concentration of University of Wisconsin solution 

aree considered a disadvantage, particularly in the setting of in situ hypothermic perfusion. 

Histidine-tryptophane-ketoglutarate,, another organ preservation solution developed in 

Germany,, has shown to be as effective as University of Wisconsin solution in preserving 

liverr and pancreatic grafts 168 169 A relatively new organ preservation solution, called Celsior, 

combiness the key components of both University of Wisconsin solution and Histidine-

tryptophane-ketoglutaratee solution ]7° 174. Celsior was originally designed for donor heart 

andd lung preservation, but has also proven to be effective for preservation of kidney and 

liverr grafts ! :'"178. In chapter  11, Celsior solution was compared to University of Wisconsin 

solution,, Histidine-tryptophane-ketoglutarate solution and Ringer-lactate solution in a pig 

modell  of carotid artery preservation. Outcome parameters were vascular contraction and 

relaxationn function. In chapter  12, hypothermic perfusion was performed at 28°C using 

Celsiorr solution and Ringer Lactate in a pig model of 60 min total vascular exclusion. Groups 

weree compared for tissue acidosis, reactive oxygen species scavenging capacity, hepatic 

damagee and coagulation. 

Referencee list 

1.. Belghiti f, Clavien PA, Gadzijev E, Garden JO, Lau W-Y, Makuuchi M, Strong RW. The Brisbane 
20000 terminology of liver anatomy and resections. HPB 2000; 2(3);333-339. 

2.. Belghiti ], Hiramatsu K, Benoist S, Massault P, Sauvanet A, Farges O. Seven hundred forty-seven 
hepatectomiess in the 1990s: an update to evaluate the actual risk of liver resection. J Am Coll Surg 
2000;; 191(1):38^46, 

3.. Jarnagin WR, Gonen M, Fong Y, DeMatteo RP, Ben Porat L, Littl e S, Corvera C, Weber S, Blumgart 
LH.. Improvement in perioperative outcome after hepatic resection: analysis of 1,803 consecutive 
casess over the past decade. Ann Surg 2002; 236(4):397-406. 

4.. N'ishio H, Hidalgo E, Hamady ZZ, Ravindra KV, Kotru A, Dasgupta D, Al Mukhtar A, Prasad KR, 
Toogoodd GJ, Lodge JP. Left hepatic trisectionectomy for hepatobiliary malignancy: results and an 
appraisall  of its current role. Ann Surg 2005; 242(2):267-275. 

5.. Das BC, Isaji S, Kawarada Y. Analysis of 100 consecutive hepatectomies: risk factors in patients with 
liverr cirrhosis or obstructive jaundice. World [ Surg 2001; 25(3):266-272. 

6.. Nagino M, Kamiya J, Uesaka K, Sano T, Yamamoto H, Hayakawa, Kanai M, Nimura Y. Complications 
ofhepatectomyy for hilar cholangiocarcinoma. World ) Surg 2001; 25(10}:1277-1283. 

7.. Poon RT, Fan ST, Lo CM, Liu CL, Lam CM, Yuen WK, Yeung C, Wong J. Extended hepatic-
resectionn for hepatocellular carcinoma in patients with cirrhosis: is it justified? Ann Surg 2002, 
236(5):6022 611. 

8.. van de Kerkhove MP, de long KP, Rijken AM, de Pont AC, van Gulik TM. MARS treatment in 
posthepatectomyy liver failure. Liver Int 2003; 23 Suppl 3:44-51. 

9.. Clary B, Jarnigan W, Pitt H, Gores G, Busuttil R, Pappas T. Hilar cholangiocarcinoma. J Gastrointest 
Surgg 2004; 8{3):298-302. 

10.. Jarnagin WR, Shoup M. Surgical management of cholangiocarcinoma. Semin Liver Dis 2004; 
24(2):189-199. . 

11.. Klatskin G. Adenocarcinoma of the hepatic duct at its bifurcation within the porta hepatis. Am J 
Medd 1965; 38:241-256. 

20 0 



Introductionn and outline of the thesis 

12.. Bismuth H, Corlette MB. Intrahepatic cholangioenteric anastomosis in carcinoma of the hilus of 
thee liver. Surg Gynecol Obstet 1975; 140(2):170-178. 

13.. Burke EC, larnagin W'R, Hochwald SN, Pisters PW, Fong Y, Blumgart LH. Hilar Cholangiocarcinoma: 
patternss of spread, the importance of hepatic resection for curative operation, and a presurgical 
clinicall  staging system. Ann Surg 1998, 228(3):385-394. 

14.. Hadjis NS, Blenkharn Jl, Alexander N, Benjamin IS, Blumgart LH. Outcome of radical surgery in 
hilarr cholangiocarcinoma. Surgery 1990; 107(6):597-604. 

15.. Pichlmayr R, Weimann A, Klempnauer J, Oldhafer KJ, Maschek H, Tusch G, Ringe B. 
Surgicall  treatment in proximal bile duct cancer. A single-center experience. Ann Surg 1996; 
224(5):628-638. . 

16.. Ebata T, Nagino M, Kamiya ), Uesaka K, Nagasaka T, Nimura Y. Hepatectomy with portal 
veinn resection for hilar cholangiocarcinoma: audit of 52 consecutive cases. Ann Surg 2003; 
238(5)720-727. . 

17.. Nimura Y, Kamiya J, Kondo S, Nagino M, Uesaka K, Oda K, Sano T, Yamamoto H, Hayakawa N. 
Aggressivee preoperative management and extended surgery for hilar cholangiocarcinoma: Nagoya 
experience.. J Hepatobiliary Pancreat Surg 2000; 7(2)455462. 

18.. Gerhards MF, van Gulik TM, Bosma A, Hoopen-Neumann H, Verbeek PC, Gonzalez GD, de Wit LT, 
Goumaa Dl. Long-term survival after resection of proximal bile duct carcinoma (Klatskin tumors). 
Worldd J Surg 1999; 23(l):91-96. 

19.. Tsao JI, Nimura Y, Kamiya ), Hayakawa N, Kondo S, Nagino M, Miyachi M, Kanai M, Uesaka K, 
Odaa K, Rossi RL, Braasch )W, Dugan JM. Management of hilar cholangiocarcinoma: comparison of 
ann American and a Japanese experience. Ann Surg 2000; 232(2)466-174. 

20.. Kawasaki S, Imamura H, Kobayashi A, Noike T, Miwa S, Miyagawa S. Results of surgical resection 
forr patients with hilar bile duct cancer: application of extended hepatectomy after biliary drainage 
andd hemihepatic portal vein embolization. Ann Surg 2003; 238(l):84-92. 

21.. Rea D(, Munoz-Juarez M, Farnell MB, Donohue )H, Que FG, Crownhart B, Larson D, Nagorney 
DM.. Major hepatic resection for hilar cholangiocarcinoma: analysis of 46 patients. Arch Surg 2004; 
139(5):514-523. . 

22.. Capussotti L, Muratore A, Polastri R, Ferrero A, Massucco P. Liver resection for hilar 
cholangiocarcinoma:: in-hospital mortality and longterm survival. J Am Coll Surg 2002; 
195(5):641-647. . 

23.. Gerhards MF, van Gulik TM, de Wit LT, Obertop H, Gouma DJ. Evaluation of morbidity and 
mortalityy after resection for hilar cholangiocarcinoma--a single center experience. Surgery 2000; 
127(4):395-404. . 

24.. Jarnagin WR, Fong Y, DeMatteo RP, Gonen M, Burke EC, Bodniewicz B), Youssef BAM, Klimstra 
D,, Blumgart LH. Staging, resectability, and outcome in 225 patients with hilar cholangiocarcinoma. 
Annn Surg 2001; 234(4):507-S17. 

25.. Kondo S, Hirano S, Ambo Y, Tanaka E, Okushiba S, Morikawa T, Katoh H. Forty consecutive 
resectionss of hilar cholangiocarcinoma with no postoperative mortality and no positive ductal 
margins:: results of a prospective study. Ann Surg 2004; 240(1).95-101. 

26.. Nagino M, Kamiya J, Arai T, Nishio H, Ebata T, Nimura Y. One hundred consecutive hepatobiliary 
resectionss for biliary hilar malignancy: preoperative blood donation, blood loss, transfusion, and 
outcome.. Surgery 2005; 137(2)448-155. 

27.. Ogura Y, Mizumoto R, Tabata M, Matsuda S, Kusuda T. Surgical treatment of carcinoma of the 
hepaticc duct confluence: analysis of 55 resected carcinomas. World J Surg 1993; 17(l):85-92. 

28.. Seyama Y, Kubota K, Sano K, Noie T, Takayama T, Kosuge T, Seyama.Y, Makuuchi M. Long-term 
outcomee of extended hemihepatectomy for hilar bile duct cancer with no mortality and high 
survivall  rate. Ann Surg 2003; 238(l):73-83. 

21 1 



Chapterr 1 

29.. Nimura Y, Hayakawa NT, Kamiya !, Kondo S. Shionoya S. Hepatic segmentectomy with caudate lobe 
resectionn for bile duct carcinoma of the hepatic hilus. World 1 Surg 1990; 14(4):535-543. 

30.. Kubota K, Makuuchi M, Kusaka K, Kobayashi T, Mik i K, Hasegawa K, Harihara Y, Takayama T. 
Measurementt of liver volume and hepatic functional reserve as a guide to decision-making in 
resectionall  surgery for hepatic tumors. Hepatology 1997; 26(5): 1176-1181. 

31.. Shoup M, Gonen M, D'Angelica M, Jarnagin WR, DeMatteo RP, Schwartz LH, Tuorto S, Blumgart 
LH,, Fong Y. Volumetric analysis predicts hepatic dysfunction in patients undergoing major liver 
resection.. I Gastrointest Surg 2003; 7(3):325-330. 

32.. Vauthey IN, Chaoui A, Do KA, Bilimoria MM, Fenstermacher MI, Charnsangavej C, Hicks 
M,, Alsfasser G, Lauwers G, Hawkins IF, Caridi f. Standardized measurement of the future liver 
remnantt prior to extended liver resection: methodology and clinical associations. Surgery 2000; 
127(5):512-519. . 

33.. Abdalla EK, Hicks ME, Vauthey JN. Portal vein embolization: rationale, technique and future 
prospects.. Br | Surg 2001; 88(2):165-175. 

34.. Mulli n EJ, Metcalfe MS, Maddern G). How much liver resection is too much? Am [ Surg 2005; 
190(l):87-97. . 

35.. Yigitler C, Farges O, Kianmanesh R, Regimbeau JM, Abdalla EK, Belghiti ]. The small remnant liver 
afterr major liver resection: how common and how relevant? Liver Transpl 2003; 9(9):S18-S25. 

36.. Azoulay D, Castaing D, Smail A, Adam R, Cailliez V, Laurent A, Lemoine A, Bismuth H. Resection of 
nonresectablee liver metastases from colorectal cancer after percutaneous portal vein embolization. 
Annn Surg 2000; 231(4):480-486. 

37.. de Baere T, Roche A, Elias D, Lasser P, Lagrange C, Bousson V. Preoperative portal vein embolization 
forr extension of hepatectomy indications. Hepatology 1996; 24(6):1386-1391. 

38.. Farges O, Belghiti J, Kianmanesh R, Marc R), Santoro R, Vilgrain V, Denys A, Sauvanet A. Portal vein 
embolizationn before right hepatectomy: prospective clinical trial. Ann Surg 2003; 237(2):208-217. 

39.. Makuuchi M, Thai BL, Takayasu K, Takayama T, Kosuge T, Gunven P, Yamazaki S, Hasegawa H, 
Ozakii  H. Preoperative portal embolization to increase safety of major hepatectomy for hilar bile 
ductt carcinoma: a preliminary report. Surgery 1990; 107(5):52E527. 

40.. Shirabe K, Shimada M, Gion T, Hasegawa H, Takenaka K, Utsunomiya T, Sugimachi K. Postoperative 
liverr failure after major hepatic resection for hepatocellular carcinoma in the modern era with 
speciall  reference to remnant liver volume. I Am Coll Surg 1999; 188(3):304-309. 

41.. Okamoto E, Kyo A, Yamanaka N, Tanaka N, Kuwata K. Prediction of the safe limits of hepatectomy 
byy combined volumetric and functional measurements in patients with impaired hepatic function. 
Surgeryy 1984; 95(5):586-592. 

42.. Schneider PD. Preoperative assessment of liver function. Surg Clin North Am 2004; 84(2):355-3~3. 

43.. Nanashima A, Yamaguchi H, Shibasaki S, Sawai T, Yamaguchi E, Yasutake 'I'. Tsuji T, (ibiki M, 
Nakagoee 'I', Ayabe H. Measurement of serum hyaluronic acid level during the perioperative 
periodd of liver resection for evaluation of functional liver reserve. I Gastroenterol Hepatol 2001; 
16(10):1158-1163. . 

44.. Suehiro T, Boros P, Emre S, Sheiner P, Guy S, Schwartz ME, Miller CM. Assessment of liver allograft 
functionn by hyaluronic acid and endothelin levels. J Surg Res 1997; 73(2): 123-128. 

45.. Nakagami M, Morimoto T, Mitsuyoshi A, Mashima S, Shimabukuro T, Yamaoka Y, Difference 
inn onset of warm ischemia and reperfusion injury between parenchymal and endothelial cells of 
thee liver. Evaluation by purine nucleoside phosphoryiase and hyaluronic acid. I Surg Res 1996; 
62(1)418-124. . 

46.. Heijnen BH, Straatsburg IH, Gouma D|, van Gulik 'I'M. Decrease in core liver temperature with 
100 degrees C by in situ hypothermic perfusion under total hepatic vascular exclusion reduces liver 
ischemiaa and reperfusion injury during partial hepatectomy in pigs. Surgery 2003; 134(5):806-817. 

22 2 



Introductionn and outline of the thesis 

47.. Reinders ME, van Wagensveld BA, van Gulik 'I'M, Frederiks W'M, Chamuleau RA, Endert E, 
Klopperr Pf. Hyaluronic acid uptake in the assessment of sinusoidal endothelial cell damage after 
coldd storage and normothermic reperfusion of rat livers. Transpl Int 1996; 9(5}:446-453. 

48.. van Wagensveld BA. van Gulik TM, Gelderblom HC, Scheepers )J, Bosma A, Endert E, Obeitop 
H,, Gouma D|. Continuous or intermittent vascular clamping during hemihepatectomy in pigs: 
hyaluronicc acid kinetics in the assessment of early microvascular liver damage. Eur I Surg 2000; 
166(3):255-261. . 

49.. Suehiro T, Matsumata T, Shikada Y, Shimadaa M, Shirabe K, Sugimachi K. Preoperative hyaluronic 
acidd measurement to assess the hepatic functional reserve. Hepatogastroenterology 2004; 
51(60):1776-1779. . 

150.. Moody FG, Rikkers LF, Aldrete JS. Estimation of the functional reserve of human liver. Ann Surg 
1974;; 180(4):592-598. 

51.. Ott P, Keiding S, Johnsen AH, Bass L. Hepatic removal of two fractions of indocyanine green after 
boluss injection in anesthetized pigs. Am J Physiol 1994; 266(6 Pt 1):G1108-G1122. 

52.. Nonami T, Nakao A, Kurokawa T, Inagaki H, Matsushita Y, Sakamoto J, Takagi H. Blood loss and 
ICGG clearance as best prognostic markers of post-hepatectomy liver failure. Hepatogastroenterology 
1999;46(27):1669-1672. . 

53.. Chijiiwa K, Watanabe M, Nakano K, Noshiro H, Tanaka M. Biliary indocyanine green excretion as 
aa predictor of hepatic adenosine triphosphate levels in patients with obstructive jaundice. Am J Surg 
2000;; 179(2):161466. 

54.. Plevris JN, Jalan R, Bzeizi KI, Dollinger MM, Lee A, Garden O], Hayes PC. Indocyanine green 
clearancee reflects reperfusion injury following liver transplantation and is an early predictor of 
graftt function. } Hepatol 1999; 30(1): 142448. 

55.. Kinoshita K, Ukikusa M, Iwaisako K, Arimoto A, Fujisawa N, Ozaki T, Tanaka H, Seo S, Naitoh 
M,, Nomura A, Inomoto T, Kitai T, Ino K, Higashiyama H, Hanafusa T, Nakajima Y. Preoperative 
assessmentt of hepatic function: Utilit y of a new convenient two-compartment model analysis using 
galactosyll  human serum albumin scintigraphy. 1 Gastroenterol Hepatol 2003; 18(1):99-104. 

56.. Kwon AH, Matsui Y,Ha-KawaSK,KamiyamaY. Functional hepatic volume measured by technetium-
99m-galactosyl-humann serum albumin liver scintigraphy: comparison between hepatocyte volume 
andd liver volume by computed tomography. Am ] Gastroenterol 2001; 96(2):541-546. 

57.. Onodera Y, Takahashi K, 'I'ogashi T, Sugai Y, Tamaki N, Miyasaka K. Clinical assessment of hepatic-
functionall  reserve using 99mTc DTPA galactosyl human serum albumin SPECT to prognosticate 
chronicc hepatic diseases-validation of the use of SPECT and a new indicator. Ann N'ucl Med 2003; 
17(3):181-188. . 

58.. Wakabayashi H, Nishiyama Y, Ushiyama T, Maeba T, Maeta H. Evaluation of the effect of age 
onn functioning hepatocyte mass and liver blood flow using liver scintigraphy in preoperative 
estimationss for surgical patients: comparison with CI' volumetry. J Surg Res 2002; 106(2):246-253. 

59.. Fujioka H, Kawashita Y, Kamohara Y, Yamashita A, Mizoe A, Yamaguchi I, Azuma T, Furui ), 
Kanematsuu T. Utilit y of technetiunv99m-labeled-galactosyl human serum albumin scintigraphy 
forr estimating the hepatic functional reserve. I Clin Gastroenterol 1999; 28(4):329-333. 

60.. Kwon AH, Ha-Kawa SK, Uetsuji S, Inoue T, Matsui Y, Kamiyama Y. Preoperative determination of 
thee surgical procedure for hepatectomy using technetium-99nvgalactosyl human serum albumin 
(99mTc-GSA)) liver scintigraphy. Hepatology 1997; 25(2):426-429. 

61.. Hwang EH, Taki ), Shuke N, Nakajima K, Kinuya S, Konishi S, Michigishi T, Aburano T, Tonami 
N.. Preoperative assessment of residual hepatic functional reserve using 99mTc-DTPA-galactosyl-
humann serum albumin dynamic SPECT. 1 Nucl Med 1999; 40(10):1644-1651. 

62.. Heyman S. Hepatobiliary scintigraphy as a liver function test. J Nucl Med 1994; 35(3):436-437. 

23 3 



Chapterr 1 

63.. Bennink RJ, VetelainenR, de BK, van Vliet AK, van Gulik TM. Imaging of liver function with dedicated 
animall  dynamic pinhole scintigraphy in rats. Nucl Med Commun 2005; 26(11): 1005-1012. 

64.. Ekman M, Fjalling M, Friman S, Carlson S, Volkmann R. Liver uptake function measured by 
IQDIDAA clearance rate in liver transplant patients and healthv volunteers. Nucl Med Commun 
1996;; 17(3):235-242. 

65.. Hendrikse NH, Kuipers F, Meijer C, Havinga R, Bijleveld CM, van der Graaf WT, Vaalburg W, de 
Vriess EG. In vivo imaging of hepatobiliary transport function mediated by multidrug resistance 
associatedd protein and P-glycoprotein. Cancer Chemother Pharmacol 2004; 54(2):131-138. 

66.. Erdogan D, Heijnen BH, Bennink RJ, Kok M, Dinant S, Straatsburg IH, Gouma DJ, van Gulik TM. 
Preoperativee assessment of liver function: a comparison of 99mTc-Mebrofenin scintigraphy with 
indocyaninee green clearance test. Liver Int 2004; 24(2):117-123. 

67.. Foster JA, Ramsden WH, Conway SP, Taylor JM, Etherington C. The role of IDA scintigraphy in the 
follow-upp of liver disease in patients with cystic fibrosis. Nucl Med Commun 2002; 23(7):673-681. 

68.. ioridS E, Hultcrantz R, Slczak P, Elornqvist L, Schnell PO, Jacobsson H Dvnamic 99Tcm-HIDA 
SPET:: non-invasive measuring of intrahepatic bile flow. Description of the method and a study in 
primaryy sclerosing cholangitis. Nucl Med Commun 2001; 22(2):127-134. 

69.. Abdalla EK, Barnett CC, Doherty D, Curley SA, Vauthey IN. Extended hepatectomy in patients with 
hepatobiliaryy malignancies with and without preoperative portal vein embolization. Arch Surg 
2002;; 137(6):675-680. 

70.. Imamura H, Shimada R, Kubota M, Matsuyama Y, Nakayama A, Miyagawa S, Makuuchi M, 
Kawasakii  S. Preoperative portal vein embolization; an audit of 84 patients. Hepatology 1999; 
29(4):1099-1105. . 

71.. Nagino M, Nimura Y, Kamiya J, Kondo S, Uesaka K, Kin Y, Hayakawa N, Yamamoto H. Changes in 
hepaticc lobe volume in biliary tract cancer patients after right portal vein embolization. Hepatology 
1995;; 21(2):434-439. 

72.. Uesaka K, Nimura Y, Nagino M. Changes in hepatic lobar function after right portal vein 
embolization.. An appraisal by biliary indocyanine green excretion. Ann Surg 1996; 223(l):77-83. 

73.. Wakabayashi H, Ishimura K, Okano K, Karasawa Y, Goda F, Maeba T, Maeta H. Application of 
preoperativee portal vein embolization before major hepatic resection in patients with normal or 
abnormall  liver parenchyma. Surgery 2002; 131(l):26-33. 

74.. Madoff DC, Hicks ME, Abdalla EK, Morris JS, Vauthey JN. Portal Vein Embolization with Polyvinyl 
Alcoholl  Particles and Coils in Preparation for Major Liver Resection for Hepatobiliary Malignancy: 
Safetyy and Effectiveness-Study in 26 Patients. Radiology 2003. 

75.. Duncan JR, Hicks ME, Cai SR, Brunt EM, Ponder KP. Embolization of portal vein branches 
inducess hepatocyte replication in swine: a potential step in hepatic gene therapy. Radiology 1999; 
210(2):467-477. . 

76.. Elias D, de Baere T, Roche A, Mducreux, Leclere ), Lasser P. During liver regeneration following 
rightt portal embolization the growth rate of liver metastases is more rapid than that of the liver 
parenchyma.. Br J Surg 1999; 86(6):784-788. 

77.. Kokudo N, Tada K, Seki M, Ohta H, Azekura K, Ueno M, Ohta K, Yamaguchi 'I', Matsubara T, 
Takahashii  T, Nakajima T, Muto T, Ikari T, Yanagisawa A, Kato Y. Proliferative activity of intrahepatic 
colorectall  metastases after preoperative hemihepatic portal vein embolization. Hepatology 2001; 
34(2):267-272. . 

78.. Nagino M, Nimura Y, Kamiya J, Kanai M, Hayakawa N, Yamamoto H. Immediate increase in arterial 
bloodd flow in embolized hepatic segments after portal vein embolization: CT demonstration. AJR 
Amm J Roentgenol 1998; 171(4):1037-1039. 

24 4 



Introductionn and outline of the thesis 

79.. Aoki T, Imamura H, Hasegawa K, Matsukura A, Sano K, Sugawara Y, Kokudo N, Makuuchi M. 
Sequentiall  preoperative arterial and portal venous embolizations in patients with hepatocellular 
carcinoma.. Arch Surg 2004; 139(7):766-774. 

80.. Nakao N, Miura K, Takahashi H, Ohnishi M, Minra T, Okamoto E, Ishikawa Y. Hepatocellular 
carcinoma:: combined hepatic, arterial, and portal venous embolization. Radiology 1986; 
161(2):303-307. . 

81.. Nagino M, Kanai M, Monoka A, Yamamoto H, Kawabata Y, Hayakawa N, Nimura Y. Portal and 
arteriall  embolization before extensive liver resection in patients with markedly poor functional 
reserve.. J Vase Interv Radiol 2000; H{8):1063-1068. 

82.. Abdalla EK, Noun R, Belghiti J. Hepatic vascular occlusion: which technique? Surg Clin North Am 
2004;84(2):563-585. . 

83.. Man K, Fan ST, Ng lO, Lo CM, Liu CL, Wong J. Prospective evaluation of Pringle maneuver in 
hepatectomyy for liver tumors by a randomized study. Ann Surg 1997; 226(6):704-711. 

84.. Azoulay D, Eshkenazy R, Andreani P, Castaing D, Adam R, Ichai P, Naili S, Vinet E, Saliba F, 
Lemoinee A, Gillon MC, Bismuth H. In situ hypothermic perfusion of the liver versus standard total 
vascularr exclusion for complex liver resection. Ann Surg 2005; 241(2):277-285. 

85.. Bismuth H, Castaing D, Garden OJ. Major hepatic resection under total vascular exclusion. Ann 
Surgg 1989;210(1):13-19. 

86.. Cherqui D, Malassagne B, Colau PI, Brunetti F, Rotman N, Fagniez PL. Hepatic vascular exclusion 
withh preservation of the caval flow for liver resections. Ann Surg 1999; 230(l):24-30. 

87.. Huguet C, Gavelli A, Chieco PA, Bona S, Harb J, Joseph JM, Jobard J, Gramaglia M, Lasserre M. 
Liverr ischemia for hepatic resection: where is the limit? Surgery 1992; lll(3):251-259. 

88.. Nuzzo G, Giuliante F, Giovannini I, Vellone M, De Cosmo G, Capelli G. Liver resections with or 
withoutt pedicle clamping. Am J Surg 2001; 181(3):238-246. 

89.. Grace PA, Mathie RT. Ischemia -Reperfusion Injury. 1 ed. Blackwell Science Ltd; 1999. 

90.. Jaeschke H. Mechanisms of reperfusion injury after warm ischemia of the liver. J Hepatobiliary 
Pancreatt Surg 1998; 5(4):402-408. 

91.. Teoh NC, Farrell GC. Hepatic ischemia reperfusion injury: Pathogenic mechanisms and basis for 
hepatoprotection.. ) Gastroenterol Hepatol 2003; 18(8):891-902. 

92.. Kuppusamy P, Zweier JL. Characterization of free radical generation by xanthine oxidase. Evidence 
forr hydroxyl radical generation. J Biol Chem 1989; 264(17):9880-9884. 

93.. Kako K, Kato M, Matsuoka T, Mustapha A. Depression of membrane-bound Na+-K+-ATPase activity 
inducedd by free radicals and by ischemia of kidney. Am J Physiol 1988; 254(2 Pt 1):C330-C337. 

94.. Li C, Jackson RM. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am ] 
Physioll  Cell Physiol 2002; 282(2):C227-C241. 

95.. Yamaguchi Y, Matsumura F, Liang J, Okabe K, Ohshiro H, Ishihara K, Matsuda T, Mori K, Ogawa 
M.. Neutrophil elastase and oxygen radicals enhance monocyte chemoattractant protein-1. 
Transplantationn 1999; 68(10):1459-1468. 

96.. Jaeschke H, Farhood A. Neutrophil and Kupffer cell-induced oxidant stress and ischemia-
reperfusionn injury in rat liver. Am J Physiol 1991; 260(3 Pt 1):G355-G362. 

97.. Liu P, McGuire GM, Fisher MA, Farhood A, Smith CW, Jaeschke H. Activation of Kupffer cells and 
neutrophilss for reactive oxygen formation is responsible for endotoxm-enhanced liver injury after 
hepaticc ischemia. Shock 1995; 3(l):56-62. 

98.. Jaeschke H, Bautista AP, Spolarics Z, Spitzer J]. Superoxide generation by Kupffer cells and 
primingg of neutrophils during reperfusion after hepatic ischemia. Free Radic Res Commun 1991; 
15(5):277-284. . 

25 5 



Chapterr 1 

99,, Michiels C, Raes M, Toussaint O, Remade J. Importance of'Se-glutathione peroxidase, catalase, and 
Cu/Zn-SODD for cell survival against oxidative stress. Free Radic Biol Med 1994; 17(3):235-248. 

100.. Bilzer M, Paumgartner G, Gerbes AL. Glutathione protects the rat liver against reperfusion injury 
alterr hypothermic preservation. Gastroenterology 1999; 117(1):2()0-210. 

101.. Schauer R|, Gerbes AL, Vonier D, Meissner H, Michl P, Leiderer R, Schildberg FYX', Messmer 
K,, Bilzer M. Glutathione protects the rat liver against reperfusion injury after prolonged warm 
ischemia.. Ann Surg 2004; 239(2):220-231. 

102.. Allen DM, Chen LF., Seaber AV, Urbamak JR. Pathophysiology and related studies of the no re flow 
phenomenonn in skeletal muscle. Clin Orthop Relat Res 1995;(314)422-133. 

103.. Khandoga A, Biberthaler P, Enders G, Axmann S, Flutter [, Messmer K, Krombach F, Platelet 
adhesionn mediated by fibrinogen-intercelllular adhesion molecule-1 binding induces tissue injury 
inn the postischemic liver in vivo. Transplantation 2002; 74(5):681-688. 

104.. Schoots IG, Levi M, Roossink FH, Bijlsma PB, van Guhk 'I'M. Local intravascular coagulation and 
fibrinn deposition on intestinal ischemia-reperfusion in rats. Surgerv2003; 133(4):411-419. 

105.. Nakamura S, Nishiyama R, Seri/awa A, Yokoi Y, Suzuki S, Konno H, Baba S, Muro H. Hepatic 
releasee of endothelin-1 after warm ischemia. Reperfusion injury and its hemodynamic effect. 
Transplantationn 1995; 59(5):679-684. 

106.. Uhlmann D, Armann B, Gaebel G, Ludwig S, Hess J, Pietsch L'C, Escher E, Fiedler M, 'Fannapfel 
A,, Hauss J, Witzigmann H. Endothelin a receptor blockade reduces hepatic ischemia'reperfusion 
injuryy after warm ischemia in a pig model. ( Gastrointest Surg 2003, 7(3):331-339. 

107.. Menger MD, Richter S, Yamauchi J, Vollmar B. Role of microcirculation in hepatic ischemia/ 
reperfusionn injury. Hepatogastroenterology 1999; 46 Suppi 2:1452-1457. 

108.. Okajima Kt Harada N, Kushimoto S, L'chiba M. Role of microthrombus formation in the development 
off  ischemia/reperfusion-induced liver injury in rats. Thromb Haemost 2002; 88(3):473-480. 

109.. Vollmar B, Richter S, Menger MD. Leukocyte stasis in hepatic sinusoids. Am J Physiol 1996; 
270(5Ptl):G798-G803. . 

110.. Colletti LM, Remick DG, Burtch GD, Kunkel SL, Stneter RM, Campbell DA, Jr. Role of tumor 
necrosiss factor-alpha in the pathophysiologic alterations after hepatic ischemia/reperfusion injury 
inn the rat. ! Clin Invest 1990; 8:5(6):1936-1943. 

111.. Suzuki S, Toledo-Pereyra l.H. Interleukin 1 and tumor necrosis factor production as the initial 
stimulantss of liver ischemia and reperfusion injury. J Surg Res 1994; 57(2):253-258. 

112.. Rudiger HA, Clavien PA. Tumor Necrosis Factor alpha, But Not Fas, Mediates Hepatocellular 
Apoptosiss in the Murine Ischemic Liver. Gastroenterology 2002; 122(1):202-210. 

113.. Suzuki S, Toledo-Pereyra L.H, Rodriguez F. Lopez F. Role of Kupfier cells in neutrophil activation 
andd infiltration following total hepatic ischemia and reperfusion. Ore Shock 1994; 42(4):204-209. 

114.. Selzner N, Rudiger H, Graf R, Clavien PA. Protective strategies against ischemic injury of the liver. 
Gastroenterologyy 2003; 125(3):917-936. 

115.. Chausse AA, Nivet-Antoine V, Martin C, Clot |P, Galen FX. Protective effect of nitric oxide on 
isolatedd rat hepatocytes submitted to an oxidative stress. Metabolism 2002; 51(2):175-179. 

116.. El Giba ly AM,.ScheuerC, Menger MD, Vollmar B. Improvement of rat liver graft quality by pifithnn-
alpha-mediatedd inhibition of hepatoevte necrapoptosis. Hepatology 2004; 39(6): 1553-1562. 

117.. Maksan SM, Maksan MO, Gebhard MM, Herfarth C, Klar E. Reduction of hepatic reperfusion 
injurvv by antithrombin Hi and aprotinin. Transpl Int 2000; 13 Suppl ES562-S564. 

118.. Meguro M, Katsuramaki 1', Kimura H, Isobe M, Nagayama M, Kukita K, Nui A, Hirata K. Apoptosis 
andd necrosis after warm ischemia-reperfusion injury of the pig liver and their inhibition by ONO-
1714.. Transplantation 2003; 75(5):703-710. 

26 6 



Introductionn and outline ot the thesis 

119.. Zhou T, Chen JL, Song W, Wang F, Zhang Ml , Ni PH, Geng JG. Effect of N-desulfated heparin on 
hepatic/renall  ischemia reperfusion injury in rats. World ] Gastroenterol 2002; 8(5):897-90O. 

120.. Yamaguchi Y, Hisama N, Okajima K, Uchiba M, Murakami K, Takahashi Y, Yamada S, Mori K, 
Ogawaa M. Pretreatment with activated protein C or active human urinary thrombomodulin 
attenuatess the production of cytokine-induced neutrophil chemoattractant following ischemia/ 
reperfusionn in rat liver. Hepatology 1997; 25(5):1136-1140. 

121.. Yoshimura N, Kobayashi Y, Nakamura K, Yamagishi H, Oka T. The effect of tissue factor pathway 
inhibitorr on hepatic ischemic reperfusion injury of the rat. Transplantation 1999; 67(l):45-53. 

122.. Heijnen BH, Straatsburg 1H, Padilla ND, Van Mierlo GJ, Hack CE, van Gulik TM. Inhibition of 
classicall  complement activation attenuates liver ischaemia and reperfusion injury in a rat model. 
Clinn Exp Immunol 2006; 143(1 ):15-23. 

123.. de Waal MR, Abrams J, Bennett B, Figdor CG, de Vries JE. Interleukin 10(IL-10) inhibits cytokine 
synthesiss by human monocytes: an autoregulatory role of IL-10 produced by monocytes. J Exp Med 
1991;; 174(5);1209-1220. 

124.. Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O'Garra A. IL-10 inhibits cytokine production 
byy activated macrophages. J Immunol 1991; 147{11):3815-3822. 

125.. Kasama T, Strieter RM, Lukacs NW, Burdick MD, Kunkel SL. Regulation of neutrophil-derived 
chemokinee expression by IL-10. J Immunol 1994; 152(7):3559-3569. 

126.. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and the interieukine-10 
receptor.. Annual Reviews Immunology 2001; 19:683-765. 

127.. Pajkrt D, Camoglio L, Tiel-van Buul MC, de Bruin K, Cutler DL, Affrim e MB, Rikken G, van der 
Polll  T, ten Cate JW, van Deventer SJ. Attenuation of proinflammatory response by recombinant 
humann IL-10 in human endotoxemia: effect of timing of recombinant human IL-10 administration. 
JJ Immunol 1997; 158(8):3971-3977. 

128.. Wang P, Wu P, Anthes JC, Siegel MI , Egan RW, Billah MM. Interleukin-10 inhibits interleukin-8 
productionn in human neutrophils. Blood 1994; 83(9):2678-2683. 

129.. Zou XM, Yagihashi A, Hirata K, Tsuruma T, Matsuno T, Tarumi K, Asanuma K, Watanabe N. 
Downregulationn of cytokine-induced neutrophil chemoattractant and prolongation of rat liver 
allograftt survival by interleukin-10. Surg Today 1998; 28(2):184-191. 

130.. Schottelius AJ, Mayo MW, Sartor RB, Baldwin AS, Jr. Interleukin-10 signaling blocks 
inhibitorr of kappaB kinase activity and nuclear factor kappaB DNA binding. J Biol Chem 1999; 
274(45):31868-31874. . 

131.. Yoshidome H, Kato A, Edwards MJ, Lentsch AB. Interleukin-10 inhibits pulmonary NF-kappaB 
activationn and lung injury induced by hepatic ischemia-reperfusion. Am J Physiol 1999; 277(5 Pt 1): 
L919-L923. . 

132.. Yoshidome H, Kato A, Edwards MJ, Lentsch AB. Interleukin-10 suppresses hepatic ischemia/ 
reperfusionn injury in mice: implications of a central role for nuclear factor kappaB. Hepatology 
1999;30(l):203-208. . 

133.. Engles RL, Huber TS, Zander DS, Hess PJ, Welborn MB, Moldawer LL, Seeger JM. Exogenous 
humann recombinant interleukin-10 attenuates hindlimb ischemia- reperfusion injury. J Surg Res 
1997;69(2):425-428. . 

134.. Eppinger MI, Ward PA, Bolling SF, Deeb GM. Regulatory effects of interleukin-10 on lung ischemia-
reperfusionn injury. J Thorac Cardiovasc Surg 1996; 112(5):1301-1305. 

135.. Hayward R, Nossuli TO, Scalia R, Lefer AM. Cardioprotective effect of interleukin-10 in murine 
myocardiall  ischemia- reperfusion. Eur J Pharmacol 1997; 334(2-3):157-163. 

136.. Lane JS, Todd KE, Lewis MP, Gloor B, Ashley SW, Reber HA, McFadden DW, Chandler CF. 
Interleukin-100 reduces the systemic inflammatory response in a murine model of intestinal 
ischemia/reperfusion.. Surgery 1997; 122(2):288-294. 

27 7 



Chapterr 1 

137.. Le Moine O, Louis H, Demols A, Desalle F, Domoor F, Quertinmont E, Goldman M, Deviere I. 
Coldd liver ischemia-reperfusion injury critically depends on liver "F cells and is improved bv donor 
pretreatmentt with interleukin 10 in mice. Hepatology 2000; 31 (6): 1266-1274. 

138.. Yang Z, Zingarelli B, Szabo C. Crucial role of endogenous interleukin-10 production in myocardial 
ischemia/reperfusionn injury. Circulation 2000; 101(9): 1019-1026. 

139.. Selzner M, Ca margo CA, Clavien PA. Ischemia impairs liver regeneration after major tissue loss in 
rodents:: protective effects of interleukin-6. Hepatology 1999; 30{2):469-475. 

140.. Fausto \ '. Liver regeneration. I Hepatol 2000; 32(1 Suppl): 19-31. 

141.. Buttenschoen K, Buttenschoen DC, Berger D, Vasilescu C, Schafheutle S, Goeltenboth B, 
Seidelmannn M, Beger HG. Endotoxemia and acute-phase proteins in major abdominal surgery. Am 
11 Surg 2001; 181(1)^6-43. 

142.. Colietti LM, Green M. Lung and liver injury following hepatic ischemia/reperfusion in the rat is 
increasedd by exogenous lipopolysaccharide which also increases hepatic TNF production in vivo 
andd in vitro. Shock 2001; !6(4}:3!2-319 

143.. Fernandez ED, Flohe S, Siemers F, Nau M, Ackermann M, Ruwe M, Schade FU. Endotoxin tolerance 
protectss against local hepatic ischemia/reperfusion injur} ' in the rat. I Endotoxin Res 2000; 
6(4):321-328. . 

144.. Filos KS, Kirkilesis 1, Spiliopoulou F Scopa CD, Mikolopoulou V, Kouraklis G, Yagianos CE. 
Bacteriall  translocation, endotoxaemia and apoptosis following Pringle manoeuvre in rats. Injury 
2004;35(l):35-43. . 

145.. Eemaire EC, van Wagensveld BA, van Gulik TM, Dankert ), van Lanschot J|. Gouma DJ. Bacterial 
translocationn to the thoracic duct in a setting of ischemia, partial resection and reperfusion of the 
porcinee liver. Dig Surg 1999; 16(3):222-228. 

146.. Poelstra K, Bakker WW, Klok PA, Hardonk MJ, Meijer DK. A physiologic function for alkaline 
phosphatase:: endotoxin detoxification. Lab Invest 1997; 76(3):319-327. 

147.. Poelstra K, Bakker WW, Klok PA, Kamps IA, Hardonk MJ, Meijer DK. Dephosphorylation of 
endotoxinn by alkaline phosphatase in vivo. Am J Pathol 1997; 151(4):1163-1169. 

148.. Beumer C, Wulferink M, Raaben W, Fiechter D, Brands R, Seinen W. Calf intestinal alkaline 
phosphatase,, a novel therapeutic drug for lipopolysaccharide {LPS)-mediated diseases, attenuates 
LPSS toxicity in mice and piglets. | Pharmacol Exp Ther 2003; 307(2):737-744. 

149.. van Veen SQ, van Vliet AK, Wulferink M, Brands R, Boermeester MA, van Gulik 'I'M. Bovine 
intestinall  alkaline phosphatase attenuates the inflammatory response in secondary peritonitis in 
mice.. Infect Immun 2005; 73(7):4309-4314. 

150.. Verweij WR, Bentala H, Ftuizinga-van der Vlag A, Miek vL-W, Kooi K, Meijer DK, Poelstra K. 
Protectionn against an Escherichia coli-induced sepsis by alkaline phosphatase in mice. Shock 2004; 
22(2)474-179. . 

151.. Fortner IG, Shiu MH, Kinne DW, Kim DK, Castro EB, Watson RC, Howland WS, Beattie EJ Jr. 
Majorr hepatic resection using vascular isolation and hypothermic- perfusion. Ann Surg 1974; 
180(4):644-652. . 

152.. Hannoun E, Delriviere L, Gibbs P, Borie D, Vaillant JC, Delva E. Major extended hepatic resections 
inn diseased livers using hypothermic protection: preliminary results from the first 12 patients 
treatedd with this new technique. I Am Coll Surg 1996; 183(6):597-605. 

153.. Khandoga A, Enders G, Luchting B, Axmann S, Minor '1', NiLsson U, Bibei thaler P, Krombach F. 
Impactt of intrai.sehemic temperature on oxidative stress during hepatic reperfusion. Free Radio Biol 
Medd 2003; 35{8):901-909. 

154.. N'agano K, Gelman S, Bradley EL, ]r., Parks D. Hypothermia, hepatic oxygon supply-demand, and 
ischemia-reperfusionn injury in pigs. Am I Physiol 1990; 258(6 Pt 1):G910-G918. 

28 8 



Introductionn and outline of the thesis 

155.. Belzer FO, Southard ]H. Principles of solid-organ preservation by cold storage. Transplantation 
1988;45(4):673-676. . 

156.. Townsend MC, Yokum MD, Fry DE. Hepatic microsomal adenosine triphosphatase and 
mitochondriall  function. Response to cold and warm ischemia Arch Surg 1987; 122(7).813-816. 

157.. Heijnen BH, Straatsburg IH, Kager L.M, van der Kleij AI, Gouma DJ, van GulikTM. Effect of in situ 
hypothermicc perfusion on intrahepatic p()2 and reactive oxygen species formation after partial 
hepatectomyy under total hepatic vascular exclusion in pigs. Liver Int 2003; 23(l):19-27. 

158.. Tanaka '1', Tsuchiya S, Yanagisawa S, '1'akeuchi C), Miura M, Saigusa N, Kitakata Y, Miyazaki M. 
Hepaticc resection under in situ hypothermic hepatic perfusion. Hepatogastroenterology 2003; 
50(511 j:761-765. 

159.. Takeuchi K, Ohira M, Yamashita T, Sowa M. An experimental study of hepatic resection using an in 
situu hypothermic perfusion technique. Flepatogastroenterology 1997; 44(17):1281-1294. 

160.. Vaillant JC, Borie DC, Hannoun L. Hepatectomy with hypothermic perfusion of the liver. 
Hepatogastroenterologyy 1998; 45(20):381-388. 

161.. Yamanaka N, Okamoto E, Furukawa K, Oriyama T, Fujimoto J, Kanno H, Kawamura E, Tanaka T, 
Tomodaa H, Ichikawa N. Flepatic resection under in situ hemihepatic hypothermic perfusion with 
hepatoprotectivee agents. Hepatogastroenterology 1995; 42(1): 1-4. 

162.. McKeown CM, Edwards V, Phillips M), Harvey PR, Petrunka CN, Strasberg SM. Sinusoidal lining 
celll  damage: the critical injury in cold preservation of liver allografts in the rat. Transplantation 
1988;46(2):178491. . 

163.. Ikeda T, Yanaga K, Kishikawa K, Kakizoe S, Shimada M, Sugimachi K. Ischemic injury in liver 
transplantation:: difference in injury sites between warm and cold ischemia in rats. Hepatology 
1992;; 16(2):454-461. 

164.. Huet PM, Nagaoka MR, Desbiens G, 'Farrab E, Brault A, Bralet MP, Bilodeau M. Sinusoidal 
endotheliall  cell and hepatocyte death following cold ischemia-warm reperfusion of the rat liver. 
Hepatologyy 2004; 39(4):1110-1119. 

165.. Southard )H, Belzer FO. Organ preservation. Annu Rev Med 1995; 46:235-247. 

166.. Kalayoglu M, Sollinger HW, Stratta RI, D'AIessandro AM, Hoffmann RM, Pirsch ID, Belzer FO. 
Extendedd preservation of the liver for clinical transplantation. Lancet 1988; 1(8586):617-619. 

167.. Bessems M, Doorschodt BM, van Vliet AK, van Gulik TM. Improved rat liver preservation by 
hypothermicc continuous machine perfusion using polysol, a new, enriched preservation solution. 
Liverr Transpl 2005; 11(5):539-546. 

168.. Testa G, Malago M, Nadahn S, Treptow B, Paul A, Frilling A, Broelsch CE. Histidine-tryptophan-
ketoglutaratee versus University of Wisconsin solution in living donor liver transplantation: results 
off  a prospective study. Liver Transpl 2003; 9(8):822-826. 

169.. Fridell JA, Agarwal A, Milgrom ML, Goggins WC, Murdock P, Pescovitz MD. Comparison of 
histidine-tryptophan-ketoglutaratee solution and University of Wisconsin solution for organ 
preservationn in clinical pancreas transplantation. Transplantation 2004; 77(8):1304-1306. 

170.. Erhard I, Lange R, Scherer R, Kox W(, Bretschneider Hf, Gebhard MM, Eigler FW. Comparison of 
histidine-tryptophan-ketoglutaratee (HTK) solution versus University of Wisconsin (UWj solution 
forr organ preservation in human liver transplantation. A prospective, randomized study. Transpl 
Intt 1994; 7(3):177-181. 

171.. Audet M, Alexandre E, Mustun A, David P, Chenard-Neu MP, Tiollier I, jaeck D, Cinqualbre 1, 
Wolff  P, Boudjema K. Comparative evaluation of Celsior solution versus Viaspan in a pig liver 
transplantationn model. Transplantation 2001; 71(12}: 1731-1735. 

172.. Straatsburg IH, Abrahamse SL, Song SW, Hartman R), van Gulik TM. Evaluation of rat liver 
apoptoticc and necrotic cell death after cold storage using UW, HTK, and Celsior. Transplantation 
2002;; 74(4):458-464. 

29 9 



Chapterr 1 

173.. Abrahamse SL, van Runnard HP, Hartman RJ, Chamuleau RA, van Gulik TM. Induction of necrosis 
andd DNA fragmentation during hypothermic preservation of hepatocytes in UW, HTK, and Celsior 
solutions.. Cell Transplant 2003; 12(l):59-68. 

174.. Boggi U, Vistoli F, Del Chiaro M, Signori S, Croce C, Pietrabissa A, BerchioIIi R, Marchetti P, Prato 
SD,, Mosca F. Pancreas preservation with University of Wisconsin and Celsior solutions: a single-
center,, prospective, randomized pilot study. Transplantation 2004; 77(8}:1186-1190. 

175.. Cavallari A, Cillo U, Nardo B, Filipponi F, Gringeri E, Montalti R, Vistoli F, D'amico F, Faenza 
A,, Mosca F, Vitale A, D'amico D. A multicenter pilot prospective study comparing Celsior and 
Universityy of Wisconsin preserving solutions for use in liver transplantation. Liver Transpl 2003; 
9(8):814-821. . 

176.. Pedotti P, Cardillo M, Rigotti P, Gerunda G, Merenda R, Cillo U, Zanus G, Baccarani U, Berardinelli 
ML ,, Boschiero L, Caccamo L, Calconi G, Chiaramonte S, Dal Canton A, De Carlis L, Di Carlo 
V,, Donati D, Montanaro D, Pulvirenti A, Remuzzi G, Sandrini S, Valente U, Scalamogna M. 
AA comparative prospective study of two available solutions for kidney and liver preservation. 
Transplantationn 2004; 77(10):1540-1545. 

177.. Xiong L, Legagneux J, Wassef M, Oubenaissa A, Detruit H, Mouas C, Menasche P. Protective effects 
off  Celsior in lung transplantation. J Heart Lung Transplant 1999; 18(4):320-327. 

178.. Perrault LP, El Hamamsy I, Dumont E, Malo O, Carrier M, Effects of crystalloid, blood and Celsior 
solutionss on porcine coronary endothelial function after heart transplantation. J Heart Lung 
Transplantt 2005; 24(7):912-920. 

30 0 



PART I I 





C h a p t er r 

Improvedd outcome of resection of 
hilarr cholangiocarcinoma 
(Klatskinn tumor) 

Sanderr Dinant1, Michael F. Gerhards2, Erik A.J. Rauws3, Olivier R.C. Busch1, 
Dirkk J. Gouma1 and Thomas M. van Gulik1 

11 Dept. of Surgery, Academic Medical Center, Amsterdam, The Netherlands 
22 Dept. of Surgery, Onze Lieve Vrouwe Gasthuis, Amsterdam, The Netherlands 
55 Dept. of Gastroenterology, Academie Medical Center, Amsterdam, The Netherlands 



Chapterr 2 

Abstract t 

Background.. Treatment of hilar cholanchiocarcinoma (Klatskin tumours) has changed in 

manyy aspects. A more extensive surgical approach, as proposed by Japanese surgeons, has 

beenn applied in our centre over the last 5 years, combining hilar resection with partial 

hepatectomyy for the majority of tumours. The aim of this study was to assess the outcome 

off  a 15-year evolution in the surgical treatment of Klatskin tumours. 

Methods.. A total of 99 consecutive patients underwent resection for hilar cholanchio-

carcinomaa in three 5-year time periods, period 1 (1988-1993, n=45), 2 (1993-1998, n=25) and 

33 (1998-2003, n=29). Outcome was evaluated by assessment of completeness of resection, 

postoperativee morbidity and mortality, and survival. 

Results.. The proportion of margin negative resections increased from 13% in period 1 to 

59%% in period 3 (p<0.05). Two-year survival increased significantly from % and % 

inn period 1 and 2, to % in period 3 (P<0.05). Postoperative morbidity and mortality 

wass considerable but did not increase with this changed surgical strategy (68% and 10%, 

respectively,, in period 3). Lymph node metastasis was, next to period of resection, also 

associatedd with survival in univariate analysis. 

Conclusions.. Mainly in the last 5 year period (1998-2003), when the Japanese surgical 

approachh was followed, more hilar resections were combined with partial liver resections 

includingg segments 1 and 4, leading to more R0 resections. This, together with a decrease 

inn lymph node metastases, resulted in improved survival, without significantly affecting 

postoperativee morbidity or mortality. 
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Introductio n n 

Treatmentt of hilar cholangiocarcinoma or adenocarcinoma of the hepatic duct confluence, 

firstt described by Klatskin in 1965, remains a great surgical challenge '. Whereas surgical 

resectionn offers the only chance for cure, resections with a free margin are difficult to 

achieve,, because of the relation of these tumours with different structures in the liver hilum 

andd frequent infiltration into the intrahepatic biliary system. Invasive growth into important 

structuress such as the portal venous system and/or the hepatic artery has often occurred at 

thee onset of clinical symptoms 2 4. 

Thee treatment of hilar cholangiocarcinoma has changed over the last three decades. In the 

70'ss and 80's, hepatic resections were infrequently performed, whereas during the last 15 

years,, a more aggressive approach including extensive liver resections prevailed J 1(l. Several, 

mainlyy Japanese authors have emphasized the importance of complete resection with 

tumourr free margins for improved survival2i 1117. When American and Japanese experience 

withh surgical management of hilar cholangiocarcinoma was compared, it was found that 

combinedd hilar resection and partial hepatectomy including caudate lobe resection, as 

performedd by Japanese surgeons, contributed to a higher margin negative resection rate l7. 

Resectionn of segment 4 and 1 (caudate lobe) was advocated, since frequent invasive growth 

intoo the anterior and posterior segments of the liver could be shown IH 2(). 

Alsoo in our institution, an increasing proportion of patients with hilar cholangiocarcinoma 

underwentt hilar resection combined with partial liver resection as of the early 90's. Before 

thiss time, most tumours were treated by local resection. The outcome of resections from 

19833 to 1997 was described by Gerhards et. al. n ' 2 1. In 1998, collaboration was initiated 

withh the Division of Surgical Oncology of Nagoya University in Japan, with the aim of 

adoptingg the techniques developed by Japanese surgeons. From that time, hilar resections 

weree performed en bloc with (extended) hemihepatectomy, routinely including complete 

resectionn of the caudate lobe and Iymphadenectomy of the hepatoduodenal ligament. In case 

off  portal vein involvement, resection was combined with excision of the portal bifurcation 

andd reconstruction of the vein. The aim of this study was to assess the outcome of this change 

inn surgical strategy, based on Japanese experience, in patients with hilar cholangiocarcinoma 

withh regard to postoperative morbidity and mortality, microscopical tumour clearance and 

patientt survival. 

Patientss and methods 

Fromm January 1988 to January 2003, 99 patients with hilar cholangiocarcinoma underwent 

resection.. Criteria for resectability were the absence of 1) peritoneal or liver metastases, 2) 

massivee ingrowth into the contra lateral branch of the portal vein or into the main stem, 3) 

infiltrationn of the main hepatic artery or its branch(es) to the contra lateral liver segments, 4) 

atrophyy of the contra-lateral liver lobe, 5) lymph node involvement outside the hepatic hilar 

regionn and 6) extensive proximal ingrowth into the biliary radicals of the contra-lateral liver 

lobe,, precluding a free margin for biliary anastomosis. 
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Patientss were divided according to three 5-year periods: period 1 (1988 - 1993, n = 45), period 

22 (1993 - 1998, n = 25) and period 3 (1998-2003, n = 29). Resections were performed in 61 

menn and 38 women with a mean age of 60  1.1 years (range, 21 to 79 years). There was no 

significantt difference in gender or age between the three different study periods. 

Preoperativee work-up and imaging studies 

Preoperativee work-up consisted of routine physical examination and laboratory analysis 

off  liver function parameters. In period 1, preoperative diagnostic approach consisted 

off  (endoscopic) ultrasonography and endoscopic retrograde cholangiopancreatography 

(ERCP)) with subsequent biliary drainage 22. Angiography was performed in two-thirds of all 

patientss and percutaneous transhepatic cholangiography (PTC) was performed in 7 patients. 

Inn period 2, ERCP and ultrasound with Doppler imaging were still used routinely, but 

endoscopicc ultrasonography was not performed anymore. PTC was only done in one patient 

andd angiography was only used in three cases (12%). Diagnostic laparoscopy was performed 

inn the last 19 patients (76%) as an additional means of tumour staging 2 3 2 4. In period 3, ERCP, 

transabdominall  ultrasound with Doppler imaging and diagnostic laparoscopy were routinely 

performed,, while PTC was used in 5 patients. Angiography was not performed anymore. It 

wass gradually replaced by thin sliced helical CT scan. CT scan was used throughout the 3 

periodss in 42%, 48% and 76% of the patients, respectively. As of the end of 2000, MRCP was 

performedd to assess tumour extent in 7 patients (7%) in total. 

Preoperativee biliary drainage 

Preoperativee biliary drainage was performed in 85 patients (86%). ERCP was applied in 

722 (85%) patients using 1-3 stents, PTC was used in 4 patients (5%) and in 8 patients (9%) 

bothh techniques were used. In periods 1 to 3, the percentage of patients who underwent 

preoperativee biliary drainage was 82%, 96% and 83%, respectively. Mean values of total 

bilirubinn (umol/L) after biliary drainage in the three periods were 123  24, 48  11 and 18

11,, respectively (P < 0.01). 

Tumourr classification and histopathological examination 

Thee Bismuth-Corlette classification was used to define proximal tumour extension 2:'. During 

resection,, tumour extension was verified, if necessary by histopathological examination of 

frozenn sections. The resection and dissection margins of the resected specimens, as well as 

perineurall  tissue and lymph nodes were studied for tumour ingrowth. Also, tumour type 

andd differentiation were assessed. 

Adjuvantt therapy 

Fromm 1990, preoperative radiotherapy (3 x 3.5 Gy) was given to patients who had undergone 

endoscopicc or percutaneous biliary drainage to prevent seeding of tumour cells into the 

drainagee tract 26. Patients underwent adjuvant postoperative radiotherapy (55 Gy) on a 

routinee basis during all three periods 2 . 
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Statisticall  analysis 

Chi-squaree test (Pearson or the Fisher's exact test) was used to assess the differences between 

periods.. Numeric data were evaluated using one-way ANOVA and were expressed as mean

standardd error of the mean (SHM). 'Ihe Kaplan-Meier method was used to construct survival 

curvess and the log-rank significance test was used for comparison of survival between groups. 

Multivariatee analysis was performed using logistic regression and Cox proportional hazards 

model.. SPSS 10.0.7 for Windows (SPSS Inc, Chicago, 111) was used as statistical software and 

aa p value < 0.05 was considered significant. 

Results s 

Surgicall  procedures 

Inn period 1, local resection was performed in 41 patients (91%) (Table 1). Local resections 

includedd excision of the tumour with intention to obtain adequate macroscopic margins. 

Thiss sometimes required partial resection of segment 1 and 4. Only 4 out of 17 patients (24%) 

withh type III or IV tumours underwent a hilar resection in combination with a partial liver 

resectionn (Table 1). Sixteen patients (36%) underwent R2 resection to achieve adequate biliary 

drainagee for palliation. In period 2, 13 of 16 patients (81%) with type III tumours underwent 

hilarr resection in combination with partial hepatectomy (6 with extended hemihepatectomy). 

Portall  vein reconstruction was performed in one patient. Five patients (20%) underwent R2 

resection,, for palliation. In period 3, 21 hemihepatectomies were performed (including 7 

extendedd hemihepatectomies) in 22 patients with type III or IV tumours (95%). From 1999, 

totall  resection of the caudate lobe was performed in 15 out of 21 patients (71%) in addition to 

partiall  liver resection. In 6 patients (6%), portal vein reconstruction was performed and in 1 

patientt (1%) local resection was combined with pancreatoduodenectomy. 

Tablee 1. Bismuth-Corlette classification and resection types according to resection period 

Typee I 

Typee II 

Typee Ili a 

Type l l l b b 

Typee IV 

Locall  resection 

Hilarr resection 

-- {extended} 

-- left hemiht 

-- caudate lob 

-- portal vein 

++ partial liver resection 

rightt hemiht 

patectomy y 

ee resection 

resection n 

patectomy y 

Periodd 1 

(88-93) ) 

nn = 45 

66 (13%) 

222 (49%) 

99 (20%) 

44 (9%) 

44 (9%) 

411 (91%) 

44 (9%) 

HI}}  (25%) 

33 (7 5%J 

00 (0%) 

00 (0%) 

Periodd 2 

(93-98) ) 

n=25 5 

4(16%) ) 

55 (20%J 

99 (36%) 

77 (28%) 

00 (0%) 

12**  (48%) 

13**  (52%) 

7)6}}  (54%) 

66 (46%) 

00 (0%) 

11 (4%) 

Periodd 3 

(98-03) ) 

n=29 9 

22 (7%) 

5(17%) ) 

12(41%) ) 

88 (28%) 

22 (7%) 

8**  (28%) 

21**  (72%) 

11{7}(52%) ) 

100 (48%) 

155 (52%) 

66 (21%) 

Total l 
(88-03) ) 

nn = 99 

12(12%) ) 

322 (32%) 

300 (30%) 

19(19%) ) 

66 (6%) 

611 (62%) 

388 (38%) 

19{14}(5()%) ) 

199 (50%) 

15(15%) ) 

77 (7%) 

**  Significantly different compared to period 1. 
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Morbidityy and mortality 
Overalll  postoperative morbidity occurred in 66% of the patients (postoperative 

complicationss could not be retrieved in 2 patients) (Table 2). No significant differences were 

foundd in postoperative complications between the three time periods. The most irequent 

complicationss were bile leakage (25%) and liver or intra-abdominal abscesses (24%) (Table 3). 

Complicationss categorized as miscellaneous consisted of pleural effusion, pulmonary emboli, 

cardiacc failure, myocardial infarction, wound infection, urinary tract infection, renal failure, 

intestinall  obstruction, pancreatic fluid leakage, cerebral infarction and delirium. A total 

off  22 patients (22%) had to be reoperated because of bile leakage and / or intra-abdominal 

abscessess or bleeding. 

Thee hospital mortality was 20%, 12% and 10% for the three time periods respectively (overall 

15.2%,, 15/99) (Table 2). No significant differences were found in mortality between the time 

periods.. Al l patients died of muiti-oigan failure. In 9/15 patients, multi-organ failure was 

precededd by massive intra-abdominal or upper gastrointestinal bleeding, combined with 

liverr failure (n = 5) or sepsis (n=4). Multi-organ failure was preceded by liver failure/necrosis 

togetherr with sepsis in 5/15 patients. In 1 patient, the cause of death was not specified. 

Factorss associated with increased morbidity in univariate analysis were Klatskin type Ilia, 

(extended)) right hemihepatectomy and portal vein resection (Table 4). No factors were found 

too correlate with increased mortality. No independent factors associated with morbidity or 

mortalityy were found in multivariate analysis (data not shown). 

Tablee 2. Hospital morbidit y and mortal i t y according to resect ion period 

Periodd 1 

(88-93) ) 

nn = 45 

Morbidity**  32/44(73%) 

Mortal i tyy 9(20%) 

Dayss m hospital (mean values) 2-1 

Rangee 2-98 

**  In 2 patients, complete data regarding morbidity could not be i\ 

Tablee 3. Postoperative compl icat ions according to resect ion 

Periodd 1 

(88-93j j 

n=44 4 

Periodd 2 

(93-98) ) 

nn = 25 

13/255 (52%) 

3(12%) ) 

23 3 

7-63 3 

tneved. . 

period d 

Periodd 2 

(93-98) ) 

nn 25 

Periodd 3 

(98-03) ) 

n=29 9 

19/288 (68%) 

3(10%) ) 

2') ) 

8-4-8 8 

Periodd 3 

(98-03) ) 

nn 28 

Total l 

(88-03) ) 

nn = 99 

64/977 (66%) 

155 (15%) 

23 3 

2-98 8 

Total * * 

(88-03) ) 

nn 97 

Bleeding g 

Bilee leakage 

Liver-intraa abdominal abscess 

Liverr failure'necrosis 

Cholangitis s 

Pneumonia a 

Miscellaneouŝ ^ 

\ ' oo significant differences were found between the three time periods. "" In 2 patients, complete data regarding 

morbiditvv could not be retrieved, - Pleural fluid, lung emboli, cardiac failure, cardiac infarction, wound infection, 

urinaryy tract infection, renal failure, intestinal obstruction, pancreatic' fluid leakage, brain infarction and delirium. 

100 (23%) 1 (4%) 

13(30"-.,)) 5 (20%) 

100 (23%) 7 (28%) 

3(7%)) -1(16%; 

22 (5%) 5 (20%) 

4(9%)) 2 (8%) 

22(50%ii  8(32%) 

2(8%)) 13(13%) 

6(21%)) 24(25%) 

M21%)) 23(24'%) 

3<ll%jj  10(10%) 

11 (4%) 8(8'*..) 

22 ("%) 8 (8%) 

88 (29%) 38 (39%) 
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Tablee 4. Risk factors correlated wit h postoperat ive morbidit y and mortal i t y 

Total* * 

Gender r 

Male e 

Female e 

Age e 

<< 60 

>> 60 

Preoperativee biliary drainage 

Yes s 

No o 

Preoperativee bilirubin (umol/L) (n 

<< 17 

>> 17 

Preoperativee albumin (g'L) (n = 87 

<<  35 

>> 35 

== 89)̂  

)s s 

Intraoperativee Bismuth classification 

Typee I 

Typee 11 

Typee Ili a 

Typee Ill b 

Typee IV 

Typee of resection 

Locall  resection 

(ext)) Right hemihepatectomy 

Leftt hemihepatectomy 

(ext)) Hemihepatectomy with segment 1 resection 

Yes s 

No o 

(ext)) Hemihepatectomy with portal 

Yes s 

No o 

veinn resection 

n n 

97 7 

59 9 

38 8 

40 0 

57 7 

83 3 

14 4 

22 2 

67 7 

56 6 

31 1 

12 2 

32 2 

29 9 

18 8 

6 6 

60 0 

19(14) ) 

18 8 

15 5 

22 2 

7 7 

30 0 

Morbidit yy {%) 

67.8 8 

57.9 9 

62.5 5 

64.9 9 

67.5 5 

42.9 9 

54.5 5 

68.7 7 

70.8 8 

62.0 0 

50.0 0 

65.6 6 

86.2 2 

38.9 9 

50.0 0 

61.7 7 

89.5 5 

44.4 4 

60.0 0 

72.7 7 

100.0 0 

60.0 0 

PP value 

NS S 

NS S 

NS S 

NS S 

NS S 

PP < 0.02" 

PP < 0.05" 

NS S 

PP < 0.05 

Mortal i t yy (%) 

20.0 0 

10.5 5 

14.6 6 

17.5 5 

16.7 7 

14.3 3 

18.2 2 

17.6 6 

25.0 0 

13.7 7 

8.3 3 

15.6 6 

23.3 3 

16.7 7 

0.0 0 

13.1 1 

26.3 3 

16.7 7 

13.3 3 

27.3 3 

28.6 6 

20.0 0 

PP value 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

Inn 2 patients, complete data regarding morbidity could not be retrieved. & In 8 patients, total bilirubin 

concentrationn was not measured before resection. ' In 10 patients, albumin concentration was not measured 

beforee resection. * Significantly different from all other types combined. 

Tumourr classification and histopathological examination 

Inn period 1 to 3, the definitive intraoperative staging differed from preoperative staging 

off  tumour extension in 20 (44%), 5 (20%J and 4 (14%) patients, respectively (P < 0.02). 

Intraoperativee tumour classification according to resection period is shown in table 1. 

AA significantly larger percentage of well differentiated tumours was found in period 3 as 

comparedd to period 1 (36% vs. 5%, Table 5). The incidence of lymph node involvement 

decreasedd significantly from 49% in period 1 to 14% and 4% in period 2 and 3, respectively. 

Thee proportion of R0 resections increased significantly from 13% and 32%) in period 1 and 2, 

respectively,, to 59% in period 3. Factors associated with an increased rate of R0 resections in 
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univariatee analysis were resection period, resection type and total resection of the caudate 

lobee (Table 6). In multivariate analysis, the only independent factor associated with RO 

resectionn was the treatment period (Table 7). 

Tablee 5. Histologic characterist ics according to resect ion period 

Tumourr differentiation̂  

-- good 

-- moderate 

-- poor 

Lymphh node involvement* 

Penn neural invasion'' 

ROO (microscopic margin negative) resection 

Rll  (microscopic margin positive) resection 

R22 (macroscopic margin positive) resection 

\\ "" Significantly difference compared to period 1 and 2, respectively (P <- O.Of)). ^ In 5 patients, data regarding 

tumourr differentiation could not be retrieved- A In K) patients, data regarding lymph node invasion could not be 

retrieved.. b In 2 patients, data regarding perineural invasion could not be retrieved. 

Tablee 6. Univariat e analysis of variables associated wi t h RO resect ions 

Periodd 1 

(88-93) ) 

nn = 45 

22 (5%) 

188 (41%) 

244 (5:5%) 

199 (49%) 

344 '76%̂  

6(13%) ) 

233 (51%) 

166 (36%) 

Periodd 2 

(93-98) ) 

n=25 5 

4(16%) ) 

100 (40%) 

111 (44%) 

3**  (14%) 

188 (7?%) 

88 (32%) 

122 (48%) 

55 (20%) 

Periodd 3 

(98-03) ) 

nn = 29 

9*(36%) ) 

88 (32%) 

88 (32%) 

TT (4%) 

12*"'' (44%) 

17*-""  (59%) 

12(41%) ) 

00 (0%) 

Total l 

(88-03) ) 

n=99 9 

15(16%) ) 

366 (38%) 

433 (46%) 

233 (26%) 

644 (66%) 

311 (31%) 

477 (47%) 

211 (21%) 

Total l 

Resectionn period 

1988-1993 3 

1993-1998 8 

1998-2003 3 

Correctt preoperative Bismuth classification (n = 

Yes s 

No o 

Intiaoperativee Bismuth classification 

Typee I 

Typee II 

Typee ili a 

Typee 111b 

Typee IV 

Tvpee of resection 

Locall  resection 

(ext)) Right hemihepatectomy 

Leftt hemihepatectomy 

(ext)) Hemihepatectomy with caudate 

Yes s 

\To o 

95)* * 

obee resection (n 

(ext)) Hemihepatectomy with portal vein resecti 

Yes s 

No o 

>nn (n = 

-- 38) 

38) ) 

n n 

99 9 

45 5 

25 5 

29 9 

66 6 

29 9 

12 2 

32 2 

30 0 

19 9 

6 6 

61 1 

19 9 

19 9 

15 5 

23 3 

7 7 

31 1 

R0 0 resect ionss (%) 

13.3 3 

32.0 0 

58.6 6 

28.8 8 

10.3 3 

33.3 3 

15.6 6 

26." " 

31.6 6 

16.7 7 

14.8 8 

42.1 1 

36.8 8 

66.7 7 

21,7 7 

28.6 6 

48.4 4 

PP value 

PP < 0.05 

NS S 

N.S S 

PP < 0.05 

PP <r 0.01 

NS S 

**  In 4 patients, data regarding preoperative Bismuth type could not be retrieved. 
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Tablee 7. Multivariat e analysis of factors associated with RO resection 

PP value Oddss Ratio 95%% CI 
Resectionn period 

Typee of resection 

Caudatee lobe resection 

0.004 4 

0.505 5 

0.253 3 

NA A 

NA A 

0.362 2 

NA A 

NA A 

0.064-- 2.066 

Survival l 

Thee overall survival rate was 70% after 1 year, 37% after 3 years, 27% after 5 year and 12% 

afterr 10 years. Five year survival of R0 or Rl resections was 33% (median survival 27.0  7.8 

months)) and 0% for R2 resections (median survival 16.7  2.0 months). Two-year survival 

off  R0 and Rl resections increased significantly from % and % in period 1 

andd 2, respectively, to 60.0+11.4% in period 3 (Fig. 1). A trend was found towards increased 

mediann survival time of R0 resections (38.8  11.6 months) as compared to Rl resections 

(22.66  10.0 months). In univariate analysis, R2 resections were associated with a worse 

survivall  compared to R0 or Rl resections (Table 8). In univariate analysis of R0 and Rl 

resections,, resection period and lymph node involvement were found to be significantly 

relatedd to survival time. Survival of patients with R0 resections did not differ significantly 

fromm survival of patients with Rl resections. No independent factor was found to be related 

too survival time in multivariate analysis (data not shown). A total of 21 patients were still 

alivee at the end of the study period of which 4 were operated in the period 1993-1998 and 17 

inn the period 1998-2003. 

Figuree 1. Kaplan-Meier  survival curves of RO and Rl resections according to resection period 

100 0 

80 0 

> > 
>> 60 
3 3 

4 0 --

20 0 

Numberr  at risk 
1988-1993 3 

1993-1998 8 

1998-2003 3 

29 9 

20 0 

29 9 

20 0 

13 3 
25 5 

1988-1993 3 

1993-1998 8 

1998-2003 3 

1 1 

3 3 

10 0 

10 0 

10 0 

1 1 

4 4 
i i 

5 5 

7 7 
7 7 
1 1 

1 1 

6 6 
i i 

7 7 100 Years 

4 4 

1 1 

**  A significantly increased two-year  survival was found in period 1998-2003 as compared to the other  time 
periodss (p<0.05). 

41 1 



Chapterr 2 

Tablee 8. Univariate analysis of variables associated with survival 

Total l 

Resectionn and dissection margins 

RO O 

Rl l 

R2 2 

ROO and Rl resect ions 

Gender r 

Male e 

Female e 

Age e 

<< 60 

> 60 0 

Resectionn period 

1988-1993 3 

1993-1998 8 

1998-2003 3 

Intraoperativee Bismuth classification 

Typee I 

Typee 11 

Typee Ili a 

Typee 11lb 

Typee IV 

Typee of resection 

Locall  resection 

(ext)) Right hemihepatectomy 

Leftt hemihepatectomy 

(ext)) Hemihepatectomy with segme 

Yes s 

No o 

(ext)) Hemihepatectomy with porta 

Yes s 

No o 

Tumourr differentiation* 

Good d 

Moderate e 

Poor r 

Lymphh node involvement8' 

Yes s 

No o 

Perineurall  invasion5 

Yes s 

No o 

ntt 1 resection (n = 

vein n resectionn (n 

36) ) 

== 36) 

n n 

99 9 

31 1 

47 7 

21 1 

78 8 

31 1 

47 7 

30 0 

48 8 

29 9 

20 0 

29 9 

11 1 

30 0 

21 1 

14 4 

2 2 

45 5 

17 7 

16 6 

15 5 

21 1 

6 6 

30 0 

14 4 

27 7 

33 3 

18 8 

52 2 

49 9 

26 6 

Survivall  (months) 

Mean n 

37.0 0 

50.0 0 

15.8 8 

47.5 5 

60.8 8 

52.4 4 

48.8 8 

38.3 3 

47.5 5 

44.3 3 

46.9 9 

40.7 7 

59.7 7 

66.5 5 

NA A 

42.4 4 

59.8 8 

72.4 4 

44.3 3 

50.0 0 

81.6 6 

55.5 5 

31.8 8 

65.8 8 

41.8 8 

28.6 6 

66.8 8 

49,3 3 

64.8 8 

**  In 4 patients, data regarding tumour differentiation could not be retrieved. & In 

nodee invasion could not be retrieve ii  SI TT 3 Datients, c ataa ret jardinaa p erineurall  i 

Median n 

38.8 8 

22.3 3 

16.7 7 

27.0 0 

25.7 7 

22.6 6 

27.0 0 

19.0 0 

22.6 6 

NA A 

41.3 3 

19.0 0 

29.0 0 

69.0 0 

NA A 

21.5 5 

38.3 3 

69.0 0 

NA A 

22.6 6 

NA A 

38.3 3 

24.6 6 

41.9 9 

20.9 9 

18.0 0 

41.9 9 

24.6 6 

38.3 3 

88 patients, data re 

nvasionn could not 

PP value 

PP < 0.01 

NS S 

NS S 

PP < 0.05 

NS S 

NS S 

NS S 

NS S 

NS S 

P<0.01 1 

NS S 

gardingg lymph 

bee retrieved. 
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Discussion n 

Survivall  after surgical treatment of hilar cholangiocarcinoma has improved during the last 10 

too 15 years n-u. This without doubt, owes to the fact that more resections have been combined 

withh partial hepatectomy, leading to more R0 resections J 1:MS. Also in this study, two-year 

survivall  significantly increased during the 15 year period, while the number of R0 resections 

increasedd from 13% in the first period to 59% in the last period (P < 0.05). A combination 

off  factors such as improved imaging techniques and patient selection, but foremost, the 

adoptionn of a more aggressive Japanese-based surgical technique, have all contributed 

too the increase in the proportion of margin negative resections in the third period. Of R0 

resectionss performed in 1998-2003, 77% represented hilar resections in combination with 

partiall  liver resections. In contrast to several reports in literature, no significant difference 

wass found in survival time between patients with R0 or Rl resections in this study. The 

reasonn for this is that of all patients with R0 resections, 47.8% were alive at the completion 

off  this study, compared to 16.7% in the Rl resection group. Most R0 resections occurred in 

thee last time period (17/31 patients). Of these 17 patients, 12 were alive at the completion of 

thee study (70.6%). Therefore, it is likely that mean survival of patients with RO resection is 

underestimatedd and wil l probably increase more rapidly than mean survival of patients with 

Rll  resections. 

Fivee year survival rate of 33% with a median survival of 27.0 months for patients treated with 

curativee intent (R0+R1) is comparable with other recent studies from Western (European 

andd American) as well as Japanese centres 15' 16' 288 M. Median survival of patients with R0 

resectionn was 38.8 months in this study. This survival wil l probably increase in time, because 

111 out of all 31 patients with R0 resection were alive at the completion of this study. In 

literature,, median survival of R0 resected patients is reported up to 50 months (15). Median 

survivall  as well as 5-year survival rate could not be calculated in the period 1998-2003, 

becausee more than half of patients were still alive at the completion of this study. Therefore, 

noo definitive conclusions can be drawn from survival data of this period. However, 2-year 

survivall  rates increased from 41% in the first period to 45% in the second period and 59% in 

thee third period. 

AA significant correlation was found between the absence of lymph node metastases and an 

increasedd median survival. This is in accordance with what can be found in literature 14' 15. 

Therefore,, mainly in the last two periods, lymph nodes in the hepatoduodenal ligament as 

welll  as peripancreatic and retroperitoneal lymph nodes were carefully checked for tumour 

invasionn by frozen section examinations during surgery. When lymph node invasion was 

foundd outside the hilar region, resection was cancelled. This probably led to a decreased 

proportionn of patients with lymph node metastases in the resected specimen along the 

threee time periods. Lymph node metastases were present only in 4% of patients in the last 

timee period. Tumour differentiation as well as perineural invasion did not have a significant 

relationn with survival time in this study. 

Overalll  postoperative morbidity rate of 66% found in this study is comparable to recent 

studiess with postoperative morbidity rates of 37% to 85% 15' 16'20. Comparing recent and 

olderr (> 5 years old) literature, a slight increase in postoperative morbidity can be observed 

alongg with a more aggressive surgical approach 8'1 8 2 0. In this study, the percentage of hilar 
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resectionss in combination with partial hepatectomy increased from 9% in 1988-1993 to 52% 

inn 1993-1998 and 72% in 1998-2003 (p<0.01), while postoperative morbidity and mortality 

didd not increase significantly. 

Sewnathh et al. concluded in a recent meta-analysis that the question whether preoperative 

biliaryy drainage in patients with biliary obstruction can decrease postoperative morbidity, 

cannott be answered yet, because of lack of controlled studies 31. Although the discussion on 

thee benefit of preoperative biliary drainage is still ongoing, we consider optimal preoperative 

drainagee prerequisite in this category of patients who wil l undergo major liver resections, 

andd rely heavily on functional reserve of the remnant liver postoperatively. 

Inn recent literature, overall in-hospital mortality rates vary from 0% to 10% u 1 6 ' l l 3 2 3 4. 

Inn our series, mortality dropped from 20.0% in 1988-1993 to 10.3% in 1998-2003, owing 

probablyy to better patient selection and increased surgical experience, despite the increased 

proportionn of extended resections carrying a higher risk. The majority of postoperative 

mortalityy was due to liver failure, which was caused by a combination of factors such as the 

extentt of resection, infection and bile leakage. 

Adjuvantt radiotherapy was applied routinely in our institution as of 1986. The rationale for 

adjuvantt radiotherapy was addressed in a previous paper from our department 27. In the 

latter,, retrospective study, we found a survival benefit for patients undergoing adjuvant 

radiotherapy.. There are however no properly conducted trials providing evidence for a benefit 

off  adjuvant radiotherapy. Because of the lack of evidence, adjuvant radiotherapy is presently 

nott applied anymore in our institution in these patients. 

Inn the future, decrease of postoperative complications and in-hospital mortality wil l need 

speciall  emphasis. One of the ways to accomplish this is by careful preoperative assessment 

off  remnant liver function. With this information, patients who are at risk of developing 

postoperativee liver failure can be identified and by using techniques such as portal vein 

embolization,, future remnant liver function can be improved 35. 

Inn conclusion, the results of resection of hilar cholangiocarcinoma are evaluated in this 

study,, relative to a 15 year time period. Mainly in the last 5 year period (1998-2003), when the 

Japanesee surgical approach was followed, more hilar resections were combined with partial 

liverr resections including segments 1 and 4, leading to more R0 resections. This, together 

withh more adequate patient selection and a decrease in Nl patients, resulted in improved 

survival,, while not significantly affecting postoperative morbidity or mortality. 
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Abstract t 

Background.. Surgical treatment of hilar cholangiocarcinoma (Klatskin tumors) is difficult 

duee to its central location in the liver hilum. Recent developments in surgical techniques 

havee improved the outcome after resection. This paper deals with the surgical approaches 

currentlyy applied in our center and the impact of these strategies on outcome and criteria 

forr resection. 

Methods.. From 1988-2003, 99 consecutive patients underwent resection for hilar 

cholangiocarcinoma.. Patients were analyzed for rate of R0 resections in relation with Bismuth 

classification.. Morbidity, mortality and survival were assessed. 

Results.. The rate of hilar resections in combination with (extended) liver resections for type 

II II  and IV tumors increased from 24% to 95% in the last 5 years of the study period. 8 patients 

(8%)) had Bismuth type IV tumors. Four of these patients underwent palliative local excisions 

off  the hepatic duct confluence whereas the other 4 patients underwent hilar resection in 

combinationn with partial liver resection, resulting in microscopically radical resections. 

Theree was no mortality in this group. Overall postoperative morbidity and mortality were 

68%% and 10%, respectively. 

Conclusion.. An aggressive surgical approach consisting of hilar resections combined with 

partiall  liver resections including segments 1 and 4, resulted in a higher rate of R0 resections. 

Evenn Bismuth type IV tumors may be resectable depending on biliary anatomy of the hepatic 

ductt confluence. 
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Introductio n n 

Cholangiocarcinomaa may arise in any part of the intrahepatic and extrahepatic biliary 

tree.. Most frequently, however, the hepatic duct confluence is affected. These hilar 

cholangiocarcinomass are called Klatskin tumors, after the American pathologist who first 

describedd this tumor in 1965. The management of Klatskin tumors is notoriously difficult , 

forr several reasons. Firstly, patients present late when the bile duct is occluded and jaundice 

hass developed, usually without pain. Secondly, diagnosis is cumbersome despite advanced 

imagingg techniques, taking into account that inflammatory processes may mimic malignant 

strictures.. Reliable tissue or cytological diagnosis is difficult to obtain. Thirdly, complete 

surgicall  excision is difficult to achieve because of its central location in the liver hilum and 

itss proximal extension into the intrahepatic biliary segmental ducts. Notwithstanding these 

facts,, considerable progress has been made in the management of Klatskin tumors in the 

pastt decade. New, more aggressive surgical strategies have significantly changed treatment 

policyy of patients with Klatskin tumors. This presentation wil l focus on new approaches for 

surgicall  treatment of Klatskin tumors and its impact on the criteria used for resectability of 

thiss difficult tumor. The current status of diagnostic imaging and classification is reviewed as 

well,, because of its importance in determining a surgical strategy. 

Diagnosticc work-up and imaging modalities 

Thee first issue when visualizing a biliary stricture is whether the stricture is based on a 

malignantt tumor or is benign, usually of inflammatory origin such as primary sclerosing 

cholangitis.. There are no imaging modalities that can reliably differentiate between a benign 

orr malignant hilar stricture. PET scan leads to false positive results because of enhanced 

glucosee metabolism in inflammatory lesions. Tumor serum markers and brush cytology also 

havee low sensitivity. When we adhere to strict guidelines for resection of Klatskin tumors, 

wee have to accept that in 15-18% of cases, a tumor is resected which on histopathological 

examinationn turns out to be a benign lesion h 2. 

Resectionn of Klatskin tumors is based on proximal extent of tumor into the intrahepatic 

biliaryy tree, as laid down in the Bismuth-Corlette classification system (type I-IV ) 3. 

Assessmentt of bile duct invasion is therefore essential to select patients with potentially 

resectablee tumors. Whereas ultrasound and ERCP are frequently used to depict the biliary 

tree,, technology of MRI has improved and now offers a noninvasive alternative with high 

imagee quality. ERCP has been abandoned as diagnostic modality and is now primarily used 

forr therapeutic purposes, i.e. drainage of the biliary system. The Bismuth classification 

systemm does not take into account liver parenchymal invasion, vascular invasion into the 

portall  venous system or hepatic arteries and lobar atrophy, criteria which all are important 

whenn assessing resectability of Klatskin tumors. Cross-sectional imaging modalities such as 

CTT and MRI are of value to examine the latter features. Innovative techniques are intraductal 

ultrasoundd and contrast-enhanced MR angiography to assess vascular involvement. 

Althoughh controversial in distal bile duct and pancreatic tumors, staging laparoscopy is 

usefull  in Klatskin tumors, avoiding laparotomy in 25-40% of patients 4'5. Another controversy 

relatess to the need of preoperative biliary drainage. Most centers agree that especially in 

Klatskinn tumors requiring extensive liver resection, complete biliary drainage of at least the 
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futuree remnant liver is mandatory for adequate postoperative liver function 6. Complete 

preoperativee biliary drainage on the side of the future remnant liver, is essential for adequate 

postoperativee liver function and liver regeneration. CT volumetry is used to determine 

volumee of the future remnant liver and this may be increased by preoperative portal vein 

embolization. . 

Classification n 

Surgicall  excision is the only option for curative treatment of Klatskin tumors. The Bismuth 

classificationn (Fig. 1), based on proximal extension of the tumor into the intrahepatic biliary 

Figuree 1. Bismuth classification of Klatskin tumors (hilar  cholangiocarcinoma) 

Typee I and II tumors are confined to the confluence of right and left hepatic ducts. Type III tumors extend 
proximallyy into the right (Ilia) or left (Illb) intrahepatic, segmental biliary ducts. Type IV tumors extend into both 
intrahepatic,, biliary systems. All type HI and IV tumors, and most of type II tumors, require hilar resection in 
combinationn with (extended) hemihepatectomy, en bloc with excision of segment 1. 
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system,, is used to select patients for surgical exploration \ Other criteria that preclude 

curativee resection are intra- or extrahepatic metastases, including lymph node metastases 

alongg the common hepatic artery or around the celiac axis. Regional lymph node metastases 

inn the hilar area do not contradict curative resection whereas rcscctability in the presence of 

lymphh node metastases distally in the hepatoduodenal ligament is a matter of debate. Some 

surgeonss contend that in the latter case, resection with extensive lymph node dissection wil l 

improvee survival compared to non-surgical therapy. Klatskin tumors, along with progression 

intoo the biliary tree, tend to infiltrate into the ipsilateral portal venous trunk and/or hepatic-

artery.. Since these vessels are removed with hemihepatectomy, this does not preclude radical 

resection.. Involvement of the portal bifurcation requires portal venous reconstruction 

whereass infiltration into the common hepatic artery is considered a sign of unresectability. 

Surgicall  approach 
Inn previous years, Klatskin type III a/b tumors which extend into the first segmental 

biliaryy ducts of one side of the liver were treated by hilar excision in combination with 

hemihepatectomy,, whereas Type IV tumors, with tumor extension to both sides were 

consideredd unresectable. Nowadays, while extended liver resections are undertaken, type IV 

tumorss may be curatively resected depending on bile duct anatomy at the liver hilum. Also, 

whereass type I and II tumors (confined to the major hepatic ducts) were considered for local 

excisionn of the hilar bile ducts, type II tumors now tend to be resected in combination with 

hemihepatectomyy to achieve RO resection. The Bismuth classification takes into account 

tumorr extension into the right and left biliary system, but, tumor extension anteriorly to the 

quadratee lobe (segment 4) and posteriorly to the caudate lobe (segment 1) is equally important 
7.. Surgical treatment, therefore, should include resection of segments 4 and 1, which in case 

off  right sided tumors (type Ilia) comes down to extended right hemihepatectomy en bloc 

withh segment 1. In conjunction with any resection, complete lymphadenectomy of the 

hepatoduodenall  ligament is carried out. 

Thee portal vein bifurcation lies in direct posterior position of the hepatic duct confluence 

andd is therefore, frequently involved in the tumor. Curative surgery therefore requires 

concomitantt excision of the portal vein bifurcation. During a right sided resection, the 

portall  vein bifurcation is resected en bloc with the hilar tumor and the right hemi-liver 

includingg segments 4 and 1, after which the left portal vein branch is reconstructed by end-

to-endd anastomosis to the main trunc of the portal vein. From the left side, the portal vein 

bifurcationn is taken with the left hemi-liver and segment 1. An interposition graft is usually 

nott required. 

Results s 

Thee experience in the AM C with surgical management of Klatskin tumors comprises 99 

patientss resected over a 15 year period (1988-2003). Over this period, the rate of (extended) 

liverr resections for type III and IV tumors increased from 24% to 95% 8. Of these 99 patients, 

88 patients (8%) were classified as Bismuth type IV tumors. Four patients in which during 
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Figuree 2. Cholangiogram and CT scan of a patient with Bismuth type IV Klatski n tumor 

Thee left biliary system shows extensive infiltration into the segmental branches (B2, B3 and B4) (Fig 2a). On the 
rightt side, only the anterior segmental biliary ducts (B5, B8) are visualized (arrow). Two stents were placed for 
biliaryy drainage. The posterior segmental biliary ducts (B6, B7) drain directly into the hepatic duct confluence and 
aree occluded by the hilar tumor. These posterior segmental ducts are seen on the CT scan as dilated ducts in the 
hilarr area (Fig 2b, arrow). 

exploration,, advanced tumor infiltration 

wass found into both the right and left 

Miliaryy systems, underwent palliative local 

excisionn of the hepatic duct confluence. 

Usually,, the distal bile duct was already cut 

too allow accurate assessment of the hepatic 

hilum,, precluding access for palliative 

treatmentt using biliary stents. The other 

44 patients underwent hilar resection in 

combinationn with partial liver resection, 

resultingg in microscopically radical 

resections.. Three of these patients had 

tumorr extending into the left segmental 

bilee ducts and to the right, into a short 

rightt hepatic duct or into the right anterior 

andd right posterior sectorial ducts, 

drainingg directly into the confluence 

(Figss 2a/b). These patients underwent a 

leftt hemihepatectomy which in the hilar 

regionn was extended to the right to include 

thee complete right side of the confluence 

(Figg 3). In one patient, the portal vein 

bifurcationn was partially resected along 

withh the tumor. Biliary reconstruction 

Figuree 3. Depiction of tumor and hilar  anatomy of the 
patientt  whose imaging studies are shown in Fig. 2 

Thiss patient underwent a left hemihepatectomy which 
inn the hilar region was extended to the right to include 
thee complete right side of the confluence, resulting in a 
microscopicallyy radical resection. 
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Figuree 4. Cholangiogram of a patient with Bismuth 
typee IV Klatskin tumor showing tumor infiltratin g 
intoo the left hepatic duct 

Thee bile duct draining segment 4 (B4, arrow) has a 
loww insertion near the hepatic duct confluence and is 
involvedd in the tumor. The right biliary system is not 
visualizedd due to occlusion by the hilar tumor. 

Figuree 5. Depiction of tumor and hilar  anatomy of 
thee patient described in relation with Fig. 4 

Notee the low insertion of the segment 4 bile duct in 
thee hilar area. Complete resection of the tumor was 
achievedd with extended right hemihepatectomy which 
includess segment 4. 
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wass performed by creating anastomoses on 

thee segmental ducts (B5/8 and B6/7) using 

aa Roux-Y jejunal loop. The fourth patient 

wass deemed unresectable because of type 

IVV tumor with tumor infiltrating into the 

segmentall  branches of the right liver and to 

thee left, into the left hepatic duct including 

aa segment 4 bile duct draining close to 

thee confluence (Fig 4). An extended right 

hemihepatectomyy (which includes segment 

4)) was performed which resulted in a RO 

resectionn (Fig 5). A biliary anastomosis was 

constructedd on the B2/3 segmental ducts. 

Theree was no mortality or major morbidity 

inn this group and all resected patients were 

alivee at the conclusion of this study (18, 

23,, 61 and 70 months, respectively). In the 

groupp of patients with palliative resections, 

alll  patients had died with a median survival 

off  15.7 months. 

Overall,, the rate of RO resections increased 

fromm 13% to 59%, with significantly 

improvedd survival (from 33% to 60% for 

R0/11 resections at two years) (8). The 

extendedd type of resections, however, carry 

aa high risk of complications, although 

overalll  morbidity and mortality (66% and 

10%,, respectively) did not increase over the 

years. . 

Discussion n 

Severall  studies have shown that the single 

mostt important prognostic factor for long-

termm survival is complete (RO) resection of 

thee hilar tumor. Margin negative resections 

aree however difficult to achieve due to the 

centrall  location of the tumor at the liver 

hilumm and its intimate relationships with 

adjacentt liver parenchyma and blood vessels. 

Resectionn of the portal vein bifurcation is 

mandatoryy when the tumor invades into the 

portall  vein, in order to achieve RO resection. 
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Assessmentt of vascular ingrowth during exploration is however difficult without disrupting 

thee tumor, because of the small area involved at the hepatic hilum. Considering these close 

anatomicall  relationships, the surgical group in Berlin advocate a no-touch technique to resect 

Klatskinn tumors in conjunction with extended liver resection, in accordance with principal 

oncologicall  guidelines (9). The surgical strategy consists of performing hilar resection en 

blocbloc with extended right-sided liver resection and resection of the portal vein bifurcation. 

Dissectionn of structures in the vicinity of the tumor is hence avoided. During resection, the 

leftt portal vein branch is reconstructed by end-to-end anastomosis to the main trunc of the 

portall  vein. The 5-year survival rate of patients operated according to these principals who 

indeedd had a RO resection was 72%, which is a remarkable outcome. Mortality after these 

extensivee resections however, was considerable (10-13%) 9. 

Bismuthh type IV Klatskin tumors are generally considered unresectable even using extensive 

liverr resections, because of inability of obtaining tumor free margins at the cut bile ducts of 

thee remnant liver. The anatomy of the biliary ducts at the hepatic duct confluence, however, 

determiness whether a radical resection can be obtained despite proximal infiltration of the 

tumorr into the first segmental bile ducts of both the right and left biliary systems. The hepatic 

ductt confluence often consists of the right anterior (B5/8) and right posterior (B6/7) sectorial 

ductss draining together with the left hepatic duct into the common hepatic duct. A tumor at 

thiss site infiltrates into the right segmental ducts and when extending into the left segmental 

ductss (B2/3/4), wil l be classified as a type IV tumor. Hilar resection in combination with a 

leftt hemihepatectomy potentially clears all tumor, as has been shown in our series. Likewise, 

onn the left side, the place of drainage of the segmental duct coming from segment 4 varies, 

andd when located close to the confluence, is readily infiltrated by tumor. When a tumor also 

extendss into the right segmental ducts, the tumor is diagnosed as a type IV tumor. When 

performingg extended right hemihepatectomy (which includes segment 4), the segment 4 

bilee duct is completely removed, leaving a tumor free resection margin on the bile ducts of 

segmentss 2 and 3. Hence, not every Klatskin type IV tumor is by definition unresectable and 

eachh case should be assessed by a multidisciplinary team consisting of experienced surgeons, 

endoscopistss and (interventional) radiologists. 

Thee down-side of these extensive surgical procedures obviously is substantial morbidity 

andd mortality. In the present series, overall morbidity and mortality was 66% and 10%, 

respectively,, although these rates had not increased over the years while adopting a more 

aggressivee surgical approach. Comparable mortality rates (10-13%) are reported in other 

seriess 9' 10. An increased postoperative risk after extensive liver resection appears justified 

whenn considering the long-term results of curative resection, also in the light of the limited 

survivall  after non-operative treatment. Mortality in most patients after hilar resection and 

extensivee liver resection is due to liver failure. Accurate risk assessment and determination 

off  liver functional reserve, therefore, is of paramount importance in selecting patients for 

surgicall  treatment. 

Inn conclusion, recent more aggressive surgical approaches have contributed significantly to 

ann increased rate of RO resections and improved outcome in patients with Klatskin tumors. 

Patientss with Klatskin type IV tumors may undergo curative resection depending on biliary 

anatomyy of the hepatic duct confluence, and should be considered by a multidisciplinary 

teamm in a specialized center. 
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Abstract t 

Background.. The number of margin negative resections and survival time have 

greatlyy improved because of a more aggressive surgical approach of resectable hilar 

cholanciocarcinomaa (Klatskin tumor). It has been shown initially by Japanese authors, that 

completee resection of the caudate lobe together with partial hepatectomy leads to more 

marginn negative (RO) resections. However, this concept has not been unanimously taken up 

byy the Western world. The aim of this study was to examine the role of complete caudate lobe 

resectionn in our series of resected hilar cholangiocarcinoma. 

Methods.. From January 1993 to January 2003, 54 patients had undergone resection for 

Klatskinn tumors. These patients were divided into two groups, according to the two 5 year 

periodss in which they had been operated. In the first period, patients did not routinely 

undergoo complete excision of the caudate lobe, whereas in the second period, partial liver 

resectionn was combined with complete excision of the caudate lobe in 15 patients. These 

twoo patient groups were evaluated in respect with postoperative morbidity and mortality, 

microscopicc tumor margins and survival time. 

Results.. Postoperative complications occurred in 59% of patients in total, while overall 

mortalityy was 11%. No difference was found in postoperative morbidity or mortality between 

thee two periods. The number of margin negative resections increased significantly from 32% 

inn the first to 59% in the second 5 year period (p<0.05). A significantly higher number of 

marginn negative resections were found in the second 5 year period, together with improved 

survival. . 

Conclusion.. In conclusion, concomitant complete excision of the caudate lobe for patients 

withh hilar cholangiocarcinoma did not lead to increased morbidity or mortality. The addition 

off  complete excision of the caudate lobe therefore, is a safe procedure contributing to a higher 

ratee of RO resections and improved survival. 
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Introductio n n 

Duee to the central anatomical position of Klatskin tumors within the liver hilum, it has been 

difficul tt to perform curative resections for this type of tumor. During the last 15 years, a shift 

tookk place towards a more aggressive approach in the treatment of hilar cholangiocarcinoma 
11 4. Many authors have emphasized the importance of negative surgical margins to improve 

survivall  ' ;. In patients with Bismuth-Corlette type II, III and IV tumors, this can only be 

achievedd by combining the hilar resection with a partial liver resection s. Because of frequent 

anteriorr and posterior infiltration, partial hepatectomy is advocated in combination with 

resectionn of segment 4 and complete excision of the caudate lobe. Japanese surgeons in 

particular,, convincingly demonstrated a survival benefit of a more aggressive approach 

includingg extended liver resection and concomitant complete excision of the caudate lobe 2 4 

9.. Despite these results, complete excision of the caudate lobe has not been implemented in 

thee surgical treatment of hilar cholangiocarcinoma by all Western surgeons. 

Alsoo in our institution, as of the early 90s, an increasing number of patients with type III 

orr incidentally IV hilar cholangiocarcinoma underwent hilar resection in combination with 

partiall  liver resection, occasionally including part of the caudate lobe. From 1998, more 

partiall  liver resections were performed in conjunction with Klatskin tumors and these were 

routinelyy combined with complete excision of the caudate lobe. The aim of this study was 

too assess the outcome of patients who underwent hilar resection and partial hepatectomy 

withh or without concomitant complete caudate lobe resection in regard with postoperative 

morbidityy and mortality, microscopical tumor clearance and patient survival. 

Patientss and methods 

Fromm January 1993 to January 2003, 54 patients underwent resection for hilar 

cholangiocarcinomaa in our institution. A total of 123 patients were evaluated for resection 

resultingg in a resectability rate of 44%. Criteria for resectability were the absence of 1) 

peritoneall  or liver metastases, 2) vascular in growth of the contralateral portal vein or 

hepaticc artery, 3) atrophy of the contralateral liver lobe, 4) lymph node involvement outside 

thee hepatic hilar region and 5) ingrowth into the biliary radicals of the contralateral liver 

lobe,, leaving no space for biliary anastomosis. Starting in 1998, a more aggressive policy 

consistingg of more extensive, partial liver resections was adopted and these were combined 

withh total excision of segment one in a total of 15 patients. Resections were performed in 31 

menn and 23 women with a mean age of 59.5  1.5 years (range: 29 -79 years). There was no 

statisticall  difference in gender or mean age of patients who had undergone surgery betore 

andd after 1998. 

Preoperativee staging 

Preoperativee assessment of patients with hilar cholangiocarcinoma showed littl e changes 

duringg the whole study period. The usual imaging techniques in the two time periods 

includedd endoscopic retrograde cholangiopancreatography (FRCP), ultrasound with Doppler 
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imagingg and computed tomography (CT). Diagnostic laparoscopy was used routinely to 

detectt small liver or peritoneal metastases in both study groups ll). Percutaneous transhepatic 

cholangiographyy (PTC) was used in 1 patient in the first period and in 5 patients in the 

secondd period. After 1998, thin sliced (3 mm), spiral CT scan became more valuable and was 

usedd more often. It was used in 12 patients before 1998 (48%), while it was used in 22 patients 

afterr 1998 (76%). As of the end of 2000, MRCP was performed to assess vascular ingrowth in 

66 patients in total. 

Tumorr classification 

Thee Bismuth-Corlette classification was used to describe proximal tumor extension, 

preoperativelyy and intraoperatively in all patients (Table 1) 8. Pathologic evaluation during 

andd after surgery revealed an accurate preoperative diagnosis in 45 patients (83%). These 

patientss were equally distributed among the 2 time periods. 

Preoperativee biliary drainage 

Too relieve jaundice and to optimize future remnant liver function, preoperative biliary 

drainagee was performed in 48 patients (89%). In these patients, ERCP was used in 46 (96%) 

patientss and PTC was used in 6 patients (13%). Both techniques were used in 4 patients (8%). 

Thee percentage of patients who had undergone preoperative biliary drainage was 96% before 

19988 and 83% after 1998. 

Additionall  therapy 

Loww dose preoperative radiotherapy (3 x 3.5 Gy) was given to all patients to prevent 

implantationn metastases n . Patients routinely underwent postoperative radiotherapy (55 Gy) 

inn both periods 12. 

Statisticall  analysis 

Too assess the significance of differences between groups, the chi-square test and the Fisher's 

exactt test were used. Numeric data were evaluated using independent-samples T-test and 

weree expressed as mean  standard error of the mean (SEM). The Kaplan-Meier method was 

usedd to construct survival curves and the log-rank significance test was used for comparison 

off  survival between groups. SPSS 10.0.7 for YX'indows (SPSS Inc, Chicago, 111) was used as 

statisticall  software and a P value of less than 0.05 was considered significant. 

Results s 

Bismuthh classification 

Definitivee Bismuth classification is shown in table 1. There were no statistically significant 

differencess in Bismuth type between patients of the two study groups. Most partial liver 

resectionss were performed in patients with type III tumors (67%). 
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Tablee 1. Bismuth-Corlette classification, types of resection and outcome of patients who had under-
gonee resection for  Klatski n tumors, divided into two five year  periods 

1993-19988 1998-2003 P-value Total 

Totall  25 29 54 

Bismuthh type NIS 

Typee I 

Typee II 

Typee Ili a 

Typee 1Mb 

Typee IV 

Typee of resection 

Locall  resection 

Hilarr resection + partial liver resection 

{extended}}  right hemihe 

leftt hemihepatectomy 

patectomy y 

Completee caudate lobe resection 

Locall  resection 

Hilarr resection + partia! 

Portall  vein reconstruction 

Yes s 

No o 

Inn hospital morbidity 

Yes s 

No o 

Inn hospital mortal i ty 

Yes s 

No o 

Marginn negative resections 

Locall  resection 

Hilarr resection + partial 

liverr resection 

(RO) ) 

liverr resection 

Completee caudate lobe resection 

4 4 

5 5 

9 9 

7 7 

0 0 

L2 2 

13 3 

7{6) ) 

6 6 

0 0 

0 0 

1 1 

24 4 

13 3 

12 2 

3 3 

22 2 

8 8 

3 3 

5 5 

0/0 0 

(16%) ) 

(20%) ) 

(36%) ) 

(28%) ) 

(0%) ) 

(48%) ) 

(52%) ) 

(54%) ) 

(46%) ) 

(0%) ) 

(0%) ) 

(4%) ) 

(96%) ) 

(52%) ) 

(48%) ) 

12%) ) 

(88%) ) 

(32%) ) 

(38%) ) 

(63%) ) 

(0%) ) 

2 2 

5 5 

12 2 

8 8 

2 2 

8 8 

21 1 

H{7) ) 

10 0 

0 0 

15 5 

6 6 

23 3 

19 9 

10 0 

3 3 

26 6 

17 7 

5 5 

12 2 

10/15 5 

(7%) ) 

(17%) ) 

(41%) ) 

(28%) ) 

(7%) ) 

(28%) ) 

(72%) ) 

(52%) ) 

(48%) ) 

(0%) ) 

(52%) ) 

(21%) ) 

(79%) ) 

(66%) ) 

(34%) ) 

(10%) ) 

(90%) ) 

(59%) ) 

(29%) ) 

(71%) ) 

(67%) ) 

NS S 

NA A 

NS S 

NS S 

NS S 

PP > 0.05 

6 6 

10 0 

21 1 

15 5 

2 2 

20 0 

34 4 

18 8 

16 6 

0 0 

15 5 

7 7 

47 7 

32 2 

21 1 

6 6 

48 8 

25 5 

(11%) ) 

(19%) ) 

(39%) ) 

(28%) ) 

(4%) ) 

(37%) ) 

(63%) ) 

(53%) ) 

(47%) ) 

(0%) ) 

(28%) ) 

(13%) ) 

(87%) ) 

(59%) ) 

(41%) ) 

(11%) ) 

(89%) ) 

(46%) ) 

NS:: not significant NA: not applicable 

Typess of resection 

Thee types of resection that were performed, were local resection for type I tumors, local 

resectionn with partial excision of the caudate lobe and/or segment 4 for type II tumors and 

hilarr resections in combination with (extended) right or left hemihepatectomy for type Ili a 

andd Ill b tumors, respectively. Extended right hemihepatectomy was performed in 13 patients. 

Thee 2 type IV tumors were treated with hilar resection and left hemihepatectomy and in 1 

off  these patients a portal vein reconstruction was performed. Portal vein reconstruction was 

performedd in 7 patients (13%) in total. As of 1998, complete excision of the caudate lobe was 

performedd in combination with hilar resection and partial hepatectomy in 15 patients (52%). 

Apartt from concomitant caudate lobe excision, no statistical differences were found in the 

variouss types of resection among the two study periods. 
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Morbid i t yy and mor ta l i t y 

Overall,, postoperative complications, including minor and major, procedure related 

complicationss occurred in 59% of the patients (Table 1). No significant differences were found 

inn the rate of postoperative complications in the two study periods. The most frequently 

occurringg complications were liver failure, bile leakage and liver abscess or intra-abdominal 

abscessess (data not shown). Tie hospital mortality was 12% in the first and 10% in the second 

periodd (Table 1). Al l 6 patients ultimately died due to multi-organ failure. In 5/6 patients, 

multi-organn failure was preceded by liver failure, whereas in 1 patient, sepsis was the main 

causee of multi-organ failure and subsequent death. 

His topatho log icall  examinat ion 

Thee microscopic resection and dissection margins were analyzed, along with tumor 

differentiation,, invasion into perineural tissue and lymph node involvement. Significantly 

moree patients had undergone a margin negative (R0) resection in the second period, compared 

too the first period (59% versus 32%, respectively, P < 0.05). There were no differences in tumor 

differentiation,, invasion into perineural tissue or lymph node involvement between the two 

studyy groups (data not shown). 

Survival l 

Thee mean overall survival of the two patient groups was 4.8 years with a 95% confidence 

intervall  (CI) of 3.4 - 6.1 years. The overall 1, 2 and 5 year survival rates were 78%, 54% and 

38%,, respectively. Figure 1 shows the survival curves of the two periods. Tie mean survival 

Figuree 1. Survival curves of all patients, divided into two five year  periods 

100 0 

Numberr at risk 

1993-1998 8 

1998-2003 3 

25 5 

29 9 25 5 

12 2 
.10 0 

9 9 

17 7 

6 6 

17 7 

Thee straight line represents the period 1993-1998 while the dotted line represents the period 1998-2003. * A 
significantlyy better survival was found in the period 1998-2003 (P < 0.05). 
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timee in group 1 and 2 was 3.6 years (CI 2.1-5.2) and 3.7 years (CI 3.0-4.5), respectively. 

Survivall  was significantly longer in the second period (P < 0.05). A total of 21 patients were 

stilll  alive at the completion of the study, of which 4 in the first and 17 in the second period. 

Ass more than 50% of patients in the second period are still alive, the median survival times 

weree not assessed. 

Discussion n 

Thee outcome of surgical treatment for hilar cholangiocarcinoma has improved during the 

lastt decade. This is mostly due to the fact that more resections are combined with partial 

hepatectomy,, leading to more R0 resections " . In addition, Japanese authors in the late eighties 

andd early nineties, reported that combining hilar resection and partial hepatectomy with 

completee caudate lobe resection further increased the rate of margin negative resections 3 4. 

Tsaoo and colleagues stated that this procedure can be performed safely, when performed by 

experiencedd surgeons who are familiar with caudate lobe anatomy l>. These findings resulted in 

implementationn of this concept by other Japanese and some Western surgeons 13, u. 

Ass of 1998, we also applied the concept of complete excision of the caudate lobe along with 

partiall  hepatectomy in our institution. In this study, patients who had undergone resection 

forr hilar cholangiocarcinoma were analyzed retrospectively during a 10 year period and were 

dividedd in two 5-year periods, the second starting in 1998. No significant differences were 

foundd in tumor types according to the Bismuth-Corlette classification or types of resection 

betweenn these groups, although more hilar resections in combination with partial liver 

resectionss were performed in the last period (72% vs. 52% in the first period) 8. There were 

alsoo no differences in accuracy of preoperative imaging or other general characteristics of 

patients,, such as age and gender. The surgical team remained the same in both periods. 

Thee overall postoperative morbidity rate of 59% in this study is comparable to what can be 

foundd in recent series, in which postoperative morbidity varies from 37% to 85% 1S u\ When 

recentt literature is compared to earlier reports, a slight increase in postoperative morbidity 

hass occurred, which could be explained by a generally adopted, more aggressive surgical 

approachh in the treatment of Klatskin tumors '" \ The addition of complete excision of the 

caudatee lobe in the second period, did not lead to an increase in postoperative complications 

orr mortality in this study, even though also more portal vein resections were performed in 

thiss period. 

Inn recent literature, overall mortality rates vary from 0% to 10% " Ul: ' . In the first five-year 

period,, mortality in this series was 12%> whereas in the second five-year period, mortality was 

10%.. Liver failure was the most important cause of multi-organ failure and subsequent death 

inn this study, underscoring the need for methods to accurately predict and to optimize future 

remnantt liver function. 

Significantlyy more margin negative resections were performed in the second five-year period. 

Apartt from the addition of complete caudate lobe resection, increased surgical experience 

andd the tendency to perform more extended resections, i.e. hilar resections in combination 

withh partial liver resection, may have contributed to this improved outcome. Despite the 

shortt follow-up of patients in the second period, a significantly increased survival was found 
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comparedd to the first period. The increased rate of margin negative resections obviously is 

thee most significant factor to determine improved survival, as has repeatedly been shown 

inn literature k (l' 9. Because of the small number of patients in this study, univariate and 

multivariatee analysis was not performed. 

Thee caudate lobe, designated as segment 1 in Couinaud's segmental classification of the 

liver,, constitutes 5-10 percent of the entire liver mass. The caudate lobe is composed of three 

portions,, i.e. the Spiegel lobe located dorsally to the inferior vena cava, the paracaval portion 

lyingg anteriorly to the inferior caval vein and the caudate process traversing between the 

inferiorr vena cava and the portal vein, from the paracaval portion to segment 7 of the right 

liverr i:j. The blood supply to the caudate lobe is independent and originates mainly from the 

leftt portal vein and left hepatic artery. Bile ducts from the caudate lobe may drain into any 

partt of the hepatic duct confluence but, most frequently enter the left hepatic duct near the 

hepaticc duct confluence. Because of the proximity of the caudate lobe posterior to the hepatic 

ductt confluence, the caudate lobe biliary ducts are frequently involved in Klatskin tumors, 

necessitatingg en bloc removal of the entire lobe along with the hepatic duct confluence in 

curativee resections (figure 2). Total excision of the caudate lobe was advocated, since the 

incidencee of caudate bile duct invasion by hilar cholangiocarcinoma was found in 31%-98% 

off  cases ^4 4. Incomplete removal, usually of the caudate process alone, does not suffice for 

radicall  excision of all tumor. In the present series, all caudate lobe excisions were performed 

inn conjunction with partial liver resection in the second 5-year period of the study. Although 

locall  excision, along the same lines, may require en bloc removal of the caudate lobe, most 

locall  excisions in the second period of this series were performed for Bismuth type I or II 

tumors,, in which tumor infiltration into the caudate lobe bile ducts is less frequent. The 

typee III and IV tumors which were treated by local excision, were intentionally palliative 

resections.. In case of type II Klatskin tumors, we now choose to undertake local resection 

inn combination with excision of the caudate lobe, or preferably in combination with partial 

liverr resection. 

Inn conclusion, concomitant complete excision of the caudate lobe for patients with hilar 

cholangiocarcinomaa did not lead to increased morbidity or mortality. The addition of 

completee excision of the caudate lobe therefore, is a safe procedure that can lead to a higher 

ratee of R0 resections and increased survival. 
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Abstract t 

Introduction .. Hepatic resection is the therapy of choice for malignant and symptomatic 

benignn hepatobiliary tumors. The concept of remnant liver volume (RLV) has been introduced 

andd can be assessed with CT. However, inhomogeneous liver function distribution and a 

lackk of correlation between morphologic hypertrophy and functional recovery fuelled the 

enthusiasmm for functional imaging. The aim of the present study was to assess liver function 

reservee (LFR) and remnant liver function (RLF) before and after major liver surgery with 

hepatobiliaryy scintigraphy (HBS) and to compare scintigraphic results with volumetric CT 

dataa and ICG clearance test results. Furthermore, HBS was used to assess functional recovery 

off  liver function and results were compared with volumetric data. 

Methods.. Fifteen patients with a partial liver resection were included. HBS was performed 

before,, 1 day after and 3 mo after surgery. ICG clearance and CT were performed before 

andd 3 mo after surgery. Liver function determined with HBS was compared to ICG and 

volumetricc data. 

Results.. Liver function determination using HBS was highly reproducible. There was a 

strongg positive association (r = 0.84) between LFR determined with HBS and ICG clearance. 

Theree was littl e or no association (r = 0.27) between CT volumetry and corresponding ICG 

clearance.. There was a strong positive association (r = 0.95) between the RLF determined 

preoperativelyy on HBS and the actually measured value postoperatively. There was a weak 

positivee association (r = 0.61) between functional liver regeneration and liver volume 

regenerationn in 3 mo time after partial liver resection. 

Conclusion.. HBS offers a unique combination of functional liver uptake and excretion 

assessmentt with the ability to determine the preoperative LFR and to estimate the RLF 

preoperatively.. Determination of the RLF instead of the RLV might clarify some of the 

discrepanciess observed in the literature between RLV and clinical outcome in patients with a 

nonhomogeneouss liver function. Finally, liver function regeneration can be monitored using 

HBS. . 
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Introduction n 

Hepaticc resection is the therapy of choice for malignant and symptomatic benign hepatobiliary 

tumors.. Recent improvement in the safety of liver surgery has resulted in the performance 

off  more extended hepatic resections h 2. The improvement of results is largely due to better 

techniquess and selection of patients 3. 

Thee maximum extent of resection compatible with a safe postoperative outcome remains 

unknown,, but it is generally believed that the risk for perioperative complications increases 

whenn the remnant liver volume is too small  4. Therefore, preoperative assessment of hepatic 

functionn and remnant liver volume (RLV) is advocated.̂ Preoperative and remnant liver 

volumess can be accurately estimated with CT - 6. However, most strategies evaluating 

preoperativee hepatic function reserve and estimating the remnant liver volume rely on a 

homogeneouss liver function '. Unlike patients undergoing liver resection for metastatic cancer 

orr benign liver conditions, patients with hepatocellular carcinoma (HCC) or obstructing 

tumorss like cholangiocarcinoma may have underlying chronic liver disease or cholestasis 

withh primary or secondary impaired total or segmental liver function 81l). 

Hepatobiliaryy scintigraphy (HBS) using 99mTc-labeled iminodiacetic acid (IDA) analogues 

hass been proposed as a liver function test ! ! . The liver uptake function can be measured 

byy first pass hepatocyte extraction fraction or the IDA liver uptake rate 12, li. There is a 

goodd correlation between the preoperative 99mTc-mebrofenin liver uptake rate and the 

ICGG clearance test in patients scheduled for major liver surgery 14. As IDA-scintigraphy 

iss commonly used for the evaluation of hepatobiliary function, hepatobiliary scintigraphy 

mightt be interesting for evaluation of both total and regional hepatocyte uptake function as 

welll  as excretory kinetics for risk assessment before major liver surgery ]D. 

Therefore,, the aim of this study was to validate total and regional hepatobiliary scintigraphy 

ass a tool to measure total and regional liver function before and after major liver surgery 

andd to compare scintigraphic results with volumetric data and ICG clearance test results. 

Furthermore,, the correlation of the immediate postoperative remnant liver function 

predictedd on preoperative scintigraphy and measured 24 h after surgery with scintigraphy 

wass assessed. Finally, the relation between liver function regeneration determined with HBS 

andd volumetry was assessed. 

Materialss and methods 

Subjects s 

555 patients, who were asked to participate in a trial assessing metabolic effects of 

majorr liver resection, and in whom partial liver resection for hepatobiliary tumors was 

considered,, were screened in a period of 2 years. Eight patients refused to participate. 

Inn 8 patients concurrent volumetric data was not available. Sixteen patients had an 

irresectablee tumor. Three patients had a severe peroperative complication (blood loss 

>> 2 L), excluding them from further participation in the primary trial. Seven patients had 

severee perioperative complications (sepsis, n = 4; abdominal bleeding, n - 1 and lethal 
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hepaticc insufficiency, n - 2). We included 15 consecutive patients (7 men, 8 women, mean 

agee 60.8 range 37-77 yrs) with a peroperative uncomplicated partial liver resection. There 

weree no patients with biliary obstruction at the time of inclusion. 6 patients were treated 

forr cholangiocarcinoma, 7 patients had a solitary metastasis of a colon carcinoma and 

22 patients had a hepatocellular carcinoma without liver cirrhosis. 5 patients had a right 

hemihepatectomy,, 4 patients had an extended right hemihepatectomy, 3 patients had a 

leftt hemihepatectomy and 3 patients had only 1 or 2 liver segments removed. Al l patients 

hadd an ICG clearance test one day before and 3 mo after surgery. Immediate postoperative 

ICGG clearance was not performed. All patients had hepatic CT volumetry and HBS max. 

22 wk before, and 3 mo after surgery. All patients had HBS 24 h after surgery. The volume 

off  the resected liver was measured by immersing the specimen in water. The postoperative 

liverr volume was calculated by subtracting the volume of the resection specimen from 

thee preoperative measured CT liver-volume. All patients gave written informed consent 

too participate in the study, which was approved by the medical ethics committee of the 

Academicc Medical Center of the University of Amsterdam. 

ICGG clearance test 

Onn every occasion, bilateral intravenous lines were placed in the antecubital veins. After an 

overnightt fast, 25 mg of ICG (Infracyanine; Laboratoires pharmaceutiques) was dissolved in 

100 mL of 5% dextrose solution and injected rapidly into the antecubital vein. The clearance 

testss were performed after overnight fasting because food consumption stimulates hepatic 

functionn and bile flow. Blood samples were drawn at the contralateral side of injection before 

thee administration of ICG (blank) and at 5, 10, 15 and 20 min after ICG injection. Plasma 

sampless were read against the plasma blank at 805 nm by photospectrometry to determine 

thee concentration of ICG. The theoretical maximum concentration at zero minutes was 

estimatedd by using the least squares method Ul. Results were expressed as the percentage 

ICGG cleared at 15 min (ICG-C15 value). 

CTT volumetry 

CTT volumetry was performed as described by Vauthey et al  f'. Patients had a diagnostic CT 

abdomenn with and without I.V. contrast before and 3 mo after surgery. Al l CT examinations 

weree performed with a helical scanner (Philips). CT of the abdomen was performed to include 

thee whole liver in one breath-hold, using a 5 mm collimation. Liver volumes were calculated 

byy integrated software techniques that use density threshold seeding. With this technique, 

thee levels of density desired for inclusion in the data set was selected. Regions that were of the 

selectedd density but should not be included in the data set - such as inferior vena cava, gall 

bladder,, abdominal and chest wall muscles - were excluded. Liver volumes were calculated 

beforee and 3 mo after surgery. Liver volume recovery was calculated by subtraction of the 

measuredd volume after 3 mo and the immediate postoperative volume. A comparison was 

madee between CT volumetry and ICG clearance as gold standard before and 3 mo after 

surgery.. Finally, the relation between liver function regeneration determined with HBS and 

volumetrvv was assessed. 
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Scintigraphicc Test Procedure 

Patientss underwent hepatobiliary scintigraphy using the radiopharmaceutical agent 

""Technetiumm (99mTc)-mebrofenin (Bridatec; Amersham Health). After intravenous 

administrationn of 85 MBq 99mTc-mebrofenin, dynamic image acquisition was performed 

withh a gamma camera (Diacam; Siemens Medical Systems) with the liver and heart in 

thee field-of-view (FOV), using a 128 x 128 matrix. Dynamic acquisition was performed in 

11 h at 10 sec per frame for 60 frames (liver uptake sequence) followed by 50 frames of 

11 min (bile excretion sequence). Data was processed on a Hermes workstation (Nuclear 

Diagnostics).. The liver uptake rate was calculated as described by Ekman et al  13. Regions of 

interestt (ROl) were drawn around the liver, the heart and large vessels within the mediastinum 

(servingg as blood pool) and around the total FOV (indicative of total activity). The liver ROI 

wass drawn automatically on a threshold-based algorithm using 20% of the max. liver value 

onn a summed image of the first 10 min of the acquisition as cut-off. Three different time-

activityy curves were generated, based on the liver, blood pool and total FOV. Liver uptake was 

calculatedd in %/min, based on these 3 parameters. Furthermore, ROI could be drawn around 

partss of the liver to calculate regional differences in 99mTc-mebrofenin uptake. Calculations 

off  hepatic 99mTc-mebrofenin uptake were performed using scanned radioactivity values 

acquiredd between 150 and 350 sec after injection, to make sure that calculations were made 

duringg a phase of homogeneous distribution of the agent in the blood pool and before the 

rapidd phase of hepatic excretion 13. 

Al ll  studies were processed twice by the same operator to assess the reproducibility of the 

hepaticc uptake calculations. A correlation was made between the scintigraphic liver uptake 

andd the ICG clearance as gold standard before and 3 mo after surgery. 

Forr calculating regional liver uptake of the future remnant liver on the preoperative HBS, 

thee global liver ROI was manually divided into 2 parts. The remnant liver ROI was drawn 

uponn guidance of the surgeon performing the hemihepatectomy. In this remnant liver ROI, 

thee estimated RLF was calculated. Furthermore, the remnant liver ROI of the immediate 

postoperativee HBS was copied on the preoperative HBS dataset to recalculate the RLF. 

Subsequently,, a comparison was made between the preoperative estimated RLF and the 

actuallyy measured immediate postoperative RLF. The functional hepatic recovery was 

calculatedd by subtraction of the measured scintigraphic liver function after 3 mo and the 

immediatee postoperative liver function. Three mo after surgery, functional scintigraphic 

liverr regeneration was compared to CT volumetric regeneration. 

Statisticall  analysis 

Thee relationship between ICG clearance, liver uptake of  99mTc-mebrofenin and CT volumetry 

wass tested using the standard Pearson correlation coefficient. Al l results are expressed as 

meann  SEM values. All statistical tests were 2-tailed and differences were evaluated at the 

5%% level of significance. 
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Results s 

Patientt volumetric and functional data are summarized in Table 1. A total of 45 HBS's were 

performedd in 15 patients (Fig. 1). On every scintigraphy, the hepatic uptake rate of  9vmTc-

mebrofeninn was calculated twice, once on the day the scintigraphy was performed and once 

inn batch after completion of the trial by the same operator. There was an excellent correlation 

(rr = 0.99, P < 0.001) between both calculations (Fig. 2A). Altman-Blant statistics are shown in 

figuree 3A. In 27 HBS's (preoperative and 3 mo after surgery) a corresponding ICG clearance 

wass performed. There was a strong positive association (r = 0.84, P < 0.001) between the LFR 

determinedd with HBS and ICG clearance (Fig. 2B). 

Uponn guidance of the surgeon, a ROI was drawn on the preoperative HBS encompassing 

thee future remnant liver (Fig. 4A and 5A). The scintigraphic remnant liver function 

(RLF)) within this ROI was assessed and compared to the scintigraphic liver 

uptakee 1 day after surgery (Fig. 4B and 5B). There was a strong positive association 

(rr = 0.95, n = 15, P < 0.001) between these measurements (Fig. 2C). Altman-Blant statistics are 

shownn in figure 3B. When the ROI of the remnant liver on the immediate postoperative HBS 

wass copied on the baseline preoperative scintigraphy to calculate the RLF, the correlation (r 

-- 0.97, n = 15, P < 0.001) was slightly better. 

Liverr volumes were assessed with CT preoperatively and 3 mo after surgery. In 27 CT 

volumetryy assessments (preoperative and 3 months after surgery) a corresponding ICG 

clearancee was performed. There was littl e or no association (r = 0.27) between the measured 

liverr volume and function, determined with CT and ICG clearance, respectively. 

Tablee 1. Patient volumetr i c and funct ional data 

Pat. . 

Nr r 

1 1 
i i 

3 3 

1 1 

:> > 
6 6 

--
8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

ICG G 

(%) ) 
95.80 0 

91.63 3 

98.57 7 

96.31 1 

90.81 1 

94.54 4 

89.69 9 

87.20 0 

96.37 7 

90.61 1 

94.26 6 

93.23 3 

89.24 4 

87.23 3 

86.44 4 

Pre< < 

CT T 

(ml.) ) 

1318 8 

1739 9 

1285 5 

2346 6 

1518 8 

1353 3 

1887 7 

1616 6 

1759 9 

2825 5 

3312 2 

1668 8 

1942 2 

1282 2 

982 2 

perative e 

HBS S 

(%/min) ) 

14.55 5 

11.70 0 

16.05 5 

18.45 5 

11.51 1 

15.55 5 

14.71 1 

10.18 8 

16.72 2 

13.62 2 

13.85 5 

14.96 6 

12.39 9 

10.77 7 

10.30 0 

RLFHBS S 

{%/min) ) 

6.41 1 

4.89 9 

5.88 8 

8.10 0 
_.. 37 

12.23 3 

12.14 4 

8.35 5 

7.97 7 

4.19 9 

9.10 0 

5.27 7 

5.81 1 

4.96 6 

8.89 9 

PeropL L 

Vol l 

(ITIL ) ) 

800 0 

1000 0 

800 0 

950 0 

900 0 

500 0 

700 0 

200 0 

800 0 

1300 0 

1100 0 

700 0 

1200 0 

400 0 

400 0 

rative e 

VolKl .m m 

(niL) ) 

518 8 

739 9 

485 5 

1396 6 

618 8 

853 3 

1187 7 

1416 6 

959 9 

1525 5 

2212 2 

966 6 

742 2 

882 2 

582 2 

Postoperative e 

HBS S 

(%/min) ) 

5.64 4 

4.61 1 

5.15 5 

8.43 3 

8.67 7 

11.7 7 

13.97 7 

8.82 2 

7.25 5 

3.06 6 

9.38 8 

4.08 8 

4.65 5 

4.79 9 

9.30 0 

RLFC,̂ ^ = RLI' determined on preoperative HBS, Voltt.s Surgically resected volume, Vol,,..., = Volume remnant 

liver r 
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Figuree 1. Hepatobiliary scintigraphy 

Preoperativee HBS (pt. 13) in a patient with a proximal cholangiocarcinoma. Panel A shows reframed images of 
thee dynamic acquisition. There is a homogeneous liver uptake with moderate cholestasis in the left side without 
functionall  repercussion. Panel B shows a summed image from 150 - 350 sec after intravenous injection of 80 
MBqq 99mTc-mebrofenin. A ROI is drawn semi-automatically (threshold 20%) around the entire liver. A second 
ROll  is drawn in the mediastinum (blood pool). Panel C shows a blood pool corrected liver-uptake time-activity 
curve.. Liver uptake (d) is calculated as increase of specific (corrected for blood pool) 99mTc-mebrofenin uptake 
(y-axis)) per minute over a time period of 200 sec (x-axis). 

Correlationn plots 

Scatterr plots with linear 
regressionn line of HBS 
liverr function calculation 
reproducibilityy (A), 
HBSS and ICG clearance 
LFRR assessment (B), 
HBSS preoperative 
RLFF assessment and 
postoperativee RLF 
measurementt (C), liver 
volumee recovery and liver 
functionn recovery (D). 

55 10 
HBSS RLF estimation (%/min 

55 0 5 10 
HBSS functional recovery (%/min) 

73 3 



Chapterr 5 

Figuree 3. Altman-Blant statistics of liver  uptake function 
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Mean n 
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00 4 8 12 16 20 2 4 6 8 10 12 14 

Altman-Blandd plot with the mean of the repeated liver uptake function calculation on HBS in 45 studies on 
thee horizontal axis and the differences in the repeated calculations on the vertical axis (A). Altman-Bland plot 
withh the mean of Fl.R determination on HBS before and after surgery in 15 studies on the horizontal axis and 
thee differences in the repeated measurements on the vertical axis (B). Data are expressed as %/min hepatic 
WmTc-mebrofeninn uptake. The horizontal solid line indicates the mean difference between both calculations. The 
horizontall  dashed lines indicate the 95% limits of agreement (mean  1.96 SD). 

Tablee 2. Liver  recovery data 

Pat . . 

No o 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

11 5 

14 4 

15 5 

HBS( p o s t ) ) 

(%/min ) ) 

5.6 4 4 

4.6 1 1 

5.1 5 5 

8.4 3 3 

8.6 7 7 

11. 7 7 

13.9 7 7 

8.8 2 2 

7.2 5 5 

3.0 6 6 

9.3 8 8 

4.0 8 8 

4.6 5 5 

4.7 9 9 

9.3 0 0 

HBS(3ml l 

(%/min ) ) 

12.8 0 0 

11.8 4 4 

14.5 2 2 

12.3 3 3 

10.1 8 8 

12.7 1 1 

9.3 0 0 

11.1 4 4 

13.6 0 0 

4.1 5 5 

14.2 0 0 

9.9 4 4 

7.8 3 3 

9.7 6 6 

11.7 9 9 

Vol(Post) ) 

(mL) ) 

518 8 

739 9 

485 5 

1396 6 

618 8 

853 3 

1187 7 

1416 6 

959 9 

1525 5 

2212 2 

966 6 

742 2 

, W W 

582 2 

V"W> > 
(mL) ) 

960 0 

127 7 7 

108 6 6 

155 8 8 

914 4 

1177 7 

132 7 7 

138 1 1 

104 7 7 

153 0 0 

259 2 2 

135 6 6 

947 7 

955 5 

913 3 

H B S(K,0 0 

(%/min ) ) 

7.1 6 6 

7.2 3 3 

9.3 7 7 

3.9 0 0 

1.5 1 1 

1.0 1 1 

-4.6 7 7 

2.3 2 2 

6.3 5 5 

1.0 9 9 

4.8 2 2 

5.8 6 6 

3.1 8 8 

4.9 7 7 

2.4 9 9 

Vol Im ) ) 

(mi! ) ) 
442 2 

537 7 

601 1 

162 2 

296 6 

32- 1 1 

140 0 

-3 5 5 

87 7 

5 5 

380 0 

389 9 

206 6 

72 2 

331 1 

(( = Assessment 1 day after surgery, (3mJ = Assessment 3 months after surgery, HBSlRl.tJ = Functional recovery 
determinedd with HBS, Vol(rec) = Volume recovery determined with CT 

Finally,, functional liver regeneration was assessed with HBS and compared to volume 

regenerationn assessed with CT volumetry (Table 2). There was a strong positive 

associationn (r = 0.81, n = 10, P < 0.01) between liver function assessed with HBS and 

ICGG clearance 3 mo after surgery. There was a weak association (r = 0.61, n = 15, 

PP = 0.16) between functional liver regeneration and liver volume regeneration in 3 mo time 

afterr partial liver resection (Fig. 2D). An example of HBS in a patient with a right-sided 

hemihepatectomyy is shown in Figure 4. An example of HBS in a patient with a left-sided 

hemihepatectomyy is shown in Figure 5. 
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Figuree 4. Right-sided hemihepatectomy 

A A B B -\\ bl c c 

Summedd images from 150 - 350 sec after intravenous injection of 80 MBq "mTc-mebrofenin (pt. 3) preoperative 
(A),, 1 d postoperatively after right-sided hemi-hepatectomy (B) and 3 mo postoperatively (C). Images are 
normalizedd to the preoperative HBS. On panel A, a ROI is drawn over the entire liver (black), the future remnant 
liverr (white) and mediastinal blood pool (bl). The ROIs were copied on the HBS performed 1 day and 3 mo 
postoperative.. 'The total liver function was 16.05 %/min and the RLF was estimated at 5.88 %/min on preoperative 
HBS.. The measured RLF 1 day postoperative was 5.15 %/min. After 3 mo, the liver function recovered to 12.80 
%/minn with hypertrophy visible on HBS. 

Figuree 5. Left-sided hemihepatectomy 

A A 

. - - .. bl 

B B 

Q>' ' Q> > 

Summedd images from 150 - 350 sec after intravenous injection of 80 MBq9<,mTc-mebrofenin (pt. 15) preoperative 
(A),, 1 day postoperatively after left-sided hemi-hepatectomy (B) and 3 months postoperatively (C). Images are 
normalizedd to the preoperative HBS. On panel A, a ROI is drawn over the entire liver (black), the future remnant 
liverr (white) and mediastinal blood pool (bl). The ROIs were copied on the HBS performed 1 day and 3 mo 
postoperative.. The total liver function was 10.30 %/min and the RLF was estimated at 8.99 %/min on preoperative 
HBS.. The measured RLF 1 day postoperative was 9.30 %/min. After 3 mo, the liver function recovered to 11.79 
%/minn with hypertrophy visible on HBS. 

Discussion n 

Improvementt in the safety of liver surgery has resulted in the performance of more extended 

hepaticc resections 2. The improvement of results is largely due to better techniques resulting 

inn reduction of blood loss.3 However, better selection of patients and exclusion of high-risk 

patientss seems to be another important contributory factor 3. Furthermore, preoperative 

(selective)) portal vein embolization is used in patients with and without underlying liver 

diseasee to increase safety and tolerance of major hepatectomy with a smalll  liver remnant 4. 
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Importantt parameters in risk assessment for major hepatectomy are the preoperative liver 

functionn reserve (LFR) and the remnant liver volume (RLV) :1 4. Several methods of liver 

functionn assessment have been used, including liver biochemistry, Child classification and 

quantitativee liver function tests3. The ICG clearance test is regarded as the most accurate test 

forr the evaluation of preoperative hepatic function reserve and in predicting postoperative 

mortalityy 17 ls. However, test results reflect total liver function but cannot provide information 

onn the distribution of liver function among liver segments. 

Preoperativee liver volume and RLV' can be accurately assessed with CT { \ The combination of 

functionall  data with morphology is able to predict hepatic dysfunction in patients with normal 

liverr parenchyma undergoing major liver resection 19. However, many patients undergoing 

partiall  hepatectomy for HCC have associated liver cirrhosis K. Furthermore, patients with 

obstructingg biliary tumors like cholangiocarcinoma may have cholestasis with secondary 

impairedd total or segmental liver function 9. Therefore, WmDTPA-galactosyl human serum 

albuminn (99mTc-GSA) scintigraphy was previously tested and refined for hepatic function 

testingg and risk assessment for safe partial hepatectomy 2() " . Major limitations are the 

availabilityy of  99nTc-GSA and the fact that 99mTc-GSA is not excreted into the bile making it 

impossiblee to study liver uptake and excretory function within one test which can be useful 

inn tumors or pathology with the possibility of obstruction 2i. 

HBSS has been performed in liver transplant patients to assess the functional and 

morphologicall  status of the graft, including structural complications like bile leakage or bile 

ductt obstruction 24' 2:\ The uptake mechanism of IDA-analoques by the hepatocyte is similar 

too those of other anorganic anions 1S. Both ICG and IDA-analogues are excreted in the bile 

byy hepatocytes by the ATP-dependent export pump multidrug-resistance associated protein 

22 (MRP 2), without undergoing biotransformation during transit through the hepatocyte 
26'28.. The liver uptake function measured by Iodida clearance rate was described by Ekman et 

all  B . We adopted this technique but used 99mTc-mebrofenin as radiopharmaceutical. 99mTc-

mebrofeninn shows a high liver uptake and minimal urinary excretion and resists strongly the 

displacementt by a high bilirubin level  l3. 

Inn our study, there was a strong positive association between the LFR measured with ICG 

andd HBS, which confirmed earlier observations 14. Furthermore, the reproducibility of 

thee liver function calculation based on HBS was high. However, it has to be stressed that 

reproducibilityy depends largely on the level of automatic and systematic ROI drawing, which 

iss subject to a learning curve. Therefore, only one operator performed calculations in this 

phasee of the trial program. 

Itt can be argued that diseased regions are difficult to localize on planar registration 

andd differences in volumes of liver ROIs might influence the findings 23. Therefore, 

SPECTT techniques offer potential advantages in localization 23. However, quantitative 

orr semiquantitative analysis in SPECT has limitations of its own and implementation of 

attenuationn and scatter correction should be considered 2y. Furthermore, the LFR determined 

withh planar dynamic HBS correlates well with ICG clearance and the RLF assessed 

preoperativelyy correlated well with the postoperative measured value. Therefore, we feel 

confidentt to use planar HBS for the assessment of LFR and RLF. The asymmetric liver shape 

cann produce over or underestimation of uptake on planar anterior dynamic scintigraphy. 

Despitee the fact that this did not significantly affect our data in this study, dual-head dynamic 
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acquisitionn with geometric mean value calculation could improve the reliability of RLF and 

thiss wil l be evaluated in the future. 

Itt has been shown that CT is able to assess liver volumes with accuracy 6. However, the 

questionn remains whether volume and function can be related in any given situation. When a 

smalll  tumor has to be resected in a homogeneous and normal functioning liver, volume and 

functionn can be related i9. For these patients, restricted surgery is needed and the significance 

off  remnant liver function determination is questionable 4. For multiple resectable or large 

tumors,, liver function distribution is not homogeneous. Furthermore, patients with HCC 

frequentlyy present with associated underlying disease like cirrhosis and cholestasis induced 

byy obstructing biliary tumors can affect total or segmental liver function. In these patients 

itt is possible that morphologic volumetry wil l not reflect functional volumetry, which might 

explainn the reported lack of association between the volume of the remaining liver and the 

postoperativee course 4i 19. 

Whenn assessing functional recovery of the liver after hemihepatectomy, our results show 

thatt there is only a weak association between functional liver regeneration and liver volume 

regenerationn in 3 mo time after partial liver resection. This emphasizes the importance of 

functionall  imaging and might play an important role in patients subject to preoperative liver 

functionn enhancement techniques such as portal embolization 30. 

Finally,, HBS offers the ability to assess both liver uptake and excretory function. Besides 

preoperativee assessment of functional consequences of possible cholestasis, postoperative 

assessmentt of remnant liver function can be combined with biliary function and bile 

leakk assessment. This combination of investigations is not possible with laboratory (ICG), 

morphologicall  (CT) or other scintigraphic techniques 23,31, n. 

Conclusion n 

Hepatobiliaryy scintigraphy offers a unique combination of functional liver uptake and 

excretionn assessment with the ability to determine the preoperative LFR and to estimate the 

RLFF preoperatively. Determination of the RLF instead of the RLV might clarify some of the 

discrepanciess observed in the literature between RLV and clinical outcome in patients with 

aa nonhomogeneous liver function. Finally, it has been shown that liver function regeneration 

cann be monitored using HBS. 
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Abstract t 

Introduction .. A major part of morbidity and mortality after liver resections is caused by 

inadequatee remnant liver function leading to liver failure. It is therefore important to develop 

accuratee diagnostic tools that can predict the risk of liver resection related morbidity and 

mortality.. In this study, preoperative hepatobiliary scintigraphy (HBS) of the future remnant 

liverr (FRL) and CT-volumetric measurement of the FRL were performed in patients planned 

forr liver resection. Accuracy of risk assessment for developing postoperative morbidity, liver 

failuree and mortality was evaluated. 

Patientss and methods. Forty-six patients who were planned for liver resection for 

hepatobiliaryy tumors including 17 patients with parenchymal disease (37%) and 13 patients 

withh hilar cholangiocarcinoma (28%) were assessed preoperatively. HBS was performed by 

drawingg regions of interest (ROI) around the FRL to calculate FRL technetium-99m labeled 

(99mTc)-mebrofeninn uptake. CT-volumetry was used to measure total liver volume, tumor 

volumee and FRL volume. In addition, conventional liver function parameters as well as 

indocyaninee green (ICG) clearance rate were measured. Receiver operating characteristic 

(ROC)) analysis was performed to assess cut-off values for risk assessment of morbidity, liver 

failuree and mortality. Furthermore, univariate and multivariate analysis were performed to 

determinee factors related to morbidity and mortality. 

Results.. Morbidity and mortality rates were 61% and 11%, respectively. Liver failure occurred 

inn 6 patients (13%). Significantly decreased FRL  99mTc-mebrofenin uptake values were found 

inn patients who developed liver failure and liver failure related mortality (p=0.003 and 0.02, 

resp.)) FRL volume was not found to be significantly associated with any of the outcome 

parameters.. In ROC analysis, FRL  99mTc-mebrofenin uptake cut-off values for liver failure 

andd liver failure related mortality were 2.5 and 2.2 %/min/BSA, respectively. According to 

thesee values, patients with FRL uptake above 2.5 and 2.2 %/min/BSA have 3% chance of 

developingg liver failure and liver failure related mortality, respectively. Patients with FRL 

uptakee below 2.5 %/min/BSA have 56% chance of developing liver failure, while patients 

withh FRL uptake below 2.2 %/min/BSA have 50% chance of developing liver failure related 

mortality.. In multivariate analysis, FRL uptake was the only significant factor associated 

withh liver failure. 

Conclusion.. Preoperative measurement of FRL uptake using 99mTc-mebrofenin HBS proved 

moree valuable than CT based measurement of FRL volume to assess the risk of liver failure 

andd liver failure related mortality after partial liver resection. 
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Introductio n n 

Inn spite of upcoming techniques such as radiofrequency ablation (RFA) and arterial chemo-

embolizationn (TACE), partial liver resection remains the treatment of choice for most 

primaryy and secondary liver malignancies. Although overall mortality rates have improved 

inn the last decade, postoperative morbidity rates still can be substantial. Large resection size 

andd underlying parenchymal disease such as cirrhosis or obstructive jaundice are correlated 

withh increased morbidity and mortality rates 1_6. When too much healthy liver parenchyma is 

resected,, the risk of liver failure is increased. Liver failure is an important cause of mortality 

afterr partial liver resection 2- 6. For patients with healthy livers, a resection of 70-75% of the 

liverr is assumed to be safe 9 For patients with parenchymal disease, this safety limi t is more 

variablee and lies between 40-60%. Computer tomography (CT)-volumetry can be used to 

calculatee the volume of the future remnant liver (FRL) 7. It is widely used to exclude patients 

fromm liver resection or to select patients who wil l benefit from a FRL volume increasing 

proceduree such as portal vein embolization 8. However, FRL function is decreased in patients 

withh parenchymal disease, despite FRL volume being equal to that of patients with healthy 

liverss 9~u. Therefore, it can be argued that it is more important to determine the functional 

capacityy rather than the volume of the FRL, especially in patients with parenchymal 

disease. . 

Hepatobiliaryy scintigraphy (HBS) using technetium-99m labelled (99mTc)-iminodiacetic 

acidd (IDA) analogues, such as 99mTc-mebrofenin, can be used to measure segmental liver 

functionn i 2 '13. 99mTc-mebrofenin is excreted into the bile by ATP-dependent export pumps 

-- the multidrug-resistance-associated protein 1 and 2 (MRP-1/2)- without undergoing 

biotransformationn during transit through the hepatocyte 14. We have shown that preoperative 

totall  hepatic uptake rate of  99rnTc-mebrofenin correlates well with the indocyanine green 

(ICG)) clearance rate I5. Furthermore, 99mTc-mebrofenin uptake of the FRL can be determined 

preoperativelyy by delineating the FRL on the preoperative HBS image. In a previous study, a 

strongg correlation was found between the 99mTc-mebrofenin uptake rate of the FRL and the 

actuallyy measured 99mTc-mebrofenin uptake one day after surgery (R2 = 0.90; P < 0.001) 16. 

Thee aim of this study was to assess the accuracy of preoperative FRL uptake measurement 

usingg 99mTc-mebrofenin HBS in comparison with FRL volume measurement using CT-

volumetry,, in predicting outcome of liver resections in a patient series including patients 

withh parenchymal disease and hilar cholangiocarcinoma. Outcome parameters were 

postoperativee morbidity, liver failure and mortality. 

Patientss and methods 

Patients s 
Forty-sixx patients (median age 63 (19-79)) who underwent partial liver resection, were 

consecutivelyy included in this study (23 male and 23 female). Postoperative histopathological 

examinationn showed the following diagnoses: colorectal metastasis (n=16), hilar 

cholangiocarcinomaa (n=13), hepatocellular carcinoma (n=6), chronic sclerosing cholangitis 
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(n=4),, cystadenoma (n=2), metastasis of adenosarcoma of the uterus (n=l), metastasis of non-

seminomaa testis (n=l), cholangiocellular carcinoma (n=l), metastasis of gastrinoma (n=l) 

andd focal nodular hyperplasia (n=l). A total of 17 patients (37%) had histologically proven 

parenchymall  disease of which 11 had fibrosis, 2 cirrhosis and 4 chronic sclerosing cholangitis. 

Thee study was approved by the Medical Ethics Committee of the Academic Medical Center 

off  the University of Amsterdam. Written informed consent was obtained from each patient 

beforee participating in the study. 

Preoperativee workup 

Routinee preoperative workup consisted of physical examination and laboratory analysis of 

liverr damage parameters and function parameters. These parameters were also measured 

att regular time intervals after surgery. Furthermore, ICG clearance rate was measured 

ass described elsewhere 1:\ In cholestatic patients (n=18), preoperative biliary drainage 

wass performed using endoscopic retrograde cholangiopancreatography (ERCP, n=15) or 

percutaneouss transhepatic drainage (PTD, n=3), more than 6 weeks prior to surgery. Overall, 

preoperativee total bilirubin levels were 15  12 umoi/L (mean  SD). Laboratory analysis of 

liverr damage and function parameters, ICG clearance rate and HBS were performed one day 

beforee surgery. 

HBSS procedure 

HBSS was performed using the radiopharmaceutical agent 99rnTc-mebrofenin as previously 

describedd I6. Briefly, after injection of 85 MBq of  99mTc-mebrofenin, dynamic images were 

obtainedd with a y-camera (Diacam, Siemens, Milwaukee, USA) for 60 minutes. During the 

firstt 10 minutes, 60 frames of 10 seconds each were acquired (liver uptake phase) followed 

byy 50 frames of 1 minute each (liver excretion phase). On preoperative scintigraphy, 

regionss of interest (ROIs) were drawn around the total liver and FRL, and radioactivity 

wass measured within these ROIs (Fig. 1). For determination of the FRL uptake, the right 

borderr of the aorta (visible in the early phase of the scintigraphy) plus one aortic diameter 

wass taken as the border between segments 4 and 5/8. The indentation formed by the round 

ligamentt was used as the border between segments 3 and 4. For validation purposes, the 

ROIss around the FRL were drawn on the preoperative scan by two independent investigators 

uponn guidance of the surgical report. Inter-observer variation was calculated. Total hepatic 
99mTc-mebrofeninn uptake rate was calculated as described by Ekman et. al. 13. Calculations 

off  hepatic 99mTc-mebrofenin uptake rate were performed using measured values obtained 

betweenn 150 and 350 seconds post-injection, to ensure that hepatic uptake calculations 

weree performed during a phase of homogenous distribution of the agent in the blood pool, 

beforee occurrence of the rapid phase of hepatic excretion 13. To compensate for differences 

inn liver functional requirement based on different weight and length of patients, the total 

liverr 99mTc-mebrofenin uptake rate (%/min) was divided by the body surface area (BSA) and 

wass expressed as %/min/BSA (17). FRL  99mTc-mebrofenin uptake was calculated by dividing 

countss within the delineated FRL by the total liver counts within the same timeframe and 

multiplyingg this factor with total liver 99mTc-mebrofenin uptake, corrected for BSA. FRL 

uptakee was expressed as %/min/BSA. 
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Figuree 1. Example of summed HBS image of frames between 
1500 to 350 sec. after  intravenous injection of 85 MBq 
99mTc-mebrofenin n 

Regionss of interest (ROIs) were drawn 
aroundd the total liver (grey) and FRL 
(black).. The FRL ROI was drawn around 
thee left liver as if in case of a right 
hemihepatectomy. . 

CT-volumetr y y 

CT-volumetryy was performed as described by Shoup et al. '8. Patients underwent a diagnostic, 

multi-phasee contrast enhanced CT abdomen before surgery. Al l CT scans were performed 

withh a helical scanner (Philips, Eindhoven, The Netherlands). CT of the abdomen was 

performedd to include the whole liver in one breath-hold, using a 5 mm collimation. The total 

liverr as well as tumor(s) and the FRL were delineated on every image using portal and hepatic 

veinss as landmarks for segmental division. Integrated software was used to calculate total 

liverr volume, total tumor volume and FRL volume after surgery. Al l delineations were made 

byy an experienced radiologist. Tumor volume was subtracted from total liver volume. Total 

liverr volume was corrected for weight and length differences and expressed as mL/BSA. FRL 

volumee was expressed as percentage of total liver volume '8. 

Partiall  liver resection 
Threee patients (7%) underwent resection of one segment, 9 patients (20%) underwent a 

bisegmentectomy,, 9 patients (20%) underwent a left hemihepatectomy, 18 patients (39%) 

underwentt a right hemihepatectomy and 7 patients (15%) underwent an extended right 

hemihepatectomyy (including segment 4) (Table 1). Patients with hilar cholangiocarcinoma 

underwentt (extended) hemihepatectomy combined with hilar resection and caudate lobe 

resectionn (19, 20). Median operation time was 349 min (range 122-730 min) and median 

bloodd loss was 2,000 ml (range 300-8,000 mL). Pringle's manoeuvre was applied 18 times 

(39%)) and total vascular exclusion was applied once (2%) to control bleeding. 

Liverr  failur e 

Patientss with liver failure were defined as having elevated bilirubin plasma levels (>50 umol/ 

L),, prolonged prothrombin time (>15 sec), increased plasma ammonia levels combined with 

signss of hepatic encephalopathy and/or hepatorenal syndrome, requiring intensive care 

treatment21-22. . 
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Statisticall  analysis 

SPSSS 11.5 for Windows (SPSS Inc, Chicago, USA) was used for statistical analysis and for 

creatingg receiver operating characteristic (ROC) curves. Likelihood ratios (LR)s were 

usedd to assess post-test chances and cut-off values 1:\ Student's Mest or one-way ANOVA, 

followedd by Bonferroni post-test correction was used to calculate differences in numerical 

dataa between two or more groups, respectively. Chi-square test was used for categorical data 

andd multivariate analysis was performed using logistic regression. Continuous data were 

expressedd as mean + standard deviation (SD) or median  range when non-parametric. All 

testss were considered at the 5% level of significance. 

Results s 

HBSS and CT-volumetry 

Totall  hepatic 99mTc-mebrofenin uptake was significantly lower in patients with parenchymal 

diseasee as compared to patients with healthy liver parenchyma, while total liver volume was 

nott significantly different between these groups (Table 1). There was no evidence of bias 

betweenn the two observers for delineation and calculation of FRL  9',mTc-mebrofenin uptake 

(p=0.21)) while 93% of values were within the limits of agreement (Fig. 2). Mean FRL  t,9mTc-

mebrofeninn uptake and FRL volume values are shown in table 2 according to resection type 

andd parenchymal status. Patients who underwent right or extended right hemihepatectomy 

hadd a significantly lower FRL uptake as well as FRL volume compared to all other patients. 

Thee mean FRL of extended right hemihepatectomy patients was also significantly smaller 

Tablee 1. Total hepatic 99mTc-mebrofenin uptake and total hepatic volume according to parenchymal 
status s 

Totall  hepatic uptake 

(%/min/BSA) ) 
p-valuee Total hepatic p-value 

volumee (mL/BSA) 

Total l 

Noo parenchymal disease 

Parenchymall  disease 

46 6 
29 9 

17 7 

7.55  1.8 
8.11  1.6 

6.33  1.7 
0.001 1 

9588 8 

9299 4 

10077 3 

0.25 5 

Figuree 2. Bland-Altman plot of inter-observer  variation 
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Thee horizontal axis showes the mean of the repeated 
FRLL  9''mTc-mebrofenin uptake calculations and the 
verticall  axis showes the differences in the repeated 
calculations.. The horizontal solid line indicates the 
meann difference between both calculations. The 
horizontall  dashed lines indicate the 95% limits of 
agreementt (mean  1.96 SD). There was no evidence 
off  bias between the two observers (p=0.21 with 
pairedd /-test). Ninety-three percent of values were 
withinn the limits of agreement. 
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Tablee 2. FRL "Tc-mebrofeni n uptake and FRL volume according to resection type and parenchymal 
status s 

Total l 

Resectionn type 

1 +22 Segmentectomy 

Leftt hemihepatectomy 

Rightt hemihepatectomy 

Extendedd right hemihepatec 

Moo parenchymal disease 

Parenchymall  disease 

tomy y 

n n 

46 6 

12 2 

9 9 

18 8 

7 7 

29 9 

17 7 

FRLL uptake 

(%/min/BSA) ) 

4.11 + 1.6 

5.33  1.7 

4.88 + 1.6 

3.44  0.9# 

2.77  1.1* 

4.55  1.6 

3.44  1.5& 

FRLL volume (%) 

511  20 

688  12 

733  9 

388  5** 

277  1 0" 

488  17 

577 4 

Segmentectomiess and bisegmentectomies were combined. " Significantly different from 1+2 segmentectomy 
<p=0.004).. * Significantly different from 1+2 segmentectomy and left hemihepatectomy (p<0.03}. **  Significantly 
differentt from all other groups (p<0.05). & Significantly different from no parenchymal disease (p=0.02). 

Tablee 3. Postoperative complications 

Complicationss n 

Ascites s 

Pulmonaryy failure 

(re)) Bleeding 

Liverr failure 

Infectedd ascites/pentonitis 

Abdominall  fluid collection 

Sepsis s 

Bilee leakage 

Miscellaneous* * 

100 (22%) 

77 (15%) 

77 (15%) 

6(13%) ) 

6(13%) ) 

5(11%) ) 

44 (9%) 

44 (9%) 

244 (52%) 

**  Intra-abdominal abscess, wound infection/rupture, pneumonia, renal failure, urinary tract infection, delirium, 
liverr abscess/necrosis, pleural fluid, cholangitis and cardiac failure. 

Tablee 4. Outcome characteristics 

466 patients 

Morbidity y 

Mediann hospital stay in days (range) 

Relaparotomy y 

ICUU treatment 

In-hospitall  mortality 

28(61%) ) 

15(7-79) ) 

7(15%) ) 

99 (20%) 

5(11%) ) 

thann the FRL of right hemihepatectomy patients. Mean FRL uptake was significantly lower 

inn patients with parenchymal disease, while FRL volume tended to be higher as compared to 

patientss with healthy livers, this difference not being significant. 

Morbidit yy and mortalit y 

Mostt often occurring postoperative complications were ascites, pulmonary failure, 

(re)bleedingg and liver failure (Table 3). Liver failure occurred in 6 patients (13%) of which 

44 patients had parenchymal disease (67%) and 4 patients died in-hospital. Total morbidity 
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Tablee 5. FRL "Tc-mebrofenin uptake and FRL volume according to outcome parameters 

n n 

28 8 

18 8 

;) ) 
41 1 

6 6 

40 0 

4 4 

42 2 

FRLL uptake 

(Vmin'B.SA) ) 

3.99  1.4 

4.33  1.9 

2.99  1.4 

4.22  1.5 

2.33  0.6 

4.33 5 

2.33  0.7 

4.22  1.6 

p-vall  Lie 

0.36 6 

0.09 9 

0.003 3 

0.02 2 

FR R .. volume ('\ 

488

:)//

455 r 

522

422

522

455 t 

522

20 0 

20 0 

27 7 

20 0 

2:5 5 

20 0 

31 1 

19 9 

)) p-value 

0.14 4 

00 50 

0.26 6 

0.51 1 

andd in-hospital mortality rates were 61% (n=28) and 11% (n=5), respectively (Table 4). Two 

outt of the 4 patients with liver failure who died, also had developed sepsis. The fift h patient 

whoo died developed sepsis associated with biliary anastomotic leakage, which eventually 

ledd to multiple organ failure. Besides the 5 patients who died, 4 other patients also needed 

ICUU treatment because of sepsis (n=2), cardiac failure (n=l) or pulmonary failure (n-1). 

Relaparotomiess were performed to control bleeding (n=4) or to drain infected ascites and 

washh the abdominal cavity (n=3). Mean FRL uptake and mean FRL volume were calculated 

accordingg to the different outcome parameters (Table 5). It was found that FRL uptake was 

significantlyy lower in patients who developed liver failure and in patients who developed liver 

failuree related mortality. FRL volume tended to be lower in patients with morbidity, liver 

failuree and mortality, but this difference was not significant. 

ROCC analysis 

Too further examine the significant relation between FRL uptake and the outcome parameters 

off  liver failure and liver failure related mortality, ROC analysis was performed and cut-off 

valuess were determined (Fig. 3). Also, ROC analysis of FRL volume is shown in the graphs, 

withh area under the curve (AUC) values of which the 95%CI crossed 50%, indicating no 

significantt accuracy. Cut-off values were assessed based on the following requirements: 1) the 

chancee of developing a negative outcome, while the test result was above the cut-off value (test 

== 'negative') should be as low as possible, 2) when the test result is below the cut-off value (test 

== 'positive'), the decision not to perform the operation should be well supported. This means 

thatt the likelihood ratio of a negative test (LR-) should be as low as possible, while keeping 

thee likelihood ratio of a positive test (LR+) well above 5. These cut-off values are encircled in 

figuree 3 and were found to be 2.5 %/min/BSA for liver failure (LR- = 0.2, LR+ = 8.3) and 2.2 

%/min/BSAA for liver failure related mortality (LR- - 0.3, LR+ = 11). Patients with FRL uptake 

abovee 2.5 and 2.2 %/min/BSA have 3% chance of developing liver failure and liver failure related 

mortality,, respectively (Table 6). Patients with FRL uptake below 2.5 %/min/BSA have 56% 

chancee of developing liver failure, while patients with FRL uptake below 2.2 %/min/BSA have 

50%% chance of developing liver failure related mortality. Below table 6, 2 by 2 tables are shown 

forr each cut-off value. 
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Figur ee 3. ROC turves for  liver  failur e and liver 

failur ee related mortalit y 

Liverr failure 

S3 3 

Ü--
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', , 

100--

800 -
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00  1 1 1 1 r 
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100-specificityy (%) 

FRLL volume (AUC 65% (37-93%)) 

FRLL uptake (AUC 90% (80-100%)) 

Liverr failure related mortality 

100-- i ; 

'I'estss were considered positive when below cut-off 

value.. The continuous staircase line represents FRL 

uptakee function, the dotted staircase line represents 

FRLL volume and the straight diagonal line is the 

referencee line (y=x). Below each graph the area under 

thee curve (AUC) percentages are given with 95% CI 

betweenn brackets. Cut-off values are encircled and 

noted. . 

Univariat ee and mul t ivar iat e analysis 

Too examine whether other preoperative and intra-operative factors were also associated with 

thee outcome parameters and to identify potential confounders, univariate and multivariate 

analysess were performed (Table 7). Factors that were evaluated in univariate analysis next to 

FRLL uptake were age, gender, diagnosis, chronic liver disease, resection type, operation time, 

bloodd loss and the following preoperative laboratory assessments: aspartate aminotransferase, 

alaninee aminotransferase, lactate dehydrogenase, albumin, bilirubin, alkaline phosphatase, y-

glutamyll  transferase, prothrombin time, activated partial thromboplastin time, antithrombin 

II II  and ICG clearance rate. Only significant factors in univariate analysis are shown in table 

7.. In multivariate analysis, no factors were associated with morbidity. Operation time was the 

onlyy factor that was significantly associated with mortality. FRL  WmTc-mebrofenin uptake 

wass the only factor that was significantly associated with liver failure, while no factor was 

significantlyy associated with liver failure related mortality in multivariate analysis. 

200 40 60 80 

100-specificityy (%) 

FRLL volume (AUC 61% (21-100%)) 

FRLL uptake (AUC 88% (75-100%)) 

100 0 
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Tablee 6. Diagnost ic characterist ics of cut-off values 

Outcomee parameter Cut-off 

value e 

Liverr failure 

2.5%/min/BSA A 

Liverr failure related mortality 

2.2%/min/BSA A 

Sensitivity y 

Specificity y 

PPV V 

NTV V 

LR+ + 

LR--

Prevalence e 

Post-testt chance+ 

83% % 

90% % 

56% % 

97% % 

8.33 (2.8-100) 

0.22 (0-0.6) 

13% % 

56%% (30-94%) 

93% % 

50% % 

98% % 

111 (2.2-«) 

0.33 (0-0.8) 

9% % 

50%% (17-100%) 

Post-testt chance- 3%% (0-8%) 3%% (0-7%) 

cut-offf  value 

cut-offf  value 36 6 39 9 

Testss were considered positive when below cut-off value 2 x 2 tables are shown below the table. PPV: positive 

predictivee value; NPV: negative predictive value; LR + : likelihood ratio of positive test; LR-: likelihood ratio of 

negativee test. Post-test chance + : Post-test chance when test is positive; Post-test chance-: Post-test chance when 

testt is negative. 

Tablee 7. Univariat e and mult ivariat e analysis of pre- and perioperative factors associated wit h outcome 

parameters s 

Outcomee parameter Univariatee analysis Multivariate analysis 

p-valuee p-value Odds Ratio 95% CI 

Morbidi t y y 

Diagnosis s 

Resectionn type 

Operat ionn time 

Mortal i t y y 

Operat ionn time 

Liverr  failur e 

FRLL uptake 

Diagnosis s 

Liverr  failur e related 

FRLL uptake 

Diagnosis s 

Operationn t ime 

mortal i t y y 

0.02* * 

0.02# # 

0.01 1 

0.02 2 

0.01 1 

0.04* * 

0.02 2 

0.04* * 

0.01 1 

0.27 7 

0.08 8 

0.23 3 

0.04 4 

0.03 3 

0.36 6 

0.19 9 

0.40 0 

0.27 7 

0.38 8 

0.30 0 

1.00 0 

0.05-2.34 4 

0.07-1.28 8 

0.99-1.00 0 

0.99 9 0.99-1.00 0 

3.96 6 

0.37 7 

80.8 8 

102 2 

0.96 6 

1.17-13.4 4 

0.04-3.12 2 

0.12-53,700 0 

0.00-44,200 0 

0.89-1.04 4 

Factorss that were evaluated in univariate analysis were FRL uptake, age, gender, diagnosis, chronic liver disease, 

resectionn type, operation time, blood loss, preoperative aspartate aminotransferase, alanine aminotransferase, 

lactatee dehydrogenase, albumin, bilirubin, alkaline phosphatase, y-glutamyl transferase, prothrombin time, 

activatedd partial thromboplastin time, antithrombin III and ICG clearance rate. Only significant factors in 

univariatee analysis are shown. * Hilar cholangiocarcinoma patients were compared to other patients. * (Extended) 

hemihepatectomyy patients were compared to other patients. 
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Discussion n 

Accuratee measurement of liver function before liver resection is crucial in the assessment 

off  resectability and hepatic functional reserve, especially in patients who require a large 

resectionn and patients with underlying parenchymal liver disease 24. In this study, the 

accuracyy for assessing risk of morbidity, liver failure and mortality was measured before 

partiall  liver resection, comparing FRL  99mTc-mebrofenin uptake on HBS, with FRL volume 

measurementt using CT-volumetry. FRL  99mTc-mebrofenin uptake was found to be accurate 

forr determining increased or decreased risk of developing liver failure and liver failure related 

mortality,, while FRL volume measurement was not. This is the first study that compares FRL 
99mTc-mebrofeninn uptake and FRL volume for risk assessment after partial lever resection. 

Apartt from HBS, several other liver function tests have been described in literature. However, 

thee predictive value of these tests is usually not described. The Child-Tugh classification, 

basedd on clinical symptoms of liver failure (ascites/encephalopathy) and laboratory analysis of 

liverr function (albumin, bilirubin and PT) can be used to identify high risk patients 25. Other, 

moree specific liver function tests such as the galactose elimination test and the ICG clearance 

ratee can complement the clinical Child-Pugh classification 26 ,2 /. Although in one study, the 

ICGG clearance rate correlated with morbidity and mortality after partial liver resection, this 

wass not supported in the present study 27. One explanation is that in the present study as 

opposedd to the study by Nonami et. al., small as well as large resections were performed and 

nott only hepatocellular carcinoma patients were evaluated. Furthermore, when only total 

liverr function is measured as in the ICG test, and not specifically the function of the FRL, no 

conclusionn is allowed concerning the volume of liver parenchyma that can safely be resected 

inn any individual patient. 

Anotherr method to measure functional distribution in the liver is 99mTc-labeled galactosyl 

humann serum albumin (99mTc-GSA) liver scintigraphy. As a receptor-targeted liver function 

test,, a good correlation with ICG clearance and conventional liver function parameters was 

foundd 2H--i] . In several studies, it also seems to have predictive value for short-term outcome 
29i31.. However, ROC analysis was never performed in these studies. Furthermore, 99mTc-GSA 

forr clinical use is only available in Japan and not in Europe or the USA. 

CT-volumetricc analysis of the FRL was found to correlate with outcome after resection in 

threee studies " 18 u. From these and other studies, it has been determined that a minimal 

remnantt liver volume of 25-30% is necessary to maintain adequate liver function after partial 

liverr resection in healthy livers 9' 3-\ In the present study, however, no significant correlation 

betweenn FRL volume measured with CT-volumetry, and postoperative morbidity, liver failure 

orr mortality was found, although trends were present. This discrepancy may be explained 

ass follows. The three mentioned studies dealt with homogenous groups of patients. In the 

studiess by Vauthey et. al. and Shoup et. al., only patients without parenchymal disease were 

evaluatedd " 18. In the study by Shirabe et. al., only patients with hepatocellular carcinoma who 

underwentt large (no less than bisegmentectomies) resections were evaluated n. Therefore, in 

thesee studies, patients with more or less the same level of liver function were selected. In 

thee present study, patients with and without parenchymal disease were evaluated. Patients 

withh parenchymal disease had FRL volumes comparable to patients without parenchymal 

disease,, while their FRL uptake ratios were significantly lower. When only patients without 
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parenchymall  disease were evaluated in the present study, it would be found that FRL 

volumee was significantly lower in patients who developed post-hepatectomy liver failure 

ass compared to other patients {28  5% vs. 49  17%, p = 0.02). Therefore, although FRL 

volumee measurement may be valuable in patient populations without much variation in liver 

function,, the advantage of FRL  99mTc-mebrofenin uptake measurement is that it can be used 

forr risk assessment in patient populations with or without parenchymal disease. 

Inn an earlier study, a good correlation was found between total liver "mTc-mebrofenin 

uptakee rate and ICG clearance rate ln. Furthermore, a strong correlation was found between 

thee preoperative 99niTc-mebrofenin uptake rate of the FRL and the actually measured 
99mTc-mebrofeninn uptake of the remnant liver one day after surgery (R2 = 0.90; P < 0.001) 
Kl.. Consistent delineation of FRL can be readily learned especially when FRL delineation on 

HBSS is performed after FRL delineation on CT-scan. The two experienced observers in this 

studyy reached acceptable agreement for FRL uptake measurement. Visualization of functional 

distributionn with other techniques such as single photon emission computer tomography 

(SPECT)) can possibly further increase inter-observer and intra-observer consistency in the 

future.. The latter technique allows more realistic, 3 dimensional images of the liver, enabling 

moree accurate segmental delineation. 

Inn this study, in-hospital morbidity and mortality was high compared to recent literature 
11 4. There are 2 explanations for the relatively high mortality rate. Firstly, 37% of patients had 

parenchymall  disease resulting in compromised liver function. Four out of 6 patients with liver 

failuree had parenchymal disease. Secondly, a relatively large proportion of patients had hilar 

cholangiocarcinomaa (28%). These patients require large resections in combination with biliary 

anastomoses,, with a notoriously increased risk of postoperative morbidity and mortality 19. 

Reportedd in-hospital mortality rates after resection for hilar cholangiocarcinoma vary from 

0%% to 15% 19i M-')f\ Overall, 25/46 patients (54%) required (extended) right hemihepatectomy, 

whichh resulted in an average FRL volume of % and an average FRL  99mTc-mebrofenin 

uptakee of 3.2+0.9 %/min/BSA in these patients. Notwithstanding the fact that postoperative 

morbidityy and mortality was considerable, it did provide necessary power to this study in 

whichh risk assessment was the primary goal. 

FRLL  99mTc-mebrofenin uptake and operation time were the only independent factors 

associatedd with outcome in multivariate analysis. Correlation between operation time and 

short-termm outcome after partial liver resection was also reported by others ]. Since liver 

resectionss can prove more demanding than anticipated on preoperative imaging, there wil l 

alwayss be an unpredictable element in risk assessment of patients requiring extensive liver 

resection.. This factor wil l translate into prolonged time of the surgical procedure. Although 

noo factors were significantly associated with liver failure related mortality, FRL uptake had 

thee lowest p-value (0.19). Diagnosis was a confounding factor, because 3/4 patients who died 

withh liver failure had hilar cholangiocarcinoma. 

Inn conclusion, in a patient population including patients with parenchymal disease and hilar 

cholangiocarcinoma,, preoperative measurement of FRL  99mTc-mebrofenin uptake using 

functionall  HBS proved more valuable than measurement of FRL volume in posthepatectomy 

riskk assessment of liver failure and liver failure related mortality. 
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Abstract t 

Purpose.. Dual embolization of hepatic artery and portal vein has been proposed to enhance 

contralaterall  liver regeneration prior to resection. The aim of this study was to evaluate 

thee effect of portal vein ligation compared to dual ligation, either simultaneously or with 

sequentiall  approach, on regeneration, proinflammatory response and liver damage. 

Methods.. Single hepatic artery, portal vein ligation (PVL) of 70% or dual ligation of hepatic 

arteryy and portal vein of 70 % cither simultaneously or sequentially with a 48h interval was 

performedd in a rat model. Liver regeneration, proinflammatory mediators, hepatocellular 

syntheticc function and injury, histopathology and apoptosis were assessed up to 14 days after 

surgery. . 

Results.. Sequential dual ligation resulted in faster increase in hepatocyte proliferation at 

24hh without additional increase in liver mass compared to PVL after 14 days. Both the dual 

ligationss significantly increased proinflammatory response in plasma and in the regenerating 

liverr compared to PVL alone. 14 days after PVL, the hepatic parenchyma was completely 

restoredd compared to fibromecrosis in sequentially dual ligated and complete necrosis in 

simultaneouslyy ligated groups. Increased apoptosis in the regenerating liver and prolonged 

hepaticc dysfunction was observed after both dual ligations. 

Conclusions.. PVL is as effective as dual ligation in inducing liver regeneration. No 

additionall  benefit of arterial ligation was observed. 
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Introductio n n 

Severee postoperative complications and mortality after extensive resection are directly related 

too the size and function of the remnant liver i : . Especially patients with parenchymal liver 

diseasee have an increased risk of postoperative liver dysfunction due to already impaired 

preoperativee function combined with an impaired regenerative capacity leading to slower 

recoveryy of liver mass after resection '~\ Portal vein embolization (PVE) was introduced to 

enablee more extensive liver resections by inducing compensatory hypertrophy in the non-

embolizedd future remnant liver and atrophy in the embolized lobe planned for resection 
44 r>. With PVE, the future remnant liver volume can be increased up to 40%, consequently 

decreasingg liver-dysfunction related complications caused by insufficient remnant liver 6"8. 

Duall  embolization of hepatic artery and portal vein has been suggested to induce sufficiënt liver 

regenerationn in patients with potentially impaired liver regeneration. The obvious advantage 

off  dual embolization compared to PVE is the complete occlusion of both portal and arterial 

bloodd supply to the tumor bearing liver segments 9,1°. However, if PVE and transarterial 

embolizationn are combined simultaneously, the total occlusion of blood supply potentially 

causess hepatic infarction and massive hepatocellular necrosis consequently triggering 

systemicc proinflammatory cytokine response. This might as a result lead to acute liver failure 

impairingg hepatic synthetic and metabolic functions 9. Therefore, a sequential embolization 

withh 48h interval has been suggested to prevent these life-threatening complications y i i . 

However,, no studies are available assessing the potential systemic or local effect directly 

afterr sequential embolization and the impact of sequentially ligated liver lobes on adjacent 

regeneratingg lobes is unclear. Currently used approaches to evaluate hepatocellular injury 

suchh as histopathology of the resected liver earliest after 4-8 weeks after embolization 

orr plasma aminotransferases, give only an estimation of the actual response and give no 

informationn of the state of the regenerating lobes 9 12. 

Thee purpose of this study was to compare portal vein ligation as surrogate PVE, with 

simultaneouss or sequential dual ligation of hepatic artery and portal vein. The effect of 

ligationn on liver proliferation and hepatocellular damage and function was assessed along 

withh evaluation of local and systemic proinflammatory cytokine response. 

Material ss and methods 

Animals s 

Malee Wistar rats (250-300g) were obtained (Harlan CPB, Zeist, Netherlands). The animals 

weree housed at constant 24 °C with 12 h light- dark cycle and were fed a standard rodent 

choww (Hope farms, Woerden, The Netherlands) and water ad libitum. Rats were allowed to 

acclimatizee 7 days to laboratory conditions before surgery. During all procedures the animals 

weree treated according to the guidelines of the Dutch legislation and international standards 

forr animal care and handling. The protocol was approved by the Animal Ethics Committee 

off  University of Amsterdam, The Netherlands. 

101 1 



Chapterr 7 

Exper imentall  des ign and surgical procedures 

Surgeryy was performed under inhalation anesthesia of a mixture of 0.,/N.,0 (1:1 V/V, 2 1 / 

min)) and isoflurane (1-2 % Florene, Abbott laboratories Ltd, Queensborough, UK) and pain 

medicationn (Temgesic i,v. 0,033 mg/ 0,1 kg). Ligation of the portal vein and/or the hepatic 

arteryy to the median and left lateral liver lobes was performed, occluding perfusion of 70% 

off  total liver mass ]i . Rats were divided into 5 groups (n=6); only mobilization of the liver 

(SHAM),, only arteria hepatica ligation (AHL), only portal vein ligation (PVL), simultaneous 

ahll  and pvl (DUALO) and subsequent ahl and pvl after 48h (DUAL48). After operation, 

alll  animals were allowed to recover in a warm environment with free access to water and 

food.. At 6 h. 72 h and 7 days postoperatively blood was collected via tail vein puncture under 

generall  anaesthesia and a maximum of 10 % of total blood volume per rat was collected. 

Underr above mentioned general anaesthesia animals were sacrificed (n=6 per time point) after 

244 h and 48 h for evaluation of early response and after 14 days for the end point analysis. 

Bloodd was collected by heart puncture, centrifuged {10 min, 3,000 RPM. 4°C) and plasma 

wass stored at -80 °C until analysis. The liver lobes were removed, weighed and thin slices 

weree immersed in 10% formalin for light microscopy (H& E and Sirius red staining) and for 

immunohistochemistry. . 

Assessmentt  of l iver  regenerat ion 

Thee weight of the non-ligated liver lobes divided by the total liver weight was used as a 

parameterr to evaluate the regenerative capacity of the liver. For assessment of hepatic 

proliferation,, MIB-5, a rat equivalent of Ki-67 antibody was used which detects all active 

partss of the cell cycle. The MIB-5 index has a strong positive correlation with proliferating 

antigenn expression, bromodeoxyuridine incorporation and thymidine incorporation 14. Briefly, 

44 um sections were deparaffinized, preheated and boiled (citric acid pH 6.0, 2 bar,120°C, 20 

min)) in a pressure cooker. Sections were incubated with a MIB-5 antibody (dilution 1:50, 60 

min,, DAKOCytomation, Glostrup, Denmark). After incubation with a secondary antibody 

(dilutionn 1:1, Poly-HRP, Invitrogen, Carlsbad. US) 3.3-diaminobezidine (Sigma chemical, 

Munich,, Germany) was used to visualise the peroxidase complexes together with haematoxylin 

eountcrstaining.. The proliferative index was determined in 30 high power fields (HPF) at 40X 

magnificationn and expressed as the percentage of positive cells per 1000 hepatocytes. 

Hepatocel lu larr  damage and hepat ic synthet ic funct io n 

Plasmaa was analysed for aspartate aminotransferase (AST), alanine aminotransferase (ALT) 

andd total bilirubin (T-Bil) and for albumin and prothrombin time using in the Department of 

Clinicall  Chemistry (AMC) using standard laboratory methods. 

Pro in f lammator yy cy tok in e response 

Liverr samples were homogenized in buffer (PBS, pH 6.0), centrifuged (10.000 xg, 4 °C, 10 

min)) and supernatant was used for analysis of IL-lp1, IL-6 and TNF-a, the most important 

acutee phase response cytokines produced by hepatic macrophages. Plasma and hepatic 

concentrationss were measured using an enzyme-linked immunosorbent assay (Quantikine 

Ratt TNF- a, Duoset Rat IL-l b and IL-6, RnD Systems Europe Ltd, England) according to 
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manufacturer'ss instructions. Al l samples were measured in duplicate in a 96-well microtitre 

platee and the concentrations were calculated from a standard curve. The hepatic protein 

concentrationn was measured with a BCA Protein Assay kit (Pierce, Rockford, US) and the 

hepaticc cytokine concentrations were expressed in pg/ mg protein. 

Hepaticc neutrophil activity 

Forr neutrophil activation, hepatic myeloperoxidase (MPO) activity was measured by 

ass described by Krawisz et al '5. Briefly, tissue samples were homogenized (PBS, pH 6.0), 

centrifugedd for lOmin at 10.000 rpm at 4 "C.The pellet was homogenized in HTAB-EDTA 

bufferr (0.5% hexadecyltrimethyl ammonium bromide, lOmM EDTA in PBS, pH 6.0, Sigma 

Chemicals,, Munich, Germany) sonicated and centrifuged. The supernatant was incubated 

(2h,, 60°C) and the MPO activity was measured spectrophotometrically after addition of 

o-dianisidee hydrochloride (Sigma Chemical, Munich, Germany). The MPO activity was 

expressedd as units/mg protein and one unit was defined as the amount of enzyme necessary 

too produce a change in absorbance of 1.0 per minute. 

Apoptosis s 

Forr primary and secondary antibody, a cleaved caspase- 3 (dilution 1:200, Cell Signaling 

Technology,, Frankfurt, Germany) and Poly-HRP (dilution 1:1, Invitrogen, Carlsbad, US) 

respectivelyy were used. The apoptotic index was determined at 40X magnification in 30 HPF 

andd expressed as the amount of positive cells per 1000 hepatocytes. 

Histopathology y 

Paraffin-embeddedd liver samples were routinely stained with haematoxylin-eosin (H&E) 

andd Sirius red (0,1% Fast red in picric acid, Immunotech, The Netherlands). Histology of 

thee ligated and non-ligated lobes was observed by light microscopy. Examination was 

performedd by two independent investigators blinded to the treatment groups. Necrosis was 

expressedd as percentage of necrotic tissue: 0= no necrosis, 1= < 25 %, 2= 25-50%, 3= 50-75 %, 

4== >75 % necrosis. Inflammatory activity was determineted as follows: 1= focal collections 

off  mononuclear cells, 2= diffuse infiltrates of mononuclear cells, 3=focal collections 

off  polymorphonuclear cells in addition to mononuclear cells, 4= diffuse infiltrates of 

polymorphonuclearr cells. 

Statisticall  analysis 

Dataa analysis was performed with GraphPad Prism 3.02 for Windows (GraphPad Software 

Inc.,, San Diego, US).The results are presented as mean  SEM. Significant differences between 

groupss were tested using Kruskal-Wallis one-way analysis and Mann-Whitney's U-test. P 

valuess less than 0.05 were considered significant. 
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Results s 

Hepaticc proliferation, regeneration and apoptosis 

Bothh the regeneration ratio and hepatocyte proliferation index, measured by MIB-5 positive 

cellss in the nonligated lobes, were increased in the PVL and both dual ligation groups at 

alll  time points compared to the SHAM and the AHL groups (Fig. IA, B, respectively). 

Furthermore,, the regeneration ratio in the DUALO group was lower compared to the PVL 

andd the DUAL48 groups at all time points (p<0.05). At 24h, the regeneration ratio was 

significantlyy increased in the DUAL48 group compared to the PVL group. At 24h, the 

hepatocytee proliferation index was significantly lower in the PVL group compared to the 

DUALOO and DUAL48 groups (p<0.05). The percentage of caspase-3 positive cells was higher 

inn both the dual groups compared to the other groups and in the DUALO compared to 

DUAL488 group at 24 h and 48h after surgery (p<0.05) (Fig.lC). 

Figuree 1. Regeneration ratio, MIB- 5 positive 
cellss and caspase-3 positive cells 
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Theree were no changes after 14 days in the liver regeneration 
ratioratio (A) between PVL and sequential dual ligation. The 
proliferationn index (B) of MIB-5 positive hepatocytes at 
24hh was increased in sequential ligation group, however 
noo changes were seen at 48h. Both regeneration ration 
andd MIB-5 index were decreased after simultaneous dual 
ligation.. The apoptotic index (C) was increased in the 
non-ligatedd liver lobes of the both dual ligated groups. * 
== p<0.05 compared to the to SHAM and AHL groups, t= 
p<0.055 compared to DUALO group. 
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Hepatocellularr damage 

Att all time points, no differences were observed in hepatocellular damage between the 

SHAMM and the AHL groups. The PVL and both the dual groups had significantly increased 

ASTT levels at 24h, 48h and 72h compared to SHAM group (p<0.05). In the DUALO group, 

plasmaa AST was increased already at 6h compared to the all other groups and remained 

increasedd until 72h (p<0.05)(Fig.2A). In the DUAL48 group, AST was also elevated already 

att 6h compared to the SHAM and PVL groups. In the PVL group, AST was increased at 48h 

andd 72h compared to the DUAL48 group (p<0.05). ALT followed the pattern of AST with the 

exceptionn that there were no differences between both dual groups at 6h postoperatively (Fig. 

2B).. Plasma bilirubin followed the pattern of AST and ALT in all groups (data not shown). 

Figuree 2. Plasma levels of hepatocellular  damage 
markerss AST (A) and ALT (B) 
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Theree was a significant increase at 6h and 24h in AST 
andd ALT after dual ligation groups compared to PVL 
groupss in which peak was seen at 48h. * = p<0.05 
comparedd to the to SHAM and AHL groups, t= p<0.05 
comparedd to PVL group. 

Hepaticc synthetic function 

Noo differences in plasma albumin concentrations were seen between the SHAM and the AHL 

groupss at all time points. Plasma albumin concentration was increased in the DUALO group 

att 6 h postoperatively compared to all other groups. In both dual groups, the albumin was 

decreasedd compared to SHAM at 24h and was decreased compared to SHAM and the PVL 

groupss up to 14 days (p<0.05). In the PVL group, no differences were seen after 72h compared 

too the SHAM group. PT followed the pattern of albumin in all groups (data not shown). 
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Figuree 3. Hepatocellular  synthetic function evaluated 
byy plasma albumin level 
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Systemicc proinflammatory cytokine response 

Noo differences were seen in plasma cytokines between the SHAM and the AHL groups at all 

timee points. Plasma TNF- a was increased at 6h and 24h in the PVL and both dual groups 

comparedd to the SHAM group (p<0.05) (Fig. 4A). At 24h, TNF-a was elevated in the DUALO 

groupp compared to the other groups (p<0.05). Plasma IL-1J3 at 6h was elevated in the PVL, the 

Figuree 4. 
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DUALOO and the DUAL48 groups compared to the SHAM group (Fig. 4B). At 24h and 48h, 

thee DUALO group had increased plasma IL-1|3 levels compared to the other groups (p<0.05). 

Plasmaa IL-6 remained below detection level (75ng/ml) in all groups at all time points (data 

nott shown). 

Hepaticc TNF- a, IL-1J3 and IL-6 in the nonligated liver lobes were elevated in the PVL and 

inn both the DUAL groups compared to the SHAM group at 24h (p<0.05) (data not shown). 

Att 48h (Fig. 4C), TNF- a was increased in the AHL , the PVL and both the dual groups 

comparedd to SHAM group and in the both the dual groups compared to the PVL group 

Figuree 5. Histopathology and necrosis score of dual ligation groups and PVL group 
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Necrosiss score at 24h, 48h and 14 days after simultaneous 
duall  ligation remained almost 100% at all time points. 
However,, sequential ligation with 48h interval led to less 
andd decreasing necrosis. After PVL, no necrosis was seen 
att 14 days. (A). * = p<0.05 compared to the to SHAM and 
AHLL groups, t= p<0.05 compared to DUALO group, t= 
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Thee histopathological changes after 14 days in 
ligatedd lobes; no changes in portal vein ligated (B, 
magnificationn 100X, H&E staining), complete necrosis 
afterr simultaneous ligation (C, magnification 40X, 
H&EE staining) and combined necrosis and fibrosis after 
sequentiall  ligation (D, magnification 400X, H&E and E, 

Siriuss red staining for collagen,). Black arrow indicates the border of encapsulation and complete parenchymal 
necrosis,, white arrow indicates collagen deposition. 

m m 

ii  I 1 1 
mm- :

107 7 



Chapterr 7 

(p<0.05).. At 48h, hepatic IL-lG was increased in both dual groups compared to the other 

groupss (p<0.05) and hepatic IL-6 was increased in PVL and both the dual groups compared 

too the SHAM group (p<0.05). 

Hepaticc MPO activity 

Hepaticc MPO levels evaluating neutrophil activity were increased at 24h in the PVL, the 

DUALOO and the DUAL48 groups compared to the SHAM and the AHL groups (p<0.05). At 

48h,, the MPO level was significantly increased in the DUALO group compared to the PVL 

andd the DUAL48 groups (p<0.05) (data not shown). 

Histopathology y 

Inn the ligated and non-ligated liver lobes of the SHAM and AHL groups, no pathologic 

changess were seen. In the ligated liver lobes, the PVL group had less necrosis compared 

too both dual groups at all time points and no changes were seen after 14 days (Fig. 5A, B) 

(p<0.05).. In the DUAL48 group significantly less necrosis was visible at 48h and 14 days 

comparedd to DUALO (p<0.05). In the DUALO group a complete necrosis (Fig. 5C) and in the 

DUAL488 group an extensive fibrosis with occasional necrosis was seen (Fig.5D-E). 

Inn the ligated lobes, the inflammation score was increased in the DUALO and the DUAL48 

groupss compared to the PVL group at all time points (Fig. 6A). In the DUAL48 group, the 

scoree was less compared to the DUALO group after 48h and 14 days (p<0.05) (Fig. 6A). In the 

nonligatedd liver lobes, the score was increased in the DUALO group compared to the PVL 

andd DUAL48 groups at 24h (Fig. 6B). At 48h and 14 days, the score was significantly less in 

thee PVL group compared to the both dual groups (p<0.05). 

Figuree 6. The inflammation score of ligated as well as non-ligated lobes 

Thee inflammation score remained increased in the ligated (A) lobes after simultaneous ligation. However after 
bothh simultaneous and sequential ligation inflammation persisted in the non- ligated, regenerating, liver lobes (B) 
upp to 14 days. At all time points no pathological changes were seen SHAM and AHL groups. t= p<0.05 compared 
too DUALO group, t= p<0.05 compared to PVL group. 

108 8 



Thee effect of portal vein and/or hepatic artery ligation 

Discussion n 

Inn the present study, PVL and both simultaneous and sequential dual ligation induced 

liverr regeneration via activation of hepatucyte proliferation. The acceleration of hepatocyte 

proliferationn after sequential dual ligation is most likely induced by the increased hepatic 

tissuee TNF-a detected after arterial ligation as TNF-ct has been reported a potential primer 

off  hepatocytes and increases postresection liver regeneration 16. The primed hepatocytes 

consequentlyy respond more rapidly to the stimulus from subsequent PVL leading to an 

increasedd hepatocyte proliferation as seen 24h after sequential dual ligation. The exact 

mechanismss of TNF-a release after arterial ligation are uncertain and further research in this 

fieldd is needed. 

However,, the acceleration after sequential ligation did not result in additional increase in the 

regenerationn ratio after 14 days indicating that a maximal regenerative response can be reached 

withh PVL only. Apparently during proliferation, the excessive hepatocytes in the cell cycle 

aree eliminated by apoptosis as reflected by the increased amount of apoptotic hepatocytes in 

thee regenerating liver after sequential ligation. However, after simultaneous ligation showing 

inadequatee proliferation, apoptosis is most likely induced by another mechanism. One 

possiblee explanation is that inflammatory cytokines as TNF-a activate caspase-3 subsequently 

triggeringg hepatocytes into apoptosis. In contrast, after PVL, no increase of apoptosis was 

detected.. This is in accordance with a study by Ikeda et al reporting an unchanged number 

off  apoptotic hepatocytes during hepatic proliferation at 24 and 48 h in the remnant liver after 

hepatectomyy 17. In contrast, Kong et al report a beneficial effect on sequential ligation on liver 

regenerationn " . However, the length of follow-up was in the latter study longer making the 

comparisonn of results difficult . 

Afterr PVL, hepatocellular damage was dramatically less than in both the dual ligation 

groups.. The initially observed necrosis after PVL, had completely resolved while the liver 

parenchymaa was fully restored after 14 days. This restoration can be attributed to the hepatic 

arteryy buffer response which increases blood flow and thus oxygen supply via the hepatic 

arteryy to the ligated liver lobes after PVL  18. This notion is supported by the increased hepatic 

IL-66 levels found after PVL as IL-6 is a recognized marker of mechanical stress to hepatic 

sinusoidall  cells after changes in blood flow and pressure 19. 

Simultaneouss dual ligation of both arterial and portal blood supply led to massive 

hepatocellularr necrosis in the ligated liver lobes. This effect might be advantageous if complete 

destructionn of a fast growing tumor like HCC is sought before resection. However, massive 

necrosiss also led to a substantial increase in release of aminotransferases and albumin from 

thee injured hepatocytes. This consequently contributes to activation of systemic and local 

proinflammatoryy cytokine release as was demonstrated by significantly increased plasma and 

hepaticc TNF-a and IL-lp1. Also the activation of neutrophils contributed to the inflammatory 

responsee as reflected by increased MPO activity in the liver. This inflammatory response 

inn the regenerating lobes most likely hindered regeneration after simultaneous ligation as 

hepaticc TNF-a triggers hepatocytes to apoptosis and necrosis instead of proliferation 20. 

Also,, the persisting inflammation in regenerating lobes as seen in both the dual groups 

mostt likely is responsible for the prolonged hepatic synthetic and metabolic dysfunction as 

demonstratedd by increased plasma PT after both dual ligations 21. 

109 9 



Chapterr 7 

Interestingly,, entirely different local responses were observed in the ligated liver lobes after 

eitherr sequential or simultaneous dual ligation. The ligated liver lobes were encapsulated by 

adherentt peritoneal tissue already at 24 h after simultaneous dual ligation, as a local protective 

responsee to the massive necrosis. The isolation of necrotic ligated lobes presumably protected 

thee adjacent regenerating lobes as the inflammatory response in the latter, was not significantly 

increasedd after simultaneous ligation as compared to sequential dual ligation. After sequential 

ligation,, an extensive intraparenchymal fibrosis developed as a restorative response enclosing 

thee necrotic areas by fibrotic scar formation 22. Furthermore, as sequential ligation induced 

lesss hepatocellular damage and a local restorative response, sufficient hepatocyte proliferation 

couldd occur in contrast to simultaneous ligation. These events might be useful in a clinical 

setting,, when both tumor destruction and induction of contralateral hypertrophy is desired. 

Evenn though the biological response in the PVL model does not differ from the embolization 

modell  in experimental studies, it is possible that in the clinical setting this aspect is not 

thee same. Also, another potential limitation when extrapolating these results into clinical 

situationn is the different arterial vs portal blood supply to liver seen in all rodents. As the 

portall  blood supply in rodents is greater than in humans, the negative effect of sequential 

ligationn might be misjudged in our study. Also, underlying parenchymal diseases as are 

oftenn present in patients undergoing liver surgery might influence the liver regeneration 

orr affect hepatocellular injury. Therefore, the results of our study should be confirmed in a 

clinicall  setting with carefully standardized protocol. 

Inn conclusion, this study shows that portal vein ligation is as effective as sequential dual 

ligationn in inducing liver regeneration. No additional benefit of arterial ligation was 

observed. . 
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Abstract t 

Introduction .. One of the most important determinants of the outcome of hepatic ischemia 

andd reperfusion (I/R) injury is the onset of the inflammatory response. Interleukin-10 

(IL-10)) is a potent anti-inflammatory cytokine. It inhibits the production of interleukin-6 

(IL-6),, which however, also is involved in priming hepatocyte proliferation. The aim of this 

studyy was to examine the protective effects and the influence on the regenerative response 

off  exogenous as well as endogenous IL-10 in a rat model of hepatic I/R injury. 

Animal ss and Methods. 70% Liver I/R was induced in male Wistar rats by clamping of the 

vesselss to the median and left-lateral lobes for 60 min and allowing subsequent reperfusion 

duringg 24 hours. One group underwent a midline laparotomy with recombinant rat (rr)IL-

100 administration (SHAM+IL-10). The other groups underwent 60 minutes ischemia with 

administrationn of saline (I/R+saline), rrIL-10 [at two different time-points, i.e. I/R+IL-

lOpre(ischemia)) and l/R+IL-10end(ischemia)] or anti-rat IL-10 antibody (I/R+antiIL-10, 

reflectingg the contribution of endogenous IL-10). 

Results.. Parenchymal damage, as assessed by plasma alanine aminotransferase (ALT) and 

aspartatee aminotransferase (AST), was significantly reduced by rrIL-10 and by endogenous 

IL-100 (p<0.05). Also, rrIL-10 significantly reduced IL-6 production and the 

accumulationn of neutrophils in liver and lung tissue, as measured by myeloperoxidase (MPO) 

activity.. Necrosis and apoptosis were significantly reduced and hepatocyte proliferation was 

stimulatedd by rrIL-10. 

Conclusion.. RrIL-10 and to a lesser extent endogenous IL-10, attenuate damage and 

inflammation,, while rrIL-10 also promotes proliferation after hepatic I/R injury in rats. 

Therefore,, rrIL-10 has potential use to prevent I/R injury and to promote liver regeneration 

afterr partial liver resection with temporary inflow occlusion. 
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Introductio n n 

Hepaticc inflow occlusion (Pringle's manoeuvre) can be applied to reduce blood loss during 

liverr resection. This wil l result in ischemic liver injury which is aggravated by restoration of 

oxygenatedd blood flow (reperfusion), depending on the duration of ischemia. One of the most 

importantt determinants of the outcome of hepatic, postischemic reperfusion (I/R) injury 

iss the onset of the inflammatory response. This inflammatory response is caused by the 

activationn of Kupffer cells, which constitutes the main source of reactive oxygen species (ROS) 

formationn during the initial reperfusion period L 2. ROS cause injury to the hepatocytes and 

endotheliall  cells potentially resulting in microcirculatory failure 2'4. Kupffer cell activation 

alsoo leads to the production of proinflammatory cytokines such as tumor necrosis factor 

(TNF)-ccc and IL-6, as well as chemokines, which are mainly responsible for the induction of 

neutrophill  sequestration in the liver5'6. This causes further tissue injury several hours after 

thee initiation of reperfusion 4. Tissue injury can lead to necrosis or apoptosis, ultimately 

resultingg in functional loss. 

Thee effect of IL-10 administration has been studied in various models of 1/R injury ' 1(). In 

mostt of these studies, IL-10 appears to have an attenuating effect on organ damage caused 

byy I/R. IL-10 is a potent anti-inflammatory cytokine, which inhibits the production of 

proinflammatoryy cytokines such as IL-6, as well as of chemokines released by activated 

monocytes,, macrophages and neutrophils 1113. Furthermore, IL-10 suppresses the expression 

off  adhesion molecules on endothelial cells 14. 

Besidess mediating the inflammatory response, TNF-a and IL-6 are also involved in priming 

hepatocytee proliferation when functional liver mass is lost 15. It is also known that IL-6 has 

anti-apoptoticc activity by maintaining adequate levels of intracellular anti-apoptotic proteins 
16.. This leads to the question whether IL-10, by inhibiting production of IL-6, also inhibits 

primingg of proliferation after major loss of functional parenchymal cells due to I/R injury. 

Thiss study tested the hypothesis that because of its anti-inflammatory action, IL-10 

administrationn reduces hepatic injury in a rat model of hepatic I/R. In addition, the role of 

endogenouss IL-10 and of IL-6 was examined in relation with necrosis and apoptosis on the 

onee hand, and proliferation on the other hand. 

Material ss and Methods 

Animal s s 

Thiss study was approved by the Animal Experiment Committee of the Academic Medical 

Center,, University of Amsterdam, The Netherlands. Male Wistar rats (Harlan, Horst, The 

Netherlands),, weighing 320-340 gram, were used. Al l rats were allowed to adapt to the 

laboratoryy environment for 7 days with free access to water and standard laboratory chow 

(Hopee Farms, Woerden, The Netherlands). Rats were housed under standard environmental 

conditionss with a 12-hour light-dark cycle. Before use in experiments, rats were fasted 

overnightt with free access to water. 
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Experimentall  design 

333 rats were randomly appointed to 5 experimental groups. Group 1 received 50 ug/kg rrlL -

100 (Cell Sciences, Norwood, MA, USA) and underwent a midline laparotomy (SHAM+IL-10, 

n=5).. Group 2-5 underwent 60 minutes ischemia. Group 2 received saline solution prior 

too ischemia (I/R-t-saline, n=7), group 3 received 500 ug/kg rabbit (polyclonal) anti-rat IL-10 

antibodyy (Biosource International, Camarillo, USA) pre-ischemically to inhibit endogenous 

IL-100 (I/R+antiIL-10, n=7), group 4 received 50 fig/kg rrIL-10 prior to ischemia (I/R+lL-10pre, 

n=7)) and group 5 received 50 ug/kg rrlL-10 at the end of the ischemic period (I/R+IL-10end, 

n=7).. The chosen dose of 50 ug/kg rrIL-10 was obtained from literature 7 i7. A reperfusion 

periodd of 24 hours was applied in all animals. 

Anesthesia a 

Al ll  animals were anesthetized via inhalation of a mixture of 02 :N 20 (1:1 L/min) and isoflurane 

3-4%% (Florene®, Abbott Laboratories Ltd., Queensborough, Kent, UK). After endotracheal 

intubation,, rats were ventilated (Zoovent ventilator, Instruvet, Amerongen, The Netherlands) 

andd anesthesia was maintained with a mixture of 02 :N 20 (1:1 L/min) and isoflurane 2-3%. 

Tidall  volume was adjusted according to end-tidal CO., levels 18. A polyethylene catheter (0 0.9 

mm,, Braun, Melsungen, Germany) was introduced into the right carotid artery and tunneled 

subcutaneouslyy to the back of the rats for assessment of hemodynamic parameters during 

operationn as well as for withdrawal of blood samples. Arterial blood pressure was maintained 

att approximately preoperative levels by adjustment of isoflurane levels. The animals were 

keptt in supine position on a heating pad and rectal temperature was maintained at 37°C with 

thee use of a heating lamp 19. 

Surgicall  procedure 

AA midline laparotomy was performed and the afferent vessels to the median and left lateral 

lobess of the liver were exposed. An a-traumatic vascular clip was applied to these vessels to 

inducee partial hepatic ischemia (70%) for 60 minutes, after which the clip was removed and 

subsequentt reperfusion initiated. After surgical closure of the abdomen, rats were allowed 

too recover and were provided with water and food. After 24 hours of reperfusion the rats 

weree anesthetized with above mentioned anesthesia. A polyethylene catheter (0 0.4 mm) 

wass inserted into the distal bile duct and bile was collected during 15 minutes. The rats 

weree subsequently sacrificed under anesthesia, and liver biopsies were taken, frozen in liquid 

nitrogenn and stored at -80°C or fixed in 4% (W/V) formaldehyde for further analysis. 

Hepatoce l lu larr  damage 

Alaninee aminotransferase (ALT) and aspartate aminotransferase (AST) were determined 

inn heparinized plasma by routine spectrophotometry using alpha-ketoglutaric acid and 

pyridoxall  phosphate (General Clinical Chemistry Laboratory, AMC, The Netherlands). 
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Inflammator yy response 

Plasmaa IL-6 and IL-10 concentrations were assessed using commercial EL1SA kits (Pierce 

Endogen,, Rockford, IL, USA). Manufacturer's instructions were followed. Samples were 

assessedd in duplicate and concentrations were calculated using a standard curve. 

MPOO activity, an index of neutrophil infiltration, was measured in liver and lung homogenates 

ass described by Krawisz et al. with some modifications 20. Briefly, tissue samples were 

homogenizedd (Heidolph, Diax 900, Berlin, Germany) in 5 mM phosphate buffer (pH 

6.0).. After a sample was taken from the homogenate for protein content determination 

(BCAA protein assay, Pierce Endogen, Rockford, IL, USA), the sample was centrifuged for 

100 minutes at 12,000 g and 4°C. The pellet was homogenized in 0.5% hexadecyltrimethyl 

ammoniumm bromide (HTAB) (Sigma chemicals, Munich, Germany) and 10 mM EDTA in 

500 mM phosphate buffer (pH 6.0). Homogenates were freeze-thawed three times, pottered 

100 times (Bellco 20, RW 20.n IKA Labortechnik, Staufen, Germany), sonicated for 10 sec 

andd centrifugated at 10,000 rpm at 4"C for 10 minutes. The supernatants were collected and 

assayedd for MPO activity by addition of 0.167 mg/ml o-dianisidine dihydrochloride (Sigma 

chemicals,, Munich, Germany) and 0.001% H.,0, (Sigma chemicals, Munich, Germany) 

inn 50 mM sodium phosphate buffer (pH 6.0). The change in absorbance was measured 

spectrophotometricallyy (Victor, Wallec 1420, PerkinElmer Life Sciences, Boston, MA, USA) 

att 450 nm during 10 min at 37UC. One Unit is defined as the amount of enzyme necessary to 

producee a change in absorbance of 1.0 per minute. The MPO activity is expressed as Units 

perr mg protein. 

Proliferatio nn and apoptosis 

Liverr biopsies of the middle and left lateral liver lobes taken 24 hours after ischemia were 

analyzed.. For caspase-3 immunohistochemistry, sections were incubated with cleaved 

caspase-33 antibody (9661, dilution 1:200, Cell Signaling Technology, Inc., Beverly, MA, USA) 

forr 1 hour at room temperature. Hereafter, sections were exposed to secondary antibody 

(dilutionn 1:1, Sigma chemicals, Munich, Germany) and peroxidase activity was detected by 

DABB and counterstained with haematoxylin. Cleaved caspase-3 positive cells were counted 

byy two independent observers in a blinded fashion and expressed as number of positive cells 

perr 30 microscopic fields (40 x). 

AA MIB-5 antibody was used to determine hepatocyte proliferation. M1B-5 is a rat equivalent of 

humann Ki-67 antibody which detects all active parts of the cell cycle (Gl, S, G2 and mitosis) and 

showss a strong positive correlation with proliferating antigen expression, bromodeoxyuridine 

incorporationn and thymidine incorporation 21. Briefly, after formaldehyde fixation and 

paraffin-embedding,, 4 urn sections were deparaffinized and immersed in citric acid pH 6.0, 

preheatedd and boiled (2 bar, 120°C, 20 min) in a pressure cooker. Sections were then incubated 

withh a MIB-5 antibody (dilution 1:50, DAKOCytomation, Glostrup, Denmark) for 60 min. 

Afterr incubation with a secondary antibody (dilution 1:1, Poly-HRP, Invitrogen, Carlsbad, US) 

3,3-diaminobezidinee (DAB) (Sigma chemicals, Munich, Germany) was used to visualize the 

peroxidasee complexes together with haematoxylin counterstaining. The proliferative index 

wass determined in 30 microscopic fields (40 x). 
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Histolopathology y 

H&EE sections were analyzed semi-quantitatively by two independent observers in a blinded 

fashion.. Tissue damage and inflammation was scored by examining necrosis, hepatocellular 

vacuolizationn and inflammation. Necrosis and hepatocellular vacuolization were scored as 

percentagee of cells per 30 microscopic fields (20x enlargements). A score of 0 to 5 was used 

ass follows: 0=0%, 1 = 1-10%, 2-11-20%, 3=21-30%, 4=31-50% and 5 = 51-100%. Inflammation 

wass determined in 30 microscopic fields (40x enlargement) as follows: 1= focal collections 

off  mononuclear cells, 2= diffuse infiltrates of mononuclear cells, 3=focal collections 

off  polymorphonuclear cells in addition to mononuclear cells, 4= diffuse infiltrates of 

polymorphonuclearr cells. Apoptotic activity was measured by counting cells that expressed 

hepatocellularr nuclear condensation, hepatocellular nuclear fragmentation and hepatocellular 

nuclearr fading. Mitoti c activity was assessed by counting mitotic bodies. Cell counts were 

performedd on 30 H&E slides (40x enlargement). 

Statisticall  analysis 

Resultss are expressed as mean + standard error of the mean (SEM). Student T-test or one-

wayy A NOVA, followed by Bonferroni post-test were used for differences between groups. 

Repeatedd measures ANOVA was used for measurements at multiple time-points followed by 

Bonferronii  post-test for differences between groups or paired T-test for differences within 

groupss at different time points (GraphPad Software, San Diego, California, USA). A p-value 

off  < 0.05 was considered significant. 

Results s 

Hepatocellularr damage 

Inn all I/R groups, a significant increase in AST and ALT was found at all time points after 

ischemiaa compared to SHAM+IL-10 (Fig. la+b). This increase was most pronounced in 1/ 

R+antilL-10.. AST values in I/R+antilL-10 were significantly higher as compared to all other 

groupss at all time points after ischemia. After 6 hours reperfusion, AST increased to 10,310

1,4833 in I/R+antilL-10 as compared to 5,225  943 in I/R+saline. AST values in the I/R+saline 

groupp were significantly higher than in the I/R+IL-10pre group, after 6 and 24 hours of 

reperfusion.. ALT values were significantly higher in I/R+antiIL-10 compared to I/R+IL-10pre 

andd I/R+IL-10end at all time points after ischemia. After 24 hours reperfusion, ALT values 

weree significantly higher in I/R+saline compared to both I/R+IL-10pre and I/R+IL-10end. 

Bilee production 

Bilee production, measured during 15 min at the end of the 24 hour reperfusion period, 

wass 4.9  0.3 and 4.8  0.2 uL/min/100g liver weight in SHAM+IL-10 and I/R+IL-10pre, 

respectivelyy (Fig. 2). Bile production was significantly higher in these groups, when compared 

too I/R+saline, I/R+antiIL-10 and l/R+IL-10end. 

118 8 



IL-100 attenuates hepatic I/R injury 

Figuree 1. Plasma AST (A), ALT (B) and IL- 6 (C) values measured 
beforee ischemia (t=0) and durin g 24 hours reperfusion 

A A 

—•—— [/R+IL-10pre 

— i —— I/R+IL-10end 

—*—— I/R+saline 

—•—— I/R+anti IL-10 

—»—— SHAM+IL-10 

Reperfusionn time (hours) 

Reperfusionn time (hours) 

Reperfusionn time (hours) 

ASTT and ALT values were significantly higher in the I/R 
groupss compared to SHAM+IL-10 at all time points after 
reperfusionreperfusion (p<0.05). After 0.5 hour (t=0.5), IL-6 values 
weree significantly higher in the I/R groups compared 
too SHAM+IL-10 (p<0.05). After 6 hours (t=6), IL-6 
valuess were significantly higher in I/R+antilL-10 and 
I/R+salinee compared to SHAM + IL-10 (p<0.01). After 
244 hours (t=24), IL-6 values were significantly higher in 
I/R+antiIL-100 compared to SHAM+IL-10 (p<0.05). " 
Significantlyy higher compared to I/R+IL-10pre, I/R+IL-
lOendd and I/R+saline (p<0.05). * Significantly different 
fromm I/R+lL-10pre and I/R+IL-10end (p<0.05). 

Figuree 2. Bile production after  24 hours of reperfusion 

SHAM+IL-100 and I/R+IL-10pre ischemia had 
significantlyy more bile production than I/R+IL-10end 
ischemia,, I/R+saline and I/R+antiIL-10. * Significantly 
higherr compared to I/R+IL-10end, I/R+saline and 1/ 
R+antiIL-10(p<0.05). . 
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Inflammatoryy response 

Thee inflammatory response was evaluated by measuring plasma IL-6 levels and MPO 

activityy in liver and lung homogenates. IL-6 levels were significantly increased in all I/R 

groupss compared to SHAM+IL-10, 30 min. after ischemia (Fig. 1c). Six hours after ischemia, 

IL-66 declined to significantly lower levels in I/R+IL-10pre and I/R+IL-10end as compared to 

I/R+salinee and I/R+antiIL-10. After 24 hours reperfusion, IL-6 levels were still significantly 

elevatedd in I/R+antiIL-10 as compared to SHAM+IL-10, I/R+IL-10pre and I/R+IL-10end. 

Separatee values of endogenous and rrIL-10 could not be determined by ELISA. IL-10 levels 

weree significantly more elevated in I/R+saline compared to I/R+antiIL-10 at all time points 

Figuree 3. MPO activity in liver  (A) and lung 
(B)) homogenates measured after  24 hours of 
reperfusion n 
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Inn livers, MPO activity was significantly higher in all I/R 
groupss compared to SHAM + IL-10 (p<0.02). In lungs, 
MPOO activity was significantly higher in I/R+saline and 
I/R+antiIL-100 compared to SHAM+IL-10 (p<0.01). * 
Significantlyy higher compared to I/R+IL-10pre ischemia 
andd I/R+IL-10end ischemia (p<0.05). # Significantly higher 
comparedd to I/R+IL-10end ischemia (p<0.05). 

afterr ischemia (data not shown). In the I/R+saline group, IL-10 levels reached peak values of 

55 pg/mL, after 30 min reperfusion. Administration of anti IL-10 resulted in IL-10 

levelss falling below the detection level (data not shown). 

Hepaticc MPO activity was significantly elevated in all I/R groups compared to SHAM+IL-10 

244 hours after ischemia (Fig. 3a). MPO levels were significantly decreased in the I/R+IL-10pre 

andd I/R+IL-10end groups as compared to the I/R+antiIL-10 group, but not when compared to 

thee I/R+saline group. To evaluate distant organ damage and inflammation, MPO activity was 

measuredd in lung homogenates (Fig. 3b). No significant increase was detected in both I/R+IL-
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lOpree and I/R+IL-lOend compared to SHAM+IL-10. Compared to I/R+saline, MPO activity in 

thee lungs was significantly lower in SHAM+IL-10 and I/R+IL-10end. Compared to I/R+antiIL-

10,, MPO activity was significantly lower in SHAM+IL-10, I/R+IL-10pre and I/R+IL-10end. 

Figuree 4. Histopathology scores after  24 hours 
off  reperfusion 

AA semiquantitative score (0-14) was used for assessment 
off  necrosis (0-5), hepatocellular vacuolization (0-5) and 
leukocytee accumulation (0-4). Histopathology scores 
weree significantly higher in all I/R groups compared to 
SHAMM + IL-10 (p<0.05). " Significantly higher compared 
too I/R + IL-10pre ischemia, I/R+IL-10end ischemia and 1/ 
R+salinee (p<0.01). * Significantly different from I/R+IL-
lOpree and I/R+IL-10end (p<0.02). 

Figuree 5. Apoptosis (rate of cleaved caspase-3 
positivee cells, A) and hepatocyte proliferatio n 
(ratee of M1B-5 positive cells, B), after  24 hours 
off  reperfusion 
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Thee rate of apoptotic cells was significantly higher in 
alll  1/R groups compared to SHAM + IL-10, except 1/ 
RR + lL-10pre ischemia (p<0.02). The rate of proliferating 
cellss was significantly higher in I/R+IL-10pre ischemia 
comparedd to SHAM+IL-10 (p<0.05). * Significantly 
differentt from I/R+IL-10pre ischemia and I/R+IL-10end 
ischemiaa (p<0.05). # Significantly different from I/R+IL-
lOpree ischemia (p<0.05). & Significantly different from 
I/R+salinee and I/R+antiIL-10 (p<0.05). 
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Histopathologyy score 

Thee histopathology score was significantly elevated in all I/R groups compared to SHAM+IL-

100 24 hours after ischemia (Fig. 4). Al l groups had a significantly lower score compared to 

I/R+antilL-10.. Compared to I/R+saline, all groups had a significantly lower score, except 

I/R+antiIL-10.. Necrosis, when detectable, was located periportally as well as pericentrally, 

showingg clear demarcation between healthy and necrotic tissue. Vacuolization occurred 

mainlyy in hepatocytes between healthy and necrotic parenchyma. Leukocyte accumulation 

wass found around as well as within necrotic areas (Fig. 6). 

Apoptoticc activity 

244 Hours after ischemia, the rate of cleaved caspase-3 positive cells was significantly increased 

inn all groups except in I/R+IL-10pre, compared to SHAM+IL-10 (Fig. 5a). I/R+saline showed 

significantlyy more caspase-3 positive cells compared to I/R+IL-10pre. I/R+antiIL-10 showed 

moree caspase-3 positive cells compared to I/R+IL-10pre and I/R+IL-10end, but not when 

comparedd to I/R+saline (Fig. 6). In addition, there was a trend towards increased apoptotic 

activityy in H&E slides of the I/R+antiIL-10 group (data not shown). 

Figuree 6. Micrographs of H&E and cleaved caspase-3 stained sections 
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Letterss represent the following: A+F: SHAM+IL-10, B+G: I/R+saline, C+H: I/R+antiIL-10, D+I: I/R+IL-10pre 
ischemiaa and E+J: I/R+IL-10end ischemia. H&E sections (A-E) show necrosis (N), hepatocellular vacuolization 
(V)) and leukocyte accumulation (arrow), mainly in B and C. Necrotic areas appear well demarcated (B). 
Vacuolizationn is mainly found between healthy and necrotic tissue. Leukocyte accumulation occurs around as 
welll as within necrotic areas. Apoptotic hepatocytes (F-() are mainly found in B and C. 

Hepatocytee proliferation 

Hepatocytee proliferation, as measured by MIB-5 positive hepatocytes, was significantly 

higherr in I/R+IL-10pre compared to SHAM+IL-10, I/R+saline and I/R+antiIL-10 (Fig 5b). 

Noo significant differences were found after 24 hours reperfusion in I/R+saline, I/R+antiIL-10 
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orr I/R+IL-10end compared to SHAM+IL-10. In addition, in H&E slides, mitotic bodies were 

alsoo primarily found in the l/R+IL-10pre group (data not shown). 

Discussion n 

Inn this study, the effect of exogenous as well as endogenous IL-10 was examined in a rat 

modell  of 70% liver ischemia and reperfusion. Special attention was paid to the onset of the 

inflammatoryy response and the balance between apoptosis and proliferation after I/R. The 

rolee of endogenous IL-10 in attenuating organ damage after I/R is controversial. In an IL-

10-/-- knockout model, several studies report a beneficial effect of endogenous IL-10 on I/R 

injuryy 22"24, However, endogenous IL-10 was not protective in a study focusing on intestinal 

I/RR injury 2'. In the present study, blocking endogenous IL-10 by IL-10 neutralizing antibody 

resultedd in a significant increase in AST/ALT values after ischemia compared to control I/R 

animals.. Also, damage and inflammation on microscopical examination was significantly 

worsee in anti-IL-10 treated animals as compared to all other groups. IL-6 production was 

nott higher in anti-IL-10 treated animals suggesting that the protective effect of endogenous 

IL-100 is not accompanied by less IL-6 production. Therefore, IL-6 does not seem to play 

ann important role in the inflammatory response leading to more tissue damage when 

endogenouss IL-10 is blocked. 

Inn a number of studies on intestinal I/R, exogenous IL-10 seemed to protect intestinal mucosa, 

butt on the other hand increased hepatocellular injury after I/R 2:,2H. In contrast, IL-10 

administrationn diminished liver damage in a mouse model of hepatic I/R 29 3(). In the present 

study,, the administration of exogenous IL-10 resulted in less liver parenchymal damage as 

comparedd to anti-IL-10 treated animals as well as control I/R animals. These differences were 

mostt pronounced after 24 hours reperfusion. Also, the inflammatory response measured by 

IL- 66 levels and tissue MPO levels, was attenuated by exogenous IL-10 treatment. Exogenous 

IL-10,, however, did not have additional effect on leukocyte accumulation in the liver, as 

measuredd by liver MPO levels, compared to endogenous IL-10. 

Itt is known that hepatic I/R injury can lead to inflammatory changes in distant organs, 

predominantlyy in the lungs. In humans, this can lead to the adult respiratory distress 

syndromee (ARDS). Eventually, inflammatory changes can give rise to injury in other organs, 

culminatingg in multiple organ failure (MOF) and even death. In the present study, lung MPO 

levelss were 10 times more elevated than liver MPO levels, and were significantly reduced by 

exogenouss IL-10, when administered at the end of the ischemic period. It should be taken into 

accountt that besides distant inflammation caused by I/R, ventilation of the animals also may 

causess an inflammatory reaction in the lungs. However, it is unlikely that differences in lung 

MPOO levels between groups in this study was caused by ventilation, because all animals were 

equallyy ventilated. Previous studies from our laboratory have clearly shown the advantages of 

ventilationn by maintaining adequate end-tidal CO, levels and normal pH 18. 

Itt has been shown that ischemic preconditioning before I/R reduces tissue injury through 

IL-100 overproduction ' . Ischemic preconditioning also impairs liver regeneration after 

ischemiaa combined with partial liver resection 31. IL-6, on the other hand, has been 

reportedd to promote hepatocyte proliferation after I/R in rodents and reverses impaired liver 
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regenerationn after partial liver transplantation preceded by cold ischemia 1 :'32. These studies 

suggestt that IL-10, by inhibiting IL-6 production, also inhibits the regenerative response after 

hepaticc I/R. In this study, however, I/R combined with rrIL-10 administration resulted in an 

increasedd regenerative response compared to rrIL-10 administration without ischemia. Also, 

significantlyy more MIB-5 positive cells were found in the I/R+1L-10 groups as compared to 1/ 

R+saline.. Hence, exogenous IL-10 administration did not impair hepatocyte proliferation, but 

onn the contrary, enhanced hepatocellular proliferation. Along with increased proliferation, 

apoptosiss was inhibited by I/R+IL-10 administration as compared to the I/R+saline and 1/ 

R+antiIL-100 groups. It can therefore, be concluded that rrIL-10, by inhibiting IL-6, did not 

preventt proliferation, nor stimulate apoptosis after I/R. This suggests that other systems 

underr the influence of IL-10, play a role in the proliferation and apoptosis pathways during 

hepaticc I/R. RrIL-10 was administered at two different time points in this study. These were 

chosenn to examine wether rrIL-10 can be used to prevent I/R induced injury, and wether 

rrIL-100 produces better results when administered after the ischemic insult, just before 

reperfusion.. While parameters such as AST/ALT and MIB-5 showed a trend, bile production 

showedd a significant advantage of rrIL-10 administration prior to ischemia compared to 

rrIL-100 administration at the end of the ischemic period. As mentioned above, MPO levels, 

however,, were lower in I/R+IL-10end, although not statistically significant. Therefore, no 

clearr advantage for either time point of administration was found. 

Inn conclusion, the results of this study clearly demonstrate the protective effect of endogenous 

IL-100 and even more of exogenous rrIL-10 in a rat model of hepatic I/R. RrIL-10 administration, 

inn contrast to what has been reported in literature, also sustains a regenerative response after 

I/RR of the liver. RrIL-10 administration can therefore be useful to prevent 1/R injury and to 

promotee liver regeneration after partial liver resection with temporary inflow occlusion. 
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Abstract t 

Background.. Lipopolysaccharides mediate inflammation in liver ischemia-reperfusion (I/R) 

andd partial liver resection (PHX). Bovine intestinal alkaline phosphatase {BIAP) detoxifies 

lipopolysaccharidess by dephosphorylation and reduces inflammation in sepsis models. This 

studyy examines the protective effects of BIAP administration in models of partial (70%) liver 

I/RR with or without PHX of all non-ischemic lobes during ischemia (30%). 

Methods.. Male Wistar rats (n=44) were divided into 6 groups: 1/R+B1AP, I/R+saline, 1/ 

R+PHX+BIAPP and 1/R+PHX+saline; controls had PHX or sham laparotomy only. Single dose 

BIAPP (0.5 lU/g) or vehicle (saline) was administered 5 min before reperfusion. Inflammatory 

response,, hepatic and pulmonary injury were assessed during 24 hours reperfusion. 

Results.. I/R, with or without PHX, increased all inflammatory, hepatic and pulmonary 

damagee parameters (p<0.05 vs. sham). I/R+PHX significantly increased AST/ALT release 

andd hepatic neutrophil influx as compared to I/R only (p<0,05). BIAP treatment decreased 

hepaticc wet/dry-ratios, neutrophil influx and histopathological damage after I/R (p<0.05), and 

alsoo AST/ALT and IL~6 production after I/R+PHX (p<0.05). Pulmonary wet/dry-ratio and 

neutrophill  influx decreased after I/R by BIAP treatment and pulmonary histopathological 

injuryy was reduced after I/R+PHX by BIAP treatment. 

Conclusions.. These data show that BIAP attenuates hepatic and concomitant pulmonary 

injuryy after partial liver I/R and partial liver resection. 
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Introduction n 

Inn hepatic surgery, such as with partial liver resection (PHX), continuous or intermittent 

clampingg of the hepatic artery and portal vein is frequently applied to reduce intraoperative 

bloodd loss (Pringle manoeuvre) l-2. The ensuing ischemia and reperfusion (I/R) potentially 

resultt in metabolic, immunologic and microvascular changes 3. Bacterial translocation is one 

off  the phenomena occurring during liver resection and hepatic I/R 4 6. Intraluminal micro-

organismss migrate across the intestinal mucosa to the systemic circulation mainly via the 

portall  vein and directly through the peritoneum, and to a lesser extent via mesenteric lymph 

nodes,, thoracic duct and other organs, leading to bacteraemia 5 7 9. 

Lipopolysaccharidess (LPS) from Gram-negative bacteria play an important role in stimulating 

inflammatoryy responses, leading, among others, to remote injury in the lungs 5i 10. Therefore, 

liverr I/R induces in addition to hepatic injury also systemic effects (e.g. release of cytokines) 

causingg pulmonary injury Hi 12. Previous studies on liver I/R, using bactericidal/permeability-

increasingg protein (BPI) or antibodies against LPS, demonstrated reduced cytokine responses 

andd decreased pulmonary damage both in animals and in humans i3"16. Therefore, LPS seems 

too be an important mediator in hepatic I/R injury. 

Previouss studies in vitro and in vivo showed dephosphorylation of LPS through intravenous 

(i.v.)) administration of exogenous alkaline phosphatase (AP) 17> 18. In studies of combined 

injectionn of alkaline phosphatase with LPS or living bacteria and in a model of peritonitis 

inn which LPS/bacteria were not injected but derived from the animals own commensal 

flora,, alkaline phosphatase reduced inflammatory responses in terms of reduced cytokine 

responsess and neutrophil influx 19~22. In peritonitis, a protective effect of AP administration 

onn hepatic injury was demonstrated at the same time 22. These findings suggest AP could be 

aa promising therapeutic agent in hepatic I/R. 

Inn most animal models of hepatic I/R, liver ischemia is inducedd in part of the liver (up to 90%) 

too assure adequate drainage of portal blood from the intestines, thus preventing (potentially) 

fatall  splanchnic congestion. As a consequence, part of the liver is continuously perfused and 

bloodd is preferentially shunted through the non-ischemic lobes 23. In the clinical situation 

however,, vascular inflow occlusion may be applied by clamping the hepatic pedicle (Pringle 

manoeuvre),, thus inducing total hepatic ischemia '. An animal model of partial (70%) 

liverr ischemia combined with a resection of all non-ischemic liver lobes (30%) just before 

reperfusionn prevents splanchnic congestion but exposes all remnant liver tissue in situ to 

post-ischemicc reperfusion, thus reflecting the clinical situation 24. 

Thee aim of this study was to examine the effects of BI AP administration on hepatic injury as 

welll  as cytokine response and concomitant pulmonary injury in two settings, i.e. partial liver 

I/RR and the combination of liver I/R with partial liver resection, respectively. 
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Methods s 

BIA P P 

Clinicall  grade BIAP from Biozyme (Blaenavon, UK) was kindly donated by AM-Pharma 

(Bunnik,, the Netherlands). BIAP was diluted with saline (0.9% NaCl, Fresenius Kabi, 's-

Hertogenbosch,, the Netherlands) just before administration. BIAP or vehicle (saline) was 

injectedd in the penile vein 5 minutes prior to reperfusion as a single intravenous dose of 0.5 

IU/gramm body weight (approx. 50-100 times above blood levels). BIAP activity was measured 

byy routine laboratory testing. 

Experimentall  design 

Malee Wistar rats (285-310 g, Harlan, Horst, the Netherlands) were acclimatized for one 

weekk under standardized laboratory conditions in a temperature-controlled room with a 

12h-light/darkk cycle with standard chow and water ad libitum, and maintained under the 

samee conditions after surgery. This study was approved by the Animal Ethics and Welfare 

Committeee of the Academic Medical Center, University of Amsterdam, Amsterdam, the 

Netherlands.. Rats were divided into 6 different groups. Two groups (n = 8 /group) had only 

partiall  I/R with BIAP or saline (I/R+BIAP and I/R+saline, respectively). Two groups (n - 8 / 

group)) had partial I/R with PHX and received BIAP or saline treatment (I/R+PHX+BIAP and 

I/R+PHX+saline,, respectively). Control rats (n = 6 /group), all receiving BIAP, had PHX only 

(PHXX group) or only median laparotomy (sham group). Since we expected littl e variation 

andd hardly any damage, the number of animals in the control groups was reduced after 

consultingg a statistician. 

I/RR procedure 

Al ll  rats were anesthetized by inhalation with a mixture of N 20 : 02 (1:1 V/V, 2 1/min) and 

isofluranee 2.0-2.5% (Florene, Abott laboratories, Queensborough, UK). After endotracheal 

intubationn (14G Venflon', Becton Dickinson, Franklin Lakes, NJ), rats were ventilated 

(Zooventt ventilator, Instruvet, Amerongen, the Netherlands); anaesthesia was maintained 

withh the same mixture. Adequate ventilation was confirmed by continuous measurement of 

end-tidall  CO?, assuring physiological pH during the entire procedure. Rats were positioned 

onn a heating pad and a rectal temperature probe (HP temperature module M 1029A, Agilent 

Technologiess Netherlands B.V., Amstelveen, the Netherlands) was inserted up to two 

centimetress in the rectum. Rectal temperature was maintained at 37.0 °C 1 °C). After 

disinfectionn with iodine, midline laparotomy was performed and the liver was mobilized. 

Partiall  (70%) liver ischemia was induced by clamping the vessels to the median and left lateral 

lobess with a microvascular clamp (Aesculap' AG, Tuttlingen, Germany) for 60 minutes after 

whichh blood supply was restored by releasing the clamp (reperfusion) 2:\ Control groups had 

similarr manipulations of the liver hilus without clamping (no ischemia), and were kept under 

anaesthesiaa for an equal time period. The abdomen was closed in two layers using a 4/0 

Vicryll  suture (Ethicon), and the animals were allowed to wake up. Adequate post-operative 

analgesiaa was achieved by administering buprenorphine (2.5-3.0 ml/kg subcutaneous, 
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Temgesic,, Schering-Plough, Utrecht, the Netherlands). Twenty four hours after start of 

reperfusion,, rats were sacrificed. Blood, liver and lungs were collected. 

I/R+PHXX procedure 

Ratss underwent partial ischemia as described above, except that the ischemic period was 

reducedd to 30 minutes, during which 30% PHX was performed by resecting all non-ischemic 

liverr lobes 24. Briefly, the quadrate, caudate and right lateral lobes were identified, and 

sequentiallyy ligated (Vicryl 3/0, Ethicon', Johnson&Johnson Intl, St-Stevens-Woluwe, Belgium) 

andd resected 5-10 minutes before reperfusion. Therefore, splanchnic congestion occurred only 

veryy shortly. Six rats underwent PHX as described above without I/R. In the I/R procedure, 

ischemicc time was set at 60 minutes to assure sufficient hepatic damage, whereas in this 

combinedd I/R+PHX procedure, ischemic time had to be reduced to prevent hepatic failure 26. 

Sampling g 

Justt before sacrifice by exsanguination, the common bile duct was cannulated with a 

polyethylenee catheter (0 0.4 mm) and bile was collected for exactly 15 minutes. The amount 

off  bile was measured using a pipette. Total liver weight was measured using a scale. Bile 

productionn in mg/ml/h was calculated by the formula: bile in 15 minutes (pi) x 4 / 1000 / 

liverr weight (g). 

Bloodd samples were collected in heparin or EDTA containing microtainers (Becton 

Dickinson)) from the caval vein and the tail vein, pre-ischemia, 30 minutes, 6 and 24 hours 

afterr reperfusion, respectively; blood was centrifuged (1200 xg, 10 minutes, 4 °C) and plasma 

wass stored at -80 °C. AST, ALT and alkaline phosphatase plasma activities were tested by 

routinee laboratory activity assay. Cytokines tumor necrosis factor-alpha (TNF-a), interleukin 

(IL)) -IB, IL~6 and IL-10 were measured by Lincoplex assay (Linco, St Charles, MI) based upon 

thee ELISA principle using a Luminex machine, according to the manufacturer's instructions 

(detectionn limi t 5 pg/ml). 

Organn processing and histopathology 

Liverss and lungs were fixed in 4% buffered formaldehyde and routinely processed for 

haematoxylinn and eosin (H&E) staining using 4 um paraffin sections. Multiple sections were 

scoredd blindly by two independent observers. Both median (ischemic) and caudate (non-

ischemic)) liver lobes were scored on a semi-quantitative basis for the degree of steatosis, 

oedema,, inflammation, necrosis and fibrin depositions (total score 17). Lungs were scored 

forr pleuritis, thrombus formation, oedema, thickened septa and influx of inflammatory cells 

(mainlyy neutrophils)(total score 11) 2h,27. 

Oedemaa was assessed by calculating the percentage of water in the tissue. Wet weights of 

thee left lateral (ischemic) and right lateral (non-ischemic) liver lobes and left inferior lung 

lobee were measured using a scale. Tissues were subsequently kept in a stove at 60 °C, and dry 

weightt was determined by the same scale when weight remained unchanged (approx. 14 days). 

Percentagee of water was calculated by the formula: 1 - (dry weight / wet weight) x 100%. 
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Myeloperoxidasee (MPO) assay 

Too assess neutrophil influx, MPO was measured as described elsewhere with some 

modificationss m 29. Briefly, lung and liver tissue from the median (ischemic) lobe were 

homogenizedd in 5 mM sodium phosphate buffer. Protein content was analyzed by a standard 

proteinn assay kit (Pierce, Rockford, IL) according to manufacturer's descriptions (detection 

limi tt 0.2 mg/ml). Remaining homogenate was centrifuged (10,000 xg, 10 min, 4 °C) and the 

pellett was resolved in buffered 0.5% hexadecyltrimethyl ammonium bromide with 10 mM 

EDTA.. After freezing and thawing three times, samples were pottered and sonifkated. Liver 

sampless were then incubated for 2 hours at 60 °C to remove all heat unstable proteins (MPO 

iss heat stable). Then, samples were centrifuged (8400 xg, 10 min, 4 °C). The supernatant was 

collectedd for MPO activity measurements. O-dianisidine dihydrochloride (Sigma Chemical 

Co.,, St Louis, MO) and 0.001% H 202 (Merck, Darmstadt, Germany) were added. The change 

inn absorbance was measured spectrophotometrically (Bio-Tek Instruments, Winooski, VM) 

att 450 nm during 10 min. The maximum slope of the linear part of the tracing was used for 

analysis.. The absorbance of a blank was subtracted from the samples. One Unit is defined as 

thee amount of enzyme necessary to produce a change in absorbance of 1.0 per minute. MPO 

activityy is expressed as Units per mg protein. 

Dataa analysis 
Statisticall  Package for the Social Sciences (SPSS 12.0, SPSS Inc, Chicago, IL) for Windows 

wass used for data analysis. Values represent mean  SEM, unless indicated otherwise. For 

measurementss over a time period (AST, ALT), ANOVA for repeated measurements was 

performedd with LSD post-hoc testing. Kruskal-Wallis test was performed for comparisons 

att one time point for all groups together. If p<0.05, Mann-Whitney tests were performed 

afterwardss between two groups. Significance was assumed when p<0.05. NS - not significant. 

Results s 

BIAPP recovery 

BIAPP activity was assessed by measuring AP plasma activity after administration. Al l animals 

receivingg BIAP had elevated AP activity in plasma (> 5000 IU/1) shortly after the start of the 

reperfusionn phase, whereas saline treated animals had normal AP activity levels (182  11 

IU/1;; p<0.01). Administered BIAP was cleared rapidly from the circulation in all animals. 

Shamm and PHX alone groups demonstrated a plasma half life of approximately 8 minutes 

afterr administration of BIAP. After 6 and 24 hours, AP plasma activities had returned back 

too pre-ischemic levels in the sham and PHX groups. After 6 and 24 hours after start of 

reperfusion,, AP activity in the I/R groups was still slightly increased after BIAP treatment 

(2311 + 6 and 224  9 IU/1, respectively; p<0.05 vs. pre-ischemia), but not after saline treatment 

(1999  12 and 199  16 IU/1, respectively). In the I/R+PHX groups, AP plasma activity was 

significantlyy increased after 6 and 24 hours in BIAP treated animals (252  24 and 234  19 

IU/1,, respectively; p<0.05 vs. pre-ischemic levels). In saline treated I/R+PHX rats, AP plasma 
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Bovinee intestinal alkaline 
phosphatasee (B1AP) reduces 
ASTT and ALT plasma activity 
afterr ischemia-reperfusion (1/ 
R)) with partial liver resection 
(PHX),, but not after I/R alone. 
Ratss were subjected to 70% 
ischemia-reperfusionn of the 
liverr with or without PHX of 
thee remaining lobes during 
ischemia.. BIAP was administered 
0.55 IU/g intravenously 5 min 
pre-reperfusion. . 

activityy was increased after 24 hours (211  7 IU/1; p<0.05 vs. pre-ischemia), indicating that 

I/R+PHXX per se, results in slight elevation of (endogenous) AP plasma activity. 

Hepatocellularr damage and liver function 

Hepatocellularr damage was quantified by measuring AST and ALT release in plasma (Figure 

1A&B).. AST and ALT activities rapidly increased in all I/R groups (with or without PHX) with 

elevatedd levels already after 30 minutes reperfusion when compared to pre-ischemic levels. AST 

andd ALT activities were continuously elevated during the entire reperfusion phase compared 

too sham operated animals (p<0.05 and p<0.01, respectively), which showed no changes in AST 

andd ALT activities. PHX did not significantly increase AST and ALT levels (p=NS vs. sham), 

whereass the combination of 1/R+PHX significantly increased AST and ALT plasma activity 

ass compared to I/R only (p<0.05 I/R+PHX vs. I/R). BIAP treatment reduced AST and ALT 

activitiess after I/R+PHX as compared to saline treatment (p<0.01), but not after I/R alone. 

Al ll  rats had an average bile production rate of 0.07  0.02 ml/h/gram liver weight, except those 

inn the I/R+PHX groups, which had significantly high bile production rates (0.11  0.03 ml/h/g 

liver;; p<0.05). BIAP treatment had no effect on bile production compared to saline treatment. 

Cytokinee responses 

TNF-aa and IL-i p plasma concentrations were below detection limit . Highest 1L-6 plasma 

concentrationss were observed after 6 hours reperfusion after I/R with or without PHX (p<0.05 

vs.. sham; Figure 2A). PHX alone had no effect on IL-6 plasma concentration (p=NS vs. saline). 

Figuree 1. Plasma Aspartate aminotransferase (AST) and alanine 
aminotransferasee (ALT) activity 

AST T 
I/R-BIAP P 
1/R-saline e 
I/R+PHX-BIAP P 
I/R+PHX-saline e 
PHX X 

I/R-BIAP P 
I/R-saline e 
I/RR + PHX-BIAP 
1/R+PHX-saline e 
PHX X 

pree I 24hh R 
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Figuree 2. Plasma interleukin(IL)-6 (A) and IL-10 (B) levels 

A A 

15--
II  I1/R + B1AP 

^ MM I/R+saline 

^S I /R+PHX+BIAP P 

E ^ I / R + P HXX + saline 

ÉH33 PHX 

24hh R 

30 0 

aa 10 
~Z~Z sham I I M M E E I I u. . 

1I/R+BIAP P 

II  I/R+sa!ine 

]]  I/R+PHX+BIAP 

11 I/R+PHX+saline 

!PHX X 

pree I 6hR R 24hh R 

1L-66 plasma peak levels at 6 

hourss reperfusion were reduced 

byy BIAP treatment after 1/R 

withh PHX and IL-10 peak levels 

showedd the same trend. 1L-6 

andd IL-10 levels of sham rats are 

indicatedd by the horizontal line 

(1.44  0.7 pg/ml and 7.4  0.6, 

respectively).. # p<0.05 vs. sham, 

**  p<0.05 vs. I/R+PHX + saline 

(Mann-Whitney). . 

Administrationn of BIAP reduced IL-6 response in the I/R+PHX group (p<0.05) but not 

afterr I/R alone, as compared to saline treated animals. IL-10 levels increased after I/R with 

orr without PHX, although not significantly different from sham animals (Figure 2B). BIAP 

treatmentt showed a similar trend of reduction of IL-10 levels in the I/R+PHX groups (p=0.1 vs. 

I/R+PHX+saline). . 

Hepaticc and pulmonary inflammatory responses 

Percentagee of water in ischemic and non-ischemic liver lobes was increased after I/R with or 

withoutt PHX compared to sham (p<0.01, Figure 3). PHX alone did not significantly increase 

waterr content of the remnant liver (p=NS vs. sham). After both I/R and I/R+PHX, BIAP 

treatedd rats showed significantly reduced water content compared to their saline controls 

(p<0.01).. Also in the non-ischemic lobes after I/R, increased water content was observed 

(p<0.011 vs. sham), which was likewise reduced by BIAP treatment (p<0.05 vs. saline, Figure 

3).. In the I/R+PHX model, non-ischemic lobes were resected and thus, were not examined 

forr water content. No differences in water content in the lungs were observed between all 

groupss (78-79% in all groups, data not shown). 

Neutrophill  activity was assessed by MPO activity in liver and lung homogenates. Hepatic 

MPOO activity increased after I/R with or without PHX compared to sham (p<0.01 and 

p<0.05,, respectively; Figure 4A), as did PHX only (p<0.05). Note that the combination of 

I/RR plus PHX increased the MPO activity much more than I/R alone or PHX alone (both 

p<0.05).. BIAP treatment reduced hepatic MPO activity compared to their saline controls 

afterr 1/R and I/R+PHX (both p<0.05). Pulmonary MPO activity increased significantly after 
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Figuree 3. Hepatic water content in ischemic and non
ischemicc lobes 

Hepaticc I/R with or without PHX increased 
hepaticc water content in previously ischemic 
lobess and non-ischemic lobes, which 
wass reduced by bovine intestinal alkaline 
phosphatasee (BIAP). # p<0.01 vs. sham, * 
p<0.055 and **  p<0.01 vs. saline equivalent, t 
p<0.055 vs. I/R+PHX+saline (Mann-Whitney). 

Figuree 4. Hepatic (A) and pulmonary (B) myeloperoxidase 
(MPO)) activity 

AA liver 

Hepaticc MPO activity was reduced by BIAP 
treatmentt after I/R with or without PHX. 
Pulmonaryy MPO activity was reduced 
byy BIAP treatment after I/R, but not after 
I/R+PHX.. # p<0.05 or ## p<0.01 vs. sham, 
**  p<0.05 or **  p<0.01 vs. saline equivalent, t 
p<0.055 vs. I/R+PHX (Mann-Whitney). 
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Figuree 5. Hepatic and pulmonary histopathology scores 

.55 sham 

B1APP treatment improved histopathology 
scoress of both liver and lungs after I/R with 
orr without PHX. # p<0.05 or ## p<0.01 
vs.. sham, * p<0.05 or " p<0.01 vs. saline 
equivalentt (Mann-Whitney). 

I/RR (p<0.05 vs. sham), and was reduced by BIAP treatment (p<0.05; Figure 4B). Although 

MPOO activity was increased after I/R+PHX, this was not significantly different compared to 

sham.. There was no effect of PHX alone on pulmonary MPO activity. 

Hepaticc and pulmonary histopathology 

Histopathologicall  damage in both ischemic and nonischemic liver parenchyma as well as 

inn lung parenchyma was assessed by semi-quantitative scoring. I/R with or without PHX, 

causedd significant damage to liver parenchyma, as was shown by increased histopathology 

scoress as compared to sham operated animals and PHX alone (all p<0.01; Figure 5). PHX 

itselff  induced no significant hepatic injury in the remnant liver (p=NS vs. sham). Significant 

damagee was observed in the non-ischemic (right lateral) lobes of I/R groups compared to the 

samee lobes of sham animals without ischemia (p<0.01), although histopathology scores were 

muchh lower in non-ischemic lobes as compared to ischemic lobes after reperfusion. BIAP 

treatedd rats showed less extensive injury in both ischemic and non-ischemic lobes after I/R, 

ass compared to saline control rats (p<0.05). Also in the I/R+PHX groups, BIAP treatment 
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reducedd histopathology scores (p<0.05) as compared to saline treatment. Pulmonary 

involvementt was demonstrated by increased histopathology scores after PHX, I/R and the 

combinationn I/R+PHX when compared to sham (p<0.01). BIAP administration reduced 

histopathologyy scores in the lungs after I/R with or without PHX (p<0.05). 

Discussion n 

Largee liver resections are accompanied by injury of the remnant liver, the more so when the 

Pringlee manoeuvre is applied to reduce blood loss, resulting in additional I/R injury 2. Hepatic 

I/RR injury is known to cause remote pulmonary injury 3' 5'10. Thirty percent liver resection 

inn this study, did not result in substantial injury within the remnant liver or within the lungs 

ass compared to sham operation, as was demonstrated by limited neutrophil influx (MPO) 

andd histopathology scores of both liver and lungs 30, Partial I/R of the liver for 60 minutes 

resultedd in substantial hepatic and pulmonary damage. From literature and from previous 

studiess in our laboratory, it is known that 30 minutes of 70% ischemia wil l result in mild, 

reversiblee damage 31- n . The combination of 30% PHX with 60 minutes ischemia, however, 

invariablyy resulted in lethal hepatic injury (results not shown). Therefore, ischemic time was 

reducedd from 60 to 30 minutes in the I/R+PHX groups. Despite the reduced ischemic time, 

thee combination of I/R and PHX significantly aggravated hepatic and pulmonary injury in 

relationn to I/R alone or PHX alone. 

Thee observed increased injury of I/R + PHX is likely the result of two factors. Firstly, the 

impactt of LPS on hepatic injury is more substantial in I/R+PHX than in partial I/R alone, 

becausee in the latter, there still is "healthy" non-ischemic liver parenchyma in situ for 

detoxificationn 33. Secondly, after partial I/R, preferential shunting to the non-ischemic lobes 

occurss bypassing the damaged liver parenchyma, whereas in I/R + PHX, increased blood 

floww through the remnant liver compromises the already disturbed microcirculatory state 

off  the post-ischemic parenchyma, augmenting hepatocellular injury 23- 33' 34. Remarkably, 

despitee the increased injury in the I/R + PHX group, metabolic activity of the liver remnant 

wass increased as shown by significantly increased bile production per gram liver. This 

phenomenonn was also noted in previous animal liver resection models 33>34. 

Afterr partial hepatic I/R, BIAP treatment reduced hepatic inflammatory responses as was 

demonstratedd by reduced tissue oedema and neutrophil influx. Concomitantly, pulmonary 

injuryy and neutrophil influx were reduced by BIAP treatment. However, no significant effects 

off  BIAP treatment on AST and ALT release and cytokine production were observed after 

I/R.. The extent of injury after partial hepatic I/R probably is too low to benefit from BIAP 

treatment.. Also, LPS can be eliminated by the non-ischemic lobes as blood is preferentially 

shuntedd to these lobes following reperfusion 23. 

Afterr I/R with PHX, BIAP treatment reduced AST and ALT release, hepatic oedema and 

MPO,, indicating that LPS plays a role by inducing parenchymal hepatic injury in this 

combinedd model of hepatic I/R and PHX. Also IL-6 production and, to a lesser extent, 

pulmonaryy injury, which are both known to be caused by LPS were decreased after BIAP 

treatmentt 12~16. 
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Theree are several reasons why BIAP treatment is more effective in I/R+PHX than in I/R 

alone.. Due to PHX, all blood and thus all LPS was exposed to the damaged liver during the 

reperfusionn phase. Since the liver is involved in LPS clearance, this also might be impaired 

afterr PHX, especially in combination with I/R 18. Therefore, LPS challenge had more impact 

afterr I/R+PHX than after I/R alone. Another factor is that BIAP is mainly cleared by the 

liverr with a plasma half life of 5-10 minutes 2Z 36. Impaired clearance due to PHX, wil l 

resultt in more prolonged elevated AP plasma activity after BIAP treatment. Therefore, the 

combinationn of greater hepatic injury, more profound LPS challenge and persisting high 

alkalinee phosphatase activity levels, render BIAP treatment more successful in I/R+PHX 

thann I/R alone. 

Whetherr dephosphorylation of LPS is the mechanism behind this effect, could not be proven 

explicitlyy in this study, because the Limulus assay, the golden standard to measure LPS, does 

nott discriminate between LPS and dephosphorylated LPS 19. Alternatively, phosphate release 

cann be assessed as measure of dephosphorylation, but, this assay can not be performed 

inin vivo KS. Also, the endocarp test can not be applied in this situation 3'. The specific 

dephosphorylatingg action of BIAP on LPS has, however, been clearly proven in previous in 

vitrovitro studies 18'19. Also, the proof of principle of simultaneous LPS and BIAP administration 

hass been performed in two different in vivo studies 19'2l). Furthermore, injection of living 

bacteriaa combined with BIAP has demonstrated the same principle 2 i. The effectiveness of 

BIAPP has ultimately been demonstrated in a model of fecal peritonitis, in which the LPS/ 

bacteriaa were not injected but derived from the animal's own commensal intestinal flora 'n. 

Therefore,, the efficacy of BIAP administration has been well demonstrated before. 

Althoughh inhibition of endogenous alkaline phosphatase synthesis has been shown to 

increasee hepatic injury after LPS challenge, endogenous alkaline phosphatase probably plays 

onlyy a minor role in this study 38. Plasma AP activity did not increase significantly after I/R 

throughoutt the entire reperfusion phase. In the I/R+PHX rats, AP plasma activity increased 

forr approximately 10-20 % after 24 hours reperfusion when compared to pre-ischemic levels. 

Administrationn of exogenous AP (BIAP) increased plasma AP activity more than 3000%. 

Inn conclusion, these results demonstrate that administration of bovine intestinal alkaline 

phosphatasee appears a promising therapeutic tool to attenuate both hepatic and pulmonary 

injuryy after liver ischemia-reperfusion and partial liver resection. 
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Abstract t 

Introduction.. In situ hypothermic perfusion (HP) can be applied to attenuate ischemia 

andd reperfusion (I/R) injury during liver resection under total vascular exclusion (TVE). 

Thiss study examines the protective effect of cooling by HP at 20°C and 28°C as compared 

too no HP during TVE in a porcine liver I/R model. 

Methods.. Twenty-one pigs underwent 60min TVE of the liver followed by 24h reperfusion. 

HPP was performed via the portal vein using ringer-lactate solution of 4°C. Pigs were assigned 

too three groups: TVE without HP (no-HP, n=9), TVE with HP at 28°C (HP-28, n=6) and 

TVEE with HP at 20°C (HP-20, n=6). 

Results.. Perfusion volumes during TVE were 5 L and 7 L in HP-28 and HP-

20,, respectively (p<0.05). Aspartate aminotransferase (AST) after 24h reperfusion was 

00 U/L in no-HP as compared to 9 U/L and 2 U/L in HP-28 and HP-

20,, respectively (p<0.05). No differences in liver function or histopathology were found 

betweenn the HP-28 and HP-20 groups. 

Conclusion.. HP at 20°C is equally effective in preserving liver function and preventing 

hepatocellularr injury under TVE as compared to HP at 28°C. HP at 28°C is advised, because 

off  the lesser perfusion volume necessary for cooling of the liver. 
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Introduction n 

Operativee blood loss is a significant factor causing morbidity after partial liver resections L1. One 

wayy to prevent blood loss during partial liver resection is to clamp the portal vein and hepatic 

arteryy (Pringle's maneuver)3. When backflow from the caval vein still causes important blood 

losss or when part of the caval vein is involved in the tumour requiring caval reconstruction, 

totall  vascular exclusion (TVE) can be applied. TVE consists of clamping of the portal vein, 

thee hepatic artery and the supra-and intrahepatic caval vein 4. A drawback of these clamping 

techniquess is that ischemia and reperfusion (I/R) injury of the liver is induced 5 6. Especially 

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

leadss to increased risk of postoperative liver failure and death / 8 . 

InIn situ hypothermic perfusion (HP) of the liver during TVE is a technique that can be applied 

too reduce liver I/R injury 9 n . The protective effect of HP is based upon the concept that 

hypothermiaa leads to diminished metabolism and therefore decreased energy and oxygen 

demand.. However, from organ preservation studies it is known that parenchymal liver cells 

andd sinusoidal endothelial cells (SECs) respond differently to hypothermic conditions. 

Parenchymall  cells and SECs are both damaged after prolonged periods of warm ischemia, 

whereass cold ischemia (4°C) mostly affects SECs and is associated with cell vacuolization 

andd necrosis 12'13. This implies that the temperature at which the liver is optimally protected 

duringg ischemia lies somewhere between 37°C and 4°C. 

Inn previous studies from our laboratory, using a partial hepatectomy model in the pig, it was 

foundd that HP under TVE at subnormothermic temperature (28°C), attenuated hepatocyte 

damagee compared to perfusion at 37°C or no perfusion at all, and that SEC function was 

sparedd 14r 15. The question then arises whether HP below 28°C increases liver protection, 

bearingg in mind that cold storage of liver grafts prior to transplantation is undertaken at 

4°C.. It is known that in mice, 90 minutes of partial liver ischemia at 4°C does not impair the 

microcirculationn 16. However, these results were never confirmed in a large animal model. 

Hence,, the aim of this study was to assess the effect of cooling of the liver by in situ HP at 

20°CC in a pig liver model of 60 minutes TVE, focusing on parenchymal and SEC damage 

andd function. 

Materialss and methods 

Animals s 
Twenty-onee male pigs (Vendrig, Amsterdam, The Netherlands) were used, weighing 40-50 

kg.. Al l pigs were allowed to acclimatize to the laboratory environment for 7 days with free 

accesss to standard laboratory food (Blok, Woerden, The Netherlands) and water. Pigs were 

fastedd overnight with free access to water before use in experiments. The experiments were 

approvedd by the Animal Ethics Committee of the Academic Medical Center, University of 

Amsterdam,, The Netherlands. 
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Anesthesia a 

Methodss concerning premedication and anaesthesia were described previously 14. 

Phenylephrinee was not used in this study. 

Surgicall  procedure 

Experimentss were performed under sterile conditions. Cannulae were placed for administration 

off  anaesthetics and fluids, for continuous measurement of mean arterial pressure (MAP), 

heartt rate and blood temperature, and for blood sampling. A physiological body temperature 

(inn pigs 37-38üC) was maintained by means of a heating lamp and a heating mat. A midline 

laparotomyy was performed followed by dissection (Force™ 20, Valleylab, Boulder, USA) 

andd cannulation of the common bile duct for continuous measurement of bile production. 

Anotherr cannula was placed into the distal common bile duct and the duodenum to return 

bilee to the animal. The portal vein, the hepatic artery and the caval vein were dissected free 

andd total vascular exclusion (TVE) was applied by clamping the infra-and suprahepatic caval 

vein,, the common hepatic artery and the portal vein. To prevent splanchnic congestion 

andd venous congestion in the lower limbs, a situation that is lethal to pigs, a polyethylene 

prosthesiss with one side port was used to bypass blood from the infrahepatic caval vein and 

portall  vein to the suprahepatic caval vein. After a transverse incision into the infrahepatic 

cavall  vein, the prosthesis was inserted and guided towards the cranial side. The prosthesis 

wass fixed around the caval vein with two slings, which were placed suprahepatic as well as 

infrahepatic.. Then the portal vein was divided and the proximal end was positioned over 

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

portall  vein. There was no need for systemic heparinization using the prosthesis. 

Thee distal end of the portal vein was used to perfuse the liver with cold (4°C) ringer-lactate 

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

intoo the abdominal cavity and taken out by suction (fig la). 

Fivee minutes before the end of TVE, perfusion was stopped and the distal portal vein was 

reconnectedd with the proximal side by interposition of a polyethylene tube. A ligature was placed 

craniall  from the side port around the infrahepatic caval vein and the sling around the suprahepatic 

cavall  vein was removed. Then reperfusion of the liver was applied by releasing the clamps from 

thee portal vein and the common hepatic artery and the abdomen was closed (fig lb). 

Pilott experiments 

Pilott experiments were performed to validate the model. It was found that perfusion via the 

portall  vein leads to a more rapid and deeper cooling than perfusion via the hepatic artery. 

Forr this reason the portal vein was used for HP during further experiments. Also, it was 

foundd that when applying a maximal flow of 500 mL/hour during 1 hour TVE without extra 

isolatingg measures, the lowest possible mean core liver temperature is 20°C. To examine the 

effectt of perfusion without cooling, perfusion at 37°C with ringer-lactate was applied during 

600 min. TVE in 3 pigs. Al l animals died directly after TVE due to massive congestion of the 

liverr leading to non-treatable shock and death. 

148 8 



Hypothermicc perfusion at different temperatures 

Figuree 1. Situation created during total vascular exclusion (TVE) (a) and during reperfusion (b) 

la:: During TVE, a clamp is placed on the hepatic artery (HA). A polyethylene prosthesis (PP) is placed inside 
thee caval vein (CV). It is fixed into the caval vein using two slings, which were placed in suprahepatic as well as 
inn intrahepatic position. The portal vein (PV) is divided and the proximal end is connected to the side port of 
thee prosthesis. The distal end of the portal vein is connected to a perfusionn line (PL) for hypothermic perfusion. 
Thee perfusate is allowed to drain through the transverse incision of the caval vein into the abdominal cavity, lb: 
Duringg reperfusion, a ligature is placed cranial from the side port around the infrahepatic caval vein and the 
slingg around the suprahepatic caval vein is removed. Both sides of the portal vein are reconnected. The clamp 
fromm the hepatic artery is removed. 
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Experimentall  design 

Al ll  21 pigs underwent 60 minutes of TVE followed by 24 hours of reperfusion. The animals 

weree randomly divided into three groups. The first group did not undergo HP during TVE 

(no-HP;; n=9), the second group was perfused with 4"C ringerTactate solution maintaining 

aa mean core liver temperature of28°C (HP-28; n=6) and the third group received HP with 

4UCC ringer-lactate solution maintaining a mean core liver temperature of 20"C (HP-20; n=6). 

Thee core liver temperature was measured by two temperature probes (Metatemp, Industrial 

Temperaturee Measurement, Steenbergen, The Netherlands) and continuously monitored 

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

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

temperaturee was used for adjusting flow of the perfusion solution. Perfusion was powered by 

aa roller pump (Gambro Instrumenta AB, Lund, Sweden) and the flow was adjusted from 

500 to 500 ml/hour depending on the core liver temperature. Flow was started at 200-400 

ml/hourr and when the desired core liver temperature was achieved, flow was adjusted to 50 

ml/hour,, which was suitable to maintain core liver temperature at the desired level. In the 

groupp without perfusion, the liver temperature was maintained at 37-38"C. After TVE, the 

pigss remained under anesthesia for 24 hours when they were sacrificed. 

Hepatocellularr injury 

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

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

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

Hepatocellularr function 

Bilee production was measured before as well as during and after TVE as a parameter of 

excretoryy function of the hepatocytes and hepatic blood flow. To assess clearance function 

off  the liver, indocyanine green (ICG) clearance was measured before TVE and 6 and 24 

hourss after TVE 1Z 18. After a bolus intravenous injection of 0.5 mg/kg ICG, dissolved in 10 

mll  5% glucose solution (Infracyanine", Laboratoires Pharmaceutiques, Paris, France), blood 

sampless were taken every 5 minutes until 20 minutes. ICG concentration was measured by 

spectrophotometricc analysis (A=805nm). ICG clearance was expressed as % of ICG cleared 

fromm the circulation 15 minutes after bolus injection. 

Sinusoidall endothe l ia l cell (SEC) func t ion 

Clearancee of hyaluronic acid (HA) was used as a parameter for SEC function R 19'20. HA 

clearancee was measured before and 24 hours after TVE. A bolus intravenous injection 

off  5 mg HA (Healon GV, Pharmacia & Upjohn AB, Uppsala, Sweden) was followed by 

bloodd sampling after one minute and every 10 minutes until 60 minutes. HA clearance 

wass expressed as % HA cleared within 60 minutes after bolus injection. During TVE, HA 

concentrationss were measured at 0, 15, 30, 45 and 60 minutes without bolus injection. HA 

concentrationn was measured in heparinized plasma samples using a commercially available 

ELISAA kit (Corgenix, Inc., Westminster, USA). 
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Inflammatoryy response 

Too evaluate the inflammatory response, interleukin-6 (1L-6) was measured in heparinized 

plasmaa samples using a commercially available EL1SA kit (Quantikine', R&D Systems, 

Minneapolis,, USA). Also, leukocyte count was measured in arterial blood samples using 

routinee laboratory techniques. 

Histopathology y 

Liverr biopsies were taken from the rim of the right medial liver lobe. They were taken before, 

100 minutes after and 1, 6 and 24 hours after TVE. After fixation in 4% buffered formaldehyde, 

bioptiess were embedded in paraffin and 4 urn sections were cut. Sections were stained with 

haematoxylinn and eosin for semi-quantitative microscopic analysis. Histopathology was 

examinedd blindly by 2 independent observers scoring necrosis, cellular vacuolization and 

leukocytee accumulation. Necrosis and cellular vacuolization were scored as percentage of 

cellss per 10 microscopic fields (20 times magnification). A score of 0 to 5 was applied: 0=0%, 

1-1-10%,, 2=11-20%, 3=21-30%, 4=31-50% and 5=51-100%. Leukocyte accumulation was scored 

fromm 0 to 4 according to extensiveness per 10 microscopic fields (20 times magnification). 

Thee maximum score was 14. 

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. The Kaplan-Meier method was used to construct survival curves and the log-

rankk significance test was used for comparison of survival between groups. A p-value <0.05 

wass considered significant. 

Tablee 1. Temperature and hemodynamic characteristics 

Meann core liver temperature 

Bodyy temperature ("C) 

MAP(mmHg) ) 

Heartt rate (beats/min.) 

duringg TVE ("O 

PreTVE E 

100 min. rep. 

44 hours rep. 

Pre-TVE E 

100 min. rep. 

44 hours rep. 

Pre-TVE E 

100 min. rep. 

44 hours rep. 

noHP(n=6)# # 

37.55  0.2AB 

38.11 1 

37.55  0.2DF 

39.11 3 

83.00  1.3H 

48.55 H" 

73.99 + 2.7 

833  3M 

1222 M N O 

899  5 

HP28(nn = 6) 

28.44  0.6AC 

38.00  0.4F 

36.00  0.4DF 

38.77 3 

83.44  1.1K 

64.44  2.9IK 

76.44  2.3 

833 2 

966  7s-' 

800  3 

HP20(nn = 6) 

20.44  0.5BC 

37.88  0.5G 

34.55  0.6EG 

37.88 8 

84.00  2.6L 

63.77  3.2,L 

73.55 3 

833 4 

911 ° 

811 6 

Temperaturee and hemodynamic characteristics. Mean core liver temperature was significantly different between 
alll  groups. Hemodynamic instability directly after TVE was most pronounced in the no HP group. 
»» Only pigs that survived the whole experiment are analysed. Values with equal fonts are significantly different. 
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Results s 

Temperaturee and hemodynamic characteristics 

Duringg TVE, mean core liver temperature was maintained within the physiological range in 

thee no-HP group (Table 1). In both HP groups, mean core liver temperature was kept within 

0.5°CC of the desired temperature. Body temperature directly after TVE was significantly 

decreasedd in the HP-28 group and the HP-20 group compared to pre-TVE as well as 

comparedd to the no-HP group. No significant differences in mean body temperatures were 

foundd directly after TVE between HP-28 and HP-20. MAP was significantly decreased at 

100 min reperfusion compared to pre-TVE values in all groups. MA P was significantly lower 

inn no-HP compared to the other groups at 10 min reperfusion. Heart rate was significantly 

increasedd after 10 min reperfusion in no-HP compared to pre-TVE as well as compared to 

bothh other groups. Body temperature, MA P and heart rate were adjusted and were within 

physiologicall  ranges after 4 hours reperfusion. 

Tablee 2. Perfusion characteristics 

HP28(n=6) ) HP20(n=6) ) 

Meann flow during HP (mL/min) 

Rangee (mL/min) 

Totall  volume of HP solution (L) 

Rangee (L) 

85.00  13.9 

500 - 300 

5.11 +0.5 

3.7-5.6 6 

287.55  29.8* 

500 - 500 

17.33  1.7* 

12.3-20.0 0 

Perfusionn characteristics. Significantly more perfusion solution was needed to cool the liver to 20°C as compared 
too 28°C. * Significantly different from HP 28 group (p<0.05). 

Perfusionn characteristics 

Coolingg of the liver to an average temperature of 28°C required a mean flow of 85  14 ml 

perr minute, while cooling to 20°C required a mean flow of 288  30 ml per minute (Table 2). 

Duringg the 60min perfusion period, this resulted in a mean total perfusion volume of 5.1 

andd 17.3 liter in the HP-28 and HP-20 groups, respectively (p<0.05). 

Figuree 2. Survival analysis 

100--

80--

«« 60-

P<0.05 5 

40--

A1II  animals of both the HP-28 (n=6) and 
HP-200 (n=6) groups survived (dotted line). 
Inn the no-HP group, 3 of 9 pigs (33%) died 
withinn the first 40 minutes of reperfusion 
(continuouss line). The difference in survival 
timee between no-HP and HP groups is 
significant. . 

20--

0n n 
0 0 44 8 12 16 20 

Reperfusionn time (hours) 
2,i i 
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Survival l 
Inn the no-HP group, 3 of the 9 pigs (33%) died within the first 40 minutes after TVE (fig 

2).. The cause of death in these animals was massive congestion of the liver leading to non-

controllablee hypotensive shock, highly elevated heart rate and eventually, cardiac arrhythmia 

andd death. This massive congestion of the liver did not occur in the in HP-28 and HP-20 

groupss in which all animals survived during the experiment. 

Hepatocel lularr damage 
ASTT values were significantly decreased in the HP-28 and HP-20 groups compared to no-HP 

(figg 3a). No significant differences were found at any time point between animals of the HP-

288 group and the HP-20 group. ALT values showed the same pattern (data not shown). 

Hepatocel lularr funct ion 

Duringg TVE, bile production was minimal (0-8 mL). During reperfusion, bile production 

graduallyy increased in all groups (fig 3b). In contrast to the no-HP group, bile production 

att 24 hours reperfusion was not significantly different from pre-TVE bile production in the 

HP-288 and HP-20 groups. Bile production was significantly higher in the HP-28 group and 

thee HP-20 group as compared to the no-HP group. 

Figuree 3. AST values (a) and bile production (b) measured before TVE (0), during TVE (T) and during 
reperfusion n 

1750,, — N o HP 

1500 0 

1250 0 

10000 -

7500 -

500 0 

250 0 

0 0 

3 3 

< < 

00 1 6 12 
Reperfusionn t ime (hours) 

24 4 

0 T11 6 12 18 
Reperfusionn t ime (hours) 

3a:: AST values were significantly lower in 
HP-288 and HP-20 groups as compared to 
no-HP.. No differences were found between 
thee HP-28 and HP-20 groups. * Significantly 
differentt compared to HP-28 and HP-20 
(repeatedd measures ANOVA, p<0.05). 3b: Bile 
productionn during 24 hours of reperfusion 
wass significantly higher in the HP-28 and 
HP-200 groups as compared to no-HP. * Bile 
productionn is significantly more increased 
comparedd to no-HP (repeated measures 
ANOVA,, p<0.05). 
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Figuree 4. Indocyanine green clearance (a) and hyaluronic acid clearance (b) rates, measured before TVE 

andd during reperfusion. 

100--
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pree TVE 21 1 
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pre-TVEE 24 

Reperfusionn time (hours) 

4a:: ICG clearance rates are presented as percentage of ICG cleared from the blood 15 minutes after bolus 

injection.. After 6 hours of reperfusion, ICG clearance in the HP-28 (grey bars) and in HP-20 (white bars) groups 

wass significantly greater than in no-HP (black bars) (*  p<0.05). 4b: Hyaluronic acid (HA) clearance rates are 

presentedd as percentage HA cleared from the blood 60 minutes after bolus injection. A significantly higher 

percentagee of HA was cleared in the HP-28 (grey bars) and HP-20 (white bars) groups as compared to no-HP 

(blackk bars) (*  p<0.05). 

Meann pre-TVE ICG clearance rates did not differ significantly between the groups (fig 

4a).. After 6 hours reperfusion, ICG clearance rates were significantly higher in the HP-28 

andd HP-20 groups, as compared to no-HP. After 24 hours reperfusion, ICG clearance was 

partiallyy restored in surviving animals of the no-HP group. No statistical differences were 

foundd between the HP-28 group and the HP-20 group. 

SECC function 

Afterr 24 hours reperfusion, HA clearance rates were significantly higher in the HP-28 and 

HP-200 groups as compared to the no-HP group (fig 4b). No significant differences were found 

inn HA clearance rate between HP-28 and HP-20 groups after 24 hours reperfusion. 

Inflammatoryy response 

IL-66 concentration in plasma samples peaked after 1 hour reperfusion in the no-HP and 

HP-288 groups (fig 5a). After 12 and 24 hours reperfusion, IL-6 decreased to normal levels in 

alll  groups. Overall, significantly lower concentrations IL-6 concentrations were found in the 

HP-200 group as compared to the no-HP and HP-28 groups. 

Histopathology y 

Parenchymall  necrosis, cellular vacuolization and leukocyte influx score were combined 

too create a total histopathologic score of parenchymal damage and inflammation (fig 5b). 

Thiss total score was significantly higher in the no-HP group as compared to the HP-28 

andd HP-20 groups. The difference between the groups can largely be attributed to cellular 
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Figuree 5. Plasma IL-6 concentrations (A) and 
histopathologyy score (B) before TVE and after 5 min (R), 1, 
6,, 12 and 24 hours of reperfusion 
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5a:: IL-6 values were significantly lower in the 
HP-200 group as compared to the no-HP and 
HP-288 groups (* p<0.05, repeated measures 
ANOVA).. No differences were found between 
no-HPP and HP-28. 5b: Histopathology scores 
weree significantly higher in the no-HP group 
ass compared to the HP-28 and HP-20 groups 
(** p<0.02, repeated measures ANOVA). 

vacuolization.. Cellular vacuolization was significantly increased 10 min. after TVE in the 

no-HPP group compared to both HP groups. After 10 min. reperfusion, cellular vacuolization 

decreasedd in all groups. 24 Hours after TVE, cellular vacuolization had increased again and 

wass significantly elevated in the no-HP group as compared to the HP 20 group. Hardly any 

necrosiss was detected in the sections and no significant differences were found between the 

groups.. Leukocyte accumulation gradually increased in all groups during reperfusion, but no 

significantt differences were found. 

Discussion n 

HPP of the liver can be applied to diminish I/R injury during TVE 9 1 1 . It is based on data that 

cellularr metabolism is reduced 2-fold when temperature is lowered by 10°C . This leads 

too a decrease in ATP and oxygen demand and thereby to a decrease in oxidative stress and 

prolongationn of cellular viability during ischemia 22~24. In pilot experiments however, it was 

foundd that in situ HP of the liver without extra isolating measures using a 4°C perfusion 

solutionn leads to a minimum mean core liver temperature of 20°C in a period of 1 hour. 

Isolatingg material around the liver was not applied, because in the clinical situation this 
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wouldd interfere with operating procedures. Alternatively, the core liver temperature could 

havee been lowered below 20°C average by increasing flow of the 4°C perfusion solution 

viaa the portal vein. However, it was chosen not to exceed a maximum flow rate of 500 

mL/min.. during HP, because of the high risk of perfusion pressure related injury to the 

microcirculation,, further damaging SECs when perfusing at low temperatures n-13. 

Ringer-lactatee was used as perfusion solution during TVE. It is an isotonic solution containing 

Na+,, K+, Ca2", CL and Lactate ions with a pH of approximately 6.0. It also has been used by 

otherr groups as HP solution 9> 2\ University of Wisconsin (UW) solution, which has been 

usedd for HP by the group of Hannoun , in our view has important disadvantages such as high 

viscosityy and high potassium content and therefore was not chosen , a n. Furthermore, the 

UWW solution has been designed for use at 4°C and perfusion at higher temperatures is not 

advisedd because of the high potassium content. Body temperature decreased after HP which 

couldd have contributed to the protective effect of HP in the HP-28 as well as in the HP-20 

groupp (Table 1). However, with use of a heating lamp and heating mat, body temperature 

returnedd to normal within 4 hours after TVE in all animals. 

Inn literature, SEC vacuolization and microcirculatory disturbances are found mainly in 

coldd storage experiments when the liver temperature is decreased to 4°C for a period of 24 

hourss 12,26. In this study, no loss of HA clearance function occurred 24 hours after TVE in 

bothh HP groups suggesting that when HP is applied for 1 hour at 20°C, SEC function is not 

affected.. Cellular vacuolization was also significantly less pronounced in the HP-20 group as 

comparedd to the no-HP group after 24 hours reperfusion. 

Directlyy after TVE, all animals in the no-HP group developed massive congestion of the liver 

withinn 10-40 mins following reperfusion. This perfusion failure or 'no reflow' phenomenon 

resultedd in hemodynamic instability and shock. It is caused by a combination of factors like 

cellularr vacuolization and leukocyte stasis within sinusoids 2/' 28. During warm ischemia, 

hypoxiaa and ATP depletion can lead to specific changes in mitochondrial function and 

membranee transport 29. Along with the formation and release of reactive oxygen species 

(ROS)) during reoxygenation, Na+-K+-ATPase (sodium pump) activity is inhibited resulting in 

cellularr vacuolization i0. When examining histology after 10 min reperfusion, significantly 

moree vacuolization was found in the no-HP group as compared to both HP groups (Figure 8). 

Apparently,, liver I/R injury leading to perfusion failure and 'no reflow' resulted in shock and 

subsequentt death in three animals in the no-HP group (33%). In both HP groups, shock or 

hemodynamicc instability was not encountered. 

Thee protective effect of HP cannot only be attributed to the wash-out of remnant blood 

andd waste products. To examine hepatocellular damage during HP, the release of AST and 

ALTT were measured in the perfusate. At the end of HP, AST and ALT concentrations in 

thee perfusate never exceeded 20 U/L (data not shown). From liver preservation experiments 

usingg machine-perfusion it is also known that AST/ALT release mainly occurs during 

oxygenatedd warm-ischemic reperfusion and not during cold perfusion ]]. Furthermore, 

duringg preliminary experiments, perfusion at 37CC for 1 hour resulted in massive liver 

congestion,, shock and death of all animals (n=3). 

'Thee protective effect of HP on hepatocyte cell mass as well as SECs was clearly demonstrated 

inn this study. Animal survival increased to 100%, while AST, histopathology score, liver 

functionn parameters and IL-6 levels were significantly attenuated by HP. However, the 
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beneficiall  effect of cooling to 20°C as compared to 28°C was found to be only marginal. IL-6 

productionn was significantly decreased in the HP-20 group as compared to HP-28 group. 

Furthermore,, a trend was found towards lower AST levels and increased bile production 

inn the HP-20 group. Also, a trend was found towards more vacuolization after 24 hours 

reperfusionn in the HP-28 group as compared to the HP-20 group. This however, did not result 

inn loss of hepatocyte function as measured by ICG clearance in the HP-28 group. 

Inn conclusion, HP at 20°C equally preserves SECs as well as hepatocyte function and equally 

preventss the occurrence of microvascular perfusion failure compared to HP at 28°C. Also, 

too cool the liver for 1 hour to an average of 20°C without isolation, requires an impractically 

largee volume of perfusion fluid (17.3  1.7 L.). Although IL-6 release is decreased in HP at 

20°C,, a mean core liver temperature of 28°C is both sufficient and practical when applying 

HP. . 
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Abstract t 

Background.. We compared the efficacy of histidine-tryptophan-ketoglutarate (HTK) 

andd University of Wisconsin (UW) solution with Celsior solution using hypothermically 

preservedd porcine carotid arteries and studied the importance of different components of 

thesee solutions by preserving carotid arteries in modified HTK solutions. 

Methods.. Excised carotid arteries were stored at 4°C in 0.9% (w/v) NaCl, UW, HTK, 

Celsior,, or a modified HTK solution for up to 14 days. Preservation-induced changes in 

smoothh muscle cell and endothelial cell function were determined using an organ bath for 

isometricc tension recording. 

Results.. Short-term preservation (1-3 days) in UW, HTK and Celsior did not significantly 

alterr contractile and relaxation responses of arterial segments when compared to freshly 

excisedd segments, but significantly impaired these responses in arterial segments stored in 

0.9%% (w/v) NaCl solution. Long-term hypothermic preservation of arterial segments (7 and 

144 days) in 0.9% (w/v) NaCl and HTK solution almost completely abolished all responses, 

butt only slightly reduced the responses of arterial segments stored in UW solution. 

Intermediatee results were obtained for Celsior. Modifying HTK by replacement of chloride 

forr sulfate and phosphate resulted in improved contractile and relaxation responses after 

long-termm preservation. 

Conclusion.. With respect to smooth muscle and endothelial function, UW is superior to 

HTKK and Celsior and the absence of chloride or presence of sulfate and phosphate plays a 

relevantt role in this in vitro model of hypothermic preservation of porcine carotid arteries. 
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Introduction n 

Thee clinical use of donor vascular grafts for reconstructive procedures has revived interest 

inn the short-term and long-term preservation of aortic segments and arteries. Present day 

goldd standard in whole-organ preservation is hypothermic wash-out using the University 

off  Wisconsin (UW) solution and subsequent storage of the organ immersed in the same 

solutionn ' -. The key-components of the UW' solution are the impermeants lactobionate and 

raffinosee to suppress hypothermia-induced cell swelling and hydroxyethyl starch to support 

colloidd osmotic pressure. Furthermore, UW solution contains di-hydrogen phosphate 

too prevent tissue acidosis, magnesium sulphate as membrane stabiliser and adenosine to 

stimulatee ATP synthesis. Allopurinol and reduced glutathione are added to the solution as 

freee radical scavengers (Table 1). Although effective, the high viscosity of the UW solution 

iss considered a disadvantage because it hampers complete wash-out of the organ and its 

highh potassium concentration is also a concern because potassium wil l be released into the 

systemicc circulation of the recipient when blood flow through the graft is reestablished. These 

propertiess are less important when preserving vascular tissue, since vascular grafts need not 

bee perfused and are simply immersed in the preservation solution and rinsed before use. 

Anotherr preservation solution was devised by Bretschneider (histidine-tryptophan-

ketoglutarate,, HTK) and forms an alternative to the UW solution 2- \ The formula of the 

HTKK solution is based on a high histidine concentration, which results in a potent buffer. 

Tablee 1. Composi t ion of preservation solutions (mM) 

C.'elsiorr HTK UW 

Adenosinn - - 5 

Allopurinoll  - - 1 

Calciumm 0.245 0.015 

Chloridee 28 50 

Dexamethasonee (mg/L) - 8 

Glutamatee 20 

Gluthationee 3 - 3 

Histidinee 30 198 

Hydroxy-ethyl-starchh (g L) - 50 

Insulinn (LJ/L) - - 100 

Lactobionatee 80 - 100 

Magnesiumm 13 4 5 

Mannitoll  60 30 

Ketoglutaratee - 1 

Penicillinn (U/L) - - 200 

Phosphatee - - 25 

Potassiumm 15 9 120 

Raffinosee - - 30 

Sodiumm 100 15 30 

Sulphatee - - 5 

Tryptophanee - 2 

pHH 7.3 7.2 7.4 

Osmolalityy (mOsm L) 320 310 320 
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Thee solution contains a potassium concentration in the physiological range, and the viscosity 

off  the solution is low. Therefore, the use of HTK lacks the disadvantages of the UW solution. 

Despitee the differences in composition and mode of action of the two organ preservation 

solutions,, HTK and UW appear to be equally effective in clinical organ preservation as 

demonstratedd in several trails 2' \ 

Recently,, a new solution for hypothermic graft preservation has been introduced, called 

Celsior,, that combines the key compounds of both UW and HTK solutions. It is hypothesized 

thatt the combination of these key components in the solution should result in a multi-organ 

preservationn solution, that is more effective in preventing hypothermic preservation damage 

andd that has a low viscosity and low potassium concentration. The formulation of Celsior 

iss directed to prevention of cell swelling (by mannitol and lactobionate), prevention of free 

radical-mediatedd injury (reduced glutathione, combined with mannitol and histidine), 

energyy supply (glutamate), a histidine buffer to prevent tissue acidosis and magnesium 

sulphatee as membrane stabiliser (Table 1). With respect to electrolyte composition, Celsior 

iss unique in combining high sodium with low potassium content. Celsior has shown to 

bee effective in hypothermic organ preservation in both experimental and clinical settings 
2ii  4_16. However, littl e information is available on the comparison of Celsior, HTK and UW 

solutions.. Furthermore, the importance of the different components of these solutions has 

nott been unequivocally clarified. 

Thee aim of this study was to compare the efficacy of HTK, UW and Celsior solutions in 

preventingg hypothermic damage in arterial grafts. For this, we used an in vitro model based 

onn hypothermically stored porcine arteries. In this model, preservation damage in the 

arteryy is assessed by determining function of smooth muscle and endothelial cells through 

measurementt of isometric contractions and relaxations in an organ bath. This method has 

previouslyy been used to assess the role of preservation solutions on endothelial dysfunction 

andd the pathogenesis of allograft vasculopathy after transplantation 5'10, 17 29. It has also 

beenn used to identify optimal storage solutions for venous autografts or arterial allografts 3r 

29"35.. In this study, arterial smooth muscle and endothelial cells functions were determined 

afterr short (1-3 days) and long (7-14 days) periods of hypothermic preservation in 0.9% (w/ 

v)) NaCl, HTK, UW and Celsior solutions. As Celsior combines different components of 

HTKK and UW solutions, we prepared HTK-based solutions in which components of HTK 

weree exchanged for components of UW solution (Table 2). Smooth muscle and endothelial 

celll  function of arterial segments stored in these solutions was determined after long-term 

preservationn (7 days). 

Materialss and methods 

Chemicalss and Solutions 

Unlesss otherwise stated, all chemicals were purchased from Merck (Darmstadt, Germany). 

Acetylcholinee and glutathione (reduced form) were obtained from Sigma Chemical Co. (St. 

Louis,, MO). Atropine was from Centrafarm (Etten-Leur, The Netherlands). Fluothane'̂ was 

fromm Zeneca (Ridderkerk, The Netherlands). Gentamycine was from Biowittaker (Liege, 
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Belgium).. Nimatek was from Eurovet (Bladel, The Netherlands). Penicilline G (disodium 

salt)) was obtained from Yamanouchi (Leiderdorp, The Netherlands), and vancomycine 

wass from Eli Lill y (Nieuwegein, The Netherlands). Sodium nitroprusside (10 mg/ml stock), 

andd phenylephrine (10 mg/ml slock) were from the Pharmacy of the Amsterdam Medical 

Centerr (AZUA Apotheek, Amsterdam, The Netherlands). Stresnil was obtained from 

Janssenn Pharmaceutica (Tilburg, The Netherlands). 

Animals s 

Carotidd arteries were obtained form pigs of either sex weighing 20-50 kg. Animals were 

obtainedd from Fa. Vendrig (Amsterdam, The Netherlands) and housed at the Central Animal 

Institutee Amsterdam at the Academic Medical Center (Amsterdam, The Netherlands) for 

att least 7 days. Animal care was conducted in accordance to The Dutch Law on Animal 

Experimentss (1977) with the modifications of 1995 involving the European Guidelines 

(86\609\EEG).. The Animal Ethic Committee of the University of Amsterdam, had approved 

thee use of these animals for experimental protocols. The animals were fed a standard chow 

forr pigs, and had free access to tap water. Carotid arteries were carefully dissected under 

generall  anaesthesia with a mixture of 0. , /N20 (2:3) and isoflurane (Fluothane\ 0.4-1%) after 

premedicationn with 10mg/kg body weight ketamine (Nimatek™), 2 mg/kg body weight 

azaperonn (StresnilIM ) and 0.02 mg/kg body weight atropine. 

Preservationn of carotid arteries 

Bothh carotid arteries were stored in UW solution (ViaSpan™, Du Pont Pharmaceuticals, 

Wilmington,, DE) at 4°C immediately after resection. The segments were transported to our 

laboratoryy and within 10 minutes, randomly transferred to sterile tubes containing 50 ml 

off  cold 0.9% (w/v) NaCl (NPBI, Emmer-Compascuum, The Netherlands), Celsior (IMTIX , 

Amstelveen,, The Netherlands), HTK (Custodiol™, Kohier Chemie GmbH, Alsbach, Germany), 

UWW solution, or one of the HTK-based solutions shown in Table 2. Penicilline G (100,000 

UI/1),, gentamycine (40 mg/1) and vancomycine (100 mg/I) were added to all preservation 

solutions.. Additionally, 3 mM glutathione was freshly added to the UW solution. A ring of 

33 mm was cut from one segment for direct testing (day 0). Segments were then stored in the 

differentt preservation solutions at 4°C for a maximum of 14 days. At 1, 2, 3, 7, and 14 days 

afterr isolation, a ring of 3 mm was cut from each segment for testing of smooth muscle and 

endotheliall  cell function. 

Assessmentt of smooth muscle and endothelium cell function 

Viabilit yy of smooth muscle and endothelium cells in the arterial segments was assessed by 

measuringg contractile forces and relaxation after stimulation of both cell types. For this, the 

arteriall  rings were mounted between a rigid glass rod and a stainless steel hook in an organ 

bath.. The organ bath contained 20 ml test medium of the following composition (in mM): 

1244 NaCl, 4 KC1, 0.42 NaH2P04, 25 NaHCC»3, 1.1 MgCl2, 0.9 CaCl2, and 5.5 D-glucose. The 

solutionn in the organ bath was maintained at 37°C and continuously gassed with carbogen 

(95%% 02and 5% C02). Isometric tensions were measured using an isometric force transducer 

(Kyowa™,, Tokyo, Japan). The signal of the transducer was amplified (Kyowa'", Tokyo, Japan) 
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andd recorded using MacLab/8 and Macintosh Performa 450 hardware (Apple Computer 

Inc.,, Cupertino, CA) and MacLab Chart version 3.5.2 software (AD Instruments, Castle 

Hill ,, Australia). An initial resting tension of the arterial rings was set at 20 mN and was re-

adjustedd throughout the experiment. 

Thee following experimental protocol was applied to assess smooth muscle and endothelium 

celll  viability. Arterial rings were allowed to equilibrate for 30-60 min in test medium. After 

equilibrationn the arterial rings were exposed to the high potassium solution of the following 

compositionn (in nuVI): 88 NaCl, 40 KC1, 0.42 NaH,P04, 25 NaHCO.} , 1.1 MgCl,, 0.9 CaC'1,, 

5.55 D-glucose. After a maximum contraction was reached, the high potassium solution was 

replacedd by test medium. This procedure was repeated after 30 min equilibration in test 

medium.. Subsequently, 100 uM phenylephrine (PHE) was added to the bath solution to 

inducee contraction. As soon as steady state had been reached, 10 uM acetylcholine (ACH) 

wass added to the bath solution to induce endothelium dependent relaxation. Hereafter, the 

bathh solution was replaced three times with test medium. After equilibration for 30 min, 

arteriall  rings were again exposed to the high potassium solution, followed by replacement 

andd equilibration for 30 min in test medium after the maximum contraction had been 

reached.. Finally, PHE (100 uM) was added to the bath to induce contraction and, after steady 

statee was reached, endotheliunvindependent relaxation was induced by 10 uM sodium 

nitroprussidee (SNP) 

Statistics s 
Resultss are reported as means  standard error of the mean (SEM). Data were analyzed 

usingg GraphPad Prism software (San Diego, CA). When two experimental groups were 

comparedd an unpaired Student's t test was used. Analysis of variance was used in case 

off  more than two experimental groups, followed by contrast analysis according to Tukey 

whenn overall effects were significantly different (p<0.05). 

Results s 

Thee force of contraction of arterial rings in response to 40 mM KCl did not change during 

thee first three days of hypothermic storage in HTK, U\X', and Celsior, as shown in Fig. 1A. 

Overr the same time, a significant reduction in the force of contraction was seen for arterial 

segmentss that had been preserved in 0.9% (w/v) NaCl solution. After 7 days of hypothermic 

storage,, the contractile responses were almost completely abolished in arterial segments that 

hadd been stored in 0.9% (w/v) NaCl, HTK as well as Celsior solution. Only 17% (1 out of 6) of 

arteriall  rings stored in 0.9 % (w/v) NaCl or HTK solution and 50% (3 out of 6) of the arterial 

ringss stored in Celsior solution showed a small contractile response to 40 mM KCl. 'Ihe 

reductionn in the force of contraction was significant when compared to arterial rings at day 

zeroo and when compared to arterial rings that had been stored in UW solution for 7 days. 

Afterr 14 days hypothermic storage, none of the arterial rings that had been stored in 0.9% 

(w/v)) NaCl, HTK or Celsior solution were capable to contract in response to 40 mM KCl. 

Ringss of arterial segments that had been stored in UW solution for 14 days, however, still 
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Figuree 1. Contractile forces of arterial 

ringss in response to incubation with 40 

mMM KC1 (A) and 100 uM PHE (B) after 

hypothermicc (4°C) storage at different time 

periodss in 0.9% (w/v) NaCl (PS), HTK, UW 

andd Celsior solutions, as indicated 

InIn vitro funct ion of porc ine carot id arter ies 
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22 3 7 14 
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Thee force of contraction of arterial rings at zero time as 

indicatedd by the dashed lines were 79  8 and 23  6 mN' 

forr 40 mM KG and 100 uM PHE, respectively (means

semm of 12 experiments). Bars represent means  sem of 

4-66 experiments. * Significantly different from the force of 

contractionn at day zero (P < 0.05). # Significantly different 

fromm the force of contraction after storage in UW solution 

withinn the same time period (P < 0.05). 

Figuree 2. Relaxation of pre-contracted 

(1000 uM PHE) arterial rings in response to 

100 uM ACH (A) or 10 uM SNP (B) 
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Arteriall  rings were cut from segments that had been stored 

att (4"C) for different time periods in 0.9% (w/v) NaCl (PS), 

HTK,, UW and Celsior solution, as indicated. The relaxation 

off  arterial rings at zero time as indicated by the dashed 

liness were 80  8 % and 151  23 % (means  sem of 12 

experiments)) of the contractile response to PHE after addition 

off  ACH or SNP, respectively. Bars represent means  sem of 

4-66 experiments. 'Significantly different from the relaxation 

att day zero (P < 0.05). # Significantly different from the force 

off  contraction after storage in UW solution within the same 

timee period (P < 0.05). 
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contractedd upon increasing the KC1 concentration to 40 mM, but the contractile force was 

significantlyy reduced when compared to freshly isolated arterial segments. 

Similarr results were observed for the contractile forces of preserved arterial rings in response 

too the addition of 100 uM PHE (Fig. IB). However, the reductions in contractile forces upon 

hypothermicc preservation appeared to be less prominent than the reduction in contractile 

forcess to 40 mM KC1. For instance, the contractile response to PHE was not changed in 

arteriall  segments that had been stored in 0.9% (w/v) NaCl solution for up to three days. A 

smalll  contractile response to 100 uM PHE could still be observed in 80% (4 out of 5) and of the 

arteriall  segments stored in Celsior for 7 days. After 14 days hypothermic storage, none of the 

arteriall  rings that had been stored in 0.9% (w/v) NaCl, HTK and Celsior solution contracted in 

responsess to 100 uM PHE, whereas segments stored in UW still showed a full response. 

Endothelium-dependentt relaxations did not change during the first three days of hypothermic 

storagee in HTK, UW, and Celsior, but were significantly reduced after preservation in 0.9% 

(w/v)) NaCl solution (Fig. 2A). Endothelium-dependent relaxations were significantly reduced 

afterr 7 days of hypothermic storage, and almost completely absent in arterial segments 

thatt had been stored in 0.9% (w/v) NaCl, HTK as well as Celsior solution. After 14 days 

hypothermicc storage, endothelium-dependent relaxations could only be demonstrated in 

arteriall  segments that had been stored in UW solution. 

Figuree 3. Contractile forces of arterial rings in 

responsee to incubation with 40 mM KC1 (A) and 

1000 uM PHE (B) after hypothermic (4°C) storage 

forr 7 days in HTK based solutions (Table 2) 
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Thee force of contraction of arterial rings at day zero were 

522  6 and 21  3 mN (means  sem of 6-7 experiments) 

forr 40 mM KC1 and 100 uM PHE, respectively as 

indicatedd by the dashed lines. Bars represent means

semm of 6-7 experiments. 'Significantly different from 

thee force of contraction at day zero (P < 0.05). 
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T T 

Figuree 4. Relaxations of contracted (100 uM PHE) 

arteriall rings in response to 10 uM ACH (A) and 

100 uM SNP (B) of segments that had been stored 

att hypothermic (4°C) storage for 7 days in HTK 

basedd solutions (Table 2) 
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Thee relaxations of arterial rings at day zero were 85

100 % and 154  15 % (means  sem of 7 experiments) 

off the contraction induced by 100 uM PHE for 10 uM 

ACHH and 10 uM SNP, respectively as indicated by 

thee dashed lines. Bars represent means  sem of 6-7 

experiments.. 'Significantly different from relaxations 

att day zero (P < 0.05). 
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Tabell 2. Composition (in mJVl) of HTK-based preservation solutions 

Solution n 

1 22 3 4 

CaCl22 0.015 0.015 0.015 0.015 

MgC122 4 - 4 4 

MgS044 4 

NaCll  15 - 15 15 

NaH2PG44 15 

KC1 1 

KH2PÜ4 4 

Histidine e 

HC'1 1 

Na-lactobionate e 

Tryptophane e 

Mannitol l 

PH H 

Solutionn 1 is based on standard HTK solution and serves as control solution. In solution 2, chloride is reduced 
byy substitution with sulfate, phosphate and mannitol (solution 2). In solution 3, histidine is replaced by 
lactobionatee and in solution 4 the potassium concentration is increased by replacement of HC1 by KH2PÜ4. 

Endothelium-independentt relaxations did not change during the first two days of preservation 

whenn compared to freshly isolated arteries, as shown in Fig. 2B. After 3 days storage, 

endothelium-independentt relaxation tends to increase for arterial segments stored in 0.9% 

(w/v)) NaCl, HTK and Celsior solutions. This can also be observed for arterial segments that 

havee been stored in Celsior and UW solutions for 7 days. After 14 days storage, a full response 

too SNP could only be demonstrated in arterial segments stored in UW solution. 

Fig.. 3 shows the results of the contractile responses of arterial segments to 40 mM KCl 

andd 100 uM PHE after storage for 7 days in the modified HTK solutions (Table 2). Only 

thee HTK-based solution in which chloride is replaced by sulfate and phosphate (solution 

2),, preserved the contractile responses of the arterial segments, when compared to the 

contractilee responses at day zero. Endothelium-independent relaxations are preserved in both 

solutionn 1 and 2 (Fig. 4B). However, these modifications do not improve the preservation of 

endotheliumm cell function of these arteries as demonstrated by the ACH-induced relaxation 

off  the hypothermically preserved arterial segments (Fig. 4A). 

Discussion n 

Ourr results demonstrate the protective effect of HTK, UW and Celsior against smooth 

musclee and endothelium cell damage during hypothermic preservation of porcine arterial 

segments.. Smooth muscle and endothelium cell functions are equally well preserved in 

HTK,, UW and Celsior solutions during the first three days of hypothermic storage. During 

long-termm preservation (7-14 days), UW solution is found to be superior to HTK and Celsior 

solutionss in preventing hypothermia and hypoxia induced porcine carotid smooth muscle 
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andd endothelium cell degradation. These findings suggest that differences in the composition 

off  HTK, UW and Celsior account for significant differences in efficacy of protection against 

hypothermicc preservation damage. 

Thiss study is based on an in vitro model, which has been developed to assess the viability 

off  smooth muscle cells and endothelium cells in arterial and venous tissue. Cell function is 

measuredd through recording of changes in isometric tension of arterial and venous rings after 

thee induction of contractions on one hand and endothelium-independent and endothelium-

dependentt relaxation on the other hand. In fact, this method has been previously used to 

developp protocols for the preservation of venous and arterial grafts and to study the effects of 

preservationn solutions on endothelial dysfunction in relation to vascular complications after 

graftt transplantation 5 ' i a 1 7'2 9 i S . In this study we exposed the arterial rings to 40 mM KG 

orr 100 uM PHE to assess smooth muscle cell function through measuring the induction of a 

contraction.. Endothelium cells function was determined by measuring the relaxation of the 

arteriall  rings upon addition of 10 [xM acetylcholine. In the two sets of experiments, involving 

thee comparison of 0.9% (w/v) NaCl, HTK, UW and Celsior solutions on one hand and the 

HTK-basedd solutions on the other hand, the PHE-induced contractile forces and ACH and 

SNPP induced relaxations of freshly isolated arterial rings were identical. The contractile 

responsee to 40 mM KCl was, however, significantly lower in the second set of experiments 

involvingg the HTK-based solutions when compared to the first set of experiments, which 

mightt be related to the weight of the animals. In order to be able to measure relaxation, a 

contractionn was induced by adding 100 uM PHE. During these experiments we observed an 

initiall  increase in contractile forces upon addition of ACH in the presence of PHE instead 

off  a reduction. This increase in contractile force was then followed by relaxation depending 

onn the storage time, preservation solution and the capability of the arterial rings to contract 

uponn addition of PHE. Therefore, we calculated the percentage of relaxation referring 

too the maximum contraction in the presence of both PHE and ACH. As a control for the 

endothelium-dependentt relaxation, we measured the endothelium-independent relaxation 

off  the arterial segments using the NO-donor SNP. The endothelium-independent relaxation 

initiall yy tends to increase during hypothermic preservation of the arterial segments. These 

resultss are explained by the reduction in the PHE induced contraction, which precedes the 

SNPP induced relaxation. SNP is a potent inducer of smooth muscle relaxation. It not only 

reversess the contraction induced by PHE, but also reduces the baseline tension of 20 mN that 

wass set throughout the experiment. As a result, the SNP-induced relaxation is more than 

100%% of the contraction induced by PHE, and the percentage of relaxation increases when 

thee contraction in response to PHE decreases. 

Inn this model the process of tissue degradation is much slower than in whole organs. 

Arteriall  segments can be hypothermically stored in preservation solutions for more than 

threee days without loss of contractility and both endothelium-dependent and endothelium-

independentt relaxation 29. In contrast, when arterial rings are stored in saline solutions that 

aree not designed for hypothermic preservation, the tissue rapidly degrades within the first 

dayss of storage as previously reported and confirmed in this study 29. These observations 

bearr relevance for the preservation of arterial grafts for reconstructive purposes. In addition, 

fromm the view point of organ preservation studies, arterial segments due to the slow process 
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off  degradation, constitute excellent tissue to detect small differences in protective efficacy of 

preservationn solutions when used after extended preservation periods 21, 19, 3b. 

Inn the first set of experiments we compared three commercially available hypothermic 

preservationn solutions. UW is the most widely used preservation solution and can be 

consideredd as the current golden standard '. The Bretschneider's solution HTK is an alternative 

too UW solution. The solute composition of HTK and principle of action differ substantially 

fromm UW solution, but both HTK and UW are equally suitable in clinical graft preservation 
ss 3'. Celsior is a relatively new preservation solution. Celsior combines the key components of 

UWW and HTK solutions with respect to lactobionate and glutathion of UW solution and the 

histidinee buffer, chloride, low potassium concentration and mannitol of HTK solution (Table 

1).. Celsior has been tested in clinical settings, and has shown to be effective in protecting 

organss against hypothermic and ischemic tissue degradation 2<4>8'9<12' 1:\ 

Ourr results demonstrate a superiority of UW solution over HTK solution in preventing 

arteriall  tissue damage during hypothermic preservation. Celsior appears to be intermediately 

effectivee in this study. The simplest explanation for this is that one component of the 

preservationn solutions, which is either highest in UW, lower in Celsior and lowest in HTK 

or,, conversely, highest in HTK, lower in Celsior and lowest in UW accounts for improved 

hypothermicc preservation conditions in UW solution. However, the differences between UW, 

Celsiorr and HTK solutions are most likely due to a combination of different components. 

Wee focussed our attention on individual components of UW, Celsior and HTK solutions. 

Inn the present study, we replaced a selection of the components of HTK and compared the 

newlyy synthesised solutions with standard HTK solution. The only solution that preserved 

bothh the potassium and PHE-induced contractile responses as well as the endothelium-

independentt relaxation in comparison to freshly isolated arteries, is solution 2 (Table 2). 

Inn this HTK-based solution chloride has been replaced by sulfate and phosphate. In a 

previouss study, the reduction of chloride in St. Thomas' Hospital solution was shown to be 

beneficiall  in the preservation of human endothelial cell cultures38. It was suggested that the 

replacementt of chloride by impermeable anions inhibits cell swelling during hypothermic 

preservation.. In our study the replacement of chloride by sulfate and phosphate did not 

influencee endothelium-dependent relaxations of the tissue. These results indicate that 

smoothh muscle cells but not endothelium cells benefit from a reduction of chloride or an 

increasee in sulfate and phosphate in HTK. Replacement of histidine for lactobionate did 

nott improve smooth muscle and endothelium cell function preservation. This result is in 

linee with the study reported by R. Sumimoto et al. in which no differences were observed 

betweenn an experimental histidine-lactobionate solution and UW solution in a dog liver 

transplantt model  39. Finally, increasing the potassium concentration in HTK solution 

fromm 10 mM to 37 mM also did not improve the preservation of contractile responses and 

endothelium-dependentt and endothelium-independent relaxations of the tissue. From 

thesee results, it can be concluded that the preservation efficacy of HTK solution can be 

improvedd by changing the chloride, sulfate or phosphate concentration. In fact, this has 

inn part taken place in Celsior. Further research is needed to elucidate the contributions 

off  these and other solutes to the preservation of cells during hypothermic storage and to 

clarifyy the mechanisms through which these solutes protect organs against degradation 

duringg hypothermic preservation. 
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Inn conclusion, with respect to preservation of arterial smooth muscle and endothelium cell 

function,, UW is superior to 0.9% (w/v) NaCl, HTK and Celsior solutions for prolonged 

preservationn (7 days) of carotid arteries. The differences in reducing the rate of tissue 

degradationn are, amongst others, related to the chloride, sulfate or phosphate concentration 

inn the preservation solution. 
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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 
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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, 
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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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Summaryy and conclusions 

Althoughh mortality has decreased over the past decade, partial liver resections are still 

accompaniedd by substantial post-operative morbidity. Liver failure is an important cause 

off  mortality after partial liver resection. Risk of liver failure increases when the larger 

partt of the liver has to be resected, such as with hemihepatectomy (40-60%) or extended 

hemihepatectomyy (70-75%), especially when liver function is compromised due to cirrhosis, 

longg standing cholestasis or steatosis. It is therefore important to identify patients who are at 

riskk of developing post-operative liver failure and to find methods to decrease this risk. 

Anotherr important cause of complications after partial liver resection is massive intra-

operativee blood loss. Massive intra-operative blood loss increases the risk of infection and 

transfusionn related complications. Vascular inflow occlusion can be applied to reduce blood 

losss during partial liver resection. It consists of clamping of the portal vein and hepatic 

arteryy to the whole liver (Pringle's maneuver) or to part of the liver (segmental clamping). 

Whenn bleeding is still too much because of hepatic venous backflow or when the tumor is 

largee and situated near the caval vein requiring resection of (part of the) caval vein, total 

vascularr exclusion can be applied. This consists of simultaneous clamping of the portal vein 

andd hepatic artery as well as the supra- and intrahepatic caval vein. The consequence of 

vascularr clamping is, however, a lack of oxygen and energy supply leading to hepatic ischemia 

andd when the clamps are removed, reperfusion injury. This can result in microcirculatory 

failure,, necrosis or apoptosis of hepatocytes, functional loss and the onset of a systemic 

inflammatoryy response syndrome. 

Inn this thesis, two important causes of morbidity and mortality after partial liver resections 

aree addressed. The first is inadequate function of the remnant liver, which results in liver 

insufficiencyy and liver failure. The second is temporary clamping of the portal vein and 

hepaticc artery, which gives rise to hepatic ischemia and reperfusion injury. Strategies have 

beenn developed to recognize and reduce the risk of postoperative liver failure and to prevent 

andd treat hepatic ischemia and reperfusion injury. These strategies were investigated in small 

andd large animal models as well as in a patient series requiring liver resection. 

Inn chapter 2, a series of 99 patients is assessed, who had undergone resection for hilar 

cholangiocarcinomaa (Klatskin tumor) in a 15 year period. These tumors originate at the 

confluencee of the hepatic bile ducts and usually infiltrate proximally into the liver. Especially 

whenn the tumor infiltrates into the first segmental branches of the right and/or left hepatic 

ductt (Klatskin type IIIa/b, IV), hilar resection should be combined with partial liver resection 

inn an attempt to obtain negative tumor margins (R0 resection) and to increase survival. As 

describedd above however, this is usually accompanied by increased morbidity and mortality. 

Mainlyy in the last 5 year period (1998-2003), a more aggressive surgical approach was applied, 

combiningg most hilar resections with partial liver resection. This resulted in a higher rate of 

R00 resections, while morbidity and mortality did not increase. Mean survival increased in 

thee last 5-year period, owing to more R0 resections, better patient selection and improved 

surgicall  experience. In univariate analysis, (extended) right hemihepatectomy patients had 

significantlyy more postoperative complications as compared to other patients, underlining 

thee relation between resection size and morbidity. 
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Inn chapter 3, an overview is given of the current diagnostic and surgical approaches for 

Klatskinn tumor patients as applied in our center. This chapter also focuses on the criteria 

forr resectability and classification systems. Bismuth type IV Klatskin tumors are generally 

consideredd unresectable even using extensive liver resections The anatomy of the biliary 

ductss at the hepatic duct confluence, however, determines whether in Type IV tumours, 

tumourr free ductal margins can be obtained with preservation of sufficiënt remnant liver. A 

groupp of patients with Klatskin type IV tumors is described who because of special anatomy 

off  the bile ducts draining into the confluence, could undergo curative resection without 

majorr morbidity and without mortality. 

Inn chapter 4, the need for concomitant complete excision of the caudate lobe in patients 

withh hilar cholangiocarcinoma is emphasized, along with liver resection. In literature, many 

authorss have promoted this concept to increase the rate of RO resections and thereby to 

increasee survival. This approach is based on the observation that ductal branches to the 

caudatee lobe are often involved in the tumor. In our study, concomitant complete excision 

off  the caudate lobe resulted in a higher rate of RO resections without increasing morbidity or 

mortality. . 

Inn chapter 5, hepatobiliary scintigraphy is used as a tool to measure the function of the 

remnantt liver before resection. This future remnant liver function is calculated by measuring 

liverr uptake of technetium-labelled (99mTc-)mebrofenin within different regions of the liver. 

Thee liver is visualized by use of a gamma camera. Preoperative future remnant liver uptake 

functionn was compared with uptake function of the liver within 3 days after resection. A 

strongg correlation between these two measurements was found, indicating that hepatobiliary 

scintigraphyy of the future remnant liver can be performed preoperatively to accurately 

estimatee the function of the remnant liver after resection. 

Inn chapter 6, a patient series is assessed who had undergone partial liver resection for 

colorectall  metastases, hilar cholangiocarcinoma, hepatocellular carcinoma or other tumors. 

Preoperativee hepatobiliary scintigraphy of the future remnant liver was performed and 

wass correlated with postoperative morbidity, liver failure and mortality. Hepatobiliary 

scintigraphyy was compared to CT-volumetric measurement of the future remnant liver. 

Whenn a strong correlation was found, optimal cut-off values were calculated and likelihood-

ratioss as well as sensitivity and specificity rates were obtained. Furthermore, univariate 

andd multivariate analysis were performed to determine other factors that might influence 

outcomee after resection. It was found that in a patient population including patients with 

chronicc liver disease, preoperative measurement of future remnant liver uptake function with 
99mTc-mebrofeninn hepatobiliary scintigraphy is more valuable than CT based measurement 

off  future remnant liver volume during risk assessment of patients_requiring extensive liver 

resection.. When future remnant liver uptake function is below the specific cut-off value, the 

riskk of liver failure and mortality is 4 to 5 times increased. In multivariate analysis, operation 

timee was the only factor next to future remnant liver uptake function that was significantly 

associatedd with liver failure and mortality. 

Inn chapter 7, portal vein ligation was studied in a rat model. Portai vein ligation in rats 

simulatess portal vein embolization in humans. It can be applied to induce hypertrophy of 

thee future remnant liver, thereby increasing function of the future remnant liver, by ligating/ 

embolizingg the contralateral portal vein branch. By increasing future remnant liver function 
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beforee resection, liver insufficiency and liver failure can be prevented and resection can be 

madee possible in patients, who would otherwise have insufficient remnant liver function to 

supportt life. Portal vein ligation was compared to simultaneous ligation of both the portal vein 

andd hepatic artery. This dual ligation was performed sequentially as well as synchronously. 

Thee results showed that portal vein ligation is as effective as sequential dual ligation of portal 

veinn and hepatic artery in inducing regeneration of the contralateral liver segments and that the 

additionn of hepatic artery ligation only lead to both local and systemic inflammatory response 

affectingg liver synthetic function. 

Inn chapter 8, the effect of endogenous as well as exogenous interleukin-10 was examined 

inn a rat model of 60 min hepatic ischemia and reperfusion injury. Interleukin-10 is a potent 

anti-inflammatoryy cytokine which inhibits production of pro-inflammatory cytokines 

suchh as tumor necrosis factor-a, interleukin-1 and interleukin-6 as well as chemokines 

suchh as interleukin-8, produced by monocytes, macrophages and neutrophils. It is also 

knownn that tumor necrosis factor-a and interleukin-6 are important factors in the onset of 

hepatocytee proliferation to overcome loss of functional liver tissue. The aim of this study 

wass to examine the protective effects and the influence on the regenerative response of 

exogenouss recombinant rat interleukin-10 as well as endogenous interleukin-10. Endogenous 

interleukin-100 was blocked with anti-interleukin-10 neutralizing antibody. The protective 

effectt of endogenous interleukin-10 and even more of exogenous recombinant rat interleukin-

100 was clearly demonstrated in this study. This effect can at least in part be attributed to 

inhibitionn of the release of pro-inflammatory cytokine interleukin-6, thereby preventing 

tissuee inflammation and necrosis as well as apoptosis. Recombinant rat interleukin-10 

administrationn also sustained a regenerative response after ischemia and reperfusion of the 

liver.. Recombinant rat interleukin-10 administration is therefore useful to prevent ischemia 

andd reperfusion injury and to promote liver regeneration after partial liver resection with 

temporaryy inflow occlusion. 

Inn chapter 9, a rat model of hepatic ischemia and reperfusion injury combined with 

partiall  hepatectomy was used to study the effect of exogenous administration of bovine 

intestinall  alkaline phosphatase. Exogenous alkaline phosphatase is known to inactivate 

lipopolysaccharide,, a Gram-negative bacteria derived endotoxine. Lipopolysaccharide plays 

ann important role in stimulating inflammatory responses which occur, for example, after 

hepaticc ischemia and reperfusion injury and partial liver resection. The results of the study 

demonstratedd that lipopolysaccharide plays a significant role in ischemia and reperfusion 

injuryy in relation with liver resection. Neutralization of endogenous lipopolysaccharide 

byy administration of bovine intestinal alkaline phosphatase appears to be a promising 

therapeuticc tool to attenuate both hepatic and pulmonary injury after liver ischemia/ 

reperfusionn and partial liver resection. 

Inn chapter 10, hypothermic perfusion is applied in a pig model of 60 min hepatic ischemia 

andd reperfusion injury. Hypothermic perfusion is a technique by which the liver is cooled 

inin situ by perfusion of the portal vein or hepatic artery with a cold solution, such as 

Ringer-lactatee solution. By cooling the liver, oxygen and energy demand is reduced while 

metabolismm is slowed down, thereby reducing damage from ischemia and reperfusion injury. 

Hypothermicc perfusion can only be applied during total vascular exclusion when the liver 

iss totally isolated from the systemic blood circulation, because perfusion solution may not 
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bee spilled into the rest of the circulation. It is known that under hypothermic conditions, 

althoughh hepatocytes are protected, sinusoidal endothelial cells are more prone to damage. In 

earlierr studies performed in our laboratory (Bob Heijnen, 2003), it was found that cooling the 

liverr to 28CC by hypothermic perfusion, results in adequate protection of hepatocytes while 

sinusoidall  endothelial cell function remained intact. The aim of our present study was to 

furtherr cool the liver to 20°C and examine hepatocyt and sinusoidal endothelial cell damage 

andd function. It was found that hypothermic perfusion at 20°C equally preserves sinusoidal 

endotheliall  cells as well as hepatocyte function and equally prevents the occurrence of 

microvascularr perfusion failure compared to hypothermic perfusion at 28°C Also, to cool 

thee liver for 1 hour to an average core temperature of 20°C without isolation, an impractically 

largee volume of perfusion fluid is required. Although interleukin-6 release was decreased 

withh hypothermic perfusion at 20°C, it was concluded that a mean core liver temperature of 

28°CC is both sufficient and practical when applying hypothermic perfusion. 

Inn chapter 11, a relatively new organ preservation solution, called Celsior, was tested in a pig 

modell  of carotid artery preservation. In this model, Celsior solution was compared to the 

moree established preservation solutions as University of Wisconsin solution and Histidine-

tryptophane-ketoglutaratee solution. The benefit of organ preservation solutions over mineral 

basedd infusion solutions such as Ringer-lactate is, that the former have ability to prevent 

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

occurr during and after ischemia. The aim of this study was to evaluate Celsior for future 

usee as hypothermic perfusion solution. Carotid artery segments were stored up to 14 days 

inn Sodium-chloride 0.9%, University of Wisconsin, Histidine-tryptophane-ketoglutarate and 

Celsiorr solution. Celsior solution was found to be equally effective as University of Wisconsin 

solutionn and Histidine-tryptophane-ketoglutarate solution in preserving vascular smooth 

musclee and endothelial cell function for up to 3 days of hypothermic storage. During long-

termm preservation (7-14 days) University of Wisconsin solution was found to be superior than 

Histidine-tryptophane-ketoglutaratee solution and Celsior solution. 

Inn chapter 12, hypothermic perfusion was performed in the same model as described in 

chapterr 9. Celsior solution was used as hypothermic perfusion solution and was compared 

too Ringer-lactate solution. University of Wisconsin solution was not used, because it has 

importantt disadvantages as a solution for in situ hypothermic perfusion. These disadvantages 

aree high viscosity and high potassium concentration. In this study, the protective effect of 

inin situ hypothermic perfusion during total vascular exclusion was confirmed. Furthermore, 

whereass no differences in parenchymal damage or microcirculatory disturbances were 

found,, hypothermic perfusion with Celsior solution was more effective in reducing metabolic 

acidosis,, restoring radical scavenging capacity and bile production and in maintaining 

coagulationn capacity as compared to hypothermic perfusion with Ringer-lactate. Therefore, 

whenn applying in situ hypothermic perfusion in humans, Celsior solution is considered the 

preferredd perfusion solution. 
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Summaryy and conclusions 

Futuree directions 

Whilee local ablative techniques such as radiofrequency ablation (RFA) or cryoablation are 

comingg up as treatment options for selected patients with liver tumors, partial liver resection 

stilll  remains the gold standard of therapy. As the indications for performing more extensive 

liverr resections have increased, it is crucial to study methods to reduce the risk of postoperative 

morbidityy and mortality, especially for patients with compromised liver function. Research 

iss now continued to combine hepatobiliary scintigraphy with single photon emission 

computerizedd tomography. Using this combination, the future remnant liver can be more 

preciselyy characterized, measuring volume and function of the future remnant liver at the 

samee time. This technique may prove especially useful in selecting patients who wil l benefit 

fromm portal vein embolization and in determining the time after portal vein embolization at 

whichh resection may be undertaken. 

Exogenouss alkaline phosphatase as well as other pharmacological interventions directed 

towardss decreasing activation of coagulation and stimulating fibrinolysis, require further 

experimentall  studies. Animal models of hepatic ischemia and reperfusion as well as liver 

resectionn wil l be combined with bile duct ligation, to mimiek the cholestatic patient with a 

proximall  bile duct tumor requiring extensive liver resection. 

Applicationn of in situ hypothermic perfusion using Celsior solution in patients requiring 

prolongedd vascular inflow occlusion is now ready for clinical assessment in extensive liver 

resections.. Also a new organ preservation solution was developed in our laboratory, called 

Polysol.. Experimental results in rat liver preservation studies are promising. Polysol may be 

especiallyy valuable to apply as in situ hypothermic perfusion solution as it contains many 

nutrientss and vitamins, while viscosity is low and Na and K concentrations are similar to 

plasmaa values. 
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Samenvattingg en conclusies 

Hoewell  de mortaliteit de laatste 10 jaar is afgenomen, gaan partiële leverresecties nog steeds 

gepaardd met een aanzienlijke postoperatieve morbiditeit. Leverfalen is een belangrijke 

oorzaakk van mortaliteit na partiële leverresectie. Het risico op leverfalen neemt toe als een 

groott deel van de lever moet worden verwijderd, zoals bij een hemihepatectomie (40-60%) 

off  een extended hemihepatectomie (70-75%). Ook als de leverfunctie is afgenomen door een 

leverziektee zoals cirrhose, steatose of langdurige cholestase stijgt de kans op postoperatief 

leverfalen.. Daarom is het belangrijk om patiënten die een verhoogd risico lopen om 

postoperatieff  leverfalen te ontwikkelen, tijdig te herkennen. Ook dienen methoden gevonden 

tee worden om dit risico te verlagen. 

Bloedverliess tijdens de operatie is een andere belangrijke oorzaak van complicaties na partiële 

leverresectie.. Verlies van grote hoeveelheden bloed leidt tot een toename van het risico op 

infectiee en transplantatie gerelateerde complicaties. Om bloedverlies te verminderen kunnen 

dee bloedvaten die de lever van bloed voorzien, tijdelijk worden afgeklemd tijdens de operatie. 

Hierbijj  kunnen de vena porta en de arteria hepatica worden afgeklemd (Pringle's manoeuvre) 

off  kunnen segmentele takken worden geklemd {selectief klemmen). Als er ondanks deze 

techniekenn nog steeds bloedverlies bestaat door veneuze backflow of als de tumor erg groot 

iss en tegen of in de vena cava groeit, kan een totale vasculaire exclusie worden toegepast. 

Hierbijj  worden zowel de vena porta en de arteria hepatica afgeklemd, alsmede de infra- en 

suprahepatischee vena cava. De consequentie van dit afklemmen is echter dat door gebrek 

aann zuurstof en energie supplementen, die door het bloed worden geleverd, leverischemie 

ontstaat.. Als de klemmen worden verwijderd wordt dit gevolgd door reperfusie schade. 

Ditt kan resulteren in schade aan de microcirculatie, necrose of apoptose van hepatocyten, 

leverfunctiee verlies en zelfs een gegeneraliseerde ontstekingsreactie. 

Inn dit proefschrift worden twee belangrijke oorzaken van morbiditeit en mortaliteit na 

partiëlee leverresectie behandeld. De eerste is inadequate functie van de restlever, hetgeen 

leidtt tot leverinsufficiëntie en leverfalen. De tweede is het tijdelijk afklemmen van bloedvaten 

diee de lever van bloed voorzien, hetgeen leidt tot ischemie- en reperfusieschade van de lever. 

Strategieënn zijn ontwikkeld om het risico op postoperatief leverfalen te herkennen en te 

verminderenn en om ischemie- en reperfusieschade van de lever te voorkomen en te behandelen. 

Dezee strategieën zijn onderzocht in zowel kleine als grote proefdiermodellen alsmede met 

behulpp van een serie patiënten die gepland waren voor een partiële leverresectie. 

Inn hoofdstuk 2 wordt een serie van 99 patiënten behandeld, die een resectie hebben 

ondergaann vanwege een hilair cholangiocarcinoom (Klatskin tumor) in een periode van 15 

jaar.. Deze tumoren gaan uit van de confluentie van de linker en rechter ductus hepaticus en 

infiltrerenn vaak in de lever. Vooral als de tumor infiltreert in de eerste segmentele takken 

vann de rechter en/of linker ductus hepaticus (Klatskin type lila/b, IV), moet hilaire resectie 

gecombineerdd worden met partiële leverresectie om tumor negatieve resectie randen (R0 

resectie)) te verkrijgen en om overleving te verlengen. Zoals hierboven omschreven gaat dit 

echterr gepaard met een toename van de morbiditeit en mortaliteit. Vooral in de laatste periode 

vann 5 jaar (1998-2003) werd er meer agressieve chirurgische benadering toegepast waarbij 

dee meeste hilaire resecties gecombineerd werden met partiële leverresectie. Dit resulteerde 

inn een hoger percentage R0 resecties, terwijl de morbiditeit en mortaliteit niet toenam. De 
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gemiddeldee overleving nam in de laatste periode van 5 jaar toe, wat kan worden toegeschreven 

aann meer RO resecties, betere selectie van patiënten en toegenomen chirurgische ervaring. 

Inn univariate analyse hadden patiënten die een (extended) rechter hemihepatectomie hadden 

ondergaan,, significant meer postoperatieve complicaties vergeleken met de andere patiënten, 

hetgeenn het verband aangeeft tussen morbiditeit en grootte van de resectie. 

Inn hoofdstuk 3 wordt een overzicht gegeven van de huidige diagnostische en chirurgische 

benaderingenn van patiënten met een Klatskin tumor in het AMC. In dit hoofdstuk wordt ook 

dee nadruk gelegd op de criteria voor resectabiliteit en tumor classificatie. Bismuth type IV 

Klatskinn tumoren worden over het algemeen gezien als irresectabel. Of er tumor negatieve 

resectierandenn kunnen worden verkregen met behoud van voldoende leverfunctie, hangt 

echterr af van de anatomie van de galwegen. Een groep patiënten wordt beschreven met 

Klatskinn type IV tumoren, welke, door een speciale anatomie van de galwegen, curatieve 

resectiee konden ondergaan zonder ernstige morbiditeit en zonder mortaliteit. 

Inn hoofdstuk 4 wordt de noodzaak beschreven van complete resectie van de lobus caudatus 

inn patiënten met hilair cholangiocarcinoom. In de literatuur hebben veel auteurs het belang 

hiervann onderschreven om het percentage RO resecties en hierdoor de overleving te vergroten. 

Dezee benadering is gebaseerd op de observatie dat ductale takken van de lobus caudatus 

vaakk geïnfiltreerd worden door de tumor. In onze studie resulteerde complete resectie van de 

lobuss caudatus samen met partiële leverresectie in een hoger percentage RO resecties zonder 

morbiditeitt en mortaliteit te vergroten. 

Inn hoofdstuk 5 wordt het gebruik van hepatobiliare scintigrafie beschreven als methode 

omm de functie van de restlever te meten voor de resectie. Deze toekomstige restlever functie 

wordtt berekend door de opname van de lever te meten van technetium-gelabelde (99mTc-

)mebrofeninee binnen verschillende regio's van de lever. De lever wordt gevisualiseerd met 

behulpp van een gamma camera. De preoperatief gemeten toekomstige restlever functie werd 

vergelekenn met de opname functie van de lever binnen 3 dagen na de resectie. Er werd een 

sterkee correlatie gevonden tussen deze twee metingen, hetgeen indiceert dat hepatobiliare 

scintigrafiee van de toekomstige restlever preoperatief kan worden bepaald om een accurate 

inschattingg te maken van de functie van de restlever na de resectie. 

Inn hoofdstuk 6 wordt een serie beschreven van patiënten die een partiële leverresectie 

hebbenn ondergaan in verband met colorectal metastases hilair cholangiocarcinoom, 

hepatocellularr carcinoom of andere tumoren. Preoperatieve hepatobiliare scintigrafie van 

dee toekomstige restlever werd toegepast en gecorreleerd aan postoperatieve morbiditeit, 

leverfalenn en mortaliteit. Hepatobiliare scintigrafie werd vergeleken met CT-volumetrie van 

dee toekomstige restlever. Wanneer een sterke correlatie werd gevonden, werden optimale 

afkapwaardenn bepaald en zowel likelihood-ratio's als sensitiviteit en specificiteit berekend. 

Ookk werd univariate en multivariate analyse toegepast om andere factoren te herkennen 

diee eveneens van invloed zijn op de uitkomst na partiële leverresectie. De uitkomst was 

datt in een patiënten populatie waar in ook patiënten met chronische leverziekten zijn 

geïncludeerd,, preoperatieve meting van de toekomstige restleverfunctie met behulp van 
99mTc-mebrofeninee hepatobiliare scintigrafie meerwaarde heeft dan CT-volumetrie voor 

hett bepalen van het risico van patiënten die een partiële leverresectie moeten ondergaan. 

Wanneerr de toekomstige restlever functie lager is dan de specifieke afkapwaarde is het risico 

opp leverfalen en mortaliteit 4 tot 5 keer zo groot. In multivariate analyse was operatieduur 
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dee enige factor, behalve toekomstige restlever functie, die significant verband hield met 

leverfalenn en mortaliteit. 

Inn hoofdstuk 7 wordt vena portaligatie beschreven in een rattenmodel. Vena portaligatie 

inn ratten simuleert vena porta embolisatie in de mens. Deze techniek kan worden toegepast 

omm hypertrofie van de toekomstige restlever te induceren en hierdoor de functie van de 

toekomstigee restlever te vergroten, door de contralateral tak van de vena porta te ligeren/ 

emboliseren.. Door de functie van de toekomstige restlever voor de operatie te vergroten kan 

leverr insufficiëntie en leverfalen worden voorkomen en kan resectie worden mogelijk gemaakt 

voorr patiënten die anderszins een te slechte functie van de restlever zouden hebben om het 

levenn te kunnen ondersteunen. Vena portaligatie werd vergeleken met gelijktijdige ligatie van 

zowell  de vena porta als de arteria hepatica. Deze dubbele ligatie werd zowel gelijktijdig als 

opeenvolgendd uitgevoerd. De resultaten lieten zien dat vena porta ligatie even effectief is als 

opeenvolgendee dubbele ligatie van de vena porta en de arteria hepatica in het induceren van 

regeneratiee van de contralateral leversegmenten en dat de toevoeging van arteria hepatica 

ligatiee alleen leidt tot een zowel locale als systemische inflammatoire reactie en een afname 

vann de synthese functie van de lever. 

Inn hoofdstuk 8 wordt het effect beschreven van zowel endogene als exogene toediening 

vann interleukine-10 in een model waarbij 60 minuten ischemie van de rattenlever werd 

toegepast.. Interleukine-10 is een krachtig anti-inflammatoir cytokine die de productie 

remtt van zowel pro-inflammatoire cytokinen zoals tumor necrosis factor-a, interleukine-

11 en interleukine-6 als chemokinen zoals interleukine-8, geproduceerd door monocyten 

macrofagenn en neutrofielen. Het is ook bekend dat tumor necrosis factor-a en interleukine-6 

belangrijkee factoren zijn in de aanzet van hepatocyt proliferatie bij het verlies van functioneel 

leverweefsel.. Het doel van deze studie was om het beschermende effect en de invloed op 

dee regeneratieve respons te onderzoeken van zowel exogeen als endogeen interleukine-10. 

Endogeenn interleukine-10 werd geblokkeerd met een anti-interleukine-10 neutraliserend 

antilichaam.. Het beschermde effect van endogeen interleukine-10 en in meerdere mate van 

exogeenn recombinant rat interleukine-10 werd in deze studie duidelijk gedemonstreerd. Dit 

effectt kan gedeeltelijk worden toegeschreven aan de inhibitie van interleukine-6 waarbij zowel 

inflammatiee als necrose en apoptose werd voorkomen. Ook liet recombinant rat interleukine-

100 toediening nog steeds een regeneratieve respons toe na ischemie en reperfusie van de 

lever.. Recombinant rat interleukine-10 toediening is daarom bruikbaar om ischemie- en 

reperfusieschadee te voorkomen en om lever regeneratie te stimuleren na partiële leverresectie 

mett tijdelijk afklemmen van de toevoerende bloedvaten. 

Inn hoofdstuk 9 wordt een rattenmodel van ischemie- en reperfusieschade van de lever 

gecombineerdd met partiële leverresectie gebruikt om het effect te bestuderen van exogene 

toedieningg van kalfs intestinaal alkalische fosfatase. Het is bekend dat exogene alkalische 

fosfatasee de werking inactiveert van lipopolysaccharide, endotoxine dat wordt geproduceerd 

doorr Gram-negatieve bacteriën. Lipopolysaccharide speelt een belangrijke rol in de stimulatie 

vann ontstekingsreacties die bijvoorbeeld ontstaan na ischemie en reperfusie van de lever 

enn na partiële leverresectie. De resultaten van de studie lieten zien dat lipopolysaccharide 

inderdaadd een belangrijke rol speelt in ischemie- en reperfusieschade in combinatie met 

partiëlee leverresectie. Neutralisatie van endogene lipopolysaccharide door toediening van 

kalfss intestinaal alkalische fosfatase lijk t een veel belovende therapeutische methode om 

201 1 



zowell  lever- als longschade na ischemie en reperfusie van de lever en partiële leverresectie te 

verminderen. . 

Inn hoofdstuk 10 is hypotherme perfusie toegepast in een varkensmodel van 60 minuten 

leverr ischemie gevolgd door reperfusie. Hypotherme perfusie is een techniek waarbij de lever 

inin situ wordt gekoeld door perfusie met een koude vloeistof zoals bijvoorbeeld Ringer-lactaat 

viavia de vena porta of de arteria hepatica. Doordat de lever wordt gekoeld, daalt de behoefte 

aann zuurstof en energie omdat het metabolisme afneemt waardoor schade door ischemie en 

reperfusiee vermindert wordt. Hypotherme perfusie kan alleen worden toegepast tijdens totale 

vasculairee exclusie, zodat de lever totaal is geïsoleerd van de systemische bloedcirculatie, 

omdatt de perfusievloeistof anders in de rest van de circulatie terecht kan komen. Het is 

bekendd dat onder hypotherme omstandigheden de sinusoïdale endotheelcellen meer vatbaar 

zijnn voor schade terwijl de hepatocyten worden beschermd. In eerder onderzoek, uitgevoerd 

inn ons laboratorium (Bob Heijnen, 2003), werd gevonden dat koelen van de lever tot 28"C 

doorr hypotherme perfusie resulteert in adequate bescherming van hepatocyten terwijl de 

functiee van sinusoïdale endotheelcellen intact blijft . Het doel van de huidige studie was 

omm de lever verder te koelen tot 20°C en het effect hiervan te onderzoeken op hepatocyt en 

sinusoïdalee endotheelcelschade en functie. De resultaten lieten zien dat hypotherme perfusie 

tott 20"C gelijkwaardig de sinusoïdale endotheelcel en de hepatocyt functie preserveert 

enn gelijkwaardig micro vasculaire perfusieschade voorkomt vergeleken met hypotherme 

perfusiee tot 28°C. Ook werd gevonden dat een onpraktisch groot volume perfusie vloeistof 

nodigg is om de lever gedurende 1 uur te koelen tot een gemiddelde temperatuur van 20"C 

zonderr isolerende maatregelen. Hoewel de interleukine-6 concentratie was afgenomen bij 

hypothermee perfusie tot 20"C, werd geconcludeerd dat een gemiddelde levertemperatuur 

vann 28"C zowel voldoende als praktisch is tijdens hypotherme perfusie. 

Inn hoofdstuk 11 is een relatief nieuwe orgaanpreservatie vloeistof, genaamd Celsior getest 

inn een varkensmodel van arteria carotis preservatie. In dit model werd Celsior vergeleken 

mett de bekende preservatie vloeistoffen University of Wisconsin vloeistof en Histidine-

tryptofaaivketoglutaraat.. Het voordeel van orgaanpreservatie vloeistoffen boven crystalloid 

vloeistoffenn als Ringer-lactaat is dat de eerst genoemden het vermogen hebben om weefsel 

acidose,, celzwelling, zuurstof radicaal schade en energie depletie te voorkomen, fenomenen 

diee ontstaan tijdens en na ischemie. Het doel van deze studie was om Celsior te evalueren voor 

hett latere gebruik als hypotherme perfusie vloeistof. Arteria carotis segmenten werden tot 14 

dagenn opgeslagen in natriumchloride 0,9%, University of Wisconsin, Histidme-tryptofaan-

ketoglutaraatt en Celsior vloeistof. De resultaten lieten zien dat Celsior even effectief is als 

Universityy of Wisconsin en Histidine-tryptofaan-ketoglutaraat in het preserveren van 

vasculairee gladde spiercel en endotheelcel functie gedurende hypotherme opslag tot 3 dagen. 

Gedurendee langere preservatie (7-14 dagen) bleek University of Wisconsin vloeistof superieur 

tee zijn boven Histidine-tryptofaan-ketoglutaraat en Celsior. 

Inn hoofdstuk 12 is hypotherme perfusie toegepast in hetzelfde model als beschreven in 

hoofdstukk 9. Celsior werd gebruikt als hypotherme perfusie vloeistof en werd vergeleken met 

Ringer-lactaat.. University of Wisconsin vloeistof werd niet gebruikt omdat het belangrijke 

nadelenn heeft om als in situ hypotherme perfusie vloeistof te gebruiken. Deze nadelen zijn 

eenn hoge viscositeit en een hoge kalium concentratie. In deze studie werd het beschermende 

effectt van in situ hypotherme perfusie tijdens totale vasculaire exclusie bevestigd. Verder 
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bleekk hypotherme perfusie met Celsior meer effectief te zijn in het voorkomen van metabole 

acidose,, het herstellen van antioxidant werking en galproductie en het onderhouden van 

stollingscapaciteit,, terwijl geen verschillen werden gevonden wat betreft parenchymale en 

microcirculatoiree schade vergeleken met hypotherme perfusie met Ringer-lactaat. 1 [ierdoor 

werdd geconcludeerd dat, wanneer in situ hypotherme perfusie wordt toegepast in de mens, 

Celsiorr kan worden beschouwd als de meest geschikte perfusie vloeistof. 

Toekomstigee onderzoeksrichtingen 

Terwijll  locale ablatieve technieken zoals radiofrequente ablatie of cryoablatie in opkomst 

zijnn als behandel methode voor geselecteerde patiënten met levertumoren, wordt partiële 

leverresectiee nog steeds gezien als de "gouden standaard" behandeling. Omdat de indicaties 

voorr het uitvoeren van meer uitgebreide leverresecties zijn toegenomen, is het van groot 

belangg om methoden te bestuderen die het risico op postoperatieve morbiditeit en mortaliteit 

kunnenn verminderen, speciaal voor patiënten met gecompromitteerde leverfunctie. Op dit 

momentt wordt onderzoek verricht waarbij hepatobiliare scintigrafie wordt gecombineerd 

mett single photon emission computerized thomography. Met deze combinatie kan de 

toekomstigee restlever preciezer in beeld worden gebracht en kan het volume en de functie 

vann de toekomstige restlever gelijktijdig worden bepaald. Deze methode zou specifiek van 

waardee kunnen zijn om patiënten te selecteren die voordeel kunnen hebben van vena porta 

embolisatiee en om het tijdstip te bepalen na vena porta embolisatie waarop de resectie kan 

wordenn uitgevoerd. 

Exogenee alkalische fosfatase maar ook andere farmacologische interventies met als doel het 

verminderenn van stollingsactivatie en het stimuleren van fibrinolyse dienen in experimentele 

studiess verder te worden onderzocht. Proefdiermodellen van ischemie en reperfusie van de 

leverr met partiële leverresectie zullen worden gecombineerd met galwegligatie, om de situatie 

vann cholestatische patiënten met een proximale galweg tumor die een grote leverresectie 

moetenn ondergaan, na te bootsen. 

Dee toepassing van in situ hypotherme perfusie met Celsior vloeistof in patiënten waarbij een 

langeree periode van vasculaire occlusie nodig is, kan nu worden onderzocht in de klinische 

zetting.. Ook is een nieuwe orgaanpreservatie vloeistof in ons laboratorium ontwikkelt, 

genaamdd Polysol. De resultaten van studies waarin de rattenlever met deze vloeistof werd 

gepreserveerdd zijn veel belovend. Polysol zou specifiek voor de toepassing van in situ 

hypothermee perfusie waardevol kunnen zijn omdat het veel voedingsstoffen en vitaminen 

bevat,, terwijl de viscositeit laag is en de natrium en kalium concentraties vergelijkbaar zijn 

mett de plasmawaarden. 
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