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Background: Liver regeneration is crucial to restore the functional liver mass after liver resection. The
aim of this study was to evaluate the early postoperative changes in remnant liver function, volume and liver
stiffness after major liver resection and their correlation with postoperative outcomes.

Methods: Patients undergoing major liver resection (>3 segments) between February and November
2018 underwent both functional assessment using technetium-99m mebrofenin hepatobiliary scintigraphy
(HBS) and CT-volumetry of the (future) remnant liver on preoperative day 1, the 5" postoperative day,
and 4-6 weeks after resection. At the same time points, patients underwent transient elastography (TE) for
the assessment of liver stiffness. Severe postoperative complications (Clavien-Dindo > 3A) and mortality
were correlated with the functional and volumetric increases of the remnant liver. Liver failure was graded
according to the International Study Group of Liver Surgery ISGLS) criteria.

Results: A total of 18 patients were included of whom 10 (56%) had severe complications and one patient
(5%) developed liver failure. Function and volume of the remnant liver had increased by the 5" postoperative
day from 6.9 (5.4-10.9) to 9.6 (6.7-13.8) %/min/m’, P=0.004 and from 795.5 (538.3-1,037.5) to 1,080.0
(854.0-1,283.3) mL, P<0.001, respectively. After 4-6 weeks, remnant liver volume had further increased
[from 1,080.0 (854.0-1,283.3) to 1,222.0 (1,016.0-1,380.5) mL, P=0.035], however, liver function did not
show any significant, further increase [from 9.6 (6.7-13.8) to 10.9 (8.8-13.6) %/min/m’, P=0.177]. Liver
elasticity of the future remnant liver (FRL) increased [from 10.8 (5.7-18.7) to 17.5 (12.4-22.6) kPa, P=0.018]
and gradually recovered after 4-6 weeks to a median of 10.9 (5.7-18.8) kPa (T3 vs. T4, P=0.079). Patients
who had severe postoperative complications did not show a significant increase in liver function on the 5
postoperative day (P=0.203), despite increase of volume (P<0.01).

Conclusions: Functional regeneration of the remnant liver predominantly occurs during the first 5 days after

resection. In case of severe complications, functional regeneration is delayed, in contrast to volume increase.

Keywords: Hepatobiliary scintigraphy (HBS); liver resection; liver regeneration; posthepatectomy liver failure;

liver function test
Submitted Dec 31, 2020. Accepted for publication Mar 03, 2021.

doi: 10.21037/hbsn-20-866
View this article at: http://dx.doi.org/10.21037/hbsn-20-866

© HepatoBiliary Surgery and Nutrition. All rights reserved. HepatoBiliary Surg Nutr 2022;11(4):530-538 | http://dx.doi.org/10.21037/hbsn-20-866


https://crossmark.crossref.org/dialog/?doi=10.21037/hbsn-20-866

HepatoBiliary Surgery and Nutrition, Vol 11, No 4 August 2022

Introduction

Posthepatectomy liver failure (PHLF) is a potentially lethal
complication after major liver resection with an incidence
around 7% in patients with healthy parenchyma and up
to 30% in patients with liver cirrhosis (1,2). The current
management is mostly supportive with a high mortality rate
while PHLF is considered as the main cause of death after
liver resection (3).

After hepatectomy, the remaining hepatocytes have
to maintain liver function and at the same time undergo
regeneration in order to restore the loss of liver mass.
When this is out of balance, the risk of PHLF increases
dramatically. PHLF is characterized, according to the
criteria set by the International Study Group of Liver
Surgery (ISGLS), by the impaired ability of the liver to
maintain its function after the fifth postoperative day (4).

In order to minimize the risk of PHLEF, pre-operative
assessment of the remnant liver is essential. This assessment
is traditionally performed using CT-volumetry, calculating
the percentage of volume of the future remnant liver (FRL).
However, liver function does not always correlate with liver
volume and therefore, functional assessment is considered
to be more reliable than volume alone in patients evaluated
for major liver resection (5,6). Technecium-99m (""Tc)-
mebrofenin hepatobiliary scintigraphy (HBS) is a
quantitative functional test used to estimate global and
segmental liver function as now routinely applied in several
centers worldwide (7-9).

Additionally, liver stiffness measurements (LSM) are
widely used in non-invasive assessment of liver fibrosis and
are considered a safe alternative to liver biopsy (10). Besides
fibrosis, liver stiffness is also influenced by factors like acute
or chronic structural changes. It has been shown to correlate
with parenchymal inflammation, bile outflow obstruction
and complications related to portal hypertension and
hepatic venous pressure gradient disorders (11-15). A recent
study showed that LSM can be used to predict PHLF (16).

So far, no studies have been conducted that assess
the postoperative changes in measured liver function or
elasticity in relation to liver regeneration. Furthermore,
there is a lack of data regarding the normal variation of
liver function within a single patient; this information is
crucial for patients undergoing serial HBS. Lastly, the role
of LSM in the perioperative care of patients undergoing
liver surgery has not been explored. The aim of this
study was to evaluate the early postoperative changes in
remnant liver function, volume and elasticity after major
liver resection and its correlation with postoperative
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outcomes. This information can provide new insights
that influence selection of candidates for liver resection,
their postoperative monitoring and their management.
We present the following article in accordance with the
STROBE reporting checklist (available at https://hbsn.
amegroups.com/article/view/10.21037/hbsn-20-866/rc).

Methods
Patients

All patients, aged 18 years or older, scheduled for major
liver resection (resection of 3 or more Couinaud segments)
were asked to participate in this single-center, prospective
observational study.

Patients with bilirubin >50 pmol/L were not eligible
for inclusion in the study since cholestasis impairs liver
function testing using HBS due to competitive uptake
between bilirubin and mebrofenin (17). These patients, all
with perihilar tumors, only were included after successful
preoperative biliary drainage. Furthermore, patients
undergoing two-stage hepatectomy or Associating Liver
Partition and Portal vein Ligation for Staged hepatectomy
(ALPPS) in which regeneration takes places in two steps
were also excluded in order to obtain a homogenous
patient population. Other exclusion criteria were allergy to
mebrofenin and pregnancy.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). It was
approved by the ethical review board of the Amsterdam
University Medical Centers and registered under ID (No.
NL63868.018.17). Informed consent was obtained from all
individual participants included in the study. Patients were
included between February and November 2018.

HBS and CT-volumetry

According to standard practice in our institution, all
patients considered for major liver resection undergo
preoperative HBS. This was repeated on the preoperative
day of admission in order to examine the variation of liver
function per patient and to determine the baseline value for
further postoperative, measurements. HBS was repeated
on postoperative day 5 to assess early regeneration and
4-6 weeks postoperatively during follow-up for assessment
of the late functional recovery. HBS was acquired and
processed as described previously (9).

Total liver function (TLF) is represented by the
mebrofenin uptake rate (MUR; %/min). On the dynamic
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acquisitions, regions of interest (ROI) were drawn around
the left ventricle (representing the blood pool), liver and
total field of view. From these ROI’s, three time-activity
curves were generated. MUR was calculated based on these
parameters according to the formula described by Ekman
et al. (18).

For preoperative HBS, the FRL were delineated on the
SPECT datasets. Contrast-enhanced diagnostic CT-scans were
assessed to assist in anatomical information using the same
landmarks as for the volumetric studies. The ratio between the
radioactivity counts on the FRL and the total liver represented
the functional share of the FRL. This was the percentage of
function attributed by the FRL and was multiplied with the
TLF to calculate the FRL function.

Data on liver volume were obtained from the
concomitant CT images obtained during HBS. The (future)
remnant liver was outlined on an axial scan in a semi-
automated fashion with manual adjustment to ensure that
all extra-hepatic structures and tumors were excluded.

LSM

At the same time points as the HBS, patients underwent
transient elastography (TE) for the assessment of liver
stiffness. TE was performed with the Fibroscan® (Echosens,
Paris, France) using the M- or XL-probe. The probe was
positioned in the right midaxillary line, between the ninth
to eleventh intercostal space for patients undergoing left
sided resection, or just beneath the xyphoid for patients
undergoing right sided resection. It was repeated at the
same location for postoperative assessment (19).

A low-frequency shear wave (50 Hz), generated by a
mechanical push, travels through the hepatic tissue where
the velocity of wave propagation is measured. The wave
velocity is proportional to tissue stiffness which is expressed
in kilopascal (kPa).

The assessment was considered successful when at least
10 measurements were performed at the same location, the

success rate was higher than 80% and when the interquartile
range (IQR) did not exceed 30% of the median (20).

Outcomes

The primary outcome parameters were the changes in liver
function and liver stiffness between baseline, postoperative
day 5 and 4-6 weeks postoperatively in %/min.

Secondary outcomes were the correlation of the changes
in liver function with baseline liver volume, morbidity
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and 90-day mortality. Severe postoperative morbidity was
defined as any complication of Clavien-Dindo grade I1la or
higher within 30 days of surgery (21). PHLF was defined

and graded according to ISGLS criteria. PHLF grade B or
C were considered clinically relevant (22).

Statistical analysis

Continuous data are expressed as median and IQR. Discrete
variables are expressed as absolute numbers and relative
frequencies. Differences in non-parametric data were tested
using the Wilcoxon signed rank test for paired data or the
Mann-Whitney U test for unpaired data. A two-sided P
value less than 0.05 was considered statistically significant.

Statistical analysis was carried out using IBM SPSS Statistics
(version 24.0; IBM Corp., New York, USA).

Results

In total, 24 patients were included in this study. Six were
found unresectable during laparotomy due to peritoneal
metastasis (n=3), progression of liver metastases (n=2)
or involvement of both portal vein and hepatic artery
(n=1). The remaining 18 underwent major liver resection.
Patients’ characteristics are presented in Table 1.

Postoperative outcomes

Ten patients (56%) had severe postoperative complications
(CD > 3A) that occurred during the first five postoperative
days. These were bile leakage in four patients, septic
complications in three patients, ascites requiring drainage
in one patient, partial ischemia of the FRL in one patient.
One patient developed PHLF and eventually died on
postoperative day 11.

Preoperative assessiment of the FRL

A total of 20 patients underwent HBS both preoperatively
and at day of admission. Four patients did not undergo
additional HBS on the day of admission because
preoperative HBS was performed within the same week as
the surgery.

The median time between preoperative HBS and HBS
at day of admission was 18 [10-26] days. There were no
differences in TLF [median 13.8 (12.0-16.2) vs. 15.4
(12.6-16.4) %/min, P=0.601) or FRL function [median 3.1
(2.7-5.3) vs. 3.6 (2.9-5.2) %/min/m’, P=0.263] between
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Table 1 Patient characteristics (n=18)

Characteristics Value

Age (years) 63 [63-71]
Male, n (%) 9 (50.0)
BMI (kg/m?) 25.0 [21.6-28.3]
BSA (m?) 1.88 [1.72-1.99]

ASA physical status classification, n (%)

1 3(17.0)
2 7 (39.0)
3 8 (44.0)

Procedure, n (%)

Right hemihepatectomy 8 (44.0)
Extended right hemihepatectomy 5(28.0)
Left hemihepatectomy 3(17.0)
Segmentectomy >3 2 (12.0)
Indication, n (%)
Colorectal liver metastasis 4(21.0)
Hepatocellular carcinoma 1(6.0)
Cholangiocarcinoma 11 (61.0)
Gall bladder carcinoma 1(6.0)
Neuro-endocrine tumor 1(6.0)
Open, n (%) 17 (94.0)
Laparoscopic, n (%) 1(6.0)

Pre-op TLV (mL) 1,874 [1,289-2,382]

Pre-op FRLV (%) 37.2 [32.5-53.2]
Pre-op TLF (%/min) 14.3 [13.4-16.4]

Pre-op FRLF (%/min) 5.96 [4.69-8.35]

Continuous data are expressed as median and IQR. TLV, total
liver volume; FRLV, future remnant liver volume; TLF, total liver
function; FRLF, future remnant liver function; IQR, interquartile
range.

preoperative HBS and HBS at day of admission (Figure I).

At preoperative HBS, the median bilirubin value was
[18 (10-31) pmol/L; 1.05 (0.58-1.81) mg/dL] which
did differ from the bilirubin level at day of admission
[12 (8-20) pmol/L; 0.7 (0.46-1.17) mg/dL].

Likewise, there were no differences in total liver volume
(TLV) [1,920 (1,316-2,341) vs. 1,802 (1,439-2,252) mL,
P=0.394] and FRL volume share [41% (33-56%) vs. 47%
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Figure 1 Sequential HBS total liver function in 20 patients. HBS,
hepatobiliary scintigraphy.

(33-62%), P=0.730] between preoperative HBS and HBS at
day of admission.

Functional and volumetric regeneration

Between baseline and postoperative day 5, overall, there was
a significant increase of (future) remnant liver function, from
a median value of 6.9 (5.4-10.9) to 9.6 (6.7-13.8) %/min/m’,
P=0.004. Remnant liver function did not further increase
significantly between postoperative day 5 to postoperative
4-6 weeks with a median of 9.6 (6.7-13.8) to 10.9 (8.8-13.6)
%/min/m’, P=0.177. These changes are also shown in
Figure 2.

Similarly, there was a significant increase in remnant
liver volume between baseline and postoperative day 5,
from a median of 795.5 (538.3-1,037.5) to 1,080.0 (854.0—
1,283.3) mL, P<0.001. However, in contrast to function,
remnant liver volume continued to increase significantly
from postoperative day 5 to postoperative 4—6 weeks with
median values of 1,080.0 (854.0-1,283.3) and 1,222.0
(1,016.0-1,380.5) mL, respectively, P=0.035. See also Figure 2.

When comparing patients with and without severe
postoperative complications that had occurred during
the first 5 postoperative days, a difference was found in
the dynamics of parenchymal regeneration. Patients with
severe postoperative complications (CD > 3A) showed no
significant increase in FRL function between baseline and
postoperative day 5 (P=0.203), whereas patients without
severe postoperative complications, showed significant
functional increase (P=0.012). Eventually after 4-6 weeks,
both groups showed a significant increase in median remnant
liver function compared to baseline (P=0.012 and P=0.038).
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Figure 3 Change in remnant liver function (%/min) and volume (mL) in patients with and without severe postoperative complications.

This data suggests that patients with early postoperative
complications had delayed functional regeneration (Figure 3).

This was however not the case for liver volume, which
had increased significantly at postoperative day 5 in both
patients with (P=0.012) and without (P=0.005) severe
postoperative complications (Figures 3 and 4).

Change in liver stiffness

At baseline, liver elasticity did not differ between the

© HepatoBiliary Surgery and Nutrition. All rights reserved.

different groups of included pathologies, P=0.540. Between
baseline and the first 5 postoperative days, there was a
significant increase in liver elasticity of the FRL [from 10.8
(5.7-18.7) to 17.5 (12.4-22.6) kPa, P=0.018]. This gradually
recovered after 4-6 weeks to a median of 10.9 (5.7-18.8) kPa
(T3 vs. T4, P=0.079) (Figure 5).

In regard with severe postoperative complications, there
were no significant differences in liver elasticity at baseline
between patients with and without CD > 3A complications
[11.1 (5.99-14.8) vs. 8.9 (5.6-19.4) kPa; P=0.770]. Patients
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Figure 4 Change in volume (%) in all patients and in patients with and without severe postoperative complications.

with CD > 3A however, showed a tendency to a larger
increase in liver elasticity 5 days after resection, compared
to patients with no complications or less than CD > 3A
[2.6 (0-15.6) kPa, P=0.176, n=7 vs. 4.5 (0.1-13.5) kPa,
P=0.066, n=10; Figure 5].

Discussion

Regeneration of the remnant liver occurs predominantly
during the first 5 days after resection, rendering this
period as crucial for the development of PHLF. In case of
severe complications during the first 5 postoperative days,
functional regeneration was delayed. This was not noted
for volume increase. Uncompromised regeneration in the
first 5 days after resection seems crucial to prevent PHLE.
So far, this is the first study monitoring postoperative liver
function using quantitative liver function tests before and
after resection.

These results further emphasize the importance of the
early postoperative course in the development of PHLEF.
Day 5 was chosen because in a large cohort of patients
who underwent liver resection without postoperative
complications, biochemical blood tests, reflecting liver
function, returned to normal values on day 5, corresponding

© HepatoBiliary Surgery and Nutrition. All rights reserved.

with the normalization of liver function at day 5 (23). This
analogy is also found for the ‘50/50 criteria’ where PHLF is
defined as a combination of prothrombin time (PT) <50%
and serum bilirubin >50 pmol/L on postoperative day 5, as
well as for the ISGLS criteria (22,24).

PHLF has a multifactorial etiology and occurs as a
result of a decrease in hepatocellular mass in combination
with patient, surgical and postoperative factors. The most
common postoperative risk factors include complications
such as bile leakage and septic complications, ultimately
leading to a ‘second-hit’ on top of the residual capacity of
the remnant liver. This combination impedes regeneration
of the remnant liver and greatly enhances the risk of hepatic
insufficiency. The data in this study confirm that in case
of postoperative complications, there is a delay in hepatic
functional regeneration further contributing to vulnerability
of the liver remnant.

Inflammation is an important trigger in the initiation
and augmentation of liver regeneration, however, in cases
of severe, systemic inflammation such as in sepsis, the
balance is shifted towards a detrimental effect, leading
to hepatocellular injury, liver dysfunction and impaired
regeneration (25). Furthermore, in case of bile leakage,
disruption of the enterohepatic bile-gut axis leading to a
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Figure 5 Change in liver elasticity (kPa) in all patients and in patients with and without severe postoperative complications.

loss of bile acids also contributes to PHLEF. Bile acids are
considered hepatotoxic in high concentration, however,
they trigger hepatocyte proliferation through activation
of several nuclear receptors (26,27). Early detection and
management of bile leakage might therefore help to prevent
PHLE

Sequential HBS at different time points did not show
differences in TLE. In one patient, the difference between
the two sequential HBS studies was remarkably high:
6.2%/min (5.8 vs. 11.6 %/min). This is explained by
hyperbilirubinemia occurring during the first scan, with
a serum bilirubin of 69 pmol/L. The patient underwent
biliary drainage resulting in a reduction of bilirubin to
40 pmol/L during the second scan. All other patients
had bilirubin levels below 30 pmol/L and did not show
significant differences in TLF between the scans. As
reported earlier, increased plasma bilirubin affects
the hepatic uptake of mebrofenin due to competitive
uptake (28). It is therefore important that the use of HBS
in the presence of obstructive cholestasis is restricted to
patients having undergone adequate biliary drainage (29).

The discrepancy between function and volume is
applicable to the regenerative response after major liver
resection. As reported earlier, volume increase does not
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necessarily correlate with functional increase. This is
especially the case in patients that have undergone liver
augmenting techniques such as portal vein embolization or
ALPPS (6,30). The findings reported in the latter setting
corroborate the results of the present study, showing that
functional liver regeneration was faster than recovery of
liver volume.

Liver elasticity increased in the first 5 postoperative days
after resection in this series. The increase was greater in
patients with severe postoperative complications compared
to patients with an uncomplicated course. Acute changes in
parenchymal elasticity occur because of a variety of reasons,
including hemodynamic changes, inflammation or acute
cellular rejection (31,32). Preliminary studies carried out in
liver transplant patients showed that changes in liver stiffness
might be predictive of postoperative outcomes. LSM in
the early post-transplant period showed that patients with
major complications had significantly higher increase in
stiffness than those without complications (32). Another
study showed that stiffness values in smaller remnant
livers increased more than in larger remnant livers (33).
Therefore, the change of remnant liver stiffness might
reflect the efficiency of liver regeneration and potentially
predicts liver failure. Furthermore, parenchymal edema
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could also influence liver stiffness, and also have a role in
the development of PHLF with increased portal pressure
and ascites. Until now, LSM has not been applied for
monitoring patients after liver resection or for diagnosing
acute liver pathologies. More prospective studies are needed
to evaluate the application of LSM in this setting as a quick
and non-invasive bedside method to assess patients at risk of
PHLE.

This study has several limitations, including the small
sample size and the heterogeneous patient population.
Furthermore, there is a heterogeneity in the extent of the
resections performed and therefore, in the remnant liver
function and volume fractions recorded. Even though the
first severe complications occurred during the first five
postoperative days, it is yet uncertain how complications
occurring in a later stage affect subsequent liver
regeneration.

In conclusion, this study demonstrated that functional
liver regeneration predominantly occurred in the first 5 days
after resection while the increase in liver volume progressed
for 4-6 weeks. Postoperative complications significantly
delayed the recovery of liver function, increasing the risk of
(remnant) liver failure.
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