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Abstract
Accurate preoperative localization is critical for the surgical resection of small pulmonary nodules, yet conventional CT-
guided hookwire placement remains operator-dependent and technically demanding. This prospective study evaluated the 
clinical performance of a robot-assisted navigation system for CT-guided preoperative hookwire localization of pulmonary 
nodules. The trial enrolled 60 patients scheduled for localization followed by VATS. Primary endpoints included first-attempt 
puncture success rate, needle placement accuracy, localization success rate, procedure duration, number of punctures, radia-
tion dose, and complication rate, with subgroup analyses by lesion characteristic and patient positioning. The first-attempt 
puncture success rate was 100.0%, with an median needle placement accuracy of 5.7 mm (IQR 4.2–7.9). Localization suc-
cess was achieved in 94.8% of nodules (55/58). The median procedure duration was 16.6 min (14.0–22.9), and the median 
radiation dose was 281.2 mGy·cm (227.1–365.8). The overall complication rate was 5.2% (3/58). Accuracy was consistent 
across subgroups, although lower lobe lesions and prone positioning were associated with longer procedure times, and prone 
positioning also increased radiation exposure, without compromising accuracy. These findings demonstrate the feasibility, 
precision, and safety of this system, supporting its potential to standardize and improve preoperative localization in thoracic 
surgery. Trial registration: Registry: https://​www.​chictr.​org.​cn/, TRN: ChiCTR2500095919, Registration date: January 15, 
2025.
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Introduction

Video-assisted thoracoscopic surgery (VATS) has high 
sensitivity and specificity for diagnosis and treatment of 
suspicious pulmonary nodules [1]. However, it is limited 
in localizing small, deep, or ground-glass nodules, which 
are often difficult to visualize or palpate intraoperatively 
[2, 3]. Failure to localize pulmonary nodules < 1 cm during 
VATS has been documented in up to 16.1% of cases, and 
this technical limitation has been associated with conversion 
rates to open thoracotomy as high as 54% [4, 5].

Several preoperative localization techniques have 
been developed to improve VATS success. Conventional 
CT-guided techniques can be categorized into liquid marker 
injection and metallic device placement, both achieving high 
technical success rates. An emerging minimally invasive 
approach, electromagnetic navigation bronchoscopy (ENB) 
with dye marking or fiducial placement, further improve 
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accuracy and reduce complications [6]. Notably, technique 
selection should consider availability, nodule features, 
comorbidities, and pulmonary function [6]. Among these 
methods, hookwire localization is one of the most commonly 
used methods, offering reliable intraoperative visual 
guidance for nodule resection [7, 8].

In recent years, robot-assisted navigation systems have 
demonstrated promising feasibility, safety, and accuracy 
in percutaneous lung biopsy [9–11]. Their application has 
extended to the preoperative localization of nodules via 
injection of indocyanine green (ICG) [12, 13]. A recently 
retrospective study also reported the efficacy and safety of 
robot-assisted CT-guided hookwire localization [14]. How-
ever, prospective evidence evaluating the clinical perfor-
mance of such systems in hookwire localization remains 

limited. This prospective study aims to evaluate the clinical 
performance and potential advantages of a robot-assisted 
navigation system for CT-guided hookwire preoperative 
localization of pulmonary nodules.

Materials and methods

Patient selection

This single-arm prospective trial was conducted at Liaoning 
Cancer Hospital & Institute (Cancer Hospital of Dalian 
University of Technology) from April 2024 to June 2024, 
enrolling 60 patients with pulmonary nodules based on 
predefined inclusion and exclusion criteria (Fig. 1). Inclusion 

Fig. 1   Flowchart of study design 
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criteria were: (1) aged 18 − 80 years; and at least one of 
the following: (2a) solitary peripheral nodule < 10  mm 
and > 15 mm from the pleural [2]; (2b) pure ground-glass 
and part-solid nodules on imaging; or (2c) nodules deemed 
difficult to localize intraoperatively. Exclusion criteria 
included: (1) uncorrectable or significant coagulation 
abnormalities; (2) inaccessible or high risk lesion; and (3) 
severe cardiopulmonary, hepatic, or renal dysfunction. The 
trial was approved by the Ethics Committee of Liaoning 
Cancer Hospital & Institute (Approval No. 20240410) on 
April 9, 2024. All participants provided written informed 
consent in accordance with the Declaration of Helsinki.

Robot‑assisted hookwire localization procedures

Robot-assisted CT-guided lung punctures were performed by 
two interventional radiologists, who had completed stand-
ardized training before study initiation, using a navigation 
system (Wuerzburg Dynamics Ltd., Shenzhen, China) and 
a 100 × 0.9 mm hookwire device (Nanjing Polymer Medical 
Technology Co., Ltd., Nanjing, China).

Optical markers were placed on the chest and abdomen 
(Fig. 2a), and a breath-hold CT scan was acquired for 3D 
reconstruction of skin, bones, and vasculature (Fig. 2b). The 
operator selected puncture targets and entry points, and the 
system automatically verified trajectories to avoid critical 
structures. After sterile preparation, the robotic arm aligned 
the guiding apparatus with the planned trajectory (Fig. 2c, 
d). Punctures were performed during breath-holding, syn-
chronized with real-time respiratory monitoring.

Post-puncture CT scan confirmed needle placement 
(Fig. 3a, b), defined as ≤ 2 cm from the lesion edge. Upon 
confirmation, the hookwire was deployed and the sheath 
withdrawn; unsuccessful attempts were corrected under CT 

guidance. A final CT verified marker position and assessed 
for any complications (Fig. 3c).

Patients were transferred to the operating room in within 
24 h. Surgical resections were subsequently performed by 
senior thoracic surgeons with professional titles of Associate 
Chief Physician or above.

Outcome measurements

The primary endpoint was the first-attempt puncture suc-
cess rate, defined as the proportion of successful punc-
tures achieved on the initial needle insertion. Secondary 
endpoints included: (1) Needle placement accuracy: 3D 
distance between planned target and actual needle tip; (2) 
Localization success rate: the proportion of marker-to-lesion 
distance ≤ 2 cm in the resected specimen (Fig. 3d); (3) Pro-
cedure duration: calculated from the start of the first CT scan 
to the CT-confirmed satisfactory placement of the localiza-
tion marker; (4) Number of punctures: including trajectory 
adjustments; (5) Radiation dose; (6) Surgical outcomes.

Safety was evaluated based on the incidence of compli-
cations occurring from the time of informed consent to the 

Fig. 2   Schematic workflow 
of the robot-assisted 
percutaneous lung puncture 
procedure. a Placement of 
optical markers on the chest 
and abdomen, followed by CT 
scanning, b 3D reconstruction 
of the lung anatomy, c Path 
planning and navigation setup, 
and d Needle puncture guided 
by the robotic system.

Fig. 3     CT images before and after the puncture, and the resected 
lung tissue from a representative case. a  Pre-puncture CT image, 
b Post-puncture CT image showing successful first-attempt puncture 
with the initial needle, and c Final thoracic CT image with the marker 
placed at the target site and no complications observed; d Resected 
lung tissue following surgery, with the distance measured between 
the localization marker and the lesion. Yellow arrow: lesion; Green 
arrow: localization marker.
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end of follow-up after VATS. Adverse events were graded 
according to the Common Terminology Criteria for Adverse 
Events (CTCAE) Version 5.0.

Statistical analyses

Statistical analysis was conducted using the SPSS soft-
ware (Version 26.0, SPSS Inc.). Continuous variables were 
expressed as mean ± SD or median (IQR), and categori-
cal variables as counts and percentages. Subgroup analy-
ses were performed by lesion characteristics and patient 
position. Depending on data distribution, comparisons 
were made using the Kruskal–Wallis test, Mann–Whitney 
U test, or t-test. All statistical tests were two-sided, with 
P-value < 0.05 considered statistically significant.

Results

A total of 60 patients were enrolled, two patients were 
excluded from the final analysis: one due to significant 
deviation caused by uncorrected displacement after patient 
repositioning, and one due to conversion to conventional 
CT-guided localization for inadequate breath-hold control.

The final cohort included 58 patients (19 males and 39 
females) with a mean age of 59.8 ± 8.4 years and a median 
body mass index (BMI) of 23.5 kg/m2 (IQR: 21.8–26.3). 
None of the patients had comorbidities, and two had a his-
tory of thoracic surgery or radiotherapy. Median nodule 
diameters was 9.0 mm (7.4–12.6), and median pleural dis-
tance 10.0 mm (1.9–15.8). Distribution by lobe was: right 
upper lung (20/58, 34.5%), right middle lobe (8/58, 13.8%), 
right lower lobe (8/58, 13.8%), left upper lobe (15/58, 
25.9%), and left lower lobe (7/58, 12.1%). Nodule types 
included solid nodule (12/58, 20.7%), part-solid ground-
glass (21/58, 36.2%), and pure ground-glass (25/58, 43.1%) 
(Table 1).

All 58 patients successfully underwent surgical resection, 
including wedge resection in 44 (75.9%), segmentectomy in 
10 (17.2%), and lobectomy in 4 (6.9%) patients (Table 2). 
First-attempt puncture success rate was 100% (58/58). 
Localization success rate was 94.8% (55/58), with failures 
due to marker displacement (n = 1), dislodgement (n = 1), 
and inconclusive localization from ground-glass opacity 
with bleeding (n = 1). Median needle placement accuracy 
was 5.7 mm (4.2–7.9), median procedure duration 16.6 min 
(14.0–22.9), radiation dose 281.2 mGy·cm (227.1–365.8), 
and mean puncture depth 57.0 ± 17.4 mm. Most were per-
formed supine (36/58, 62.1%) or prone (20/58, 34.5%).

Subgroup analyses (Table  3) showed no significant 
differences in accuracy, duration, or radiation dose 
between lesions < 10 mm vs ≥ 10 mm (accuracy 95% CI 
– 2.80, 0.70, P = 0.232; duration Z = – 1.05, P = 0.295; 

dose Z = – 0.83, P = 0.407) or pleural distance ≤ 15 mm 
vs > 15  mm (accuracy Z = –  0.22, P = 0.824; duration 
Z = – 1.57, P = 0.116; dose Z = – 0.04, P = 0.966). Lower 
lobe lesions and prone positioning prolonged procedure 
time (location χ2 = 13.37, P = 0.001; position Z = – 2.82, 
P = 0.005), and prone positioning increased radiation dose 
(Z = – 2.05, P = 0.040) as well, while accuracy remained 
unaffected (P > 0.05). Nodule type (solid vs subsolid) was 
not associated with any outcome (all P > 0.05).

Complications occurred in 5.2% (3/58) of patients, all 
grade 1–2: pneumothorax requiring drainage (n = 1) and 
hemorrhage managed with hemostatic agents (n = 1) or 
observation (n = 1). No other adverse events were observed.

Discussion

The ideal preoperative localization technique for VATS 
should provide high accuracy, low complication rates, 
minimal invasiveness. More recently, robotic-assisted 
localization has demonstrated superior accuracy and lower 

Table 1   Demographic and clinical characteristics of the study 
population and pulmonary nodules (N = 58)

IQR Interquartile range, SD Standard deviation

Characteristics Value

Age (years), mean ± SD 59.8 ± 8.4
Gender, n (%)
 Male 19 (32.8)
 Female 39 (67.2)

BMI (kg/m2) 23.5 (21.8–26.3)
Comorbidities, n (%)
 Yes 0 (0)
 No 58 (100)

History of thoracic surgery or radiotherapy, n (%)
 Yes 2 (3.4)
 No 56 (96.6)

Lesion size (mm), median (IQR) 9.0 (7.4–12.6)
Distance from pleural surface (mm), median (IQR) 10.0 (1.9–15.8)
Location, n (%)
Right lung 36 (62.1)
 Upper lobe 20 (34.5)
 Middle lobe 8 (13.8)
 Lower lobe 8 (13.8)

Left lung 22 (37.9)
 Upper lobe 15 (25.9)
 Lower lobe 7 (12.1)

Nodule type, n (%)
 Solid 12 (20.7)
 Part-solid ground-glass 21 (36.2)
 Pure ground-glass 25 (43.1)
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complication rates compared with conventional methods 
[13, 15]. The robotic system applied in this study combines 
optical tracking, CT-based 3D reconstruction, and an 
automated robotic arm, which streamline the procedure and 
improve the success of percutaneous puncture [10].

Conventional hookwire localization shows a pooled suc-
cess rate of 91.6%, procedure duration of 14.9–23.9 min, 
mean radiation exposure of 578.71 mGy·cm at 120 kV, 
complication rates of 13.5–37.8%, and hookwire dislodge-
ment rates of 8–47%[3, 16–22]. In our study, robotic navi-
gation achieved a higher localization success rate (94.8%), 
comparable procedure times (16.6 min), substantially lower 
radiation dose (281.2 mGy*cm) and a lower complication 
rate (5.2%), which may be attributed to improved needle 
placement accuracy (median 5.7 mm) and the absence of 
trajectory adjustment. However, standardized randomized 
controlled trials are needed to validate these performance 
differences. In a previous study using a different robotic sys-
tem, first-attempt success rates were similarly high (100%), 
but procedure times were longer (25.0 min) and radiation 
exposure was higher (1491.0 mGy·cm), likely due to dif-
ferences in CT protocols [13]. Emerging reports support 

the growing role of robotic assistance in VATS localization 
[12–14].

In this study, we evaluated factors affecting robotic-
assisted hookwire puncture performance, focusing on 
lesion characteristics and patient positioning. Regarding 
lesion characteristics, nodule size (< 10 mm) and pleu-
ral distance (> 15 mm), which are commonly cited as key 
determinants for successful intraoperative identification 
during conventional VATS [2, 23], did not significantly 
influence robotic-assisted performance metrics such as 
needle placement accuracy, procedure duration, or radi-
ation dose. Similarly, no significant differences were 
observed in puncture performance between solid and sub-
solid nodules. In fact, solid component influences biopsy 
diagnostic accuracy instead of robotic-assisted targeting 
[24]. Concerning patient and procedural factors, lower-
lobe lesions and procedures performed in the prone posi-
tion were associated with longer procedure times, likely 
due to increased respiratory motion [25], but these factors 
did not compromise needle placement accuracy. These 
findings demonstrate that robotic navigation systems pro-
vide reliable and precise access to pulmonary nodules 
regardless of lesion characteristics or patient positioning.

Although this study evaluated robotic assistance only 
for CT-guided percutaneous localization, it may also be 
applicable to ENB-guided approaches, which has been 
shown promise in VATS nodule localization with reduced 
invasiveness and complication risk [26–28]. In broncho-
scopic biopsy, robotic-assisted bronchoscopy (RAB) has 
been shown to improve diagnostic accuracy through vir-
tual navigation [29]. While clinical evidence for its effi-
cacy and safety in preoperative localization is still limited, 
growing experience with ENB-guided techniques indi-
cates potential clinical value. However, concerns remain 
regarding the widespread adoption of robotic assistance 
in clinical practice, including high cost and the need for 
specialized training [30]. In this initial clinical application, 
high precision and efficiency were achieved after standard 
training on 3–4 patients, indicating a shortened learning 
curve and potential value for clinical practice.

However, the generalizability of these findings is lim-
ited by the single-center, single-arm design and small sam-
ple size, highlighting the need for validation in a large, 
multi-center randomized trial. In conclusion, this pilot 
study demonstrates the feasibility and safety of a robot-
assisted navigation system for preoperative hookwire 
localization of pulmonary nodules across diverse clinical 
scenarios. These findings highlight the potential of robotic 
systems to improve procedural standardization and reduce 
operator dependence in VATS preoperative localization.

Table 2   Procedure outcomes (N = 58)

mGy·cm Milligray centimeter

Outcomes Value

Puncture depth (mm), mean ± SD 57.0 ± 17.4
Patient position, n (%)
 Supine 36 (62.1)
 Lateral 2 (3.4)
 Prone 20 (34.5)

First-attempt puncture success rate (%) 100.0
Needle placement accuracy (mm), median 

(IQR)
5.7 (4.2–7.9)

Localization success rate (%) 94.8
Procedure duration (min), median (IQR) 16.6 (14.0–22.9)
Number of punctures (n), median (IQR) 1.0 (1.0–1.0)
Radiation dose (mGy·cm), median (IQR) 281.2 (227.1–365.8)
Complications, n (%) 3 (5.2)
 Pneumothorax 1 (1.7)
 Hemorrhage 2 (3.4)
 Others 0 (0.0)

Surgical outcomes, n (%)
 Wedge resection 44 (75.9)
 Segmentectomy 10 (17.2)
 Lobectomy 4 (6.9)
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