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Does robotic-assisted navigation improve puncture precision and safety compared with freehand puncture in
CT-guided microwave ablation of lung nodules(<3cm) ?
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Robotic-assisted navigation improved puncture accuracy and procedural efficiency and reduced
pneumothorax and chest tube insertion during CT-guided microwave ablation of lung nodules(<3cm) .

Abstract
Aim: Robotic-assisted puncture systems have been developed, but evidence for their use in
percutaneous microwave ablation (MWA) of lung nodules remains limited.

Methods: This retrospective single-center study included 183 patients who underwent
computed tomography (CT)-guided percutaneous MWA for pulmonary nodules < 3 cm
between March 2024 and April 2025. Patients underwent robotic-assisted or conventional
freehand puncture. After 1:1 propensity score matching, technical success, puncture
deviation, intraprocedural CT acquisitions, needle adjustments, and complications were
compared. Multivariable logistic regression, subgroup analyses, and learning-curve analysis
were performed. The study was approved by the Institutional Review Board of the First
Affiliated Hospital of Guangzhou Medical University (ES-2026-K212-02) on 23 June 2026.
The requirement for individual written informed consent for study participation was waived
due to the retrospective nature of the study; patients were covered under the hospital's
general informed consent for hospitalization. Written informed consent was obtained from

all patients for the procedure.
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Results: After matching, 86 patients were included (43 per group), with comparable baseline characteristics and
100% technical success in both groups. Compared with freehand puncture, robotic-assisted navigation was
associated with significantly reduced puncture deviation (median [IQR], 3.0 [2.0-4.5] vs. 6.0 [5.0-9.5] mm),
intraprocedural CT scans (2.0 [1.5-2.0] vs. 5.0 [5.0-7.01), and needle adjustments (2.0 [1.5-2.0] vs. 4.0 [3.0-4.0];
all P < 0.01). Robotic-assisted navigation was associated with a lower overall complication rate (46.51% vs. 81.40%;
P < 0.01), driven mainly by reduced pneumothorax (27.91% vs. 69.77%; P < 0.01) and chest drain insertion rates
(4.65% vs. 20.93%; P = 0.02). Multivariable analysis robotic-assisted puncture remained independently associated
with a lower risk of pneumothorax (OR 0.160, 95%Cl: 0.061-0.420, P < 0.001). Subgroup analyses showed
consistent benefits across strata. Procedural performance stabilized after approximately 24 robotic-assisted cases.

Conclusion: Robotic-assisted navigation was associated with greater procedural precision, efficiency, and safety in
CT-guided percutaneous MWA, while demonstrating consistent performance across different lesion characteristics
and a relatively short learning curve. It may serve as a reproducible and standardized platform for percutaneous
pulmonary ablation.

INTRODUCTION

Lung cancer remains one of the most frequently diagnosed malignancies and the leading cause of cancer-
related mortality worldwide!"!. The widespread implementation of computed tomography (CT) screening has
led to increasing detection of small pulmonary nodules, including early-stage primary lung cancers,
suspected malignant nodules, and oligometastatic lung lesions, at potentially curable stages'™. Although
surgical resection remains the standard treatment for operable early-stage lung cancer and selected
pulmonary metastases, many patients are not suitable candidates because of limited cardiopulmonary
reserve, advanced age, comorbidities, prior treatment, technically challenging lesion locations, or personal
preference. Consequently, image-guided percutaneous thermal ablation has emerged as an important
minimally invasive local treatment option for lung nodules™*.

Among available ablation modalities, microwave ablation (MWA) has been increasingly adopted for the
treatment of primary and metastatic lung tumors'>®. By generating electromagnetic energy-induced
coagulative necrosis, MWA enables rapid tissue heating and the formation of a predictable ablation zone!”..
For small lung nodules, complete tumor coverage with an adequate safety margin is essential for technical
success and durable local control®. Accurate antenna placement is therefore fundamental to treatment
efficacy. Unlike diagnostic biopsy or preoperative localization procedures, therapeutic ablation requires
precise antenna positioning to ensure complete lesion coverage while minimizing injury to surrounding lung
parenchyma and adjacent structures"*"").

Conventional CT-guided percutaneous MWA is typically performed using a freehand technique, whereby
operators estimate the puncture entry site, trajectory, and insertion depth from two-dimensional CT images,
followed by intermittent CT verification and manual needle adjustment!”. Despite its widespread use, this
approach remains highly operator-dependent and can be technically challenging, particularly for small or
deeply located nodules, lesions adjacent to ribs or critical structures, and lower-lobe lesions affected by
respiratory motion. Repeated needle manipulations may prolong procedural time, increase CT acquisition
frequency and radiation exposure, and exacerbate parenchymal injury, thereby increasing the risk of
complications such as pneumothorax and pulmonary hemorrhage!">'*. Robotic-assisted navigation systems
have therefore been developed to improve the precision and standardization of CT-guided percutaneous
procedures by integrating three-dimensional reconstruction, trajectory planning, respiratory motion
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monitoring, and robotic arm-assisted needle guidance*'*!. By translating CT-derived anatomical
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information into a predefined physical puncture trajectory, these systems facilitate accurate needle placement
and may enhance procedural efficiency while reducing operator dependence. Together, these robotic
navigation platforms represent the physical execution layer of an emerging cognitive-physical loop for
intelligent surgery, wherein patient-specific image-based planning and simulation are coupled with real-time,
robot-assisted physical action*.

Clinical evidence supporting robotic-assisted lung interventions is accumulating. In preoperative lung
nodule localization, robotic-assisted navigation has been associated with higher first-pass success, improved
localization accuracy, fewer CT acquisitions, and lower radiation exposure without increasing complication
rates'””). Robotic guidance has also shown feasibility and favorable targeting accuracy in CT-guided
radiofrequency ablation and cryoablation of pulmonary metastases, particularly in technically challenging
procedures requiring accurate probe positioning or multiple-probe deployment”**. However, evidence from
localization procedures cannot be directly extrapolated to MWA, as localization needles and ablation
antennas differ substantially in diameter, rigidity, targeting requirements, and procedural objectives.
Furthermore, previous studies have primarily evaluated robotic guidance in radiofrequency ablation or
cryoablation, leaving its role in CT-guided percutaneous MWA of lung nodules insufficiently characterized.
To address this gap, we conducted a retrospective propensity score-matched study comparing robotic-
assisted navigation with conventional freehand CT-guided puncture during MWA of lung nodules. We
assessed procedural performance, including technical success, puncture deviation, CT acquisition frequency,
needle adjustments, complications, and the learning curve. We hypothesized that robotic-assisted navigation
would maintain technical success while improving puncture accuracy and procedural efficiency, with the
potential to reduce puncture-related complications.

METHODS

Study design and patients

This retrospective single-center cohort study was conducted in the Second Ward of Thoracic Surgery at The
First Affiliated Hospital of Guangzhou Medical University. Consecutive patients who underwent pulmonary
lesion ablation between March 2024 and April 2025 were screened. The inclusion criteria were as follows: (1)
age 2 18 years; (2) maximum pulmonary lesion diameter < 3 cm; and (3) eligibility for pulmonary nodule
ablation confirmed by a multidisciplinary team comprising thoracic surgeons, pulmonologists, and
radiologists. Patients were excluded if they had (1) uncorrectable coagulation disorders; (2) an initial ablation
modality other than MWA, such as cryoablation or radiofrequency ablation; or (3) severe cachexia or
cardiopulmonary insufficiency, including severe pulmonary arterial hypertension. Of 227 screened patients,
183 met the eligibility criteria and were assigned to either the robotic-assisted navigation group (robotic
group, n = 130) or the conventional freehand CT-guided group (freehand group, n = 53) [Figure 1].

Robotic-assisted optical navigation system

The robotic-assisted optical navigation platform used in this study was the TH-S1 system (TrueHealth
Medical Technology Co., Ltd., Hengqin, China), a Class III medical device approved by the National Medical
Products Administration of China. The system comprises three integrated modules: a robotic arm
positioning and puncture unit, a surgical planning workstation, and an optical navigation system [Figure 2].

CT-guided percutaneous MWA procedure

Preoperative preparation

All procedures were performed in a CT-guided interventional suite equipped with a 64-detector scanner
(SOMATOM Perspective, Siemens Healthineers). Patients underwent local infiltration anesthesia with 2%
lidocaine, and vital signs were continuously monitored throughout the procedure. To minimize
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Figure 1. Flowchart of the study participants. Of 227 patients screened for eligibility, 44 were excluded because the initial ablation
modality was cryoablation rather than MWA, leaving 183 eligible patients (130 robotic-assisted, 53 freehand). After 1:1 PSM with a caliper
width of 0.1, 43 patients remained in each group (total n = 86). The matched cohort was used for primary comparative analysis, including
multivariable logistic regression. Exploratory subgroup analyses were performed in the full pre-matching cohort (n =183), comparing
puncture deviation and needle adjustments across subgroups defined by lesion diameter, puncture distance, and lesion location. PSM:
Propensity score matching; BMI: body mass index; FEV,: forced expiratory volume in one second; FVC: forced vital capacity; CT: computed
tomography; MWA: microwave ablation.

operator-related variability, all puncture procedures in both the robotic and freehand groups were performed
by the same thoracic surgeon.

Robotic group

Thin-slice chest CT images (1-mm slice thickness and interval) were acquired and imported into the TH-S1
system for three-dimensional reconstruction of the target nodule, pulmonary vessels, bronchi, osseous
structures, and skin surface. The optical navigation unit was used to automatically register patient
positioning data to the reconstruction model, with registration error maintained within +1 mm.

The system was used to plan the skin entry point, needle trajectory, and insertion depth. The robotic arm
aligned the needle along the planned trajectory, and the operator then advanced it manually. Patients were
instructed to maintain a reproducible end-expiratory breath-hold during CT acquisition and needle
advancement. Respiratory stability was monitored using the respiratory-monitoring/gating function
integrated into the robotic system. When breathing was unstable, CT acquisition and needle advancement
were paused until a stable respiratory phase was restored. No separate external real-time respiratory-tracking
system was used. Conventional step-and-shoot sequential CT was intermittently performed to verify needle
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Figure 2. Robotic-assisted optical navigation system. It consists of three core components: a robotic arm positioning and puncture system,
a surgical planning system, and an optical navigation system. The figure is an original photograph taken by the authors.

position and confirm the final needle-tip location. Manual trajectory correction was performed when
necessary. After satisfactory needle placement was confirmed, MW A was performed using a KY-2000A
system at 35-50 W. Two to three ablation cycles were delivered, with a total ablation time of 4-9 min [Figure
3].

Freehand group

In the freehand group, needle planning and placement were performed using conventional step-and-shoot
sequential CT guidance and the scanner laser-guidance system. Patients were instructed to maintain a
reproducible end-expiratory breath-hold during CT acquisition and needle advancement. Repeated
sequential CT acquisitions were obtained to verify needle position, and manual trajectory corrections were
performed when necessary. MW A was performed using the same protocol as that used in the robotic-
assisted group.

Outcome measures
Endpoints included technical outcomes, safety outcomes, and exploratory learning-curve outcomes.

Technical outcomes comprised technical success, CT acquisition frequency, puncture deviation, and the
number of needle adjustments. Technical success was assessed on immediate post-ablation CT and defined
as complete lesion coverage with an ablation margin of at least 5 mm. Puncture deviation was defined as the
Euclidean distance between the actual needle tip and the planned target, consistent with previous studies**"!.
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Figure 3. A robotic-assisted navigation system-guided MWA case. (A) The nodule is located in the right lower lobe. The yellow arrow
indicates the CT visualization of the body surface positioning belt of the robotic-assisted navigation system, and the red arrow indicates
the target nodule; (B) The puncture needle reaches the target in one pass, and MWA is initiated; (C) Immediate postoperative CT scan
shows a clear ablation zone, with no pneumothorax or hemorrhage observed; (D) One-month follow-up CT after ablation reveals
shrinkage and fibrosis of the ablation zone. MWA: Microwave ablation; CT: computed tomography.

A needle adjustment was defined as any deliberate correction of the needle trajectory after an interim CT
scan showed that the needle tip or course deviated from the planned trajectory. Each correction cycle,
consisting of partial or complete withdrawal followed by redirection and re-advancement, was counted as
one adjustment.

The number of CT acquisitions was defined as the number of intermittent CT series performed from the
beginning of puncture positioning to confirmation of the final needle-tip position, including the initial
positioning/planning scan and all verification scans during needle advancement. CT scans obtained after
completion of ablation were not included in this count. The same counting standard was applied to both the
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robotic-assisted and freehand groups.

In the freehand group, a target point corresponding to the intended final needle-tip position was selected by
the operator on the planning CT before puncture, chosen to ensure an ablation margin of at least 5 mm, and
recorded in the planning images in the same way as the system-defined target in the robotic group. After the
procedure, the actual needle-tip position was identified on the final verification CT using multiplanar
reconstruction, and the three-dimensional Euclidean distance between the actual tip and the pre-specified
target was calculated using the built-in measurement tool of the CT workstation*. The identical
measurement method was used in both groups.

Safety outcomes included procedure-related hemorrhage, pneumothorax, chest drain insertion, and other
adverse events occurring during the procedure or within 1 day thereafter.

The overall complication rate was defined as the proportion of patients experiencing at least one
complication during this period, with each patient counted only once regardless of the type or number of
complications. Thus, a patient who developed both pneumothorax and hemorrhage was counted as one
patient with complications in the overall analysis.

Pneumothorax was defined as any newly developed pleural air collection detected on imaging during the
procedure or within 1 day thereafter. All imaging-detected pneumothoraces were recorded, regardless of
symptoms or the need for intervention. Intervention-requiring pneumothorax was defined as pneumothorax
associated with dyspnea, chest tightness, or other respiratory discomfort and requiring chest tube drainage.
The decision to place a chest tube was based on the patient’s symptoms, clinical condition, and imaging
findings.

Procedure-related hemorrhage included new or increased pulmonary parenchymal hemorrhage,
hemothorax, hemoptysis, or other hemorrhage attributable to the procedure. Hemorrhage severity was
graded according to the Society of Interventional Radiology (SIR) adverse-event classification system™. Only
Grade A and B hemorrhagic events occurred in this study; no Grade C or higher events were observed.

Propensity score matching (PSM)

Patients were not randomly assigned to robotic-assisted or freehand treatment. After initial evaluation, the
treating physician assessed the technical feasibility of both approaches based on lesion characteristics
(including size, location, and depth from the pleural surface) and discussed the respective procedures,
potential benefits, and risks of each option with the patient. The final treatment decision was made by the
patient based on personal preference after receiving this information. In cases where one approach was
deemed technically infeasible based on lesion characteristics, patients were counseled accordingly. To reduce
potential selection bias and improve comparability between the robotic-assisted and freehand groups,
propensity scores were estimated using a multivariable logistic regression model, with treatment group as the
dependent variable. Puncture distance was not included in the propensity score model because it is an
intraprocedural variable that is not available at the time of treatment assignment and therefore cannot serve
as a pre-treatment covariate for matching; it was instead included in the post-matching multivariable
regression model to adjust for its potential confounding effect. The prespecified covariates were age, sex,
body mass index (BMI), forced expiratory volume in one second (FEV )% predicted, lesion diameter,
pulmonary lobe, and lesion location. Continuous variables were entered as continuous terms, and categorical
variables were entered as indicator variables. Patients were matched at a 1:1 ratio using nearest-neighbor
matching without replacement. The caliper width was set at 0.1 on the absolute propensity-score scale,
meaning that the absolute difference in propensity scores between matched patients could not exceed 0.1.
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After matching, 43 patients remained in each group. The overlap of propensity-score distributions was
assessed before and after matching using density plots and the observed propensity-score ranges. Covariate
balance was evaluated using standardized mean differences (SMDs), with an absolute SMD below 0.10
considered indicative of adequate balance and an SMD of 0.10 to 0.20 considered indicative of small residual
differences. No missing data were observed for any covariates included in the propensity-score model;
therefore, no imputation was performed.

All imaging-based outcomes, including pneumothorax, hemorrhage, puncture deviation, and technical
success, were independently assessed by a radiologic technologist who was not involved in the procedure.

Multivariable analysis and subgroup analyses

Separately from the PSM model used for cohort matching (which included age, sex, BMI, FEV % predicted,
lesion diameter, pulmonary lobe, and lesion location), a post-matching multivariable logistic regression
model was fitted in the propensity score-matched cohort to identify factors independently associated with
pneumothorax. Covariates were selected a priori according to clinical relevance and potential confounding
effects. The final model included puncture method, age, BMI, lesion diameter, pulmonary lobe, and puncture
distance. Adjusted odds ratios with 95% confidence intervals were reported. Pulmonary lobe was coded as a
binary variable (upper lobe vs. middle/lower lobe) based on clinical relevance. The matched cohort included
42 pneumothorax events, yielding an events-per-variable ratio of 7:1 for the 6-covariate model.

Exploratory subgroup analyses were performed in the full pre-matching cohort (n = 183), in which puncture
deviation and needle-adjustment frequency were compared between groups across strata defined by
puncture distance, pulmonary lobe, and lesion diameter. Effect modification was assessed using linear
regression models containing the treatment, subgroup covariate, and treatment-by-covariate interaction
terms; puncture deviation was log-transformed to address skewness. The interaction tests were repeated in
the propensity score-matched cohort as a sensitivity analysis. Additional analyses within the robotic-assisted
cohort assessed whether lesion characteristics influenced puncture performance.

Learning-curve analysis

All 130 consecutive robotic-assisted procedures were performed by a single experienced thoracic surgeon
with extensive prior experience in freehand CT-guided puncture but no prior experience with robotic-
assisted navigation. The procedures were analyzed chronologically to assess the effect of operator experience
with the robotic system. A one-phase exponential decay model was fitted using procedure number as the
independent variable and the interval from first CT acquisition to successful needle placement as the
dependent variable. The 50%, 75%, and 90% learning milestones were defined as the case numbers
corresponding to the respective reductions from the initial value to the plateau. Based on the curve plateau,
procedures were divided into learning and proficient phases, and procedural metrics and complication rates
were compared between phases.

Statistical analysis

All analyses were performed using Python. Demographic and physiological variables (age, BMI, and FEV %
predicted) were presented as mean + standard deviation (SD) in accordance with standard clinical reporting
conventions. For all other continuous variables, normality was assessed using the Shapiro-Wilk test;
normally distributed variables were presented as mean + SD, and non-normally distributed variables were
presented as medians with interquartile ranges (IQR). Between-group comparisons for continuous variables
were performed using the independent-samples ¢ test (Welch’s  test when variances were unequal) for mean
+ SD variables and the Mann-Whitney U test for median [IQR] variables. Categorical variables were
presented as frequencies with percentages and were compared using Pearson’s y* test or Fisher’s exact test, as
appropriate. All tests were two-sided, and P < 0.05 was considered statistically significant.
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Table 1. Baseline characteristics
Before matching After matching
Age 58.29 +14.51 61.40 £11.59 0.17 0.24 59.79+14.39 6116 £11.33 0.62 0.1
Sex, n (%) 0.98 0 0.83 0.05
Male 61(46.92) 25 (47.7) 19 (44.19) 20 (46.51)
Female 69 (53.08) 28 (52.83) 24 (55.81) 23 (53.49)
BMI (kg/m?) 22.87 +£3.53 23.06+3.50 0.75 0.05 2251+3.07 22.89+297 0.56 0.13
FEV,% predicted 86.52 +23.27 88.74 +25.56 0.6 0.09 88.08+18.28 89.61+25.16 0.75 0.07
Diameter (cm) 1.10 (0.90, 1.67) 1.30 (1.00, 1.90) 0.04 0.29 120(1.00,1.70) 130 (1.00,1.90) 0.85 0.02
Lobe, n (%) 0.43 0.39 0.93 0.15
RUL 37 (28.46) 19 (35.85) 17 (39.53) 16 (37.21)
RML 12 (9.23) 3(5.66) 2 (4.65) 3(6.98)
RLL 24 (18.46) 7(3.21) 4(9.30) 5(1.63)
LUL 33(25.38) 19 (35.85) 15 (34.88) 15 (34.88)
LLL 24 (18.46) 5(9.43) 5(1.63) 4(9.30)
Location, n (%) 0.74 0.05 0.64 0.1
Periphery 90 (69.23) 38 (71.70) 29 (67.44) 31(72.09)
Non-peripheral 40 (30.77) 15 (28.30) 14 (32.56) 12 (27.91)
Puncture distance 7910 +19.27 78.42+22.30 085 003 75.04+19.73 78.78+22.36 0.41 018

(mm)

Puncture distance was not included in the PSM model as it is an intraprocedural variable not available preoperatively; its post-matching SMD (0.18)
indicates small residual differences, which were adjusted for in the multivariable logistic regression model. FEV: Forced expiratory volume in one
second; SMD: standardized mean difference; BMI: body mass index; RUL: right upper lobe; RML: right middle lobe; RLL: right lower lobe; LUL: left
upper lobe; LLL: left lower lobe; PSM: propensity score matching.

RESULTS

Baseline characteristics before and after PSM

A total of 183 patients were initially included, comprising 130 patients in the Robotic group and 53 in the
Freehand group. Before PSM, baseline characteristics were generally comparable between groups, including
age, sex, BMI, FEV % predicted, pulmonary lobe distribution, and lesion location (all P > 0.05). However,
nodules were significantly smaller in the robotic group than in the freehand group (median [IQR], 1.10
[0.90-1.67] cm vs. 1.30 [1.00-1.90] cm; P = 0.04). Detailed baseline characteristics before matching are
provided in Table 1.

Following 1:1 PSM, 43 matched patients remained in each group. Baseline demographic, pulmonary
function, and lesion characteristics were broadly comparable between groups, with no significant differences
observed in age, sex, BMI, FEV % predicted, lesion diameter, pulmonary lobe distribution, or lesion location
(all P> 0.05). After matching, the SMDs for sex, FEV, % predicted, lesion diameter, and lesion location were
at or below 0.10, whereas residual imbalances were observed for four variables: age, BMI, pulmonary lobe,
and puncture distance. To ensure robustness, these four variables were included as covariates in the post-
matching multivariable logistic regression for the primary outcome (pneumothorax), providing additional
adjustment beyond PSM. Detailed baseline characteristics before and after matching are summarized in
Table 1.
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Robotic-assisted navigation improves procedural accuracy and safety

We next compared procedural performance and safety outcomes between robotic-assisted and conventional
freehand CT-guided MWA of pulmonary nodules. Technical success was achieved in all patients in both
groups (100%). Despite similar treatment success rates, the robotic group required fewer CT acquisitions
(median [IQR], 2.0 [1.5-2.0] vs. 5.0 [5.0-7.0]; P < 0.01), achieved greater puncture accuracy, as reflected by a
smaller puncture deviation (3.0 [2.0-4.5] mm vs. 6.0 [5.0-9.5] mm; P < 0.01), and required fewer needle
adjustments (2.0 [1.5-2.0] vs. 4.0 [3.0-4.0]; P < 0.01), as compared with the freehand group. Consistently, a
higher proportion of patients in the robotic group required no more than one needle adjustment (25.58% vs.
2.33%; P < 0.01).

Improved procedural accuracy was accompanied by a more favorable safety profile. The overall complication
rate was lower in the robotic group than in the freehand group (46.51% vs. 81.40%; P < 0.01), driven
primarily by reductions in pneumothorax (27.91% vs. 69.77%; P < 0.01) and chest drain insertion rates (4.65%
vs. 20.93%; P = 0.02). No significant difference was observed in hemorrhage rate between groups (18.60% vs.
16.28%; P = 0.78). Detailed procedural and safety outcomes are summarized in Table 2 and illustrated in
Figure 4.

To determine whether robotic-assisted navigation was independently associated with reduced pneumothorax
risk, multivariable logistic regression analysis was performed after adjustment for age, BMI, lesion diameter,
pulmonary lobe, and puncture distance. Robotic-assisted puncture remained independently associated with a
lower risk of pneumothorax [odds ratio (OR) 0.160, 95%CI: 0.061-0.420, P < 0.001] [Supplementary Figure
1]. Together with the consistent findings observed in the unmatched cohort, these results suggest that robotic
assistance may provide a protective effect against pneumothorax, potentially by improving trajectory control
and reducing repeated puncture-related parenchymal injury. Consistent findings in the unmatched cohort,
including procedural efficiency and complication rates, further support the robustness of these results
[Supplementary Table 1, Supplementary Figures 2 and 3].

Robotic-assisted navigation provides reproducible benefits across clinical scenarios

Within the robotic-assisted cohort, puncture distance and lesion diameter were not significantly associated
with deviation or needle-adjustment frequency (all P > 0.05). Upper-lobe lesions had significantly lower
deviation than middle/lower-lobe lesions (2.50 mm vs. 4.00 mm; P = 0.029), whereas adjustment frequency
was comparable across lobes (P = 0.219). These findings suggest stable robotic performance across lesion
depth and size, although lobar anatomy may influence targeting precision. Detailed results are provided in
Supplementary Tables 2 and 3.

Subgroup analyses demonstrated that the advantages of robotic-assisted navigation were consistent across all
predefined strata. Robotic-assisted puncture was associated with smaller deviation and fewer needle
adjustments than freehand puncture in both < 80 mm and > 80 mm puncture-distance strata, in both upper-
lobe and middle/lower-lobe lesions, and in both £ 1.0 cm and > 1.0 cm nodules (all P < 0.001)
[Supplementary Table 2]. No significant interaction was detected between treatment group and any
subgroup factor (all interaction P > 0.05) [Supplementary Table 4], indicating homogeneous treatment effects
across strata. The interaction tests were repeated in the propensity score-matched cohort, where all
interaction P values again exceeded 0.05, confirming that treatment effects remained homogeneous across
the analysis populations [Supplementary Table 5].

Robotic-assisted navigation demonstrates a short learning curve with preserved procedural
performance

Learning curve analysis demonstrated a progressive reduction in needle placement time with increasing
operator experience [Figure 5]. Needle placement time declined rapidly during the initial cases and
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Figure 4. Efficiency comparison of robotic-assisted vs. freehand puncture for CT-guided MWA after PSM. (A) Puncture deviation; (B)
Number of CT scans; (C) Number of needle adjustments; (D) Pneumothorax; (E) Hemorrhage; (F) Chest drain insertion. For (A)-(C), data
are presented as median [IQR], and P values were calculated using the Mann-Whitney U test; scatter plots represent individual values. For
(D)-(F), data are presented as incidence rates, and P values were calculated using the chi-square test or Fisher's exact test as appropriate;
bars display exact numerical proportions within each group. IQR: Interquartile ranges; MW A: microwave ablation; CT: computed
tomography.

subsequently approached a plateau. The overall mean needle placement time was 16.97 min. Based on the
fitted learning curve, the 50%, 75%, and 90% proficiency milestones were achieved at approximately the 7th,
14th, and 24th procedures, respectively. In this single-operator cohort, needle placement time stabilized after
approximately 24 cases, suggesting that the transition from freehand to robotic-assisted technique may have
a relatively short learning curve for operators with similar baseline experience.

To further evaluate whether operator experience influenced procedural performance after adoption of
robotic navigation, the 130 consecutive robotic-assisted procedures were stratified into a learning phase (first
24 cases) and a proficient phase (subsequent 106 cases). Compared with the learning phase, the proficient
phase was associated with a significantly shorter interval from the first CT acquisition to needle placement
(16.03 +3.08 min vs. 21.12 + 6.56 min; P < 0.01) [Table 3]. The number of CT acquisitions and needle
adjustments was also significantly reduced in the proficient phase (both P < 0.01), reflecting improved
procedural efficiency.
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Table 2. Outcomes of robotic vs. freehand after PSM

Variables Total (n = 86) Robotic group (n = 43) Freehand group (n = 43) P-value
Number of CT scans 3.0(2.0,5.0) 2.00 (1.5, 2.0) 5.00(5.0,7.0) < 0.01
Deviation (mm) 5.0(3.0,7.0) 3.00(2.0,4.5) 6.00 (5.0,9.5) <0.01
Adjustments 2.0(2.0,4.0) 2.0 (15,2.0) 4.0 (3.0,4.0) < 0.01
Adjustment <1, n (%) <0.01
Occur 12 (13.95) 11(25.58) 1(2.33)

None 74 (86.05) 32(74.42) 42(97.67)

Complication, n (%) < 0.01
Occur 55(63.95) 20 (46.51) 35(81.40)

None 31(36.05) 23(53.49) 8 (18.60)

Pneumothorax, n (%) < 0.01
Occur 42 (48.84) 12 (27.91) 30 (69.77)

None 44 (51.16) 31(72.09) 13(30.23)

Chest drain insertion, n (%) 0.02
Occur 10279 2(4.65) 9(20.93)

None 75 (87.21) 41(95.35) 34.(79.07)

Hemorrhage, n (%) 0.78
Occur 15 (17.44) 8(18.60) 7 (16.28)

None 71(82.56) 35(81.40) 36(83.72)

PSM: Propensity score matching; CT: computed tomography.

Notably, puncture accuracy remained stable throughout the learning process, with no significant targeting
deviation between the learning and proficient phases (3.0 [2.0-4.0] mm vs. 3.0 [2.0-5.0] mm; P =0.11).
Similarly, the rates of overall complications, pneumothorax, pulmonary hemorrhage, and chest drain
insertion did not differ significantly between phases (all P > 0.05). These findings suggest that robotic-
assisted navigation may reduce the dependence of procedural quality on operator experience within this
single-operator cohort, improving workflow efficiency while maintaining accuracy and safety during early
adoption.

DISCUSSION

In this propensity score-matched study, robotic-assisted navigation improved procedural precision,
efficiency, and safety during CT-guided percutaneous MWA of pulmonary nodules. The principal findings
were threefold. First, robotic-assisted navigation significantly reduced puncture deviation, intraprocedural
CT acquisitions, and needle adjustments while maintaining a 100% technical success rate. Second, robotic-
assisted puncture was independently associated with a lower risk of pneumothorax, and these benefits were
consistently observed across lesions with different sizes, locations, and puncture depths. Third, in this single-
operator cohort, procedural efficiency improved rapidly with experience, whereas targeting accuracy and
safety remained stable throughout the learning process. Collectively, these findings suggest that the value of
robotic-assisted navigation extends beyond technical feasibility and may lie in improving the reproducibility
and standardization of CT-guided lung ablation procedures.

Our findings are consistent with previous reports demonstrating the value of robotic assistance in CT-guided
lung interventions. Randomized studies of robotic-assisted lung nodule localization have shown
improvements in targeting accuracy, first-pass success, procedural efficiency, and radiation exposure without
compromising safety™. Similarly, robotic-assisted guidance has shown promising accuracy and feasibility in
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Figure 5. Learning curve of Robotic-Assisted Navigation and analysis. (A) Scatter plot with fitted one-phase exponential decay curve
showing the relationship between procedure number and the interval from first CT acquisition to successful needle placement (n =130
consecutive robotic-assisted procedures). The curve plateau was used to define the learning phase (first 24 cases) and proficient phase
(subsequent 106 cases); (B) Box-and-whisker plot of needle adjustment frequency comparing the learning and proficient phases; (C) Box-
and-whisker plot of CT acquisition number comparing the learning and proficient phases. For (B) and (C), data are presented as median
[IQR], and P values were calculated using the Mann-Whitney U test. IQR: Interquartile ranges; CT: computed tomography.

radiofrequency ablation and cryoablation procedures™ ). The present study extends these observations to
CT-guided MWA of pulmonary nodules and suggests that the principal advantage of robotic navigation may
not be an increase in technical success itself, which is already high in experienced centers, but rather
improvements in procedural precision, efficiency, and reproducibility. As image-guided ablation becomes
increasingly adopted across institutions with varying levels of expertise, technologies that facilitate
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Table 3. Analysis of procedures and complications in the learning phase vs. the proficient phase

Variable Total (n =130) Learning Phase (n =24) Proficient Phase (n =106) P value
Needle placement time (min) 16.97 + 4.39 2112+ 6.56 16.03+3.08 <0.01
Deviation (mm) 3.0(2.0,5.0) 3.00(2.0,4.0) 3.00(2.0,5.0) on
Adjustments 2.0(1.0,2.0) 2.00(2.0,3.0) 2.0(1.0,2.0) <0.01
Number of CT scans 2.0 (1.0,2.0) 2.0(2.0,3.0) 2.00 (1.0, 2.0) <0.01
Complication, n (%) 0.37
Occur 65 (50.00) 10 (41.67) 55 (51.89)

None 65 (50.00) 14 (58.33) 51(48.11)

Hemorrhage, n (%) 0.46
Occur 26 (20.00) 3(12.50) 23(21.70)

None 104 (80.00) 21(87.50) 83 (78.30)

Pneumothorax, n (%) 0.92
Occur 39 (30.00) 7(29.17) 32(30.19)

None 91(70.00) 17 (70.83) 74 (69.81)

Chest drain insertion, n (%) 1
Occur 8(6.15) 1(47) 7 (6.60)

None 122 (93.85) 23(95.83) 99 (93.40)

CT: Computed tomography.

standardized procedural execution may become increasingly important.

Notably, technical success was achieved in all patients regardless of puncture approach. This finding is
unsurprising given the high success rates typically reported for CT-guided lung ablation in experienced
centers. Consequently, the clinical value of robotic assistance should not be judged solely by technical
success, which may be insufficiently sensitive to detect meaningful procedural improvements. Instead,
metrics such as targeting accuracy, needle manipulation, complication rates, and workflow efficiency may
better reflect the practical impact of navigation technologies on procedural quality.

The reduction in puncture deviation observed with robotic-assisted navigation may have implications
beyond immediate technical performance. In lung ablation, the spatial relationship between the antenna and
target lesion directly influences thermal energy distribution and ablative margin formation. Although larger
lesions may be relatively tolerant of minor targeting inaccuracies, small deviations may become increasingly
important in the treatment of pulmonary nodules, particularly as low-dose CT screening continues to
increase detection of sub-centimeter lesions””**). While long-term oncological outcomes were not evaluated
in the present study, the improved targeting precision may facilitate more consistent achievement of
adequate ablative margins. Whether these technical advantages ultimately translate into superior local tumor
control remains an important question for future prospective studies.

A particularly important finding was the substantial reduction in pneumothorax and chest drain insertion
associated with robotic-assisted navigation. The magnitude of this benefit appeared greater than would be
expected from improved targeting accuracy alone, suggesting that procedural quality in CT-guided lung
interventions may depend not only on final needle position but also on trajectory stability and cumulative
tissue injury resulting from repeated needle manipulation. In addition to decreasing puncture deviation,
robotic-assisted navigation incorporates preprocedural trajectory planning, robotic arm-guided positioning,
and respiratory motion monitoring, all of which may contribute to maintaining alignment between the
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planned and actual puncture trajectories. By reducing angle deviation, repeated trajectory corrections, and
unnecessary needle manipulation, robotic assistance may decrease cumulative pleural and pulmonary
parenchymal injury"***. Of note, our pneumothorax ascertainment was highly sensitive, encompassing any
imaging-detected pleural air collection regardless of size or clinical significance, including asymptomatic
pneumothoraces involving less than 5% lung collapse; the reported rates, particularly in the freehand group,
are therefore not directly comparable to studies that report only clinically significant pneumothoraces. From
a clinical perspective, reducing pneumothorax and chest drain insertion may be particularly meaningful
because these complications can prolong recovery, increase resource utilization, and adversely affect patient
experience.

Multivariable and exploratory subgroup analyses further supported the robustness of these findings. After
adjustment for age, BMI, lesion diameter, pulmonary lobe, and puncture distance, robotic-assisted puncture
remained independently associated with a lower risk of pneumothorax, suggesting that the observed
reduction in pneumothorax was unlikely to be solely attributable to differences in baseline characteristics,
lesion characteristics, or puncture complexity. Furthermore, the advantages of robotic-assisted navigation in
reducing puncture deviation and needle adjustments were consistently observed across lesions with different
sizes, locations, and puncture depths, indicating that its benefits are not confined to a specific anatomical
scenario but may represent a broader improvement in procedural reproducibility. Nevertheless, within the
robotic-assisted cohort, upper-lobe lesions demonstrated slightly smaller puncture deviation than
middle/lower-lobe lesions despite comparable adjustment requirements, suggesting that anatomical factors
may still influence the ultimate targeting precision. One possible explanation is that upper-lobe lesions are
generally less affected by diaphragmatic motion than middle- and lower-lobe lesions, although this
hypothesis was not directly evaluated in the present study. Taken together, these findings suggest that
robotic-assisted navigation provides stable procedural performance across a broad range of clinical situations
while remaining subject to certain anatomical influences.

The reduction in CT acquisitions is also clinically relevant. Although radiation dose was not directly
quantified, CT acquisition frequency is widely used as a surrogate for procedural radiation burden in CT-
guided interventions"**?. Previous studies have reported reductions in radiation exposure with navigation-
assisted procedures, particularly when high targeting precision is required”***.. The marked decrease in CT
acquisitions observed in our study therefore suggests a potential workflow and radiation-related advantage,
although dedicated radiation dose metrics will be required to confirm this benefit. Beyond radiation
considerations, fewer CT acquisitions may streamline procedural workflow and improve utilization of
interventional imaging resources.

The learning-curve analysis provides additional insight into the practical implementation of robotic-assisted
navigation"””. New interventional technologies often improve procedural performance at the expense of
increased complexity during early adoption. In contrast, robotic-assisted navigation demonstrated a
relatively rapid learning process, with procedural efficiency stabilizing after approximately 24 cases.
Importantly, targeting accuracy and complication rates remained stable throughout the learning phase. This
finding suggests that increasing operator experience primarily improves workflow efficiency rather than
procedural quality. Such observations are consistent with the notion that robotic-assisted navigation may
reduce procedural variability by embedding key procedural steps within a standardized platform. From a
translational perspective, this characteristic may represent one of the most important advantages of robotic
assistance, as it could facilitate broader dissemination of advanced ablation techniques across institutions
with different levels of expertise.
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Several strengths of this study should be acknowledged. To our knowledge, this is among the largest
comparative studies specifically evaluating robotic-assisted navigation for CT-guided percutaneous MWA of
pulmonary nodules. In addition to comparing procedural outcomes, we assessed the robustness and
implementation characteristics of robotic-assisted navigation through multivariable adjustment, subgroup
analyses, and learning-curve evaluation. These complementary analyses provide insight not only into
whether robotic navigation is effective, but also into how consistently its benefits are maintained across
different clinical scenarios and stages of clinical adoption.

This study also has several limitations. First, this was a retrospective single-center study with a relatively
limited matched sample size, and residual confounding cannot be completely excluded despite PSM and
multivariable adjustment. Selection bias inherent to the non-randomized design may have influenced
treatment assignment, as patients selected the treatment method based on personal preference after
physician counseling regarding lesion characteristics and technical feasibility. Although PSM balanced
measured baseline covariates, unmeasured confounders may still affect the results. Second, histological
confirmation was not available for all nodules. Third, long-term oncological outcomes, radiation dose, and
cost-effectiveness were not evaluated. Fourth, no formal a priori power calculation was performed, as this
was a retrospective consecutive cohort. Fifth, the complication observation window was limited to the
procedure period and the first 24 hours post-procedure; although the majority of procedure-related
pneumothoraces occur within this timeframe, rare delayed pneumothoraces and other late complications
may therefore have been underestimated”. Sixth, multivariable adjustment was performed only for the
primary safety outcome (pneumothorax), and secondary outcomes were not formally adjusted for residual
covariate imbalance; these findings should therefore be interpreted with appropriate caution. Finally, the
learning curve was derived from 130 consecutive procedures performed by a single operator at a single
center. Although the operator had extensive prior experience with freehand CT-guided puncture, he had no
prior experience with robotic-assisted navigation at the start of the study; therefore, the learning curve
reflects the transition from freehand to robotic technique rather than de novo acquisition of puncture skills.
The approximate 24-case threshold for achieving procedural proficiency may not generalize to operators
with different baseline experience levels or to other institutional settings. Additionally, with 42
pneumothorax events and 6 covariates in the multivariable model, the events-per-variable ratio was 7:1;
although within the commonly accepted range, the relatively limited sample size may have contributed to
wider confidence intervals, which should be considered when interpreting the adjusted estimates.
Furthermore, needle placement time was not systematically recorded for the freehand group, precluding a
direct comparison of procedural duration between the two puncture techniques.

Nevertheless, improved puncture precision and adequate ablation margins of 5-10 mm may represent
favorable technical prerequisites for durable local tumor control, although this hypothesis requires
confirmation through standardized follow-up**. Prospective multicenter studies with long-term follow-up
will be necessary to validate the clinical and economic impact of robotic-assisted navigation in CT-guided
lung ablation.

Conclusion

Opverall, in this propensity score-matched cohort of patients undergoing CT-guided percutaneous MWA of
pulmonary nodules, robotic-assisted navigation was associated with improvements in procedural precision,
efficiency, and safety, including reduced puncture deviation, fewer CT acquisitions and needle adjustments,
and a lower incidence of imaging-detected pneumothorax compared with conventional freehand guidance.
The robotic-assisted approach demonstrated consistent procedural performance across the evaluated lesion
characteristics and was associated with a relatively short learning curve, supporting its potential as a
reproducible and standardized platform for CT-guided pulmonary nodule ablation. Nevertheless, given the
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observational, nonrandomized study design and the potential for selection bias related to patient-driven
treatment allocation, these findings should be interpreted as associations rather than evidence of causality.
Further prospective, multicenter studies are warranted to validate these results and clarify the role of robotic-
assisted navigation in CT-guided pulmonary nodule ablation.
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