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AIM: This study aimed to systematically evaluate the independent predictive value and diagnostic performance of quantitative indices
derived from early postoperative computed tomography (CT) imaging for predicting major complications (Clavien-Dindo grade >1I)
within 30 days after pulmonary segmentectomy.

METHODS: A total of 231 patients who underwent Video-Assisted Thoracoscopic Surgery (VATS) segmentectomy were retrospectively
enrolled. On CT images obtained within 2—3 days postoperatively, the depth of pleural effusion, pneumothorax rate, lung re-expansion
ratio, and maximum subcutaneous air thickness were measured. The primary outcome was the occurrence of Clavien-Dindo grade >1I
complications within 30 days. Univariate and multivariate logistic regression analyses were performed, and predictive performance was
evaluated using the area under the curve (AUC).

RESULTS: Major complications occurred in 42 patients (18.2%). Multivariate analysis identified depth of pleural effusion (odds ratio
[OR]=1.213, 95% confidence interval [CI]: 1.107-1.329, p < 0.001), pneumothorax rate (OR = 1.201, 95% CI: 1.081-1.333, p < 0.001),
lung re-expansion ratio (OR = 0.872, 95% CI: 0.809-0.940, p < 0.001), and maximum subcutaneous air thickness (OR = 1.438, 95%
CI: 1.248-1.656, p < 0.001) as independent predictors. Receiver operating characteristic (ROC) analysis demonstrated that maximum
subcutaneous air thickness had the highest predictive performance (AUC = 0.850), followed by pneumothorax rate (AUC = 0.831), lung
re-expansion ratio (AUC = 0.785), and depth of pleural effusion (AUC = 0.783).

CONCLUSIONS: Quantitative indices derived from early postoperative CT scans may serve as reliable imaging biomarkers for pre-
dicting major complications after pulmonary segmentectomy, thereby facilitating early identification of high-risk patients and guiding

individualized postoperative management.
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Introduction

Thoracoscopic segmentectomy has become a standard min-
imally invasive procedure for treating early-stage non-small
cell lung cancer and select benign conditions, with its ad-
vantages in oncological efficacy and preservation of pul-
monary function widely recognized [1-3]. However, as
with all thoracic surgeries, postoperative complications
such as prolonged air leak, pneumonia, respiratory failure,
and arrhythmia remain significant factors adversely affect-
ing patient recovery, prolonging hospital stay, and increas-
ing healthcare costs [4,5]. Accurate identification of pa-
tients at high risk for postoperative complications is crucial
for achieving individualized and precise postoperative man-
agement.
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Current postoperative risk assessment primarily relies on
clinical experience, preoperative physiological status, and
intraoperative findings. Traditional imaging evaluation,
such as chest radiography, largely relies on the subjec-
tive judgment of the attending physician, leading to signifi-
cant inter-observer variability in assessing effusion volume,
pneumothorax extent, and lung re-expansion, with inherent
limitations in precise quantification [6,7]. Computed to-
mography (CT) provides non-overlapping cross-sectional
images and is considered the gold standard for evaluat-
ing the postoperative thoracic cavity. However, in clini-
cal practice, the interpretation of postoperative CT often re-
mains at a qualitative or semi-quantitative descriptive level,
failing to fully exploit its potential for quantitative informa-
tion extraction [8].

In recent years, the rise of quantitative imaging and ra-
diomics has opened new avenues for extracting repro-
ducible, objective biomarkers from medical images [9,
10]. In thoracic surgery, preliminary studies have explored
the association between CT-based quantitative indices and
postoperative pulmonary complications [11,12]. Neverthe-
less, research specifically investigating the predictive value
of early postoperative CT quantitative indices for major
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complications following segmentectomy—a procedure in-
volving more complex anatomy and more precise parenchy-
mal resection—remains insufficient. Therefore, this study
aimed to systematically evaluate the independent predictive
value and diagnostic performance of a series of objective
quantitative indices extracted from early postoperative CT
imaging obtained within 2—3 days after surgery. These in-
dices include the depth of pleural effusion, pneumothorax
rate, lung re-expansion ratio, and maximum subcutaneous
air thickness for predicting major complications (Clavien-
Dindo grade >II) within 30 days after thoracoscopic seg-
mentectomy. The goal was to enable early, objective identi-
fication of high-risk patients, providing robust imaging ev-
idence to support clinical intervention decisions.

Methods
Study Population

This observational, retrospective cohort study was designed
to investigate the association between early postoperative
CT quantitative indices and major complications after seg-
mentectomy. The study protocol was approved by the In-
stitutional Review Board of The First People’s Hospital of
Jiashan (2026 Research No. 009). The requirement for in-
formed consent was waived, and the study adhered to the
principles of the Declaration of Helsinki.

We systematically screened all patients who underwent
surgery in the Department of Thoracic Surgery at The
First People’s Hospital of Jiashan between January 2023
and October 2025. Inclusion criteria were: (1) age >18
years; (2) scheduled, unilateral thoracoscopic segmentec-
tomy for clinical stage I non-small cell lung cancer or pul-
monary nodules suspicious for malignancy; (3) systematic
or lobe-specific lymph node dissection; and (4) availabil-
ity of standard-dose non-contrast chest CT scan data com-
pleted within 2-3 days postoperatively. Exclusion criteria
included: (1) history of prior ipsilateral thoracic surgery;
(2) preoperative neoadjuvant chemotherapy or radiother-
apy; (3) severe preoperative comorbidities, including car-
diac dysfunction (New York Heart Association (NYHA)
class III-1V), pulmonary dysfunction (Forced Expiratory
Volume in one second [FEV;] <50% predicted), hepatic
dysfunction (Child-Pugh class B—C), or renal dysfunction
(creatinine >2.0 mg/dL); (4) major intraoperative compli-
cations (e.g., massive bleeding >1000 mL, emergency con-
version due to hemodynamic instability, intraoperative car-
diac events); and (5) CT scans unsuitable for quantitative
analysis due to technical reasons (e.g., severe metal ar-
tifacts) or missing images. Patients with tumor size >2
cm were predominantly those with ground-glass-opacity-
dominant lesions (consolidation-to-tumor ratio <0.5). Ul-
timately, a total of 231 patients were included in the study
cohort.

Surgical Procedure and Perioperative Management

All surgeries were performed by three experienced se-
nior thoracic surgeons using standard multiport or unipor-
tal Video-Assisted Thoracoscopic Surgery (VATS) tech-
niques. The surgical strategy (extent of segmental resec-
tion) was determined based on tumor location, segmental
anatomy, and preoperative three-dimensional reconstruc-
tion planning. A single chest tube was routinely placed
postoperatively and connected to a water-seal drainage sys-
tem. The criteria for chest tube removal were: a drainage
volume of <300 mL over 24 hours, absence of air leak, and
satisfactory lung expansion on chest radiograph. All pa-
tients were managed according to our institution’s enhanced
recovery after surgery pathway.

Data Collection

The primary outcome measure was the occurrence of major
complications within 30 days postoperatively, with severity
defined and graded according to the Clavien-Dindo classi-
fication system. This study defined “major complications”
as grade >1II (complications requiring pharmacological or
interventional treatment). These complications specifically
included, but were not limited to: prolonged air leak (>5
days), pneumonia requiring intravenous antibiotics, respi-
ratory failure requiring non-invasive or invasive ventila-
tion, postoperative hemorrhage requiring transfusion or re-
operation, symptomatic atrial fibrillation, and significant
pleural effusion/empyema requiring puncture or drainage.
Complication data were collected and verified through a
systematic review of electronic medical records by two in-
dependent researchers, with discrepancies resolved by a
third-party adjudicator.

Image acquisition: All CT scans were performed using
the same 256-slice multidetector CT scanner (GE Revolu-
tion Apex 256, GE Healthcare, Chicago, IL, USA). Scan-
ning parameters were standardized as follows: tube voltage
120 kV, automatic tube current modulation, slice thickness
0.625-1.25 mm, matrix 512 x 512. Patients were scanned
in the supine position during breath-hold at end-expiration.
All quantitative measurements were performed on a ded-
icated imaging processing workstation using the open-
source software 3D Slicer (version 5.0.3, Brigham and
Women’s Hospital, Inc., Boston, MA, USA), following
this procedure: Pleural Effusion Depth: On axial images,
the vertical distance from the inner chest wall to the lung
parenchyma or the opposite boundary of the effusion was
measured at the widest point of the posterior pleural ef-
fusion (unit: mm). The mean value of bilateral measure-
ments was used for analysis, whereas measurements from
the operative side alone were used for unilateral surgery.
Pneumothorax Rate: A semi-automatic volume render-
ing segmentation technique was employed. First, the ip-
silateral hemithorax contour, expanding from apex to di-
aphragm, was manually outlined, after which the software
automatically calculated the total hemithoracic volume
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(V_hemithorax). Then, the gas region within the hemitho-
rax was segmented by setting a threshold (—1000 to —200
HU), and the pneumothorax volume (V_pneumothorax)
was calculated. Pneumothorax rate = (V_pneumothorax /
V_hemithorax) x 100%. Lung Re-expansion Ratio: This
index assesses the degree of postoperative lung expan-
sion. A similar method was used to segment the post-
operative lung parenchyma volume on the operative side
(V_postop_lung). The mirrored volume of the contralateral
healthy lung (V_contralateral lung) or the predicted ipsi-
lateral lung volume (V_predicted) based on patient height
and sex using standard formulas served as the reference
baseline. This study employed the contralateral lung vol-
ume method: Lung re-expansion ratio = (V_postop_lung /
V_contralateral lung) x 100%. Maximum Subcutaneous
Air Thickness: On soft tissue windows (window width 400
HU, window level 40 HU), at the level where subcutaneous
emphysema was most prominent in the neck or chest wall,
the maximum anterior-posterior or left-right diameter of the
air collection was measured (unit: mm). Complication data
were collected and verified through a systematic review of
electronic medical records by two independent researchers,
using a predefined structured reporting template based on
the Clavien-Dindo system to ensure uniform documenta-
tion and assessment criteria.

To ensure consistency and reliability of measurements, all
assessments were performed independently by two trained
observers who were blinded to clinical outcomes and com-
plications. The images were anonymized and de-identified
prior to review, and the examinations were analyzed in a
randomized sequence. The mean values of the two ob-
servers’ measurements were used for final analysis. Com-
plication data were collected and verified through a sys-
tematic review of electronic medical records by two inde-
pendent researchers, using a predefined structured report-
ing template based on the Clavien-Dindo system to ensure
uniform documentation and assessment criteria.

Statistical Analysis

The Shapiro—Wilk test was used to assess the normality
of continuous variables. Continuous variables were ex-
pressed as mean =+ standard deviation or median (interquar-
tile range) based on their distribution. Comparisons be-
tween groups were performed using an independent sam-
ples #-test or Mann-Whitney U test. Categorical variables
were expressed as frequency (percentage), and comparisons
between groups were performed using the chi-square test or
Fisher’s exact test.

To identify predictors of major complications, between-
group comparisons were first performed for all candidate
variables. Only variables with p < 0.05 in these compar-
isons were entered into the multivariate stepwise regression
analysis. Stepwise regression was used to construct the fi-
nal prediction model. To evaluate the discriminatory ability
of each independent CT predictor in the final model and the
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combined model, receiver operating characteristic (ROC)
curves for predicting major complications were plotted, and
the area under the curve (AUC) was calculated. As the lung
re-expansion ratio was a protective factor (odds ratio <1) in
the logistic regression model, its value was inversely trans-
formed (i.e., 100 — ratio) for ROC analysis to ensure the
consistent directional interpretation. To account for poten-
tial overfitting and model optimism, internal validation was
performed using bootstrap resampling with 1000 iterations.
Optimism-corrected AUC values were calculated for each
predictor and the combined model. A p-value < 0.05 was
considered statistically significant.

Results
Complication Rates After VATS Segmentectomy

A total of 231 patients who underwent VATS segmentec-
tomy were included. Major postoperative complications
occurred in 42 patients, yielding an incidence rate of 18.2%.
The most common complication was prolonged air leak (15
cases, 35.7%), followed by pneumonia (11 cases, 26.2%)
and atrial fibrillation (8 cases, 19.0%) (Table 1).

Comparison of Baseline Characteristics and CT Indices
Between Groups

A comparison of baseline clinicopathological charac-
teristics between the complication group and the no-
complication group is presented in Table 2. No statisti-
cally significant differences were observed between the two
groups regarding age, sex, body mass index (BMI), pul-
monary function (Forced Expiratory Volume in one sec-
ond [FEV;] %, Diffusing Capacity of the Lungs for Car-
bon Monoxide [DLCO] %), comorbidities (hypertension,
diabetes, coronary artery disease, Chronic Obstructive Pul-
monary Disease [COPD]), smoking history, tumor charac-
teristics (size and stage), or surgery-related variables (oper-
ation time, intraoperative blood loss) (all p > 0.05). Chest
tube duration and postoperative hospital stay are now re-
ported in Table 2 (both p < 0.001).

Early postoperative CT quantitative indices showed highly
significant differences between the two groups. Compared
with the no-complication group, the complication group
had significantly greater depth of pleural effusion, pneu-
mothorax rate, and maximum subcutaneous air thickness,
while the lung re-expansion ratio was significantly lower
(all p < 0.001).

Multivariate Analysis

The duration of chest tube drainage and the length of post-
operative hospital stay were not included in the multivariate
logistic regression model, as they were considered variables
associated with postoperative outcomes rather than early
predictors of major complications. Consequently, this mul-
tivariate model was restricted to including early postoper-
ative quantitative CT parameters with potential predictive
relevance. The results confirmed that all were independent
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Table 1. Complication rates after VATS segmentectomy.

Complication type  Prolonged air leak

Pneumonia

Atrial fibrillation Others

Cases, n (%) 15 (35.7%)

11 (26.2%)

8 (19.0%) 8 (19.0%)

VATS, Video-Assisted Thoracoscopic Surgery.

predictors of major postoperative complications (Table 3).
Specifically, for each unit increase in pleural effusion depth
and pneumothorax rate, the risk of complications increased
by 21% and 20%, respectively. For each 1 mm increase in
maximum subcutaneous air thickness, the risk increased by
44%. The lung re-expansion ratio was identified as a pro-
tective factor (OR = 0.872).

Evaluation of Predictive Performance of CT Quantitative
Indices

To assess the discriminatory ability of the four CT quanti-
tative indices, receiver operating characteristic curves for
predicting major complications were plotted, and the area
under the curve was calculated for each. The results indi-
cated that all four indices demonstrated good predictive per-
formance (Fig. 1). Maximum subcutaneous air thickness
showed the highest discriminatory ability, with an AUC of
0.850 and an optimal cutoff value of 10.5 mm. Pneumoth-
orax rate demonstrated an AUC of 0.831, with an optimal
cutoff value of 8.5%. The AUCs for lung re-expansion ratio
and pleural effusion depth were 0.785 and 0.783, respec-
tively, with the optimal cutoff values of 80.5% and 16.5
mm. The combined model incorporating all four CT param-
eters yielded an apparent AUC of 0.961. After optimism
correction using 1000 bootstrap resamples, the corrected
AUC was 0.956 (optimism = 0.005), indicating excellent
and robust discriminatory ability. The predictive perfor-
mance of each CT parameter and the combined model is
summarized in Table 4.

Discussion

This study systematically evaluated the predictive value of
four quantitative indices derived from early postoperative
(within 2-3 days) CT imaging for major complications fol-
lowing thoracoscopic segmentectomy. The main findings
of this study were that depth of pleural effusion, pneumoth-
orax rate, maximum subcutaneous air thickness, and lung
re-expansion ratio were all independent predictors of ma-
jor postoperative complications (Clavien-Dindo grade >1I).
Notably, the AUC values for these indices all exceeded
0.7, indicating the significant potential of these objective,
readily obtainable imaging markers for early identification
of high-risk patients. This capability enables early risk
stratification and targeted allocation of medical resources,
allowing clinicians to intensify respiratory care, consider
proactive interventions, and optimize monitoring for pa-
tients identified as high risk before overt clinical deterio-
ration.

The identification of subcutaneous air thickness as a pre-
dictor aligns well with pathophysiological logic. Subcu-
taneous emphysema arises from gas diffusion along tis-
sue planes during surgery, and its severity directly reflects
the persistence and extent of abnormal communication be-
tween the pleural space/alveoli and the surrounding soft
tissues [13]. Significant emphysema is often associated
with more extensive tissue dissection and potential per-
sistent micro-leaks, factors which collectively increase the
risk of thoracic infection, delayed wound healing, and sys-
temic inflammatory response [14]. Secondly, pneumotho-
rax rate and lung re-expansion ratio, as interrelated indica-
tors, jointly depict the postoperative mechanical environ-
ment of the pleural space. A high residual pneumothorax
rate combined with a low lung re-expansion ratio indicates
failure of the lung to effectively appose the chest wall. This
condition not only impairs ventilation and oxygenation but
also facilitates pleural fluid accumulation and secondary in-
fection, thereby representing a key mechanism leading to
pneumonia and respiratory failure [15,16]. The predictive
significance of pleural effusion depth likely lies in its reflec-
tion of the intensity of local postoperative inflammatory re-
sponse, impaired lymphatic drainage, or potential bleeding.
A significant pleural effusion can mechanically compress
lung tissue, exacerbate atelectasis, and potentially further
progress to complicated effusion or empyema [17,18].

Early postoperative CT is already routinely performed in
most centers for evaluating complex cases or abnormal
symptoms. Our study extends its utility by assigning it
a proactive, predictive value. Clinicians can utilize these
quantitative indices to identify high-risk patients before the
full manifestation of symptoms, thereby facilitating a se-
ries of timely, individualized management strategies. Ex-
amples include intensified respiratory care for high-risk pa-
tients, more active drainage of pleural effusions, consid-
eration of early bronchoscopic suctioning, adjustment of
analgesic regimens to facilitate cough and expectoration,
and closer monitoring. These approaches align with the
principles of enhanced recovery after surgery and precision
medicine, shifting the timing of intervention from “reactive
management after complication occurrence” to “preventive
alert and intervention before complication development”.

An interesting finding of our study was that none of the
conventional clinical or surgical variables (e.g., age, pul-
monary function tests, comorbidities) emerged as indepen-
dent predictors in the final model, while all four CT in-
dices were highly significant. This pattern may be ex-
plained by the relative homogeneity of the carefully se-
lected study cohort, which was limited to clinical stage I

1107  Ann. Ital. Chir, 97, 6,2026



Wei Jiang, et al.

Table 2. Comparison of baseline and CT indices between complication and no-complication groups.

Variables Total (n=231) No Complication (n = 189) Complication (n =42)  Statistic p
Age (years), Mean + SD 62.73 +9.80 63.31 +9.56 60.10 £ 10.51 t=194  0.054
Gender, n (%) x2 =348 0.062
Female 107 (46.32) 93 (49.21) 14 (33.33)
Male 124 (53.68) 96 (50.79) 28 (66.67)
BMI (kg/m?), M (Q1, Q3) 23.40 (21.70, 25.75) 23.50 (21.70, 25.80) 23.30(21.72,25.27) Z=-0.26 0.792
FEV1 (% predicted), Mean £+ SD 87.65 + 13.14 87.84 +13.28 86.77 £ 12.62 t=047 0.636
DLCO (% predicted), Mean 4= SD 85.56 + 11.63 85.89 £ 11.91 84.05 £+ 10.27 t=0.93 0.353
Hypertension x2=0.17 0.679
No 142 (61.47) 115 (60.85) 27 (64.29)
Yes 89 (38.53) 74 (39.15) 15(35.71)
Diabetes x2=3.38 0.066
No 197 (85.28) 165 (87.30) 32 (76.19)
Yes 34 (14.72) 24 (12.70) 10 (23.81)
Coronary artery disease, n (%) x2=0.00 1.000
No 204 (88.31) 167 (88.36) 37 (88.10)
Yes 27 (11.69) 22 (11.64) 5(11.90)
COPD, n (%) x2=042 0516
No 190 (82.25) 154 (81.48) 36 (85.71)
Yes 41 (17.75) 35(18.52) 6(14.29)
Smoking, n (%) x2=1.60 0205
No 56 (24.24) 49 (25.93) 7 (16.67)
Yes 175 (75.76) 140 (74.07) 35(83.33)
Pack-years, M (Q1, Q3) 32.80 (20.35, 45.55) 32.80 (0.00, 45.20) 37.05(22.32,46.30) Z=-0.87 0.386
Tumor size (cm), M (Q1, Q3) 1.80 (1.10, 2.40) 1.80 (1.10, 2.40) 1.90 (1.22,2.38) Z=-0.32 0.750
Tumor location, n (%) x2 =158 0454
Upper lobe 104 (45.02) 87 (46.03) 17 (40.48)
Middle lobe 26 (11.26) 19 (10.05) 7(16.67)
Lower lobe 101 (43.72) 83 (43.92) 18 (42.86)
Pathological TNM stage, n (%) x2=0.64 0.888
1A1 89 (38.53) 74 (39.15) 15 (35.71)
1A2 97 (41.99) 80 (42.33) 17 (40.48)
1A3 31(13.42) 24 (12.70) 7(16.67)
IB 14 (6.06) 11 (5.82) 3(7.14)
Complex segmentectomy, n (%) x2=0.38 0.540
No 163 (70.56) 135(71.43) 28 (66.67)
Yes 68 (29.44) 54 (28.57) 14 (33.33)
Number of segments resected, M (Q1, Q3) 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) =-1.76 0.078
Lymph node dissection, n (%) x2=024 0.626
Systematic 198 (85.71) 163 (86.24) 35(83.33)
Lobe-specific 33 (14.29) 26 (13.76) 7(16.67)
Operation time (min), M (Q1, Q3) 129.00 (109.00, 146.00)  130.00 (109.00, 147.00)  128.50 (109.25, 142.75) Z=-0.18 0.860
Intraoperative blood loss (mL), M (Q1, Q3) 254.00 (147.00, 361.00)  269.00 (162.00, 366.00)  181.50 (126.25,341.25) Z=-1.94 0.053
Chest tube duration (days), M (Q1, Q3) 5.00 (4.00, 6.00) 5.00 (4.00, 6.00) 8.00 (6.00, 9.00) Z=-8.19 <0.001
Postoperative hospital stay (days), M (Q1, Qs) 6.00 (5.00, 7.00) 6.00 (5.00, 7.00) 9.50 (8.00, 11.00) Z=-9.89 <0.001
Pleural effusion depth (mm), M (Q1, Q3) 11.00 (6.00, 15.50) 10.00 (6.00, 14.00) 20.50 (12.25,26.75) Z=-5.74 <0.001
Pneumothorax rate (%), M (Q1, Q3) 5.00 (3.00, 9.00) 5.00 (2.00, 7.00) 14.00 (9.00,17.75)  Z=-6.74 <0.001
Lung re-expansion ratio (%), M (Q1, Q3) 87.00 (81.00, 92.00) 89.00 (83.00, 93.00) 78.00 (74.25,84.00) Z=-5.77 <0.001
Max subcutaneous air thickness (mm) (%), M (Q1, Q3) 7.00 (4.00, 11.00) 6.00 (3.00, 9.00) 14.50(11.00, 18.00) Z=-7.11 <0.001

CT, computed tomography; SD, standard deviation; BMI, body mass index; FEV1, Forced Expiratory Volume in one second; DLCO, Diffusing Capacity

of the Lungs for Carbon Monoxide; COPD, Chronic Obstructive Pulmonary Disease; TNM, tumor-node-metastasis.
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Table 3. Multivariate analysis.

Variables B S.E Z P OR (95% CI)

Pleural effusion depth 0.193  0.047 4.131 <0.001  1.213(1.107-1.329)
Pneumothorax rate 0.183  0.053 3430  <0.001  1.201 (1.081-1.333)
Lung re-expansion ratio -0.137  0.038 -3.585 <0.001  0.872(0.809-0.940)
Max subcutaneous air thickness ~ 0.363 0.072 5.031 <0.001  1.438 (1.248-1.656)

OR, odds ratio; CI, confidence interval; S.E, standard error.

Table 4. Predictive performance of CT imaging parameters for major complications.

Parameter AUC (95% CI) Cutoff  Sensitivity (%)  Specificity (%)  Youden index
Pleural effusion depth (mm) 0.783 (0.720-0.850) 16.5 76.2 71.4 0.476
Pneumothorax rate (%) 0.831 (0.770-0.890) 8.5 78.6 74.6 0.532
Lung re-expansion ratio (%) 0.785 (0.720-0.850) 80.5 73.8 71.4 0.452
Max subcutaneous air thickness (mm)  0.850 (0.790-0.910) 10.5 83.3 78.8 0.621
Combined model 0.961 (0.930-0.990) 88.1 97.4 0.855
AUC, area under the curve.
ROC Curves for Major Complication Prediction
Variables from Multivariate Analysis and Combined Model
1.00 1
0.75
Predictor
> === Combined Model (4 vars, AUC = 0.961)
é 0.50 === |ung_re_expansion_ratio (AUC = 0.785)
g ' === max_subcutaneous_air_thickness (AUC = 0.850)
2 === pleural_effusion_depth (AUC = 0.783)
=== pneumothorax_rate (AUC = 0.831)
0.25
0.00 + T T )
0.00 0.25 0.50 0.75 1.00

1 - Specificity

Fig. 1. ROC curves. Note: For ROC analysis, the lung re-expansion rate was converted (100—rate) to align with the risk direction. ROC,

receiver operating characteristic; AUC, area under the curve.

patients managed within a standardized enhanced recovery
after surgery (ERAS) pathway. This homogeneity likely
minimized the variability in traditional risk factors. Nev-
ertheless, it remains possible that in a more heterogeneous
cohort with a broader range of comorbidities and functional
status, some clinical variables might regain predictive sig-
nificance. However, this also underscores that, within such
a standardized perioperative context, early postoperative

imaging findings become the predominant differentiators of
complication risk. This observation should be interpreted
with caution and not overgeneralized. The absence of clin-
ical predictors does not negate their potential importance
in broader, less selected populations. We strongly highlight
the need for external validation in more diverse patient pop-
ulations before our findings can be translated into routine
clinical practice.
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The combined model that incorporated all four CT param-
eters achieved an AUC of 0.961, indicating excellent dis-
criminatory power within our cohort. However, such a high
AUC value may be partly attributable to overfitting, given
the relatively modest sample size and the single-center, ret-
rospective design. Furthermore, the optimism-corrected
AUC (0.956) was slightly lower than the apparent AUC,
suggesting a degree of model optimism. Therefore, rigor-
ous external validation in independent, preferably multicen-
ter, prospective cohorts is essential to confirm the general-
izability of this model and to develop a parsimonious, clin-
ically applicable prediction tool.

This study has several limitations. First, its retrospective,
single-center design introduces inherent biases, including
selection bias and biases related to institutional practices,
which limit the generalizability of the findings. Readers
should therefore interpret the high AUC values with cau-
tion, as overfitting is a genuine concern. Second, it only as-
sessed CT scans obtained within 2-3 days postoperatively
and did not dynamically monitor the trajectory of these in-
dices over time. Third, although important baseline vari-
ables were adjusted for, other potential confounding fac-
tors (such as precise anesthesia duration, specific segment
location, and number of stapler cartridges used) were not
fully accounted for. Fourth, the lack of a traditional clinical
prediction model for direct comparison limits the ability to
quantify the added value of CT indices. Finally, our find-
ings require external validation in independent cohorts be-
fore clinical implementation. To mitigate these limitations,
prospective multicenter cohorts are required to externally
validate our findings before clinical application. Measure-
ments, while performed using specialized software, still re-
quired some manual operation. Future research should fo-
cus on integrating artificial intelligence approaches, partic-
ularly deep learning-based automated segmentation mod-
els, to fully automate the extraction of these quantitative
indices. Such tools could be integrated into Picture Archiv-
ing and Communication Systems (PACS), enabling seam-
less and real-time risk assessment and clinical alerts at the
point of care, thereby facilitating the translation of our find-
ings into routine practice. Based on the findings and lim-
itations of this study, future research could delve into the
following directions. Prospective cohort studies are needed
to validate the predictive performance of the model estab-
lished herein and to determine optimal warning thresholds
for each index. Investigating the changing patterns of CT
indices on serial postoperative scans (e.g., days 1 and 3)
may provide superior predictive information. Combining
CT quantitative indices with serum inflammatory biomark-
ers (e.g., Interleukin-6 [IL-6], C-Reactive Protein [CRP]) to
jointly construct predictive models from both imaging and
molecular perspectives. Developing Al-based fully auto-
mated measurement tools and integrating them into PACS
to enable real-time risk stratification and automated clinical
alerts. Ultimately, randomized controlled trials are required
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to assess whether intensified interventions based on these
CT warning indices can truly reduce complication rates,
shorten hospital stays, and improve long-term patient qual-
ity of life.

Conclusions

In summary, within the constraints of a retrospective,
single-center study, this study confirms that quantitative in-
dices derived from early postoperative CT are robust and
objective imaging biomarkers for predicting major compli-
cations following thoracoscopic segmentectomy. These in-
dices are readily obtainable in routine clinical practice and
may assist surgeons in early identification of high-risk pa-
tients. However, prospective, multicenter validation is re-
quired before these findings can be translated into routine
clinical decision-making.
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