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Objective: This study aims to characterize the occurrence of acute pulmonary embolism (APE) after off-pump coronary artery bypass
grafting surgery (OPCABG) and develop a predictive model for APE to mitigate adverse events and improve patient prognosis.
Methods: We reviewed the clinical records of 15,259 patients who underwent OPCABG at Tianjin Chest Hospital from May 2015 to
May 2025. APE was identified in 228 patients (1.49%), and 458 non-APE controls were included after matching gender and age at an
approximate 1:2 ratio. We conducted statistical analyses to characterize the clinical features of APE patients and used LASSO and
XGBoost algorithms to build a predictive model for APE. SHAP method evaluated influential prognostic features.

Results: After OPCABG, 49.1% of patients with APE experienced hypoxia and 33.3% had shortness of breath, while 28.5% were
asymptomatic. APE was most frequently located in the right superior lobar pulmonary artery (58.8%). Bilateral pulmonary embolism
occurred in 29.8% of patients, with 6.14% exhibiting bilateral pulmo-aortic involvement (central PE). APE patients demonstrated
a higher prevalence of post-operative elevated D-dimer, deep vein thrombosis, pleural effusion, anemia, and hypoalbuminemia. Using
LASSO regression, 36 pre- and post-operative variables were selected for model development. The XGBoost model achieved 91.3%
sensitivity (95% CI: 82.5%-98.2%) and 94.6% specificity (95% CI: 89.1%-98.9%) in validation dataset, yielding a superior AUC of
97.6%. The SHAP analysis highlighted the contribution of postoperative D-dimer, deep vein thrombosis, the start time of low
molecular weight heparin, and preoperative uric acid. While the model demonstrated satisfactory performance in our single-center
validation cohort, further external validation in a multicenter setting is essential prior to its broader clinical implementation.
Conclusion: Despite adequate antiplatelet and anticoagulant therapy in clinical practice, APE occurred in 1-2% of patients. We
developed a robust predictive model for APE following OPCABG to identify at-risk patients, optimize outcomes, and ultimately
reduce the associated economic burden.

Keywords: acute pulmonary embolism, off-pump coronary artery bypass surgery, ICU anticoagulant therapy, machine learning,
XGBoost, risk prediction

Introduction
Acute pulmonary embolism (APE) is a critical and potentially life-threatening complication following various surgical
procedures, particularly cardiac surgery. The median incidence of symptomatic and fatal APE post-surgery is 0.6%
(range: 0.3-2.9%) and 0.3% (range: 0.08—1.7%), respectively.' APE independently predicts mortality in cardiac surgical
patients.”

Coronary artery bypass grafting (CABG) can be performed via two primary approaches—off-pump and on-pump—
depending on the use of cardiopulmonary bypass. Off-pump coronary artery bypass grafting (OPCABG) is the standard
treatment for left main artery and three-vessel coronary artery disease, offering advantages over conventional on-pump
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approach, including myocardial preservation, reduced oxidative stress, and lower renal dysfunction rates.>* However, by
avoiding contact activation and consumption of platelets induced by cardiopulmonary bypass, OPCABG preserves
platelet function and maintains relatively low fibrinolytic activity, leading to a “hypercoagulable-hypofibrinolytic”
state that may predispose patients to graft occlusion and thromboembolic events.” A routine imaging screening study
revealed a significantly higher incidence of APE in the OPCABG group compared with the on-pump group, with an 8%
absolute increase.® Patient age, operative technique, and length of ICU stay were identified as independent predictors of
APE. The reported incidence of APE following OPCABG ranges from 0.37% to 6.2%.%’~ Fatal APE accounts for
approximately 11-20% of unexplained deaths after cardiac surgery, with at least 50% of these cases remaining
undiagnosed prior to death.'®'" APE results in longer hospital stays and higher costs.'> Routine anticoagulation and
antiplatelet therapy during the perioperative period effectively prevent vascular restenosis and venous thromboembolism,
reducing the risk of APE by approximately 50%." Therefore, early identification of postoperative APE signs and timely
intervention are crucial for improving patient outcomes.

The clinical symptoms and signs of APE are often non-specific.'*'* APE can present as difficulty breathing, chest
pain, hemoptysis, or fainting, but many patients remain asymptomatic. Central APE may cause acute and severe dyspnea,
while small peripheral APE symptoms can be mild and transient, easily overlooked due to postoperative cardiac pain,
dyspnea, and other manifestations of OPCABG. This complicates early detection and diagnosis. Machine learning,
a significant branch of artificial intelligence, learns from extensive datasets to predict outcomes for new samples. Its rapid
development has the potential to transform clinical practices.'> Machine-learning prediction models improve early risk
screening, diagnosis, and prognosis for malignant tumors and estimate the likelihood of cardiovascular disease. They also
enhance diagnosis and screening across other medical specialties, including ophthalmology.'®™'® Recent investigations
have concentrated on predicting postoperative APE or venous thromboembolism following cardiac surgery. A machine
learning-based model has been shown to effectively predict venous thromboembolism after cardiac surgery, with both
preoperative and postoperative factors contributing substantially to predictive performance.”® Shen et al introduced
a generative multi-task representation learning framework, termed surgVAE, which incorporated deep vein thrombosis
(DVT)/APE as one of six key postoperative complications.”’ Separately, Yu et al developed a nomogram specifically for
hypoxia after OPCABG.?* Collectively, these models have achieved robust predictive performance, with accuracy values
exceeding 0.90. This study aimed to develop a risk prediction model for APE based on relevant clinical characteristics in
the OPCABG population. By focusing on key clinical features of APE patients, the model will identify risk factors and
enable timely intervention, ultimately improving patient outcomes and reducing personal and socio-economic burdens.

Materials and Methods

Patients
We reviewed the records of 15,259 patients who underwent OPCABG at Tianjin Chest Hospital from May 2015 to
May 2025, identifying 228 patients diagnosed with APE based on the 2026 criteria from the American Heart Association
(AHA) and the American College of Cardiology (ACC)."* Using an individual matching approach, we enrolled 458 non-
APE patients who underwent OPCABG during the same period at a 1:2 ratio. Matching criteria included: (1) the same
hospitalization surgical episode (within £5 working days of the index surgery date of the case group), to ensure
consistency in diagnostic protocols, surgical techniques, and postoperative care; (2) exact gender matching; and (3) an
age-matching tolerance of +3 years. Exclusion criteria were as follows: (a) presence of valvular disease or infective
endocarditis; (b) prior pulmonary embolism diagnosis with current anticoagulant use; (c) undergoing combined valve
surgery, lobectomy, arterial replacement, or other surgical procedures; (d) unexplained sudden death within 48 hours
post-surgery; (e) incomplete medical records with missing key variables, including preoperative comorbidities, surgery-
related parameters, postoperative laboratory results, treatment regimens, and outcome data. The workflow is presented in
Figure 1.

This retrospective study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of Tianjin Chest Hospital (2026LW-020). As a retrospective study, it was based on patients’ medical histories
and routine clinical data, without interfering with diagnosis, treatment, or patient rights, and without adding additional
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15,461 OPCABG patients from May 2015 to May 2025
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matching, same hospitalization (5
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228 APE patients diagnosed by
2026 AHA/ACC criteria

458 non-APE patients

! I

Training-test the XGBoost model
(548 patients: 182 APE and 366 non-APE, 10 fold, 8:2)

y

Validating the XGBoost model
(138 patients: 46 APE and 92 non-APE)

Figure | Workflow diagram of the study.

risks. Therefore, the requirement for informed consent was waived. Patient data will be used solely for scientific research

under strict confidentiality, and consent was obtained during hospitalization.

Clinical Characteristics

Pre-operation records: We recorded gender, age, length of hospitalization, and underlying conditions. Laboratory tests
included complete blood counts, biochemistry, coagulation profiles, high-sensitivity troponin, NT-ProBNP, and arterial
blood gas analysis, along with cardiac ultrasound evaluations of cardiac function.

Intraoperative records: We documented surgery duration, anesthesia time, blood loss and transfusion details, vessel
collection sites, and the number of bypass grafts.

Postoperative monitoring: We monitored invasive and non-invasive ventilator times, as well as ventilation duration
following secondary intubation. We recorded the initiation and adjustment times for low molecular weight heparin and
antiplatelet medications, including their dosages, and the duration of ICU stay. Laboratory tests and cardiac ultrasound
examinations mirrored preoperative assessments. We performed lower limb vascular ultrasounds to detect the presence
and location of deep vein thrombosis. Specialist radiologists conducted multi-slice spiral CT scans to evaluate vascular
blood flow post-coronary artery bypass grafting and to identify the presence, location, and timing of pulmonary

embolism. We also documented any postoperative complications.
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Variable Selection

Least absolute shrinkage and selection operator (LASSO) regression was used for variable selection in a Cox
proportional hazards model. First, the relevant variables were selected based on the univariate Cox regression results
with a p-value threshold of 0.05. The selected variables were then processed, with categorical variables converted into
dummy variables. The LASSO regression model was fitted using the cv.glmnet() function, which performed cross-
validation to determine the optimal regularization parameter (lambda). The minimum lambda value was identified, and
the final Lasso model was fitted using glmnet().

Predictive Model

A predictive model is intended for use in the early postoperative period (within 24—48 hours after surgery) to stratify
OPCABG patients according to their risk of developing APE. The model can provide a dynamic risk assessment that
guides clinicians in escalating monitoring, adjusting prophylactic anticoagulation, or pursuing earlier radiographic
screening for high-risk patients. The strongest predictors—both preoperative and early postoperative variables—can
therefore warrant heightened clinical attention.

We divided 686 participants into 80% training-test and 20% validation datasets, randomly selecting APE and non-
APE patients. The training-test dataset included 548 patients (182 APE including 49 asymptomatic cases and 366 non-
APE), which we split into 10 folds for training and testing, using an 8:2 ratio and rotating the folds 10 times. The
validation dataset comprised 138 patients (46 APE including 16 asymptomatic cases and 92 non-APE).

The XGBoost model for binary classification with package version 1.6.0 was built in R v4.1.2. The model was
configured with the binary: logistic objective and logloss as the evaluation metric. The learning rate (eta) was set to 0.1,
with a maximum tree depth (max_depth) of 6 and a minimum child weight (min_child weight) of 1. For regularization,
the subsample rate (subsample) and column sampling rate (colsample bytree) were both set to 0.8, while gamma was set
to 0. The model was designed to balance positive and negative sample weights using scale pos_weight of 1, and Nthread
was set to 4 for parallel processing. Early stopping was applied after 20 rounds without improvement, with the best
number of iterations determined as 97 through cross-validation.

Post-Hoc Explanation

SHapley Additive exPlanations (SHAP) was used to interpret the output of machine-learning models, particularly for
feature importance. SHAP values provide a way to explain the impact of each feature on the model’s predictions, offering
a detailed breakdown of how each feature influences the output. The SHAP values are calculated based on cooperative
game theory and give a fair allocation of contribution to each feature by considering all possible interactions. This
method helps to improve the interpretability of models by quantifying the contribution of each feature to the model’s
predictions.

Statistical Analysis

We analyzed 69 continuous variables and 29 categorical variables. For continuous variables, we used independent-sample
t-tests or Mann—Whitney U-tests. Categorical variables were analyzed with chi-square or Fisher’s exact tests. The odds
ratio (OR) and 95% confidence interval (CI) were calculated for categorical features exhibiting significant differences
between APE and non-APE. A p-value of less than 0.05 was considered statistically significant. All analyses were
conducted using SPSS version 19.0 (IBM Corp, Armonk, NY).

Results

Clinical Features of APE

The incidence of post-operative APE among our OPCABG patients is 1.49% (228/15,259). The mortality rate was 0.81%
(124/15,259) in OPCAB cases, compared to 3.5% (8/228) among APE patients. APE typically occurs an average of 9.16
+ 5.29 days after the surgery. Common symptoms include hypoxia (49.1%, 112/228), chest tightness (33.3%, 76/228),
fatigue (13.2%, 30/228), hemoptysis (1.3%, 3/228), and asymptomatic cases (28.5%, 65/228). Imaging findings reveal
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that 6.14% (14/228) involve the main pulmonary artery, 29.8% (68/228) involve bilateral pulmonary arteries, and 42.1%
(96/228) involve multi-lobular pulmonary arteries. The right lung’s upper lobe and/or segmental pulmonary artery are the
most affected site (58.8%, 134/228), with 32.8% (75/228) involving only one segmental pulmonary artery, primarily in
asymptomatic patients.

Among APE patients, 32.9% (75/228) also had DVT, with the most frequent cases being left lower limb DVT (23.2%,
53/228) and bilateral lower limb DVT (11.4%, 26/228). Additionally, 10.9% (25/228) had calf intermuscular vein
thrombosis.

Comparison of APE and Non-APE Patients

We matched APE patients (n = 228) and non-APE patients (n = 458) by age (66.4 + 7.4 years vs 65.3 + 7.4 years) and
gender (female: 33.8% vs 34.9%). The risk of APE after OPCABG significantly increases in patients with acute
myocardial infarction, old myocardial infarction, old cerebral infarction, sleep apnea hypopnea syndrome, underlying
basic lung diseases, and hyperlipidemia (all ORs > 1, P < 0.05) (Table 1).

Post-operatively, complications of pleural effusion (OR: 3.659), anemia (OR: 4.397), and hypoalbuminemia (OR:
3.766) significantly increased the risk of APE. Our study also revealed a clinical delay in the initial administration of
postoperative low molecular weight heparin administration in the APE group. The mean time to administration was 18.05
+ 9.94 hours, compared to 14.34 = 2.44 hours in the non-APE group. The proportion of patients receiving dual antibody
therapy was also significantly lower in the APE group. Laboratory tests showed significant differences in PT, APTT, FIB,
and D-Dimer levels (Table 2). Abnormal or persistently elevated early postoperative D-dimer levels, especially when
coupled with APE-related conditions such as pleural effusion, anemia, and hypoalbuminemia, warrant prompt further
imaging evaluation to rule out or confirm APE. Furthermore, the later initiation of low-molecular-weight heparin in the
APE group underscores timely postoperative anticoagulation as an important modifiable intervention.

APE Predictive Model

LASSO regression identified an optimal set of 36 features. The minimum binomial deviance indicated that this
combination of variables and their coefficients most accurately predicted APE (Figure 2 and Table 3). Post-operative
deep vein thrombosis (LASSO coefficient: 4.367), D-dimer (0.755), pleural effusion (0.588), hypoalbuminemia (0.544),
and pre-operative underlying lung diseases (0.239) emerged as key features, demonstrating high regression coefficients
among the 36 variables.

To predict APE likelihood after OPCABG, we utilized a XGBoost machine-learning classifier and developed a risk
prediction model based on 36 selected clinical features. In the 10-fold cross-validation, the model achieved an accuracy
of 93.5% (95% CI: 0.891, 0.971), an AUC of 97.6% (95% CI: 0.954, 0.998), and an F1 score of 90.3% (95% CI: 0.831,
0.958) in the validation group. The negative predictive value (NPV) was 95.6% (95% CI: 0.909, 0.990), and the positive
predictive value (PPV) was 89.4% (95% CI: 0.793, 0.978). The model demonstrated a sensitivity of 91.3% (95% CI:
0.825, 0.982) and a specificity of 94.6% (95% CI: 0.891, 0.989) (Figure 3). The optimal model successfully identified 42
cases of APE (true positive) and 87 non-APE cases (true negative) in the validation set, achieving an AUC of 97.6%
(Figure 4A and B).

A post-hoc SHAP analysis identified post-operative D-dimer, DVT, start time of low molecular weight heparin, as
well as pre-operative uric acid, FIB, triglycerides, etc, as key predictors contributing to the model’s predictive capability
(Figure 5).

Discussion

We reviewed clinical data on APE patients after OPCABG and found that the most common symptoms are hypoxia,
chest tightness, and shortness of breath. These non-specific symptoms often overlap with post-operative chest discomfort,
shortness of breath, tachycardia, and other complications. Approximately 30% of APE patients are asymptomatic, which
aligns with the pulmonary artery involvement patterns seen in computed tomography pulmonary angiography. Notably,
32.8% of patients had involvement in only one lung segment, and those with limited pulmonary artery involvement are
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Table | Underlying Diseases, Preoperative Laboratory Tests, and Their Relationship to Acute Pulmonary Embolism (APE)

No. Variables Total (n = 686) Outcome P value Significance OR (95% CI)
APE (n = 228) non-APE (n = 458)
General information
| Gender (Female), n (%) 237 (34.5) 77 (33.8) 160 (34.9) 0.763
2 Age, Median (Ql, Q3) 66 (63, 68) 66 (63, 66) 66 (61, 68) 0.084
3 Acute myocardial infarction, n (%) 77 (11.2) 36 (15.8) 41 (9) 0.008 o 1.907 (1.181, 3.079)
4 Old myocardial infarction, n (%) 78 (11.4) 41 (18) 37 8.1) 1.2x107* ok 2.495 (1.549, 4.018)
5 Old cerebral infarction, n (%) 143 (20.8) 58 (25.4) 85 (18.6) 0.037 * 1.497 (1.024, 2.189)
6 Hypertension, n (%) 445 (64.9) 150 (65.8) 295 (64.4) 0.722
7 Diabetes, n (%) 295 (43) 95 (41.7) 200 (43.7) 0.618
8 Cardiac dysfunction (NYHA), n (%) 0.817
Level | 76 (11.1) 29 (12.7) 47 (10.3)
Level Il 494 (72) 161 (70.6) 333 (72.7)
Level Il 110 (16) 36 (15.8) 74 (16.2)
Level IV 6 (0.9) 2 (0.9) 4 (0.9)
10 Sleep apnea hypopnea syndrome, n (%) 15 (2.2) 10 (4.4) 5(L.1) 0.005 ok 4.156 (1.403, 12.307)
I Basic lung diseases, n (%) 93 (13.6) 47 (20.6) 46 (10) 1.4x107* ok 2.326 (1.494, 3.620)
14 Hyperlipidemia, n (%) 259 (37.8) 112 (49.1) 147 (32.1) 1.5%107 ok 2.043 (1.475, 2.828)
Laboratory tests
I5 NTproBNP (pg/mL), Median (QI, Q3) 110.0 (86.2, 209) 103.8 (57.1, 209) 113.7 (38.2, 263.5) 0.150
16 PT (s), Median (Ql, Q3) 13 (12.6, 13.4) 13 (125, 13.4) 12.9 (12.6, 14.1) 0.954
17 APTT (s), Median (QI, Q3) 35.7 (34.2, 38.6) 35.3 (342, 354) 35.9 (38.6, 44.0) 0.445
18 FIB (g/L), Median (QI, Q3) 3.56 (2.60, 3.83) 3.46 (331, 3.83) 3.61 (3.18, 4.27) 0.012 *
19 TT (s), Median (QI, Q3) 17.35 (17.5, 18.5) 17.6 (16.6, 18.5) 172 (16.2, 17.5) 0.027 *
20 D-dimer, Median (QI, Q3) 0.36 (0.35, 0.45) 0.35 (0.25, 0.53) 0.36 (0.28, 0.5) 0.010 *
21 PO2 (mmHg), Median (QI, Q3) 81.8 (75.6, 87.4) 81.9 (76.6, 86.7) 81.7 (75, 88) 0.240
22 Clac (mmol/L), Median (QI, Q3) 1.4 (1.1, 1.7) 1.35 (1.1, 1.7) 1.4 (1.2, 1.7) 0.807
25 Triglycerides (mmol/L), Median (QI, Q3) 1.47 (1.19, 2.1) 1.69 (1.21, 2.37) 1.41 (1.18, 1.92) 0.008 ok
26 High density lipoprotein (mmol/L), Median (QI, Q3) 0.99 (0.85, 1.17) | (0.85, 1.21) 0.99 (0.85, 1.14) 0.488
27 Low density lipoprotein (mmol/L), Median (QI, Q3) 2,67 (2.12, 3.24) 2.6 (2.1, 3.22) 2.7 (2.15, 3.24) 0.350
28 Total bilirubin (umol/L), Median (QI, Q3) 10.42 (8.9, 13.3) I (5.1, 13.3) 10.2 (7.9, 13.1) 0.012 *
29 Total cholesterol (mmol/L), Median (QI, Q3) 4.125 (3.45, 4.78) 42 (3.5, 5) 4.1 (3.55, 4.63) 0.532

Notes: Significance levels are indicated as *** for P-value < 0.001, ** for P-value < 0.01, and * for P-value < 0.05.

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence interval.
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Table 2 Statistics of OPCABG Post-Operative Variables for Acute Pulmonary Embolism (APE)

No. | Post-operative variables Total (n = 686) Outcome P value Significance | OR (95% CI)
APE (n = 228) non-APE (n = 458)

I Pleural effusion, n (%) 149 (21.7) 85 (37.3) 64 (14) 3% 1072 | e 3.659 (2.511, 5.333)

2 Abnormal liver function, n (%) 174 (25.4) 45 (19.7) 129 (28.2) 0.017 * 0.627 (0.427, 0.921)

3 Anemia, n (%) 159 (23.2) 95 (41.7) 64 (14) 5.6x107'6 | ek 4.397 (3.028, 6.385)

4 Hypoalbuminemia, n (%) 122 (17.8) 72 (31.6) 50 (10.9) 2.6x107"" | 3.766 (2.511, 5.648)

5 Other postoperative complications, n (%) 106 (15.5) 43 (18.9) 63 (13.8) 0.081

6 Start time of low molecular weight heparin (h), Median (QI, Q3) | I5 (13, 17.7) 16.25 (15.6, 17.7) 14 (125, 13) 7.8x107® ok

7 Monoclonal antibody, n (%) 575 (83.8) 197 (86.4) 378 (82.5) 0.195

8 Dual antibody therapy, n (%) 108 (15.7) 27 (11.8) 81 (17.7) 0.048 * 0.625 (0.392, 0.998)

9 Ventilator time (h), Median (QI, Q3) 15 (12, 18) 15.5 (12, 17.6) 15 (12, 17) 0.010 *

10 Ventilation after secondary intubation, n (%) 15 (2.2) 5(22) 10 (2.2) 0.994

I Non-invasive ventilator, n (%) 63 (9.2) 33 (14.5) 30 (6.6) 0.001 ok 2414 (1.432, 4.072)

12 ICU time (h) (low molecular adjustment time), Median (QI, Q3) | 45 (42, 62) 45.15 (42, 65.55) 45 (42, 59) 0.001 ok

13 Low molecular weight heparin dose, Median (QI, Q3) 6000 (4000, 6000) 6000 (4000, 6000) 6000 (4000, 6000) 0.040 *

14 Plasma transfusion (mL), Median (QI, Q3) 800 (600, 1200) 800 (600, 1185) 800 (600, 1200) 0.283

15 Red blood cells (IU), Mean (Q0, Q4) 1.296 (0, 12) 1.633 (0, 10) 1.128 (0, 12) 0.004 wok

17 TnThs (ng/mL), Median (QI, Q3) 0.112 (0.065, 0.228) | 0.120 (0.065, 0.3) 0.111 (0.066, 0.211) 0.026 *

18 White blood cells (10°/L), Median (QI, Q3) 10.40 (8.568, 12.43) | 10.12 (8.205, 12) 10.62 (8.723, 12.58) 0.374

19 Post Red blood cells (10'?/L), Median (QI, Q3) 3.43 (3.18, 3.78) 3.48 (3.18, 3.8) 3.42 (3.18,3.77) 0.314

20 Hemoglobin (g/L), Median (QI, Q3) 104 (%96, 113) 103 (95.8, 112) 104 (97, 114) 0.312

22 Platelets (10%/L), Median (QI, Q3) 163 (134, 197) 161 (129.8, 195.3) 165 (139, 197) 0.207

24 Creatinine (umol/L), Median (QI, Q3) 82 (67.25, 96) 80 (66.8, 94) 83 (68, 97.8) 0.329

25 Urea colorimetric method (mmol/L), Median (QI, Q3) 49 (4.1, 6) 48 (3.9, 59) 5 (4.3, 6.1) 0.157

26 Uric acid (umol/L), Median (QI, Q3) 249.5 (198, 307.8) 247 (199, 307.5) 251 (196.3, 307.8) 0.794

27 Creatine kinase (U/L), Median (QI, Q3) 298 (208, 451.8) 317.5 (216.8, 451.3) | 297.5 (205, 450.5) 0.497

28 Creatine kinase isoenzyme (U/L), Median (QI, Q3) 16 (13, 21) 18 (14, 24.3) 16 (13, 19) 1.6x107* | sk

29 Total protein (g/L), Median (QI, Q3) 584 (55.3, 61.3) 57.2 (54.4, 60.2) 59.1 (56.1, 61.7) 0.146

30 Albumin, Median (QI, Q3) 38.3 (36, 40.3) 37.4 (35, 39.9) 38.8 (36.7, 40.5) 0.088

31 Total bilirubin (umol/L), Median (QI, Q3) 17.7 (13.6, 23.5) 17.8 (14, 22.5) 17.5 (13.4, 23.6) 0.855

32 PT (s), Median (QI, Q3) 13.7 (13.2, 14.4) 13.9 (13.5, 14.9) 13.6 (13.2, 14.3) 0.001 ok

33 APTT (s), Median (QI, Q3) 36.8 (34.3, 39.7) 37.5 (35.0, 40) 36 (34, 39.5) 0.005 ok

34 FIB (g/L), Median (QI, Q3) 5.17 (451, 5.88) 5.3 (461, 6.1) 5.02 (4.39, 5.85) 0.006 o

35 D-dimer, Median (Ql, Q3) 2.97 (2.18, 5.43) 6.8 (4.60, 8.64) 2.41 (2.03, 3.5) 2.4% Q70 | ok

36 Surgical time (h), Median (QI, Q3) 353, 4 353, 4) 353, 4) 2.7x107% | ek

37 Anesthesia time (h), Median (QI, Q3) 4.2 (3.8, 4.88) 43 (4,48) 4.05 (3.7, 5) 0.111

(Continued)
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Table 2 (Continued).

No. | Post-operative variables Total (n = 686) Outcome P value Significance | OR (95% CI)
APE (n = 228) non-APE (n = 458)

39 Blood loss, Median (QI, Q3) 600 (500, 900) 680 (500, 1000) 600 (450, 800) 0.156

41 Cardiac ultrasound EF%, Median (QI, Q3) 55 (50, 58) 55 (50, 57) 55 (51, 58.8) 0.012 *

42 PAP (mmHg), Mean (Q0, Q4) 30.8 (25, 69) 31.6 (30, 69) 30.4 (25, 60) 0.002 ok

43 Number of bridges built, Median (QI, Q3) 3(2,3) 3(2,3) 33,3 L7x107% | ek

44 Deep vein thrombosis, n (%) 75 (10.9) 75 (32.9) 0 (0) 1.Ix]Q738 | sk

Notes: Significance levels are indicated as *** for P-value < 0.001, ** for P-value < 0.01,

and * for P-value < 0.05.

Abbreviations: OPCABG, Off-pump coronary artery bypass grafting; OR, odds ratio; 95% Cl, 95% confidence interval.
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Figure 2 Feature selection via Lasso regression: 36 out of 98 variables were identified as optimal predictors for APE in OPCABG patients. The two vertical dotted lines
indicate the A values selected by the minimum criteria (left) and the one-standard-error (I-SE) criteria (right).

frequently asymptomatic. The upper and lower lobes/segments of the right lung are more prone to involvement, likely

due to the right pulmonary artery’s larger blood flow share, which may affect intraoperative hemodynamics.

APE is a serious and potentially fatal peri-operative complication, particularly in cardiac surgery patients. Despite

routine anticoagulation and monoclonal antibody/dual antiplatelet therapy, APE incidence remains notable Khoury et al

Table 3 Lasso Regression Coefficients for 36 Selected Features (Post- and Pre-

Operative)
NO ID sl type
| Post_Deep vein thrombosis 4.366836715 V
2 Post_D-dimer 0.754548073 v
3 Post_Pleural_effusion 0.587855672 v
4 Post_Hypoalbuminemia 0.543708171 v
5 Post_Anemia 0.320178799 v
6 Post_Surgical_time 0.280730594 v
7 Pre_Basic_lung_diseases 0.239104514 v
8 Post_start_time_of low_molecular_weight_heparin | 0.175678996 v
9 Pre_Clac 0.10660605 v
10 Pre_Acute_myocardial_infarction 0.105503202 v
I Post_PAP 0.066738056 v
12 Post_APTT 0.056942102 v
13 Post_PT 0.044920529 v
14 Pre_Triglycerides 0.027873147 \/
15 Pre_Total_bilirubin 0.023021234 v
16 Pre_Lower_limb_vascular_disease 0.019858045 N
17 Pre_Age 0.01364201 v
18 Pre_Uric_acid 0.002147314 v
19 Post_Red_blood_cells 0.000585284 N
20 Post_Low_molecular_weight_heparin_dose 0.000238949 N
21 Post_Total_infusion_volume 7.9339E-05 v
22 Post_Blood_loss 7.45584E-05 v
(Continued)
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Table 3 (Continued).

NO

ID

sl

type

23
24
25
26
27
28
29
30
31
32
33
34
35
36

Post_Plasma_transfusion
Post_Total_protein
Pre_Total_protein
Pre_High_density_lipoprotein
Post_Cold_precipitation
Pre_FT3
Post_Cardiac_ultrasound_EF
Pre_Thyroid_abnormalities
Pre_FIB
Post_Number_of bridges_built
Post_Ventilation_time_after_secondary_intubation
Post_Abnormal_liver_function

Pre_Immunological_diseases

Pre_Platelet_specific_volume

—0.000165205
—0.009483294
—0.00992366 |
—0.015557114
—0.016533179
—0.025548124
—0.026894251|
—0.072168014
—0.116667314
—0.338256681
—0.735031877
—0.976457069
—1.167701379
—2.937491974

22 2 2 2 2 2 2 2 2 2 2 2 2

Note: V 36 features selected from 98 variables were used to build the model.

noted that APE significantly increases mortality and serves as an independent predictor of death.? DVT and APE

represent different stages of venous thromboembolism (VTE). Over the past decade in the United States, the incidence

of APE among patients undergoing cardiac surgery nationwide was 0.38%, and 24.3% of these APE patients were also

diagnosed with DVT. OPCABG is the most common cardiac surgery, raising concerns about post-operative APE. Among
our OPCABG patients over the past decade, the incidence of APE was 1.49%, with 32.9% presenting a concurrent DVT.
Our findings indicate that many APE patients lack DVT, suggesting a possible “susceptibility” among those who do.

Historically, most APE cases were believed to originate from thrombi in the lower extremities, and nearly 30% of DVT

patients develop symptomatic pulmonary embolism. Our study confirms a strong correlation between postoperative APE
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Figure 3 Performance of the acute pulmonary embolism predictive model using 36 features. The model achieves convergent and stable performance with respect to key
evaluation metrics: accuracy, area under the curve (AUC), Fl score, negative predictive value (NPV), positive predictive value (PPV), sensitivity, and specificity.
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87 non-APEs in the validation set, achieving an AUC of 97.6%.
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and the occurrence of DVT, and further reveals that the development of lower extremity DVT is closely related to the
side of the conduit harvested. Accordingly, routine lower extremity vascular ultrasound monitoring in high-risk patients
serves not only as a diagnostic measure for detecting DVT but also as a direct strategy for preventing APE.

APE patients after OPCABG more frequently presented with comorbid conditions, including acute/old myocardial
infarction, old cerebral infarction, underlying lung disease, and sleep apnea hypopnea syndrome. In those with prior
cardiovascular or cerebrovascular disease, widespread endothelial dysfunction secondary to systemic atherosclerosis,
combined with perioperative adjustments in antiplatelet therapy, may contribute to a transient prothrombotic state.
Patients with underlying lung disease or sleep apnea hypopnea syndrome often experience acute or chronic hypoxemia,
which can upregulate hypoxia-inducible factor-1a and promote procoagulant factor expression. Yu et al further identified
a preoperative arterial partial pressure of oxygen < 78.9 mmHg as an independent risk factor for APE after OPCABG.*
Postoperatively, complications such as ventilation/perfusion mismatch and atelectasis may exacerbate pulmonary circu-
latory stasis, thereby increasing thrombotic risk.

D-dimer, a biomarker of plasmin-mediated endogenous fibrinolysis, is widely used in the diagnosis of thrombotic
events such as DVT and PE. Previous studies have shown that D-dimer levels increase significantly from baseline
following OPCABG and remain elevated for at least 30 days postoperatively.”> However, abnormally elevated post-
operative D-dimer levels warrant careful consideration of APE. Our study found that D-dimer levels were significantly
higher in OPCABG patients who developed APE compared to those who did not. Furthermore, D-dimer levels were
correlated with the occurrence of APE, and SHAP analysis confirmed that abnormal elevation of D-dimer serve as
a superior predictor of APE. Therefore, when postoperative patients present with symptoms such as chest tightness and
hypoxemia along with abnormally elevated D-dimer levels, a high suspicion for APE should be maintained, and lower
extremity venous ultrasound as well as computed tomography pulmonary angiography should be promptly performed.

The incidence of pleural effusion after coronary artery bypass grafting is reported at 62.4%.>* Postoperative pleural
effusion can compress healthy lung tissue, leading to compressive atelectasis and reduced gas exchange, which directly
causes hypoxia. Moreover, pleural effusion that necessitates secondary drainage during recovery is linked to significantly
worse outcomes, including higher mortality rates, longer hospital stays, and increased complications.>> Despite this, few
studies have examined the relationship between postoperative pleural effusion and APE. We propose for the first time
that postoperative pleural effusion is associated with APE.

Serum albumin has various physiological functions that can help reduce thrombosis.?**’ Hypoalbuminemia disrupts
these functions, raising the risk of thrombosis.”® Studies have shown that low serum albumin is a moderate marker of
increased VTE risk, with low levels linked to a higher risk of VTE across different populations.?* ' Hoskin et al found that
hypoalbuminemia is an independent predictor of mortality after APE and can enhance patient risk stratification in prediction
models.*? Our study is the first to identify an association between postoperative hypoalbuminemia and APE after OPCABG,
showing that low serum albumin levels indicate hypercoagulability and can predict APE occurrence post-surgery.

Can et al noted that hemoglobin concentrations in emergency APE patients were significantly lower than in controls,
suggesting low hemoglobin levels may be a risk factor for pulmonary embolism.>* Anemia increases mortality risk in
APE patients and serves as an independent predictor of all-cause mortality.** However, another case-control study found
no correlation between anemia and pulmonary embolism.**> We observed a significantly higher incidence of postoperative
anemia in the APE group compared to the non-APE group, though postoperative hemoglobin concentrations did not
differ significantly. Our model analysis suggests that anemia following coronary artery bypass surgery is a predictive
factor for APE.

Previous studies indicate that patients undergoing OPCABG may enter a pre-thrombotic state as early as the first
postoperative day, lasting up to 30 days.” To prevent thromboembolism, immediate VTE prophylaxis and antiplatelet
therapy are essential. Ho et al strongly recommend starting these medications in patients without active bleeding right
after cardiac surgery.! Our study found that the APE group had a lower proportion of patients initiating dual antiplatelet
therapy compared to the non-APE group. The predictive model suggests that postoperative dual antiplatelet use may help
prevent APE. Our findings indicate that low molecular weight heparin initiation occurred later and at lower doses in APE
patients compared to non-APE patients. This delay appears clinically associated with greater postoperative blood loss and
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higher bleeding risk in the APE group. Therefore, early low molecular weight heparin administration may help prevent
APE when bleeding risk is adequately controlled.

Preoperative hyperuricemia emerged as a novel predictor in our model. Multiple studies have also reported that
elevated serum uric acid levels are closely associated with the occurrence and recurrence of pulmonary embolism,
suggesting that hyperuricemia may serve as a potential risk factor for pulmonary embolism.>*>® Recent studies have
further revealed that elevated uric acid levels induce phosphatidylserine exposure and granule release, thereby enhancing

the procoagulant activity of red blood cells and vascular endothelial cells, ultimately promoting thrombosis.>**°

Limitations

This single-center retrospective study relies on data from one hospital. The model’s generalizability to other populations
or centers with different practice patterns, patient characteristics, and perioperative protocols remains uncertain; external
validation in multicenter cohorts is necessary before clinical implementation. We collected clinical data from all APE
patients but selected only 1:2 control patients, which may introduce bias. Only a subset of clinically suspicious OPCABG
patients underwent multi-slice spiral CT angiography or venous Doppler ultrasonography, with relatively small overall
sample sizes potentially compromising model stability and introducing selection bias. This retrospective design inevi-
tably missed some APE cases, particularly among postoperative fatalities without CTA confirmation, precluding accurate
assessment of true APE incidence and mortality rates. Additionally, we cannot conduct long-term prognosis follow-ups.
To address these limitations, we plan to conduct a prospective study to improve and enhance the diagnostic and
predictive performance of the model through comprehensive data collection and prognostic follow-up.

Conclusion

Despite adequate antiplatelet and anticoagulant therapy in clinical practice, APE occurred in 1-2% of patients. In patients
presenting with symptoms such as shortness of breath and hypoxemia after OPCABG, along with preoperative
hyperuricemia and postoperative abnormally elevated D-dimer, deep vein thrombosis, pleural effusion, or anemia,
a high suspicion of pulmonary embolism should be maintained, and computed tomography pulmonary angiography
should be promptly performed to confirm the diagnosis and initiate timely treatment. We developed a robust predictive
model for APE following OPCABG to identify high-risk patients, optimize treatment outcomes, reduce unnecessary
imaging examinations, and ultimately alleviate the associated economic burden. Nevertheless, given that the model was
developed and validated within a single-center cohort, external validation in diverse multi-center settings is warranted
before its routine clinical application.
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