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Background and Aims: Alterations in liver histology influence the liver’s
capacity to regenerate, but the relevance of each of the different changes
in rapid liver growth induction is unknown. This study aimed to analyze
the influence of the degree of histological alterations during the first and
second stages on the ability of the liver to regenerate.
Methods: This cohort study included data obtained from the Interna-
tional ALPPS Registry between November 2011 and October 2020. Only
patients with colorectal liver metastases were included in the study.
We developed a histological risk score based on histological changes
(stages 1 and 2) and a tumor pathology score based on the histological
factors associated with poor tumor prognosis.
Results: In total, 395 patients were included. The time to reach stage 2
was shorter in patients with a low histological risk stage 1 (13 vs 17 days,
P<0.01), low histological risk stage 2 (13 vs 15 days, P< 0.01), and low
pathological tumor risk (13 vs 15 days, P< 0.01). Regarding interval
stage, there was a higher inverse correlation in high histological risk stage

1 group compared to low histological risk 1 group in relation with future
liver remnant body weight (r=−0.1 and r=−0.08, respectively), and
future liver remnant (r=−0.15 and r=−0.06, respectively).
Conclusions: ALPPS is associated with increased histological alterations
in the liver parenchyma. It seems that the more histological alterations
present and the higher the number of poor prognostic factors in the
tumor histology, the longer the time to reach the second stage.

Keywords: ALPPS, colorectal liver metastases, histology, liver regener-
ation, liver resection, oncological outcomes
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R ecently, a series of surgical techniques have been developed to
induce efficient regeneration of future liver remnant (FLR) in

staged liver resections.1,2 Among them, associating liver partition
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and portal vein ligation for staged hepatectomy (ALPPS), induces
accelerated liver hypertrophy compared with portal vein emboli-
zation (PVE) or classic 2-stage hepatectomy.3–5 The major
advantage of ALPPS is the reduction in drop-out rates (ie, pro-
gression to completion hepatectomy), particularly in colorectal
liver metastases (CRLM), which is the most common
indication.6,7 The unique combination of portal vein deprivation
and liver transection stimulates a complex pathophysiological
regeneration pattern influenced by various factors.8–16

Histology plays a pivotal role in liver surgery. Patients
with abnormal liver parenchyma who undergo hepatectomy
have worse postoperative outcomes. However, discrepancies
exist concerning the regenerative capacity of abnormal liver
histology, particularly in the presence of fibrosis, cirrhosis,
cholestasis, macrosteatosis, or chemotherapy-associated liver
damage.17–21 Alterations in liver histology influence the capacity
of the liver to regenerate, but the relevance of each of the dif-
ferent changes in the scenario of rapid liver growth induction, as
it occurs in ALPPS, is unknown.

ALPPS causes a series of histological changes in the FLR.
In experimental models, histological analysis of the FLR revealed
hepatic sinusoidal injury characterized by sinusoidal dilatation,
microvesicular steatosis, ischemia, necrosis, hepatocellular atro-
phy, and centrilobular or perisinusoidal fibrosis.22–25 This multi-
center study aimed to analyze the influence of baseline FLR
histological alterations and changes that occur between the first
and second stages on the regenerative capacity of the liver, and
perioperative outcomes in patients who underwent CRLM.

METHODS

Study Design
The ALPPS cohort study included from the International

ALPPS Registry. The Registry has prospectively collected data
on ALPPS cases since 2012, and is coordinated by the Depart-
ment of Surgery at the University of Zurich, Switzerland.
Approval to enter patients into the international ALPPS Reg-
istry was obtained from the Cantonal Ethics Committee of
Zurich (KEK 2013-0326; Clinical Trials.gov. NCT01924741).
The data extracted for analysis in February 2020. Only patients
with CRLM were included in this study. To perform the anal-
ysis, all participating centers were contacted to complete a
database with details on the histological data not captured in the
current form of the registry. This study was conducted in
accordance with the Declaration of Helsinki.

Endpoints
The primary aim of this study was to analyze the influence

of the degree of histological alterations during the first and
second stages and tumor pathology on the ability of the liver to
regenerate. Secondary aims included intra- and postoperative
outcomes, demographic variables (especially age, sex, weight,
and comorbidities), and tumor profile characteristics. Histo-
logical samples were analyzed by experienced pathologists from
centers specializing in complex hepatobiliary surgery.

Risk Score Definition Based on Histological
Assessment

Ten types of histological changes were chosen for their
relevance in defining the histological risk score for stages 1 and 2.
Histological samples were analyzed and categorized according to
the presence of fibrosis, macrosteatosis, microsteatosis, edema,
sinusoidal dilatation, regeneration nodules, necrosis, hemorrhage,

inflammation, and chemotherapy-associated steatohepatitis
(CASH) (Fig. 1A). The degree of fibrosis was evaluated using
Batts-Ludwig scale (0= absent, 1= portal, 2=periportal, 3= in
bridges, and 4= cirrhosis). The degree of macrosteatosis was
classified according to the % of steatosis as 0 (0%), 1 (1%–33%), 2
(33%–66%), or 3 (> 66%). The degree of inflammation was clas-
sified as 0 (absence of inflammation), 1 (mild), 2 (moderate), or 3
(severe). The remaining alterations were classified according to
their presence in the analyzed sample. Fibrosis was scored from 0
to 4 for the histological risk score calculations, and macrosteatosis
and inflammation were scored from 0 to 3. The rest of each his-
tological was assigned a value of 1 if it was present, or 0 otherwise.
This score was applied to the intraoperative samples obtained
during stage 1 (histological risk stage 1) and stage 2 FLR (histo-
logical risk 2). We defined histological risk as low when the score
was < 2 and high when it was ≥ 3.

Risk Score Definition Based on Tumor Pathology
Assessment

Nine types of prognostic tumor factors were chosen for
their relevance in defining the tumor pathology risk score. The
tumor samples were analyzed and categorized according to the
presence of: degree of tumor differentiation, tumor necrosis,
peritumoral inflammation, lymphovascular invasion, perineural
invasion, biliary invasion, sinusoidal invasion, resection margin,
and chemotherapy response (Fig. 1B). The degree of tumor
differentiation was classified as 0 (well differentiated), 1 (mod-
erately differentiated), 2 (poorly differentiated), or 3 (undiffer-
entiated). The degree of chemotherapy response was classified as
0 (absence of viable cells in all sections studied), 1 (1%–10%
isolated tumor cells or small groups of tumor cells), 2 (11%–50%
significant decrease in tumor cells), and 3 (50% minimal
response). Resection margins were classified as 0 (R0), 1 (R1),
and 2 (R2). The remaining alterations were classified according

FIGURE 1. Histological risk score value definition (A). Tumor
pathology risk score value definition (B).

Annals of Surgery � Volume 279, Number 2, February 2024 Histology and Liver Regeneration in ALPPS

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. www.annalsofsurgery.com | 307

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

D
ow

nloaded from
 http://journals.lw

w
.com

/annalsofsurgery by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 04/28/2025



to their presence in the analyzed histological samples. For the
tumor pathology risk score calculation, tumor differentiation,
and chemotherapy response were scored from 0 to 3, and
resection margins were scored from 0 to 3 and 0 to 2, respec-
tively, according to their respective classifications. The rest of
each histological change was assigned a value of 1 if it was
present, or 0 otherwise. This score was applied to the tumor
histology of liver metastases. We defined pathological risk as low
when the score was < 4 and high when it was ≥ 4.

Variables Studied
Patient biometric data (age, sex, body mass index, comor-

bidities, Charlson index), pre-stage-2 risk score, RAS and RAF
mutational status, TNM, neoadjuvant chemotherapy, adjuvant
chemotherapy, operative time, Pringle maneuver, blood loss and
need for transfusions, surgical technique, complications, and
length of hospital stay in both stages were extracted. The Clavien–
Dindo classification was used to assess 90-day morbidity. Post-
operative hepatic insufficiency (PHLF) was analyzed according to
the International Study Group of Liver Surgery definitions.
Volumetric data regarding FLR/body weight (BW) in both stages,
sFLR in both stages, sFLR increase (%), and the time between
stages 1 and 2 were also collected.

Statistical Analysis
All data included in the database were analyzed using a

professional statistical package (R Project, ver. 3.6.1, GLP). A
descriptive statistical analysis for the continuous variables was
carried out using median [interquartile range (IQR)] and the
mean ( ± standard deviation), depending on their distribution.
Frequencies and percentages were used as the qualitative varia-
bles. Intergroup differences in continuous variables were assessed
using the Kruskal-Wallis H-test and categorical data were
assessed using Pearson’s chi-squared test. To study the rela-
tionship between the variables, the chi-square test was applied
between 2 qualitative variables and the Pearson correlation
was applied when the variable was quantitative. Statistical
significance was considered with a P value of < 0.05.

RESULTS

Definition of the Study Population and Perioperative
Outcomes

In total, 395 patients with stage 1 and/or stage 2 biopsies
were included in the study (Table 1). The mean age of the
patients was 60 years ( ± 15.47), 62.9% were female and the mean
body mass index was 24.98 kg/m2 ( ± 4.91). In 73.2% of patients,
there was bilateral tumor involvement with a mean total lesion
size of 6 ( ± 5). Ninety-one percent of the patients received che-
motherapy before stage 1, with a mean of 7 cycles ( ± 5). The
mean operative time of the second stage was shorter than the first
stage,156 versus 260 minutes, respectively, whereas the percent-
age of Clavien–Dindo complications ≥ IIIb was higher in the
second stage compared to the first stage, 21% versus 6.8%,
respectively.

Scoring of Histological Features in Stages 1 and 2
A total of 337 biopsies from stage 1 and 390 biopsies from

stage 2 were analyzed (Fig. 2). The most frequent histological
alteration that reached its highest score in stage 1 (histological
risk 1) was macrosteatosis, followed by microsteatosis, inflam-
mation, and fibrosis. At stage 2, the highest scores (histological
risk stage 2) were obtained for inflammation, followed by

macrosteatosis, necrosis, and microsteatosis. The histological
phenomena that revealed the greatest percentage increase
between the first and second stages were hemorrhage (355%),
nodule regeneration (163%), necrosis (96%), and inflammation
(96%). Phenomena related to hepatic steatosis showed a small
increase (Fig. 2).

Histological Risk Scores and Their Impact on
Volumetry and Interstage Intervals

By reviewing the total score of the mentioned histo-
pathological features, high- and low-risk categories were defined
for histological risk stages 1 and 2. Patients with low histological
risk stage 1 required a median of 13 days (IQR, 8–21) to reach
the second stage compared to 17 days (IQR, 11–32) for patients

TABLE 1. Demographic Data, Tumor Characteristics, and
Perioperative Outcomes of the Entire Cohort of 395 Patients

n/Total % Missing (%)

Baseline
Age, y, mean (SD) 60 (15.47) —
Gender, female 248 63
BMI (kg/m2), mean (SD) 24.98

(4.91)
— 1

Comorbidity 143 41 12
Charlson index, mean (SD) 7 (2) — 18

Tumor diameter (T) 9
T1 6 1
T2 38 10
T3 233 60
T4 81 20

Node involvement (N) 9
N0 76 19
N1 155 39
N2 125 32
Nx 23 1
Bilobar tumor involvement 289 80 8
Largest_liver_lesion, mm, mean (SD) 47 (40) — 9
Total number lesion, mean (SD) 6 (6) — 9
Synchronicity 278 76 8
K-Ras mutation 140 35 9
Chemotherapy before stage 1 361 93 2
CEA before chemotherapy (µg/L),

mean (SD)
35.3

(175.3)
— 35

Liver first approach 77 21 9
Total number of cycles, mean (SD) 7 (5) — 14
Duration of chemotherapy, mo,

mean (SD)
4 (4) —

Monoclonal antibodies 262 71 6
Operative details

ALPPS procedure classic 238 62 2
Transfusion RBC 128 34 5
Operative time stage 1, min,

mean (SD)
260.5
(217)

— 25

Operative time stage 2, min,
mean (SD)

156 (90) — 28

Any complication stage 1 189 50 4
Any complication stage 2 216 59 8
Clavien–Dindo ≥ IIIb stage 1 27 7
Clavien–Dindo ≥ IIIb stage 2 83 22 4
Postoperative liver failure 26 8 13
Hospital stay stage 1, d, mean (SD) 9 (7) — 7
Hospital stay stage 2, d, mean (SD) 10 (2) — 10

ALPPS indicates association liver partition and portal vein ligation for two
staged hepatectomy;BMI, body mass index; CEA, carcinoembryonic antigen;
RBC, red blood cells.
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with high histological stage risk 1 (P< 0.01) (Fig. 3A). Fur-
thermore, patients with a low histological risk stage 2 needed less
time than patients with a high histological risk 2 to reach the
second stage, with a median of 12 days (IQR, 8–20) versus
15 days (IQR, 11–26), respectively (P< 0.001) (Fig. 3B).

Figure 4A shows scatter plots with high (0.5< |r| <1), mod-
erate (0.3< |r| <0.5), and low (0.1< |r| <0.3) correlations between the
histological risk scores and volumetric data. Statistically significant
correlations were found between the histological risk scores analyzed
in the stage 1 samples (Fig. 4B and C). Regarding the interval stage,
there was a higher inverse correlation in the high histological risk
stage 1 group than in the low histological risk stage 1 group in relation
to FLR/BW (r=−0.1 and r=−0.08, respectively), and sFLR1
(r=−0.15 and r=−0.06, respectively). On the other hand, in relation
with the sFLR1, there was a higher increase of percentage of FLR
(r=−0.44 and r=−0.32, respectively) and sFLR2 (r=−0.58 and
r=−0.48, respectively) in the low histological risk 1 group comparing
to higher histological risk 1. In stage 2 samples, a higher positive
correlation was found between sFLR1 and sFLR2 (r=0.66 and
r=0.49) in the low histological risk stage 2 group than in the high
histological risk stage 2 (Figure 4D and E).

Histological Risk Scores Correlations With
Demographic, Tumor, and Perioperative
Characteristics

Patients with a low histological risk stage 1 and 2 received
a median of 6 cycles (IQR, 6–11.5) and 6 cycles (IQR, 6–12),
respectively, compared to the 8 cycles (IQR, 6–12) received by
both groups of patients with a high histological risk stages 1 and
2 (P= 0.02 and P< 0.01, respectively) (Fig. 5A and B). High
histological risk stage 2 was related to a superior stage 2 median
operative time (180 vs 137 minutes, P= 0.03), and more com-
plications after stage 2 (15.97% vs 5.76%, P= 0.03) and in both
stages (18.62% vs 6, 65%, P= 0.01) than patients with low his-
tological risk stage 2 (Fig. 5C, E, F). Patients with high histo-
logical risk stage 1 required a greater need for transfusions than
those with low histological risk stage 1 (P< 0.01) (Fig. 3D).

Tumor Pathology Risk Score
Factors associated with poor tumor prognosis were related

to histological findings in both stages. The group of patients with
a high tumor pathological risk score was associated with a higher

FIGURE 2. Histological features changes between stages 1 and 2 according to the established histological risk score.

FIGURE 3. Relationship between the histological risk score in stage 1 and the interstage interval (A). Relationship between the
histological risk score in the stage 2 and the interstage interval (B). Influence between the tumor pathology risk score and the
interstage interval (C).
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proportion of patients with a high histological risk score of stage
1 than those with a low tumor pathological risk score (26.26% vs
11.36%, respectively) (P< 0.01). Similarly, the group of patients
with a high tumor pathological risk score was associated with a
higher proportion of patients with a high histological risk score
stage 2 than those with a low tumor pathological risk score (39.9
vs 23.23%, respectively) (P< 0.01). In addition, similar to what
happened with the histological risk score, patients with a low
pathological tumor risk needed a median of 13 days (IQR, 8–20)
to reach the second stage compared to 15 days (IQR, 11–27) for
patients with a high pathological risk tumor (P< 0.01) (Fig. 3C).

DISCUSSION
This multicenter analysis of the histological alterations in

ALPPS revealed that several changes in the liver parenchyma
had a significant negative effect on the time required to reach a
sufficient FLR. A single alteration does not affect regeneration
or short-term results, but the presence of 2 or more alterations
was associated with worse results, affecting the time interval
necessary to safely reach the second stage. Furthermore, the
interstage interval was affected by the presence of poor prog-
nostic tumor factors in specimens of liver metastases.

The regenerating liver demonstrates a histology that is
practically indistinguishable from the original features through
lobular reorganization.26,27 This process of liver regeneration can
take a few days, several weeks, or even months and is associated
with a series of changes in the architecture of the liver that
depend on multiple factors and vary among patients. Although
much remains to be learned about this phenomenon, it has been
established that there are a series of growth patterns that depend

on the characteristics of the patient (age and weight), growth
stimuli (liver resection, ischemia-reperfusion, embolization or
portal ligation, ALPPS), or liver characteristics (fibrosis, cir-
rhosis, steatosis, necrosis, or chemotherapy-related changes).

Liver growth-induction techniques used to achieve a suf-
ficient liver volume before hepatectomy produce a series of
changes in the liver parenchyma. Different authors have ana-
lyzed the histological changes that occur in the FLR and the
deportalized lobe. In experimental models of ALPPS, the main
histological features of the atrophic lobes are periportal con-
gestion, sinusoid dilation, areas of ischemia, and necrotic or
apoptotic hepatocytes.22 In contrast, Shi et al,24 found an FLR
on postoperative day 7 in hepatocyte mitosis and hepatic
sinusoidal injury, characterized by sinusoidal dilatation, micro-
vesicular steatosis, hepatocellular atrophy, and centrilobular or
perisinusoidal fibrosis. In humans, in the analyzed specimens
obtained from 8 patients treated with ALPPS and from 14
patients treated with hepatectomy after PVE,10 the areas of FLR
hepatocyte brightness, sinusoidal narrowing and hepatocyte cell
density were observed more frequently in the ALPPS group than
in the PVE group, while the hepatocyte size was smaller in the
ALPPS group. In the present study, we observed an increase in
all histological risk factors analyzed, except for macrosteatosis.
Furthermore, we found that rapid hypertrophy associated with
ALPPS induced a greater increase in hemorrhagic phenomena,
regenerative nodular hyperplasia, necrosis, and inflammation in
the liver parenchyma. Histological alterations at stage 2 can only
be interpreted in synopsis, with stage 1 histology serving as
the baseline. Standardized regenerative changes, excluding
pathological ones, are difficult to differentiate in this patient

FIGURE 4. Scatter plots with correlations between the stage 1 and 2 risk histological scores and volumetric data (A). Separate
analysis according to low and high histological groups in stage 1 (B and C). Separate analysis according to low and high
histological groups in stage 2 (D and E).
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population. Therefore, we interpreted features such as increased
hemorrhage and necrosis as a result of an impaired regeneration
process due to pre-existing parenchymal damage.

One of the challenging questions that has been debated in
relation to rapid hypertrophy is whether volumetric growth
reflects the real proliferation of hepatocytes, or whether this
increase in volume is related to venous congestion due to blood
flow, interstitial edema, and associated intracellular steatosis. In
an initial experience with 16 patients, there was efficient hep-
atocytes proliferation instead of an increase in edema and stea-
tosis, and the authors speculated that the increase in water and
steatosis could have an effect on mortality.12 In our study, both
edema and steatosis showed the least increase. Therefore, we
conclude that hepatocyte proliferation occurs and that edema
and steatosis do not depend on them.

The presence of steatosis is related to a poor worse
capacity for liver graft regeneration or function.18,28 In this
study, the histological risk score was related to the time required
to safely reach the second stage. Patients with a high-risk score
were characterized by more severe alterations and, presumably,
lower regenerative capacity. Both macrosteatosis and micro-
steatosis were the most frequent histological alterations found in
the baseline biopsy, but no direct relationship was found with
greater complications, liver failure, or longer regeneration time
because steatosis higher than 66% in the samples analyzed was
very rare. Transient regeneration-associated steatosis (TRAS)
occurs in every regenerating liver and is recognized as an
essential component of successful recovery following tissue loss.
Generally, TRAS is a mandatory component for successful

regeneration, with fat as the main regenerative fuel during
periods of low liver capacity.29 Thus, although steatosis plays a
role in liver regeneration and proper functioning of the hyper-
trophied liver, it is not sufficient and depends on its interaction
with other histological alterations to affect the regeneration and
postoperative results in ALPPS.

In this study, patients exposed to more cycles of che-
motherapy presented with greater histological damage, which
was significantly associated with the presence of a high-risk
score in stages 1 and 2. In general, patients with a greater
number of lesions receive neoadjuvant chemotherapy and
undergo surgery based on a partial response to chemotherapy.
Chemotherapy produces a series of changes in the liver
parenchyma, which have been associated with a higher rate of
complications following liver resection, without an associated
increase in mortality. With chemotherapy, a high percentage of
patients develop hepatic steatosis, indicating an altered lipid
metabolism through the synthesis of lipoproteins in hep-
atocytes. It is also frequent, especially in relation to oxaliplatin,
in a sinusoidal lesion that varies from sinusoidal dilation to
sinusoidal hepatic obstruction syndrome and can progress to
regenerative nodular hyperplasia. It has also been reported that
patients treated with preoperative chemotherapy present with
hepatocyte atrophy, hepatocyte necrosis, and an independent
effect of fibrosis stage.30 Furthermore, these alterations are
more aggressively related to the number of cycles received,
especially when more than 6 cycles are received, and can cause
irreversible hepatocellular damage through the recruitment of
inflammatory cells.

FIGURE 5. Relationship between the histological risk score in stage 1 and the number of chemotherapy cycles (A). Relationship
between the histological risk score in stage 2 and the number of chemotherapy cycles (B). Relationship between the histological
risk score in stage 2 and the operative time (C). Relationship between the histological risk score in the stage 2 and need of red
blood transfusions (D). Relationship between the histological risk score in stage 2 and postoperative major complications after
stage 2 (E). Relationship between the histological risk score in the stage 2 and postoperative major complications after both
stages (D).
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Initially, the morbidity in the published series and the
ALPPS registry was very high, ranging from 53% to 100%, with
a severe complication rate exceeding 30%.31 High-volume blood
loss increases the likelihood of postoperative complications,
whereas blood transfusions exert immunosuppressive effects that
can predispose patients to infectious complications and impair
liver regeneration.32 A decade later, after an improvement in the
selection of patients and refinement of the technique, it was
possible to significantly improve both intra- and postoperative
results.33,34 Histological alterations may have an underestimated
impact on the continued improvement of the results of the
ALPPS technique. In our series, the histological risk score had
an impact on the perioperative results. Patients with high his-
tological risk scores had a greater need for blood transfusions, a
higher percentage of severe complications, and a longer surgical
time. Therefore, prior histological examination of the liver, both
before stages 1 and 2, could identify patients at a higher risk of
complications or slower hypertrophy. Based on their experience
with patients who presented worse results in their series, some
groups recommended performing liver biopsy before proceeding
to liver partition to avoid performing an ALPPS procedure in
cases of fibrosis or cirrhosis.35

This study has some limitations. We did not evaluate the
weight of each item because we do not know exactly which of
them plays a more important role. The score allowed us to
assess whether the sum of the number of histological or tumor
alterations present and their severity had a representative
impact on postoperative results and liver regeneration. In
short, the score is not representative of the weight of each of
the items studied but of the number of alterations and their
severity.

In summary, the rapid hypertrophy caused by ALPPS was
associated with an increased histological alteration in the liver
parenchyma. Although steatosis is the most frequent histological
alteration in the liver, other histological phenomena associated
with rapid regeneration, such as inflammation, necrosis, hem-
orrhage, and regeneration of nodules, must be considered.
Grouping patients with a greater number of tumor risk factors
on histology also affects the interstage interval. It seems that the
more histological alterations present and the higher the number
of poor prognostic factors in the tumor histology, the longer the
time to reach the second stage. Studying liver histology at dif-
ferent surgical times can provide a holistic picture of the struc-
ture and function of the liver to guide surgical resection and
other therapeutic decisions.
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