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Introduction: Postoperative pulmonary embolism (PE) is a severe and potentially fatal complication following thoracic surgery.
Existing prediction methods often lack accuracy and timeliness. This study aimed to develop an early and reliable multifactorial
prediction model for PE using multicenter data to identify high-risk patients.

Methods: We retrospectively analyzed data from 977 patients who underwent pulmonary surgery at three medical centers. Independent
risk factors for PE were identified, and a logistic regression model was constructed and validated both internally and externally.

Results: Significant predictors included older age, upper lobe lesions, open thoracic surgery, longer surgical duration, greater
intraoperative blood loss, and elevated D-dimer and fibrinogen levels. The model demonstrated excellent discrimination, with AUC
values of 0.97, 0.95, and 0.94 in the training, internal validation, and external validation sets, respectively. Calibration curves showed
strong consistency between predicted and observed outcomes (p > 0.05). In the external validation cohort, risk stratification based on
the 85th percentile of estimated risk effectively distinguished between high-risk and low-risk groups.

Conclusion: This predictive model, integrating surgical and coagulation related factors, shows strong potential for early PE detection
and clinical utility. Further prospective studies are warranted to confirm its effectiveness in improving patient outcomes.
Keywords: postoperative pulmonary embolism, risk predictive model, pulmonary resection, coagulation biomarkers, multi-center study

Introduction
Pulmonary embolism (PE) is a common and life-threatening condition in thoracic surgery, with an incidence of approximately
1%-5%," posing a substantial burden on both patients and healthcare systems.”* As one of the most frequent yet preventable
causes of perioperative mortality, PE has a death rate as high as 30%.> Even with appropriate treatment, mortality still
approaches 8%.° Standard treatment typically includes anticoagulant therapy and respiratory support such as mechanical
ventilation. However, the nonspecific nature of PE symptoms—ranging from being asymptomatic to presenting with acute
respiratory failure or shock—can result in delayed diagnosis and treatment.” Common manifestations include sudden chest
pain, dyspnea, and hemoptysis. Multiple clinical risk factors have been implicated in PE development, including advanced
age, diabetes, obesity, malignancy, recent surgery, trauma, and prolonged immobility.®

Despite this knowledge, specific risk factors for PE in patients undergoing pulmonary surgery remain poorly
characterized. Notably, the incidence of PE following thoracic surgery is significantly higher than other surgical
procedures. Previous studies have demonstrated an increased risk and mortality of PE after lung cancer surgery,
exceeding that of abdominal or pelvic operations.”'® Postoperative PE is often misinterpreted as a normal physiological
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response postoperatively, contributing to diagnostic delays and worsened clinical outcomes.''"'> Therefore, a deeper
understanding of PE risk factors specific to thoracic surgery is essential for improving patient prognosis.

Postoperative pulmonary embolism is a multifactorial complication influenced by both patient-related and surgery-
related factors. Traditional determinants, such as advanced age, obesity, and comorbid cardiopulmonary disease, are well-
established contributors.'® In thoracic surgery specifically, several unique risk factors have been implicated. Open
thoracotomy is associated with prolonged operative duration, increased tissue trauma, and greater postoperative immo-
bility compared with minimally invasive approaches, thereby facilitating venous stasis and hypercoagulability.'*
Additionally, surgeries performed on different lobectomies may result in varying rates of thrombosis. From
a biomarker perspective, D-dimer and fibrinogen play central roles in coagulation and fibrinolysis. Elevated postoperative
levels of these markers reflect an activated coagulation cascade, which has been strongly associated with increased
susceptibility to thromboembolic events in thoracic surgical patients.'> These mechanistic insights provide the rationale
for integrating both surgical characteristics and coagulation markers into risk prediction models for postoperative PE.

Most current PE risk prediction models have been developed in the context of general surgery or orthopedic
surgery.'®!” However, these models are rarely tailored to thoracic surgery populations.'® While some clinical variables
—such as age, surgical procedure, and intraoperative blood loss—are suspected to correlate with PE risk, prior studies
have been limited by small sample sizes, single-center data, and insufficient consideration of multiple variables.
Moreover, widely used tools like the Caprini risk score were not originally designed for thoracic surgery patients and
thus lack predictive accuracy in this population.'® These limitations hinder thoracic surgeons from identifying high-risk
individuals and from implementing timely preventive interventions.

The aim of this study was to integrate surgical characteristics (eg, surgical approach and lobe location) with
coagulation indicators through multicenter data collection to systematically summarize the characteristics and risk factors
of PE after thoracic surgery. We planned to construct a predictive model based on a nomogram and comprehensively
evaluate the model’s predictive effectiveness through a combination of internal validation (bootstrap method) and
external validation (multicenter datasets). We anticipate this tool will facilitate early risk identification and guide

personalized preventive strategies for postoperative PE.

Methods

Data Source

Patients undergoing pulmonary surgery were retrospectively enrolled from three centers between January 2019 and
December 2024. The study was approved by the institutional ethics committees of the Army Medical Center of the
Chinese People’s Liberation Army (Daping Hospital) (No. 2025-176), the First Affiliated Hospital of Chongqing
Medical University (No. CY2025-206), and the Traditional Chinese Medicine Hospital of Shizhu (No. 2025-019).
Informed consent was waived due to the retrospective nature of the study. All procedures conformed to the ethical
principles outlined in the Declaration of Helsinki (as revised in 2013).%°

Inclusion criteria were as follows: (1) male or female patients aged 20-75 years; (2) postoperative histopathological
diagnosis of lung cancer or benign tumors; (3) at least one postoperative contrast-enhanced chest CT or pulmonary
angiography within 30 days after surgery for PE evaluation; and (4) complete clinical documentation. Exclusion criteria
included: (1) poor cardiopulmonary function or inability to tolerate surgery due to other organ dysfunction; (2)
preoperative pulmonary embolism or lower limb deep vein thrombosis; (3) long-term use of anticoagulants or antiplatelet
drugs (eg, for atrial fibrillation); and (4) coexisting coagulation disorders.

Data were collected and analyzed including age, gender, BMI, smoking status, hypertension, diabetes, predicted
percentage of the forced expiratory volume (FEV1%), tumor location, clinical stage of tumor, pathologic type of tumor,
coagulation parameters, type of operation (open or thoracoscopic surgery), operation duration, blood loss, blood
transfusion status, D-dimer, fibrinogen, platelet counts on postoperative days 3. Upper lobe lesions were defined as
tumors located in the right or left upper lung lobe excluding those spanning multiple lobes. Open thoracotomy was

defined as a traditional surgical approach involving a thoracotomy incision rather than minimally invasive methods like
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video-assisted thoracoscopic surgery (VATS). Postoperative D-dimer and fibrinogen levels were measured using turbidi-
metric Immunoassay, with reference ranges of 0-500 pg/L for D-dimer and 2.0-4.0 g/L for fibrinogen.

Treatment Options

All patients underwent preoperative contrast-enhanced chest CT, cardiopulmonary function tests, and blood analysis.
Surgical procedures included video-assisted thoracoscopic surgery (VATS), open thoracotomy, sublobectomy, lobectomy,
and bronchial or vascular sleeve resection. After surgery, the patients were encouraged to cough and expectorate to
promote drainage and pulmonary re-expansion and were instructed to early activities.

Patients were closely monitored for symptoms and signs suggestive of PE. If a patient developed unexplained chest
pain, dyspnea, or decreased oxygen saturation, an enhanced CT or pulmonary angiography was promptly performed.
Confirmed PE cases were managed with ECG and vital sign monitoring, respiratory support (oxygen or mechanical
ventilation), and anticoagulation therapy as indicated (admitting to ICU if necessary).

Model Construction and Validation
Multivariate logistic regression was used to identify independent predictors of PE. The Storm Clinical Statistics Platform

(version 4.2.3; https://medsta.cn/software) based on R was employed to construct the predictive model. Data from

Daping Hospital were randomly divided into a training set (70%) and an internal validation set (30%) using a seed value
of 1234. A nomogram was developed using the training cohort data.

Model performance was evaluated using receiver operating characteristic (ROC) analysis, calibration curves, and
decision curve analysis (DCA). External validation was conducted using data from the other two centers.

We also assessed the model’s risk stratification ability by dividing the external validation cohorts into high-risk and
low-risk groups based on the 85th percentile of predicted risk.?' Clinical and surgical characteristics were compared
between subgroups.

Statistical Analysis

Data analysis was performed using SPSS version 26.0. Continuous data were presented as mean + standard deviation
(SD) and analyzed by the two-tailed #-test or rank sum test. Categorical data were reported as frequency and percentage
(%) and were analyzed by either chi-square test or Fisher’s exact test. A tow-tailed p-value <0.05 was considered
statistically significant.

Results

Clinical and Demographical Characteristics

This study included 977 patients from three medical centers (Figure 1). Cohort A (Daping Hospital) contributed 533
cases and served as the primary dataset for model development and internal validation (Table 1). Cohort B (First
Affiliated Hospital of Chongqing Medical University, n = 318) and Cohort C (Traditional Chinese Medicine Hospital of
Shizhu, n = 126) were used for external validation (Table 2).

In cohort A, compared to the non-PE group, patients in the PE group were older (64.15+ 9.07 vs 61.38+ 10.73, p =
0.003), greater proportion distributed in the upper lobe lung (right upper: 35.0% vs 22.3%; left upper: 31.8% vs 22.1%;
p < 0.001), more proportion of open thoracotomy (65.0% vs 33.0%, p < 0.001), longer operative duration (177.96 +
72.08 min vs 157.43+ 74.63 min, p = 0.004), more blood loss (210.40 £+ 53.96 mL vs 161.66 + 45.86 mL, p < 0.001),
more perioperative blood transfusions (26.1% vs 17.6%, p = 0.024), higher proportion of malignancies (87.3% vs 72.9%,
p <0.001), higher D-dimer level (5820 = 1441 ug/L vs 2023 + 449 ug/L, p < 0.001), and higher FIB level (5.04 + 0.95 g/
L vs 4.03 £ 0.86 g/L, p <0.001). There were no significant differences between the two groups in terms of gender, BMI,
prognostic nutritional index (PNI), smoking history, alcohol consumption, hypertension, diabetes history, and baseline

pulmonary function (Table 1).
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Figure | Study design and profile.

Validation of the model

Similar trends were observed in Cohorts B and C. Compared with non-PE patients, those with PE were older, more

frequently underwent open thoracotomy, experienced more blood loss and transfusions, and exhibited elevated D-dimer

and fibrinogen levels (Table 2).

Table | Demographic, Clinical, and Pathological Factors in the Main Center (Daping Hospital)

Characteristics Non-PE (n =376) | PE (n = I157) | Statistical value | P value
Age (years) 61.38 + 10.73 64.15 + 9.07 t =3.036 0.003
Gender (n [%]) ¥ =12728 0.099
Male 278 (73.9%) 105 (66.9%)
Female 98 (26.1%) 52 (33.1%)
BMI (kg/m?) 23.90 + 3.60 23.57 + 3.48 t = 0.974 0.330
PNI 48.03 + 5.50 47.035 £ 6.35 t=1.246 0.214
Smoking status ¥ =1.126 0.289
Absent 255 (67.8%) 99 (63.1%)
Present 121 (32.2%) 58 (36.9%)
Alcohol use x* = 0243 0.622
No 114 (30.3%) 51 (32.5%)
Yes 262 (69.7%) 106 (67.5%)
Hypertension 68 (18.1%) 38 (24.2%) x* = 2.603 0.107
Diabetes 77 (20.5%) 33 (21.0%) x? = 0.001 0.982
FEVI (L) 1.97 + 0.53 2.07 + 0.64 t=1.766 0.079
(Continued)
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Table | (Continued).
Characteristics Non-PE (n =376) | PE (n = 157) | Statistical value | P value
Lesion location ¥ = 24.165 < 0.001
RUL 84 (22.3%) 55 (35.0%)
RML 52 (13.8%) 8 (5.1%)
RLL 79 (21.0%) 23 (14.6%)
LUL 83 (22.1%) 50 (31.8%)
LLL 78 (20.7%) 21 (13.4%)
Surgical procedures x* = 46.407 < 0.001
Minimally invasive 252 (67.0%) 55 (35.0%)
Thoracotomy 124 (33.0%) 102 (65.0%)
Surgical duration (min) 157.43 + 74.63 177.96 + 72.08 | t = 2.924 0.004
Blood loss (mL) 161.66 + 45.86 210.40 £ 53.96 | t = 3.958 < 0.001
Blood transfusion ¥ = 5.060 0.024
No 310 (82.4%) 116 (73.9%)
Yes 66 (17.6%) 41 (26.1%)
Pathological type of lesion x?=12.992 < 0.001
Malignant 274 (72.9%) 137 (87.3%)
Benign 102 (27.1%) 20 (12.7%)
D-dimer (ug/L) 2023 + 449 5820 + 1441 t=19.013 < 0.001
FIB (g/L) 4.03 + 0.86 5.04 £ 0.95 t=11.496 < 0.001
Platelet (10°/L) 229.98 * 61.25 221.22 £ 4897 | t=1.593 0.112

Abbreviations: PE, pulmonary embolism; BMI, body mass index; PNI, prognostic nutritional index; FEV I, forced expiratory
volume in | second; RUL, right upper lung; RML, right middle lung; RLL, right lower lung; LUL, left upper lung; LLL, left lower
lung; D-dimer, values measured on postoperative day 3; FIB, fibrinogen, measured on postoperative day 3.

Table 2 Demographic, Clinical, and Pathological Factors in the Other Two Centers

Characteristics Cohort B (n = 318) Cohort C (n = 126)

Non-PE (n = 221) | PE (n = 97) P value | Non-PE (n = 95) | PE (n = 31) P value
Age (years) 58.71 + 11.86 63.75 + 7.97 <0.001 | 59.14 % 11.16 66.84 £ 10.94 | <0.001
Gender (n[%]) 0.837 0.355

Male 118 (53.4%) 53 (54.6%) 55 (57.9%) 15 (48.4%)

Female 103 (46.6%) 44 (45.4%) 40 (42.1%) 16 (51.6%)

BMI (kg/m?) 22.76 + 4.13 22.64 + 3.86 0.878 22.37 £ 4.17 23.47 + 4.85 0.200
PNI 50.51 + 5.31 49.69 £ 5.22 0.207 52.76 + 5.06 50.27 £ 5.77 0.650
Smoking status 0.502 0.118

Absent 152 (68.8%) 63 (64.9%) 61 (64.2%) 15 (48.4%)

Present 69 (31.2%) 34 (35.1%) 34 (35.8%) 16 (51.6%)

Alcohol use 0.140 0.216

No 124 (56.1%) 63 (64.9%) 52 (54.7%) 13 (41.9%)

Yes 97 (43.9%) 34 (35.1%) 43 (45.3%) 18 (58.1%)
Hypertension 50 (22.6%) 21 (21.6%) 0.848 18 (18.9%) 8 (25.8%) 0413
Diabetes 39 (17.6%) 27 (27.8%) 0.039 19 (20.0%) 9 (29.0%) 0.294
FEVI (L) 1.95 + 0.54 1.99 + 0.53 0.568 1.84 + 0.65 1.86 £ 0.59 0.881
Lesion location 0.001 0.175

RUL 47 (21.3%) 29 (29.9%) 14 (14.7%) 9 (29.0%)

RML 30 (13.6%) 10 (10.3%) 13 (13.7%) 2 (6.5%)

RLL 55 (24.9%) 15 (15.5%) 21 (22.1%) 5 (16.1%)

LUL 38 (17.2%) 32 (33.0%) 24 (25.3%) Il (35.5%)

LLL 51 (23.1%) I (11.3%) 23 (24.2%) 4 (12.9%)

(Continued)
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Table 2 (Continued).

Characteristics Cohort B (n = 318) Cohort C (n = 126)
Non-PE (n = 221) | PE (n = 97) P value | Non-PE (n =95) | PE (n = 31) P value
Surgical procedures < 0.001 0.004
Minimally invasive 162 (73.3%) 32 (33.0%) 62 (65.3%) Il (35.5%)
Thoracotomy 59 (26.7%) 65 (67.0%) 33 (34.7%) 20 (64.5%)
Surgical duration (min) 145.27 + 80.01 188.43 + 79.97 | <0.001 158.23 + 65.80 168.10 + 76.27 | 0.487
Blood loss (mL) 152.01 +79.28 211.21 £93.18 | <0.001 162.5] + 82.56 197.68 + 83.23 | 0.046
Blood transfusion < 0.001 0.051
No 200 (90.5%) 67 (69.1%) 82 (86.3%) 22 (71.0%)
Yes 21 (9.5%) 30 (30.9%) 13 (13.7%) 9 (29.0%)
Pathological type of lesion 0.201 0.026
Malignant 168 (76.0%) 80 (82.5%) 67 (70.5%) 28 (90.3%)
Benign 53 (24.0%) 17 (17.5%) 28 (29.5%) 3 (9.7%)
D-dimer (ugl/L) 1948 + 824 5277 £ 1568 < 0.001 1898 + 652 6323 + 705 < 0.001
FIB (g/L) 4.13£0.82 5.08 £ 1.10 <0.001 | 4.0l £0.62 4.87 + 0.69 < 0.001
Platelet (10°/L) 23421 * 60.69 213.39 £ 53.75 | 0.074 223.76 * 59.03 225.58 £ 44.15 | 0919

Notes: Cohort B, the First Affiliated Hospital of Chongqing Medical University (n = 318). Cohort C, the Traditional Chinese Medicine Hospital of Shizhu (n = 126).
Abbreviations: PE, pulmonary embolism; BMI, body mass index; PNI, prognostic nutritional index; FEVI, forced expiratory volume in | second; RUL, right
upper lung; RML, right middle lung; RLL, right lower lung; LUL, left upper lung; LLL, left lower lung; D-dimer, values measured on postoperative day 3; FIB,
fibrinogen, measured on postoperative day 3.

Risk Factor ldentification and Model Construction

Risk factors for PE were identified using univariate and multivariate logistic regression analyses with PE occurrence serving as
the dependent variable. Seven independent risk factors were identified: advanced age, upper lobe lesion location, open
thoracotomy, longer surgical duration, greater intraoperative blood loss, and elevated postoperative D-dimer and fibrinogen
levels (Table 3). Feature importance ranking identified D-dimer and fibrinogen as the strongest predictors of PE (Figure 2).

Table 3 Univariate and Multivariate Analysis of Pulmonary Embolism After Pulmonary Surgery

Variables Univariate Analysis Multivariate Analysis

OR (95% CI) P value* | OR (95% CI) P value
Age (years) 1.027 (1.008-1.046) | 0.005 1.051 (1.010-1.094) | 0.014
Gender (female vs male) 1.405 (0.938-2.105) | 0.099 1.043 (0.414-2.626) | 0.929
BMI (kg/m?) 1.026 (0.974-1.082) | 0.330
PNI 1.019 (0.988-1.050) | 0.240
Smoking status (present vs absent) 0.810 (0.549-1.196) | 0.289
Alcohol use (yes vs no) 0.904 (0.606—1.349) | 0.622
FEVI (L) 1.379 (0.990-1.920) | 0.057 1.540 (0.725-3.270) | 0.261
Hypertension (present vs absent) 1.446 (0.922-2.268) | 0.108
Diabetes (present vs absent) 1.033 (0.653—1.634) | 0.888
Lesion location (upper lobe vs lower lobe) 2.527 (1.712-3.731) | < 0.001 2.831 (1.201-6.673) | 0.017
Surgical procedures (VATS vs Thoracotomy) | 0.265 (0.179-0.393) | < 0.001 0.204 (0.088-0.473) | < 0.001
Surgical duration (min) 1.004 (1.001-1.006) | 0.004 1.006 (1.000-1.011) | 0.035
Blood loss (mL) 1.004 (1.002—1.006) | < 0.001 1.006 (1.002—1.011) | 0.002
Pathological type (malignant vs benign) 2.550 (1.514-4.295) | < 0.001 2.604 (0.817-8.303) | 0.106
Blood transfusion (yes vs no) 1.660 (1.065-2.589) | 0.025 1.350 (0.474-3.845) | 0.574
D-dimer (ug/L) 1.002 (1.002-1.003) | < 0.001 1.002 (1.001-1.003) | < 0.001
FIB (g/L) 3.507 (2.698-4.560) | < 0.001 2.854 (1.768-4.607) | < 0.001
Platelet (10%/L) 0.997 (0.994-1.001) | 0.112

Notes: This table was compiled using data from Daping Hospital, the Army Medical University. *, p value < 0.| used in multivariate analysis.
Abbreviations: OR, odds ratio; BMI, body mass index; PNI, prognostic nutritional index; FEVI, forced expiratory volume in | second;

D-dimer, values measured on postoperative day 3; FIB, fibrinogen, measured on postoperative day 3.
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Figure 2 Ranking of risk factors for pulmonary embolism after pulmonary surgery.

Based on these factors, a nomogram was developed to predict PE risk (Figure 3A). The results of the training and
internal validation sets demonstrated excellent discrimination, with AUC of 0.97 (95% CI: 0.95-0.99) and 0.95 (95% CI:
0.92-0.97), respectively (Figure 3B and E). Similarly, calibration curves and Hosmer-Lemeshow (H-L) goodness-of-fit
tests indicated strong accordance of nomogram model with the groups of training and internal validation (p = 0.232 and
p = 0.182, respectively) (Figure 3C and F). Furthermore, the clinical decision curve analysis (DCA) showed the curve
was generally close to the upper right corner and high net benefit across a wide range of threshold probabilities,
confirming the model’s clinical utility (Figure 3D and G).

External Validation and Risk Stratification

External validation using Cohorts B and C confirmed the model’s performance, with an AUC of 0.94 (95% CI:
0.91-0.96) and good calibration (p = 0.918) (Figures 4A and B). The decision curve similarly supported the model’s
applicability in clinical decision-making (Figure 4C).

To evaluate risk stratification, patients in the external validation cohorts were classified as high-risk or low-risk based
on the 85th percentile of predicted risk. Patients in the high-risk group had PE probabilities >15%. Compared with the
low-risk group, the high-risk group included older individuals, more frequent upper lobe involvement, longer operative
times, greater blood loss, and higher postoperative D-dimer and fibrinogen levels. Open thoracotomy was also sig-
nificantly more common among high-risk patients (Figure 5).

Discussion

Postoperative PE is a potentially fatal complication following surgery, caused primarily by venous thrombus migration
into the pulmonary arterial system. As a leading cause of sudden postoperative death and respiratory failure, PE affects
approximately 1-5% of thoracic surgery patients, with mortality rates ranging from 15-30%.> This poses a substantial
burden on both patient outcomes and healthcare systems. The nonspecific clinical presentation of PE often leads to
misdiagnosis or delayed recognition, underscoring the importance of identifying predictive risk factors and implementing
timely intervention strategies.

In this multicenter retrospective study of 977 patients undergoing pulmonary resection, we identified seven independent
risk factors for postoperative PE: advanced age, upper lobe lesions, open thoracotomy, prolonged operative duration, increased
intraoperative blood loss, elevated D-dimer, and elevated fibrinogen levels. Based on these variables, we constructed
a nomogram prediction model that demonstrated excellent discrimination (AUC 0.94-0.97) and good calibration across
both internal and external validation cohorts. These findings offer a valuable tool for early PE risk prediction in thoracic
surgery patients, especially when combining dynamic coagulation monitoring with assessment of surgical trauma.

Among these predictors, D-dimer and fibrinogen emerged as the most influential. This supports prior evidence that
hypercoagulability plays a central role in PE development.**** Importantly, our model integrated surgical variables with
coagulation biomarkers, extending beyond traditional assessments. Compared with previous studies that emphasized
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Figure 3 Construction and preliminary validation of a predictive model for pulmonary embolism after pulmonary surgery. (A) nomogram to predict pulmonary embolism.
(B) the AUC curve for the training set. (C) the calibration curve and Hosmer—Lemeshow test for the training set. (D) the clinical decision curve analysis for the training set.
(E) the AUC curve for the internal validation set. (F) the calibration curve and Hosmer—Lemeshow test for the internal validation set. (G) the clinical decision curve analysis
for the internal validation set.

individual risk factors, our approach provides a more comprehensive framework to support perioperative decision-
making.** For clinicians, this model may facilitate early identification of high-risk patients and implementation of
personalized preventive strategies.

A novel finding of our study was the significant association between upper lobe lesions and postoperative PE, which
has not been reported in earlier literature.”> We hypothesize that this relationship may relate to the unique anatomical
characteristics of the upper lobes and the complexity of surgical manipulation in these regions.*® Upper lobe resections
are typically associated with longer operative times, increased surgical trauma, and more extensive lymphatic and
vascular disruption, particularly during open surgery.”” After upper lobectomy, vascular stumps may also be anatomical
factors contributing to thrombus formation.?® Postoperative hemodynamic alterations and impaired lymphatic drainage
may further promote venous thrombus formation. Previous studies have also shown that upper lobes have more complex
venous return and richer blood supply,” which may increase thrombosis risk post-resection. These findings suggest that
surgical trauma to upper lobes may be a critical factor in PE development, warranting additional mechanistic research.
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Figure 4 External validation of a predictive model for pulmonary embolism after pulmonary surgery. (A) the AUC curve for the external validation set. (B) the calibration
curve and Hosmer—Lemeshow test for the external validation set. (C) the clinical decision curve analysis for the external validation set.

We also observed that patients with lung cancer had significantly higher PE rates compared with those with benign
diseases. This aligns with prior studies and reflects the greater surgical trauma and blood loss typically associated with
lung cancer surgery, as well as the slower postoperative recovery in these patients.’*>' Moreover, malignancies are
known to induce a hypercoagulable state through tumor-related secretion of procoagulant factors such as tissue factor and
tumor necrosis factor, further increasing thrombotic risk.”* This dual influence—surgical and tumor-related—may
explain the elevated PE incidence in cancer patients.

Our findings reinforce the clinical utility of D-dimer and fibrinogen as critical biomarkers for the early identification
of patients at risk for postoperative PE. In particular, elevated D-dimer levels demonstrated a strong and statistically
significant association with PE onset, consistent with previous studies indicating its high sensitivity in detecting
thromboembolic events.”** D-dimer, a degradation product of cross-linked fibrin, reflects ongoing activation of the
coagulation and fibrinolytic systems. Its elevation in the postoperative setting may signal subclinical thrombus formation,
allowing for earlier risk stratification and timely intervention before clinical PE develops.>

Fibrinogen, an acute-phase reactant and a key factor in clot formation, was also identified as an independent predictor
in our model. Higher postoperative fibrinogen levels have been shown to enhance blood viscosity and promote
a prothrombotic state, especially in the context of surgical trauma and inflammation.>**” Our results suggest that
combining D-dimer and fibrinogen measurements provides additive predictive value, reflecting both fibrin turnover
and the systemic procoagulant response.

Given the high AUC values observed, our model demonstrates strong discriminatory power, suggesting it can reliably
predict the risk of postoperative pulmonary embolism in thoracic surgery patients. However, this raises a valid concern
regarding the potential for overfitting. Overfitting occurs when a model is excessively tailored to the training data,
capturing noise rather than underlying trends, which may compromise its generalizability to independent cohorts.*®
Future studies should aim to validate the model with larger, more diverse prospective cohorts. A broader dataset would
help to assess the generalizability of the model across different populations, surgical procedures, and institutional
settings, reducing the risk of overfitting.>® Additionally, cross-validation techniques can be implemented during model
development to ensure its stability and performance across various subsets of data.*” By applying these strategies, future
research can further refine the model and enhance its clinical applicability, ensuring that it performs well in real-world
settings. A major strength of this study is the use of multicenter data to validate the model, enhancing its generalizability
across diverse clinical settings. The model demonstrated robust performance not only in the training cohort but also in
independent external validation cohorts, suggesting it may be applicable across different regions and institutions. The
addition of a risk stratification system further enhances the model’s clinical value by enabling the identification of high-
risk patients who may benefit from intensified perioperative surveillance and prophylactic anticoagulation.

Despite these strengths, our study has several limitations. First, the retrospective design may introduce selection bias
despite efforts to control confounding variables. Second, although external validation was performed, prospective clinical
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Figure 5 Comparison of clinical characteristics between high-risk and low-risk patients in the external validation group. Patients in the external validation cohort were
categorized as high-risk or low-risk according to the 85th percentile of the anticipated risk. Compared with the low-risk group, patients in the high-risk group were older
(A), showed no significant difference in gender distribution (B), underwent more open thoracotomy (C), had more upper lobe lesions (D), experienced longer operative
durations (E), had more intraoperative blood loss (F), and exhibited higher postoperative D-dimer (G) and fibrinogen levels (H). **p < 0.001.
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trials are still needed to confirm the model’s effectiveness in routine practice. Third, we did not incorporate other
potential contributors to PE risk, such as genetic predisposition, systemic inflammation, or tumor microenvironment
changes, which may affect the model’s predictive precision. Lastly, our model relies on postoperative day 3 values of
coagulation markers for risk assessment, which may delay timely interventions, particularly for high-risk patients who
might benefit from earlier preventive measures. Earlier measurements of coagulation markers within the first 24—48 hours
post-surgery, may allow for more prompt identification of at-risk patients. Future studies should consider integrating
multi-omics data (eg, genomics, metabolomics) to improve model sensitivity and specificity.

Conclusion

In conclusion, we developed and validated a multifactorial prediction model for postoperative PE in thoracic surgery
patients based on clinical and surgical characteristics as well as coagulation biomarkers. This model provides a valuable
tool for early risk stratification and may inform individualized preventive strategies. With further prospective validation and
refinement, the model has the potential to become an integral part of clinical decision-making in thoracic surgical care.
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