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A B S T R A C T

Background: Liver failure remains a life-threatening complication after liver resection, and is difficult to predict
preoperatively. This retrospective cohort study evaluated different preoperative factors in regard to their impact
on posthepatectomy liver failure (PHLF) after extended liver resection and previous portal vein embolization
(PVE).
Methods: Patient characteristics, liver function and liver volumes of patients undergoing PVE and subsequent
liver resection were analyzed. Liver function was determined by the LiMAx test (enzymatic capacity of cyto-
chrome P450 1A2). Factors associated with the primary end point PHLF (according to ISGLS definition) were
identified through multivariable analysis. Secondary end points were 30-day mortality and morbidity.
Results: 95 patients received PVE, of which 64 patients underwent major liver resection. PHLF occurred in 7
patients (11%). Calculated postoperative liver function was significantly lower in patients with PHLF than in
patients without PHLF (67 vs. 109 μg/kg/h; p = 0.01). Other factors associated with PHLF by univariable
analysis were age, future liver remnant, MELD score, ASA score, renal insufficiency and heart insufficiency. By
multivariable analysis, future liver remnant was the only factor significantly associated with PHLF (p = 0.03).
Mortality and morbidity rates were 4.7% and 29.7% respectively.
Conclusion: Future liver remnant is the only preoperative factor with a significant impact on PHLF. Assessment
of preoperative liver function may additionally help identify patients at risk for PHLF.

1. Introduction

Surgical resection is the mainstay of curative treatment for most
primary and secondary liver tumors. Progresses in surgical techniques,
anesthesiology and postoperative treatment have considerably reduced
perioperative complications. The morbidity and mortality rates in
modern series are lower than 30% and 3% respectively [1]. However,
posthepatectomy liver failure (PHLF) remains a life-threatening com-
plication, and is reported in up to 15% of patients [2,3]. It is known that
patients with a smaller future liver remnant develop more complica-
tions after liver resections [4]. Therefore, a remnant liver volume of
25% of total liver volume has been proposed in healthy patients and a
volume of 40% in patients with underlying parenchymal disease. Portal
vein embolization (PVE) is a preoperative intervention aimed to in-
crease the future liver remnant (FLR) and reduce the risk of hepatic

failure after extended hepatectomy. Following PVE, surgery is usually
carried out 3–6 weeks later with a resectability rate of approximately
70–80% [5,6]. Despite this preoperative treatment, 6–10% of patients
develop posthepatectomy liver failure [5,7]. However, it is still not
clear if liver volume, liver function or patient characteristics play the
key role in determining postoperative outcome. We therefore analyzed
patients who underwent PVE with regard to liver failure after resection.
Liver function was assessed by the new LiMAx test, which is based on
hepatic 13C-methacetin metabolism by the cytochrome P450 1A2
system [8–10]. The aim of this study was to identify preoperative fac-
tors, including patient characteristics, liver volume and liver function,
that predict posthepatectomy liver failure after PVE.
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2. Methods

This retrospective cohort analysis included patients who underwent
a portal vein embolization with subsequent liver resection at the
Department of General, Visceral- and Transplantation Surgery of the
RWTH Aachen University Hospital, Germany, between August 2011
and December 2014. Data on all liver resections and portal vein em-
bolizations were prospectively collected, pseudonymised and saved in a
secured database. Inclusion criteria were portal vein embolization,
major liver resection (right hemihepatectomy, right trisectorectomy),
availability of preoperative computed tomography and preoperative
liver function. Exclusion criteria were heavy smoking (> 15 cigarettes
per day), resections other than right hemihepatectomy and trisector-
ectomy (e.g. ALPPS procedures [11], segmental resections, concomitant
bowel or pancreas resection). Data regarding patient demographics,
tumor entity, comorbidities, ASA score, pre- and postoperative labora-
tory tests, MELD score, Child-Pugh score, postoperative complications,
length of hospital stay and mortality were gathered from the hospital's
medical reports.

The primary end point was posthepatectomy liver failure (PHLF).
Taking into account the definition of the International Study Group of
Liver Surgery (ISGLS), we defined grade 0 and grade A (no change in
patients' clinical management) as ‘no liver failure’ and grade B (de-
viation from the regular course) and grade C (need for invasive therapy)
as ‘liver failure’ [12]. Additional outcome parameters were 30-day
mortality, morbidity and length of hospital stay. Postoperative com-
plications were assessed using the Clavien-Dindo classification; mor-
bidity rate was defined as grade III-V complications [13].

The study was conducted in accordance with the 1964 Declaration
of Helsinki and its later amendments and had received previous ap-
proval by the Local Ethics Committee (EK 270/15). Written informed
consent was obtained from the patients. The study has been reported in
line with the STROCSS criteria [14] and is registered in the Research
Registry (UIN 3005).

2.1. Portal vein embolization

All patients underwent percutaneous transhepatic embolization of
the right portal system (segments V – VIII). PVE was performed in a
standardized manner by one of two experienced interventional radi-
ologists. Combined fluoroscopic/ultrasound guided access to a periph-
eral right portal venous branch was gained using a 21 gauge chiba
needle. After puncture of the portal system, the chiba needle was re-
placed by a 19 gauge coaxial needle (Cook Medical Europe ltd.,
Limerick, Ireland) using Seldinger technique. Subsequently a stiff
guidewire (Amplatz, Cook Medical Europe ltd., Limerick, Ireland) was
inserted into the superior mesenteric vein and the coaxial needle was
removed, followed by placement of a 5 F sheath (Progreat, Terumo
Medical, Somerset, USA) to gain interventional access to the portal
vein. Direct portography was performed to visualize portal vein
anatomy. A reverse catheter (SOS Omni, AngioDynamics, Amsterdam,
Netherlands) was inserted to gain anterograde access to the right portal
vein system. Branches of the right portal vein were selectively cathe-
terized with a 2.7 F microcatheter (Progreat, Terumo Medical,
Somerset, USA) followed by embolization with a mixture (1:2–1:3) of n-
butyl-cyanoacrylate (Braun, Tuttlingen, Germany) and lipiodol
(Guerbet, Roissy, France). The stasis in all right portal branches of liver
segments V-VIII and unrestricted flow to the left liver segments was
confirmed by ultimate portography. No additional embolization of
segment I or IV branches was performed. Patients were usually dis-
charged 1 day after PVE and readmitted 3–4 weeks later for surgery.

2.2. CT volumetry

Prior to PVE and prior to surgery, patients underwent a multiphase
contrast-enhanced CT scan. Volumetric assay was performed using

OsiriX MD version 5.8.2 software (Pixmeo SARL, Bernex, Switzerland).
The total liver volume, tumor volume, liver volume to be resected and
future remnant liver volume were measured. This was done manually
by delineation of margins in CT slides (slice thickness: 5 mm) using the
‘closed polygram’ feature. Afterwards, the volumes were calculated
automatically with the ROI function ‘compute volume’, according to the
delineations and slice thickness.

Future liver remnant (FLR) was calculated as follows: for right tri-
sectorectomy volume of liver segments 2 and 3 was measured and for
right hemihepatectomy liver segments 2, 3, 4 and 1 (according to extent
of the resection). Functional remnant liver volume (FRLV) in % was
calculated according to Jara et al. [10]: 100x ((total liver volume –
resected volume)/(total liver volume – tumor volume)).

2.3. Liver function capacity

Liver function capacity was measured routinely by the LiMAx test
prior to surgery. The LiMAx test is based on hepatic 13C-methacetin
(Euriso-top, Saint-Aubin Cedex, France) metabolism by the cytochrome
P450 1A2 system (CYP1A2). 13C-Methacetin was applied as a 2 mg/kg
body-weight adjusted intravenous bolus injection. Following injection,
13C-methacetin is metabolized into acetaminophen and 13CO2, of which
the latter is then exhaled. The analysis of emerging 13CO2 was per-
formed by online breath sampling with real-time bedside analysis by a
modified nondispersive isotope-selective infrared spectroscope (FLIP,
Humedics, Berlin, Germany). The normal range of liver function ca-
pacity is considered as> 315 μg/kg/h [9]. The assumed postoperative
LiMAx value was calculated as follows: LiMAxpostop = LiMAxpreop x
FRLV (%) [10].

2.4. Laboratory tests

Biochemical parameters (AST, ALT, γ-GT, bilirubin, albumin, crea-
tinine, INR) were recorded before and after surgery. All parameters
were determined at the Institute of Clinical Chemistry of the RWTH
Aachen University Hospital. The normal range of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) was 10–50 U/l.
For γ-glutamyl transferase (γ-GT) 10–71 U/l and bilirubin<1.2 mg/dl
was considered normal. The normal value of albumin was 3.5–5.2 g/dl,
for creatinine 0.5–0.9 mg/dl for women and 0.7–1.2 mg/dl for men.

2.5. Liver resection

Laparotomy was performed by median epigastric incision and
transverse upper abdominal incision. After mobilization of the liver by
dissecting the falciform and triangular ligaments, the hepatic veins
were exposed. Hilar structures were then prepared and the lymph nodes
dissected. Routine cholecystectomy was performed, and extrahepatic
bile ducts were resected if Klatskin tumors were present. The right
hepatic artery and right portal vein were then ligated. After ligation of
the right hepatic vein (and, if necessary, middle vein and additional
veins to segment 1), parenchymal transection began according to
Couinaud's liver segments. For right hemihepatectomy liver segments
5–8 were resected, for right trisectorectomy segments 1 and 4–8. In
right trisectorectomy for hilar cholangiocarcinoma, biliary reconstruc-
tion with hepatojejunostomy was routinely performed. We used the
Cavitron Ultrasonic Surgical Aspirator (CUSA, Tyco Healthcare, MA,
USA) for parenchymal transection. Small vessels were closed with non-
absorbable clips, while larger vessels were ligated. Hemostasis at the
resection surface was achieved using bipolar forceps and infrared coa-
gulation. A drain was placed at the resection surface and the abdomen
closed. All procedures were performed by two experienced hepato-
biliary surgeons.
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2.6. Statistical analysis

Statistical evaluation was carried out using the SAS/STAT® software
(Version 9.3 for Windows, SAS Institute Inc., Cary, NC, USA.). Values
are presented as mean and standard deviation or median and inter-
quartile range (IQR) if not otherwise specified. Univariable analysis was
performed with logistic regression for binary variables. For categorical
and continuous variables ANOVA/ANCOVA was applied. The unpaired
t-test was used for analysis of mean values. Variables with a p value less
than 0.2 by univariable analysis were enrolled into multivariable ana-
lysis. Multivariable analysis was performed analogous to univariable
analysis: logistic regression for binary variables, ANOVA/ANCOVA for
categorical und continuous variables. A p value less than 0.05 was
considered statistically significant.

3. Results

3.1. Patient characteristics

Between August 2011 and December 2014, a cohort of 95 patients
underwent portal vein embolization. Of these, 4 patients underwent
resection in other hospitals, and in 3 patients portal vein embolization
failed due to bleeding (n = 1), or due to the portal vein not being
accessible (n = 2). Of the remaining patients, 3 were found to be in-
operable due to general poor health (n = 2) or newly emerged me-
tastases (n = 1). After laparotomy, planned resection was not carried
out in 10 patients due to peritoneal carcinomatosis (n = 4), expanded
tumor manifestation (n = 3) or previously unknown liver cirrhosis
(n = 3). Nine patients underwent ALPPS procedure (Associating Liver
Partition and Portal vein ligation for Staged hepatectomy) due to lack of
hypertrophy. Thus, of the initial 95 patients, 66 patients underwent the
planned resection: right hemihepatectomy (n = 31) or right trisector-
ectomy (n = 35). Preoperative liver function capacity and computed
tomography were available for 64 patients, who then were finally in-
cluded in this study. Detailed clinical and demographic data are sum-
marized in Table 1.

23 patients of the 64 patients (35.9%) were female. The average age

of the patients was 63.5 ± 9.6 years. Tumor entities were: colorectal
metastases 27 (42.2%), hepatocellular cancer 3 (4.7%), intrahepatic
cholangiocarcinoma 4 (6.3%), Klatskin tumor 26 (40.6%) and other 4
(6.3%). Mean BMI was 25.8 (± 4.4) kg/m2. Co-morbidities were:
coronary heart disease 7 (10.9%), type 2 diabetes mellitus 16 (25%),
renal insufficiency 5 (7.8%), hypertension 34 (53.1%) and chronic
pulmonary disease 9 (14%) (Table 1). Liver resection was performed
after a median of 27 (IQR = 20) days following PVE.

Mean preoperative liver function capacity (LiMAxpreop) was 372
(± 138) μg/kg/h. Mean preoperative liver volume was 1847 (± 528)
ml. Mean volume of future liver remnant (FLR) was 461 (± 215) ml
and mean functional liver remnant volume (FRLV) was 28 (± 12) %.
Mean calculated postoperative liver function capacity (LiMAxpostop) was
104 (± 68) μg/kg/h.

3.2. Postoperative outcome

The primary end point posthepatectomy liver failure (PHLF) oc-
curred in 7 patients (10.9%) (Table 2). By univariable analysis, factors
associated with PHLF (p < 0.2) were age, future liver remnant (FLR),
functional remnant liver volume (FRLV), calculated postoperative liver
function (LiMAxpostop), MELD score, ASA score, renal insufficiency and
heart insufficiency (NYHA). In patients with PHLF, mean calculated
postoperative liver function (LiMAxpostop) was 67 μg/kg/h, which was
significantly lower than in patients without PHLF (109 μg/kg/h;
p = 0.01). By multivariable analysis, volume of future liver remnant
(FLR) was the only significant predictor of PHLF (p = 0.03).

30-day mortality rate was 4.7% (n = 3). The causes of death were:
peritonitis after small bowel perforation (n = 1), pneumonic sepsis
(n = 1) and bile leakage with multiorgan dysfunction (n = 1). Heart
insufficiency according to NYHA classification was the only significant
predictor for mortality in univariable analysis, but not in multivariable
analysis.

Postoperative complications as assessed by the Clavien-Dindo clas-
sification were 4 grade I (6.3%), 9 grade II (14.1%), 12 grade III
(18.8%), 4 grade IV (6.3%) and 3 grade V (4.7%) complications. Grade
III-V complications were summed up as morbidity rate (29.7%). Median
length of stay in hospital was 14 (IQR = 17) days, median ICU stay was
1 day (IQR = 2).

4. Discussion

Liver resection remains the best treatment for primary and sec-
ondary liver tumors, if they can be resected completely with negative
margins. The major limitation for extended hepatectomy is the lack of
adequate and functioning future remnant liver. Different techniques
and strategies have therefore been introduced in order to resect liver
tumors despite small size of the liver remnant, e.g. portal vein ligation,
portal vein embolization and ALPPS [5,11]. The amount of remnant
liver after resection is known to be an important prognostic factor de-
termining recovery following an extended hepatectomy. Preoperative
evaluation of liver function is also essential, but difficult to determine
accurately due to the wide variety of complex functions, including
protein synthesis as well as metabolic, immune and storage functions.
So far, liver function after portal vein embolization was assessed by
conventional laboratory tests (albumin, ALT, AST, AP, bilirubin, γGT,
serum glucose), Child-Pugh score, indocyanine green test (ICG) [15],
99mTc-galactosyl human serum albumin scintigraphy SPECT [16] or
Gd-EOB-MRI [17]. Malinowski and co-workers measured liver function
in patients after PVE with the LiMAx test [18]. This liver function test is
based on hepatic 13C-methacetin metabolism and has already been used
to determine liver function in liver resection [9], liver transplantation
[19], sepsis [20], liver cirrhosis [21] and non-alcoholic steatohepatitis
[22]. For our patients with PHLF, mean calculated postoperative liver
function capacity was 67 μg/kg/h, which was significantly lower than
in patients without PHLF (109 μg/kg/h). This is in line with an

Table 1
Patient characteristics.

Female 23 36%
Male 41 64%
Age (years) 63.5 ±9.6
BMI (kg/m2) 25.8 ±4.4

Entities
Colorectal metastases 27 42%
Hepatocellular cancer 3 5%
Intrahepatic Cholangiocarcinoma 4 6%
Klatskin tumor 26 41%
Other 4 6%

Comorbidities
Coronary heart disease 7 11%
Diabetes mellitus 16 25%
Arrhythmia 8 13%
Renal insufficiency 5 8%
Hypertension 34 53%
Chronic obstructive pulmonary disease 9 14%

Liver parameters
LiMAxpreop (μg/kg/h) 372 ±138
LiMAxpostop (μg/kg/h) 104 ±68
Total liver volume (ml) 1847 ±528
Future liver remnant (ml) 461 ±215
Functional remnant liver volume (%) 28 ±12
ASA 3 ±1
MELD 7 ±2
Child-Pugh 5 ±0

P.H. Alizai et al. Annals of Medicine and Surgery 25 (2018) 6–11

8



algorithm by Stockmann et al., who reported that liver resections are
feasible in patients with a calculated postoperative LiMAx value >
100 μg/kg/h, but should be reconsidered in patients with planned
residual LiMAx<80 μg/kg/h [8].

The Child-Pugh score is widely used for estimating liver function,
but the score is a poor indicator in patients with mild to moderate liver
dysfunction [23]. The MELD score, originally designed to predict short-
term outcomes after transjugular intrahepatic portosystemic shunt
(TIPSS) procedures and now used for the allocation of donor livers, has
also been applied to predict the postoperative risk of patients under-
going liver resection [24,25]. In the present study, Child-Pugh score,
MELD score and preoperative laboratory parameters were not able to
predict postoperative outcome. Previous studies showed that the MELD-
and Child-Pugh scores are not useful for predicting postoperative out-
come in patients without cirrhosis [26,27].

We additionally analyzed patient characteristics including age, sex
and co-morbidities. None of these factors significantly predicted PHLF
in the multivariable analysis. Interestingly, 34% of our patients re-
ceived chemotherapy within the last two years before resection, which
caused us to expect an inferior outcome due to additionally acquired
liver damage [28,29]. However, chemotherapy in this study had no
influence on PHLF. It is likely that chemotherapy regimens were too
heterogeneous to have any effect.

Future remnant liver volume was the sole factor which significantly
influenced PHLF. This is in line with previous studies, which demon-
strated the crucial importance of future liver remnant (FLR) with regard
to postoperative outcome [30–32]. An inadequate volume of FLR cor-
relates with poor surgical outcome and remains a contraindication for
liver resection. In order to minimize the risk of PHLF, preoperative

analysis of FLR must be included in the surgical planning of every major
liver resection. If FLR is still inadequate after PVE, associating liver
partition and portal vein ligation for staged hepatectomy (ALPPS) is an
option [33]. Another method to increase resectability in case of bi-
lateral disease is classical 2-stage resection [34].

In the present study, resectability rate was 73%, corresponding to
the literature [5,35,36]. Postoperative mortality and morbidity rates
were 5% and 30%, respectively. These results are in line with previous
studies, which report mortality rates between 3 and 9% and morbidity
rates between 15 and 45% in similar series [35–37].

The primary end point of this study was posthepatectomy liver
failure, which occurred in 11% of patients. Other studies report a
posthepatectomy liver failure in 2–20% of patients [35–37]. A sys-
tematic review by Vyas et al. analyzed 20 studies with a total of more
than 1500 patients and found post-resection liver failure in 6.3% pa-
tients [5]. However, these studies defined posthepatectomy liver failure
differently, and currently no standardized definition or terminology for
PHLF is established [2,12]. The International Study Group of Liver
Surgery (ISGLS) defined PHLF as an increased international normalized
ratio and concomitant hyperbilirubinemia on or after the fifth post-
operative [12]. The severity of PHLF is differentiated in 3 grades from A
to C. In grade A, laboratory parameters are abnormal but no change in
the clinical management is required [12]. Bilirubin or INR are often
slightly increased after extended hepatectomy without any impairment
of the patient. Therefore, we decided to define grade B and C as ‘liver
failure’, as these result in a deviation from regular clinical management.
Other authors only regard grade C PHLF as ‘liver insufficiency’ [38].
Skrzypczyk et al. assessed the ISGLS definition of PHLF compared to the
well-established 50-50 criteria and the PeakBili > 7 [3]. In 680

Table 2
Posthepatectomy liver failure.

Liver failure No liver failure p univariate p multivariate

Number of patients 7 (11%) 57 (89%)
Age (years) 68.1 ± 7.4 62.9 ± 9.7 0.18 0.19
Gender 0.69
Male 3 (43%) 37 (65%)
Female 4 (57%) 20 (35%)

BMI (kg/m2) 27.7 ± 3.5 25.6 ± 4.5 0.24
Smoker 1 (14.3%) 14 (24.6%) 0.55
Liver parameters
Total liver volume (ml) 1699.6 ± 383 1865.3 ± 543 0.44
Tumor volume (ml) 241 ± 518 112 ± 330 0.36
Resected liver volume (ml) 1293.9 ± 412 1384 ± 449 0.61
Future liver remnant (ml) 291.4 ± 68 481.3 ± 218 <0.001 0.03
LiMAxpreop (μg/kg/h) 323.6 ± 116 378.3 ± 140 0.33
LiMAxpostop (μg/kg/h) 66.9 ± 28 108.5 ± 70.6 0.01 0.09
FRLV (%) 21.9 ± 10 28.3 ± 12.5 0.20 0.16
MELD 8 ± 5 7 ± 1 0.20 0.26
Child-Pugh 5 ± 1 5 ± 0 0.25
Interval PVE to OP (days) 25 ± 13 27 ± 20 0.60

Comorbidities
ASA 3 ± 0 3 ± 1 0.10 0.17
NYHA 2 ± 1 1 ± 1 0.02 0.06
Chemotherapy before surgery 1 (14%) 21 (37%) 0.26
Coronary heart disease 1 (14%) 6 (11%) 0.76
Arrhythmia 1 (14%) 7 (12%) 0.88
Diabetes mellitus II 2 (29%) 14 (25%) 0.82
Renal insufficiency 2 (29%) 3 (5%) 0.05 0.07
Hypertension 5 (71%) 29 (51%) 0.32
Chronic pulmonary disease 0 (0%) 9 (16%) 0.96

Laboratory tests
Bilirubin (mg/dl) 0.9 ± 0.7 0.8 ± 0.7 0.71
Albumin (g/l) 36.4 ± 3.1 37.8 ± 4.9 0.49
Creatinine (mg/dl) 1.1 ± 0.6 0.9 ± 0.3 0.36
INR 1.1 ± 0.1 1 ± 0.1 0.33
ALT (U/l) 72.2 ± 81.9 60.2 ± 50.8 0.61
AST (U/l) 117.3 ± 175.6 55.1 ± 52.2 0.39
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hepatectomies, they found that the ISGLS definition was less dis-
criminatory than the other 2 criteria in identifying patients at risk of
posthepatectomy major complications or death. Though data is incon-
sistent, the ISGLS definition of PHLF is currently the most widely used
and was therefore applied in this study.

There are some limitations of the present study that need to be
addressed. The first limitation concerns the retrospective nature of the
study. Secondly, the number of patients included in the study is rela-
tively small, and some patients underwent surgery in external hospital.
Additionally, it would be interesting to have postoperative computed
tomography and liver function capacity in every patient. However, this
is the first study evaluating PVE patients with LiMAx and CT volumetry
with regard to posthepatectomy liver failure after resection.

5. Conclusion

The future liver remnant is the only preoperative factor with a
significant impact on posthepatectomy liver failure after previous
portal vein embolization. Assessment of preoperative liver function may
additionally help identify patients at risk for PHLF.
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