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Abstract

Background Recent study showed that T1 hepatocellular carcinoma (HCC) > 6.5 cm had survivals comparable to T2 tumors.
Nevertheless, the differential impact between tumor size > 6.5 cm and microvascular invasion (mVI) on survival of HCC was
rarely discussed. The current study aimed to compare the specific impact of tumor size > 6.5 cm and mVI on the survival
outcome of HCC after liver resections.

Methods Operated HCC patients were identified from the Chang Gung Research Database (CGRD), and the patients with
T1bNOMO or pT2NOMO tumors were enrolled. The survivals of patients with either tumor size > 6.5 cm, mVI, or multiple
tumors were compared.

Results From 2002 to 2018, a total of 3449 patients who underwent surgery for TIbNOMO or T2NOMO HCC were identi-
fied from the CGRD. After excluding cases who died within 30 days of surgery (n=31), Kaplan—Meier survival analysis
discovered that tumor > 6.5 cm without mVI had survivals similar to those of solitary tumor > 2 cm with mVI. Cox regres-
sion multivariate analysis further demonstrated that tumor size > 6.5 cm and mVI were independent poor prognostic factors
for both mortality and tumor recurrence after surgery. Subgroup analysis further discovered that the presence of both tumor
size > 6.5 cm and mVI substantially compromised survivals after liver resection.

Conclusion Our study demonstrated that tumor size larger than 6.5 cm and mVI are comparable prognosticators for HCC. In
addition, the presence of these two adverse factors significantly worsens HCC survival outcomes compared to the presence
of either factor alone. Further studies are warranted to validate our findings.

Keywords Chang Gung research database - Hepatocellular carcinoma - Hepatoma - Liver resection - Microvascular
invasion - Prognosis - Tumor size > 6.5 cm
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IDI Integrated discrimination improvement
INR International normalize ratio
IRB Institutional review board

mVI Microvascular invasion

NLR Neutrophil to lymphocyte ratio
NRI Net reclassification improvement
0S Overall survival

PNI Prognostic nutritional index

SD Standard deviation

TLCA Taiwan liver cancer association
TNM Tumor/node/metastasis
Introduction

Hepatocellular carcinoma (HCC) is a fatal malignancy and
ranks as the sixth most prevalent cancer globally [1, 2]. It
results in over 7300 fatalities in Taiwan on a yearly basis
[3]. While surgical resection has proven to be an efficient
treatment for specific patients, merely 30-40% of individuals
qualify for hepatectomy at the time of diagnosis [4]. Despite
notable improvements in surveillance programs, diagnostic
methods, surgical procedures, and postoperative manage-
ment, the recurrence rate of HCC following curative treat-
ment remains relatively high. Approximately 60% of patients
experience HCC relapse after curative treatment, and tumor
recurrence further complicates overall long-term survival
[5, 6]. Given the low resectability rate and high recurrence
rate, it is paramount to ascertain prognostic factors capa-
ble of predicting tumor relapse and survival following liver
resection. Individuals deemed at elevated risk for recurrence
or worse prognosis may undergo neoadjuvant therapy, rig-
orous postoperative monitoring, or novel adjuvant therapy
to prevent or detect recurrence at an earlier stage, thereby
enhancing the likelihood of prolonged survival.

Numerous efforts have been made to search for risk fac-
tors associated with HCC recurrence and worse survival [7].
Among them, vascular invasion (VI) has been demonstrated
as the most robust indicator for tumor recurrence/progres-
sion and overall survival. The American Joint Committee
on Cancer (AJCC) Tumor/Node/Metastasis (TNM) staging
manual therefore incorporated both microvascular invasion
(mVI) and macrovascular invasion (MVI) into the latest
8th edition of HCC staging system [8, 9]. However, this
edition did not consider the influence of tumor size on the
outcome of HCC. Previous studies have demonstrated that
tumor diameter, in addition to vascular invasion, was also
an important prognostic factor for HCC [10-15]. Our recent
study further identified that a solitary tumor > 6.5 cm with-
out mVI, although categorized as a T1b disease based on the
AJCC 8th edition, had survival outcomes compatible with
those of T2 tumors [16]. These findings imply that tumor
size is indeed a significant prognostic factor and should be
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assessed alongside mVI during routine practice. Neverthe-
less, the differential impact between tumor size > 6.5 cm and
mVI on the survival outcome of HCC was rarely discussed.
The current study, as a result, aimed to compare the specific
impact of tumor size > 6.5 cm and mVI on the survival out-
come of HCC after liver resections.

Material and methods
Data source

The study utilized the Chang Gung Research Database
(CGRD), a comprehensive repository of electronic medi-
cal records maintained by Chang Gung Memorial Hospital
(CGMH) across multiple medical centers and hospitals in
Taiwan. Initially established for administrative and insur-
ance purposes, the CGRD provides detailed data on patient
demographics, diagnoses, treatments, and outcomes, encom-
passing a significant portion of Taiwan’s healthcare services.
It includes extensive records from outpatient, emergency,
and inpatient visits. A notable feature of the CGRD is its
cancer registry, which contains meticulously curated data
on diagnoses, staging, treatment modalities, recurrence, and
mortality. All entries in the cancer registry are manually
verified, ensuring high reliability [17]. Both the International
Classification of Diseases, 9th and 10th revisions, Clinical
Modification (ICD-9-CM and ICD-10-CM) codes and the
International Classification of Diseases for Oncology, 3rd
edition (ICD-O-3) are used in the CGRD. For personal pri-
vacy, individual identities are protected by encryption. The
medical information is prospectively digitized and stored
in the CGRD and is amenable to researchers conducting
large-scale retrospective analysis. This level of accuracy and
comprehensiveness makes the CGRD an invaluable resource
for clinical research [14, 18, 19]. The database’s extensive
coverage of Taiwan’s medical landscape—encompassing
20% of all cancer patient data and approximately 34% of
outpatient information—further highlights its utility as a
robust resource for healthcare research.

Study design and population

Figure 1 illustrates the study flow chart. From January 2002
to December 2018, a total of 36,470 patients diagnosed
with HCC were identified from the CGRD. Among them,
5583 patients underwent liver resection for their HCC. After
excluding patients who were not pTINOMO or pT2NOMO
disease (n=1242), who had a solitary tumor <2 cm
(n=2890), who had an incorrect Child—Pugh score (n=2),
and who died within 30 days of surgery (n=31), a total of
3418 patients were identified. Among them, 496 patients
were found to have multiple tumors none greater than 5 cm
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Fig. 1 Flow diagram of the
current study. HCC patients
diagnosed from 2002 to 2018
were retrieved from the CGRD

All incident HCC patients
January 2002 to December 2018
(n=36,470)

database (n=236,470). Those
who received non-surgical
treatment, who had missing
data, who were not pT1INOMO
or pT2NOMO disease, who had
solitary tumor <2 cm, who had
incorrect Child-Pugh score,
and who died within 30 days
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Errors in survival/recurrence status or date (n=1,606)
Non-surgical treatment (n=15,491)
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Follow up to December 2019

in diameter. The survival outcomes of these patients were
then compared with those of the remaining 2922 patients
who had solitary HCC larger than 2 cm. This cohort of
2922 patients was further analyzed based on tumor size and
the presence of mVI. For tumor size, we adopted a cutoff
value of 6.5 cm based on a previous report indicating that
T1b tumors larger than 6.5 cm were associated with sig-
nificantly worse survival outcomes compared to smaller
T1b tumors [16]. The survivals of these tumors were, in
contrast, similar to those of T2 tumors. The specific impact
of tumor size > 6.5 cm and mVI on survival outcomes in
HCC was subsequently examined. This study was approved
by the Institutional Review Board of CGMH (IRB No:
201900800B0OC501).

Outcome assessment and statistical analysis

Overall survival (OS) was adopted as the primary out-
come while disease-free survival (DFS) and liver-specific
survival were adopted as the secondary outcomes in the
current study. The first date of definitive diagnosis of
HCC, defined as the date of surgery in the current study,
was designated as the index date. DFS was defined as the
period between the index date and the date of the first doc-
umented clinical recurrence or the end of the year 2019.
OS was defined as the duration between the index date
and the date of all-cause mortality or the end of the year
2019. Liver-specific survival spanned the period between
the index date and the date of liver-related mortality or
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the end of the year 2019. The liver-related causes encom-
passed tumor recurrence, metastasis, and decompensated
liver cirrhosis related to HCC progression.

The demographic characteristics were described as
means with standard deviations (SD) for continuous vari-
ables and numbers with percentages for categorical varia-
bles. Kaplan—Meier analysis was conducted to estimate the
10-year overall survival (OS), disease-free survival (DFS),
and liver-specific survival. Next, univariate and multivari-
ate Cox regression analyses were performed to determine
the crude and adjusted hazard ratios (aHRs) of individual
prognostic covariates, including tumor size > 6.5 cm and
mVI. Integrated discrimination improvement (IDI) and net
reclassification improvement (NRI) were carried out to
investigate the predictive capability of combining tumor
size > 6.5 cm and mVI for all-cause mortality and tumor
recurrence after liver resection for solitary HCC. The
freeware Konstanz information miner (KNIME) and the
commercial statistical software STATA (StataCorp. 2019.
Stata Statistical Software: release 16. College Station, TX:
StataCorp LLC) were employed to process and analyze the
data [20]. All statistics with P-values < 0.05 were regarded
as statistically significant.

Results
Patient demographics

The baseline characteristics of 2922 subjects who had
solitary HCC larger than 2 cm were summarized in
Table 1. Stratified by the tumor size, 2387 patients had
tumor < 6.5 cm, and 535 patients had tumor > 6.5 cm. The
majority of patients were male (78.4%) with similar dis-
tribution across both size groups (P =0.42). More than
50% of the patients were over 60 years (P =0.10). The
prevalence of diabetes and hypertension was compara-
ble between the two groups (P=0.14 and 0.091, respec-
tively). While HBV infection accounted for nearly 50% of
patients in both size groups, there was significantly more
HCYV infection when the tumors were <6.5 cm (24.2% vs.
8.6%, P <0.001). The presence of liver cirrhosis was also
higher in patients with smaller tumors (47.6% vs. 23.6%,
P <0.001). The occurrence of mVI, on the other hand, was
significantly more frequent in tumors > 6.5 cm (44.9% vs.
28.3%, P <0.001). Biochemical profiles revealed signifi-
cantly higher a-fetoprotein (AFP) levels and liver function
indicators in the > 6.5 cm group, including elevated AST,
ALT, and albumin-bilirubin (ALBI) grade (P <0.001,
P=0.005, and P <0.001 respectively). The nutritional
and inflammatory markers were both unfavorable in
the > 6.5 cm group (all P <0.001).
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Survival outcome

Figure 2 illustrated the Kaplan—-Meier OS curves of patients
with either solitary tumor > 6.5 cm without mVI, solitary
tumor >2 cm with mVI, or multiple tumors none greater
than 5 cm in diameter. The median follow-up duration was
51.4 months, and the median OS for these three groups were
115.5, 107.5, and 90.7 months, respectively (overall log-rank
test, P=0.231). There was no significant difference between
individual groups in terms of OS (Fig. 2A). As for liver-
specific survival, while there was no difference between soli-
tary tumor > 6.5 cm without mVI and solitary tumor >2 cm
with mVI (median survivals both not reached, P =0.244),
the median survival of solitary tumor > 6.5 cm without mVI
was significantly longer than that of multiple tumors none
greater than 5 cm (not reached vs. 119.0 months, P =0.043).
The liver-specific survival was comparable between solitary
tumor > 2 cm with mVI and multiple tumors none greater
than 5 cm (P=0.213) (Fig. 2B). The Kaplan—Meier DFS
curves were further depicted in Fig. 2C. The estimated DFS
was comparable between solitary tumor> 6.5 cm without
mVI and solitary tumor>2 cm with mVI (median DFS
50.7 and 51.9 months, respectively, P=0.548). Neverthe-
less, the DFS was significantly impaired in patients with
multiple tumors none greater than 5 cm in diameter (median
DFS 29.2 months, P=0.001 against solitary tumor > 6.5 cm
without mVI and < 0.001 against solitary tumor > 2 cm with
mVI).

Risk factors for mortality and tumor recurrence

Table 2 summarized risk factors for all-cause mortality
after hepatectomy for solitary HCC larger than 2 cm. Mul-
tivariate analysis demonstrated that mVI (adjusted hazard
ratio [aHR]: 1.65, 95% CI 1.27-2.15, P<0.001), tumor
size>6.5 cm (aHR: 1.53, 95% CI 1.11-2.09, P =0.009),
male gender (aHR: 1.79, 95% CI 1.36-2.37, P <0.001),
age > 65 years (aHR: 1.80, 95% CI 1.37-2.37, P<0.001),
cirrhosis (aHR: 1.46, 95% CI 1.12-1.92, P=0.006), hemo-
globin <10 g/dL (aHR: 2.31, 95% CI 1.51-3.54, P <0.001),
and platelet count < 100 X 10°/uL (aHR: 1.54, 95% CI
1.03-2.32, P=0.038) were independent poor prognostic
factors for all-cause mortality after surgery. Additionally,
an ALBI grade of II/III was associated with higher mortal-
ity risk compared to grade I (aHR: 1.72,95% CI 1.21-2.47,
P=0.003).

Similarly, the independent prognostic factors associated
with liver-specific mortality included mVI (aHR: 1.67,95%
CI 1.23-2.27, P=0.001), tumor size > 6.5 cm (aHR: 1.66,
95% CI 1.16-2.39, P=0.006), male gender (aHR: 1.72,
95% CI 1.14-2.58, P=0.009), age > 65 years (aHR: 1.47,
95% CI 1.07-2.03, P=0.019), cirrhosis (aHR: 1.58, 95%
CI 1.15-2.15, P=0.004), hemoglobin < 10 g/dL (aHR: 3.00,
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Table 1 Baseline characteristics of subjects with solitary hepatocellular carcinoma (HCC) larger than 2 cm undergoing liver resections
Total (n=2922) <6.5 cm (n=2387) >6.5 cm (n=535) p-value
Demographics
Gender (n,(%))
Female 632 (21.6%) 523 (21.9%) 109 (20.3%) 0.42
Male 2291 (78.4%) 1864 (78.1%) 426 (79.6%)
Age group (n,(%))
-40 211 (7.2%) 161 (6.7%) 50 (9.3%) 0.10
41-60 1226 (41.9%) 1011 (42.4%) 215 (40.1%)
61- 1486 (50.8%) 1215 (50.9%) 270 (50.5%)
DM (n,(%)) 746 (25.5%) 623 (26.1%) 123 (23.0%) 0.14
Hypertension (n,(%)) 1108 (37.9%) 888 (37.2%) 220 (41.1%) 0.091
Chronic hepatitis (n,(%)) <0.001
HBV 1428 (48.9%) 1169 (49.0%) 259 (48.4%)
HCV 624 (21.3%) 578 (24.2%) 46 (8.6%)
HBV +HCV 156 (5.3%) 131 (5.5%) 25 (4.7%)
Lifestyles (n,(%))
Cigarette smoking 331 (11.3%) 272 (11.4%) 59 (11.0%) 0.81
Alcohol consumption 306 (10.5%) 244 (10.2%) 62 (11.6%) 0.35
Betel nut 88 (3.0%) 69 (2.9%) 19 (3.6%) 0.42
Child-Turcot-Pugh classification (n,(%))
A 1648 (98.2%) 1376 (98.6%) 272 (96.1%) 0.003
B 30 (1.8%) 19 (1.4%) 11 (3.9%)
Liver cirrhosis (n,(%))
No 976 (56.4%) 756 (52.4%) 220 (76.4%) <0.001
Yes 755 (43.6%) 687 (47.6%) 68 (23.6%)
Tumor size (mean (SD), mm) 4.8 (3.5) 3.6(1.2) 10.3 (4.8) <0.001
mVI (n,(%)) 915 (31.3%) 675 (28.3%) 240 (44.9%) <0.001
Medications (n,(%))
Anti-HCV/HBV therapy 217 (7.4%) 207 (8.7%) 10 (1.9%) <0.001
Metformin 174 (6.0%) 148 (6.2%) 26 (4.9%) 0.24
Aspirin 129 (4.4%) 98 (4.1%) 31 (5.8%) 0.086
Biochemical profiles (mean (SD))
a-Fetoprotein, ng/mL 3610.0 (57,613.1) 695.8 (4943.0) 16,723.8 (134,060.3) <0.001
ICG-15, % 9.1(7.9) 9.4 (8.0) 7.9 (7.4) <0.001
Albumin, g/dL 4.1(0.5) 4.1(0.5) 4.0 (0.6) <0.001
Hgb, g/dL 13.6 (1.9) 13.7 (1.9) 13.2 (2.1) <0.001
Platelet, 10°/uL 183.0 (70.2) 173.1 (62.6) 223.8 (84.0) <0.001
INR 1.1 (0.1) 1.1 (0.1) 1.1 (0.2) 0.045
AST, U/L 61.4 (106.0) 55.7 (92.9) 86.3 (147.9) <0.001
ALT, U/L 64.7 (105.5) 62.0 (95.3) 76.5 (141.1) 0.005
Total bilirubin, mg/dL 0.9 (0.6) 0.9 (0.6) 0.9 (0.7) 0.27
ALBI grade
Grade 1 (lowest risk) 1694 (58.0%) 1383 (57.9%) 311 (58.1%) <0.001
Grade 2 734 (25.1%) 562 (23.5%) 172 (32.1%)
Grade 3 (highest risk) 35 (1.2%) 21 (0.9%) 14 (2.6%)
Missing 459 (15.7%) 421 (17.6%) 38 (7.1%)
PNI
Normal 1067 (36.5%) 881 (36.9%) 186 (34.8%) <0.001
Mild 584 (20.0%) 463 (19.4%) 121 (22.6%)
Mod to severe 356 (12.2%) 263 (11.0%) 93 (17.4%)
Serious 226 (7.7%) 157 (6.6%) 69 (12.9%)
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Table 1 (continued)

Total (n=2922) <6.5 cm (n=2387) >6.5 cm (n=535) p-value
Missing 689 (23.6%) 623 (26.1%) 66 (12.3%)
NLR (mean (SD)) 4.2 (5.6) 3.9(5.1) 5.2(7.0) <0.001

ALBI grade ALBI (albumin-bilirubin) grade, ALT alanine aminotransferase, AST aspartate aminotransferase, DM diabetes mellitus, HBV hepa-
titis B virus, HCC hepatocellular carcinoma, HCV hepatitis C virus, Hghb hemoglobin, /CG-15 indocyanine green retention test at 15 min, /NR
international normalized ratio, mVI microvascular invasion, NLR neutrophil-lymphocyte ratio, PNI prognostic nutritional index, SD standard
deviation

Values in bold are statistically significant (p <0.05)

A Overall survival, 10 years B Liver-specific survival, 10 years c Disease-free survival, 10 years

Median follow-up duration: 51.4 months Median follow-up duration: 54.4 months Median follow-up duration: 30.4 months

Overall log-rank p-value = 0.231 Overall log-rank p-value = 0.123

Overall log-rank p-value < 0.001

Survival estimates (probability)
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Survival estimates (probability)

0O 0.1 02 03 04 05 06 07 08 09 1
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Survival estimates (probability)
0 01 02 03 04 05 06 07 08 09 1

multiple tumors none > Scm

multiple tumors none > Scm

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 12 4 % 4 6 T2 8 % 18 120 0 12 24 % 4 60 72 8 % 108 12 0 12 4 % 48 6 T2 84 % 108 120

Follow-up, months Follow-up, months Follow-up, months
m X5 o W W @ W M 8 T e % oW W e W om % M 8 % wWous M s 0w @ w45 ¥
th, 915 854 747 620 500 380 m 198 126 5 43 1 703 590 476 360 257 191 123 I a3 52 47 314 20 155 15 ) 3 2
multiple tumors none > Sem 496 465 398 n 27 203 155 15 %90 n 60 419 %1 288 29 190 146 109 88 0 59 21 163 121 u n 55 45 38 k<

Fig.2 Kaplan—Meier survival curves of solitary tumor > 6.5 cm without mVI, solitary tumor>2 cm with mVI, and multiple tumors none greater
than 5 cm in diameter. A Overall-survival (OS), B liver-specific survival, and C disease-free survival (DFS)

95% CI 1.88-4.80, P <0.001), and ALBI grade II/III (aHR: respectively (overall log-rank test, P <0.001, Fig. 3A).
1.97,95% C1 1.32-2.94, P=0.001) (Table 3). While solitary tumor 2—6.5 cm without mVI enjoyed the

As for risk factors correlated with tumor recurrence,  longest OS and solitary tumor > 6.5 cm with mVI had
multivariate analysis demonstrated that mVI (aHR: 1.41, the worst OS, the OS of solitary tumor 2—-6.5 cm with
95% CI 1.16-1.72, P=0.001), tumor size > 6.5 cm (aHR: mVI and solitary tumor > 6.5 cm without mVI were simi-
1.52,95% CI 1.18-1.95, P=0.001), male gender (aHR: lar. The post hoc analysis further revealed that solitary
1.31, 95% CI 1.02-1.70, P=0.037), cirrhosis (aHR: 1.63, tumor 2-6.5 cm with mVI and solitary tumor > 6.5 cm
95% CI 1.33-2.00, P <0.001), smoking (aHR: 1.50, 95% without mVI had comparable OS (P=0.171). Table 5
CI 1.17-1.92, p=0.001), HCV infection (aHR: 1.40, 95%  summarized the pairwise comparisons of these log-rank
CI 1.10-1.77, p=0.006), hemoglobin < 10 g/dL (aHR: 1.56, tests. The liver-specific survivals of these four subgroups
95% CI 1.08-2.26, p=0.019), and ALBI grade II/III (aHR:  were next depicted in Fig. 3B. With a median follow-
1.76,95% CI 1.33-2.32, p<0.001) were significant prognos-  up of 62.8 months, the median liver-specific survivals
ticators for tumor recurrence after liver resection for solitary ~ were all not reached for solitary tumor 2-6.5 cm with-

HCC>2 cm (Table 4). out mVI, solitary tumor 2—6.5 cm with mVI, and solitary
tumor > 6.5 cm without mVI. The median liver-specific
Survival impact of tumor size > 6.5 cm and mVI survival was only 93.1 months for solitary tumor > 6.5 cm

with mVI (overall log-rank test, P <0.001). The liver-
Figure 3 further analyzed the survivals of different  specific survivals were comparable between solitary
HCC subgroups. Based on tumor size cutoff of 6.5 cm  tumor 2-6.5 cm with mVI and solitary tumor > 6.5 cm
and mVI, four distinct subgroups of solitary HCC without mVI (P =0.924) (Table 5). As for DFS, after
were shown. These included solitary tumor 2—-6.5 cm  a median follow-up of 61.8 months, solitary tumor
without mVI, solitary tumor 2-6.5 cm with mVI,  2-6.5 cm without mVI enjoyed the longest median DFS of
solitary tumor > 6.5 cm without mVI, and solitary = 95 months. Solitary tumor > 6.5 cm with mVI, in contrast,
tumor > 6.5 cm with mVI. The median follow-up duration ~ had a median DFS of only 32.3 months. Solitary tumor
was 60.9 months, and the median OS for these four sub- 2-6.5 cm with mVTI and solitary tumor > 6.5 cm without
groups were not reached, 119.3, 115.5, and 79.9 months, mVI, on the other hand, had an intermediate median DFS
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Tablg 2 Umvanate and Variables Univariable Multivariable

multivariate analyses of

risks factors for all-cause HR (95% CI) p-value aHR (95% CI) p-value
mortality after hepatectomy for

solitary, >2 cm hepatocellular mVI no 1 (reference)

carcinoma Yes 1.46 (1.27, 1.67) <0.001 1.65(1.27,2.15) <0.001

Tumor size <6.5 cm
>6.5cm
Gender female
Male
Age <65 ylo
>65 ylo
Cirrhosis no
Yes
Diabetes mellitus no
Yes
Hypertension no
Yes
Smoking no
Yes
Alcohol no
Yes
HBs Ag negative
Positive
Hepatitis C virus negative
Positive
Albumin (vs.>3.5 (g/dL)
<35
Hemoglobin (> 10 (g/dL)
<10
Platelet> 100 (10*/uL)
<100
INR (£1.4)
>1.4
ALT (<108 (U/L))
> 108
Bilirubin total (< 1.5 (mg/dL))
>1.5
a-fetoprotein <400 (ng/mL))
>400
ALBI grade (I)
/1
PNI (normal/mild)
moderate/serious

1 (reference)
1.64 (1.41,1.92) <0.001 1.53(1.11,2.09) 0.009
1 (reference)
1.96 (1.72,2.22) <0.001 1.79 (1.36,2.37) <0.001
1 (reference)
2.01 (1.77,2.28) <0.001 1.80(1.37,2.37) <0.001
1 (reference)

1.55 (1.27, 1.89) <0.001 1.46(1.12,1.92) 0.006
1 (reference)
1.32(1.15, 1.52) <0.001  1.09 (0.79, 1.50) 0.620
1 (reference)
1.22 (1.08, 1.39) 0.002  1.00 (0.76, 1.33) 0.981
1 (reference)
1.12 (0.90, 1.40) 0.321  1.12(0.80, 1.57) 0.507
1 (reference)
0.98 (0.76, 1.25) 0.843  1.29(0.92, 1.83) 0.143
1 (reference)
0.70 (0.62, 0.80) <0.001  0.76 (0.56, 1.03) 0.077
1 (reference)
1.29 (1.13, 1.48) <0.001 1.16 (0.86, 1.58) 0.331
1 (reference)
1.59 (1.33, 1.90) <0.001 0.72(0.47, 1.10) 0.131

1 (reference)
1.90 (1.46,2.47) <0.001 2.31(1.51,3.54) <0.001
1 (reference)

1.91 (1.59, 2.30) <0.001 1.54(1.03,2.32) 0.038
1 (reference)
1.61 (0.84, 3.08) 0.152  0.68 (0.27, 1.69) 0.406
1 (reference)
1.16 (0.96, 1.41) 0.117  0.71 (0.45, 1.10) 0.126
1 (reference)
1.59 (1.27, 2.00) <0.001 1.24(0.80, 1.92) 0.333
1 (reference)
1.11 (0.91, 1.35) 0.297 1.08 (0.77, 1.52) 0.645
1 (reference)
1.73 (1.50, 1.99) <0.001 1.72(1.21,2.47) 0.003
1 (reference)
1.70 (1.46, 1.98) <0.001 1.36(0.93, 1.99) 0.113

Antiviral therapy in HBV or HCV (no) 1 (reference)

Yes

0.83 (0.64, 1.09) 0.178  1.22(0.76, 1.95) 0.407

of 57.5 and 50.7 months, respectively. (overall log-rank
test, P <0.001) (Fig. 3C). The DFS of solitary tumor
2-6.5 cm with mVI was equivalent to that of solitary
tumor > 6.5 cm without mVI (P =0.682) (Table 5). More-
over, integrated discrimination improvement (IDI) and net
reclassification improvement (NRI) analyses confirmed

that the addition of tumor size > 6.5 cm to mVI could
significantly enhance the predictive capability of mVI
for all-cause mortality and tumor recurrence after liver
resection for solitary HCC (all P <0.05) (Supplementary
Table 1 and 2).
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Table 3 Univariate and

Univariable Multivariable

HR (95% CI) p value aHR (95% CI) p value

L Variables
multivariate analyses of
risks factors for liver-specific
mortality after hepatectomy for
solitary,>2 cm hepatocellular mVi no
carcinoma Yes

Tumor size <6.5 cm
>6.5cm
Gender female
Male
Age <65 ylo
>65 ylo
Cirrhosis no
Yes
Diabetes mellitus no
Yes
Hypertension no
Yes
Smoking no
Yes
Alcohol no
Yes
HBs Ag negative
Positive
Hepatitis C virus negative
Positive
Albumin (vs.>3.5 (g/dL)
<35
Hemoglobin (> 10 (g/dL)
<10
Platelet> 100 (10*/uL)
<100
INR (£1.4)
>1.4
ALT (<108 (U/L))
>108
Bilirubin total (< 1.5 (mg/dL))
>1.5
a-fetoprotein <400 (ng/mL))
>400
ALBI grade (I)
/1
PNI (normal/mild)
moderate/serious

1 (reference)

1.62 (1.38, 1.90) <0.001 1.67(1.23,2.27) 0.001
1 (reference)
1.61 (1.34,1.93) <0.001 1.66 (1.16, 2.39) 0.006
1 (reference)
1.05 (0.88, 1.26) 0.587 1.72 (1.14, 2.58) 0.009
1 (reference)
1.78 (1.53, 2.07) <0.001 1.47(1.07, 2.03) 0.019
1 (reference)
1.65 (1.31, 2.08) <0.001 1.58(1.15,2.15) 0.004
1 (reference)
1.25 (1.06, 1.49) 0.010  0.78 (0.52, 1.18) 0.242
1 (reference)
1.23 (1.05, 1.43) 0.009  1.00 (0.72, 1.39) 0.990
1 (reference)
1.14 (0.88, 1.48) 0.315 1.00(0.67, 1.48) 0.991
1 (reference)
1.06 (0.81, 1.40) 0.662 1.37(0.92,2.02) 0.120
1 (reference)
0.78 (0.67,0.91) 0.001  0.81(0.57, 1.15) 0.236
1 (reference)
1.31 (1.12, 1.54) 0.001  1.15(0.80, 1.66) 0.448
1 (reference)
1.62 (1.31, 2.00) <0.001 0.73 (0.45, 1.19) 0.206

1 (reference)
1.95 (1.44,2.64) <0.001  3.00 (1.88, 4.80) <0.001
1 (reference)

2.10(1.70, 2.61) <0.001 1.58(0.99, 2.52) 0.053
1 (reference)
1.35 (0.62, 2.95) 0.448 0.45(0.14, 1.46) 0.185
1 (reference)
1.31 (1.05, 1.63) 0.016  0.74 (0.45, 1.21) 0.229
1 (reference)
1.73 (1.34,2.25) <0.001 1.24(0.76, 2.03) 0.387
1 (reference)
1.08 (0.86, 1.36) 0.519 1.07 (0.72, 1.58) 0.735
1 (reference)
1.81(1.53,2.14) <0.001 1.97 (1.32,2.94) 0.001
1 (reference)
1.70 (1.41,2.04) <0.001 1.21(0.78, 1.87) 0.406

Antiviral therapy in HBV or HCV (no) 1 (reference)

Yes

1.01 (0.76, 1.35) 0.921 1.40(0.85,2.29) 0.184

Discussion

According to the 8th edition of AJCC TNM staging system
for HCC, solitary tumor greater than 2 cm without vascular
invasion, regardless of tumor size, are all categorized as T1
lesions [8, 9]. In other words, the treatment recommendation
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and prognosis are expected to be similar among these soli-
tary lesions. Nevertheless, our previous study demonstrated
that large stage I HCC had significantly worse OS and DFS
than smaller tumors after surgery [14]. Other studies have
also indicated that tumor size did influence patient sur-
vival and should be considered in our conventional staging
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Tablg4 Univariate and . Variables Univariable Multivariable
multivariate analyses of risks
factors for recurrence after HR (95% CI) p value aHR (95% CI) p value
hepatectomy for solitary,>2 cm
hepatocellular carcinoma mVino 1 (reference)
Yes 1.37 (1.22, 1.54) <0.001 1.41(1.16,1.72) 0.001
Tumor size <6.5 cm 1 (reference)
>6.5cm 1.43 (1.25, 1.64) <0.001 1.52(1.18,1.95) 0.001
Gender female 1 (reference)
Male 1.04 (0.91, 1.18) 0.586  1.31(1.02, 1.70) 0.037
Age <65 ylo 1 (reference)
>65ylo 1.49 (1.34, 1.66) <0.001 1.21(0.97, 1.50) 0.084
Cirrhosis no 1 (reference)
Yes 1.65 (1.42,1.93) <0.001  1.63(1.33,2.00) <0.001
Diabetes mellitus no 1 (reference)
Yes 1.11 (0.98, 1.25) 0.097  0.90 (0.70, 1.16) 0.423
Hypertension no 1 (reference)
Yes 1.05 (0.95, 1.18) 0.340  0.87 (0.70, 1.08) 0.194
Smoking no 1 (reference)
Yes 1.21 (1.02, 1.43) 0.030 1.50(1.17, 1.92) 0.001
Alcohol no 1 (reference)
Yes 0.85 (0.70, 1.04) 0.121  0.88 (0.67, 1.16) 0.374
HBs Ag negative 1 (reference)
Positive 0.85 (0.77,0.95) 0.004  0.97 (0.77, 1.23) 0.818
Hepatitis C virus negative 1 (reference)
Positive 1.35(1.20, 1.51) <0.001 1.40(1.10, 1.77) 0.006
Albumin (vs.>3.5 (g/dL) 1 (reference)
<35 1.44 (1.24, 1.68) <0.001 0.83(0.58,1.18) 0.296
Hemoglobin (> 10 (g/dL) 1 (reference)
<10 1.48 (1.17, 1.86) 0.001  1.56 (1.08, 2.26) 0.019
Platelet> 100 (10*/uL) 1 (reference)
<100 1.59 (1.34, 1.89) <0.001 1.17 (0.83, 1.63) 0.373
INR (£1.4) 1 (reference)
>1.4 1.10 (0.59, 2.04) 0.770  0.67 (0.29, 1.52) 0.338
ALT (<108 (U/L)) 1 (reference)
> 108 1.26 (1.07, 1.48) 0.006 0.80 (0.57, 1.12) 0.194
Bilirubin total (< 1.5 (mg/dL)) 1 (reference)
>1.5 1.32(1.07, 1.63) 0.010  1.00 (0.68, 1.46) 0.990
a-fetoprotein <400 (ng/mL)) 1 (reference)
>400 1.09 (0.92, 1.29) 0.336  0.91 (0.70, 1.18) 0.461
ALBI grade (I) 1 (reference)
/1 1.56 (1.39, 1.76) <0.001 1.76 (1.33,2.32) <0.001
PNI (normal/mild) 1 (reference)
Moderate/serious 1.50 (1.32, 1.71) <0.001 0.94 (0.69, 1.28) 0.704

Antiviral therapy in HBV or HCV (no) 1 (reference)

Yes

0.87 (0.70, 1.09) 0.225 1.01(0.72, 1.42) 0.935

systems [10-12]. To identify those patients at risks, our
recent study proposed that T1 HCC could be further classi-
fied as: T1a: solitary tumor <2 cm with or without vascular
invasion, T1b: solitary tumor>2 cm but<6.5 cm without
vascular invasion, and T1c: solitary tumor > 6.5 cm without
vascular invasion. We demonstrated that the DFS and OS

of Tlc HCC were similar to those of T2 HCC patients [16].
These findings imply that tumor size is indeed a significant
prognostic factor and should be assessed alongside other
adverse risk factors for HCC during our clinical practice.
Microvascular invasion, or mV], is one of these adverse
risk factors and, when present, is considered to represent
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A Overall survival, 10 years B
Median follow-up duration: 60.9 months

Liver-specific survival, 10 years
Median follow-up duration: 62.8 months
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Fig.3 Kaplan—Meier survival curves of 4 distinct HCC subgroups,
solitary tumor 2-6.5 cm without mVI, solitary tumor 2-6.5 cm
with mVI, solitary tumor>6.5 cm without mVI, and solitary

tumor > 6.5 cm with mVI. A Overall-survival (OS),
survival, and C disease-free survival (DFS)
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Table 5 Pairwise log-rank test between mVI and tumor size for solitary HCC after liver resection

Overall survival

Log-rank P

2-6.5 cm without mVI

2-6.5 cm with mVI

> 6.5 cm without mVI

>6.5 cm with mVI

2-6.5 cm without mVI
2-6.5 cm with mVI
>6.5 cm without mVI
>6.5 cm with mVI
Liver-specific survival
Log-rank P

2-6.5 cm without mVI
2-6.5 cm with mVI

> 6.5 cm without mVI
>6.5 cm with mVI
Disease-free survival
Log-rank P

2-6.5 cm without mVI
2-6.5 cm with mVI
> 6.5 cm without mVI
>6.5 cm with mVI

1

<0.001
<0.001
<0.001

2-6.5 cm without mVI

1
<0.001
0.011
<0.001

2-6.5 cm without mVI

<0.001

0.002
<0.001

<0.001
1

0.171
<0.001

2-6.5 cm with mVI

<0.001
1

0.924
<0.001

2-6.5 cm with mVI

<0.001
1

0.682
<0.001

<0.001
0.171

1

0.031

> 6.5 cm without mVI

0.011
0.924
1

0.002

> 6.5 cm without mVI

0.002
0.682
1

0.007

<0.001
<0.001
0.031

1

>6.5 cm with mVI

<0.001
<0.001
0.002

1

>6.5 cm with mVI

<0.001
<0.001
0.007

1

a T2 disease by the 8th edition of AJCC TNM staging
system for HCC [21]. Since T2 stage comprises not only
solitary tumor > 2 cm with mVI but also multiple tumors
none greater than 5 cm in diameter, it would be of great
clinical significance to examine the individual impact of
tumor size > 6.5 cm and mVI on HCC survival outcomes
to establish a more appropriate staging system and treat-
ment recommendation. The current study, by examining one
of the largest and most comprehensive clinical databases
worldwide, is the first English-language study to date to dis-
cover that tumor size > 6.5 cm and mVI were comparable
prognosticators for HCC (Fig. 2). To further corroborate
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our findings, we performed Cox regression multivariate
analysis and found that tumor size > 6.5 cm and mVI were
both independent prognostic factors for tumor recurrence,
liver-specific mortality, and all-cause mortality after liver
resection. By conducting IDI and NRI analyses, we again
demonstrated that tumor size > 6.5 cm was an indispensa-
ble prognostic variable. The addition of tumor size > 6.5 cm
to mVI significantly enhanced the predictive capability of
mVI for all-cause mortality and tumor recurrence after liver
resection for HCC.

In our previous study, we identified that solitary
tumor > 6.5 cm without vascular invasion had survivals
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similar to those of T2 lesions [16]. However, that study did
not examine the outcome between T2 subcategories, namely,
solitary tumor >2 cm with mVI and multiple tumors none
greater than 5 cm in diameter. In this regard, the current
study is the first to demonstrate that, although OS and liver-
specific OS were comparable between solitary tumor>2 cm
with mVI and multiple tumors none greater than 5 cm, the
DFS was significantly impaired in patients with multiple
tumors (Fig. 2). Our findings indicate that although solitary
tumor > 2 cm with mVI and multiple tumors none greater
than 5 cm were both allocated as T2 stage, a substantial dif-
ference in terms of tumor recurrence can still be observed.
This may be attributed to the fact that multiple tumors, even
if all less than 5 cm, signified either multicentric occurrence
or intrahepatic metastasis. Since intrahepatic metastasis usu-
ally developed secondary to vascular invasion, “multiple
tumors none greater than 5 cm” included within the T2 stage
may comprise a subgroup more advanced than microvas-
cular invasion alone [22]. This unbalanced stage allocation
may explain the results identified in the current study. A sub-
classification within stage T2 is therefore indicated. In short,
we propose that tumor size > 6.5 cm should be integrated
with mVI to constitute stage T2a, while multiple tumors
none greater than 5 cm should account for a more advanced
subgroup, T2b.

It has been mentioned that in large HCC, pathologists
may underestimate the disease severity such as mVI due
to inadequate sampling [23, 24]. Indeed, given huge tumor
volume, it is possible that sectioning for pathological exami-
nation may not cover the entire specimen, potentially leading
to false-negative results. However, since larger tumor size
is widely recognized as a risk factor for mVI [25, 26], it is
theoretically reasonable to consider it as a more advanced
disease, regardless of status of mVI on the final pathol-
ogy report. In other words, we should thoroughly consider
upgrading HCC with larger tumor size into a higher tumor
stage. Other the other hand, due to their potential correla-
tion, it is important to emphasize that tumor size > 6.5 cm
and mVI are comparable in prognostic strength, but not iden-
tical or equal risk factors.

Moreover, the current study discovered that tumor
size > 6.5 cm and mVI were not only comparable prognos-
ticators but also synergistic unfavorable prognostic factors
that, when both present, substantially compromised HCC
survivals. The OS, liver-specific OS and DFS were all sig-
nificantly reduced for tumors > 6.5 cm with mVI compared
to either tumor> 6.5 cm or with mVI (Fig. 3 and Table 5).
This novel finding has provided surgical oncologists with
paramount implications: the presence of multiple equiva-
lent adverse factors does not lead to an outcome equivalent
to the presence of single adverse factors. In contemporary
treatment guidelines—including those from APASL, EASL,
AASLD, BCLC, and TLCA—tumor size and mVI are not

currently incorporated into treatment allocation or staging
systems [27-33]. Although the presence of a large tumor or
mVI may not directly influence the choice of primary treat-
ment modality, these factors may have significant implica-
tions for postoperative surveillance strategies and the consid-
eration of adjuvant therapy. In the recently updated results of
the phase III IMbrave050 study, adjuvant administration of
atezolizumab and bevacizumab did not significantly reduce
the incidence of early recurrence following curative surgery
[34]. We believe this may be partially attributable to sub-
optimal selection criteria for identifying high-risk patients.
Based on the findings of the current study, patients with
both tumor size > 6.5 cm and mVI exhibit markedly elevated
recurrence rates and reduced survival outcomes. Therefore,
we propose that such patients be classified as a high-risk
subgroup, warranting the use of adjuvant systemic therapy
and intensive postoperative monitoring to improve oncologic
outcomes. Further studies are warranted to validate this risk
stratification approach and its therapeutic implications.

In the current study, the frequency of HCV infec-
tion and liver cirrhosis differed between tumors <6.5 cm
and > 6.5 cm. Tumors < 6.5 cm were significantly associated
with a higher prevalence of HCV infection and liver cirrho-
sis compared to larger tumors. We believe this disparity may
be attributed to different screening strategies. Patients with
HCV infection typically require definitive antiviral treatment
and frequent post-treatment follow-ups, allowing HCC to
be detected at a smaller size. Similarly, since liver cirrhosis
usually develops in the context of HCV infection, the higher
incidence of cirrhosis in tumors <6.5 cm may be linked to
the increased prevalence of HCV infection in these patients.

Despite notable findings, this study has several limita-
tions. First, the data were derived from a hospital-based
database and cancer registry, which lacked access to more
detailed descriptive variables such as performance status,
postoperative complications, and pathological details such
as margin width. These variables could not be analyzed con-
sequently. Second, some T2 lesions, such as bilobar tumors
or cases with more than three tumors, were typically not
treated surgically. As a result, the survival outcomes pre-
sented here may overestimate the overall prognosis associ-
ated with all T2 lesions. Third, patients with impaired liver
function often cannot tolerate major liver resection, which
is typically required for larger tumors to achieve an adequate
safety margin. An insufficient surgical margin may therefore
worsen the prognosis of patients with tumors larger than
6.5 cm. A well-designed trial recruiting patients with same
safety margin is needed to validate our findings. Moreover,
since mVI is typically identified only after liver resection,
the findings and implications of the current study may not
be directly applicable to non-surgical patients. Therefore, the
development of non-invasive surrogates for mVI is essential
to support clinical decision-making in this population. Next,
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while potential recall bias was minimized by prospectively
registering daily clinical data into the CGRD, referral bias
remained unavoidable since CGMHs serve as the largest
tertiary care center in Taiwan [35, 36]. Lastly, as this study
primarily relied on data from a single country, the patient
population was relatively homogeneous. The absence of
an external validation cohort encompassing diverse ethnic
groups was another limitation. Validation using HCC data-
sets from countries with more heterogeneous populations
would strengthen the findings. Future studies incorporating
external validation cohorts are essential to confirm and gen-
eralize our results.

Conclusion

In conclusion, our CGRD-based study demonstrated that
tumor size larger than 6.5 cm and mVI are comparable
prognosticators for HCC. Due to significantly higher risks
of recurrence and death, tumor size > 6.5 cm should be inte-
grated with mVI into the same stage to further optimize the
current staging system. In addition, we discovered that the
presence of these two adverse factors significantly worsens
HCC survival outcomes compared to the presence of either
factor alone. As a result, patients with both size > 6.5 cm and
mVI should undergo adjuvant therapy to optimize oncologi-
cal outcomes. Further studies are warranted to validate our
findings.
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