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Background: The combination of three-dimensional printing (3DP) technology and near-infrared 
fluorescence (NIF) technology using indocyanine green (ICG) has demonstrated significant potential in 
enhancing surgical margin and safety, as well as simplifying segmental resection. However, there is limited 
literature available on the integrated use of these techniques. The current study assessed the effectiveness 
and value of integrating 3DP-NIF technologies in the perioperative outcomes of thoracoscopic segmental 
lung resection.
Methods: This single-center, retrospective study recruited 165 patients with pulmonary nodules who 
underwent thoracoscopic segmentectomy. Eligible patients were categorized into two groups: the 3DP-
NIF group (71 patients) treated with a combination of 3DP-NIF technology, and the three-dimensional 
computed tomography bronchography and angiography with modified inflation-deflation (3D-CTBA-ID) 
group (94 patients). Following rigorous propensity-score matching (PSM) analysis (1:1 ratio), perioperative 
outcomes between these two approaches were compared. 
Results: Sixty-six patients were successfully matched in each group. In the 3D-CTBA-ID group, 
inadequate visualization of segmental planes was noted in 14 cases, compared to only five cases in the 3DP-
NIF group (P=0.03). In addition, the 3DP-NIF group demonstrated a shorter time for clear intersegmental 
boundary line (IBL) presentation {9 [8, 10] vs. 1,860 [1,380, 1,920] s} (P<0.001), and shorter operative time 
(134.09±34.9 vs. 163.47±49.4 min) (P<0.001), postoperative drainage time (P<0.001), and postoperative 
hospital stay (P=0.002) compared to the 3D-CTBA-ID group. Furthermore, the incidence of postoperative 
air leak was higher in the 3D-CTBA-ID group than in the 3DP-NIF group (33.3% vs. 7.6%, P<0.001). 
Conclusions: The combination of 3DP-NIF technologies served as a reliable technical safeguard, ensuring 
the safe and efficient execution of thoracoscopic pulmonary segmentectomy.
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Introduction

As well documented, lung cancer is a prevalent malignancy 
characterized by significantly high incidence and high 
mortality rates globally (1). Recent advances in medical 
imaging, encompassing the utilization of artificial 
intelligence (AI) and low-dose computed tomography 
(CT), have substantially optimized the detection of small 
peripheral lung nodules with the potential to progress to 
non-small cell lung cancer (NSCLC) (2,3). A meta-analysis 
study reported that the difference in disease-free survival 
(DFS) or overall survival (OS) for stage I NSCLC patients 
who underwent segmental lung resection compared to 
those who underwent lobectomy was not statistically 
significant (4), suggesting that segmental lung resection 
could be a viable alternative to lobectomy, particularly in 
cases where lobectomy might not be an option due to poor 
lung function or other comorbidities. 

The challenges associated with segmental resection 
exceed that of lobectomy, attributable to frequent 
anatomical variations in lung segments, notably within the 
vascular and bronchial systems (5). The advent of three-
dimensional computed tomography bronchography and 
angiography (3D-CTBA) or three-dimensional (3D) 
printed models has been instrumental in enhancing the 
understanding of precise anatomical relationships within 

pulmonary structures. This advancement has enabled 
greater precision and accuracy during surgical interventions, 
thus leading to improved patient outcomes (6). In 
comparison to 3D reconstructed virtual images, 3D printed 
models offer surgeons a more tangible representation 
conducive to the identification of complex entangled blood 
vessels and bronchial tubes prior to surgery (7).

Accurate identification of intersegmental planes in 
anatomical lung segment resection is crucial. Currently, two 
primary methods are extensively employed: the modified 
inflation-deflation (ID) method (8) and near-infrared 
fluorescence (NIF) technology combined with intravenous 
injection of indocyanine green (ICG) (9). Earlier studies 
have confirmed that the intersegmental intervals observed 
through the NIF method exhibit a high level of consistency 
with those noted by the ID method, accurately reflecting 
the actual intersegmental intervals. The NIF strategy 
displays several benefits over the ID approach in chronic 
obstructive pulmonary disease (COPD) or emphysema 
patients, including minimal disruption of the surgical 
field, shorter surgery duration, and faster identification of 
intersegmental connections (10,11).

The present study aimed to assess the effectiveness 
and value of a combined approach integrating 3D printed 
models and NIF technology on perioperative outcomes 
following thoracoscopic segmental lung resection. 
Perioperative outcomes of patients who underwent this 
procedure were evaluated using propensity-score matching 
(PSM) analysis to mitigate the risk of selection bias in this 
retrospective study. We present this article in accordance 
with the STROBE reporting checklist (available at https://
jtd.amegroups.com/article/view/10.21037/jtd-24-489/rc).

Methods

Study design

This retrospective study was conducted at Fuzhou 
Pulmonary Hospital (Fujian, China) between January 2020 
and April 2023, enrolling 165 patients with pulmonary 
nodules who underwent thoracoscopic segmentectomy 
employing different combinations of techniques (Table 1). 
After PSM, 66 cases were assigned to the 3DP-NIF group, 
while 66 cases belonged to the 3D-CTBA-ID group. 
The study was designed to evaluate the effectiveness and 
value of the combination of 3DP-NIF in video-assisted 
thoracoscopic surgery (VATS) segmentectomy. The flow 
diagram of the study is illustrated in Figure 1. The study was 
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conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by the 
Medical Ethics Committee of Fuzhou Pulmonary Hospital, 
Fuzhou, Fujian Province, China (approval No. 2024004-01)  
and informed consent was obtained from all individual 
participants.

Patient selection

Eligibility criteria were as follows: (I) clinical diagnosis 
of early-stage NSCLC with a tumor diameter of ≤2 cm;  
(II) thoracoscopic segmentectomy performed in accordance 
with the National Comprehensive Cancer Network 
(NCCN) guidelines for NSCLC (12) and the design of 
this study; (III) no age or gender restrictions; (IV) routine 
cardiopulmonary function assessment to determine 
eligibility for surgery and absence of distant metastases; 
(V) no prior neoadjuvant chemotherapy or radiotherapy 

treatment.
The exclusion criteria for segmentectomy in this 

retrospective study were as follows: (I) a history of allergy 
to iodine or ICG; (II) pulmonary nodules that can be 
excised by pulmonary wedge resection and primary tumors 
requiring lobectomy; (III) surgical unfitness.

Preoperative 3D-CTBA reconstruction and 3D model 
printing

A high-speed 64-channel multi-detector CT scanner 
(SOMATOM Definition AS, Siemens, Germany) with 1.2-mm  
pitch and 1.0-mm scanning thickness was employed in this 
study. All patients underwent CT scans and 3D-CTBA for 
tumor localization, anatomical relationships and variations 
determination, and surgical procedure simulation.

Digital Imaging and Communications in Medicine 
(DICOM) data from thin-slice (0.625–1.25 mm) CT images 

Table 1 Clinical characteristics of NSCLC patients

Characteristics

Before PSM After PSM

3DP-NIF  
group (n=71)

3D-CTBA-ID  
group (n=94)

P value
3DP-NIF  

group (n=66)
3D-CTBA-ID  
group (n=66)

P value

Sex 0.29 0.69

Male 18 (25.4) 31 (33.0) 18 (27.3) 16 (24.2)

Female 53 (74.6) 63 (67.0) 48 (72.7) 50 (75.8)

Age (years) 53.14±11.18 54.39±11.47 0.48 53.58±11.2 53.32±11.19 0.90

BMI (kg/m2) 23.34 [21.09, 25.46] 22.34 [21.09, 24.78] 0.43 23.24 [21.09, 25.47] 22.58 [21.2, 25.07] 0.96

FEV1 (L) 2.23 [1.96, 2.50] 2.12 [1.9, 2.34] 0.30 2.22 [1.95, 2.47] 2.15 [1.93, 2.60] 0.86

Smoking history 0.62 0.39

Yes 19 (26.8) 22 (23.4) 16 (24.2) 12 (18.2)

No 52 (73.2) 72 (76.6) 50 (75.8) 54 (81.8)

COPD 0.73 >0.99

Yes 12 (16.9) 14 (14.9) 12 (18.2) 12 (18.2)

No 59 (83.1) 80 (85.1) 54 (81.8) 54 (81.8)

Tumor size (mm) 9 [7, 12] 10 [8, 12] 0.18 9 [7, 12] 9 [7.75, 11.25] 0.65

Type of segmentectomy 0.09 0.38

Simple segmentectomy 9 (12.7) 5 (5.3) 8 (12.1) 5 (7.6)

Complex segmentectomy 62 (87.3) 89 (94.7) 58 (87.9) 61 (92.4)

Data are presented as n (%), mean ± SD or median [P25, P75]. NSCLC, non-small cell lung cancer; PSM, propensity-score matching; 
3DP, three-dimensional printing; NIF, near-infrared fluorescence; 3D-CTBA, three-dimensional computed tomography bronchography and 
angiography; ID, inflation-deflation; BMI, body mass index; FEV1, forced expiratory volume in one second; COPD, chronic obstructive 
pulmonary disease; SD, standard deviation.
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were imported into Wedge Medical Image Processing 
Software (developed by Ningbo Wedge Medical Technology 
Co., Ltd.) for 3D reconstruction of bronchial and vascular 
vessels. Threshold segmentation combined with the regional 
growth method was adopted for rapid planar segmentation, 
ensuring the shortest distance from the resection edge of the 
lung parenchyma to the edge of the tumor was greater than 
2 cm or the maximum size of the tumor. 

For the 3D printed model set, the “stereolithography 
(STL)” file format generated from the reconstructed images 
was exported and saved. The STL format file of the 3D 
digital model was used to set the printing parameters, such 
as layer thickness, printing speed, and fill density, as per 
the printer specifications. The YDM-1LC-295165 printer 
(developed by Shenzhen Yidimu Intelligent Technology 
Co., Ltd., Shenzhen, China) was used for printing, with 
photosensitive resin as consumable (Shenzhen Yidimu 
Intelligent Technology Co., Ltd.). Ultimately, arteries, 
veins, tracheobronchial trees, and the 3D lung model 
prototypes were generated.

Surgical procedures

All surgical procedures were conducted by the same surgical 
team of five chief physicians, each possessing a minimum 
of 10 years of experience in thoracoscopic surgery. Prior 

to segmental lung surgery, the lung nodules were precisely 
localized using 3D reconstruction or 3D printed lung 
models. The surgical procedure was meticulously planned 
to ensure adequate surgical margins. An in-depth analysis 
and confirmation of the arteries, veins, and bronchi of 
the target segments was conducted. General anesthesia 
was administered to all patients, along with double-lumen 
tracheal intubation and one-lung ventilation. A two- or 
three-port approach for thoracoscopic lung segmental 
surgery was selected based on the discretion of the surgeon. 
The conventional thoracoscopic equipment utilized in 
this study was the KARL STORZ thoracoscopic system 
from Germany, whilst the fluorescent thoracoscopic 
equipment was domestic OptoMedic (model OPTA-CAM2, 
Guangdong, China).

During the surgical intervention, the target arteriovenous 
and bronchial segments were identified based on 3D-CTBA 
or 3D printed lung models (Figures 2,3). In the 3D-CTBA-
ID group, the 3D-CTBA data were transferred to a 
computer and presented to the other surgeons in the 
operating room. Conversely, a personalized 3D printed 
model was positioned in front of the thoracoscopic screen 
in the 3DP group, allowing real-time navigation through 
the model and verification of segmental vessel and bronchial 
tube morphology. Intraoperative lymph node sampling was 
routinely performed and submitted for intraoperative frozen 

All patients undergoing VATS for pulmonary 
segmentectomy from Jan 2020 to Apr 2023  

(N=165)

3DP-NIF group (N=66)

Comparing intraoperative factors and postoperative condition between both 
technologies, performing statistical analysis

3D-CTBA ID group (N=66)

Propensity score matching (MR =1:1)

Segmentectomy using three-dimensional printing 
and near-infrared fluorescence

Segmentectomy using three-dimensional computed 
tomography bronchography and angiography with 

modified inflation-deflation

Figure 1 The flow diagram of the study. VATS, video-assisted thoracic surgery; MR, match ratio; 3DP, three-dimensional printing; NIF, 
near-infrared fluorescence; 3D-CTBA-ID, three-dimensional computed tomography bronchography and angiography with modified 
inflation-deflation.
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pathological examination. The intersegmental planes were 
identified using either the ID method or NIF technology.

The NIF technology combined with the intravenous 
injection of ICG involved the administration of a bolus 
comprising 2 mL ICG (25 mg dissolved in 10 mL saline, 
equivalent to 5 mg/body weight) into the peripheral 
vein using the NIF thoracoscopic fluorescence mode. 
After 7–15 s, the target segment to be resected remained 
uncolored. In contrast, the remaining lung tissues were 
highlighted in green (Figure 3), allowing clear demarcation 
of intersegmental boundaries on the pleural surface. 

The modified ID method consisted of cutting the artery 
and bronchus of the target segment. The anaesthesiologist 
subsequently inflated the lung on the operated side with 
pure oxygen before switching to one-lung ventilation on the 
healthy side. This procedure resulted in the target segment 
remaining inflated for approximately 15 min while the rest 
of the lung tissues atrophied. The inter-segmental boundary 
between the expanded and atrophied areas on the pleural 
surface was evident (Figure 3). 

Surgical margins for all malignant nodules were 
maintained at ≥2 cm or larger than the tumor diameter. 
In t e r s egmenta l  su r f a ce s  were  marked  u s ing  an 
electrocoagulation hook or argon knife jet coagulation in 
both groups. Target lung segments were dissected using an 

energy device combined with a thoracoscopic linear cutting 
anastomosis technique. Complete lobectomy was performed 
in cases of lymph node metastases or insufficient surgical 
margins.

Pulmonary segmentectomies were classified as either 
simple or complex. The former included the upper 
segment of the right or left lower lobe (segment 6), the 
upper left intrinsic segment (LS1+2+3), and the upper left 
lingual segment (LS4+5), whereas the latter encompassed 
the remaining lung segments in addition to the simple 
segmental resection.

Observational indicators 

This present study primarily collected general and 
perioperative data from the two groups. Perioperative data 
encompassed operation time, clarity of target lung segment 
display (including clear display time and cases with unclear 
display), intraoperative blood loss volume, frequency 
of conversion to thoracotomy, number of mediastinal 
lymph node sampling/dissection procedures, duration 
of the indwelling postoperative drainage tube, length of 
postoperative hospital stay, postoperative pathological 
conditions, and early postoperative complications (such as 
pulmonary infection and pulmonary air leakage), among 

RS4b
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RS5b

RS3b

RS3a

RS4a
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Figure 2 A case of personalized preoperative planning process using 3D-CTBA and 3D printing model. (A,B) The patient’s CT showing 
two mGGN in right lung; red dotted circles indicate the location of the lung nodules. (C-F) The patient’s 3D-CTBA reconstruction, 
including lung bronchus, arteries and veins. (G) The location of the two nodules and the target segments of the lung to be resected; red 
dotted circles indicate the location of the lung nodules. (H) The patient’s 3D printing model provides visualization of the location of the 
lesion and the anatomy of the target area. 3D-CTBA, three-dimensional computed tomography bronchography and angiography; CT, 
computed tomography; mGGN, mixed ground-glass nodule.
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other relevant indicators.
The duration of the operation was defined as the time 

from the initiation of the skin incision to the completion of 
the skin suture. Notably, the methods for timing the display 
of the target lung segment differed. The ICG fluorescence 
method involved injecting ICG from a peripheral vein into 
the target lung segment, resulting in a color contrast with 
the rest of the lung tissue. In the modified ID method, the 
lung tissue was expanded from the beginning of lung tissue 
inflation until the target lung segment was still in an inflated 
state; the remaining lung tissue appeared to be completely 
deflated, forming a clear ID junction line.

Statistical analysis

SPSS 27.0 for Windows (IBM, Armonk, NY, USA) was 

used for statistical analyses. PSM was used to minimize 
the impact of potential confounders and selection bias in 
baseline patient characteristics, including gender, age, body 
mass index (BMI), forced expiratory volume in one second 
(FEV1), smoking history, COPD, tumor size, and type of 
segmentectomy. Following 1:1 PSM, the perioperative 
outcomes of both approaches were compared.

Continuous data conforming to normal distribution were 
expressed as mean ± standard deviation and analyzed using 
the t-test for independent data. Non-normally distributed 
data were expressed as median (P25, P75), with comparisons 
between groups performed using the Mann-Whitney U-test. 
Count data were denoted as number (n) and percentage (%) 
and compared using the χ2 test or Fisher’s exact probability 
method. All tests were two-sided, with P values <0.05 
deemed statistically significant. 

S6 S6

S8 S8

Target lung segment

Target lung segment

Argon knife
S9

S9

S7 S7

S10 S10

A B

C D

Figure 3 Different methods to visualize target lung segments. (A) Modified inflation-deflation method to reveal target lung segments. 
Reprinted with permission from (13). (B) NIF technology fluorescence pattern reveals target lung segments. Reprinted with permission 
from (13). (C) 3D-CTBA-ID reconstruction on a 2D screen. (D) A 3D printed model combined with near-infrared fluorescent thoracoscopy 
for lung segment surgery. Reprinted with permission from (13). NIF, near-infrared fluorescence; 3D-CTBA-ID, three-dimensional 
computed tomography bronchography and angiography with modified inflation-deflation; 2D, two-dimensional.



Huang et al. Application of 3D printed with NIF in VATS segmentectomy4480

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2024;16(7):4474-4486 | https://dx.doi.org/10.21037/jtd-24-489

Results

Clinical characteristics of the patients 

Data collected from January 2020 to April 2023 involved 
165 patients with pulmonary nodules who underwent 
thoracoscopic segmentectomy. The clinical characteristics 
of the patients, divided into two groups, are summarized 
in Table 1. The 3DP-NIF group, consisting of 71 patients, 
underwent thoracoscopic segmentectomy using a 
combination of 3D printed models and NIF technology. 
Meanwhile, the 3D-CTBA-ID group, comprising 94 
patients, underwent thoracoscopic segmentectomy using 3D 
computed tomography bronchial angiography and modified 
ID techniques. Prior to PSM, no statistical differences were 
noted between the two groups in terms of gender, age, 
BMI, FEV1, smoking history, COPD, tumor size, and type 
of segmentectomy (Table 1). Post-PSM, 66 patients in each 
group were successfully matched. 

Intraoperative and postoperative data

All segmentectomies in each group were performed without 
conversion to thoracotomy. Frozen section analysis of lymph 
nodes yielded negative results in all cases; thus, lobectomy 

was not performed. Intraoperative findings indicated that 
vascular-bronchial branches identified through 3D-CTBA 
and the 3D printed models corresponded with the actual 
pulmonary vascular-bronchial branches. Moreover, aberrant 
bronchi and blood vessels were accurately identified 
by either 3D-CTBA or 3D printed models. Following 
the application of these technologies, both groups 
achieved sufficient oncological margin length to meet 
the requirements of surgical quality control. None of the  
66 patients in the 3D-NIF group experienced adverse 
reactions subsequent to ICG administration.

Intraoperat ive and postoperat ive data,  such as 
presentation time, blood loss, number of lymph node 
resections, drainage duration, postoperative hospital stay, 
and early postoperative complications (including pulmonary 
infection and postoperative air leak time), did not follow a 
normal distribution; therefore, the results were expressed 
in median (P25, P75) range. Comparisons between the two 
groups were conducted using the Mann-Whitney U-test. 
The results are presented in Table 2.

The data, as detailed in Table 1, revealed no statistical 
difference in the proportion of complex segmental 
resections between the 3DP-NIF group (87.9%) and 
the 3D-CTBA-ID group (92.4%) (P=0.38). Detailed 

Table 2 Intraoperative and postoperative data

Variables 3DP-NIF group (n=66) 3D-CTBA-ID group (n=66) P value

Operation time (min) 134.09±34.9 163.47±49.4 <0.001

Presentation time (s) 9 [8, 10] 1,860 [1,380, 1,920] <0.001

Not clear intersegmental plane 5 (7.6) 14 (21.2) 0.03

Blood loss (mL) 20 [20, 30] 20.00 [18.75, 30] 0.68

Number of lymph node resection 4 [3, 5] 4 [3, 5] 0.20

Drainage duration (days) 2.00 [2, 2] 2.00 [2, 3] <0.001

Hospital stays after surgery (days) 5.00 [4.75, 6] 6 [5, 7] 0.002

Postoperative early complications

Pulmonary infection 0.27

No 64 (97.0) 60 (90.9)

Yes 2 (3.0) 6 (9.1)

Postoperative air leak ≥1 day <0.001

No 61 (92.4) 44 (66.7)

Yes 5 (7.6) 22 (33.3)

Data are presented as n (%), mean ± SD or median [P25, P75]. 3DP, three-dimensional printing; NIF, near-infrared fluorescence; 3D-CTBA, 
three-dimensional computed tomography bronchography and angiography; ID, inflation-deflation; SD, standard deviation.
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information regarding accurate nodule location and 
segmentectomy position is presented in Table 3. Notably, 
the 3DP-NIF group demonstrated a significantly shorter 
time for clear presentation of the intersegmental boundary 
line (IBL) {9 [8, 10] vs. 1,860 [1,380, 1,920] s} (P<0.001), a 
shorter operative time (134.09±34.9 vs. 163.47±49.4 min) 
(P<0.001), a reduced postoperative drainage time (P<0.001), 
and a shorter postoperative hospital stay (P=0.002) 
compared to the 3D-CTBA-ID group. In the 3D-CTBA-
ID group, 14 cases exhibited unclear visualization of the 
intersegmental plane. Of note, prolonged waiting time 
did not reveal a distinct boundary in these cases, which 
included five RS1 resections, two RS2 resections, one RS3 
resection, one RS8+9 resection, one RS9+10b resection, one 

Table 3 Segmentectomy position and number of cases

Position
3DP-NIF group 

(n=66)
3D-CTBA-ID 
group (n=66)

Simple segmentectomy

Right lobe

RS6 2 (3.0) 2 (3.0)

Left lobe

LS1+2+3 2 (3.0) –

LS4+5 2 (3.0) 1 (1.5)

LS6 2 (3.0) 2 (3.0)

Complex segmentectomy

Right lobe

RS1 7 (10.6) 13 (19.7)

RS1a 2 (3.0) 1 (1.5)

RS1b – 1 (1.5)

RS1a + RS2a 1 (1.5) –

RS1 + RS2 5 (7.6) 1 (1.5)

RS2 6 (9.1) 6 (9.1)

RS2 + RS1a 1 (1.5) –

RS2b 1 (1.5) –

RS2b + RS3a 2 (3.0) 1 (1.5)

RS3 3 (4.5) 6 (9.1)

RS3 + RS1b – 1 (1.5)

RS7 + RS8 1 (1.5) 1 (1.5)

RS8 4 (6.1) 3 (4.5)

RS8a 1 (1.5) –

RS8 + RS9 1 (1.5) 2 (3.0)

RS9 1 (1.5) 1 (1.5)

RS9 + RS10 – 1 (1.5)

RS9 + RS10b – 1 (1.5)

RS10 – 1 (1.5)

RS10a 1 (1.5) –

RS10c – 1 (1.5)

Table 3 (continued)

Table 3 (continued)

Position
3DP-NIF group 

(n=66)
3D-CTBA-ID 
group (n=66)

Left lobe

LS1+2 6 (9.1) 6 (9.1)

LS1+2a 1 (1.5) 1 (1.5)

LS1+2c 1 (1.5) 1 (1.5)

LS1+2(a+b) – 2 (3.0)

LS1+2(b+c) 1 (1.5) –

LS1+2a + LS3c – 1 (1.5)

LS1+2(a+b) + LS3c – 1 (1.5)

LS3 6 (9.1) 1 (1.5)

LS3c – 1 (1.5)

LS3(b+c) 2 (3.0) –

LS6b + LS9a – 1 (1.5)

LS8 3 (4.5) 2 (3.0)

LS7+8 1 (1.5) –

LS7+8 + S10b – 1 (1.5)

LS9 – 2 (3.0)

Data are presented as n (%). 3DP, three-dimensional printing; 
NIF, near-infrared fluorescence; 3D-CTBA, three-dimensional 
computed tomography bronchography and angiography; ID, 
inflation-deflation; RS, right segments; LS, left segments.
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RS10c resection, two LS1+2 resections, and one LS1+2(a+b) 
resection. Although most cases in the 3DP-NIF group 
demonstrated superior visualization of intersegmental 
planes, unclear delineation was noted in five cases: one 
RS1 resection, one RS1+2 resection, one RS8a resection, 
and two involving LS1+2(b+c) and LS3 resections (P=0.03). 
Importantly, the incidence of postoperative air leaks was 
higher in the 3D-CTBA-ID group (33.3% vs. 7.6%, 
P<0.001). With the exception of COPD, the frequency of 
other comorbidities and complications was insufficient to 
allow for statistical comparison. No statistical differences 
were observed between the groups in terms of intraoperative 
blood loss volume (P=0.68), the incidence of postoperative 
pulmonary infection (P=0.27), and the number of lymph 
node dissection (P=0.20).

Discussion

NSCLC can be efficiently treated through minimally 
invasive surgical modalities, particularly when diagnosed 
in the early stages (14). Since the 1990s, thoracic surgeons 
have widely adopted lobectomy and systemic lymph node 
dissection as the gold standard for the treatment of patients 
with completely resectable clinical stage I NSCLC (15). 
With the popularization of precision surgery and the 
continuous advancement of surgical strategies, lung 
segmental resection techniques have garnered significant 
attention, resulting in widespread application in clinical 
practice. Previous research indicated that segmental 
resection is a non-inferior alternative to lobectomy in the 
long term for patients with small nodules (below 2 cm),  
with the added benefit  of  superior lung function 
preservation while ensuring efficient lesion removal 
(16-18). In the current study, both patient groups were 
in optimal health with adequate lung function prior to 
surgery since the majority of minor ground-glass opacity 
(GGO) lesions were detected during routine physical 
examinations. 

Segmental resection is more technically demanding and 
challenging compared to wedge resection and lobectomy. 
Successful anatomical segmental lung resection necessitates 
several crucial factors: (I) accurate localization of the lesion; 
(II) identification of the anatomical structures within the 
target lung segment; (III) techniques for identifying and 
isolating the target segments of the lung.

Precise localization of lung nodules is critical for 
successful surgery execution. Historically, superficial nodules 
are localized using methods such as finger palpation, CT-

guided hook-wire localization, and fluorescence techniques 
(19,20). However, for deeper nodules requiring anatomical 
segmental lung resection, finger palpation or hook-wire 
localization is ineffective for accurate localization. Building 
upon previous research (21,22) and the insights from the 
present study, we posit that preoperative 3D reconstruction 
or 3D printed models can assist in identifying specific lung 
segments containing lesions. This approach could not only 
enable targeted lung segment resection but also streamline 
the lesion localization and excision processes, consequently 
diminishing the financial burden and psychological 
stress associated with invasive preoperative localization 
techniques.

The anatomical structure of lung segments and surgical 
operations are relatively complex. Variations in lung 
segment anatomy among patients complicate the accurate 
identification of arteries, veins, and bronchi within the 
target area. Therefore, accurate preoperative planning is 
crucial for thoracoscopic procedures to mitigate risks and 
postoperative complications (23). 3D-CTBA reconstruction 
is widely recognized as a valuable technique for anatomical 
lung segmental resection surgery. However, challenges may 
be encountered in interpreting 3D virtual reconstruction 
images on a 2D screen, particularly during complicated lung 
segmental surgeries, without a more user-friendly model 
for reference. In this study, either 3D-CTBA or 3D printed 
models were utilized for preoperative analysis, providing 
detailed anatomical representations of lung segments in 
the target area consistent with actual anatomical structures 
observed during the intervention. Additionally, vessels 
with variants could be identified in advance, thus lowering 
the likelihood of intraoperative injury. Preoperative 3D 
reconstruction or 3D printed models reduced vessel injury-
related intraoperative bleeding in both groups of patients, 
with no statistical difference observed in intraoperative 
bleeding volumes between the two groups (P=0.68). 
Compared to 3D-CTBA, 3D printed models offer several 
advantages: (I) visual analysis of personalized 3D printed 
models, the planning of surgical processes, the simulation of 
the surgical steps, and the formulation of a robust resection 
strategy by surgeons; (II) enhanced visualization of blood 
vessel distribution within the target area by positioning 
the 3D printed model in front of the display for real-time 
intraoperative navigation; (III) expediting the understanding 
of lung segment anatomical structures among young 
surgeons through the use of 3D printed models, thereby 
reducing the learning curve (24). 

In precise anatomical lung segmental resection, the 
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accurate identification of the intersegmental plane of the 
lung segment is crucial, directly impacting compliance with 
surgical margin distances and the incidence of postoperative 
complications. However, in COPD patients with extensive 
pleural adhesions, the modified ID method commonly 
used to identify the intersegmental plane may result in 
inaccurate resection due to prolonged visualization time (25).  
Recently, an increase in the utilization of the ICG 
fluorescence technique for assessing the intersegmental 
plane of lung segments has been observed (26). No adverse 
events were recorded in the present study following the 
intravenous administration of low-dose ICG (0.25 mg/kg) 
and a subsequent second dose for intraoperative needs, 
consistent with previous findings that an intravenous 
ICG dose ranging from 3.0 to 5.0 mg/kg is safe and 
well-tolerated (27,28). The 3DP-NIF group exhibited a 
significantly shorter time for clear presentation of the IBL 
compared to the 3D-CTBA-ID group {9 [8, 10] vs. 1,860 
[1,380, 1,920] s} (P<0.001), thereby implying that the 
clarity in fluorescence imaging was contingent upon both 
ICG concentration and arterial blood flow distribution 
within target lung segments. Therefore, this technique 
may be more appropriate than the modified ID method for 
VATS segmental lung resection in patients with comorbid 
chronic lung disease or a history of long-term smoking. 
Furthermore, the intersegmental plane rendering through 
fluorescence imaging relies on the accuracy of arterial 
dissections within target lung segments. Excessive arterial 
dissections might result in increased loss of lung tissue, 
whilst fewer dissections could increase susceptibility 
to air leaks, a common complication following elective 
lung resection (29). Surprisingly, complex segmental 
resections were more prevalent than simple segmental 
resections in both groups, with Tables 1,2 indicating a 
comparable number of patients with COPD in both 
groups. Nonetheless, a significantly higher incidence of 
postoperative air leaks was recorded in the 3D-CTBA-
ID group compared to the 3DP-NIF group (33.3% vs. 
7.6%, P<0.001). This observation, coupled with data on 
the precise representation of lung segments, suggested 
that sub-optimal representation and imprecise cutting 
of intersegmental planes contributed to air leaks in 
the 3D-CTBA-ID group. Conversely, in the 3DP-NIF 
group, unclear observation of intersegmental planes 
in five cases was attributed to incomplete cutting of 
collateral arteries during surgery within target lung 
segments. While lung tissue inherently possesses a 
3D structure, it is reduced to a two-dimensional plane 

using precise tailoring techniques such as platform or 
linear cutting anastomosis for accurate resection, and 
stretching the residual lung tissue post-resection prevents 
compression and occult air leakage (30). Contrary to 
findings in previous research (31), the use of fibrin glue 
combined with absorbable polyglycolic acid material 
(NEOVEIL) in the present study effectively lowered the 
incidence of postoperative air leakage by covering the 
stretched intersegmental lung planes.

The results of the current study demonstrated that the 
combination of 3DP and ICG fluorescence thoracoscopic 
technology in lung segmental surgery offered significant 
advantages over the use of 3D-CTBA combined with the 
modified ID method. The utilization of 3DP technology 
to create patient-specific lung anatomy models enabled 
accurate localization of tumor tissues, visual identification 
of the anatomical structures and variations of lung 
segments, and the planning of the surgical resection area 
preoperatively and provided real-time navigation during 
thoracoscopy (Figures 2B-2G,3D). Furthermore, this 
approach considerably enhanced the accuracy and safety 
of thoracoscopic lung segment surgery by allowing real-
time identification of blood vessels within the target 
area. Additionally, the incorporation of ICG fluorescence 
thoracoscopic technology facilitated the clear and rapid 
visualization of planes between resected lung segments 
(Figure 3B), thereby preventing incorrect or missed 
resections, ensuring sufficient surgical margins, reducing 
postoperative complications, and diminishing operation 
and anesthesia durations. Ultimately, these advancements 
improved surgical success rates while promoting swift 
postoperative recovery for patients.

The present study introduced several innovations: (I) 
preoperative 3D-CTBA reconstruction and the creation of 
individualized anatomical models through 3DP, enabling 
precise preoperative planning for patients by analyzing 
bronchial and vascular structures of lung segments. (II) The 
pioneering application of ICG fluorescence technology 
in conjunction with a 3D printed model to identify 
intersegmental planes during thoracoscopic segmental 
resection, allowing rapid and clear visualization. The 
comparison of traditional 3D-CTBA with the modified 
ID technique, combined with 3DP and NIF technology, 
demonstrated the advantages and application value of the 
latter.

However, this study had certain limitations that cannot 
be overlooked. To begin, the sample size was impacted by 
the high cost of 3DP (approximately $680 per unit) and 
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the time-consuming production process at this stage of 
the study. Hence, an expansion of the sample size in future 
studies is warranted to validate the accuracy and reliability 
of the findings. Secondly, a long-term follow-up is essential 
to evaluate both clinical outcomes and survival quality when 
employing the combination of 3D printed models with NIF 
technology in VATS.

Conclusions

The integrat ion of  3D printed models  with NIF 
technology is highly valuable for conducting precise lung 
segmentectomies. This combination serves as a reliable 
technical safeguard, ensuring the safe and efficient 
execution of thoracoscopic pulmonary segmentectomy, thus 
demonstrating eligibility for clinical application.
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