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Abstract

Background Hepatectomy stands as a curative management for liver cancer. The critical factor for minimizing
recurrence rate and enhancing overall survival of liver malignancy is to attain a negative margin hepatic resection.
Recently, Indocyanine green (ICG) fluorescence imaging has been proven implemental in aiding laparoscopic liver
resection, enabling real-time tumor identification and precise liver segmentation. The purpose of this study is to
conduct a systematic review and meta-analysis to ascertain whether ICG-guided laparoscopic hepatectomy yields a
higher incidence of complete tumor eradication (RO) resections.

Methods The search encompassed databases such as PubMed, Cochrane Library database, Scopus, ScienceDirect,
and Ovid in April 2024, in strict adherence to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. Studies involving patients with malignant liver lesions who underwent ICG-guided laparoscopic
hepatectomy and reported RO resection outcomes were eligible for inclusion in this review.

Results In a total of seven studies, involving 598 patients, were included in the meta-analysis. The ICG demonstrated
a significantly elevated RO resection rate compared to the non-ICG group [98.6% (359/364) vs. 93.1% (339/364), odds
ratio (OR) =3.76, 95% confidence intervals (Cl) 1.45-9.51, P=0.005]. Notably, no heterogeneity was observed (= 0%,
P=0.5). However, the subtype analysis focusing on hepatocellular carcinoma [98.2% (165/168) vs. 93.6% (161/172),
OR=3.34,95% C1 0.94-11.91, P=0.06) and the evaluation of margin distance (4.96+2.41 vs. 2.79+1.92 millimeters,
weighted mean difference=1.26, 95% Cl -1.8-4.32, P=0.42) revealed no apparent differences. Additionally, the
incidence of overall postoperative complications was comparable between both groups, 27.6% (66/239) in the ICG
group and 25.4% (75/295) in the non-ICG group (OR=0.96, 95% Cl 0.53-1.76, P=0.9). No disparities were identified
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surgery.

in operative time, intraoperative blood loss, postoperative blood transfusion, and length of hospital stay after the

Conclusions The implementation of ICG-guided laparoscopic hepatectomy can be undertaken with confidence,
as it does not compromise either intraoperative or postoperative events. Furthermore, the ICG-guided approach is
beneficial to achieving a complete eradication of the tumor during hepatic resection.

Trial registration PROSPERO registration number CRD42023446440.
Keywords Fluorescence imaging, Hepatectomy, ICG, Indocyanine green, Laparoscopy, Liver neoplasms

Background

A malignant tumor of the liver encompasses both pri-
mary and metastatic tumors. Liver resection stands as a
curative approach for this group of patients [1, 2]. Intro-
duced in 1991, laparoscopic liver resection (LLR) primar-
ily involved wedge liver resection or minor hepatectomies
[3]. Subsequently, the prevalence of laparoscopic hepa-
tectomies rapidly increased after the first International
Consensus Conference on Laparoscopic Liver Resection
(ICCLLR) in 2008 [4]. Nowadays, advancements in sur-
gical techniques and instruments have led LLR into all
procedures of hepatectomy including wedge resection,
segmentectomy, sectionectomy, and hemihepatectomy
[5]. Notably, LLR has been demonstrated to be safe even
for hepatopancreatobiliary surgeons with limited experi-
ence [6].

While laparoscopic hepatectomy is recognized for its
substantial reduction in complications and hospital-
ization duration, its impact on oncological outcomes
remains a subject of debate. The key to diminishing
recurrence rates and elevating survival rates lies in
achieving complete tumor eradication, or what is referred
to as RO resection [7-10]. The challenge in LLR arises
from the inability to manually assess the tumor and being
unable to place the ultrasound probe during the transec-
tion. So, we cannot see the tumor in real-time during the
procedure and might leave it behind. Additionally, intra-
operative ultrasound (IOUS) may fail to detect minute
superficial tumors [1]. Therefore, novel techniques have
been determined to achieve the negative margin.

Indocyanine green (ICG) binds to plasma protein, gen-
erating a fluorescent signal. The near-infrared wavelength
will create green imaging and subsequently excreted
through the biliary tract and liver [11]. ICG has found
applications in various procedures, including assess-
ing liver function with the Indocyanine green retention
ratio at 15 min (ICGR15) [12], bile duct imaging [13],
sentinel lymph node detection in breast cancer [14], aid-
ing in cerebral aneurysm surgery [15], conducting retinal
angiography [16], and assessing blood supply perfusion
in cardiovascular disease and colorectal surgery [17, 18].
In 2008, Aoki first introduced complications-free fluo-
rescence-guided hepatic resection [19]. The use of ICG
guidance in laparoscopic hepatectomy can assist with

tumor detection and facilitate real-time liver segmenta-
tion during surgery. Our study is designed to determine
whether the ICG-guided laparoscopic hepatectomy yields
a superior rate of complete tumor resection in cases of
hepatic cancer.

Materials and methods

Data sources and searches

Search strategy

The literature searches were developed in PubMed,
Cochrane Library database, Scopus, ScienceDirect,
and Ovid from inception to April 2024. The search
included the terms “indocyanine green’, “ICG’, indocya-
nine green fluorescence’, “fluorescence’, “laparoscopy’,
“hepatectomy’; “liver cancer”, and “liver neoplasms”. The
search was limited to excluding conference papers and
articles only involving animals. No authors or subject
experts were contacted, and we did not browse unin-
dexed journals in the field. The methods in this review
are described based on the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
Checklist [20], the Prisma-S extension to the PRISMA
Statement for Reporting Literature Searches in System-
atic Reviews [21], and meta-analysis of observational
studies (MOOSE) checklist [22]. The study protocol was
registered in PROSPERO with the registration number
CRD42023446440.

Study selection

Studies published in English with adequate information,
in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) state-
ment [23], were included in the review. Two authors (VT
and KW) independently screened the titles and abstracts
of the retrieved electronic citations. Then, they retrieved
and reviewed the full texts of the seemingly relevant
articles. Any disagreements between VT and KW were
resolved through discussion and arbitration by a third
author (MK). The reference lists of retrieved articles
were searched for potentially missing relevant studies.
We included retrospective and prospective cohort stud-
ies as well as clinical trials that evaluated no residual
tumor (RO) in patients with malignant liver lesions who
underwent laparoscopic hepatectomy. Studies that did
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not report RO rate or studies published as conference
abstracts, case reports, case series, narrative reviews, edi-
torials, letters, and short communications were excluded.

Data extraction and quality assessment

The primary outcome of the study is the RO resection
rate, defined as no residual microscopic and macro-
scopic tumor. Study characteristics were extracted as
follows: name of the first author, year of publication,
country, study center, sample size, and study design.
Patient-related characteristics extracted were mean age,
tumor type, intraoperative outcome, and postoperative
complications. Minor postoperative complications are
defined as Clavien-Dindo classification I-II and major
postoperative complications are defined as Clavien-
Dindo classification>IITA. Additional file Table S1 pro-
vides The Newcastle-Ottawa Quality Assessment Scale
(NOS), which was used to evaluate the quality and the
risk of bias in the observational studies included in our
meta-analysis.

Data synthesis and analysis

Results were synthesized quantitatively by perform-
ing random-effects meta-analyses to compute weighted
mean difference (WMD) for continuous variables and
pooled odds ratios (ORs) for binary variables. All pooled
estimations are displayed with 95% confidence intervals
(CI). The mean and standard deviation were calculated
based on the method described by Wan et al,, if not pro-
vided in the study [24]. Heterogeneity in study effect
sizes was examined using the I? index and the Q-test P
value. An I index>75% indicates medium to high het-
erogeneity. Categorical variables are presented as num-
bers (%) and continuous variables as meanzstandard
deviation (SD). Statistical significance was defined as a
P-value<0.05. Publication bias was formally assessed
using the Egger test. The analyses were performed using
Review Manager (RevMan) version 5.4.1 (the Cochrane
Collaboration, 2020).

Results

Study selection, characteristics, and quality of included
studies

A total of 425 abstracts were generated through the
initial search, with 190 studies being eliminated due
to duplication. Following a thorough review of the
abstracts, 228 were subsequently excluded based on the
criteria explained in Fig. 1. Conclusively, seven retrospec-
tive cohort articles encompassing 598 patients with 327
patients in the non-ICG group, and 271 patients in the
ICG group were analyzed [25-31]. The number of tumors
was 728 in total, comprising 364 tumors in the non-ICG
group, and 364 tumors in the ICG group. The character-
istics of the included studies are shown in Table 1. These
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studies spanned publication dates from 2018 to 2023. In
terms of quality assessment, the NOS score exhibited a
range from 7 to 9, indicative of good quality.

Primary outcome

RO resection

In total, seven studies [25—-31] reported the RO resec-
tion rate: 98.6% (359/364) in the ICG group and 93.1%
(339/364) in the non-ICG group. Heterogeneity was
not observed (?=0%, P=0.56). The ICG group had a
significantly higher RO resection rate (OR=3.76, 95%
CI 1.45-9.51, P=0.005) (Fig. 2). Subgroup analysis was
conducted for hepatocellular carcinoma (HCC) and
liver metastases. Among the HCC group, four stud-
ies [27-30] indicated an RO resection rate of 98.2%
(165/168) in the ICG group and 93.6% (161/172) in
the non-ICG group, with no observed heterogene-
ity (’=0%, P=0.59). The ICG group showed a nonsig-
nificant increase in the RO resection rate (odds ratio
[OR]=3.34, 95% confidence interval [CI] 0.94-11.91,
P=0.06) (Fig. 3). In the liver metastases group, two
studies [26, 28] reported an RO resection rate of 98.2%
(111/113) in the ICG group and 86.5% (45/52) in the
non-ICG group, with moderate heterogeneity observed
(P=64%, P=0.09). The ICG group showed a nonsignifi-
cant increase in the RO resection rate (OR=5.26, 95% CI
0.25-110.87, P=0.29) (Fig. 4).

Secondary outcome

Margin distance

A total of four studies [25, 27, 28, 30] reported mar-
gin distance, with mean values of 4.96+2.41 millime-
ters (mm) in the ICG group and 2.79+1.92 mm in the
non-ICG group. A significantly large heterogeneity was
observed (I*=97%, P<0.001). Overall, no significant dif-
ferences were found in margin distance between the two
groups (WMD=1.26, 95% CI -1.8-4.32, P=0.42) (Fig. 5).
Subgroup analysis for margin distance in HCC, based
on three studies [27, 28, 30], showed mean values of
5.11%£2.32 mm in the ICG group and 2.67£1.99 mm in
the non-ICG group, with significantly large heterogene-
ity observed (I?=98%, P<0.001). Similarly, no significant
differences were found in margin distance between the
two groups (WMD=1.39, 95% CI -2.42-5.21, P=0.47)
(Fig. 6).

Operative time

In total, seven studies [25-31] reported the operative
time. The mean operative time was 274.5+111 min in the
ICG group and 267.31£109.1 min in the non-ICG group.
A significantly large heterogeneity was observed (I?=90%,
P<0.001). The result of the operative time showed no
overall differences in either group (WMD=5.91, 95% CI
-26.55-38.37, P=0.72) (Fig. 7).
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Fig. 1 PRISMA flow diagram of the literature selection [20]
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Table 1 Summary of the included studies

References Year Country Sample size Age Disease type ICG application NOS
Total Non-ICG  ICG Non-ICG ICG

AokiT. et al. [25] 2018 Japan 97 72 25 69 (35-86) 63 (34-84) HCC/CRLM Tumor location 9

Wang G.etal.[26] 2022 China 25 11 14 56(45-70) 545(46-60)  NETs liver metastases Tumor location 8

ZhouY.etal.[27] 2019 China 42 21 21 NA NA HCC Tumor location 9

[toh S. et al. [28] 2022 Japan 64 32 32 69 (44-87) 67 (44-83) HCC/ICCA/ Tumor location 9

Metastases/other

JianxiW. etal. [29] 2022 China 162 81 81 NA NA HCC Tumor location, posi- 9
tive/negative staining

Liu F. et al. [30] 2023 China 100 50 50 59.16+10.82 56.82+1041 HCC Tumor location, posi- 9
tive/negative staining

ChenH.etal.[31] 2022 China 108 60 48  563+12.1 573+9.7 Primary liver cancer ~ Tumor location, posi- 7

tive/negative staining

CRLM- colorectal liver metastases, HCC- hepatocellular carcinoma, ICCA- intrahepatic cholangiocarcinoma, ICG- indocyanine green, NA- not applicable, NETs-
neuroendocrine tumors, NOS- Newcastle- Ottawa scale

ICG non-ICG Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
AokiT.etal.2018 30 30 73 77 99% 3.73[0.20,71.50] 2018
ZhouY. etal.2019 21 21 21 al Mot estimable 2019
Jianxi W, et al. 2022 g0 21 a0 81 11.1% 1.00[0.06,16.27] 2022 — 1
Chen H. etal.2022 48 48 57 B0 9.7% 5.90([0.30,117.14] 2022 -
Wang G. etal. 2022 102 102 38 43 101% 29.29([1.58,542.27] 2022 .
Itoh 8. etal. 2022 30 32 29 32 249% 1.55(0.24,9.97] 2022 R B E—
LiuF.etal.2023 48 50 41 50 34.2% 5.27 [1.08, 25.78] 2023 -
Total (95% CI) 364 364 100.0% 3.76 [1.48, 9.51] L
Total events 359 339
Heterogeneity: Tau®= 0.00; Chi*= 3.90, df=5 (P=0.56);, F= 0% 0002 01 10 500

Testfor overall effect: Z=2.79 (P = 0.005) Favours [non-ICG]  Favours [ICG]

Fig. 2 Forest plot displaying RO resection of the tumors

ICG non-ICG Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
ZhouY. etal.2019 21 21 21 21 Mot estimahle 2019
[toh 5. et al.2022 16 16 19 20 151% 254 [0.10, 66.59] 2022
Jianxi W, et al. 2022 80 81 80 81 20.8% 1.00[0.06,16.27] 2022
LiuF. etal.2023 48 50 41 50 B41%  527[1.08 2578 2023 ——
Total (95% CI) 168 172 100.0%  3.34[0.94,11.91] eeng———
Total events 165 161
Heterogeneity: Tau®= 0.00; Chi*=1.06, df= 2 (P=0.59); F=0% 01 01 10 100

Test for overall effect: £=1.86 (P = 0.06) Favours [non-ICGI] Favours [ICG]

Fig. 3 Forest plot displaying RO resection of HCC subtype

ICG non-ICG Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl IV, Random, 95% CI
ltoh 5. etal 2022 2] 11 7 9 549% 1.29[0.14,11.54]
Wang G. etal.2022 102 102 38 43 451% 29.29[1.58, 542.27] L *
Total (95% CI) 113 52 100.0% 5.26 [0.25,110.87]
Total events 111 45

s 2 . i®= - - CR= : : T : :
Heterogeneity: Tau®= 3.15; Chi*=2.81, df=1 (P =0.09); F=64% 0.01 01 ] 10 100

Testfor overall effect: Z=1.07 (P =0.29) Favours [non-ICG] Favours [ICG]

Fig. 4 Forest plot displaying RO resection of liver metastases subtype
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ICG non-ICG Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
AokiT.etal2018 3.99 284 13 314 17 32 244% 0.85[-0.80, 2.50] -
Itoh 5. etal.2022 339 283 16 314 268 20 24.0% 0.25[-1.57,2.07] I
LiuF.etal.2023 6.33 1.73 50 1.87 1.26 50 26.0% 4 46 [3.87, 5.05] -
ZhouY. etal.2019 3481 1.07 21 414 173 21 257%  -063[1.50 0.24] =
Total (95% CI) 100 123 100.0% 1.26 [-1.80, 4.32]

Heterogeneity: Tau®= 9.30; Chi*=101.36, df= 3 (P < 0.00001); F=97%
Testfor overall effect Z=0.81 (P=0.42)

Fig. 5 Forest plot displaying margin distance

5 0 5 10
Favours [non-ICGI] Favours [ICGI]

f
-10

ICG non-ICG Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
ltoh 5. etal.2022 3.39 283 16 314 268 200 32.0% 0.25[-1.57,2.07]
LiuF.etal.2023 6.33 1.73 50 1.87 1.26 50 34.2% 4 46 [3.87,5.05] -
ZhouY. etal.2019 3452 1.07 21 414 1.73 21 339%  -062[1.49 0.25]
Total (95% CI) 87 91 100.0% 1.39[-2.42,5.21]
Heterogeneity: Tau®=10.98; Chi®= 96.72, df= 2 (P < 0.00001); F=98% f t T f |

. -10 -8 0 g 10
Testfor overall effect Z=0.72 (P=0.47) Favours [non-ICG] Favours [ICG]
Fig. 6 Forest plot displaying margin distance of HCC subtype
ICG non-ICG Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
AokiT. etal.2018 20225 537 25 2325 8613 72 152% -30.25[-59.21,-1.29] 2018 —=
ZhouY.etal2019 210 4763 21 2325 6351 21 146% -22.50[-56.45,11.45] 2019 T
Wang G. etal 2022 5177 6436 14 4105 10482 11 95% 107.20(36.68,177.72] 2022
ltoh S. et al.2022 1945 5129 64 185 6338 32 157% 9.50[-15.80,34.80] 2022 -
JianxiWw. etal 2022 27025 20863 81 22813 2424 81 17.2% 421235189, 48.05] 2022 -
Chen H. etal. 2022 232 61 48 279 133 B0 140% -47.00[-84.82,-9.18] 2022 e
LiuF.etal.2023 4128 1186.21 50 40233 84489 50 13.7% 10.47[-29.35 50.29] 2023 B
Total (95% Cl) 303 327 100.0% 5.91 [-26.55, 38.37] ?
Heterogeneity: Tau®= 1582.19; Chi*= 61.12, df= 6 (P =< 0.000013; IF= 90% _500 -1:00 5 160 zolb
Test for overall effect: Z=0.36 (P=0.72) Favours [non-ICG] Favours [ICG]
Fig. 7 Forest plot displaying operative time

ICG non-ICG Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
AokiT. etal.2018 157.75 113.28 25 1775 10923 72 158% -19.75 [-70.82, 31.32] T
Chen H. etal.2022 307 214 48 452 401 B0 13.8% -145.00[-263.15,-26.85]
Itoh 8. et al.2022 209325 25523 32 317.75 26588 32 135% -2450[-152.20,103.20 ——
Jianxi W. et al.2022 225 61.9 81 176 8253 81 16.3% 50.00 [27.53, 72.47) s
Liu F. etal.2023 700 200 50 1,083.33 24014 50 14.8% -383.33[-469.95,-286.71] ———
Wang G. etal.2022 4625 2B3.53 14 425 218 11 111% 37.50 F151.72,226.72] e
ZhouY. etal.2019 1525 12966 21 2025 18258 21 146% -50.00 [-145.78, 45.78] T
Total (95% CI) 271 327 100.0% -78.59 [-188.94, 31.76] e
Heterogeneity: Tau®= 19315.77; Chi*=101.14, df= 6 (P < 0.00001); F= 94% _5500 ~2i50 3 2%0 5050

Test for overall effect Z=1.40{P=0.16)

Fig. 8 Forest plot displaying intraoperative blood loss

Intraoperative blood loss

Regarding intraoperative blood loss, data from seven
studies [25-31] showed a mean of 319.8+244.3 milli-
liters (ml) in the ICG group and 389.4+388.6 ml in the
non-ICG group. Considerable large heterogeneity was
observed (’=94%, P<0.001). The analysis indicated
no significant overall differences in blood loss between
the two groups (WMD = -78.59, 95% CI -188.94-31.76,
P=0.16) (Fig. 8).

Favours [non-ICG] Favours [ICG]

Postoperative blood transfusion

Postoperative blood transfusion rates were reported in
five studies [26—30]: 11.6% (23/198) in the ICG group and
15.9% (31/195) in the non-ICG group. No significant het-
erogeneity was observed (?=0%, P=0.78). The analysis
showed no substantial overall differences in transfusion
rates between both groups (OR=0.64, 95% CI 0.34-1.19,
P=0.16) (Fig. 9).
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ICG non-ICG Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
ZhouY. etal.2019 0 21 0 21 Mot estimable 2019
Wang G. et al.2022 B 14 4 11 15.0% 1.31 [0.28, 6.64] 2022 ]
Itoh 5. etal. 2022 1 32 1 32 5.0% 1.00 [0.08,16.71] 2022
Jiamd W. et al.2022 5 a1 9 81 30.3% 053([0.17,1.685] 2022 —
LiuF. etal. 2023 11 50 17 50 498% 0.55(0.23,1.33] 2023 ——
Total (95% CI) 198 195 100.0% 0.64 [0.34,1.19] -
Total events 23 N
Heterogeneity: Tau®= 0.00; Chi*=1.08, df=3 (P = 0.78); F=0% =D 0 031 150 1UO=
Testfor overall effect. Z=1.42(F=0.16) ' Favoufs [non-ICG] Favours [ICG]
Fig. 9 Forest plot displaying postoperative blood transfusion
ICG non-ICG Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
AokiT. etal.2018 102 25 25 1326 378 72 171% -3.05[4.36,-1.74] 2018 =
Jiamd W, et al.2022 75 08 14 7 041 11 18.3% 0.50([0.02,0.98] 2022 i
ChenH. et al.2022 768 27 32 8.9 3.5 32 166% -1.30[-2.83 023] 2022 B
Wang G. etal.2022 134 34 81 8 25 81 17.7% 5.40([4.48,6.32] 2022 i
Itoh S. et al.2022 105 3.9 50 17.25 1137 50 12.0% -6.75[1008,-342] 2022 ———="
LiuF. etal2023 975 11 48 95 1.33 60 18.3% 0.25[0.21,0.71] 2023 ™=
Total (95% CI) 250 306 100.0% -0.45[-2.41,1.51] *
Heterogeneity: Tau®= 5.42; Chi*=161.71, df= 5 (P < 0.00001); F= 97% ; i 1 ) 1
i i -10 -5 0 5 10
Test for overall effect: Z= 0.45 (P = 0.65) Favours [non-ICG] Favours [ICG]
Fig. 10 Forest plot displaying postoperative length of hospital stay
ICG non-iICG Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
AokiT. etal.2018 1 25 7 72 T2% 0.38[0.05,3.31] 2018
ZhouY. etal.2019 4 21 4 21 129% 1.00[0.21, 467] 2019 —_—
Jianxi W. etal.2022 B a1 2 81 11.7% 3.16[0.62,16.15] 2022 =
Chen H. etal.2022 10 48 21 60 29.5% 0.49[0.20,1.17) 2022 —
Wang G. et al.2022 7 14 3 11 11.0% 2.67[0.49,14.46] 2022 I
LiuF.etal2023 38 50 38 50 27.8% 1.00 [0.40, 2.50] 2023
Total (95% Cl) 239 295 100.0% 0.96 [0.53, 1.76] T
Total events 66 75
Heterogeneity: Tau*=0.12, Chi*=6.39, df=5 (P=0.27), F= 22% 'ELU1 Uf1 1-0 100-

Test for overall effect: Z=0.12 (P = 0.80)
Fig. 11 Forest plot displaying postoperative overall complications

Postoperative length of hospital stay

In terms of postoperative length of hospital stay, data
from six studies [25, 26, 28-31] indicated a mean of
9.8%5.6 days in the ICG group and 10.4+5.5 days in the
non-ICG group. Significant heterogeneity was observed
(P=97%, P<0.001). The analysis showed no notable
overall differences in hospital stay duration between the
two groups (WMD = -0.45, 95% CI -2.41-1.51, P=0.65)
(Fig. 10).

Postoperative overall complications

A total of six studies [25-27, 29-31] provided data on the
postoperative overall complications rate, revealing a rate
of 27.6% (66/239) in the ICG group and 25.4% (75/295)

Favours [non-ICG] Favours [ICG]

in the non-ICG group. Although there was moderate het-
erogeneity (I?=22%, P=0.27), the analysis indicated no
significant disparities between the two groups (OR=0.96,
95% CI1 0.53-1.76, P=0.9) (Fig. 11).

Regarding postoperative bleeding, data from five stud-
ies [25-27, 29, 30] showed a rate of 3.1% (6/191) in the
ICG group and 2.1% (5/235) in the non-ICG group. In
terms of postoperative liver failure, four studies [25-27,
29] reported an incidence of 4.3% (6/141) in the ICG
group and 2.7% (5/185) in the non-ICG group. Postoper-
ative bile leakage was reported in five studies [25-27, 29,
30], with rates of 3.1% (6/191) in the ICG group and 3%
(7/235) in the non-ICG group. Postoperative abdominal
infection data were available from three studies [25, 26,
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ICG non-ICG Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% Cl
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Itoh S. etal 2022 0 32 2 32 B65% 0.19[0.01, 4.07] 2022
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LiuF. etal.2023 11 50 12 50 70.3% 0.89[0.35, 2.27] 2023
Total {95% CI) 202 246 100.0% 0.86 [0.39, 1.89]
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0.005 01 1 10 200
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Fig. 12 Forest plot displaying postoperative major complication
ICG non-ICG Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
AokiT.etal2018 1 25 1 72 54% 296[0.18, 4915 2018
Wang G. etal. 2022 5 14 2 11 11.8% 250([0.38,16.42] 2022 ———m——
Jianxi W. et al. 2022 4 81 2 81 14.2% 2.05([0.37,11.53] 2022 —_—1]—
LiuF. etal. 2023 27 50 26 50 68.5%  1.08[0.49, 238 2023 t
Total (95% Cl) 170 214 100.0% 1.38[0.72, 2.65]
Total events 37 N
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Test for overall effect. Z=0.98 (P = 0.33)
Fig. 13 Forest plot displaying postoperative minor complications

30], indicating a rate of 2.2% (2/89) in the ICG group and
6% (8/133) in the non-ICG group. Lastly, three studies
[25, 26, 30] reported postoperative pleural effusion, with
rates of 27% (24/89) in the ICG group and 15.8% (21/133)
in the non-ICG group. No significant variability was
observed in the mentioned results, and the analysis indi-
cated no significant differences between the two groups
(Additional file Figs. S1-S5).

Postoperative major and minor complications
Across five studies [25, 26, 28-30], the postoperative
major complications rate was 7.4% (15/202) in the ICG
group and 14.5% (21/246) in the non-ICG group. No het-
erogeneity was noted (I?=0%, P=0.48). The analysis indi-
cated no significant overall differences between the two
groups (OR=0.86, 95% CI 0.39-1.89, P=0.71) (Fig. 12).
In terms of postoperative minor complications, data
from four studies [25, 26, 29, 30] revealed a rate of 21.8%
(37/170) in the ICG group and 14.5% (31/214) in the
non-ICG group. No heterogeneity was detected (I*=0%,
P=0.75). The analysis indicated no substantial overall
differences between the two groups (OR=1.38, 95% CI
0.72-2.65, P=0.33) (Fig. 13).

Discussion

Presently, there exists a range of treatment options for
liver cancer, including hepatic resection, ablation, tran-
sarterial embolization, chemotherapy, targeted therapy,

Favours [non-ICG] Favours [ICGI]

and radiotherapy. Nevertheless, radical hepatectomy
stands as the foremost choice for achieving a cura-
tive outcome in liver cancer. The achievement of the RO
resection, indicating the absence of tumor cells in both
the microscopic and gross margins, is crucial for mini-
mizing recurrence rates and prolonging survival in all
types of liver cancer [32-34]. Consequently, detecting
and locating tumors during surgery is the main point to
improve the therapeutic effect. Laparoscopic hepatec-
tomy with advanced techniques enables precise resec-
tion with smaller incisions, immediate recovery, and no
compromise in oncological outcomes. Nonetheless, the
complexity of liver anatomy poses challenges in visualiz-
ing tumors through laparoscopic means and the absence
of tactile sensation of the tumor. IOUS also faces limita-
tions, particularly in cases involving hepatic parenchyma
with macronodular cirrhosis and irregular liver surfaces.
Additionally, obstacles arise with difficult views and
angles due to the position of the trocar, and in achiev-
ing real-time imaging during intraparenchymal division
[35-37].

ICG fluorescence imaging has recently gained attention
and has been used across various fields. In hepatectomy,
using ICG-guided laparoscopic hepatectomy techniques
enhances precision in resection, identifies tumor bound-
aries, detects new lesions, provides real-time intraop-
erative navigation for segment boundaries, and reduces
the need for repeated IOUS. Consequently, this leads to
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wider surgical margins [31, 37, 38]. This method proves
to be beneficial even in challenging procedures like lapa-
roscopic right posterior sectionectomy, which involves
limited visualization and difficulty in manipulation of lap-
aroscopic devices, as well as in cases of recurrent tumors
requiring repeated hepatectomies, achieving a 100% RO
resection rate [27, 39]. However, ICG fluorescence imag-
ing mostly identifies superficial tumors with a depth of
5 to 10 mm and may miss deeper lesions [40—42]. Com-
bining IOUS with ICG fluorescence imaging increases
tumor identification sensitivity to 100%, compared to
86% with IOUS alone and 92% with fluorescence imaging
alone [40, 43]. Nevertheless, a drawback of this method
lies in its relatively high false positive rate, reaching up
to 40% for benign nodules like biliary adenofibroma and
focal nodular hyperplasia [41, 44]. A report suggested
that ICG fluorescence imaging can differentiate between
different types of intrahepatic cholangiocarcinoma based
on fluorescence patterns [45]. Additionally, a significant
correlation was observed between ICG fluorescence pat-
terns and grade of differentiation of HCC, with a uniform
fluorescence pattern predominantly found in well-differ-
entiated HCC, while partially and rim-type fluorescence
patterns were observed in moderately and poorly differ-
entiated HCC, respectively [46].

The efficacy of ICG fluorescence imaging in influencing
oncological outcomes remains uncertain. All prior studies
have been retrospective cohort analyses, with few provid-
ing long-term outcomes. Previous research indicated that
overall survival (OS) and recurrence-free survival (RES)
did not exhibit significant differences [29, 47]. Among the
studies included in this meta-analysis, only two provided
data on the long-term follow-up of the HCC patients.
One study reported significantly improved RFS in the
ICG group [30], while OS did not differ between the two
groups in both studies [29, 30]. The first study reported a
significantly improved 6-month and 18-month RES rate
in the ICG group, which were 90% and 80%, respectively,
compared to 82% and 66% in the non-ICG group. Addi-
tionally, the 6-month and 18-month OS rates in the ICG
group were 98% and 88%, respectively, compared to 98%
and 84% in the non-ICG group, with no significant dif-
ference observed. The follow-up period in this study was
less than three years [30]. Another study demonstrated
that the 1-year, 2-year, 3-year, and 4-year RFS rates in the
ICG group were 86.5%, 69.7%, 58.7%, and 44%, respec-
tively, compared to 81.6%, 75.6%, 72%, and 67.9% in the
non-ICG group. Likewise, the 1-year, 2-year, 3-year, and
4-year OS rates in the ICG group were 96.1%, 92.2%,
89.6%, and 80.6%, respectively, compared to 93.5%, 90.8%,
80.9%, and 77% in the non-ICG group, with no significant
difference observed [29].

This systematic review and meta-analysis include all
available recent studies. This meta-analysis of seven
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high-quality studies with 598 patients indicates that ICG
fluorescence-assisted laparoscopic hepatectomy sig-
nificantly enhances the rate of achieving RO resections,
without extending operative time, increasing blood loss,
prolonging hospital stays, or leading to additional com-
plications. Notably, one study noted two patients in the
ICG group with positive margins, attributed to infre-
quent conversions to fluorescence imaging during the
operation and the challenging location of the tumor in
segments 7 and 8 [28]. The achievement of negative mar-
gins and optimal resection margins holds significance in
improving OS and RFS for HCC. Numerous studies have
demonstrated that a wide margin exceeding one centime-
ter establishes superior outcomes compared to a narrow
margin [34, 48]. In our subgroup analysis specifically tar-
geting RO resection in HCC, we observed a trend towards
wider margins associated with higher OR, although the
results were not statistically significant. Additionally, the
margin analysis conducted in this study did not reveal
statistically significant differences. Therefore, further
investigation is necessary to verify this hypothesis.

Heterogeneity was noted in terms of operative time,
intraoperative blood loss, and postoperative hospitaliza-
tion. To address this, we excluded certain studies that
could potentially contribute to this variability. However,
even after this adjustment, significant heterogeneity
persisted, and there was no significant difference in the
outcomes. Upon analyzing the weighted mean differ-
ences in continuous variables compared to standardized
mean differences revealed the same results (Additional
file Figs. S6-510). Minimally invasive liver surgery aims
to reduce the length of hospital stay. Our findings indi-
cated that the mean hospital stay was 9.8+5.6 days in
the ICG group and 10.415.5 days in the non-ICG group,
which seems comparatively long. A previous study com-
paring hospital stays between open and laparoscopic sur-
gery reported a mean stay of 11.3 days for the open group
and 6.2 days for the laparoscopic group [6]. The median
hospital stay was 9 to 10 days for open surgery and 7 to
8 days for laparoscopic surgery [7, 49]. Prior studies on
ICG-assisted open hepatectomy reported a mean hospi-
tal stay of 10.4 to 25.75 days in the ICG group, compared
to 13.4 to 18.2 days in the conventional group [47, 50, 51].
Therefore, the hospital stay for laparoscopic hepatectomy
in our review appears shorter than that for open ICG-
guided surgery. Regarding the conversion rate, an aspect
of concern for minimally invasive surgeons, only one
study reported that one patient (2%) in the ICG group
had a significantly lower rate of conversion to open sur-
gery compared to seven patients (14%) in the non-ICG
group [30].

Robot-assisted hepatectomy is increasingly gaining
popularity. ICG-guided robotic surgery has proven to
be beneficial and shown promising results, including
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a resection margin of 10 mm [52], a 100% RO resection
rate, and the detection of previously missed lesions [53].
Although many articles have been published, most are
case series with sample sizes of less than 50 [54-56].
Therefore, prospective studies with larger sample sizes
are needed for a more comprehensive analysis.

Nevertheless, some limitations of the study need to be
addressed. All included studies were retrospective cohort
studies, which carry the risk of missing data, and the pos-
sibility that significant biases may have occurred in the
selection of controls. This analysis may be subject to bias
due to the small sample size in some studies, as ICG-
guided laparoscopic hepatectomy represents a relatively
new approach. Given the numerous techniques avail-
able for applying ICG to assist in surgical procedures,
the methods of ICG application varied among the studies
included in this analysis. These methods include tumor
staining as well as positive or negative staining to distin-
guish the transection line. The lack of a standardized ICG
administration protocol for this modality introduces the
potential for bias. Moreover, all studies were conducted
in Asia and there were also discrepancies in the types
of liver cancer included in the study. Heterogeneity was
noted in results related to operative time, intraopera-
tive blood loss, and postoperative hospitalization. As the
studies reported since 2018, data on long-term follow-up
is limited. We recommend further research employing
randomized controlled trials with standardized proto-
cols, larger sample sizes, and extended follow-up dura-
tions to assess long-term RFS and OS rates.

Conclusions

The utilization of ICG-guided laparoscopic hepatectomy
proves helpful in detecting tumors and visualizing mar-
gins throughout the surgical procedure. ICG-guided
laparoscopic hepatectomy helps identify tumors and see
the margin during surgery. Given the challenge of palpat-
ing the tumor during surgery, this approach can assist
with tumor detection and provide real-time segmenta-
tion of the liver during the transection. This study con-
cludes that the ICG group has a significantly superior RO
resection rate which might lead to promising oncologic
outcomes without a concurrent rise in complications.
Subsequent research should focus on the extended fol-
low-up of OS and REFS rates to validate the applicability
of this technique.
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