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Abstract

Background: Neoadjuvant therapy has improved the resectability of locally advanced hepatocellular carcinoma (HCC), but
treatment-induced tumor necrosis and fibrosis often obscure tumor boundaries, making margin control challenging during non-
anatomical hepatectomy (NAH). This study evaluated the efficacy of indocyanine green (ICG) fluorescence imaging for tumor
delineation and resection margin control in this patient population. Methods: This retrospective observational study included 110
patients with HCC who received neoadjuvant therapy and subsequently underwent NAH between January 2018 and January
2024. After exclusions, 88 eligible patients were divided into ICG-guided (n=40) and conventional surgery (n=48) groups, with
38 matched pairs (38 vs. 38) after 1: 1 propensity score matching (PSM). Primary outcomes included adequate/positive resection
margin rates and boundary identification accuracy; secondary outcomes were perioperative and oncological outcomes. Results:
The ICG group demonstrated a significantly higher adequate margin rate (92.1% vs. 73.7%, p = 0.034) and improved tumor
boundary identification accuracy (89.5% vs. 63.2%, p = 0.012). The positive margin rate was lower in the ICG group (2.6% vs.
18.4%, p = 0.058). Length of hospital stay was significantly shorter (7.1 £2.0 vs. 9.4 £2.7 days, p = 0.001), while operative
time, blood loss, and postoperative complication rates were comparable. No significant differences in recurrence-free survival
(RFS) or overall survival (OS) were observed. Conclusions: ICG fluorescence imaging enhances tumor boundary visualization
and may improve resection margin quality in NAH following neoadjuvant therapy for HCC, representing a valuable
intraoperative navigation tool.
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1. Introduction

Hepatocellular carcinoma (HCC) remains one of the lead-
ing causes of cancer-related mortality worldwide, with surgi-
cal resection standing as the primary curative treatment for el-
igible patients [1]. In recent years, neoadjuvant therapy, in-
cluding targeted therapy, immunotherapy, and transarterial
chemoembolization (TACE), has increasingly emerged as a
transformative strategy for locally advanced HCC [2, 3]. By
downstaging tumors, reducing micrometastatic burden, and
improving resectability, this approach has expanded curative
opportunities for patients who were previously deemed inop-
erable [4-6]. However, even with favorable tumor response, a
substantial subset of these patients are not candidates for ana-
tomical or territorial hepatectomy due to severe liver cirrhosis,
insufficient future liver remnant, deep tumor location, or un-
favorable tumor distribution. For this high-risk group, non-an-
atomical hepatectomy (NAH) represents the only feasible cu-
rative approach, balancing tumor clearance with the preserva-
tion of functional liver parenchyma [7, 8].

The success of NAH hinges on accurate identification of
viable tumor boundaries and achievement of adequate resec-
tion margins—two factors directly linked to local recurrence
and long-term survival [9]. Unfortunately, neoadjuvant ther-
apy frequently induces treatment-related pathological changes,
including tumor necrosis, fibrosis, and inflammatory infiltra-
tion, which obscure the distinction between viable tumor tis-
sue and surrounding normal liver parenchyma [10, 11]. Con-
ventional visualization methods, including visual inspection,
palpation, and intraoperative ultrasound, often fail to reliably
delineate biological tumor boundaries in this setting, leading
to suboptimal resection margins, increased positive margin
rates, and compromised oncological outcomes. This unmet
clinical need highlights the urgent demand for a real-time, pre-
cise navigation tool to enhance surgical decision-making in
post-neoadjuvant HCC patients undergoing non-anatomical
resection.

Indocyanine green (ICG) fluorescence imaging has
emerged as a promising intraoperative navigation technique in
hepatobiliary surgery. Leveraging impaired biliary excretion
in malignant hepatocytes, ICG is selectively retained in viable
tumor tissue, enabling real-time visualization of biological tu-
mor boundaries rather than relying solely on morphological
features [12, 13]. This unique advantage has been validated in
various complex liver surgical scenarios, including difficult
laparoscopic hepatectomy, where it has been shown to shorten
operative time and reduce postoperative complications [14].
ICG fluorescence imaging also facilitates precise preoperative
and intraoperative localization of liver lesions, real-time visu-
alization of hepatic anatomy, and accurate definition of resec-
tion margins—key requirements for preserving liver paren-
chyma and improving surgical safety [15]. However, studies
specifically evaluating the efficacy of ICG fluorescence imag-
ing in patients who receive neoadjuvant therapy and require
NAH remain limited. Existing evidence primarily focuses on

unselected HCC populations, and data regarding its utility in
overcoming neoadjuvant therapy-induced boundary obscurity
are scarce.

To address this research gap, the present retrospective study
aimed to investigate the value of ICG fluorescence imaging-
guided tumor delineation and resection margin control in HCC
patients following neoadjuvant therapy who were ineligible
for anatomical resection [16]. We hypothesized that ICG-
guided navigation would improve the accuracy of viable tu-
mor identification, optimize resection margin quality, and en-
hance both perioperative and oncological outcomes compared
with conventional surgical methods. The findings of this study
seek to provide clinical evidence for refining surgical strate-
gies in this challenging patient cohort.

2. Materials and Methods

2.1. Study Design and Patients

This was a retrospective observational study approved by
the Ethics Committee of National Cancer Center
(NCC2021C-239), and the requirement for informed consent
was waived due to the retrospective nature of the study. Con-
secutive patients diagnosed with HCC who received neoadju-
vant therapy and subsequently underwent NAH at our institu-
tion between January 2018 and January 2024 were enrolled.

The inclusion criteria were: (1) Pathologically confirmed
HCC; (2) Received at least one cycle of neoadjuvant therapy
(targeted therapy, immunotherapy, TACE, or combination
therapy); (3) Evaluated as ineligible for anatomical hepatec-
tomy (AH) by a multidisciplinary (MDT) team due to severe
liver cirrhosis, insufficient future liver remnant (FLR) (<30%
for non-cirrhotic liver, <50% for cirrhotic liver), deep tumor
location (involving central hepatic veins or portal vein
branches), or multifocal lesions not suitable for segmental re-
section; (4) Underwent NAH; (5) Complete clinical, surgical,
and follow-up data available.

The exclusion criteria were: (1) Contraindications to ICG
(e.g., hypersensitivity to ICG or iodine); (2) Diffuse HCC or
tumor involvement of more than 50% of the liver parenchyma;
(3) Extrahepatic metastasis or vascular invasion (portal vein
tumor thrombus, hepatic vein tumor thrombus); (4) Concur-
rent other malignant tumors; (5) Severe cardiopulmonary, re-
nal, or hematological diseases that cannot tolerate surgery.

Eligible patients were divided into an ICG-guided surgery
group and a conventional surgery group according to the sur-
gical navigation method used during the study period. Propen-
sity score matching (PSM) was performed using a logistic re-
gression model to balance baseline characteristics between the
two groups, with a ratio of 1: 1, including the following co-
variates: age, sex, Child—Pugh class, tumor size, tumor num-
ber, AFP level, and neoadjuvant therapy regimen. Nearest-
neighbor matching with a caliper width of 0.2 was applied.
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2.2. Neoadjuvant Therapy

Neoadjuvant therapy regimens were determined by the
MDT team based on the patient’s liver function, tumor char-
acteristics, and general condition, including: (1) Targeted
therapy (e.g., sorafenib, lenvatinib); (2) Immune checkpoint
inhibitors (e.g., nivolumab, pembrolizumab); (3) Transarterial
chemoembolization (TACE); (4) Combination therapy (e.g.,
targeted therapy plus immunotherapy, TACE plus targeted
therapy). All patients completed at least one cycle of neoadju-
vant therapy, and the treatment was discontinued 2—4 weeks
before surgery to reduce the risk of intraoperative bleeding
and postoperative complications. Tumor response was evalu-
ated using the Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 based on contrast-enhanced computed
tomography (CT) or magnetic resonance imaging (MRI) per-
formed 1-2 weeks before surgery, which was classified as
complete response (CR), partial response (PR), stable disease
(SD), or progressive disease (PD).

2.3. Surgical Procedures

In the ICG-guided group, ICG (Indocyanine Green Injec-
tion, Ruidu, China) was injected intravenously at a dose of 0.5
mg/kg 24-48 h before surgery. During NAH, a dedicated sur-
gical fluorescence imaging system was used to identify viable
tumor regions in real time. The resection plane was deter-
mined as 5-10 mm outside the fluorescent boundary of the
viable tumor to ensure adequate resection margins. Intraoper-
ative frozen section examination was performed for suspected
positive margins to confirm tumor clearance.

In the conventional group, surgery was performed using
visual inspection, palpation, and intraoperative ultrasound
without fluorescence navigation. The resection plane was de-
termined based on the intraoperative ultrasound findings and
the surgeon’s experience, with the goal of achieving a 5-10
mm resection margin. Intraoperative frozen section examina-
tion was also performed for suspected positive margins.

Both groups received standard perioperative management
and surgical techniques.

2.4. Outcome Measures

2.4.1. Primary Outcomes

Rate of adequate resection margins (defined as resection
margin >5 mm on postoperative pathological examination,
without residual viable tumor cells).

Positive resection margin rate (defined as residual viable tu-
mor cells at the resection margin on postoperative pathologi-
cal examination).

Accuracy of viable tumor boundary identification (defined
as the concordance between intraoperative tumor boundary
estimation and pathological tumor boundary measured in the
resected specimen).

2.4.2. Secondary Outcomes

Operative time (from skin incision to skin closure).

Intraoperative blood loss (measured by the volume of blood
collected in the suction device and the weight of gauze used).

Postoperative complications (classified according to the
Clavien-Dindo classification system, grade >3 complications
were considered major complications).

Length of hospital stay (from the day of surgery to the day
of discharge).

2.5. Statistical Analysis

All data were collected from the hospital electronic medical
record system and follow-up records. Continuous variables
were expressed as mean = standard deviation (for normally
distributed data) or median (interquartile range, IQR) (for
non-normally distributed data) and compared using the Stu-
dent’s t-test or Mann—Whitney U test, respectively. Categori-
cal variables were presented as numbers (percentages) and an-
alyzed using the chi-square test or Fisher’s exact test, as ap-
propriate. Propensity score matching (PSM) was performed
using the nearest neighbor method with a caliper of 0.2 to bal-
ance baseline characteristics between the two groups. Kaplan—
Meier survival curves were constructed to evaluate recur-
rence-free survival (RFS) and overall survival (OS), and dif-
ferences between groups were compared using the log-rank
test. Cox proportional hazards regression models were used to
estimate hazard ratios (HRs) and 95% confidence intervals
(Cls) for recurrence-free survival and overall survival. Be-
cause the incidence of positive resection margins was ex-
tremely low after propensity score matching, Fisher’s exact
test was used to compare the incidence of positive margins
between groups rather than performing logistic regression
analysis. A p-value < 0.05 was considered statistically signif-
icant. All statistical analyses were performed using SPSS 26.0
software. Variables with p < 0.10 in univariate analysis were
included in the multivariate models.

3. Results

3.1. Patient Enrollment and Baseline
Characteristics

A total of 110 patients with hepatocellular carcinoma (HCC)
who received neoadjuvant therapy and subsequently under-
went non-anatomical hepatectomy were initially screened. Af-
ter applying the exclusion criteria, 22 patients were excluded,
leaving 88 eligible patients for further analysis. Among them,
40 patients underwent ICG fluorescence-guided surgery,
while 48 patients underwent conventional surgery.

To minimize potential selection bias, propensity score
matching (PSM) was performed using a 1: 1 nearest-neighbor
method, resulting in 38 matched pairs (38 vs. 38) included in
the final analysis (Figure 1).
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After PSM, baseline characteristics between the two groups matching were below the commonly accepted threshold of 0.1,
were well balanced. All standardized mean differences after indicating adequate balance between groups.

Patients with hepatocellular
carcinoma (HCC) receiving
neoadjuvant therapy and
undergoing non-anatomical
hepatectomy (n=110)

Excluded (n = 22)
ICG contraindication (n=7)

LExtrahepatic metastasis (n = 6)

Diffuse HCC (n =5)
Concurrent malignancies (n =4)

[ Eligible patients (n = 88)

|
! !

ICG fluorescence- Conventional surgery
guided surgery (n = 40) (n=48)

Propensity
score
matching (1:1)

4[ Matched cohort ]7

3 k.

[ ICG group (n=38) ] [ Conventional group ]

(n=38)

Figure 1. Patient selection flowchart. A total of 110 patients were screened, and 88 eligible patients were included. After 1: 1 propensity score
matching, 38 matched pairs were analyzed.

After PSM, baseline characteristics between the two groups most common neoadjuvant therapy regimen was combination
were well balanced (Table 1). The mean age of patients inthe  therapy (targeted + immunotherapy) in both groups (42.1% vs.
ICG group and conventional group was 58.2 7.9 years and 39.5%), and the partial response (PR) rate to neoadjuvant ther-
57.7 £8.3 years, respectively. The majority of patients were apy was comparable between the two groups (65.8% vs.
male (76.3% in the ICG group vs. 71.1% in the conventional 60.5%). No significant difference was observed in preopera-
group). In terms of liver function, most patients were classi-  tive alpha-fetoprotein (AFP) levels (median: 125.3 ng/mL vs.
fied as Child-Pugh class A (84.2% vs. 78.9%). The median 132.6 ng/mL, p = 0.689). No statistically significant differ-
tumor size was 4.1 cm (IQR: 3.0-5.4 cm) in the ICG group  ences were observed in baseline characteristics (all p > 0.05).
and 4.4 cm (IQR: 3.2-5.7 cm) in the conventional group. The

Table 1. Baseline characteristics of patients before and after propensity score matching (PSM). Before PSM: 40 vs 48 eligible; After PSM: 38
vs 38 eligible.

Characteristic ICG group (n=38) Conventional group (n=38) p-value
Age, mean =SD (years) 58.2 7.9 57.7 8.3 0.762
Gender, n (%) 0.598
Male 29 (76.3) 27 (71.1)

Female 9 (23.7) 11 (28.9)

Child-Pugh class, n (%) 0.526
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Characteristic ICG group (n=38) Conventional group (n=38) p-value
Class A 32 (84.2) 30 (78.9)

Class B 6 (15.8) 8 (21.1)

Tumor size, median (IQR) (cm) 4.1(3.0-5.4) 4.4 (3.2-5.7) 0.498
Tumor number, n (%) 0.431
Single 35 (92.1) 33(86.8)

Multiple (2-3) 3(7.9) 5(13.2)

AFP, median (IQR) (ng/mL) 125.3 (44.8-281.5) 132.6 (47.9-295.2) 0.689
Neoadjuvant therapy regimen, n (%) 0.793
Targeted therapy 9 (23.7) 10 (26.3)

Immunotherapy 7 (18.4) 6 (15.8)

TACE 6 (15.8) 7 (18.4)

Combination therapy 16 (42.1) 15 (39.5)

Tumor response, n (%) 0.587
Complete response (CR) 2 (5.3) 1(2.6)

Partial response (PR) 25 (65.8) 23 (60.5)

Stable disease (SD) 11 (28.9) 14 (36.8)

Progressive disease (PD) 0(0.0) 0 (0.0)

3.2. Primary Outcomes: Tumor Delineation and
Resection Margin Control

The primary outcomes focused on resection margin quality
and tumor boundary identification (Table 2).

The adequate resection margin rate (=5 mm) was signifi-
cantly higher in the ICG group (92.1% vs. 73.7%, p = 0.034).

The positive margin rate showed a trend toward reduction
in the 1ICG group (2.6% vs. 18.4%), although the difference
did not reach statistical significance (p = 0.058).

Furthermore, the accuracy of tumor boundary identification
was significantly improved in the ICG group (89.5% vs.
63.2%, p = 0.012).

Table 2. Comparison of primary outcomes between the two groups after PSM.

Primary Outcome ICG group (n=38) Conventional group (n=38) p-value
Adequate resection margins >5mm, n (%) 35(92.1) 28 (73.7) 0.034
Positive resection margins, n (%) 1(2.6) 7 (18.4) 0.058
Boundary accuracy, n (%) 34 (89.5) 24 (63.2) 0.012

3.3. Perioperative Outcomes

Perioperative outcomes are summarized in Table 3. There
were no significant differences in operative time (155.6 £32.5

vs. 161.2 £34.9 min, p = 0.415) or intraoperative blood loss
(282.4 £123.5 vs. 325.8 +139.7 mL, p = 0.178). However,
the length of hospital stay was significantly shorter in the ICG
group (7.1 2.0 days vs. 9.4 +2.7 days, p = 0.001).
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Table 3. Comparison of secondary outcomes between the two groups after PSM.

Secondary Outcome ICG group (n=38) Conventional group (n=38) p-value
Operative time, mean £SD (min) 155.6 +32.5 161.2 +34.9 0.415
Intraoperative blood loss, mean £SD (mL) 282.4 £123.5 325.8 +139.7 0.178
Length of hospital stay, mean =SD (days) 7.1x20 9.4 2.7 0.001

3.4. Oncological Outcomes

The median follow-up time was 16.2 months (IQR: 12.5-
20.3 months). Kaplan—Meier survival analysis was performed
to evaluate the oncological outcomes between the ICG-guided

hepatectomy group and the conventional hepatectomy group.

Recurrence-free survival (RFS): Kaplan—Meier analysis
showed that patients undergoing ICG-guided hepatectomy
had a numerically higher RFS probability compared with
those undergoing conventional surgery (p = 0.181) (Figure 2).

Kaplan-Meier Curve: Recurrence-free Survival
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Figure 2. Kaplan—Meier curves of recurrence-free survival (RFS) in patients undergoing ICG-guided hepatectomy versus conventional surgery
after propensity score matching. The ICG-guided group demonstrated a trend toward improved recurrence-free survival compared with the
conventional group, although the difference did not reach statistical significance (p = 0.181). Follow-up time is presented in months.

Overall Survival (OS): For overall survival, Kaplan—Meier analysis demonstrated no significant difference between the two
groups (p = 0.376) (Figure 3). Cox regression analysis showed that the risk of mortality was comparable between groups.
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Kaplan-Meier Curve: Overall Survival
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Figure 3. Kaplan—Meier curves of overall survival (OS) in patients undergoing ICG-guided hepatectomy versus conventional surgery after
propensity score matching. No significant difference in overall survival was observed between the two groups (p = 0.376). Follow-up time is

presented in months.

Overall, these findings suggest that ICG-guided hepatec-
tomy may reduce the risk of early recurrence and show a trend
toward improved recurrence-free survival, although no statis-
tically significant survival advantage was observed during the
current follow-up period.

3.5. Postoperative Complications

The overall incidence of postoperative complications was
21.1% in the ICG group and 26.3% in the conventional group,
with no significant difference (p = 0.567) (Table 4). The most
common complications were:

Bile leakage: 10.5% in the ICG group vs. 13.2% in the con-
ventional group (p = 0.738).

Abdominal infection: 5.3% vs. 7.9% (p = 0.679).

Transient hepatic dysfunction: 5.3% in both groups (p =
1.000).

The incidence of major complications (Clavien-Dindo
grade >3) was 5.3% in the ICG group (1 case of severe bile
leakage requiring endoscopic stenting, 1 case of abdominal in-
fection requiring percutaneous drainage) and 7.9% in the con-
ventional group (2 cases of severe bile leakage, 1 case of gas-
trointestinal bleeding), with no significant difference (p =
0.679). All complications were resolved with conservative or
interventional treatment, and no postoperative mortality oc-
curred in either group.

Table 4. Postoperative complications between the two groups after PSM.

Complication Type

Overall complications 8 (21.1)
Bile leakage 4 (10.5)
Abdominal infection 2(5.3)
Transient hepatic dysfunction 2 (5.3)
Major complications (Grade >3) 2 (5.3)

ICG group (n=38), n (%)

Conventional group (n=38), n (%) p-value
10 (26.3) 0.567
5(13.2) 0.738
3(7.9) 0.679
2(5.3) 1.000
3(7.9) 0.679
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3.6. Risk Factor Analysis

To identify factors associated with tumor recurrence, Cox
proportional hazards regression analysis was performed for
recurrence-free survival (RFS) after propensity score match-
ing (Table 5). In the multivariable model, immunotherapy was

identified as an independent protective factor for recurrence
(HR =0.39,95% CI1 0.18-0.84, p = 0.020). Tumor multiplicity
and AFP level showed no significant association with recur-
rence. ICG-guided surgery demonstrated a protective trend
but did not reach statistical significance (HR = 0.53, 95% ClI
0.24-1.16, p = 0.119).

Table 5. Cox proportional hazards regression analysis for recurrence-free survival.

Variable Univariable HR (95% CI)

AFP > 400 ng/mL 1.73 (0.87-3.46)
0.56 (0.27-1.18)
0.41 (0.20-0.86)
1.19 (0.44-3.20)

1.44 (0.74-2.79)

ICG fluorescence guidance
Immunotherapy
Margin <5 mm

Multiple tumors

p-value  Multivariable HR (95% CI) p-value
0.118 1.69 (0.84-3.38) 0.142
0.129 0.53 (0.24-1.16) 0.119
0.019 0.39 (0.18-0.84) 0.020
0.733 1.15 (0.43-3.07) 0.774
0.279 1.33 (0.68-2.61) 0.395

The incidence of positive resection margins was low after propensity score matching (1 vs. 7 cases). Fisher’s exact test showed a trend toward
a lower positive margin rate in the ICG-guided group, although the difference did not reach statistical significance (p = 0.058).

4. Discussion

This study evaluated the clinical value of ICG fluorescence
imaging for tumor delineation and resection margin control
during non-anatomical hepatectomy (NAH) in hepatocellular
carcinoma (HCC) patients who received neoadjuvant therapy
and were not suitable candidates for anatomical hepatectomy.
After propensity score matching, ICG fluorescence guidance
was associated with a higher rate of adequate resection mar-
gins and improved tumor boundary identification. A trend to-
ward a lower positive margin rate was observed in the ICG-
guided group, although it did not reach statistical significance.
Additionally, ICG guidance was associated with shorter post-
operative hospital stay and a trend toward improved recur-
rence-free survival, without increasing operative time, in-
traoperative blood loss, or postoperative complications. These
findings suggest that fluorescence-guided surgery may en-
hance surgical precision and improve perioperative outcomes
in this challenging clinical scenario.

Fluorescence-guided liver surgery has attracted increasing
attention. Multiple studies have demonstrated that ICG fluo-
rescence imaging can assist intraoperative tumor detection, le-
sion localization, and surgical margin assessment [17, 18].
However, evidence in post-neoadjuvant therapy patients re-
mains limited. In this population, treatment-induced necrosis
and fibrosis may obscure tumor boundaries, making conven-
tional assessment methods, such as visual inspection, palpa-
tion, and intraoperative ultrasonography, insufficient to delin-
eate viable tumor tissue accurately [19]. ICG fluorescence im-
aging provides biologically based visualization that facilitates

more precise intraoperative tumor localization.

ICG is selectively retained in malignant hepatocytes due to
impaired biliary excretion. This allows near-infrared fluores-
cence imaging to highlight tumor tissue and delineate bound-
aries in real time. This mechanism is particularly valuable af-
ter neoadjuvant therapy, where viable tumor tissue may coex-
ist with necrotic or fibrotic areas. Previous studies have re-
ported that ICG fluorescence imaging can detect over 90% of
malignant liver lesions and reveal small satellite nodules not
identified by conventional imaging modalities [20]. Such bio-
logical visualization may enhance intraoperative tumor iden-
tification and improve resection margin control.

Another key observation in this study is the improvement
in resection margin quality with ICG guidance. Adequate sur-
gical margins are a key determinant of oncological outcomes
after HCC resection. While anatomical hepatectomy (AH) is
often recommended to remove the entire portal venous terri-
tory potentially containing microscopic tumor spread, AH
may not be feasible in patients with impaired liver function,
insufficient future liver remnant, or tumors in anatomically
complex regions [21]. In such cases, NAH is performed as
a parenchyma-sparing alternative, but this may increase the
risk of inadequate margins. Fluorescence-guided surgery
allows real-time visualization of tumor tissue, enabling sur-
geons to define boundaries precisely and adjust the resec-
tion plane during parenchymal transection. The higher ad-
equate margin rate observed in the ICG group supports this
advantage.

This study specifically focused on HCC patients who re-
ceived neoadjuvant therapy and required NAH, a population
that has been largely underrepresented in previous literature
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[22]. By addressing this subgroup, our findings highlight the
potential value of fluorescence navigation in overcoming
treatment-induced tissue changes that obscure tumor
boundaries. The observed trends toward lower recurrence
and improved surgical precision suggest that ICG guidance
may enhance oncological radicality, although longer fol-
low-up is needed to determine its impact on long-term sur-
vival.

Several limitations should be noted. First, this study was
retrospective and conducted at a single center, which may in-
troduce selection bias despite the use of propensity score
matching. Second, the sample size was relatively small, which
may limit statistical power. Third, follow-up duration was lim-
ited for evaluating long-term outcomes such as overall sur-
vival and disease-free survival. Variations in the timing and
dosage of ICG administration may also influence fluorescence
signal intensity and imaging quality. Standardization of ICG
injection protocols could improve reproducibility and clinical
utility. Future prospective multicenter studies with larger sam-
ple sizes and longer follow-up are warranted to validate these
findings.

5. Conclusions

In conclusion, this study provides evidence supporting the
use of ICG fluorescence imaging for tumor delineation and
resection margin control during NAH in HCC patients follow-
ing neoadjuvant therapy who are not candidates for ana-
tomical resection. By improving intraoperative visualiza-
tion and enabling more precise surgical resection without
increasing perioperative risk, fluorescence-guided surgery
represents a promising strategy to optimize surgical preci-
sion and oncological outcomes in this high-risk patient
population.
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NAH Non-Anatomical Hepatectomy
ICG Indocyanine Green

FLR Future Liver Remnant
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