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András Fülöp, MD,a András Budai, MD,a Zoltán Czigány, MD,a
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Background: Ligation of a branch of the portal vein redirects portal blood to nonligated lobes

resulting in lobar hypertrophy. Although the effect of portal vein ligation on liver volume is

well documented, the parallel alterations in liver function are still the subject of contro-

versy. Our aim was to assess the time-dependent reactions of regional hepatic function to

portal vein ligation by selective biliary drainage.

Methods: Male Wistar rats (n ¼ 44) underwent 80% portal vein ligation. Before the operation

as well as 1, 2, 3, 5, and 7 d after circulation, morphology and function (laboratory blood

test; hepatic bile flow; plasma disappearance rate of indocyanine green; and biliary

indocyanine green excretion) of the liver were examined.

Results: Although portal vein ligation affected liver circulation and morphology to a great

extent, serum albumin levels, bilirubin levels, and total hepatic bile flow did not change

significantly after the operation. Nevertheless, plasma disappearance rate and biliary

indocyanine green excretion indicated a temporary impairment of total liver function with

the lowest value on the second day and normalization by the fifth day. Bile production and

biliary indocyanine green excretion of ligated lobes decreased rapidly after the operation

and remained persistently suppressed, whereas the secretory function of nonligated

lobesdafter a temporary declinedshowed a greater increase than the weight of the lobes.

Conclusions: Portal vein ligation induced temporary impairment of total liver function, followed

by rapid recovery mainly by reason of increase in the function of nonligated lobes. Functional

increase innonligated lobeswasmorepronouncedthansuggestedby thedegreeofvolumegain.

ª 2015 Elsevier Inc. All rights reserved.
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future liver remnant (FLR) volume by portal vein occlusion

(PVO) techniques, such as portal vein embolization, two-stage

hepatectomy combined with portal vein ligation, and more

recently associating liver partitionwith portal vein ligation for

staged hepatectomy. These surgical procedures are applied to

redirect portal blood flow away from the liver lobes designated

for resection, toward the anticipated FLR resulting in FLR

hypertrophy (regeneration) [2].

Currently, computed tomography (CT) volumetry is the

standard method for determining whether sufficient regenera-

tion is present after PVO. Nevertheless, increase in the FLR vol-

ume (morphologic regeneration)doesnotnecessarily reflect the

actual alterations of the FLR function (functional regeneration)

[3]. Although the morphologic phenomena have been widely

discussed, little is known about the functional alterations

occurring after PVO because of the lack of an ideal quantitative

test, which would represent multiple aspects of the liver func-

tion andwould be able to assess FLR function selectively. There

are two contradictory theories in the literature. Some studies

postulate that liver regeneration is promoted at the expense of

liver function, resulting in prolonged and less functional

regeneration compared with the rapid increase in FLR volume

[4e6]. Other works, based on nuclear imaging techniques (i.e.,

hepatobiliary scintigraphy [7] or hepatocyte mass scintigraphy

[8,9]), indicate that increase in FLR function ismore pronounced

than implied by the degree of morphologic regeneration. This

hypothesis, however, has not yet been confirmed by other

widely accepted quantitative liver function tests.

Over the last decades, several quantitative liver function

tests have been developed, of which the indocyanine green

(ICG) clearance test is the most common. ICG is a fluorescent

tricarbocyanine dye exclusively eliminated by the liver without

metabolism and enterohepatic recirculation [10]. Although ICG

is not metabolized, it follows a path of intracellular transport

similar to several exogenous and endogenous molecules; its

disappearance from the blood, therefore, provides indirect in-

formation about the overall function of the liver. The main

limitation of the test is that it does not take into account

regional variations in liver quality that may occur after PVO.

Selective biliary drainage, however, enables us to assess

biliary ICG excretion selectively in FLR. Literary data have

demonstrated that biliary ICGexcretion isanexcellent indicator

of liver functionor dysfunction in various pathologic conditions

such as liver ischemiaereperfusion, liver transplantation, or

severesepticstate [11e13]. Furthermore, thecapacityof the liver

to excrete ICG accurately reflects the intracellular adenosine

triphosphate (ATP) level and hence the energy status of hepa-

tocytes, which are among the most decisive factors in terms of

functionality and organ viability [14].

The aim of the present study was to selectively assess the

time-dependent reactions of regional hepatic function to

portal vein ligation by selective biliary drainage and assess-

ment of biliary ICG excretion compared with the conventional

parameters of liver regeneration and hepatic circulation.
2. Materials and methods

The experimental design was regulated in accordance

with the National Institutes of Health guidelines for animal
care and was approved by the Committee on Animal

Experimentation of Semmelweis University (license number:

PEI/001/313-4/2014). Male Wistar rats weighing 200e250 g

were used (Semmelweis University, Central Animal Facility,

Budapest, Hungary). Standard rat chow and water were pro-

vided ad libitum. Before the experiment, the rats were fasted

overnight to minimize the effect of food ingestion on the liver

blood and bile flow.

2.1. Experimental design and operative procedure

Portal vein ligationwasperformedaspreviouslydescribed [15].

Briefly, under general anesthesia, induced by intraperitoneal

injection of ketamine (75 mg/kg) and xylazine (7.5 mg/kg), the

portal branches supplying themedian, left lateral, and caudate

lobesdapproximately 80% of the total liver massdwere

ligated. After operation, the animals were returned to their

cages. Rats (n¼ 36) were randomly allocated into groups based

on the length of the recovery period. Six animal groups were

examined as follows: on the preoperative day (day 0, control

group) and on postoperative days 1, 2, 3, 5, and 7 (n¼ 6 per time

point), respectively. Additional eight animals were used to

determine the size of liver lobules before (n ¼ 4) and 7 d after

(n ¼ 4) PVO (Fig. 1).

At the indicated time points, animals were reanesthetized

and a 22-gauge polyethylene catheter was placed into the

right jugular vein for maintenance of anesthesia (25-mg/kg/h

ketamine and 2.5-mg/kg/h xylazine) and for the administra-

tion of saline infusion (4 mL/kg/h) as well as ICG. Another 22-

gauge polyethylene catheter was inserted into the left carotid

artery for hemodynamic measurements. After relaparotomy,

surface probes of the laser Doppler flowmeter were placed on

the liver’s superior right lateral (SRL) and left lateral lobes

(LLL). After registration of the liver microcirculatory flow, the

bile ducts of portal vein ligated (PVL) and portal vein non-

ligated (PVNL) lobes were selectively cannulated to assess the

bile flow. ICG in a dose of 1.5 mg/mL (ICG-PULSION; PULSION

Medical Systems, Munich, Germany) was injected, and then

plasma disappearance rate (PDR) and biliary excretion of the

dyewere determined. After a 150-min period of bile collection,

the portal vein was directly punctured with a 24-gauge needle

to measure the portal pressure. At the end of the measure-

ments, rats were exsanguinated via the right ventricular

puncture and liver samples were excised (Fig. 1).

2.2. Assessment of hemodynamics and liver
microcirculation

Blood pressure was measured by an invasive blood pressure

monitoring system (Kent Scientific Corporation, Torrington,

CT) via the cannulated right carotid artery. Portal pressure

was evaluated by direct puncture of the portal vein (Kent

Scientific Corporation). Liver microcirculation was assessed

before ICG administration using a laser Doppler monitor

(DRT4 device with DP1T surface probe; Moor Instruments Ltd,

London, United Kingdom). Surface probes were placed on

fixed locations of the liver’s SRL (PVNL) and LLL (PVL). At least

four measurements were performed at different sites of the

lobes (5min for each), and themean of themeasurementswas

calculated.
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Fig. 1 e Experimental design. At the indicated time points (arrows), six groups of animals were used to determine the

alterations in circulation, morphology, and functional capacity of the liver lobes after portal vein ligation. MAP, mean

arterial pressure; PP, portal pressure; IRL, inferior right lobe; ML, median lobe; SCL, superior caudate lobe; ICL, inferior

caudate lobe. # indicates portal vein ligation; * indicates selective bile duct cannulation.
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2.3. Assessment of morphologic alterations

2.3.1. Liver weight measurement
Wet weight of liver lobes was measured separately using

laboratory scale (Mettler-Toledo AG 245; Mettler-Toledo, LLC,

Columbus, OH). The relative weight of lobes to body weight

(BW)was then calculated and expressed as liver weight (gram)

per 100-g BW.

2.3.2. Histologic and immunohistochemical analysis
Histologic samples were harvested from SRL (PVNL) and LLL

(PVL) from identical sites. The excised samples were fixed in

4% neutral-buffered formalin and embedded in paraffin.

Sections of 3e5 mm thickness were examined under light

microscope after hematoxylin and eosin staining. Necrosis

was assessed by morphologic features and graded on a scale

of 0e4 as described by Suzuki et al. [16]: grade 0dabsence of

necrosis; grade 1dsingle-cell necrosis; grade 2d30% lobular

necrosis; grade 3d60% lobular necrosis; and grade 4dmore

than 60% lobular necrosis. Apoptotic cell death and mi-

totic activity were determined by immunohistochemical

staining procedures. Primary antibodies against active

caspase-3 (Cell Signaling Technology, Beverly, MA) and

Ki-67 (DAKO, Glostrup, Denmark) were used, respectively.

Avidinebiotineperoxidase complex immunohistochemical

method was performed for antigen retrieval. Labeling index
was defined as the mean number of positive cells per 10

visual fields (�200).

2.3.3. Liver lobule size determination
In a separate study, the size of liver lobules was determined

before (n ¼ 4) and 7 d after portal vein ligation (n ¼ 4) as pre-

viously described [17,18]. Briefly, hepatic veins and sinusoids

were filled up through the inferior vena cava by a fluorescent

dye containing polystyrene resin. The liver surface was

monitored by stereomicroscope, and the filling was stopped

when the resin filled up the sinusoids partially. SRL (PVNL) and

LLL (PVL) were removed and examined with inverted micro-

scope (Nikon TE200; Nikon, Tokyo, Japan). Surface images of

the lobes were captured by a Bio-Rad (MRC1024; Bio-Rad,

Richmond, CA) confocal system. On the surface pictures, the

interlobular borders were outlined by the resin in the sinu-

soids. Circumference and surface area of the lobules were

determined with ImageJ program (NIH, Bethesda, MD).

2.4. Assessment of functional alterations

2.4.1. Conventional laboratory blood tests
Serum levels of alanine aminotransferase, aspartate amino-

transferase, albumin, and total bilirubin (tBil)weredetermined

with an automated clinical chemistry analyzer (Beckman

Coulter AU480/2011; Beckman Coulter Inc, Brea, CA).
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Fig. 2 e Hemodynamics and liver microcirculation. (A) The mean arterial pressure did not significantly change throughout

the entire experiment. (B) The portal pressure significantly increased after portal vein ligation and remained elevated until

the seventh day. (C) The microcirculatory flow of PVNL lobes immediately increased after the operation and remained

elevated until the third day, whereas the microcirculation of PVL lobes was temporarily impaired and became normalized

on the third day. Results are given as mean ± standard deviation, n [ 6 per group: aP < 0.05 versus the preoperative level

(day 0); bP < 0.001 versus the preoperative level (day 0); cP < 0.05 versus the preoperative value (day 0) of the corresponding

lobes; and dP < 0.001 versus the preoperative value (day 0) of the corresponding lobes.
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2.4.2. Plasma disappearance rate
PDR was determined by means of ICG densitometry using a

commercial analyzer (PC5000 LiMON; PULSION Medical

Systems) and a corresponding neonatal finger probe (PV50200

disposable sensor for neonates; PULSION Medical Systems),

which was attached to the left hind limb with a bandage. ICG

(1.5 mg/mL) was injected at the dose of 1 mL/kg via the right

jugular vein. After a registration period of 6 min, the device

calculated PDR.

2.4.3. Bile production and biliary ICG excretion
To determine bile production and biliary ICG excretion of the

liver, selective biliary drainage was performed. Bile was

collected from the PVL and PVNL lobes separately, first at

5-min intervals (from 0e40 min), then at 10-min intervals

(from 40e150min) into preweighed, light-protected test tubes.

Bile volume from each collection was measured gravimetri-

cally, assuming a specific gravity of 1.0 [19]. Bile production

was normalized to both BW (mL/min/kg BW) and liver weight

(mL/min/g liver). After measurement of the bile volume, the

samples were centrifuged. The supernatant was diluted with

distilled water (1:4) and analyzed for ICG concentration using

Zenith 200rt spectrophotometer (Anthos Labtec Instruments

GmbH, Salzburg, Austria) at 805 nm [13]. Maximal biliary ICG

concentration (Cmax) and the corresponding time (Tmax) were

determined from the concentration curves. Furthermore,
biliary ICG excretion was calculated by multiplying the biliary

ICG concentrations by the collected bile volume. Then the

biliary (ICGEX) was expressed as a percentage of excreted ICG

at the first 20 min from the injected dose.

2.5. Statistical analysis

Values were expressed as means � standard deviation.

Normality and homoscedasticity of the data were tested.

Statistical analysis was performed with the analysis of

variance test and the Bonferroni correction post hoc test. For

analysis of nonparametric data, the KruskaleWallis H test

was applied. Differences were considered significant when

P< 0.05. Calculationswere performedwith IBM SPSS Statistics

20.0 software (IBM Corporation, Armonk, NY).
3. Results

3.1. Hemodynamics and liver microcirculation

Mean arterial pressure remained around the baseline level

during the experiments (Fig. 2A). Portal pressure increased

significantly 1 d after the operation (P< 0.001; day 1 versus day

0) and remained elevated until the seventh day (P¼ 0.02; day 7

versus day 0; Fig. 2B).
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Fig. 3 e Morphologic alterations. (A) Changes in weight of total liver, PVL, and PVNL liver lobes at the examined time points.

The weight of PVNL lobes increased considerably after portal vein ligation in association with a significant enlargement in

average circumference (B and E) and surface area (C and E) of the liver lobules compared with the preoperative values (BeD).

In contrast, PVL lobes shrunk considerably, characterized by decreased lobular circumference (B and F) and surface area (C

and F). Yellow lines indicate the interlobular borders in parts DeF. Histomorphologic characteristics of the PVL and PVNL

lobes after the operation. Mitotic activity of hepatocytes significantly increased in PVNL lobes, with peak response on the

second day (G). In the PVNL lobes, Ki-67 immunohistochemistry (brown stain) showed a high expression level of Ki-67 in

cell nuclei (H), whereas the number of Ki-67 positive cells in PVL lobes did not increase (I). In PVL lobes, the extent of necrotic

areas and the number of apoptotic cells significantly increased after the operation with peak response on the first and

second day, respectively (J). Wide necrotic areas were seen around the central vein 1 d after the operation (K). At this time,

apoptosis was also frequently present (caspase-3 immunohistochemistry, L). Results are given as mean ± standard

deviation, n [ 6 per group: aP < 0.05 versus the preoperative value (day 0) of the corresponding lobes; bP < 0.001 versus the

preoperative value (day 0) of the corresponding lobes; and cP < 0.05 versus the preoperative value (day 0) of the

corresponding lobes. (Color version of figure is available online.)
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Microcirculatory blood flow of the PVNL lobes increased

immediately after portal vein ligation and remained elevated

until the third day (P < 0.001; day 3 versus day 0). On the fifth
day, it returned to the values detected before the operation. In

contrast, in PVL lobes, the microcirculatory flow decreased by

almost 50% after the operation. Then a gradual recovery was

http://dx.doi.org/10.1016/j.jss.2015.04.033
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Table e Laboratory blood test and ICG clearance test.

Measured parameters Day 0 Day 1 Day 2 Day 3 Day 5 Day 7

Aspartate aminotransferase (U/L) 109.33 � 17.39 936.5 � 270.77* 561.17 � 140.69* 179.67 � 73.08 104.17 � 8.5 103.67 � 13.92

Alanine aminotransferase (U/L) 55.67 � 12.68 592.5 � 203.63* 386.33 � 93.8* 86.83 � 41.35 58.33 � 12.13 56.5 � 10.65

tBil (mmol/L) 1.78 � 0.26 1.9 � 0.26 1.98 � 0.19 1.93 � 0.29 1.82 � 0.23 1.8 � 0.25

Albumin (g/dL) 2.23 � 0.18 2.15 � 0.27 2.5 � 0.26 2.33 � 0.15 2.41 � 0.19 2.21 � 0.34

PDR-ICG (%/min) 50.97 � 6.56 27.9 � 4.69* 23.55 � 5.19* 35.3 � 7.29* 46.83 � 5.17 51.17 � 7.45

Results are given as mean � standard deviation, n ¼ 6 per group.
*P < 0.01 versus day 0.
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observed, and on the third day, the microcirculatory flow of

the lobes did not differ significantly from the preoperative

value (P ¼ 0.89; day 3 versus day 0; Fig. 2C).

3.2. Morphologic alterations

3.2.1. Liver weight
Although the total liver weight remained unchanged, the

weight of PVNL lobes significantly increased after the oper-

ation and reached a plateau between the fifth and seventh

days at approximately 329% of the preoperative value. On the

other hand, PVL lobes considerably shrunk and reached

about 29% of their original weight by the end of the

experiment (Fig. 3A).

3.2.2. Liver histology
Portal vein ligation led to increased mitotic activity in PVNL

lobes with peak response on the second day (P < 0.001; day 2

versus day 0). Then the number of proliferating hepatocytes

gradually decreased, and on the fifth day, the incidence of

mitosis did not significantly differ from that seen before the

operation (P ¼ 0.2; day 5 versus day 0; Fig. 3GeI.

In PVL lobes, extensive necrotic areas occurred around the

central veins 1 d after the operation. A high number of

leukocytes were observed within the necrotic region. In

addition to necrosis, the number of apoptotic cells also

increased, with the peak appearing on the second day

(P < 0.001; day 2 versus day 0). On the seventh day, normal

hepatic histology was observable with no signs of necrosis,

whereas the frequency of apoptosis remained elevated

(P ¼ 0.03; day 7 versus day 0). At this time, the portal triads

seemed to be contracted with thickened portal veins,

collapsed bile ducts, and enlarged hepatic arteries (Fig. 3JeL).

3.2.3. Liver lobule size
Weight gain of the PVNL lobes was associated with 1.52- and

2.35-fold increase in the average circumference and surface

area of the liver lobules, respectively. By contrast, the lobules

of PVL lobes shrunk considerably, and the lobular circumfer-

ence and surface area decreased by 0.32- and 0.54-fold,

respectively (Fig. 3BeF).

3.3. Functional alterations

3.3.1. Laboratory blood tests
No significant alterations were observable regarding the

serum tBil and albumin levels. Portal vein ligation, however,

resulted in a transient elevation of transaminases that peaked
after the first day (aspartate aminotransferase: P ¼ 0.01; day 1

versus day 0; alanine aminotransferase: P < 0.001; day 1 versus

day 0) and normalized on the third day (Table).

3.3.2. Plasma disappearance rate
Portal vein ligation resulted in a significant reduction in PDR.

The liver’s clearance functionwasminimal around the second

day (PDR: P < 0.001; day 2 versus day 0), but a gradual recovery

was observable thereafter, and on the fifth day, the PDR did

not show significant difference from the preoperative level

(PDR: P ¼ 0.93; day 5 versus day 0; Table).

3.3.3. Bile production
Bile production normalized to BW showed a sharp increase in

PVNL lobes 1 d after the operation. Thereafter, further gradual

incrementwas observable, as a result of which bile production

of the lobes reached about 380% of the preoperative value on

the seventh day. By contrast, in PVL lobes, the bile production

per BW kilogram gradually decreased until the seventh day.

Owing to a balance between the bile production of PVNL and

PVL lobes, the total liver bile flow remained unchanged

throughout the entire experiment (Fig. 4A).

When bile production was normalized to liver weight, the

bile flow of PVNL lobes significantly increased, with peak

response visible on the second day (1.48-fold increase). On

the contrary, bile production of the PVL lobes showed

gradual decrease until the third day (0.7-fold decrease). Be-

tween the fifth and seventh days, the bile production per

gram liver returned almost to the preoperative level both in

PVNL and PVL lobes (PVNL: P ¼ 0.91; day 7 versus day 0; PVL:

P ¼ 0.87; day 7 versus day 0). However, at these time points,

the bile production per gram liver of PVNL lobes remained

significantly higher in comparison with that of PVL lobes

(day 5: P < 0.001; PVNL versus PVL; day 7: P ¼ 0.01; PVNL

versus PVL; Fig. 4B).

3.3.4. Biliary ICG excretion
Cmax and Tmax were determined via analysis of the biliary ICG

concentration curves. In PVNL lobes, Tmax was significantly

prolonged (P ¼ 0.003; day 2 versus day 0) and Cmax was

significantly reduced (P¼ 0.049; day 2 versus day 0) 2 d after the

operation. Thereafter, a gradual recovery was observed, and

on the seventh day, Tmax returned to the preoperative level

(P¼ 0.34; day 7 versus day 0), whereas Cmax exceeded the value

observed before operation, although the difference was not

significant (P ¼ 0.27; day 7 versus day 0). On the first 2 d, the

biliary ICG concentration curves of PVL lobes changed simi-

larly to the curves seen in case of the PVNL lobes. However,
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Fig. 4 e Bile production. (A) The bile flow of total liver

normalized to BW did not change after portal vein ligation.

In contrast, the bile production of PVNL lobes sharply

increased, whereas the bile flow of PVL lobes substantially

decreased after the operation. (B) The bile production of

PVNL lobes normalized to the liver weight significantly

increased, whereas that of PVL lobes gradually decreased

until the third day. Between the fifth and seventh days, the

bile production per gram liver almost returned to the

preoperative value of both the PVL and PVNL lobes.

However, at these time points, the bile flow of PVNL lobes

remained significantly higher compared with that of PVL

lobes. Results are given asmean ± standard deviation, n[ 6

per group: aP< 0.05 versus the preoperative value (day 0) of

the corresponding lobes; bP< 0.001 versus the preoperative

value (day0)of thecorresponding lobes; cP<0.01versusPVL

lobes; and dP < 0.001 versus PVL lobes.
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after the second day, Tmax and Cmax did not become normal-

ized and remained significantly inferior as compared with the

preoperative values (Tmax: P ¼ 0.01; day 7 versus day 0; Cmax:

P < 0.001; day 7 versus day 0; Fig. 5AeD).

The biliary ICGEX of the total liver became temporarily

impaired after the operation, showing the lowest value on

the second day (P < 0.001; day 2 versus day 0). Thereafter, the

excretory function of the liver gradually recovered, reaching

preoperative levels on the fifth day (P ¼ 0.89; day 5 versus day

0). The ICGEX of the PVNL lobes did not change significantly
during the first 2 d (P¼ 0.33; day 1 versus day 0; P ¼ 0.07; day 2

versus day 0). After the second day, the ICGEX of the lobes

sharply increased and reached approximately 394% of the

preoperative level on the seventh day. In contrast, the ICGEX

of PVL lobes gradually decreased and reached about 10%

of its preoperative value at the end of the experiment

(Fig. 5E).

3.4. Comparison between morphologic and functional
regeneration of PVNL lobes

When the alterations in liver weight and liver function (bile

production and ICG excretion) were compared, there were

noticeable discrepancies between the morphologic and

functional regeneration of PVNL lobes. The increment (%

from the baseline) in bile production was more pronounced

than the alteration in liver weight at any examined time

point. By contrast, the increase in ICG excretion proved to be

smaller than the weight gain during the first 2 d (the differ-

ence was not significant). From the third day, however, ICG

excretion increased more dramatically than liver weight

(Fig. 6).
4. Discussion

In the present study, the effects of portal vein ligation on the

functional capacity of the hepatic lobes were studied in

addition to the liver circulation and conventional parameters

of liver regeneration (morphologic regeneration).

In our 80% portal vein ligation model, although the sys-

temic circulation was not affected, considerable alterations

were seen in liver hemodynamics. Immediately after the

operation, the portal pressure andmicrocirculatory blood flow

of PVNL lobes showed substantial increase, whereas note-

worthy microcirculatory impairment was observed in the PVL

lobes. These hemodynamic alterations are considered as an

important driving force for the induced morphologic changes

[20]. Total cessation of the portal venous inflow led to atrophy

of the PVL lobes. This mass loss was fully compensated by the

rapid weight gain observable in case of the PVNL lobes;

consequently, the total liver weight remained constant. The

weight gain in PVNL lobes reached a plateau phase between

the fifth and seventh days at approximately 329% of the

baseline, which finding was consistent with previously pub-

lished data [5,21,22]. However, the specific alterations in he-

patic lobar structure have not been assessed so far. In the

present study, we found that at the end of the regenerative

process, the PVNL lobes were characterized by enlarged he-

patic lobules. A very similar degree of lobular enlargement

was observed by Papp et al. [17], who demonstrated that hy-

pertrophy of the preexisting liver lobules is exclusively

responsible for the regenerative liver growth after partial

hepatectomy, resulting in a marked change in the liver

structure (elongated, more branched portal and central veins,

as well as the arborescent shape of zonally expressed

enzymes). Based on our observations, similar structural

alterations are suspected in PVNL lobes after portal vein

ligation, which may considerably affect the functionality of

the liver.
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Fig. 5 e Biliary ICG excretion. (A and B) Biliary ICG concentration curves of PVNL and PVL lobes. For the characterization of

the individual concentration curves, a new method was introduced, which allowed comparison of the graphs and was

suitable for statistical analysis. This involved the Cmax and the Tmax (C and D). In PVNL lobes, the biliary ICG excretion was

significantly prolonged 2 d after the operation characterized by increased Tmax and reduced Cmax. Thereafter, a gradual

recovery could be seen, and on the seventh day, the Tmax and Cmax returned to the preoperative level. The biliary ICG

excretion of PVL lobes changed similar to that seen in PVNL lobes; however, after the second day, Tmax and Cmax did not

normalize and remained permanently inferior compared with the preoperative value (day 0). (E) Portal vein ligation resulted

in a transient impairment of the biliary ICGEX of the total liver 2 d after the operation, with normalization on the fifth day.

Although the ICGEX of the PVNL lobes did not change significantly during the first 2 d, a sharp increase was noticeable

thereafter. In contrast, the ICGEX of PVL lobes gradually decreased until the end of the experiment. Results are given as

mean ± standard deviation, n [ 6 per group. aP < 0.05 versus the preoperative value (day 0) of the corresponding lobes;
bP < 0.01 versus the preoperative value (day 0) of the corresponding lobes; cP < 0.05 versus PVL lobes; eP < 0.05 versus the

preoperative value (day 0) of the corresponding lobes; fP < 0.001 versus the preoperative value (day 0) of the corresponding

lobes; gP < 0.05 versus PVL lobes; and hP < 0.001 versus PVL lobes.
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To assess the functional consequences of previously

mentioned circulatory and morphologic alterations, conven-

tional laboratory blood tests as well as ICG clearance test were

performed. According to the routine biochemical parameters

(tBil and albumin), liver function remained stable after the

operation with only temporary increment in serum trans-

aminase levels, which in fact represents liver injurydnecrosis
of PVL lobesdrather than real functional deterioration.

Nevertheless, the ICG clearance test (PDR) indicated substan-

tial impairment in total liver function 2 d after the operation,

followed by a rapid recovery period. Considering that the ICG

clearance test only represents the functional capacity of the

total liver without providing information about regional vari-

ations, in the present study, we performed selective biliary

http://dx.doi.org/10.1016/j.jss.2015.04.033
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Fig. 6 e Comparison between morphologic and functional

regeneration of PVNL lobes. The increment in bile

production was more pronounced than the alteration in

liver weight at each examined time point. In contrast, the

increase in ICG excretion was smaller than the weight gain

during the first 2 d. From the third day, ICG excretion

increased more dramatically than liver weight. Results

are given as mean ± standard deviation, n [ 6 per group.
aP < 0.05 versus liver weight; bP < 0.001 versus liver

weight; cP < 0.05 versus ICG excretion; and fP < 0.001

versus ICG excretion.
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drainage to assess the alterations in lobar bile production and

biliary ICG excretion.

Although total liver bile flow did not change significantly,

portal vein ligation considerably affectedbile production of the

PVNL and PVL lobes. The volume of bile secreted by the PVL

lobes gradually decreased after the operation. This progressive

functional impairment, however, was fully counterbalanced

by the excretory “overcompensation” of the PVNL lobes. The

elevation of bile production in PVNL lobes exceeded the rapid

increase in lobe weight. Consequently, the bile flow expressed

per gram liver was significantly elevated after the operation,

with the peak observable on the second day (1.5-fold increase).

These findings are very similar to those described after partial

hepatectomy, where bile flow in the remnant liver was also

increased during the critical first 72 h of liver regeneration

[23e26]. A quick adaptive response against the increased bile

load can be assumed in the background. After portal vein

ligation, all the portal blood arriving from the splanchnic or-

gans is directed into the PVNL lobes as a result ofwhich there is

a significant increase in the amount of recirculating bile acids

per gram liver [27]. Because bile acids are toxic at high con-

centrations, hepatocytes need to adapt to this challenge by

increasing the biliary secretion of bile acids [24]. Under normal

conditions, only periportal hepatocytes are involved in bile

acid secretion; however, during liver regeneration, midzonal

and pericentral hepatocytes also participate in bile acid

transport [28]. The shift of bile acid processing toward the

pericentral hepatocytes increases bile acid secretion per gram

liver and may protect the mitotically active periportal cells

against the toxic bile acid concentrations [23]. Because bile

formation is based on the excretion of osmotically active bile

acids, the increased bile acid secretion can explain the

enhanced bile flow in the PVNL lobes.
Bile production, however, is not the most accurate indica-

tor of liver function. Earlier studies had demonstrated that

biliary ICG excretion shows strong correlation with intracel-

lular ATP concentration [14]; it is therefore widely considered

a more reliable indicator of liver function [11e13]. Conse-

quently, in the present study, biliary ICG concentrations were

assessed in addition to measuring bile production. The ICG

excretory capacity of the total liver was temporarily impaired

after the operation, with lowest value observed on the second

day (nearly 50% reduction) and a highly positive correlation

(P ¼ 0.87) apparent with the alterations detected in the PDR.

This functional deterioration was presumably caused by the

reduction in hepatobiliary transport of ICG, which appeared at

varying degrees in both PVNL and PVL lobes.

The hepatobiliary transport of ICG is affected by several

factors, such as serum bilirubin (competitive inhibition) and

albumin (protein binding) levels, hepatic blood flow, influx

across the sinusoidal membrane, intracellular transport,

efflux across the canalicular membrane, as well as bile flow

[29]. In the present study, the serum bilirubin and albumin

levels did not change, whereas the microcirculatory blood

flow and bile production of PVNL lobes showed considerable

increase parallel with the rapid weight gain. Despite these

alterations, the ICG excretion rate of PVNL lobes did not in-

crease to a significant degree during the early phase of liver

regeneration (days 1e2). In the background of this finding, the

impaired hepatocellular transport of the dye can be assumed.

This assumption is supported by the analysis of the biliary ICG

concentration curves, which demonstrated that the Cmax was

decreased and the Tmax was prolonged after the operation.

Considering that the cytoplasmic transport (microtubules)

and canalicular excretion (multidrug resistance-associated

protein 2) of ICG are ATP dependent, the previously

mentioned alterations may indicate a decrease in the hepatic

energy status of the PVNL lobes. This observation is in

accordance with the results of Kameoka et al. [30] and

Kucuktulu et al. [31], who demonstrated that the ATP con-

centration and metabolically available energy pool (energy

charge) of PVNL lobes significantly decreased in the early

phase of liver regeneration, caused by the enormous energy

consumption of cell proliferation. In the present study,mitotic

activity reached its peak on the second day, when Tmax and

Cmax were the most impaired. After this critical point, the

value of Cmax and Tmax gradually recovered, stabilizing slightly

above the baseline level. Consequently, ICG excretion of the

PVNL lobes showed a spectacular increase after the second

day, whichwasmuch higher than the lobe weights. Analyzing

hepatic ICG clearance function, Hashimoto et al. [32] demon-

strated a similar “hyperfunction” of the remaining lobes after

partial hepatectomy, which, however, was not considered as a

real functional gain, but as a result of hyperdynamic circula-

tion of the lobes. This hypothesis was not supported by our

data. In the present study, the microcirculatory blood flow of

PVNL did not differ from the preoperative value on the fifth

and seventh days. Consequently, the observed “hyperfunc-

tion” at the end of liver regeneration (plateau phase) is most

likely not flow dependent and may be explained by some

other, presumably compensatory processes.

Portal vein ligation resulted in microcirculatory disorders

in the PVL lobes. Accordingly, severe ischemia was notable

http://dx.doi.org/10.1016/j.jss.2015.04.033
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in the centrolobular regions, leading to necrotic and

apoptotic cell death and also to increased leukocytes infil-

tration. These circumstances (circulatory failure, cell loss,

and inflammation) caused serious impairment in the lobar

excretory function shortly after the operation. Nevertheless,

from the second day, the microcirculation of the lobes

showed gradual recovery, together with the return of

normal hepatic histology. The functional capacity of the PVL

lobes, however, remained permanently suppressed. On the

seventh day, the liver lobules of the PVL lobes became

considerably smaller and were characterized by contracted

portal triads and narrowed sinusoids. Earlier, Tanaka et al.

[21] and Yamasaki et al. [33] demonstrated that arterializa-

tion of the PVL lobes (absence of portal nutrients, hormones,

and other mediators) led to the partial capillarization of liver

sinusoids, characterized by a decreased number of fenestrae

and porosity, as well as by partial development of the

basement membrane. These alterations can reduce the

diffusion of protein-bound substances such as ICG and are

most likely responsible for the permanent functional

impairment observed by us in the PVL lobes. Based on these

observations, “hyperfunction” of the PVNL lobes can be a

well-orchestrated compensatory response to the previously

detailed functional atrophy of the PVL lobes.
5. Conclusions

In summary, portal vein ligation resulted in temporary impair-

mentoftotal liverexcretoryfunction(indicatedbyICGclearance

test and biliary ICG excretion), caused by the functional deteri-

oration of both PVL and PVNL lobes. This observation indicates

that liver regeneration is initiallypromotedat theexpenseof the

liver function. After the peak of cell division, however, an

overcompensatory response was manifest in the PVNL lobes,

duringwhich the lobar liver functionunderwentmoredramatic

changes as compared with liver weight. Consequently, the

functional capacity of the liver shifted toward the regenerating

lobes in a greater extent than would have been expected ac-

cording to the volumetric alterations, resulting in inhomoge-

neous functional distribution within the liver. These results

indicate that in the early phase of liver regeneration, CT volu-

metry may overestimate the real alterations in liver function,

whereas in the later phase of the regenerative process, these

maybeunderestimated.Therefore, inaddition toCTvolumetry,

monitoring of the hepatic function is strictly necessary to

determine the regenerative status of the liver and the optimal

waiting time for liver resection after PVO.
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