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Abstract

Anatomic liver resection (AR) is a surgical technique that aims to completely remove the tumor-
bearing portal territory (PT) and improve the oncological efficacy of hepatocellular carcinoma (HCC).
However, the classical AR technology system has some limitations in achieving this goal.
Indocyanine green (ICG) fluorescence laparoscopy is an emerging technology that can accurately
delineate the PT and guide the AR. However, the evidence of its efficacy compared to conventional
laparoscopy is scarce. This systematic review and meta-analysis aims to compare the effectiveness of
laparoscopy and ICG fluorescence laparoscopy in AR for HCC patients. This systematic review was
registered on the International Prospective Register of Systematic Reviews platform (ID:
CRD42023456121). Empirical research comparing perioperative effectiveness between ICG
fluorescence laparoscopy and conventional laparoscopy published from inception to 26th November
2023 in several academic literature databases was included. Cochrane risk-of-bias tool (RoB) and the
Newcastle-Ottawa scale (NOS) were used for study quality evaluations. Information on clinical
characteristics, operative, postoperative, prognosis, and pathological outcomes was retrieved for
review. Publication bias and heterogeneity were tested for each outcome. The effect size odds ratio
(OR) and standard mean difference (SMD) were calculated and synthesized. The quality of evidence
was evaluated using the GRADE system. A total of 13 studies were included. Clinical characteristics
were comparable between the ICG fluorescence laparoscopy group and the conventional laparoscopy
group. Compared with conventional laparoscopy, ICG fluorescence laparoscopy is associated with
superior short- and long-term clinical outcomes in HCC patients undergoing hepatectomy. Especially
in the aspects of reduced intraoperative blood loss (SMD=-0.743, P=0.002), decreased risks of blood
transfusion (OR=0.459, P=0.004), and shorter postoperative hospitalization times (SMD=-0.391,
P<0.001). ICG fluorescence laparoscopy also showed implications for fewer postoperative
complications (OR=0.657, P=0.071), higher RO resection rates (OR=3.013, P=0.068), greater margin
distances (SMD=0.559, P=0.072), and longer recurrence-free survival, although these findings were
not statistically significant and require further investigation. ICG fluorescence laparoscopy is a safe
and effective technique for AR in HCC patients. It can achieve accurate and complete resection of
tumor-bearing PT and Glisson systems, as well as preserve the function and venous outflow of the
future remaining liver. This study provides valuable evidence to support the clinical application of
ICG fluorescence laparoscopy in AR for HCC.

Keywords: hepatocellular carcinoma; laparoscopic portal territory staining guided anatomic liver
resection; indocyanine green fluorescence laparoscopy; systematic review
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1. Introduction

Primary liver cancer is the fourth most common malignant tumor and the third leading cause of
cancer-related mortality worldwide in 2020[1]. Hepatocellular Carcinoma (HCC) accounts for nearly
90% of primary liver cancers, with a relatively insidious onset, which has posed a substantial burden
on global health[2]. However, early diagnosis and curative treatments can improve the overall
survival of HCC patients[3]. The most efficacious surgical interventions for HCC include liver
resection (LR) and liver transplantation, with LR being the most recommended therapy[4]. However,
the tumor recurrence rate of HCC post-LR remains high, and research indicated that over 50% of
HCC patients experience loco-regional recurrence within five years following resection, since HCC
is a highly invasive malignancy|[5,6]. Dissemination along the portal territory (PT) system is the main
pathological route of the spread of HCC and is also one of the important causes of intrahepatic
metastasis and postoperative local recurrence[7]. In the 1980s, the concept of anatomic liver resection
(AR) was introduced[8]. AR employs the PT liver segment or subsegment as the fundamental
anatomical framework for the systematic resection of tumor-bearing PT. It can also completely resect
the tumor-bearing Glisson system supplied and labeled by PT, ultimately improving oncological
efficacy[9]. In contrast, nonanatomic liver resection (NAR) focused on the limited resection of the
liver without considering the underlying hepatic anatomy[10]. Some meta-analyses have revealed
that AR is superior to NAR in terms of long-term outcomes in HCC patients[11,12]. While some
studies indicated a controversial clinical effectiveness between NAR and AR[13-15].

The inception of the classic AR theory was marked by technical limitations that precluded
accurate preoperative PT analysis and impeded the realistic intraoperative display of PT through
methylene blue staining. Researchers combined the hepatic vein (HV) trunk exposure technique,
derived from the Couinaud liver segmentation method, with methylene blue staining to approximate
the effectiveness of PT resection during AR. However, AR is an individualized PT liver
segmentectomy, whereas the Couinaud liver segmentation method is an artificial segmentation
based on the HV trunk, rather than the true PT segmentation physiologically and oncologically.
Additionally, A significant discrepancy arises from the intersegmental plane of the PT liver segment,
which, unlike the uniform plane divided along the vein trunk as suggested by the Couinaud method,
is a three-dimensional, irregularly curved surface[16]. This longstanding discrepancy between the
classical AR theory and practice has potentially obscured the true oncological efficacy of AR. With
advancements in liver surgery theory and technology, such as three-dimensional reconstruction,
territory analysis systems, and indocyanine green (ICG) fluorescence navigation systems, a more
precise and effective approach has emerged[17,18]. The integration of these technologies into the
laparoscopic liver resection system has given rise to laparoscopic portal territory staining guided
anatomic liver resection (LPTAR)[19,20]. LPTAR leverages preoperative three-dimensional
reconstruction and territory analysis to accurately identify the tumor-bearing PT area, enabling
precise surgical planning. During surgery, the PT liver segment or subsegment is the primary
anatomical unit, with laparoscopic ICG fluorescence staining navigation facilitating the exact
resection of the tumor-bearing PT system, including the Glisson system. This approach ensures the
complete removal of the tumor-bearing PT and the preservation of the functional future liver remnant
(FLR) volume. Theoretically, LPTAR represents a comprehensive resection of the tumor-bearing
Glisson system at all levels, with the cone unit as the minimal anatomical unit[21,22]. This method
not only achieves complete tumor removal but also preserves the intact Glisson system of the FLR,
thereby ensuring FLR function. Emerging research has indicated that radical resection and functional
preservation of the FLR are independent prognostic factors for HCC and align with the principles of
modern precision liver resection[22]. Hence, based on the classical AR core theory, LPTAR is expected
to address the discrepancies present in classical AR theory and practice. This may further promote
the development of the AR theoretical and technical system, resulting in improved oncological
outcomes for HCC patients[20,23].

Existing empirical studies have primarily focused on the comparison of efficacy between
fluorescent laparoscopy and laparotomy operation or laparoscopy and laparotomy operation among
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patients undergoing AR[24]. The evidence of the efficacy between laparoscopy and fluorescent
laparoscopy in HCC patients undergoing AR remains elusive currently, and related studies had small
sample sizes with limited ability to guide clinical practice. Thus, it is necessary to systematically
review the efficacy of fluorescent laparoscopy compared with laparoscopy in AR in HCC patients.
This study aimed to systematically compare the effectiveness of laparoscopy and fluorescent
laparoscopy in HCC patients undergoing AR and to provide robust evidence and guide the clinical
practice of LPTAR in HCC patients.

2. Materials & Methods

2.1. PRISMA Compliance in Study Design

This systematic review was conducted following the Preferred Reporting Items for Systematic
Review and Meta-Analysis (PRISMA) statement[25]. All authors have participated in the study
design, data collection, analysis, interpretation, and manuscript preparation. This systematic review
was registered on the International Prospective Register of Systematic Reviews (PROSPERO) on
September 24, 2023, with the registration ID CRD42023456121. The registration process ensures
transparency, reduces the risk of bias, and enhances the reliability and validity of our review by
providing a detailed and predefined methodological plan before the commencement of the review.
This process also prevents unnecessary duplication of reviews, thus promoting efficiency and
collaboration in the research community.

2.2. Search Strategy

We conducted a systematic search of the following academic databases from inception to 26t
November 2023: Pubmed, Web of Science, OVID, Embase, Cochrane Library, China National
Knowledge Infrastructure Database (CNKI), and Chinese Wanfang Database (Wanfang). The search
strategies are displayed in Supplementary Table S1. An alternative search of the references and cited
references in relevant studies, clinical trial and systematic review registration platform, dissertation
database, Google Scholar, and the consultation of experts in related fields were further conducted to
identify additional studies that could be included in this systematic review.

2.3. Data Collection and Analysis

2.3.1. Eligibility Criteria

The eligibility criteria are developed following the PICOS (Population, intervention, control,
outcome, study design) principle, literature following the next criteria will be included in this study:
(1)Population: HCC patients undergoing hepatectomy; (2) Intervention: Fluorescent laparoscopy
using indocyanine green (ICG) fluorescence imaging technique, or laparoscopy; (3) Control:
Conventional laparoscopy operation; (4) Outcome: Clinical characteristics, including age, gender,
ASA grade, HBV infection, liver cirrhosis, Child-Pugh classification, and tumor size; Operative
outcomes, including operation time, blood loss, and blood transfusion; Postoperative outcomes,
including complication and postoperative hospitalization time; Prognosis outcomes, including
Overall survival (OS) and Recurrence-free survival (RFS); pathological outcomes, including RO
resection and margin distance. The literature should also Report enough information for effect size
estimation in meta-analysis; (5) Study design: Randomized controlled trials (RCT), cohort studies, or
case-control studies. The exclusion criterion is full text not available.

2.3.2. Data Collection and Management

Excel and Endnote X9 were employed to manage all collected records and remove duplicates.
Two reviewers independently evaluated the titles and abstracts of literature collected based on the
search strategies and determined their relevance to our study using the eligibility criteria. Literature
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that was deemed relevant by both reviewers proceeded to full-text review, while literature deemed
relevant by only one reviewer was discussed among the authors to determine whether it should be
reviewed in full. The original authors were contacted when any information was unclear or missing.
Discussion and consultations with an experienced reviewer were used to resolve discrepancies about
the final inclusion.

2.3.3. Data Extraction

Following the data inclusion, two reviewers performed data extraction using Excel. The
following information was extracted: (1) Author of the literature; (2) Publication years; (4) Study
sample; (5) Study method/design/sample size; (6) General information of the patients; (7) outcomes
and its measurements; (8) types of intervention; (9) types of control.

2.3.4. Study Quality Evaluation

The quality of the included studies was assessed by two independent authors (CT and ML) using
the Cochrane risk-of-bias tool (RoB) for RCT and the Newcastle-Ottawa scale (NOS) for retrospective
studies. Disagreements were resolved by consultation with a third experienced reviewer.

2.3.5. Measurement of Treatment Effect

The effect size odds ratio (OR) and standard mean difference (SMD) were calculated to compare
the efficacy of laparoscopy and fluorescent laparoscopy.

2.3.6. Grading the Quality of Evidence

To better help healthcare professionals understand the evidence level and make informed
decisions about patients, the quality of evidence for this systematic review was evaluated using the
Grading of Recommendations Assessment, Development and Evaluation (GRADE) system, which
uses four levels of evidence quality: high, moderate, and low. The grading was completed using
GRADE Profiler 3.6.

2.3.7. Statistical Analysis

The Begg and Mazumdar rank correlation test and Egger’s regression intercept test of each
comparison from the literature were used to evaluate publication bias, where the P values of <0.05
indicated publication bias, and Duval and Tweedie’s trim and fill was used for the correction of
publication bias. Q test and I? were used for the heterogeneity test, where a statistically significant Q
value and I2=50 indicated heterogeneity. The effect sizes were integrated with a fixed effect model if
they were homogenous, and with a random effect model if they were heterogeneous. The
comparisons between the efficacy of laparoscopy and fluorescent laparoscopy were synthesized by
effect sizes SMD or OR, and 95% CI with corresponding models, and were summarized using forest
plots. Meta-regression analysis was used to explore the sources of heterogeneity. Sensitivity analysis
was used to examine the impact of individual studies on the overall effect size and heterogeneity.
The significant level in this study is determined at o=0.05. All statistical analyses were completed
using CMA 3.3.

2.4. Ethics and Dissemination

This systematic review was conducted following the highest ethical standards. All data used in
this systematic review was obtained from publicly available sources, and no primary data collection
was conducted. Therefore, no ethical approval is required for this study. The authorship of any
publication resulting from this systematic review was determined based on the contributions of each
team member, following the guidelines of the International Committee of Medical Journal Editors
(ICMJE). The research team has no competing interests to declare. The research team is committed to
making the findings of this systematic review widely available to inform future research and practice.
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3. Results

3.1. Description of Included Studies

We finally included 13 studies (10 retrospective studies and 3 RCTs) in this systematic review,
and all of them were of high quality after evaluation. The flowchart of study selection is shown in
Figure 1. The general descriptions of the 13 studies are displayed in Table 1[26-38].

Records identified through database searching: 4247

— Duplicates: 623 |

A4
Records screened (Title, abstract): 3624 |

Excluded: 2944
Irrelevant articles: 2129
Book, dataset, patent: 55
Comment, review:, letter 397
Case report: 307

Editorial: 24
v Consensus: 25
Full text articles assessed for eligibility: 680 Protocol: 7

Excluded: 667
Conference abstract: 27
No necessary data: 640

Studies included: 13

Figure 1. Flowchart of study selection.

Table 1. General descriptions of selected studies.

ID Author (Year) Study design Total Sample size ICG sample size CL sample size
1 Zhou 2019% Retrospective study 42 21 21
2 Zhou 2023¥ Retrospective study 72 36 36
3  Liu2023% Retrospective study 100 50 50
4  Wang2020®  RCT 148 74 74
5  Chen 2019% RCT 24 12 12
6  Yao 20213 Retrospective study 118 56 62
7  Wang2022%2  Retrospective study 162 81 81
8  Wang2020b* Retrospective study 24 8 16
9 Wang2023%*  RCT 70 35 35
10 Feng 2023% Retrospective study 74 37 37
11  Guo 2021% Retrospective study 35 11 24
12 Liu 2023b%” Retrospective study 52 28 24
13 Yang 20223 Retrospective study 42 21 21

Note: ICG: indocyanine green fluorescence laparoscopy; CL: conventional laparoscopy; RCT: randomized

controlled trial.
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3.2. Quality Assessment

The included RCTs in this study predominantly exhibited a low or unclear risk of bias. However,
the blinding of participants and personnel was identified as a significant source of bias. Given the
inherent characteristics of these RCTs, an open-label design was inevitable. The details are
summarized in Figures 2 and 3. Additionally, the retrospective studies included in our analysis
demonstrated a relatively low bias concerning participant selection, comparability, and exposure
measurements., see Table 2.

Random sequence generation (selection bias)

Allocation concealment (selection hias)

Blinding of participants and personnel (performance hias)

Blinding of outcome assessment (detection hias)

Incomplete outcome data (attrition bias)
Selective reporing (reporing bias)

Other hias

% 25% 50% 75%  100%

()

.LEIW risk of bias DUncIearrisk of hias .High tigk of bias

Figure 2. Risk of bias graph.

Random seguence generation (selection bias)
Blinding of outcome assessment (detection bias)

bt
(L)

Chen 2019

(]

Wang 2020

® | ® | ® | cinding of participants and personnel (performance bias)

® | ® | ® | selective reporting (reporting hias)

® | ® | ® | otherbias

® | ® | ® | Mlocation concealment (selection bias)
® | ® | ® | ncomplete outcome data (attrition bias)

(]

Wang 2023

Figure 3. Risk of bias summary.

Table 2. Quality assessments of the retrospective studies.

Study Selection Comparability Exposure
Zhou 2019 %% % 43424

Zhou 2023 e o o

Llu 2023 4% *% %%4

Yao 2021 4% * *%H

r(s). Distributed under a Creative Commons CC BY license.
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Wang 2022 *4% *% *%
Wang 2020b o * i
Feng 2023 *4k *% *%
Guo 2021 k% * k%
Liu 2023b o * *
Yang 2022 e * *

3.3. Quantitative Meta-Analysis

3.3.1. Publication Bias and Heterogeneity Test

In this study, the data of prognosis (OS and RFS) are not integrated and completed enough for
meta-analysis, which was included in further qualitative systematic review.

In the meta-analysis, the Child-Pugh classification showed obvious publication bias (All P<0.05).
Tumor size (Q=38.889, P<0.001, I>=79.43%), operation time (Q=58.025, P<0.001, I>= 82.77%), blood loss
(Q=108.948, P<0.001, I= 90.82%), and margin distance (Q=18.385, P<0.001, I>= 83.68%) had
heterogeneity and will be fitted with random effect models. The details of publication bias and
heterogeneity tests are shown in Table 3.

Table 3. Results of publication bias and heterogeneity test in meta-analysis.

Variables Publication Bias Heterogeneity Test

N P value for rank P value for regression  I? Q P
correlation test  intercept

Basic Characteristics

Age 11 0.815 0.890 17.02%  12.052 0.282
Gender 10 0.929 0.441 0.00% 5.937 0.746
ASA 3 0.602 0.591 0.00% 0.788 0.674
HBYV infection 7 0.881 0.776 0.00% 1.733 0.943
Liver cirrhosis 9 0.677 0.984 0.00% 2.315 0.970
Child-Pugh 6 0.005 0.026 0.00% 0.882 0.972
classification

Tumor size (cm) 9 0.404 0.466 79.43%  38.889 <0.001
Operative outcomes

Operation time (min) 11 0.036 0.043 82.77%  58.025 <0.001
Blood loss (ml) 11 0.312 0.370 90.82%  108.948 <0.001
Blood transfusion 4 0.174 0.210 0.00% 1.107 0.775
Postoperative

outcomes

Complication 8 0.805 0.767 12.10%  7.964 0.336
Postoperative 8 0.108 0.109 43.13%  12.308 0.091
hospitalization

(day)

Pathological

outcomes

RO resection 2 6.49% 1.069 0.301
Margin distance 4 0.497 0.667 83.68%  18.385 <0.001
(mm)

3.3.2. Clinical Characteristics Between Indocyanine Green Fluorescence Laparoscopy Group and
Conventional Laparoscopy Group

The distributions of age (OR=1.070, P=0.630), gender (OR=1.007, P=0.969), ASA (OR=0.669,
P=0.162), HBV infection condition (OR=0.934, P=0.770), liver cirrhosis (OR=1.257, P=0.172), child-
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Pugh classification (OR=0.972, P=0.024), and tumor size (SMD=-0.227, P=0.230) between ICG
fluorescence laparoscopy group and conventional laparoscopy group were all
statistically insignificant. To be noted, after Duval and Tweedie’s trim and fill
correction for publication bias for the Child-Pugh classification, its association with
the two groups was still insignificant (OR=0.837, 95%ClI: 0.496~1.411). The details of
the clinical characteristics between the ICG fluorescence laparoscopy group and the
conventional laparoscopy group are summarized in Supplementary Figure S1~57.

3.3.3. Operative Outcomes Between Indocyanine Green Fluorescence Laparoscopy Group and
Conventional Laparoscopy Group

In the meta-analysis, the operation time of the ICG fluorescence laparoscopy group was
comparable to that of the conventional laparoscopy group (SMD=-0.238, P=0.160). After adjusting for
publication bias, the insignificance still existed (SMD=0.122, 95%CI: -0.242~0.487). However, the
perioperative blood loss of the ICG fluorescence laparoscopy group was significantly lower than that
of the conventional laparoscopy group (SMD=-0.743, P=0.002). Additionally, fewer patients
experienced blood transfusion in the ICG fluorescence laparoscopy group than in the conventional
laparoscopy group (OR=0.459, P=0.004). See Figures 4-6.

Model _Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Zhou 2019 -0.662 0.317 0.100 -1.283 -0.041 -2.089  0.037 ——
Zhou 2023 0.326 0.237 0.056 -0.139 0.791 1.374 0.169 i
Liu 2023a 0.103 0.200 0.040 -0.289 0.495 0515  0.607 —-
Wang 2020a 0.245 0.165 0.027 -0.078 0.569 1.487 0.137 Hi-
Yao 2021 -0.423 0.186 0035 -0.788 -0.057 -2268  0.023 e =
Wang 2022 0.459 0.159 0.025 0.147 0.771 2883  0.004 E =
Wang 2020b -0.135 0.433 0.188 -0.984 0.715 -0.311 0.756 T
Wang 2023 -0.705 0.246 0061 -1.187 -0222 -2.860  0.004 ——
Feng 2023 0.085 0.233 0.054 -0.371 0.541 0365 0.715
Liu 2023b -0.673 0.286 0082 -1.234 -0.113 -2.355  0.019 ——
Yang 2022 -1.736 0.362 0.131 -2446 -1.026 -4.795  0.000 ——
Random -0.238 0.170 0029 -0.571 0.094 -1405 0.160 q
-3.00 -1.50 0.00 1.50 3.00

Figure 4. Parameter estimation and forest plot of operation time distribution between indocyanine green

fluorescence laparoscopy group and conventional laparoscopy group.

Model Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance  limit limit 2Z-Value p-Value
Zhou 2019 -0.159 0.309 0096 -0.764 0447 -0.513 0.608
Zhou 2023 -0.120 0.236 0056 -0.582 0343 -0.508 0612
Liu 2023 -1.735 0.235 0055 -2.194 -1.275 -7.393 0.000 —
Wang 2020 -1.353 0.182 0.033 -1.710 -0996 -7.425 0.000 -
Yao 2021 -0.408 0.186 0035 -0.773 -0.043 -2.189 0.029 -
Wang 2022 0.157 0.157 0.025 -0.151 0.466 0998 0318 E =
Wang 2020b -0.441 0.438 0192 -1299 0416 -1.008 0.313 —B——
Wang 2023 -2.092 0.297 0088 -2675 -1.509 -7.036 0.000 ——
Feng 2023 0.075 0.233 0.054 -0.381 0531 0.322 0.747 ——
Liu 2023b -1.044 0.296 0.088 -1.625 -0.463 -3.522 0.000 ——
Yang 2022 -1.111 0.332 0.110 -1.761 -0.461 -3.351 0.001 ——
Random -0.743 0.239 0057 -1212 -0274 -3.103 0.002 ‘
-3.00 -1.50 0.00 1.50 3.00

Figure 5. Parameter estimation and forest plot of blood loss distribution between indocyanine green fluorescence

laparoscopy group and conventional laparoscopy group.
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Model Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper

ratio  limit limit Z-Value p-Value
Zhou 2023 0483 0.164 1418 -1.324 0.185
Liu 2023 0.548 0.225 1.332 -1.328 0.184
Wang 2022 0.526 0.168 1.645 -1.104 0.270
Yang 2022 0.246 0.068 0.897 -2.125 0.034

Fixed 0459 0269 0.784 -2.854 0.004 <&
0.01 0.1 1 10 100

Figure 6. Parameter estimation and forest plot of blood transfusion distribution between indocyanine green

fluorescence laparoscopy group and conventional laparoscopy group.

3.3.4. Postoperative Outcomes Between Indocyanine Green Fluorescence Laparoscopy Group and
Conventional Laparoscopy Group

Patients of the ICG fluorescence laparoscopy group experienced marginally fewer postoperative
complications compared with those of the conventional laparoscopy group with an insignificant
trend (OR=0.657, P=0.071). However, the postoperative hospitalization time was significantly shorter
in the ICG fluorescence laparoscopy group (SMD=-0.358, P<0.001). The details are illustrated in

Figures 7 and 8.
Model Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper
ratio  limit limit Z-Value p-Value
Zhou 2023 0.284 0.081 1.000 -1.960 0.050 -—-1
Liu 2023 1.000 0.399 2504 0.000 1.000
Wang 2020 0.414 0.148 1.157 -1.683 0.092 ——
Chen 2019 0.400 0.058 2.770 -0.928 0.353 =
Yao 2021 0.662 0.203 2.156 -0.685 0.493 ——
Wang 2022 3.160 0.618 16.148 1.382 0.167 =
Liu 2023b 1.320 0.202 8639 0290 0.772 —_—
Yang 2022 0417 0.089 1.955 -1.110 0.267 L
Fixed 0.657 0417 1.036 -1.808 0.071 ‘|
0.01 0.1 1 10 100

Figure 7. Parameter estimation and forest plot of postoperative complications distribution between indocyanine

green fluorescence laparoscopy group and conventional laparoscopy group.

Model  Study name Statistics for each study Std diff in means and 95% ClI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Zhou 2023 -0.571 0.240 0.058 -1.042 -0.100 -2.375 0.018 ——
Liu 2023 0.006 0.200 0.040 -0.386 0.398 0.028 0.978
Chen 2019 -1.202 0.444 0.197 -2.071 -0.333 -2.710 0.007 —_——
Yao 2021 -0.478 0.187 0035 -0.845 -0.112 -2.558 0.011 B
Wang 2022 -0.276 0.158 0025 -0.585 0.034 -1.748 0.081
Feng 2023 -0.299 0.234 0055 -0.757 0.160 -1.277 0.201
Liu 2023b -0.106 0.278 0077 -0652 0439 -0.381 0.703
Yang 2022 -0.923 0.325 0.105 -1.560 -0.287 -2.844 0.004 —t—
Fixed -0.358 0.080 0006 -0.515 -0.202 -4.487 0.000 ‘
-3.00 -1.50 0.00 1.50 3.00

Figure 8. Parameter estimation and forest plot of postoperative hospitalization time distribution between

indocyanine green fluorescence laparoscopy group and conventional laparoscopy group.

3.3.5. Pathological Outcomes Between Indocyanine Green Fluorescence Laparoscopy Group and
Conventional Laparoscopy Group
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In this study, it was observed that patients in the ICG fluorescence laparoscopy group exhibited
a higher RO resection rate (OR=3.013, P=0.068) and larger margin distance (SMD=0.559, P=0.072) in
comparison to their counterparts in the conventional laparoscopy group, albeit with a statistically
insignificant trend. See Figures 9 and 10.

Model Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper
ratio  limit limit Z-Value p-Value

Liu 2023 5268 1.077 25.779 2.051 0.040

Chen 2019 1.500 0.254 8.844 0.448 0.654

Fixed 3.013 0.923 9.838 1.827 0.068
0.01 0.1 1 10 100

Figure 9. Parameter estimation and forest plot of RO resection distribution between indocyanine green

fluorescence laparoscopy group and conventional laparoscopy group.

Model Study name Statistics for each study Std diff in means and 95% ClI
Std diff  Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value

Zhou 2019 -0.421 0.312 0097 -1033 0190 -1.350 0.177
Liu 2023 0.440 0.202 0.041 0.044 0837 2176 0.030 —.—
Wang 2023 1.047 0.255 0065 0547 1.547 4.107 0.000
Feng 2023 1.098 0.249 0062 0609 1586 4.401 0.000
Random 0.559 0.310 0096 -0.049 1.167 1.801 0.072
-3.00 -1.50 0.00 1.50 3.00

Figure 10. Parameter estimation and forest plot of margin distance distribution between indocyanine green

fluorescence laparoscopy group and conventional laparoscopy group.

3.3.6. Meta-Regression Analysis

In the analysis of heterogeneity sources, we considered potential moderators including age,
gender, ASA, HIV status, liver cirrhosis status, Child-Pugh classification, tumor size, and study type.
The results suggested that gender significantly contributed to the heterogeneity of operation time
($=0.010, P=0.027), reducing the I? from 82.77% to 73.52%. Additionally, RCTs reported less blood loss
compared to retrospective studies ($=-1.180, P=0.021), and the study type accounted for a reduction
in the I? of blood loss from 90.82% to 86.13%. The detailed results are shown in Table 4. We excluded
results that lacked sufficient data, such as the impact of ASA and tumor size on blood loss.

Table 4. Meta-regression with potential moderators.

Moderator Operation time Blood loss Margin distance
B P r B P ) B P P
Age 0.114 0.063 7453% 0.014 0.880 88.94%
Gender 0.010 0.027  73.52%  0.003 0.688 87.11%
ASA -0.007 0.945 93.44%
HBYV status 0.006 0270 83.69%  0.003 0.698 88.87%
Liver cirrhosis status 0.009 0370 87.38% 0.004 0.727 88.41%
Child-Pugh classification 0.013 0.199 78.83% -0.012 0.438 90.45%
Tumor size -0.325 0478 84.87%
Study type: RCT 0.047 0919 84.48% -1.180 0.021 86.13% 0.655 0.402 86.22%
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3.3.7. Sensitivity Analysis

Sensitivity analyses were performed on all outcomes to examine whether the overall effect sizes
were impacted by individual studies. The analyses showed that the exclusion of the studies by Liu in
2023 or Wang in 2022, resulted in a statistically significant reduction in postoperative complications
in the ICG fluorescence laparoscopy group compared to the conventional laparoscopy group
(OR=0.573/0.576, P=0.037/0.022). Similarly, the removal of the study by Chen in 2019 resulted in a
statistically significant increase in the RO resection rate in the ICG fluorescence laparoscopy group
compared to the conventional laparoscopy group (OR=5.268, P=0.040). Furthermore, the exclusion of
the study by Zhou in 2019 resulted in a statistically significant increase in the margin distance in the
ICG fluorescence laparoscopy group compared to the conventional laparoscopy group (SMD=0.840,
P<0.005). The details are presented in Figures 11-13. The sensitivity analyses did not significantly
alter the effect sizes of the other outcomes, and these results are provided in Supplementary Figures
S8-S11.

Study name Statistics with study removed Odds ratio (95% Cl)
with study removed

Lower Upper
Point limit limit Z-Value p-Value

Zhou 2023 0.746 0458 1215 -1.178 0.239
Liu 2023 0573 0339 0968 -2.081 0.037 B
Wang 2020 0.736 0443 1222 -1.185 0.236
Chen 2019 0677 0424 1.081 -1.635 0.102
Yao 2021 0656 0401 1.075 -1.673 0.094
Wang 2022 0.576 0.358 0.925 -2.284 0.022 B
Liu 2023b 0629 0394 1.006 -1.935 0.053
Yang 2022 0686 0426 1.105 -1.549 0.121

0657 0417 1.036 -1.808 0.071

0.01 0.1 1 10 100

Figure 11. Sensitivity analysis and forest plot of postoperative complications distribution between

indocyanine green fluorescence laparoscopy group and conventional laparoscopy group.

Study name Statistics with study removed Odds ratio (95% ClI)
with study removed

Lower Upper
Point Ilimit limit Z-Value p-Value

Liu 2023 1500 0.254 8.844 0.448 0.654
Chen 2019 5268 1.077 25.779 2.051 0.040
3.013 0923 9.838 1.827 0.068

0.01 0.1 1 10 100

Figure 12. Sensitivity analysis and forest plot of R0 resection distribution between indocyanine green

fluorescence laparoscopy group and conventional laparoscopy group.
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Study name Statistics with study removed Std diff in means (95%
O T — Cl) with study removed
Point  error Variance limit limit 2Z-Value p-Value
Zhou 2019 0.840 0.225 0.051 0399 1281 3731  0.000 B

Liu 2023 0.592 0.460 0.211 -0.309 1.493 1.287 0.198
Wang 2023 0.393 0.391 0.153 -0.374 1.159 1.004 0.315
Feng 2023  0.376 0.377 0.142 -0.364 1.115 0996  0.319

0.559 0.310 0.096 -0.049 1.167  1.801 0.072

-3.00 -1.50 0.00 1.50 3.00

Figure 13. Sensitivity analysis and forest plot of margin distance distribution between indocyanine

green fluorescence laparoscopy group and conventional laparoscopy group.

3.3.8. Evidence Quality Examination

We conducted a post-hoc GRADE assessment for the evidence concluded from meta-analysis,
and found that the evidence on operation time was very low; the evidence on postoperative
hospitalization time and margin distance was low; and the evidence on blood loss, blood transfusion,
postoperative complications, and R0 resection were moderate. See Figure 14.

Quality ment No of pati Effect
s:::’d?e's Design R':i::' I precisi | 9‘"". e '.l:orescence Control| :‘:5:"(!; I Absolute O
(Operation time (Better indicated by lower values)
11 observational [no serious |serious’ no serious no serious reporting bias® 447 457 - SMD 0.238 lower [ €000 CRITICAL
studies risk of bias| iSi strong (0.571 lowerto [VERY LOW|
association® 0.094 higher)
Blood loss (Better indicated by lower values)
11 observational [no serious |serious’ no serious no serious very strong 447 457 - SMD 0.743 lower | £220 CRITICAL
studies risk of indir imprecisic 4 (1.2121t0 0.274 |MODERATE]|
bias? lower)
Blood
4 observational |no serious |no serious no serious no serious strong 29/188 51/188 | OR0.459 |13 fewerper 100 | £SS0 CRITICAL
studies risk of bias i i indi imprecisi ion® (15.4%) (27.1%)| (0.269t0 | (fromS fewerto [MODERATE
0.784) 18 fewer)
t:3 observational |no serious |no serious no serious no serious strong 671358 84/360 | OR0.657 | 7 fewer per 100 820 CRITICAL
studies risk of bias | i indir imprecisi s (18.7%) (23.3%)| (0.417to [ (from 12 fewer to [MODERATE|
1.036) 1 more)
time (Better indit by lower values)
8 observational [no serious [serioys’ no serious no serious strong 321 323 - SMD 0.391 lower [ £S00 CRITICAL
studies risk of bias| indirectness iation (0.60810 0.173 Low
lower)
RO resection
2 observational [no serious |no serious no serious no serious strong 57/62 49/62 | OR3.013 | 13 more per 100 eee0 CRITICAL
studies risk of bias|i i indir imprecisi iation® (91.9%) (79%) | (0.923to | (from 1 fewerto [MODERATE
9.838) 18 more)
Margin distance (Better indicated by lower values]
4 observational [no serious |serious’ no serious no serious strong 143 143 - SMD 0.559 higher | £200 CRITICAL
studies risk of bias| indir imprecisi 2 (0.049 lower to Low
1.167 higher)

1 Heterogeneity test not passed
2 publication bias test not passed
2 Moderate SMD

* Large SMD

5 Moderate OR

Figure 14. Condensed summary of findings and certainty of evidence (as per GRADE).

3.4. Qualitative Systematic Review of Prognosis Outcomes

Respectively 4 and 2 studies included information on RES and OS between the ICG fluorescence
laparoscopy group and the conventional laparoscopy group[27-29,32-34]. Among the 4studies
examining RFS, 3 reported an insignificant difference in RFS between the 2 groups, while 1 study
indicated that patients in the ICG fluorescence laparoscopy group were 2 times more likely to have
longer RFS than the conventional laparoscopy group (HR=0.462, P=0.024). In addition, both studies
focusing on OS reported a statistically insignificant difference in OS between the two groups.

4. Discussion

This systematic review and meta-analysis suggested that, in comparison to conventional
laparoscopy, ICG fluorescence laparoscopy is associated with improved short- and long-term clinical
outcomes for HCC patients undergoing AR. Specifically, it demonstrates advantages such as reduced
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intraoperative blood loss, decreased risks of blood transfusion, and reduced length of postoperative
hospitalization times. ICG fluorescence laparoscopy also showed implications for fewer
postoperative complications, higher rates of achieving RO resection, greater margin distances, and
extended RFS, although these findings were not statistically significant and require further
investigation. Complete resection of the tumor-bearing PT can improve the surgical oncological
efficacy in treating HCC, which is the fundamental principle of AR[39].

Similar to the result of the current research, a study found that ICG fluorescence real-time
imaging-guided technology in laparoscopic hepatectomy could increase the R0 resection rate, shorten
postoperative hospital stays, and reduce blood loss and the occurrence of postoperative
complications[40]. Another study conducted in patients with HCC found that although ICG
fluorescence laparoscopic hepatectomy took longer to perform, it could result in reduced rates of
postoperative complications[32]. In LPTAR, ICG fluorescence is utilized to delineate the tumor-
bearing PT[41,42]. Subsequently, the tumor-bearing PT is traced to the corresponding tumor-bearing
Glisson system, leading to the complete resection of combined tumor-bearing Glisson systems at all
hierarchical levels[43,44]. Theoretically, the liver transection plane in LPTAR should be located
between the various levels of the Glisson system, manifesting as a three-dimensional curved surface
denoted as the physiological liver cleft[45]. This cleft manifests in regions characterized by
insufficiency or paucity of vascular branches, commonly acknowledged as the “vascular bare area”,
and various levels of inter-territory hepatic veins (IHVs) traverse within this region[9,46]. Guided by
fluorescence, the individualized curved surface anatomy of the Glisson systems is meticulously
followed during liver dissection[47,48]. This methodology firstly is beneficial in mitigating the
challenge of orientation loss within the deep liver parenchymal49,50]. More importantly, the
complete resection of tumor-bearing Glisson systems and preservation of the FLR Glisson system can
reduce complications such as bleeding, ischemia, and bile leakage stemming caused by the severance
of hepatic pedicle branches[51,52]. Concurrently, the fluorescence reveals the various levels of IHVs
within the Glisson systems, ensuring hepatic venous outflow and mitigating congestion[53,54].
Therefore, the complete resection of tumor-bearing Glisson systems with LPTAR, while preserving
FLR Glisson systems and hepatic venous outflow, could potentially reduce the risk of disorientation
of anatomical direction and complications such as bleeding, ischemia, bile leakage, congestion, and
liver dysfunction. This strategic approach is anticipated to result in superior perioperative outcomes.

The heterogeneity source exploration revealed that RCTs reported less blood loss compared to
retrospective studies. This finding emphasized the high clinical efficacy of ICG fluorescence in
minimizing intraoperative blood loss, particularly in studies with rigorous designs. This evidence,
graded as “moderate,” provides relatively reliable guidance for clinical practice. However,
heterogeneity persists even after controlling for study type, suggesting the necessity for further
research to comprehensively understand when laparoscopy with ICG fluorescence may be most
effective in reducing blood loss. Sensitivity analyses indicated that the exclusion of certain
retrospective studies could result in improved clinical benefits of ICG fluorescence in reducing
postoperative complications and increasing the margin distance, which further highlights the
potential advantages of ICG fluorescence since a higher proportion of high-quality RCTs were
included in the analyses following the exclusion of retrospective studies[32]. However, we also found
that the removal of an RCT resulted in a statistically significant increase in the RO resection rate in the
ICG fluorescence laparoscopy group. This could be attributed to the inclusion of only 2 articles (1
retrospective study and 1 RCT) in the RO resection rate analysis. The exclusion of the RCT could
merely reflect the result of the retrospective study, rather than confirming the benefit of ICG
fluorescence laparoscopy on the RO resection rate[28,30]. Further RCTs are still required to examine
the effect of ICG fluorescence on the clinical benefit derived from the RO resection rate. Moreover, in
the demographic information of the patients included in this systematic review, we observed
heterogeneity in tumor size between the ICG fluorescence laparoscopy and conventional laparoscopy
groups. Although limited evidence focused on the oncological efficacy of LPTAR based on tumor
size, a retrospective study revealed that in patients with HCCs exceeding 5cm, the implementation
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of AR might inadvertently fail to result in the intended benefits compared with NAR[55]. Further
studies are warranted to identify which HCC patients would truly benefit from LPTAR with ICG
fluorescence to provide valuable guidance for optimizing surgical outcomes.

To be noted, similar to LPTAR, researchers also proposed the dynamic liver blood watershed
theory to redefine the distribution of blood vessels and blood flow in the liver[56]. This concept
deviates from LPTAR but is susceptible to confusion. Dynamic liver blood watershed theory pointed
out that the interrelationships between liver segments cannot be ignored, and the liver should be
dissected and analyzed as a whole. The liver tissue within a certain watershed (river section) is
supplied by multiple peripheral hepatic arteries and portal vein branches, forming a dynamic
balance. For a portion of liver malignant tumors in special areas, watershed resection will be carried
out. While ensuring liver function, the entire watershed of the tumor area, including its blood vessels,
will be removed. The main idea advocated in the current study is watershed liver resection. The
anatomy of liver segments is described as a “tree trunk” structure, with the main trunk being the
portal vein and branches being the segmental portal vein. The liver segments are directly supplied
by the segmental portal vein, and there are no communicating branches between the liver segments.
Each segment is a functional and anatomical independent unit that can be independently excised.

Compared to NAR, AR may improve the long-term survival rate of HCC patients, but the
presence of residual tumor-bearing PT in classical AR may contribute to local recurrence and
negatively impact the oncological therapeutic efficacy of AR[57]. Therefore, it is imperative to
accurately perform LPTAR and ensure that this theoretical technology is safe, effective, and widely
applicable[58]. Due to the lack of sufficient evidence on the efficacy of fluorescent laparoscopy in AR,
this systematic review is the first to synthesize evidence comparing fluorescent laparoscopy and
laparoscopy. The results could provide a reference for further clinical guidance on the intraoperative
use of fluorescent laparoscopy in AR.

However, this study has certain limitations. First, the results may be influenced by potential
selection bias due to some of the non-randomized nature of some studies included in the systematic
review. Second, the observed heterogeneity in several outcomes and the variability in surgical
techniques employed across the included studies may affect the generalizability of the findings.
Third, the absence of long-term follow-up data within the selected studies limits the ability to
confidently draw conclusive inferences regarding the enduring effects of fluorescent laparoscopy on
patient outcomes. Fourth, given the present technical constraints, this study provisionally classified
the ICG fluorescence laparoscopy surgery as LPTAR, which may potentially underestimate the actual
effectiveness and efficacy of LPTAR. Despite these limitations, this systematic review and meta-
analysis provides valuable insights into the potential benefits of ICG fluorescent laparoscopy in
LPTAR and highlights the need for further high-quality, randomized controlled trials to definitively
establish its role in the management of HCC. An expert consensus in China has established the
technical standard of LPTAR as: (1) The procedure involves the complete resection of the tumor-
bearing PT under the guidance of ICG navigation while ensuring the full preservation of the
remaining liver (staining first, positive or negative); (2) The process adheres strictly to the
physiological hepatic fissure surface to separate the liver under the guidance of fluorescence, which
allows for the complete resection of the tumor-bearing Glisson system, ensuring that no hepatic
pedicle is encountered in the section. (3) The procedure requires the exposure of the typical inter-
territory hepatic vein (TIHV), which involves the stereoscopic exposure of all levels of intrahepatic
veins (IHVs); (4) The smallest resection unit should be the sub-segment supplied by the fourth-level
hepatic pedicle. This is determined by either puncture or ligation at the root of the hepatic pedicle, as
indicated by classic AR theory. (5) The procedure mandates a resection margin of =1 cm, in
accordance with established guidelines and ethical requirements[23]. Future research could focus on
standardizing the use of ICG fluorescent laparoscopy in LPTAR in clinical settings to ensure
consistent and optimal outcomes. Further systematic reviews comparing LPTAR and NAR are also
essential to identify the most appropriate patient population with HCC for each approach.
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5. Conclusion

This systematic review and meta-analysis demonstrated that ICG fluorescence laparoscopy is a
safe and effective technique for AR in HCC patients. Compared to conventional laparoscopy, ICG
fluorescence laparoscopy resulted in reduced blood loss, lower blood transfusion rates, and shorter
hospital stays. These advantages are attributed to the accurate and complete resection of tumor-
bearing PT and Glisson systems, as well as the preservation of FLR function and venous outflow.
This study provides valuable evidence to support the clinical application of ICG fluorescence
laparoscopy in LPTAR for HCC.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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