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Abstract

BACKGROUND

The success of liver resection relies on the ability of the remnant liver to
regenerate. Most of the knowledge regarding the pathophysiological basis of liver
regeneration comes from rodent studies, and data on humans are scarce.
Additionally, there is limited knowledge about the preoperative factors that
influence postoperative regeneration.

AIM
To quantify postoperative remnant liver volume by the latest volumetric software
and investigate perioperative factors that affect posthepatectomy liver regenera-
tion.

METHODS

A total of 268 patients who received partial hepatectomy were enrolled. Patients
were grouped into right hepatectomy/trisegmentectomy (RH/Tri), left hepa-
tectomy (LH), segmentectomy (Seg), and subsegmentectomy/nonanatomical
hepatectomy (Sub/Non) groups. The regeneration index (RI) and late rege-
neration rate were defined as (postoperative liver volume)/[total functional liver
volume (TFLV)] x 100 and (RI at 6-months - RI at 3-months)/RI at 6-months,
respectively. The lower 25" percentile of RI and the higher 25" percentile of late
regeneration rate in each group were defined as “low regeneration” and “delayed

regeneration”. “Restoration to the original size” was defined as regeneration of
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the liver volume by more than 90% of the TFLV at 12 months postsurgery.

RESULTS

The numbers of patients in the RH/Tri, LH, Seg, and Sub/Non groups were 41, 53, 99 and 75, respectively. The RI
plateaued at 3 months in the LH, Seg, and Sub/Non groups, whereas the RI increased until 12 months in the
RH/Tri group. According to our multivariate analysis, the preoperative albumin-bilirubin (ALBI) score was an
independent factor for low regeneration at 3 months [odds ratio (OR) 95%CI = 2.80 (1.17-6.69), P = 0.02; per 1.0 up]
and 12 months [OR = 2.27 (1.01-5.09), P = 0.04; per 1.0 up]. Multivariate analysis revealed that only liver resection
percentage [OR = 1.03 (1.00-1.05), P = 0.04] was associated with delayed regeneration. Furthermore, multivariate
analysis demonstrated that the preoperative ALBI score [OR = 2.63 (1.00-1.05), P = 0.02; per 1.0 up] and liver
resection percentage [OR = 1.02 (1.00-1.05), P = 0.04; per 1.0 up] were found to be independent risk factors
associated with volume restoration failure.

CONCLUSION
Liver regeneration posthepatectomy was determined by the resection percentage and preoperative ALBI score.
This knowledge helps surgeons decide the timing and type of rehepatectomy for recurrent cases.

Key Words: Liver regeneration; Albumin-bilirubin score; Liver resection percentage; Partial hepatectomy; Human;
Regeneration index

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Insights into posthepatectomy liver regeneration in humans are limited. We quantified liver volumes using the
latest volumetric software and investigated perioperative factors that affect posthepatectomy liver regeneration. It was
revealed that liver regeneration continues after 3 months of hepatectomy with more than one-fourth of the liver resection and
decline in preoperative liver function, reflected by the albumin-bilirubin (ALBI) score, is associated with decreased
regeneration. Furthermore, restoring to the original volume depended on the combination of the preoperative ALBI score
and liver resection percentage. With this knowledge, surgeons can select an appropriate hepatectomy type with
rehepatectomy in mind after intrahepatic recurrence.
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INTRODUCTION

Liver regeneration after partial hepatectomy proceeds through the action of several cells that compose the liver, including
hepatocytes, bile duct epithelial cells, hepatic sinusoidal endothelial cells, Kupffer cells, and hepatic stellate cells[1].
Hepatocytes are normally dormant but undergo one or two rounds of cell division after hepatectomy. The onset of
hepatocyte cell division varies among animal species, with that of rats beginning 24 h after hepatectomy and that of
humans and mice beginning 48 h after hepatectomy. Growth factors and cytokines such as hepatocyte growth factor
(HGF), tumor necrosis factor-a (TNF-0), interleukin-6 (IL-6), transforming growth factor-o, and epidermal growth factor
are involved in this process[1]. Both of these growth factors and cytokines activate downstream growth signaling
pathways, ultimately leading to the transition from quiescent cells in GO phase to G1/S phase and initiation of the cell
cycle. In rodents, the remnant liver after 70% partial hepatectomy returns to a size of 100% in 7 to 10 d, and in humans,
the liver mass is believed to be completely restored in 3 to 6 months[1-3]. Even small resections with a resection
percentage of 10% or less are followed by eventual restoration of the liver to its full size[3].

Liver regeneration is an important topic not only for basic science but also for clinicians because liver regeneration
failure could cause serious complications that could lead to patient mortality. Although this topic has been well
described, most related studies have been conducted in animal models, and there are limited data on this topic in humans
[1]. Furthermore, most of those previous reports focused on liver regeneration only after major hepatectomy[4,5]; few
reports provided insights into liver regeneration after minor hepatectomy, and few studies have compared regeneration
between hepatectomy types. Moreover, the volumetric assessments in most of the previous studies were performed
before the development of computer-based volumetry or used prototype volumetry before the early 2000s. In this study,
we quantified postoperative remnant liver volumes using the latest volumetric software in patients who underwent
partial hepatectomy and had various backgrounds. We observed postoperative parenchymal regeneration according to
hepatectomy type and identified perioperative factors that affect postoperative liver regeneration.
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MATERIALS AND METHODS

Study population and data collection

Between January 2006 and October 2022, 762 patients with hepatocellular carcinoma (HCC), cholangiocellular carcinoma
(CCC), combined HCC and CCC (CHC), colorectal metastasis, or other diseases underwent partial hepatectomy at the
University of Tsukuba Hospital (Tsukuba, Japan). Patient records were identified by an administrative database. Patients
who (1) were less than 14 years old; (2) underwent partial hepatectomy with concomitant gastrointestinal surgical
procedures, biliary reconstruction, or splenectomy; (3) underwent partial hepatectomy with a liver resection percentage
of less than 10%; (4) had macroscopic evidence of noncurative resection; (5) had incomplete records, including
postoperative computed tomography (CT) data; and (6) had recurrence were excluded. All the data for the current study
were collected in accordance with the University of Tsukuba Hospital Institutional Review Board.

Definition of major hepatectomy and minor hepatectomy, posthepatectomy liver failure, and liver fibrosis

Major hepatectomy was defined as right trisegmentectomy, left trisegmentectomy, right hepatectomy or left hepatectomy
(LH), while minor hepatectomy was defined as segmentectomy (Seg), subsegmentectomy, or nonanatomical hepa-
tectomy, according to the Tokyo 2020 terminology of the liver[6]. Posthepatectomy liver failure (PHLF) was defined
according to the International Study Group of Liver Surgery criteria and was based on an increased international
normalized ratio and concomitant hyperbilirubinemia on or after postoperative Day 5[7]. Liver fibrosis was stratified into
stages 0 to 4 using the METAVIR scoring system (FO: No fibrosis, F1: Portal fibrosis, F2: Periportal fibrosis, F3: Bridging
fibrosis, F4: Cirrhosis).

Liver volumetry was used to calculate the liver resection percentage, regeneration index, remnant liver growth rate

and late regeneration rate
In 2006, an IDT-16 multidetector row CT scanner (Philips, Netherlands) was used to obtain images with a slice thickness
of 5 mm. From 2007 to 2013, a Brilliance 64 multidetector row CT scanner (Philips, Netherlands) was used to obtain
images with slice thicknesses of 2-5 mm. From 2014 to the present, an iCT 128 multidetector row CT scanner (Philips,
Netherlands) was used to obtain 1-2 mm image slices. Medical image analysis software was used for volumetry (Synapse
Vincent® version 6.7; Fujifilm Global, Tokyo, Japan). Volumetric values were obtained by the inherent software volume
rendering algorithm. Accurate simulation of liver resection was performed postoperatively by manually tracing the
resected border on CT images based on intraoperative images of the resected liver plane, resected specimen, and medical
records. The total liver volume (TLV), resected liver volume (RLV), tumor volume (Tuv), and postoperative liver volume
were automatically measured. Postoperative liver volume was measured at 3 months (Supplementary Figure 1), 6
months, and 12 months after surgery. The total functional liver volume (TFLV) was calculated by subtracting Tuv from
the TLV, and the RLV was calculated by subtracting Tuv from the postoperative reconstructed resected specimen volume.
The liver resection percentage (%), regeneration index (RI) (%), remnant liver growth rate (fold) and late regeneration rate
(fold) were calculated according to the following formulas.

Liver resection percentage (%) = [postoperative reconstructed resected specimen volume (mL)-Tuv (mL)]/[TFLV (mL)]
x100.

RI (%) = [postoperative liver volume (mL)]/[TFLV (mL)] x 100.

Remnant liver growth rate (fold) = [postoperative remnant liver volume (mL)]/[TFLV (mL) - RLV (mL)].

Late regeneration rate (fold) = [RI at 6 months (%) - RI at 3 months (%)]/[RI at 6 months (%)].

Definitions of “low regeneration”, “delayed regeneration” and “restoration to the original volume”

The patients were classified into the “low regeneration” group based on the RI at 3 months and 12 months, which was <
the 25" percentile. “Delayed liver regeneration” was defined as a late regeneration rate > the 25" percentile. “Restoration
to the original volume” was defined as regeneration of the remnant liver to more than 90% of the TFLV.

Statistical analysis

Categorical variables were compared using the chi-square test or Fisher’s exact test. Continuous variables are expressed
as the median, minimum, or maximum. Pearson’s correlation coefficients were calculated, and unpaired ¢ tests were used
to compare two groups. Comparisons among more than three groups were performed using one-way analysis of
variance. Significant differences were examined using the Bonferroni-Dunn multiple comparison post hoc test. Low
regeneration, delayed regeneration and volume restoration failure were analyzed using univariate and multivariate
logistic regression models. Receiver operating characteristic (ROC) analysis was also conducted using the constructed
multivariate logistic model. Independent predictors in the multivariate model were selected based on the results of the
univariate analysis (P < 0.10). P < 0.05 was considered to indicate statistical significance. All the statistical analyses were
performed using SPSS 29.0 (SPSS, Inc., Chicago, IL, United States).

RESULTS

Demographics
A total of 268 patients who underwent partial hepatectomy were included. Patients were classified according to the
hepatectomy type: Right hepatectomy and trisegmentectomy (RH/Tri) group, LH group, Seg group, and subseg-
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mentectomy and nonanatomical hepatectomy (Sub/Non) group. The numbers of patients in the RH/Tri, LH, Seg, and
Sub/Non groups were 41, 53, 99 and 75, respectively (Table 1). All patients demonstrated similar baseline characteristics
except for body mass index (BMI) (kg/m?), background disease, hepatitis C virus positivity, liver resection percentage
(%), heavy alcohol history and preoperative platelet count (uL) (Table 1).

Regarding postoperative outcomes, there were significant differences in operation time (min), total Pringle maneuver
time (min), and PHLF grade B/C occurrence rate (%) among the groups. In particular, the incidence rate of PHLF was
significantly greater in the RH/Tri group (Table 1).

Comparison of the RI, remnant liver growth rate and postoperative ALBI score at 3, 6 and 12 months among the

RH/Tri, LH, Seg, and Sub/Non groups

The RI plateaued at 3 months in the LH, Seg and Sub/Non groups, whereas the RI continued to increase until 12 months
in the RH/Tri group (Figure 1A). A comparison of the RIs among these four groups at 3 months showed that the RIs were
significantly lower in the RH/Tri group than in the other groups (77% vs 85% vs 90% vs 92%, Figure 1B). However, there
was no difference in the RI between the RH/Tri group and the LH group (85% and 87%, P = 0.12) at 12 months; both of
these values are below the criterion for restoring the original volume. On the other hand, the Rls in the RH/Tri group
were significantly lower than those in the Seg group and the Sub/Non group (92% and 93%, Figure 1B), both of which
met the criterion of restoring the original volume.

The remnant liver growth rate plateaued at 3 months in the LH, Seg and Sub/Non groups, whereas the remnant liver
growth rate continued to increase until 12 months in the RH/Tri group (Figure 2).

Although the postoperative ALBI scores in the Seg group tended to increase during the early period postsurgery, the
postoperative ALBI scores in general were not significantly different at any time point in either group at 3, 6 or 12 months
posthepatectomy (Supplementary Figure 2A). There was no difference in the postoperative ALBI score among the four
groups at 3 or 12 months (Supplementary Figure 2B).

Univariate and multivariate analyses to identify risk factors for low regeneration at 3 months and 12 months
Univariate analysis revealed that a background disease of CCC or CHC (compared with that of HCC), a preoperative
ALBI score (per 1.0 up), rehepatectomy and a postoperative complication according to the Clavien-Dindo (CD) classi-
fication of grade 3 or higher were associated with low regeneration at 3 months (Table 2). Multivariate analysis
demonstrated that the preoperative ALBI score [per 1.0 up, odds ratio (OR) 95%CI = 2.80 (1.17-6.69), P = 0.02] and a
postoperative complication CD classification of grade 3 or higher [OR = 0.29 (0.10-0.82), P = 0.02] were found to be
independent risk factors for low regeneration at 3 months. ROC analysis demonstrated an area under the ROC curve
(AUROC) of 0.60 for the ALBI score, which was the highest among the representative liver function parameters, Child-
Pugh score, model for end-stage liver disease (MELD) score, MELD-Na score, and indocyanine green 15-min rate (0.53,
0.56, 0.58, 0.55, respectively), and its cutoff value was -2.69.

Univariate analysis revealed that a preoperative platelet count < 100 x 10°/pL and a preoperative ALBI score (per 1.0
up) were associated with low regeneration at 12 months (Table 2). Multivariate analysis demonstrated that both a
preoperative platelet count <100 x 10°/uL [OR = 5.01 (1.14-21.95), P = 0.03} and a preoperative ALBI score [per 1.0 up, OR
= 2.27 (1.01-5.09), P = 0.04] were found to be independent risk factors for low regeneration at 12 months. ROC analysis
demonstrated an AUROC of 0.57 for the ALBI score, and its cutoff value was -2.73.

Changes in the Rl with/without severe liver fibrosis

Pathologically, F3 and F4 were classified into the severe fibrosis group. In the RH/Tri and LH groups, patients in the
severe fibrosis group tended to have delayed liver regeneration, but the final liver volume at 12 months was not different.
On the other hand, in the Seg and Sub/Non groups, the RI did not significantly differ between the severe fibrosis group
and the nonsevere liver fibrosis group at any time point (Supplementary Figure 3). The preoperative ALBI score and F
stage were not correlated (r = 0.08, P = 0.22).

Univariate and multivariate analyses were used to identify risk factors for delayed regeneration and failure of the

restoration to the original volume

Univariate analysis revealed that only the liver resection percentage [OR = 1.03 (1.00-1.05), P = 0.04] was associated with
delayed regeneration (Table 3). ROC analysis demonstrated an AUROC of 0.61 for the liver resection percentage, and its
cutoff value was 26%.

Univariate analysis revealed that other background diseases (compared with HCC), the presence of diabetes mellitus, a
preoperative platelet count < 100 x 10°/pL, a preoperative ALBI score (per 1.0 up), liver resection percentage, and
postoperative complication CD classification of grade 3 or higher were associated with volume restoration failure. The
multivariate analysis demonstrated that the preoperative ALBI score [per 1.0 up, OR = 2.63 (1.15-6.04), P = 0.02] and the
liver resection percentage [OR = 1.02 (1.00-1.05), P = 0.04] were found to be independent risk factors associated with
volume restoration failure.

Prediction of volume restoration failure by the combination of the preoperative ALBI score and liver resection

percentage

A heatmap for predicting the probability of volume restoration failure was constructed by combining the preoperative
ALBI score and liver resection percentage (Figure 3). The gradient shows the risk level: Blue indicates a low risk of
volume restoration failure (less than 10%), whereas red indicates a high risk of volume restoration failure (higher than
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Table 1 Demographics, n (%)

;I-;lTn group (n = LH group (n=53) Seg group (n = 99) ?:)b/Non group (n = Pyalue
Baseline characteristics
Age 68 (16-80) 69 (14-86) 68 (46-83) 70 (52-90) 0.06
Sex, male, yes 29 (71) 33 (62) 73 (74) 58 (77) 0.29
BMI (kg/m?) 21.8 (15.4-31.3) 22.3 (15.2-29.4) 230 (15.5-32.8) 23.4 (17.8-35.5) 0.009
Background disease
HCC 21 (51) 14 (26) 63 (64) 56 (75) <0.001
CCC & CHC 4 (10) 19 (36) 9(9) 8 (11) -
Colorectal liver metastasis 10 (24) 6 (11) 16 (16) 11 (15) -
Others 6 (15) 14 (26) 11 (11) 0(0) -
HCV, yes 6 (15) 9(17) 26 (26) 29 (39) 0.01
Liver resection percentage 52 (21-71) 32 (13-49) 27 (10-56) 15 (10-32) <0.001
Diabetes mellitus, yes 13 (32) 16 (30) 34 (34) 33 (44) 0.36
Renal complication 3(7) 3 (6) 6 (6) 6(8) 0.94
Heavy alcoholic' 15 (37) 9(17) 39 (39) 32() 0.03
ICG 15 min 10.7 (0.1-81.1) 9.0 (1.4-66.4) 10.1 (1.3-80.0) 11.5 (2.8-33.4) 0.65
Preoperative ALBI score -2.56 (-3.46 to -1.40) -2.73 (-3.50 t0 -0.69)  -2.85(-3.75t0-1.51)  -2.78 (-3.38 to -1.82) 0.07
Preoperative platelet count (/uL) 205 (95-562) 198 (78-504) 186 (61-542) 182 (91-396) 0.02
Liver cirrhosis (F4), yes 4 (10) 2(4) 18 (18) 9(12) 0.08
Laparoscopic hepatectomy 3(7) 2 (38) 13 (13) 7(9) 0.28
Re-hepatectomy 3(7) 4(8) 5(5) 79) 0.74
Preoperative Chemotherapy 10 (24) 9 (17) 15 (15) 5(7) 0.06
Postoperative outcomes
Operation time (min) 383 (218-644) 354 (183-629) 388 (151-742) 341 (153-584) 0.008
Intraoperative blood loss (mL) 680 (110-13360) 378 (68-3660) 525 (0-32150) 470 (0-1894) 0.25
RBC transfusion 6 (15) 3(6) 8(8) 3(4) 0.19
Total Pringle time (min) 56 (0-179) 45 (0-131) 75 (0-202) 78 (0-167) <0.001
Posthepatectomy liver failure 10 (24) 3(6) 7(7) 3(4) 0.001
grade B/C
Complication CD grade >3 9(22) 10 (19) 22 (22) 12 (16) 0.75
Length of Hospital stay (d) 16 (7-41) 11 (5-54) 11 (6-40) 11 (6-167) 0.46

Daily alcohol consumption 30 g/d or higher.

RH/Tri: Right hepatectomy/Trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non: Subsegmentectomy and nonanatomical
hepatectomy; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma and
cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

90%). As the ALBI score and liver resection percentage increased, the risk of volume restoration failure increased.

DISCUSSION

The novelty of this study is that liver regeneration after partial hepatectomy was determined by the preoperative liver
function reserve reflected by the ALBI score, and prolonged regenerative activity was dependent on the liver resection
percentage. It was also acknowledged that although the remnant liver volume after minor hepatectomy could return to its
initial size, the residual liver volume after major resection does not necessarily return to its original volume. Furthermore,
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Table 2 Risk factors for low regeneration at 3-m s posthepatectomy
3-months (n = 187) 12-months (n = 192)
Univariate OR P value Multivariate OR P value Univariate OR P value Multivariate OR P value
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
Age >75, yes 0.69 (0.30-1.56) 0.37 - - 0.48 (0.19-1.24) 0.13 - -
Sex, male, yes 1.40 (0.66-32.94)  0.38 - - 0.79 (0.39-1.62) 0.79 - -
BMI >28 kg/m?, yes 0.19 (0.02-1.44) 0.11 - - 0.42 (0.09-1.94) 0.42 - -
Background, HCC - Ref. - Ref.
CCC & CHC 0.30 (0.09-1.08) 0.07 0.31 (0.08-1.17) 0.08 0.81 (0.31-2.07) 0.65 - -
Colorectal liver metastasis  0.98 (0.41-2.38) 0.96 0.88 (0.35-2.21) 0.79 0.88 (0.34-2.27) 0.79 - -
Others 0.76 (0.31-2.37) 0.76 0.93 (0.30-2.88) 0.90 0.97 (0.35-2.71) 0.96 - -
HCV positive, yes 0.63 (0.29-1.38) 0.25 - - 1.18 (0.58-2.39) 0.65
Diabetes mellitus, yes 0.93 (0.47-1.83) 0.84 - - 0.77 (0.39-1.52) 0.45 - -
Renal complication, yes 2.50 (0.73-8.60) 0.15 - - 0.51 (0.11-2.37) 0.39 - -
Heavy alcoholic, yes 1.10 (0.56-2.18) 0.77 - - 0.86 (0.44-1.69) 0.66 - -
Preoperative platelet count 2.19 (0.47-10.13)  0.32 5.30(1.22-23.09)  0.03 5.01 (1.14-21.95) 0.03
<100 x 10°/L, yes
Preoperative ALBI score 2.85 (1.21-6.71) 0.02 2.80 (1.17-6.69) 0.02 2.33 (1.05-5.18) 0.04 2.27 (1.01-5.09) 0.04
(per 1.0 up)
ICG 15 minutes rate (per  0.97 (0.93-1.01) 0.15 - - 1.00 (0.97-1.04) 0.92 - -
1.0 up)
Liver cirrhosis (F4), yes 1.22 (0.47-23.14)  0.69 - - 1.42 (0.51-3.97) 0.51 - -
Preoperative 0.66 (0.25-1.73) 0.40 - - 0.84 (0.32-2.24) 0.73 - -
chemotherapy, yes
Re-hepatectomy, yes 2.65 (0.84-8.33) 0.09 2.81 (0.84-9.47) 0.09 0.28 (0.04-2.25) 0.23 - -
Liver resection percentage 1.01 (0.99-1.04) 0.22 - - 1.01 (0.99-1.04) 0.24 - -
(per 1.0% up)
Intraoperative blood loss > 1.73 (0.83-3.62) 0.14 - - 1.04 (0.47-2.34) 0.92 - -
1000mL, yes
RBC transfusion, yes 0.75 (0.20-2.82) 0.67 - - 0.81 (0.22-3.02) 0.75 - -
Pringle time > 90 min, yes ~ 1.07 (0.49-2.34) 0.86 - - 1.09 (0.51-2.31) 0.83 - -
Posthepatectomy liver 0.58 (0.16-2.10) 0.41 - - 0.72 (0.21-2.93) 0.72 - -
failure grade B/C, yes
Postoperative 0.31 (0.11-0.84) 0.02 0.29 (0.10-0.82) 0.02 1.79 (0.83-3.87) 0.14 - -
complication CD grade >
3, yes

OR: Odds ratio; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma
and cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

the degree to which the original volume was restored after hepatectomy was determined by the preoperative ALBI score
and the liver resection percentage. This knowledge, along with our heatmap, can aid surgeons in deciding the timing and
type of hepatectomy after intrahepatic recurrence.

Liver resection success relies on the ability of the remnant liver to regenerate. Most of the knowledge regarding the
pathophysiological basis of liver regeneration comes from rodent studies, and data on humans are scarce. Among the
limited reports on humans, early studies in the 1970s and 1980s revealed that mitotic activity occurred 3 d after partial
hepatectomy, and cellular proliferation continued for several weeks[8]. The liver remnant returned to its original size in
approximately 3 to 6 months. At that time, the liver volume was calculated by multiplying the liver area measured by
hand using tracing paper and a CT width greater than 1 cm[8]. This could cause significant mismatches in the extraction
results, depending on the examiners. On the other hand, studies from the 1990s to the early 2000s reported different
results based on the experience in donor hepatectomy. Using prototype CT-volumetric software, they reported that the
volume of the normal liver after major hepatectomy increased up to 70%-80% in 6 months and up to 85%-90% in 12
months; however, the liver did not reach its initial volume[9-11]. In our study, we used the latest CT-volumetric software,
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Table 3 Risk factors for delayed regeneration and failure for restoration of the original volume

Delayed regeneration (total n = 153) Volume restoration failure (total n = 191)
Univariate OR P value Multivariate OR P value Univariate OR P value Multivariate OR P value
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
Age >75, yes 0.67 (0.27-1.68) 0.45 - - 0.94 (0.46-1.94) 0.88 - -
Gender, male, yes 1.14 (0.48-2.67) 0.77 - - 0.76 (0.40-1.45) 0.41 - -
BMI > 28 kg/m?, yes 0.22 (0.03-1.74) 0.15 - - 0.44 (0.14-1.46) 0.18 - -
Background, HCC - Ref. - Ref.
CCC & CHC 0.49 (0.13-1.82) 0.29 - - 1.64 (0.73-3.65) 0.23 0.40 (0.15-1.11) 0.08
Colorectal liver metastasis ~ 1.83 (0.73-4.56) 0.19 - - 0.88 (0.34-1.90) 0.81 0.71 (0.22-2.26) 0.56
Others 1.10 (0.27-4.42) 0.90 - - 2.39 (0.95-6.00) 0.07 0.28 (0.08-0.97) 0.44
HCV positive, yes 0.61 (0.26-1.47) 0.27 - - 0.70 (0.37-1.34) 0.28 - -
Diabetes mellitus, yes 0.64 (0.30-1.39) 0.26 - - 0.55 (0.30-1.00) 0.05 0.69 (0.36-1.35) 0.28
Renal complication, yes 0.89 (0.18-4.48) 0.88 - - 1.15 (0.37-3.56) 0.81 - -
Heavy alcoholic, yes 0.86 (0.39-1.88) 0.71 - - 0.84 (0.46-1.53) 0.56 - -
Preoperative platelet count 1.60 (0.28-9.11) 0.60 - - 417 (0.82-21.21)  0.09 4.34 (0.81-23.40) 0.09
<100 x 10°/uL, yes
Preoperative ALBI score 1.13 (0.46-2.81) 0.79 - - 2.76 (1.27-5.97) 0.01 2.63 (1.15-6.04) 0.02
(per 1.0 up)
ICG 15 min rate (per 1.0 1.00 (0.97-1.04) 0.99 - - 1.00 (0.98-1.04) 0.58 - -
up)
Liver cirrhosis (F4), yes 1.94 (0.70-5.38) 0.20 - - 1.22 (0.47-3.15) 0.69 - -
Preoperative 2.01 (0.80-5.03) 0.14 - - 0.80 (0.34-1.87) 0.60 - -
chemotherapy, yes
Re-hepatectomy, yes 1.67 (0.40-7.03) 0.49 - - 0.74 (0.21-2.62) 0.64 - -
Liver resection percentage  1.03 (1.00-1.05) 0.04 1.03 (1.00-1.05) 0.04 1.03 (1.01-1.05) 0.008 1.02 (1.00-1.05) 0.04
(per 1.0% up)
Intraoperative blood loss >  1.35 (0.58-3.15) 0.49 - - 1.41 (0.69-2.86) 0.34 - -
1000 mL, yes
RBC transfusion, yes 0.55 (0.12-2.58) 0.58 - - 1.04 (0.35-3.12) 0.95 - -
Pringle time > 90 min, yes ~ 1.82 (0.80-4.14) 0.16 - - 0.91 (0.46-1.81) 0.78 - -
Posthepatectomy liver 0.95 (0.24-3.60) 0.92 - - 1.83 (0.61-5.50) 0.28 - -
failure grade B/C, yes
Postoperative complication 0.54 (0.19-1.53) 0.24 - - 1.97 (0.95-4.07) 0.07 1.80 (0.83-3.91) 0.14
CD grade 2 3, yes

OR: Odds ratio; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma
and cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

Synapse Vincent version 6.7, to measure postoperative remnant liver volume. This software calculates liver volume based
on a high-speed and precise image-processing algorithm that uses an image processing method[12]. Using two different
regeneration parameters (the RI and remnant liver growth rate), the remnant liver continued to regenerate until 12
months after right hepatectomy/trisegmentectomy. On the other hand, regeneration stopped less than 3 months after LH
and minor hepatectomy. The remnant liver volume 12 months after RH/Tri increased but was not significantly different
from that after LH and did not return to the original volume, while the liver volume after minor hepatectomy returned to
almost the initial size. Regardless of the type of hepatectomy, postoperative liver function at 3, 6, and 12 months did not
differ from preoperative liver function. In addition, a prolonged regenerative response was related to the amount of liver
removed, especially for patients who underwent more than one-fourth resection. The difference in these regenerative
reactions depends on the hepatectomy type, and it has been reported that the regenerative response of hepatocytes is
altered by different resection rates[13,14]. In animal studies, hepatocytes removed via 1/3 hepatectomy were less prolifer-
atively active and quieter and had a slower response than hepatocytes removed via 2/3 hepatectomy, and the rege-
nerative response was very minimal when the liver resection rate was less than 10%[14,15]. It has also been reported that
the number of hepatocytes involved in regeneration and DNA replication decreases as the resection rate decreases[16].
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Figure 1 Comparison of the regeneration indices at 3, 6 and 12 months among the right hepatectomy and trisegmentectomy, left
hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups. A: Chronological changes in the regeneration
index (RI) at 3, 6 and 12 months posthepatectomy, classified by hepatectomy type; B: Comparison of the RIs between patients who underwent hepatectomy at 3
months and 12 months. RH/Tri: Right hepatectomy and trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non: Subsegmentectomy and
nonanatomical hepatectomy.
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Figure 2 Comparison of the remnant liver growth rate at 3, 6 and 12 months among the right hepatectomy and trisegmentectomy, left
hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups. The remnant liver growth rate plateaued at 3
months in the left hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups, whereas it continued to increase until 12 months
in the right hepatectomy and trisegmentectomy group. RH/Tri: Right hepatectomy and trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non:
Subsegmentectomy and nonanatomical hepatectomy.

Mitchell et al[14] reported that the G1/S transition in hepatocytes was disrupted by low expression of heparin-binding
epidermal growth factor-like growth factor in rats with reduced liver resection, which was supported by human studies
[14,17]. Recent human reports using volumetry have indicated an increase in the rate of regeneration and prolongation of
the regeneration period as the liver resection rate increases[18]. The authors cite the relationship between resection rate
and the number of portal processing vessels, explaining that the relative increase in portal blood flow to the remaining
liver parenchyma caused hepatocytes to become more active and took a longer time to regenerate sufficient parenchyma
to maintain hemostasis. On the other hand, similar to our results, these authors reported that the liver regeneration rate at
12 months decreased with increasing resection rate, but the reason for this was not clear. We further established a
heatmap to predict volume restoration failure by combining the preoperative ALBI score and liver resection percentage.
With this knowledge and the heatmap, it is possible to plan for liver resection with recurrence in mind at the initial liver
resection stage for cancers with a high recurrence rate, such as HCC and metastatic liver cancers requiring repeat
hepatectomy.

Liver regeneration after hepatectomy is modified by various factors, such as age, sex, BMI, degree of liver fibrosis,
native liver disease, chemotherapy, preoperative portal pressure, and steatosis[4,19-21]. In animal models, platelets
promoted liver regeneration by enhancing the production of TNF-a and IL-6 and accelerating hepatocyte mitosis in the
acute phase after hepatectomy[22]. It has previously been shown that hepatic fibrosis has a negative impact on liver
regeneration; i.e., the liver regeneration in cirrhotic livers is significantly slower and less complete than that in noncir-
rhotic livers[20,23]. This was explained by the hypothesis that the regeneration-promoting factors TNF-a, IL-6 and HGF
were significantly lower in cirrhotic livers than in normal livers[24]. However, some cirrhotic livers display a fair degree
of regenerative capacity[19,25]. In fact, in our study, the severely fibrotic liver eventually regenerated to a point that was
comparable to that of a normal liver. Interestingly, the progression of liver fibrosis did not directly affect postoperative
low regeneration or delayed regeneration; rather, the preoperative ALBI score was more influential. Considering cutoff
values of -2.69 and -2.73 at 3 months and 12 months, posthepatectomy liver regeneration could be attenuated in patients
with preoperative liver function and an ALBI grade 2a or higher. This was because the progression of liver fibrosis does
not always correlate with liver function, and liver function usually decreases after cirrhosis has progressed to advanced
stages. Moreover, the attenuation of liver regeneration in patients with a low preoperative liver function reserve could be
attributed to the disturbance of the intrahepatic microcirculation of materials such as oxygen, proteins, and growth
factors in hepatocytes[26]. This condition is called “sinusoidal capillarization”, which results in the defenestration of
hepatic sinusoidal endothelial cells and the formation of a continuous basement membrane, compromising the bidirec-
tional exchange of materials between sinusoids and hepatocytes and resulting in hepatocellular dysfunction. Sinusoidal
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Figure 3 A heatmap for predicting the probability of volume restoration failure. The gradient shows the risk level: Blue indicates a low risk of volume
restoration failure (less than 10%), whereas red indicates a high risk of volume restoration failure (higher than 90%). ALBI: Albumin-bilirubin.

capillarization is a reversible condition that is usually recognized in chronic liver diseases, such as alcoholic liver disease,
nonalcoholic fatty liver disease, and chronic hepatitis viral disease. However, sinusoidal capillarization does not
necessarily correlate with the fibrotic stage[25], which might explain why the preoperative ALBI score correlated more
with low regeneration than with severe fibrosis. Another interesting finding of this study was that postoperative
complication CD classifications of grade 3 or higher were related to greater regeneration at 3 months postsurgery. This
might be because proinflammatory cytokines such as IL-6 and TNF-a released from Kupffer cells or liver sinusoidal
endothelial cells also promote cytokines conducive to liver regeneration[1].

Parenchymal sparing hepatectomy has been proposed for its ability to prevent PHLF and its oncological efficacy
against postoperative recurrence[27]. Owing to the improved accuracy of preoperative and intraoperative imaging
modalities that are not limited to open hepatectomies, “parenchymal sparing hepatectomy” is widely applied in
minimally invasive surgeries such as laparoscopic and robot-assisted hepatectomies. However, its effectiveness in
performing hepatectomies adjacent to major large vessels and for accessing posterior superior segments (S7 and S8) has
still not been established[28]. In accordance with “parenchymal sparing hepatectomy”, surgeons will try to resect livers
with the smallest volume possible. However, when the tumor is located close to a major blood vessel or deep inside the
liver, it is often difficult to decide whether to choose major hepatectomy or Seg, which are technically simpler, but the
resection volumes are larger, or subsegmentectomy or nonanatomical hepatectomy, which are sometimes technically
more complicated, but the resection volumes are smaller. In our study, although the remnant liver volume after minor
hepatectomy returned to the initial size, the residual liver volume after major hepatectomy did not return to its original
volume. Based on these results, from the perspective of liver regeneration, it may be preferable to avoid major hepatec-
tomies and instead choose minor hepatectomies when the minor hepatectomy can completely remove the tumor.
However, since the liver regenerates to the original volume after minor hepatectomy, there is no need to forcibly choose
more complicated minor hepatectomy procedures, such as subsegmentectomy or nonanatomical resection, as long as the
preoperative liver function is sufficient to avoid severe PHLF, which can be assessed by preoperative surgical planning
[29]. Instead, Seg, which is usually performed with a simpler resection procedure, might be preferable. This might be
especially true in cases of minimally invasive surgeries that require the creation of complicated resection planes in a
limited surgical view. This approach not only prolongs the operation time but can also cause intraoperative and
postoperative complications such as bleeding and bile leakage. Specifically, robot-assisted hepatectomy requires the use
of an inflexible scope, which obscures the surgical view in hepatectomies in the subphrenic area, such as in S7, S8, and
S4a. Therefore, the usefulness of “parenchymal sparing hepatectomy” can vary depending on the patient and modality.

This study has several limitations. First, the data were retrospective in nature and were collected from a single center
with a small sample size. Second, although we have evaluated different percentages of partial hepatectomy patients
overall, the question remains as to whether this potentially different mode of regeneration can be assessed in the same
way. In addition to the difference in the number of hepatocytes involved in regeneration depending on the resection rate,
it was also reported that the remnant liver following 30% partial hepatectomy regenerated solely by hypertrophy without
cell division; hypertrophy and subsequent proliferation equally contributed to regeneration after 70% partial hepa-
tectomy[30]. As our comprehension of liver regeneration deepens, there may be a need to reconsider the approach to
evaluating regeneration based on resection rates. Third, although patients were classified according to the type of
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hepatectomy, patients with different backgrounds were analyzed together to provide a more intuitive understanding of
clinical practice. This limitation may be overcome in the future by conducting a multicenter study and analyzing it in a
larger population after sorting out background factors. Fourth, partial hepatectomies with a liver resection percentage of
less than 10% were omitted from our data because of the potential for large errors in postoperative liver regeneration
when assessed by CT volumetry. Despite these limitations, given the limited data on liver regeneration after partial
hepatectomy in humans, this study offers unique implications for planning partial hepatectomy.

CONCLUSION

Liver regeneration after partial hepatectomy was determined by the liver resection percentage and the preoperative liver
function reserve reflected by the ALBI score. With this knowledge and our heatmap, surgeons can choose the appropriate
hepatectomy type on a case- and modality-specific basis, with rehepatectomy in mind after intrahepatic recurrence.
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