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Background: Three-dimensional reconstruction visualization technology (3D-RVT) is an important tool in the preoperative
assessment of patients undergoing liver resection. However, it is not clear whether this technique can improve short-term and long-
term outcomes in patients with hepatocellular carcinoma (HCC) compared with two-dimensional (2D) imaging.
Method: A total of 3402 patients from five centers were consecutively enrolled from January 2016 to December 2020, and grouped
based on the use of 3D-RVT or 2D imaging for preoperative assessment. Baseline characteristics were balanced using propensity
score matching (PSM, 1:1) and stabilized inverse probability of treatment‐weighting (IPTW) to reduce potential selection bias. The
perioperative outcomes, long-term overall survival (OS), and recurrence-free survival (RFS) were compared between the two groups.
Cox-regression analysis was used to identify the risk factors associated with RFS.
Results: A total of 1681 patients underwent 3D-RVT assessment before hepatectomy (3D group), while 1721 patients used 2D
assessment (2D group). The PSM cohort included 892 patient pairs. In the IPTW cohort, there were 1608.3 patients in the 3D group
and 1777.9 patients in the 2D group. In both cohorts, the 3D group had shorter operation times, lower morbidity and liver failure
rates, as well as shorter postoperative hospital stays. The 3D group had more margins ≥10 mm and better RFS than the 2D group.
The presence of tumors with a diameter ≥ 5 cm, intraoperative blood transfusion andmultiple tumors were identified as independent
risk factors for RFS, while 3D assessment and anatomical resection were independent protective factors.
Conclusion: In this multicenter study, perioperative outcomes and RFS of HCC patients following 3D-RVT assessment were
significantly different from those following 2D imaging assessment. Thus, 3D-RVT may be a feasible alternative assessment method
before hepatectomy for these patients.
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Introduction

Currently, surgery is still the main treatment option for hepato-
cellular carcinoma (HCC)[1–3]. However, the complex hepatic
structure and anatomical variation, as well as tumor invasion of
the intrahepatic vessels all increase the difficulty of HCC
surgery[4,5]. In addition, preserving sufficient functional liver
volume is also of great significance[6,7]. Therefore, preoperative
plans and safety assessments are particularly important in liver
surgery for HCC.

In recent years, three-dimensional reconstruction visualization
technology (3D-RVT) has been gradually introduced for precise
preoperative surgical planning[8,9]. 3D-RVT can convert two-
dimensional (2D) MRI or computed tomography (CT) images
into three-dimensional (3D) models[10], which can intuitively and
clearly show surgeons various anatomical structures inside the
liver. Moreover, surgeons can also use 3D reconstruction soft-
ware to calculate the liver volume and simulate the surgical
process, thus enabling accurate surgical planning[11–13]. Several
studies have shown that 3D-RVT provides certain perioperative
benefits to patients undergoing liver resection, but the results have
been inconsistent due to the heterogeneity of study designs and
insufficient sample sizes[14–20]. What is more, the efficacy of 3D-
RVT for HCC surgery and the benefit it provides to patients
remains controversial, especially in terms of long-term outcomes,
and evidence-based confirmation from multicenter, large-sample
studies is still lacking. This study retrospectively analyzed the
clinicopathological data of patients with HCC admitted to five
high-volume liver surgery centers in China to evaluate the short-
term and long-term outcomes of 3D-RVT for hepatectomy.

Methodology

Study design and patient enrollment

Amulticenter retrospective study was conducted between January
2016 and December 2020, at the following five high-volume
hospitals: the Eastern Hepatobiliary Surgery Hospital (EHSH),
Zhujiang Hospital (ZJH), Anhui Provincial Hospital (APH),
Mengchao Hepatobiliary Hospital (MCHH), and Shengjing
Hospital (SJH). According to the principles promulgated in the
Declaration of Helsinki, informed consent to permit their data to
be used for clinical research was obtained from all patients, either
at the time of hospital admission or before surgery. The clinical
and pathological data of the patients were collected at various
centers, after which they were collated and analyzed centrally at
Zhujiang Hospital. This study was approved by the Institutional
Review Board of the Zhujiang Hospital of Guangzhou, China
(Approval No: 2020-KY-040-02), and registered on the Research
Registry under the unique identifying number researchreg-
istry9804. The study is reported in line with the strengthening the
reporting of cohort studies in surgery (STROCSS) criteria[21]

(Supplemental Digital Content 8, http://links.lww.com/JS9/B718).
All of the enrolled patients met the following criteria: (1) age

18–75 years; (2) preoperative diagnosis of HCC by CT/MRI; (3)
the diagnosis of HCC was confirmed by an experienced pathol-
ogist after the operation. Exclusion criteria included: (1) hyper-
thyroidism; (2) severe cardiac or pulmonary disease; (3)
significant renal failure (creatinine > 400 μmol/l); (4) pregnancy;
(5) history of previous major abdominal surgery or other malig-
nant diseases (local ablation before surgery, transcatheter arterial

chemoembolization before surgery, or other neoadjuvant ther-
apy); (6) presence of extrahepatic metastases or major vascular
invasion; (7) greater than 3 tumor nodules; (8) treated with pal-
liative resection, that is, macroscopically (R2) positive margins;
(9) missing data on prognostic variables; and (10) followed up for
less than 12 months but alive at the last follow-up after surgery.
The patients were divided into 3D and 2D groups based on the
use of 3D-RVT or 2D imaging.

Survey of surgical skills of enrolled surgeons

To reduce the potential bias of the study results due to differences
in surgical skills between surgeons at different centers, we con-
ducted a survey of the level of surgical skill of surgeons with
previous experience of open hepatectomy and who had per-
formed at least 50 laparoscopic hepatectomies per year in
oncology patients, including (1) written evidence of the number
of previous cases performed by the participating surgeon from the
record room, and (2) provision of four case videos of laparo-
scopic hepatectomies performed within the previous 2months for
blinded review of the surgical videos. A blinded review committee
consisting of three hepatobiliary surgeons from tertiary care
centers not involved in this study was formed to assess eligibility.
Unedited laparoscopic hepatectomy videos were randomly
assigned to the reviewers. The surgical technique and degree of
tumor cure were assessed by two reviewers, with additional
review by a third expert if the two reviewers disagreed. Qualified
surgeons who met the selection criteria were deemed eligible for
this study. Subsequently, cases from these physicians were selec-
ted for inclusion in this retrospective analysis.

Preoperative assessment

Routine preoperative investigations included medical history,
hepatitis testing, full blood counts, liver and renal function tests,
serum alpha-fetoprotein (AFP), and coagulation tests. Imaging stu-
dies included abdominal ultrasonography (US), contrast-enhanced
CT and/or MRI to assess the resectability of the tumor. The dif-
ference was that the lesions, vessels, bile ducts, and liver in the 3D
group were reconstructed preoperatively using 3D-RVT-based
software, and a virtual surgical resection was performed (Fig. 1).
The five centers discussed and agreed on the operation of the
3D-RVT beforehand, and the specific procedures and standards
were based on an expert consensus developed by several
countries[12]. All cases were discussed in weekly multidisciplinary
treatment (MDT) meetings to achieve a consensus on tumor
resectability.

HIGHLIGHTS

• The effect of three-dimensional reconstruction visualiza-
tion technology (3D-RVT) on short-term and long-term
outcomes in hepatectomy for hepatocellular carcinoma is
unknown.

• This is the first multicenter study to compare the 3D-RVT
with two-dimensional imaging.

• This study uses both propensity score matching and
stabilized inverse probability of treatment‐weighted meth-
ods to balance the baseline characteristics.

• 3D-RVT may be a more reliable method for assessment
prior to hepatectomy.
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Surgical procedures

Hepatectomy was performed as an open or laparoscopic proce-
dure according to the surgeon’s assessment and the patient’s
preference. A brief survey of surgical technique and intraopera-
tive management was conducted before the start of the study.
Anatomical resection (AR) was defined as the complete removal
of the liver parenchyma confined within the corresponding portal
territory, or at least one Couinaud segment that contains the
tumor together with the related portal vein branch, hepatic vein,
and the corresponding hepatic territory[22,23]. Nonanatomical
resection (NAR), also known as partial resection or parenchyma-
sparing resection, involves a less extensive hepatectomy com-
pared with AR and aims to achieve minimum sufficient margins
while preserving asmuch liver parenchyma as possible, regardless
of the border of the anatomical segments. The surgeon chose to
perform AR or NAR after a comprehensive evaluation of the
patient’s condition. The Pringle maneuver was routinely per-
formed during surgery in cycles of 15/5 min of clamping/
unclamping. Anesthesia was managed in all centers using a
restrictive intravenous rehydration approach combined with low
central venous pressure during liver transection.

Follow-up and recurrence management

Follow-up included serum AFP, liver function, abdominal ultra-
sound, enhanced CT examination and lung examination every
2–3 months in the first year, and every 6 months thereafter until the
patient died orwithdrew from the follow-up. The diagnosis of tumor
recurrence was based on elevated serum alpha-fetoprotein (AFP)
levels and characteristic imaging findings. Once tumor recurrence
was identified, aggressive treatment such as renewed hepatic resec-
tion, radiofrequency ablation, transarterial chemoembolization
(TACE), or sorafenib was given depending on the patient’s general
condition, liver function reserve, and pattern of tumor recurrence.

Overall survival (OS) was defined as the time between surgery
and the date of death, or the time when the patient was last seen
alive at follow-up. Recurrence-free survival (RFS) was defined as
the time interval between surgery and the first diagnosis of HCC
recurrence or the last follow-up. The deadline for follow-up in all
centers was December 2021.

Clinicopathological variables and study outcomes

Preoperative variables included patient age, sex, cirrhosis, hepa-
titis, serum alanine aminotransferase (ALT), serum total bilirubin

Figure 1. The various application of three-dimensional reconstruction visualization technology (3D-RVT). (A) the 3D-RVT software; (B) the three-dimensional model
based on CT image reconstruction; (C) hepatic artery analysis; (D) portal vein analysis; (E) hepatic vein analysis; (F) intrahepatic bile duct analysis; (G) portal vein
territory analysis; (H) individualized liver segmentation; and (I) simulated surgery.
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(TBIL), serum albumin (ALB), AFP, platelet count (PLT), hemo-
globin (Hb), Child-Pugh classification, and prothrombin time
(PT). The final diagnosis of HCC was confirmed by histopatho-
logical examination, and microvascular invasion (MVI) was
determined by histopathological examination of the resected
surgical specimens. Tumor-related variables included largest
tumor diameter, number of tumors, MVI, and tumor differ-
entiation. Surgical type (LH or open hepatectomy), type of
hepatectomy (AR or NAR) and extent of hepatectomy (minor or
major) were retrieved from the electronic medical records system.
A major hepatectomy was defined as a hepatectomy of three or
more Couinaud segments[24].

The short-term outcomes included intraoperative parameters
and postoperative outcomes. Operation-related variables inclu-
ded the duration of surgery, intraoperative blood loss, and blood
transfusion. Postoperative outcomes mainly included post-
operative complications, recovery results, and postoperative
hospital stay (POHS), as well as pathological evaluation of the
surgical margin. The complications included postoperative bile
leakage (POBL), pleural effusion, ascites, abdominal bleeding,
incision infection, abdominal infection, pulmonary infection, and
posthepatectomy liver failure (PHLF). POBL was defined
according to the 2010 International StudyGroup of Liver Surgery
(ISGLS)[25]. PHLF was defined as a serum total bilirubin level
exceeding 50 μmol/l and prothrombin time lower than 50% on
postoperative day 5[26]. Morbidity was graded according to
Clavien–Dindo surgical complications[27]. In addition, liver
function indexes were recorded on the first, third, and fifth days
after operation (POD1, POD3, and POD5). Readmissions within
30 days and the 90-day mortality rate were also recorded. We
identified the incidence and patterns of recurrence and long-term
survival outcomes, including OS and RFS.

Statistical analysis

The Kolmogorov–Smirnovmethod was used to test the normality
of continuous data, whichwere compared using a two-sided t-test
for normally distributed parameters, expressed as the mean ± SD,
or the Wilcoxon–Mann–Whitney test for non-normally dis-
tributed parameters, expressed as the median (interquartile
range). Comparisons between groups of counted data were made
using the χ2 test or Fisher’s exact test. To balance the differences
in baseline characteristics due to possible selection bias between
patients in the 3D and 2D groups across the five centers, pro-
pensity score matching (PSM) and stabilized inverse probability
of treatment weighting (IPTW) were used. Variables entered into
the propensity model included age, sex, hepatitis, cirrhosis,
Child-Pugh classification, AFP, ALT, TBIL, ALB, Hb, PLT, PT,
maximum tumor diameter, number of tumors, degree of differ-
entiation, MVI, surgical type, type of hepatectomy, and extent of
hepatectomy. The propensity scores were calculated using a
multivariate logistic regression model, and the PSM analysis was
performed using a 1:1 nearest neighbor matching algorithm with
a caliper of 0.03 without replacement. For the stabilized IPTW
method, a pseudo-population was created by weighting the
inverse probability of a patient based on the propensity score.
This model preserved the size of the study cohort, no study par-
ticipants were removed, had advantages over the PSM method,
and reduced the occurrence of false positives compared with
IPTW[28].

The standardized mean difference (SMD) was calculated to
assess the balance between the two groups at baseline, and SMD
≤ 0.1 indicated the best balance. Kaplan–Meier curves were used
to analyze OS and RFS, and log-rank tests were used for com-
parisons. Univariate regression analysis was used to explore
potential risk factors associated with RFS. The statistically sig-
nificant variables in univariate analysis and other variables con-
sidered to have an influence on the outcome were further
incorporated into multivariate analysis. The threshold of statis-
tical significance was set at P< 0.05. Data were analyzed using R
Studio for Windows version 4.0.5 (R Studio Inc.) and SPSS
Statistics Software version 25.0 (IBM Corp.).

Results

Between 2016 and 2020, 3972 patients underwent curative
hepatectomy in the participating centers, of which 3402 met the
inclusion criteria and were available for further analysis. Among
them, 1681 patients received 3D-RVT preoperatively (3D group),
while the remaining 1721 underwent 2D imaging assessment (2D
group). (See Tables, Supplemental Digital Content 1, http://links.
lww.com/JS9/B711, which shows the institutional distribution of
these patients and the distribution of the year of surgery.) The
PSM created 892 patient pairs who underwent 3D and 2D
assessment, while IPTW created 1608.3 standardized patients
who underwent 3D assessment and1777.8 who underwent 2D
assessment (Fig. 2).

Patient characteristics

The demographics, clinical characteristics, and tumor-related
variables of patients from the entire cohort, PSM and IPTW cohorts
are summarized in Table 1. Compared to the 2D group, the 3D
group had a higher proportion of individuals with cirrhosis (48.2
vs. 42.1%, P<0.001), AFP≥400 ng/ml (44.1 vs. 26.3%,
P<0.001), ALT≥45 U/l (40.9 vs. 23.9%, P<0.001), Hb<100 g/l
(5.5 vs. 3.3%, P=0.002), PLT<100 ×109/l (9.3 vs. 3.9%,
P<0.001), LH type (40.2 vs. 18.1%, P<0.001), AR type (87.7 vs.
62.1%, P<0.001), major hepatectomy (73.4 vs. 34.2%, P<0.001)
and tumor diameter≥5 cm (57.6 vs. 50%, P<0.001), but a lower
proportion of male patients (75.4 vs. 84.7%, P<0.001), hepatitis
(62.7 vs. 78.5%, P<0.001), TBIL≥17.5 μmol/l (31.0 vs. 38.5%,
P<0.001), ALB<35 g/l (11.5 vs. 18.8%, P<0.001), PT≥13.5 s
(20.4 vs. 26.5%, P<0.001), multiple tumors (10.4 vs. 20.0%,
P<0.001), poor differentiation (25.3 vs. 34.6%, P<0.001), and
positive MVI (34.3 vs. 41.9%, P<0.001).

Covariate distributions between patients in the 2D and 3D
groups were found to be balanced after conditioning based on the
propensity score. There were no significant differences between
the two groups in the PSM and IPTW cohorts (all SMD<0.1).
(See Figures, Supplemental Digital Content 2, http://links.lww.
com/JS9/B712 and Supplemental Digital Content 3, http://links.
lww.com/JS9/B713, which demonstrate the visualization of the
SMD before and after PSM and IPTW.)

Detailed information on the tumor node metastasis (TNM)
classification, Barcelona Clinic Liver Cancer (BCLC) staging, and
China liver cancer (CNLC) staging data for the 3402 patients in
this study can be found in the supplementary materials (see
Tables, Supplemental Digital Content 1, http://links.lww.com/
JS9/B711, which shows the staging details of the patients in the
three cohorts).
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Comparison of short-term outcomes

The comparison of perioperative and postoperative outcomes
between patients in the 3D and 2D groups in the entire cohort,
PSM, and IPTW cohorts is shown in Table 2.

In the PSM and IPTW cohorts, the median operation time
among patients in the 3D group was lower than in the 2D group
[PSM cohort: 165.0 (120.0–240.0) vs. 260.0 (200.0–330.0) min,
P<0.001; and IPTW cohort: 180.0 (120.0–300.0) vs. 260.0
(180.0–330.0), P<0.001]. Furthermore, the patients in the 3D
group had lower morbidity (PSM cohort: 20.6 vs. 27.6%,
P=0.001; and IPTW cohort: 21.1 vs. 32.8%, P<0.001), and
PHLF proportion (PSM cohort: 2.4 vs. 5.2%, P=0.002; and
IPTW cohort: 2.1 vs. 4.7%, P<0.001). In addition, the median
POHS following hepatectomy was shorter in the 3D group [PSM
cohort: 8.0 (7.0–9.0) vs. 8.0 (7.0–11.0) days, P<0.001; and IPTW
cohort: 8.0 (7.0–9.0) vs. 8.0 (7.0–11.0) days, P<0.001], and the
mean POHS were 7.9 vs. 9.3 days, and 8.3 vs. 9.5 days, respec-
tively. The levels of ALT, TBIL, and PT on POD1, POD3, and
POD5 were lower in the 3D group than in the 2D group
(P<0.001). Furthermore, the average serum ALB levels were
higher in the 3D group (P<0.001) (see Figure, Supplemental
Digital Content 4–6 http://links.lww.com/JS9/B714, http://links.
lww.com/JS9/B715, http://links.lww.com/JS9/B716, which sum-
marizes the postoperative liver function data from the three
cohorts).

The 3D group had a higher proportion of individuals with
resection margin ≥10 mm (PSM cohort: 78.8 vs. 67.6%,
P< 0.001; and IPTW cohort: 78.5 vs. 69.1%, P< 0.001).

Neither group had a perioperative death (within 90 days after
surgery). Blood loss, intraoperative transfusion rates and 30-day
unplanned readmission rates in both groups suggested incon-
sistent outcomes in the two cohorts. The instrumental variable
analysis showed that the use of 3D-RVT has the potential to
reduce blood loss and transfusion rates, but not 30-day read-
mission rates. (See Word file, Supplemental Digital Content 7,
http://links.lww.com/JS9/B717, which shows the instrumental
variable analysis for additional evaluation.)

Comparison of long-term outcomes

After discharge from the hospital, surgical patients were followed
up through outpatient clinics, telephone calls, or WeChat. The
median follow-up time in the 3D and 2D groups was 23.0
(17.0–31.0) vs. 22.0 (18.0–27.0) days in the entire cohort, and
26.0 (19.0–33.0) vs. 23.0 (20.0–33.0) days in the PSM cohort,
respectively.

The OS and RFS curves for the three cohorts are shown in
Figure 3. Mortality during follow-up was comparable between
the two groups (PSM cohort: 20.0 vs. 20.6%, P= 0.724; and
IPTW cohort: 19.6 vs. 19.9%, P=0.863). In the PSM cohort, the
3-year and 5-year OS rates were 68.8 vs. 63.4% and 55.5 vs.
51.1% for the 3D and 2D groups, respectively (P= 0.31). In the
IPTW cohort, the 3-year and 5-year OS rates in the 3D and 2D
groups were 71.9 vs. 64.6%, 50.1 vs. 47.5%, respectively
(P= 0.156).

However, the 3D group presented a lower recurrence rate than
the 2D group [30.9 vs. 33.6% in the PSM cohort (P=0.224); and
29.8 vs. 34.6% in the IPTW cohort (P=0.003)]. The instrumental

Figure 2. Flow diagram of participant selection.
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Table 1
Demographic and clinical characteristics of patients stratified by 3D-RVT assessment use.

The entire cohort The PSM cohort The stabilized IPTW cohort

Characteristics 3D group (n= 1681) 2D group (n= 1721) SMD P 3D group (n= 892) 2D group (n= 892) SMD P 3D group (n= 1608.3) 2D group (n= 1777.8) SMD P

Age (year)a 54.0 (45.0–61.0) 55.0 (47.0–63.0) 0.111 0.002 54.0 (45.0–62.0) 54.0 (45.0–62.0) 0.018 0.708 54.0 (46.0–61.0) 54.0 (45.0–62.0) 0.011 0.206
Sex, male 1267 (75.4) 1457 (84.7) 0.234 < 0.001 702 (78.7) 716 (80.3) 0.036 0.412 1286.0 (80.0) 1419.3 (79.8) 0.003 0.932
Hepatitis 1054 (62.7) 1351 (78.5) 0.352 < 0.001 631 (70.7) 635 (71.2) 0.009 0.835 1123.7 (69.9) 1252.5 (70.5) 0.013 0.707
Cirrhosis 811 (48.2) 724 (42.1) 0.124 < 0.001 420 (47.1) 409 (45.9) 0.025 0.602 721.2 (44.8) 777.9 (43.8) 0.022 0.533
Child-Pugh 0.017 0.629 0.000 1.000 0.017 0.655
Class A 1669 (99.3) 1711 (99.4) 887 (99.4) 887 (99.4) 1597.9 (99.4) 1768.6 (99.5)
Class B 12 (0.7) 10 (0.6) 5 (0.6) 5 (0.6) 10.4 (0.6) 9.2 (0.5)

AFP (ng/ml) 0.378 < 0.001 0.041 0.375 0.034 0.351
< 400 940 (55.9) 1268 (73.7) 560 (62.8) 578 (64.8) 1019.9 (63.4) 1156.3 (65.0)
≥ 400 741 (44.1) 453 (26.3) 332 (37.2) 314 (35.2) 588.4 (36.6) 621.5 (35.0)

ALT (U/l) 0.368 < 0.001 0.027 0.550 0.026 0.456
< 45 994 (59.1) 1309 (76.1) 580 (65.0) 592 (66.4) 1009.0 (62.7) 1092.8 (61.5)
≥ 45 687 (40.9) 412 (23.9) 312 (35.0) 300 (33.6) 599.3 (37.3) 685.0 (38.5)

TBIL (μmol/l) 0.159 < 0.001 0.036 0.453 0.008 0.827
< 17.5 1160 (69.0) 1058 (61.5) 598 (67.0) 583 (65.4) 1059.5 (65.9) 1177.6 (66.2)
≥ 17.5 521 (31.0) 663 (38.5) 294 (33.0) 309 (34.6) 548.8 (34.1) 600.2 (33.8)

ALB (g/l) 0.204 < 0.001 0.056 0.280 0.003 0.963
< 35 194 (11.5) 324 (18.8) 120 (13.5) 136 (15.2) 265.3 (16.5) 291.3 (16.4)
≥ 35 1487 (88.5) 1397 (81.2) 772 (86.5) 756 (84.8) 1343.0 (83.5) 1486.5 (83.6)

Hb (g/l) 0.106 0.002 0.000 1.000 0.027 0.491
< 100 92 (5.5) 57 (3.3) 35 (3.9) 35 (3.9) 80.6 (5.0) 99.8 (5.6)
≥ 100 1589 (94.5) 1664 (96.7) 857 (96.1) 857 (96.1) 1527.7 (95.0) 1677.9 (94.4)

PLT (× 109/l) 0.220 < 0.001 0.042 0.277 0.006 0.896
< 100 157 (9.3) 67 (3.9) 60 (6.7) 49 (5.5) 118.8 (7.4) 134.0 (7.5)
≥ 100 1524 (90.7) 1654 (96.1) 832 (93.3) 843 (94.5) 1489.5 (92.6) 1643.8 (92.5)

PT (s) 0.144 < 0.001 0.011 0.827 0.004 0.938
< 13.5 1338 (79.6) 1265 (73.5) 666 (74.7) 670 (75.1) 1172.2 (72.9) 1292.4 (72.7)
≥ 13.5 343 (20.4) 456 (26.5) 226 (25.3) 222 (24.9) 436.1 (27.1) 485.4 (27.3)

Surgical type 0.501 < 0.001 0.057 0.194 0.024 0.507
LH 676 (40.2) 312 (18.1) 274 (30.7) 249 (27.9) 506.6 (31.5) 579.6 (32.6)
OH 1005 (59.8) 1409 (81.9) 618 (69.3) 643 (72.1) 1101.7 (68.5) 1198.2 (67.4)

Type of hepatectomy 0.620 < 0.001 0.010 0.856 0.061 0.079
AR 1475 (87.7) 1068 (62.1) 722 (80.9) 725 (81.3) 1258.2 (78.2) 1345.3 (75.7)
NAR 206 (12.3) 653 (37.9) 170 (19.1) 167 (18.7) 350.1 (21.8) 432.5 (24.3)

Extent of hepatectomyb 0.855 < 0.001 0.000 1.000 0.037 0.299
Major 1234 (73.4) 589 (34.2) 530 (59.4) 530 (59.4) 904.1 (56.2) 966.8 (54.4)
Minor 447 (26.6) 1132 (65.8) 362 (40.6) 362 (40.6) 704.2 (43.8) 811.0 (45.6)

Diameter (cm)c 0.153 < 0.001 0.025 0.600 0.004 0.918
< 5 712 (42.4) 860 (50.0) 392 (43.9) 403 (45.2) 743.6 (46.2) 818.3 (46.0)
≥ 5 969 (57.6) 861 (50.0) 500 (56.1) 489 (54.8) 864.7 (53.8) 959.5 (54.0)

Tumor number 0.269 < 0.001 0.048 0.397 0.002 0.963
Single 1506 (89.6) 1377 (80.0) 759 (85.1) 746 (83.6) 1349.0 (83.9) 1492.4 (83.9)
Multiple 175 (10.4) 344 (20.0) 133 (14.9) 146 (16.4) 259.3 (16.1) 285.4 (16.1)

Differentiation 0.204 < 0.001 0.023 0.643 0.033 0.349

Zeng
etal.InternationalJournalofS

urgery
(2024)

Internatio
nalJo

urnalo
f
S
urg

ery

1668



variable analysis showed that the use of 3D-RVT may reduce
recurrence rates. The RFS was better in the 3D group than in the
2D group. In the PSM cohort, the 3-year and 5-year RFS rates
were higher for the 3D group (59.8 vs. 52.0%, and 46.9 vs.
42.9%, respectively; P=0.043). Similarly, the IPTW cohort
showed higher 3-year and 5-year RFS rates for the 3D group
(60.9 vs. 51.7%, and 49.1 vs. 44.4%, respectively; P<0.001). In
terms of recurrence pattern, intrahepatic recurrence was the most
common.

Prognostic factors associated with RFS

Univariate and multivariate Cox-regression analyses of prog-
nostic factors associated with RFS in the entire cohort, PSM, and
IPTW cohorts are shown in Tables 3–5.

Multivariate analysis revealed that preoperative 3D assessment
(in the entire cohort: HR=0.78, 95% CI: 0.69–0.89, P<0.001;
PSM cohort: HR=0.82, 95% CI: 0.70–0.97, P=0.020; IPTW
cohort: HR=0.71, 95% CI: 0.61–0.84, P<0.001) and anato-
mical resection (in the entire cohort: HR=0.68, 95%
CI: 0.59–0.77, P<0.001; PSM cohort: HR=0.72, 95% CI:
0.59–0.88, P=0.001; IPTW cohort: HR=0.75, 95% CI:
0.64–0.89, P=0.001) were protective factors for RFS.

Conversely, tumor diameter ≥5 cm (in the entire cohort:
HR=1.31, 95% CI: 1.16–1.48, P<0.001; PSM cohort:
HR=1.55, 95% CI: 1.30–1.84, P<0.001; IPTW cohort:
HR=1.49, 95% CI: 1.25–1.78, P<0.001) was associated with
poorer RFS.

In addition, intraoperative blood transfusion was suggested
to be a possible risk factor for RFS in both the entire cohort
and the PSM cohort (in the entire cohort: HR= 1.28, 95% CI:
1.12–1.47, P< 0.001; PSM cohort: HR= 1.22, 95% CI:
1.01–1.47, P= 0.039). In addition, multiple tumors may be
associated with poorer RFS in both the entire cohort and the
IPTW cohort (in the entire cohort: HR= 1.19, 95% CI:
1.02–1.39, P= 0.028; IPTW cohort: HR= 1.33, 95% CI:
1.07–1.65, P= 0.010).

Subgroup analysis based on the tumor characteristics or
surgical type

Perioperative outcomes and recurrence rates were compared
between the 3D and 2D groups within several subgroups stra-
tified by tumor diameter (<3 cm, >10 cm, or other), number of
tumors (single or multiple) and type of surgery (OH or LH). The
OS and RFS were also compared between the two groups within
each subgroup. Notably, propensity models were recalculated
within each subgroup and a stabilized IPTWmethod was used to
balance baseline characteristics between the 3D and 2D groups.
Baseline variables were balanced between the 3D and 2D groups
in all subgroups (P>0.05). The 3D group showed relatively
better perioperative outcomes and lower recurrence rates in all
subgroups, although there were some discrepancies in some
subgroups. The detailed results can be seen in the supplementary
materials (see Word file, Supplemental Digital Content 7, http://
links.lww.com/JS9/B717, which shows the perioperative out-
comes, recurrence rates, and long-term prognostic outcomes for
the 3D and 2D groups within each subgroup).
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Table 2
Comparisons for perioperative outcomes, follow-up, and recurrence patterns between 3D and 2D groups in unweighted sample, propensity score-matched sample, and inverse
probability of treatment-weighted sample.

The entire cohort The PSM cohort The stabilized IPTW cohort

Characteristics 3D group (n= 1681) 2D group (n= 1721) P 3D group (n= 892) 2D group (n= 892) P 3D group (n= 1608.3) 2D group (n= 1777.8) P

Operation time (min)* 180.0 (120.0–300.0) 240.0 (160.0–310.0) < 0.001 165.0 (120.0–240.0) 260.0 (200.0–330.0) < 0.001 180.0 (120.0–300.0) 260.0 (180.0–330.0) < 0.001
Blood loss (ml)* 200.0 (100.0–300.0) 200.0 (100.0–300.0) 0.195 200.0 (100.0–300.0) 200.0 (100.0–300.0) 0.027a 200.0 (100.0–300.0) 200.0 (100.0–300.0) 0.655
Blood transfusion 321 (19.1) 340 (19.8) 0.627 184 (20.6) 188 (21.1) 0.816 309.8 (19.3) 417.2 (23.5) 0.003
Morbidity 307 (18.3) 605 (35.2) < 0.001 184 (20.6) 246 (27.6) 0.001 339.0 (21.1) 582.8 (32.8) < 0.001
Complications – – –

Grade I or II 173 (10.3) 457 (26.6) 106 (57.6) 150 (61.0) 203.0 (12.6) 416.3 (23.4)
Grade III or IV or V 134 (8.0) 148 (8.6) 78 (42.4) 96 (39.0) 136.0 (8.5) 166.5 (9.4)

Liver failure 39 (2.3) 73 (4.2) 0.002 21 (2.4) 46 (5.2) 0.002 33.0 (2.1) 82.6 (4.7) < 0.001
POHS (day)* 8.0 (7.0–10.0) 8.0 (7.0–11.0) 0.240 8.0 (7.0–9.0) 8.0 (7.0–11.0) < 0.001b 8.0 (7.0–9.0) 8.0 (7.0–11.0) < 0.001c

30-day readmission 37 (2.2) 75 (4.4) < 0.001 20 (2.2) 25 (2.8) 0.450 26.8 (1.7) 59.9 (3.4) 0.002
Resection margin ≥ 10 mm 1339 (79.7) 1226 (71.2) < 0.001 703 (78.8) 603 (67.6) < 0.001 1262.1 (78.5) 1228.7 (69.1) < 0.001
Death during follow-up 363 (21.6) 380 (22.1) 0.732 178 (20.0) 184 (20.6) 0.724 315.3 (19.6) 353.2 (19.9) 0.863
Recurrence 494 (29.4) 619 (36.0) < 0.001 276 (30.9) 300 (33.6) 0.224 478.8 (29.8) 616.2 (34.6) 0.003
Recurrence pattern – – –

Intrahepatic 245 (14.6) 278 (16.2) 143 (16.0) 139 (15.6) 251.8 (15.7) 271.2 (15.3)
Extrahepatic 158 (9.4) 203 (11.8) 104 (11.7) 108 (12.1) 162.2 (10.1) 214.9 (12.1)
Both 91 (5.4) 138 (8.0) 29 (3.3) 53 (5.9) 64.8 (4.0) 130.2 (7.3)

Values in parentheses are percentages unless indicated otherwise.
*values are median (i.q.r.).
aThe mean± SD of intraoperative blood loss for 3D group and 2D group were 237.3± 160.4, 298.8± 434.3 ml, respectively.
b The mean± SD of postoperative hospital stay for 3D group and 2D group were 7.9± 1.5, 9.3± 4.6 days, respectively.
cThe mean± SD of postoperative hospital stay for 3D group and 2D group were 8.3± 2.1, 9.5± 4.4 days, respectively.
2D, two-dimensional; 3D, three-dimensional; IPTW, inverse probability of treatment weighting; POHS, postoperative hospital stay; PSM, propensity score matching.
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Discussion

Hepatectomy remains a challenging procedure because of the
complex and variable intrahepatic anatomy[9,29–32]. In the past,
surgeons conducted preoperative evaluation using two-dimensional
images such as CT andMRI[33,34]. They converted these 2D images
into 3D models in their mind, a process that requires great
experience. Expert surgeons are often able to complete the 2D to
3D transformation quickly and accurately in their minds for

reliable surgical planning, but surgeons who have not yet reached
the expert level may be more prone to miscalculation, especially
when facing anatomical variants. The 3D-RVT can provide a 3D
anatomical image, which to some extent reduces the need for 2D to
3D transformation in the surgeon’s mind and helps the surgeon
plan the operation accurately[35–38]. The 3D-RVT technique plays
four main roles in hepatectomy: 1) It provides a detailed 3D,
rotating model of the liver anatomy, showing the mutual spatial
location of the tumor, liver and intrahepatic structures; 2) It allows

Figure 3. Survival analysis of patients undergoing hepatectomy in the 3D group versus 2D group in the three cohorts. (A) Comparison of OS between the two
groups in the entire cohort (P=0.19); (B) Comparison of RFS between the two groups in the entire cohort (P<0.001); (C) Comparison of OS between the two
groups in the PSM cohort (P=0.31); (D) Comparison of RFS between the two groups in the PSM cohort (P=0.043); (E) Comparison of OS between the two groups
in the IPTW cohort (P= 0.156); and (F) Comparison of RFS between the two groups in the IPTW cohort (P<0.001). 3D, three-dimensional; 2D, two-dimensional;
OS, overall survival; RFS, recurrence-free survival.
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the systematic summarization and classification of variant types of
the portal vein, hepatic artery, hepatic veins, and intrahepatic bile
ducts, improving the surgeon’s understanding of the complexity
and variability of the liver[39–41]; 3) It enables detailed portal vein
territory analysis and individualized liver segmentation to divide the
liver into subsegment units and guide AR[12,42,43]; 4) It enables
virtual hepatectomy planning, whereby the software can calculate
the residual liver volume and assess intact blood flow to the rem-
nant liver[11,17,44,45]. It is worth noting that unlike most centers that
only rely on imaging specialists for reconstruction[10], our centers
use a surgeon-led, human-computer interaction protocol for
reconstruction and surgical planning[46]. This process leads to a
deeper understanding of individual anatomical information, espe-
cially in the case of anatomical variants and complex surgical
planning. As the surgeon must continuously conceptualize the
simulated surgical scenario in their mind during this calibration

process, it will also continuously improve the surgeon’s pre-
operative assessment and surgical planning skills, potentially easing
the hepatectomy learning curve. We hoped that this distinctive
protocol for 3D-RVT application would lead to better short-term
and long-term results in the 3D group in this study. The results of a
multicenter retrospective study can be affected by a number of
confounding factors, so we chose the propensity score method for
baseline balancing. Since PSMwill lead to the loss of some cases, we
also chose the stabilized IPTW method, which creates a pseudo-
population but potentially reduces the false-positive rate compared
to the general IPTW. Simultaneous use of these two PS methods
thus increases the confidence of the results of this study. To our
knowledge, this is the first multicenter study to investigate the
impact of 3D-RVT on liver resection in patients with HCC.

In this study, both the PSM and IPTW cohorts suggested that the
operation timewas significantly shorter in the 3D group, whichmay

Table 3
Univariate and multivariate analysis of recurrence-free survival for HCC patients in the entire cohort.

Univariate analysis Multivariate analysis

Characteristics HR 95% CI P HR 95% CI P

Group (3D vs. 2D) 0.72 (0.64–0.81) < 0.001 0.78 (0.69–0.89) < 0.001
Age (≥ 60 vs. <60 years) 0.90 (0.79–1.02) 0.085
Sex (Female vs. Male) 0.88 (0.75–1.02) 0.093
Hepatitis (Presence vs. Absence) 1.04 (0.91–1.18) 0.580
Cirrhosis (Yes vs. No) 1.02 (0.91–1.15) 0.691
AFP (≥ 400 vs. <400 ng/ml) 0.93 (0.82–1.05) 0.251
Surgical approach (OH vs. LH) 0.94 (0.82–1.07) 0.369
Resection approach (AR vs. NAR) 0.65 (0.57–0.74) < 0.001 0.68 (0.59–0.77) < 0.001
Blood transfusion (Yes vs. No) 1.33 (1.16–1.52) < 0.001 1.28 (1.12–1.47) < 0.001
Resection margin (≥ 10 vs. <10 mm) 1.02 (0.89–1.17) 0.776
Differentiation (Poor vs. Well-Moderated) 1.07 (0.94–1.22) 0.282
MVI (Positive vs. Negative) 1.11 (0.99–1.25) 0.082
Tumor diameter (≥ 5 vs. <5 cm)a 1.29 (1.15–1.46) < 0.001 1.31 (1.16–1.48) < 0.001
Tumor number (Multiple vs. Single) 1.26 (1.09–1.47) 0.003 1.19 (1.02–1.39) 0.028
aTumor diameter refers to the maximum tumor diameter that can be obtained at the time of preoperative evaluation.
2D, two-dimensional; 3D, three-dimensional; AFP, α-fetoprotein; AR, anatomical resection; HR, hazard ratio; LH, laparoscopic hepatectomy; MVI, microvascular invasion; NAR, nonanatomical resection; OH, open
hepatectomy.

Table 4
Univariate and multivariate analysis of recurrence-free survival for HCC patients in the PSM cohort.

Univariate analysis Multivariate analysis

Characteristics HR 95% CI P HR 95% CI P

Group (3D vs.2D) 0.84 (0.72–0.99) 0.043 0.82 (0.70–0.97) 0.020
Age (≥ 60 vs. <60 years) 0.87 (0.73–1.03) 0.109
Sex (Female vs. Male) 0.93 (0.76–1.15) 0.511
Hepatitis (Presence vs. Absence) 1.14 (0.94–1.37) 0.185
Cirrhosis (Yes vs. No) 1.04 (0.88–1.23) 0.623
AFP (≥ 400 vs. <400 ng/mL) 1.06 (0.89–1.25) 0.533
Surgical approach (OH vs. LH) 0.91 (0.76–1.09) 0.309
Resection approach (AR vs. NAR) 0.76 (0.62–0.92) 0.006 0.72 (0.59–0.88) 0.001
Blood transfusion (Yes vs. No) 1.27 (1.06–1.53) 0.011 1.22 (1.01–1.47) 0.039
Resection margin (≥ 10 vs. <10 mm) 1.04 (0.86–1.26) 0.681
Differentiation (Poor vs. Well-Moderated) 1.18 (0.99–1.40) 0.066
MVI (Positive vs. Negative) 1.09 (0.92–1.29) 0.330
Tumor diameter (≥ 5 vs. <5 cm)a 1.54 (1.30–1.83) < 0.001 1.55 (1.30–1.84) < 0.001
Tumor number (Multiple vs. Single) 1.11 (0.90–1.38) 0.327

aTumor diameter refers to the maximum tumor diameter that can be obtained at the time of preoperative evaluation.
2D, two-dimensional; 3D, three-dimensional; AFP, α-fetoprotein; AR, anatomical resection; HR, hazard ratio; LH, laparoscopic hepatectomy; MVI, microvascular invasion; NAR, nonanatomical resection; OH, open
hepatectomy; PSM, propensity score matching.
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be attributed to the following reasons. First, the length of surgery is
related to the complexity of the surgery itself and the surgeon’s
operating skills and experience. During surgery, the surgeons
sometimes need to think about the image to obtain more informa-
tion as a surgical guide, they need to reconstruct the stereoscopic
image in their mind, whichmay take extra time, especially for young
surgeons. Furthermore, there is subjective bias in the understanding
of the same 2D image by different physicians, even those with the
same title and experience. The reconstructed image in the surgeon’s
mind can vary due to differences in understanding, which can affect
the intraoperative management of important vessels and even lead
to prolonged operation time due to the occurrence of unintended
bleeding. The 3D-RVT enables surgeons with varying levels of
expertise to discuss a unified model, even during surgery, resulting
in fewer unforeseen complications and therefore shorter
operation times.

The reduction of morbidity and the incidence of PHLF in the
3D group can be attributed to several factors. 1) Accidental
intraoperative vascular and biliary injuries are a major cause of
increased postoperative morbidity. Here, the 3D-RVT allows for
more detailed and accurate preoperative planning, enabling the
surgeon to avoid vital vessels, bile ducts or vessels at risk of
bleeding when selecting the surgical access. It also offers a more
intuitive understanding of the patient’s intrahepatic ductal
alignment, all of which has the potential to reduce the incidence of
bleeding or bile leakage, particularly in patients with ductal
variants. 2) The topology of the liver is altered during hepa-
tectomy, resulting in changes of the spatial relationships among
some anatomical structures, which can make identification of the
ducts more difficult. Some cautious surgeons may determine the
relationship between blood vessels and bile ducts by reviewing
CT/MRI images during surgery, but this approach is time-con-
suming and subjective. By contrast, 3D-RVT provides anatomical
information from any angle during the procedure, effectively
avoiding hemorrhage due to injury tomajor hepatic vessels or bile
leakage due to injury to major bile ducts. 3) As PHLF is often
caused by insufficient remnant liver volume, the liver volume
calculation and virtual hepatectomy provided by 3D-RVT

software allows for a safer procedure[17,18]. What is more, 3D-
RVT allows the preoperative determination of the integrity of the
remnant liver inflow and outflow tracts during surgical planning,
which in turn reduces PHLF caused by remnant liver congestion
(RLC) or remnant liver ischemia (RLI)[45,47]. The reduction of
bleeding and bile leaks shortens the operation time, reduces
morbidity, speeds up the recovery, and may shorten post-
operative hospital stay, as suggested in both the PSM and IPTW
cohorts.

Long-term outcomes are crucial for patients with HCC and
play a key role in the selection of surgical approaches[1,2]. There
was no significant difference in OS between the two groups in this
study. Since subsequent therapy such as radiotherapy, trans-
catheter arterial chemoembolization, hepatic arterial infusion
chemotherapy, multikinase inhibitors and immune checkpoint
inhibitors can also be used to prolong the OS of patients with
tumor recurrence after hepatectomy, this study, like many others,
recorded a high 5-year survival rate of 40–60% after
surgery[31,48]. However, the 3D group showed better RFS than
the 2D group in all cohorts, which may be related to several
factors as follows: 1) Previous studies have shown that AR for
HCC results in better oncological outcomes and improved RFS
compared to NAR[49]. In this study, the differences in liver
resection modalities between the two groups were balanced using
the PS method in the baseline data, and the proportion of ARwas
comparable in the PSM and IPTW cohorts. The 2D group divided
the liver segments according to the Couinaud method, not the
portal territory, which cannot completely remove the liver par-
enchyma of the portal vein territory, and there is a possibility of
leaving minute cancerous foci in the territory. However, 3D-RVT
has the potential to enable total excision of the liver parenchyma
by relying on analysis of the portal vein, which can eliminate
minute cancerous foci and reduce the likelihood of recurrence. 2)
It has been suggested that laparoscopic manipulation can limit
tumor dissemination by reducing tumor turnover. Some studies
suggested that LH reduces immunosuppression, thus potentially
reducing the rate of tumor recurrence and offering a better
prognosis in some studies[50,51]. However, the limited field of

Table 5
Univariate and multivariate analysis of recurrence-free survival for HCC patients in the stabilized IPTW cohort.

Univariate analysis Multivariate analysis

Characteristics HR 95% CI P HR 95% CI P

Group (3D vs.2D) 0.72 (0.61–0.85) < 0.001 0.71 (0.61–0.84) < 0.001
Age (≥ 60 vs. <60 y) 0.85 (0.71–1.02) 0.078
Sex (Female vs. Male) 0.85 (0.68–1.06) 0.149
Hepatitis (Presence vs. Absence) 1.04 (0.86–1.25) 0.713
Cirrhosis (Yes vs. No) 1.08 (0.91–1.27) 0.388
AFP (≥ 400 vs. <400 ng/mL) 1.06 (0.88–1.27) 0.562
Surgical approach (OH vs. LH) 0.88 (0.71–1.08) 0.204
Resection approach (AR vs. NAR) 0.81 (0.68–0.96) 0.018 0.75 (0.64–0.89) 0.001
Blood transfusion (Yes vs. No) 1.24 (1.01–1.54) 0.045 1.19 (0.97–1.46) 0.091
Resection margin (≥ 10 vs. <10 mm) 1.01 (0.82–1.26) 0.896
Differentiation (Poor vs. Well-Moderated) 0.95 (0.78–1.14) 0.563
MVI (Positive vs. Negative) 1.04 (0.87–1.24) 0.674
Tumor diameter (≥ 5 vs. <5 cm)a 1.47 (1.24–1.74) < 0.001 1.49 (1.25–1.78) < 0.001
Tumor number (Multiple vs. Single) 1.33 (1.07–1.66) 0.011 1.33 (1.07–1.65) 0.010
aTumor diameter refers to the maximum tumor diameter that can be obtained at the time of preoperative evaluation.
2D, two-dimensional; 3D, three-dimensional; AFP, α-fetoprotein; AR, anatomical resection; HR, hazard ratio; IPTW, inverse probability of treatment weighting; LH, laparoscopic hepatectomy; MVI, microvascular
invasion; NAR, nonanatomical resection; OH, open hepatectomy.
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view of laparoscopy can lead to disorientation, resulting in
incomplete resection of the tumor or inadvertent vascular injury
and ultimately tumor spread. With the full use of 3D-RVT, the
understanding of the complexity and variability of intrahepatic
anatomy is also improving, enhancing the surgeon’s ability to
maintain correct direction of transection and complete the
resection of the tumor during the procedure. 3) Some studies have
shown that wide-margin hepatectomy (≥10 mm) is superior to
narrow-margin hepatectomy (< 10 mm), especially in patients
with preoperatively predictable MVI[52,53]. In the present study,
more wide margins (≥ 10 mm) were achieved in the 3D group,
which may have played a role in the better RFS. To our knowl-
edge, there are few reports on the impact of 3D-RVT on
long-term outcomes. Li et al.[17] demonstrated that patients
undergoing preoperative 3D evaluation before extensive hepa-
tectomy achieved higher 3-year OS and RFS. Mise et al.[11]

reported better RFS in the virtual hepatectomy group, but only in
HCC patients with impaired liver function and limited disease,
while there was no difference in the overall comparison.
However, these reports were limited by small sample sizes and
potential heterogeneity, which precluded them from reaching a
more precise conclusion.

The results of multivariate analysis in our study showed that
tumors with a diameter ≥5 cm and multiple tumors were sig-
nificant independent risk factors reducing RFS, which was con-
sistent with the results of previous studies[54–56]. Notably,
intraoperative blood transfusion was also a risk factor associated
with recurrence. It has been demonstrated that red blood cell
transfusion promotes cancer recurrence, which may be related to
the potential triggering of antitumor immune mechanisms
underlying allogeneic perioperative transfusions[57]. In addition,
the lymphocyte component of blood products used for transfu-
sion may also reduce patient immunity, leading to HCC
recurrence[58]. This provides a new perspective on HCC recur-
rence and may reveal why 3D-RVT may contribute to better RFS
in HCC patients. The results of the multivariate analyses did not
suggest AFP and MVI as risk factors. This may be due to the fact
that the patients included in this study were only from the eastern
population and the sample size was reduced during the case
screening process, which led to different results of multivariate
analyses in different studies[59,60]. In addition, the different
variables included in the model may have contributed to this
result[61,62].

The present study has some limitations. First, different follow-
up times in the two groups of patients and retrospective study
design were major limitations in the current study. The study may
have suffered from selection bias and potential confounding
because patients were not randomly assigned. The feasibility of
surgery also depends on the surgeon’s technical skills and con-
fidence in surgery, which also leads to differences in the selection
of patients for surgery in different centers to a certain extent.
Secondly, this study lacked a standardized postoperative treat-
ment protocol, and there were subtle differences in postoperative
treatment protocols at each institution. Nevertheless, since each
institution participating in this study has good guideline com-
pliance, we believe that this difference has a negligible impact on
the results. Third, we did not focus on OS in the risk factor
analyses. Since the wide choice of treatments available after
recurrence, hence the findings from OS may not reflect the cor-
relation between 3D-RVT and long-term outcomes in HCC
patients. Finally, although 3D-RVT may lead to better RFS, due

to the complex recurrencemechanism ofHCC, the relationship of
3D-RVT with different recurrence patterns was not further ana-
lyzed in this study.

In conclusion, we conducted a broad clinical study based on
data from five centers in China, which demonstrated that pre-
operative 3D-RVT for HCC hepatectomy helps achieve precise
tumor resection, reduce intraoperative hepatic vascular injury,
shorten the operation time, decrease the incidence of post-
operative complications, and accelerate postoperative patient
recovery, while potentially also improving RFS.
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