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Abstract. Liver transplantation (LT) and liver resection
(LR) are two curative treatment options for patients with
hepatocellular carcinoma (HCC) meeting the Milan criteria.
However, the optimal choice between LT and LR remains
contentious. The present meta-analysis aimed to provide addi-
tional evidence to optimize treatment decisions for patients
with HCC. A comprehensive literature search was conducted
across multiple databases, including PubMed, Embase,
Cochrane, Web of Science (Medline), OVID, Scopus, China
National Knowledge Infrastructure, Value-Added Information
Provider, Wanfang and China Biology Medicine, focusing on
studies reporting on the prognosis of LR and LT in patients
with HCC. The data were analyzed using Review Manager
5.4 software. Random-effects models were employed to
compare the 1-, 3-, 5- and 10-year overall survival (OS) rates,
disease-free survival (DFS) rates and recurrence rate (RR)
between patients who underwent LT and those who underwent
LR. In total, 36 studies encompassing 6,839 patients (3,894
in the LR group and 2,945 in the LT group) were included.
The analysis revealed no significant difference in 1-year OS
rate between the two groups. However, the LT group demon-
strated significantly improved OS rates at 3, 5 and 10 years.
Additionally, the LT group indicated significantly improved
DEFS rates at all time points (1, 3,5 and 10 years) compared with
the LR group. Postoperative RR was significantly lower in the
LT group compared with that in the LR group. In conclusion,
in patients with HCC meeting the Milan criteria, LT provides
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improvements in OS and DFS rates, and results in a lower RR
compared with LR. Therefore, LT should be considered the
preferred treatment option for these patients within the Milan
criteria if donor organs are available.

Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most
prevalent cancer globally and the fourth leading cause of
cancer-related mortality. There were an estimated 905,000 new
cases and 830,000 associated deaths worldwide in 2020 (1).
The primary curative treatment options for HCC include liver
transplantation (LT) and liver resection (LR). Currently, LR is
the most commonly employed treatment, aimed at tumor erad-
ication and extending overall survival (OS) time in patients
with compensated liver function (2). However, HCC resect-
ability is contingent on several factors, including liver function,
cirrhosis status with portal hypertension, tumor size and
number, tumor location, clinical staging and the overall health
of the patient. LR is generally more effective in patients with
HCC who have Child-Pugh A liver function, with or without
cirrhosis and portal hypertension (3). However, the recurrence
rate (RR) of HCC after LR can approach 50% within the first
few years, likely due to the presence of occult HCC foci in the
residual liver, circulating cancer cells returning to the liver to
form novel tumors or de novo HCC development due to the
underlying liver disease in the remnant liver (4).

By contrast, the HCC RR following LT has been recorded
as ~17% (range, 15-19%) (5), with a >30% reduction in absolute
RR post-LT compared with that observed in LR (4). LT not only
removes the tumor but also addresses the underlying chronic
liver disease and associated complications, such as portal
hypertension (6). However, LT has its limitations, including
organ donor shortages, extended waiting times, the need for
lifelong immunosuppressive therapy and the associated risk
of infections. Therefore, the debate continues regarding which
treatment, LR or LT, should be the preferred initial option for
HCC.

The core requirements of Milan criteria are as follows: A
single tumor with a diameter <5 cm, or up to 3 tumors each
<3 cm in diameter, with no vascular invasion or extrahepatic
metastasis, represent the first internationally recognized
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guidelines for LT in liver cancer (7). Patients with HCC
meeting these criteria who undergo LT achieve a 4-year OS
rate of up to 85% and a disease-free survival (DFS) rate of
92%. The efficacy of LT within the Milan criteria has been
validated by multiple transplant centers globally. Previous
studies have indicated that 20-25% of patients with liver
cancer are eligible for both LT and LR, making the deci-
sion for first-line treatment more complex (8-11). Due to the
numerous factors that complicate direct comparisons between
these two surgical approaches, their respective advantages
and prognostic differences remain contentious. Therefore, the
present study utilized a meta-analysis to compare the prog-
nosis of patients with HCC undergoing LT and LR within the
Milan criteria, specifically focusing on differences in OS and
DEFS rates, to provide additional evidence-based guidance for
clinical decision-making in the future.

Materials and methods

Search strategy. A systematic search was conducted across
multiple databases, including PubMed (https://pubmed.
ncbi.nlm.nih.gov/), Embase (http:/www.embase.com/),
Cochrane (http://www.cochranelibrary.com/), Web of
Science (Medline) (https://www.webofscience.com/), OVID
(https://www.ovid.com/), Scopus (https://www.scopus.com/),
China National Knowledge Infrastructure (http://www.cnki.
net/), Value-Added Information Provider (https://qikan.cqvip.
com/), Wanfang (https://www.wanfangdata.com.cn/index.
html) and China Biology Medicine (http:/www.sinomed.
ac.cn/zh/), to identify studies evaluating the prognosis of LT
and LR in patients with HCC meeting the Milan criteria. The
search, which spanned from the inception of each database
to June 2024, utilized a combination of index terms and text
words. Key search terms included ‘liver cancer’, ‘hepatocel-
lular carcinoma’, ‘HCC’, ‘liver transplantation’, ‘LT", ‘liver
resection’ and ‘LR’ (the terms HCC, LT and LR were also
searched for separately as the abbreviations), among others
(Data S1). Furthermore, references cited in relevant studies
were also reviewed to ensure comprehensive retrieval.

Inclusion and exclusion criteria. The inclusion criteria were
as follows: i) Studies comparing the efficacy and prognosis of
LT and LR for HCC; ii) patients with HCC meeting the Milan
criteria, with pathological confirmation; iii) interventions
involving LR or LT; iv) studies providing relevant outcome
data, including 1-, 3-, 5- and 10-year OS, DFS and RR; and
v) full-text articles available in either Chinese or English.
The exclusion criteria were as follows: i) Animal studies;
il) meta-analyses, systematic reviews, reviews, case reports,
degree thesis, editorials and conference abstracts; iii) studies
lacking primary research indicators or duplicated from
Surveillance, Epidemiology and End Results Program data-
base data (https://seer.cancer.gov/); iv) studies with <10 cases
in either the LT or LR groups; and v) studies where full text
could not be accessed.

Data extraction and quality assessment. Data extraction
was performed independently by two reviewers using a
standardized table, with discrepancies resolved by a third
reviewer. Extracted data included: i) Study details [author,

publication date, country, sample size for LT and LR groups,
transplant center name, treatment intent, sex, liver function
classification (12), vascular invasion and follow-up period];
and ii) outcome measures (OS and DFS rates, and RR, at 1-,
3-, 5- and 10-years post-treatment). The quality of retrospec-
tive cohort studies was assessed using the Newcastle-Ottawa
Scale (NOS) (13), evaluating study subject selection, group
comparability and outcome measurement. The total score of
the scale was 9 points, with a score of =7 points indicating
high-quality studies.

Statistical analysis. Statistical analysis was performed
using Review Manager software (version 5.4; The Cochrane
Collaboration). Odds ratios (OR) were calculated for binary
variables, with 95% confidence interval (CI) provided for
each estimate. Heterogeneity among studies was assessed
using the ¥ test, with I? quantifying the degree of hetero-
geneity. High heterogeneity was defined by P<0.05 and
1>>50%, while low heterogeneity was indicated by P=0.05
and I’<50%. A random effects model was used for all
comparisons, in line with previous evidence suggesting
its greater reliability compared with the fixed effects
model (14). Sensitivity analysis was conducted to explore
sources of heterogeneity and publication bias was evaluated
using a funnel plot. The y? test was also used to analyze
differences in cirrhosis severity, sex and microvascular
invasion (MVI), with P<0.05 considered to indicate a statis-
tically significant difference.

Results

Characteristics of the included studies and quality assess-
ment. As illustrated in Fig. 1, a total of 25,712 articles were
retrieved. After applying the inclusion and exclusion criteria,
36 articles were selected, comprising 30 English-language
studies (15-43) and 6 Chinese-language studies (44-49), all
of which were retrospective cohort studies. The included
studies involved a total of 6,839 patients, with 3,894 in
the LR group and 2,945 in the LT group. The basic char-
acteristics of these studies are summarized in Tables I
and II, while the quality assessment results are presented
in Table III. All studies were of high quality, scoring =7
according to the NOS. Table IV provides a detailed descrip-
tion of the basic characteristics of the patients with HCC.
For patients with liver cancer undergoing LR or LT, sex,
liver function and tumor vascular invasion status are closely
related to the prognosis. As the hormone levels influence
tumor progression, and microvascular invasion reflects the
tumor's aggressiveness and is directly linked to the risk
of recurrence, liver function reserve determines treatment
tolerance and recovery capacity. There were no statistically
significant differences between the LR and LT groups in
terms of sex distribution (P=0.697). However, a significant
difference was observed in the severity of cirrhosis and
MVI distribution between the two groups, (P<0.001 and
P=0.006, respectively) (Table V). In addition, among the
36 included articles, 5 did not provide a detailed descrip-
tion of the dropout rate (18,25,32,36,49), 4 had dropout
rates (15,16,33,44) and the remaining 27 did not have
dropout rates.
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Articles identified through
database searching
n=25,711
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Potentially relevant articles identified

16,615 articles excluded
® 12,179 unrelated articles

e 3,627 meta-analyses, reviews, case reports,
— degree thesis,comments or conference reports

* 403 Non-English or Chinese articles
® 407 animal experiments

n=114

Full-text articles assessed for eligibility

v

78 full-text articles excluded due to:

e 33 patients not within Milan criteria

e 2 combined with other malignancies
12 lack of primary outcome indicators
1 no comparison between LT and LR
12 duplicate publication

16 lack of sufficient data

2 <10 patients undergoing LT or LR

\

Articles included in
meta-analysis
n=36

Figure 1. Flow diagram for included articles. LT, liver transplantation; LR, liver resection; HCC, hepatocellular carcinoma.

Results of meta-analysis

OS rate analysis. i) l-year OS rate. In total, 23 studies
assessed the 1-year OS rate, comprising 3,860 patients with
HCC (2,437 in the LR group and 1,423 in the LT group). The
meta-analysis revealed no significant difference in the 1-year
OS rates between the LR and LT groups, which were 92.2 and
89.9%, respectively (OR, 1.03; 95% CI, 0.79-1.34; P=0.85).
No heterogeneity was observed among the studies (P=0.75;
I’=0%) (Fig. 2A).

ii) 3-year OS rate. In total, 23 studies evaluated the 3-year
OS rate, involving 3,635 patients with HCC (2,439 in the LR
group and 1,196 in the LT group). The meta-analysis demon-
strated a statistically significant difference in the 3-year OS
rates between the LR and LT groups, with patients with LT
demonstrating a slightly higher 3-year OS rate (77.4 vs. 76.8%)
(OR, 0.70; 95% CI, 0.53-0.93; P=0.01). There was moderate
heterogeneity among the studies (P=0.002; I’=52%) (Fig. 2B).

iii) 5-year OS rate. In total, 32 studies assessed the 5-year
OS rate, involving 5,870 patients with HCC (3,277 in the LR

group and 2,593 in the LT group). The meta-analysis revealed
a significant difference in the 5-year OS rate between the two
groups, with the LT group having a higher 5-year OS rate (70.3
vs. 61.6%) (OR, 0.52; 95% CI, 0.43-0.63; P<0.00001). There
was moderate heterogeneity among the studies (P=0.0009;
1’=50%) (Fig. 2C).

iv) 10-year OS rate. In total, 5 studies evaluated the 10-year
OS rate, involving 1,532 patients with HCC (754 in the LR
group and 778 in the LT group). The meta-analysis indicated a
significantly higher 10-year OS rate for the LT group compared
with that in the LR group (57.8 vs. 40.6%) (OR, 0.39; 95%
CI, 0.25-0.61; P<0.0001). There was significant heterogeneity
among the studies (P=0.02; I’=67%) (Fig. 2D).

DFS rate analysis. 1) 1-year DFS rate. In total, 19 studies
evaluated the 1-year DFS rate, including 3,510 patients with
HCC (2,302 in the LR group and 1,208 in the LT group). The
meta-analysis revealed that the 1-year DFS rate was signifi-
cantly higher in the LT group compared with the LR group
(89.7 vs. 78.8%) for patients with HCC meeting the Milan
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Table I. Continued.

Number of
recurrences

DFS (LR/LT), %

OS (LR/LT), %

/B PUBLICATIONS

LR LT  (Refs)

1-year 3-year S-year 10-year 1-year 3-year S-year 10-year

LT,n

LR,n

First author, year

(43)

NA

NA

NA
NA
NA
NA
NA
NA
NA

NA
NA
50.8/81.0
40.6/64.6

NA

NA
NA
80.6/91.7
71.0/96.7

51.0/69.0
5477717

62.0/69.0
76.9/774
76.1/83.1
57.3/70.1

85.0/82.0

NA
96.3/954
96.9/100
87.3/90.9
87.0/86.0
86.0/87.0
92.3/939

87
90
36
33

77
285
227

Llovet et al, 1999
Xia et al, 2021
Yu et al, 2014

(44)

13
6
6
5

NA

136

NA
59.8/85.3
52.6/85.3
74.0/59.0
44.0/65.0

87.1/794
83.8/87.5
69.3/87.7
71.0/68.0

(45)

100
29

NA
NA
NA

(46)

55
31

Huang et al, 2014
Xuetal,2013
Xija et al, 2012
Zhu et al, 2011

(47)
(43)

NA

26.0/52.0

84.0/77.0
68.0/80.0

NA

44.0/62.0

22
32
66

NA

NA
NA

63.0/70.0
67.7/87.9

89
65

(49)

4

15

NA

NA

NA

NA
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“Patients who received treatment between 1989 and 2004; "patients who received treatment between 2005 and 2011. LR, liver resection; LT, liver transplantation; OS, overall survival; DFS, disease-free

survival; NA, not available.

criteria (OR, 0.38; 95% CI, 0.27-0.55; P<0.00001). Statistical
heterogeneity was present among the studies (P=0.03; 1’=41%)
(Fig. 3A).

ii) 3-year DFS rate. In total, 21 studies assessed the 3-year
DFS rate, involving 3,664 patients with HCC (2,485 in the LR
group and 1,179 in the LT group). The meta-analysis indicated
a statistically significant difference in the 3-year DFS rates
between the LR and LT groups (OR, 0.24; 95% CI, 0.18-0.31;
P<0.00001), with the LT group exhibiting a significantly higher
3-year DFS rate (82.2 vs. 56.3%). Statistical heterogeneity was
present (P=0.02; 1’=44%) (Fig. 3B).

iii) 5-year DFS rate. In total, 28 studies assessed the 5-year
DFS rate, comprising 5,343 patients with HCC (3,027 in the LR
group and 2,316 in the LT group). The meta-analysis indicated
a significant difference in the 5-year DFS rates between the
LR and LT groups (OR, 0.20; 95% CI, 0.16-0.26; P<0.00001),
with the LT group demonstrating a considerably higher 5-year
DFS rate (74.0 vs. 43.1%). There was statistical heterogeneity
among the studies (P=0.0002; I’=56%) (Fig. 3C).

iv) 10-year DFS rate. In total, 5 studies evaluated the
10-year DFS rate, including 1,460 patients with HCC (723 in
the LR group and 737 in the LT group). The meta-analysis
demonstrated that the 10-year DFS rate was significantly
higher in the LT group compared with that in the LR group
(59.7 vs. 22.5%) (OR, 0.12; 95% CI, 0.07-0.23; P<0.00001).
There was high heterogeneity among the studies (P=0.005;
1°=73%) (Fig. 3D).

RR analysis. A total of 19 studies with 3,453 patients
with HCC (2,274 in the LR group and 1,179 in the LT group)
assessed RR. The meta-analysis revealed that the RR after LT
was significantly lower compared with that after LR (12.6 vs.
47.3%), with a statistically significant difference (OR, 6.21;
95% CI,4.92-7.85; P<0.00001). No heterogeneity was observed
among the studies (P=0.21; I’=20%) (Fig. 4).

Sensitivity analysis and publication bias. A sensitivity analysis
was conducted by sequentially excluding each study with high
heterogeneity for outcome indicators. The results revealed that
the combined effect of the outcome indicators did not change
notably compared with the previous analysis. Publication bias
was assessed using funnel plots and all plots displayed varying
degrees of asymmetry, indicating potential publication bias
(Figs. 5 and 6). These results reflected the limitation of the
present analysis due to the lack of published RCT studies.

Discussion

The present meta-analysis compared the prognosis of patients
with HCC within the Milan criteria who received either LT or
LR. The results demonstrated no significant difference in the
1-year OS rate between the LR and LT groups. However, the
LT group demonstrated significantly higher 3-, 5- and 10-year
OS rates compared with the LR group. Similarly, the DFS
rates were consistently higher in the LT group at 1-, 3-, 5- and
10-year intervals. The present study updates the literature on
the prognosis of patients with HCC within the Milan criteria
undergoing LT and LR, offering more precise information and
clinical outcomes for patients with early-stage HCC.

Varying degrees of heterogeneity were observed among the
studies included in the present meta-analysis. The studies by
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Table II. Characteristics of the included studies.

First author, year Region Transplant centers ITT (Refs.)
Margarit et al, 2005 Spain Single No (19)
Jiang et al, 2014 China Single No (15)
Foltys et al,2014 USA Single Yes (20)
Bigourdan ef al, 2003 France Single No 21
Sogawa et al, 2013 USA Single Yes 22)
Moon et al, 2007 Korea Single No (23)
Bellavance et al, 2008 USA Multiple Yes 24)
Squires et al, 2014 USA Single No 25)
Michelakos et al, 2019 USA Single Yes (18)
Meyerovich et al, 2019 Israel Single Yes (26)
Krenzien et al, 2018* Germany Single No 27
Krenzien er al, 2018° Germany Single No 27
Park et al, 2017 Korea Single No (14)
Lietal,2017 China Single No (16)
Huang et al, 2016 China Multiple No (28)
Lietal,2014 China Single No 29)
Dai et al, 2014 China Single No (30)
Poon et al, 2007 China Single No 31
Baccarani et al, 2008 Italy Single Yes (32)
Sung et al, 2017 Korea Single No 33)
Hsueh et al, 2016 China Multiple No a7
Lee et al, 2010 Korea Single No (34)
Shabahang et al, 2002 USA Single No (35)
Chapman et al, 2015 USA Multiple No (36)
Koniaris et al, 2011 USA Multiple Yes (37)
Sotiropoulos et al, 2009 Germany Single No (38)
Shah et al, 2007 Canada Single Yes (39)
Fan et al, 2011 China Single No (40)
Del Gaudio et al, 2008 Italy Single Yes “1
Adam et al, 2012 France Single Yes 42)
Llovet et al, 1999 Spain Single Yes 43)
Xia et al, 2021 China Single No 44)
Yu et al,2014 China Single No 45)
Huang ef al, 2014 China Single No (46)
Xuetal,2013 China Single No “7)
Xia et al,2012 China Single No 48)
Zhu et al, 2011 China Multiple No 49)

“Patients who received treatment between 1989 and 2004; Ppatients who received treatment between 2005 and 2011. ITT, intention-to-treat.

Meyerovich et al (26) and Xia et al (44) were notable contribu-
tors to the high heterogeneity observed in the 3- and 5-year OS
rates. A previous study by Meyerovich et al (26), conducted
in Israel, reported a median waiting time of 304 days for LT,
with a 24% dropout rate, which suggested that LR provided a

higher 5-year OS rate compared with LT. This result contrasts
with the present study findings, possibly due to the lower organ
donation rates in Israel, which result in longer waiting times
for LT. Shorter waiting times might reduce dropout rates and
improve post-transplant survival. Similarly, Xia et al (44)
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Table V. Comparisons of sex and Child-Pugh scores calculated using the > test.

Characteristics LR,n

LT, n P-value

Sex (male/female) 2,323/639
MVI (yes/no) 531/1,378
Child-Pugh score

A 2,507

B 128

C 1

1,774/501 0.697
328/1,063 0.006

752 <0.001
507
285

LR, liver resection; LT, liver transplantation; MVI, microvascular invasion.

A

B

LR LT 0dds Ratio 0Odds Ratio LR LT 0dds Ratio 0Odds Ratio

Study or Subgrou Events Total Events Total Weight M-H, Random, 95% Cl M.H, Random, 95% CI Study or Subaroup Events Total Events Total Weight M-H,Random. 95% Cl M.H, Random, 95% C
Baccarani etal, 2008 31 38 4 48 54% 0.76 [0.24, 2.38) —T Baccarani et al, 2008 23 38 38 48 44% 0.40 [0.16, 1.05] —
Bellavance et al, 2008 228 245 122 134 119% 1.32[0.61,2.85) --— Bellavance et al, 2008 174 245 106 134 72% 0.65[0.39, 1.07)

Dai etal, 2014 25 25 1313 Not estimable BIGourdan et al, 2003 13 20 15 17 20% 0.250.04,1.41) —

Del etal, 2008 7280 132 147 87% 1.02[0.41,253) -1 Daietal, 2014 23 25 1213 11% 0.96(0.08, 11.67)

Fan etal, 2011 268 287 46 50 56% 1.23[0.40,3.77) T Fan etal, 2011 236 287 43 50 50% 0.75[0.32,1.77) — T
Foltys etal, 2014 24 30 27 31 37% 059[0.15,2.35) T Foltys etal, 2014 1230 2 31 39% 0.27 [0.09, 0.79)

Hsueh etal, 2016 174 184 63 B5 30% 055(0.12,259) — T Hsueh etal, 2016 151 184 56 65 53% 0.740.33, 163 — T
Huang etal, 2014 48 55 30 33 35% 0.69(0.16, 2.86) T Huang etal, 2014 38 55 29 33 34% 0.31[0.09,1.02)

Jiang etal, 2014 8 33 32 34 24% 0.35[0.06,1.95) — T Jiang etal, 2014 21 33 31 34 28% 0.17 [0.04, 0.67)

Koniaris etal, 2011 3133 178 205 32% 2.35(0.53,10.39) - Lee etal, 2013 61 82 37 48 51% 0.86 [0.37,1.99) T

Lee etal, 2013 72 82 41 48 66% 1.23[0.43,3.48) -1 Li1 etal, 2017 38 61 28 3 31% 0.18 (0.05, 0.65)

Lit etal, 2017 57 61 M3 08% 0.20 [0.01, 3.89) — Li2etal, 2014 189 243 33038 46% 0.82(0.32, 2.08) —_—T
Lizetal, 2014 235 243 3938 09% 0.350.02,6.20) . Meyerovich et al, 2019 23 30 30 54 42% 2.63(0.97,7.16) |
Margarit et al, 2005 34 37 28 36 35% 3.24(078,1337) o Michelakos et al, 2019 7295 73 83 58% 0.69(0.34,1.40) T
Meyerovich et al, 2019 28 30 44 54 28% 318(0.65,1561) T— Moon etal, 2007 7493 67 14% 0.65[0.07,5.72)

Parketal, 2017 93 100 16 17 15% 0.83[0.10,7.21] Y B Shabahang etal, 2002 25 M 43 85 53% 0.67[0.31,1.48) 1

Shah et al, 2007 109 121 126 140 107% 1.01[0.45,2.27) -1 Shah etal, 2007 92 12 95 140 69% 1.50 (0.87, 2.60) —
Sogawa etal, 2013 48 56 33 52 74% 200[0.75,5.31] T Sogawa et al, 2013 37 56 31 52 54% 1.32(0.60, 2.89) I
Xia1 etal, 2021 257 285 86 90 61% 0.43[0.15,1.25] B Xiat etal, 2021 248 285 il 80  6.4% 1.79(0.97,3.31] —
Xia2 et al, 2012 7789 28 32 48% 0.92[0.27,3.08) T Xia2 etal, 2012 56 89 2 32 49% 0.77[0.33,1.83 T
Xuetal, 2013 7 3 19 22 27% 1.07[0.21,532) A Xuetal, 2013 22 3 15 22 35% 1.14(0.35,3.73) .
Yuetal, 2014 220 227 36 36 09% 0.40(0.02,7.20) — Yuetal, 2014 192 227 32 3% 38% 0.69 [0.23, 2.06] —_—
Zhu etal, 2011 60 65 62 66 38% 0.77[0.20,3.02) T Zhuetal, 2011 44 65 58 66 47% 0.290.12,0.71)

Total (95% CI) 2437 1423 100.0% 1.03[0.79,1.34] 4 Total (95% Cl) 2439 1196 100.0% 0.70[0.53,093] L d

Total events 2246 1279 Total events 1874 926

Heterogeneity: Tau®= 0.00; Chi*= 16.30, df= 21 (P = 0.75), F= 0% Heterogeneity: Tau® = 0.21; Chi* = 45.37, df = 22 (P = 0.002), F=52%

Testfor overall effect Z= 019 (P = 0.85) 0.001 Favglf's @ Favou:su[LTl 1000 Test for overall effect Z = 2.47 (P = 0.01) 005 gfvws LRI Favours [L% e
C LR LT 0dds Ratio 0Odds Ratio D IR LT 0dds Ratio 0dds Ratio
Study or Subaroup Events Total Events Total Weight M.H,Random, 95% CI M.H, Random, 95% CI Study or Subaroup Events Total Events Total Weight M.H,Random, 95% Cl M.H, Randorn, 95% CI
Adam etal, 2012 27 97 66 101 41% 0.20(0.11,037) — Chapman etal, 2015 54 248 266 496 26.4% 024[0.17,0.34) -

Baccarani etal, 2008 10 38 3% 48 25% 0.13[0.05, 0.35) Margarit etal, 2005 19 37 2 36 132% 067 [0.27,1.70) — T
Bellavance et al, 2008 13 245 88 134 52% 0.45[0.29, 069 — Michelakos etal, 2019 3 95 47 89 204% 0562(0.35,1.12) -
BiGourdan et al, 2003 72 1217 15% 0.22(0.06, 0.90) Sung etal, 2017 38 89 50 67 17.9% 0.25[0.13,0.51) —

Chapman etal, 2015 131 248 369 4%  59% 0.39(0.28, 053] - Xia1 etal, 2021 156 285 65 90 221% 0.47[0.28,0.78) -

Daietal, 2014 23 25 1213 05%  096[0.08,11.67)

Del etal, 2008 53 80 107 147 42% 0.73(0.41,132) —T Total (95% CI) 754 778 100.0% 0.39[0.25, 0.61] R 2

Fan etal, 2011 209 287 o500 33% 0.590.27,1.27) —T Total events 306 450

Foltys etal, 2014 13 30 18 31 24% 0.55(0.20,1.52) - T Heterogeneity: Tau®= 0.16; Chi*= 12.03, df = 4 (P = 0.02); IF= 67% 'm’1——1fu—
Hsueh etal, 2016 131 184 50 65 38% 0.74(0.38,1.43) -1 Testfor overall effect Z=4.15 (P < 0.0001) Favours ILR] Favours (LT]
Huang etal, 2014 32 58 23 33 27% 0.60(0.24,151) T

Jiang etal, 2014 18 3 7 3 22% 0.31[0.11,091)

Koniaris etal, 2011 1933 129 205 34% 0.80 (0.38, 1.69) 1

Krenzien1 etal, 2018 1m30 95 123 29% 0.17 [0.07, 040 —_—

Krenzien2 etal, 2018 18 29 66 91 28% 0.62(0.26,1.49) —

Lee etal, 2013 48 82 37 48 31% 0.42[0.19,094) —

Lit etal, 2017 Ell 61 26 31 22% 0.20(0.07,0.59)

Lizetal, 2014 182 243 3N 38 30% 0.77 (0.34,1.77) —

Liovet etal, 1999 39 77 4587 41% 0.96 [0.52,1.77) —

Margarit et al, 2005 26 37 23 36 25% 1.34 (050, 3.56) -1

Meyerovich et al, 2019 1730 25 54 28% 1.52(062,373) -

Michelakos etal, 2019 59 95 69 89  39% 0.480.25,091) —

Moon etal, 2007 5176 3 4 06% 0.68 [0.07, 6.87) —

Poon etal, 2014 139 204 3B 43 3% 0.49(0.21,1.11) —

Shah etal, 2007 68 121 90 140 48% 0.71(0.43,1.17) —

Sogawa etal, 2013 29 56 27 52 34% 0.99[0.47,212) —I

Sotiropoulos et al, 2009 7% 15 26 1.9% 0.27 [0.08, 0.87)

Squires Ill etal, 2014 20 45 86 131 37% 0.42(0.21,083) _

Sung etal, 2017 56 89 52 67 35% 0.49(0.24,1.00) —

Xial etal, 2021 219 285 70090 43% 0.95 [0.54,1.67) -1

Xia2 etal, 2012 39 89 20 32 30% 0.47(0.20,1.07) —

Yuetal, 2014 173 227 30 36 26% 0.64(0.25,1.62) /T

Total (95% Cl) 3217 2593 100.0% 0.52[0.43, 0.63] *

Total events 2018 1822

Heterogeneity: Tau* = 0.13; Chi*= 61.51, df= 31 (P = 0.0009); P = 50%
Testfor overall effect: Z= 6.65 (P < 0.00001)

0.01 01 10 100
Favours [LR] Favours [LT]

Figure 2. Forest plot of overall survival in patients meeting the Milan criteria at the (A) 1-year, (B) 3-year, (C) 5-year and (D) 10-year follow-ups. All compari-
sons were based on random-effects meta-analysis. Boxes represent the odds ratio of each study, with box sizes proportional to the study weight in the analysis.
Segments represent the 95% CI of each study. Diamonds represent the overall effect size and diamond widths represent the overall 95% CI. CI, confidence
interval; M-H, Mantel-Haenszel test; random, random effect; LT, liver transplantation; LR, liver resection.

reported that the 3-year OS rate in the LT group was lower
compared with that in the LR group, although the difference
was not statistically significant. The heterogeneity in the
10-year OS rate was primarily influenced by the study by
Chapman et al (36), which identified the type of surgery as an
independent risk factor for prognosis in multivariate analysis.

The present study, which retrospectively analyzed data from
five transplant centers, noted marked variation in surgical
approaches and its large sample size further contributed to the
observed heterogeneity in the 10-year OS rate.

The present analysis indicated that the 1-, 3-, 5- and 10-year
DFS rates were all significantly higher in the LT group compared
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B

LR LT 0dds Ratio 0Odds Ratio R LT Odds Ratio Odds Ratio
Studyor Subgroup __Events Total Events Total Weight M.H,Random, 95% Cl M.H, Random, 95% Cl Study or Subaroup Events Total Events Total Weight M-H.Random.95% Cl M-H, Random, 95% CI
Baccarani etal, 2008 0 3 47 48 23% 008[0.01, 067 —————— Adamn etal, 2012 % 97 76 101 7.0% 0.12(0.06, 0.23]
Bellavance etal, 2008 216 245 127 134 78% 0.41(047,0.98] — Baccarani E:;-I Zzﬂggs 13 ng ':; 1;? ‘7—:: g 21 {g ?} g g;}
Daletal, 2014 B 1z 13 18% 096005 1167] — BiGourdan etal, 2003 100 20 15 17 20% 0.13(0.02,0.74]
Del etal, 2008 58 80 125 147 95% 0.460.24,0.90) Dretal 2014 8 25 12 13 13 0211002 107 |
Fan etal, 2011 22 2871 46 50 63% 030[010,086) __ Fan etal, 2011 171 287 42 50 57% 028013, 062) —_—
Hsueh etal, 2016 149 184 6D 65 6.8% 0.35[0.13,0.95) — Heueh et al, 2016 107 184 53 85 66w 0311016, 063] N
Huang 2016 08 254 42 49 78% 0.75[0.32,1.78) — T Huang 2016 155 254 33 43 61w 040049, 0.84) R
Huang etal, 2014 38 85 32 33 24% 0.08[0.01,081] & Huang etal, 2014 B 55 2 33 3% 020[007 059) -
Jiang etal, 2014 1833 32 3 3% 007[0.02,037) ————— Jiang etal, 2014 12 33 29 34 35% 010[0.03. 0321 -
Koniaris et al, 2011 3133 172 205 41%  297(0.68,13.0 -7 Lee etal, 2013 49 82 43 48 42% 017 [0.06, 0.48] _—
Lee etal, 2013 61 82 44 48 58% 0.26(0.08,0.82) - Lit etal, 2017 30 6 27 3 36% 0.14(0.04, 0.46] —_—
Li1 etal, 2017 42 6 3103 14% 003(0.00,059) ¥ Liz etal, 2014 145 243 33 39 4.9% 0.27[0.11, 067 —_—
Li2 etal, 2014 194 243 3339 62% 0.45[0.15,1.33) I Llovet etal, 1999 3@ 77 60 87 7.0% 0.46(0.24, 0.87] —
Margarit et al, 2005 33 28 3B 56% 1.48 [0.46, 4.76) B ma— Meyerovich et al, 2018 16 30 34 54 49% 0,67 [0.27, 1.66] —
Meyerovich etal, 2019 2 30 48 54 56% 0.34[0.11,1.11) — Michelakos et al, 2019 46 95 85 8O 40% 004[001,013 ———
Moon etal, 2007 78100 17 17 14% 010[001,17) & — Moon et al, 2007 65 100 13 17  35% 057 (0.17,1.89) R
Parketal, 2017 147 198 126 137 93% 0.25[0.12, 0.49) —_— Parketal, 2017 100 199 119 137 7.6% 0.18(0.10, 0.32) —
¥ia2 etal, 2012 6 89 2 32 68% 050(0.19, 1.36] — Shabahang etal, 2002 16 44 43 65 57% 0.29(0.13,0.65] —_—
wewmi w3 ow oo oeenam w20 %o aeEm
Total (95% CI) 2302 1208 100.0% 0.38[0.27,0.55] <& , " .
Total events 1813 1083 ;;:::Szna(scn 1250 2485 - 179 100.0% 024[0.18, 0.31]
?::;E?EC;JZ\Te?fgc;zu-zg'zosn(‘;juuuﬁuzﬁuﬂ:)— 18 (P=003)F=41% 0.01 01 10 Heterogeneity: Tau?= 0.16; Chi*= 35.88, df= 20 (P = 0.02); = 44% 5o o o o
= Favours [experimental] Favours [control] Test for overall effect Z= 10.70 (P < 0.00001) Favours [LR]  Favours [LT]
C R LT 0Odds Ratio 0Odds Ratio D R L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H. Random, 95% Cl M-H. Random, 95% CI Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
Adam etal, 2012 10 97 63 101 40% 007[0.03,0.15) Chapman etal, 2015 29 248 265 495 253% 012[0.08,0.18] —-—
Baccarani et al, 2008 1438 47 48 11% 0.01[0.00,0.10) +——— Huang 2016 79 254 33 40 218% 0.22(041,0.42] —
Bellavance et al, 2008 98 245 110 134 53% 0.15(0.09,0.24) - Margarit et al, 2005 6 37 20 36 152% 0.15(0.05, 0.46] —
BIGourdan et al, 2003 8 20 14 17 18% 0.14[0.03, 0.66] Michelakos et al, 2019 29 95 84 89 165% 0.03(0.01,0.07) +—*—
Chapman etal, 2015 75 248 356 496 62% 017(0.12,0.24) - Sung etal, 2017 20 89 B 67 2112% 0221011, 0.44)
Dai etal, 2014 1% 25 12 13 10% 0.15[0.02,1.33) r .
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Figure 3. Forest plot of disease-free survival in patients meeting the Milan criteria at the (A) 1-year, (B) 3-year, (C) 5-year and (D) 10-year follow-ups. All
comparisons were based on random-effects meta-analysis. Boxes represent the odds ratio of each study, with box sizes proportional to the study weight in
the analysis. Segments represent the 95% CI of each study. Diamonds represent the overall effect size and diamond widths represent the overall 95% CI. CI,
confidence interval; M-H, Mantel-Haenszel test; random, random effect; LT, liver transplantation; LR, liver resection.

with those in the LR group for patients with HCC meeting the
Milan criteria. This finding is consistent with the report by
Michelakos et al (18), which indicated that patients with LT had
smaller maximum tumor diameters and included more patients
with TO stage. By contrast, Koniaris e al (37) reported a higher
1-year DFS rate in the LR group compared with that in the LT
group, although the difference was not statistically significant.
This discrepancy may be attributed to the technical challenges
and complications arising from immunosuppressive therapy
in transplantation surgery. The recurrence of HCC within the
first year after LT may be influenced by several factors. First,
despite meeting the Milan criteria, certain tumors may exhibit
high invasiveness or micrometastasis that current diagnostic
methods (such as computed tomography and magnetic reso-
nance imaging) cannot detect prior to surgery (50). Second, the
use of immunosuppressants in LT recipients may impair the
immune system, creating an environment conducive to tumor
recurrence and growth. Furthermore, delayed postoperative
follow-up or failure to detect and treat recurrent tumors early
could increase the RR. A recently proposed deep learning
model has exhibited notable accuracy in the prediction of
postoperative recurrence compared with the Milan criteria
and could potentially identify high-risk subgroups, thereby
improving recurrence management after LT (51).

The present study included patients with HCC with
Child-Pugh B/C liver cirrhosis, revealing significant differ-
ences in cirrhosis severity between the two groups. Most
patients in the LR group had Child-Pugh A liver function,
whereas the LT group predominantly consisted of patients with
Child-Pugh B/C liver function, a factor that may have contrib-
uted to the observed heterogeneity. Cirrhosis severity serves a
key role in the prognosis of patients with HCC. For those with
mild or non-cirrhotic liver disease (Child-Pugh A), both LR
and LT yield favorable therapeutic outcomes. However, LT is
typically recommended for patients with moderate to severe
cirrhosis.

The present study findings indicated that LT resulted in
significantly higher 1-, 3-, 5- and 10-year DFS rates compared
with LR for patients with HCC meeting the Milan criteria. This
may be attributed to the fact that LT addresses both the tumor
and the underlying liver disease (52). By contrast, residual liver
tissue following LR may harbor micrometastases, increasing
the risk of tumor recurrence or liver decompensation. While no
significant difference was found in the 1-year OS rate between
LR and LT for patients within the Milan criteria in the present
study, LT demonstrated improved 3-, 5- and 10-year OS
outcomes. The minimal difference in 1-year OS rate could be
attributed to complications such as acute graft rejection (53),
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Figure 4. Forest plot of recurrence rate in patients meeting the Milan criteria. All comparisons were based on random-effects meta-analysis. Boxes represent
the odds ratio of each study, with box sizes proportional to the study weight in the analysis. Segments represent the 95% CI of each study. Diamonds represent
the overall effect size and diamond widths represent the overall 95% CI. CI, confidence interval; M-H, Mantel-Haenszel test; random, random effect; LT, liver

transplantation; LR, liver resection.

infections due to immunosuppressants and renal failure (54),
rather than the cancer itself. Long-term survival outcomes (3-,
5- and 10-year) were predominantly influenced by tumor recur-
rence. The present analysis demonstrated that LT reduced RR
by 29.2% compared with LR, further supporting its long-term
survival benefits. The risk of death within 5 years post-LT in
elderly patients was not higher compared with that in younger
patients and the OS rate in elderly patients with LT was higher
compared with those who underwent LR. Thus, while elderly
patients >70 may experience decline in organ function, poor
surgical tolerance, slower recovery and coexisting chronic
conditions, age alone should not exclude patients from liver
transplant consideration (55-57).

Due to factors such as organ shortage, liver donor waiting
times, hospitalization durations and associated costs, certain
studies have recommended LR as the initial treatment for
patients with HCC eligible for either LR or LT, with LT being
considered as a salvage method for tumor recurrence (58,59).
Several studies reported that the median hospitalization
time for patients with HCC undergoing LT was 9-14 days
longer compared with that for those patients who underwent
LR (28,31). Michelakos ef al (18) highlighted that the average
cost of LT was markedly higher compared with that of LR,
considering the expenses associated with preoperative bridging
therapy and postoperative recurrence management (18).
Shah et al (39) suggested that LT offers improved survival
outcomes compared with LR only if the waiting time for a
liver transplant is <4 months, as patients with HCC may lose
the opportunity for transplantation due to tumor progression

during the waiting period. However, certain studies have noted
that the prognosis of salvage LT after recurrence post-resec-
tion is worse compared with that of primary LT, and the risks
associated with sequential LT following resection should be
carefully considered (60,61).

The present meta-analysis provided a comprehensive
evaluation of the prognostic outcomes of LT and LR for
patients with HCC within the Milan criteria, offering the latest
reliable data and insights key for guiding the selection of LT
candidates in liver cancer treatment. Nonetheless, several
limitations should be acknowledged. First, due to ethical
considerations, all included studies were retrospective, with no
randomized controlled trials available, preventing assessment
of blinding and potentially introducing selection bias. Second,
most studies did not adequately report loss-to-follow-up rates,
limiting the ability to evaluate attrition bias. Third, funnel
plots indicated the presence of publication bias, as studies
with statistically significant positive results were more likely
to be published, which may have influenced the present study
findings. Lastly, relatively few studies that had smaller sample
sizes compared the 10-year OS and DFS rates. These limi-
tations present opportunities for future research. To address
these issues, strategies such as mandatory clinical trial regis-
tration on public platforms before study initiation, ensuring
transparency, establishing cross-regional or cross-institutional
research networks to increase sample size and improve gener-
alizability, and utilizing propensity score matching to correct
for confounding factors could enhance the robustness and
applicability of future studies.
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LT is the preferred treatment option for patients with HCC
within the Milan criteria. However, in clinical practice, it faces
multiple challenges across various dimensions. Technically,
the LT procedure is complex and demanding, which requires
a highly skilled and experienced surgical team to ensure

optimal patient outcomes. Economically, LT is associated
with notable costs, including high surgical expenses and the
long-term financial burden of immunosuppressive therapy.
The severe shortage of donor organs is a major limiting
factor for the widespread adoption of LT, and the lack of
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a global, comprehensive and equitable organ allocation
system further complicates the process of securing suitable
donors for patients. For example, in Singapore, patients with
liver cancer have to meet the University of California San
Francisco criteria (includes i) a single tumor <6.5 cm; ii) <3
lesions and maximum lesion diameter <4.5 cm, cumulative
diameter <8 cm; and iii) no intrahepatic vascular infiltration
or extrahepatic metastasis) to be eligible for the deceased
donor liver transplant waiting list, which makes donor acqui-
sition even more challenging (57). As a result, living donor
LT has emerged as a key strategy to address the shortage of
deceased donor organs (62).

Despite the benefits of LT, the 1-year OS rates post-trans-
plant are typically ~90%, with ~10% mortality rates
following both LT and LR. The high 1-year mortality rate
after LR can be predicted preoperatively by factors such as
multinodularity, Child-Pugh class and MVI (63). Therefore,
a comprehensive and accurate preoperative assessment of
patients with HCC is essential to guide the selection of the
most appropriate treatment. In certain cases, LT or LR may
not be the only viable options for treatment. Alternative
approaches, such as transarterial chemoembolization
(TACE) combined with radiofrequency ablation (RFA), may
also offer curative outcomes. While the 3-year and 5-year
DFS rates are higher in the LR group compared with those in
the TACE + RFA group, no significant differences in the 1-,
3- and 5-year OS rates have been observed (64). Therefore,
TACE + RFA is also considered a safe and effective treat-
ment for early-stage HCC.

In conclusion, the present study demonstrated that LT
provides significantly improved long-term OS and DFS rates, as
well as a lower RR, compared with LR for patients with HCC
meeting the Milan criteria. Therefore, LT is recommended as
the preferred initial treatment for these patients, provided that a
suitable liver donor is available. However, each case should be
evaluated through multidisciplinary consultations to optimize
patient outcomes while ensuring efficient use of limited donor
resources. Although this conclusion is based on a comprehen-
sive analysis of existing studies, clinical decisions must also
consider specific patient circumstances. A notable limitation of
the Milan criteria is its focus solely on tumor size and number,
without incorporating liver function and cirrhosis in a more
holistic evaluation. In cases of organ shortage, the degree of
liver cirrhosis and liver reserve function should guide the deci-
sion between LT and LR. This approach would prioritize LR for
patients with HCC with preserved liver function. The develop-
ment of a more refined, comprehensive evaluation criteria for
LT remains an area for future research. Furthermore, with the
rapid advancements in cancer-targeted immunotherapy, the
outcomes of LT and LR should be reassessed. It remains to
be determined whether the combination of surgical resection
and targeted immunotherapy can provide notably improved or
similar results to LT, how immunotherapy should be managed
post-LT and how HCC recurrence can be addressed after LT
under immunosuppressive therapy, all of which warrant further
investigation.
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