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ARTICLE INFO ABSTRACT

Keywords: Background: Although microwave ablation (MWA) has been shown to be an effective treatment
Machine learning for lung malignancies (LM), there is no effective way to predict pneumothorax or pleural effusion
Pneumothorax

after MWA so that timely measures can be taken to prevent it.

Methods: This study comprised LM patients undergoing MWA at Affiliated Hospital of Nantong
University from January 2013 to September 2023. Patients before May 2023 constituted the
training set (n = 340), while data from May to September served as the test set (n = 58).
Unformatted and formatted data extracted from electronic medical records (EMR) were utilized
for model construction. Predictors for pneumothorax or pleural effusion were determined through
univariate analysis and backward stepwise regression in the training set. Six ML algorithms were
employed to create four models based on the research timeframe. Evaluation of the four models
was performed using receiver operating characteristic (ROC) analysis, area under the ROC curve
(AUCQ), and 10-fold cross validation.

Findings: A total of 398 patients (216 aged 70 or above, 271 males) were included, with 23.37 %
(93/398) experiencing pneumothorax and 33.42 % (133/398) developing pleural effusion. Across
all four predictive models, Logistic Regression (LR) demonstrated optimal predictive performance
in the test set, with AUC values of 0.727 for Model I, 0.876 for Model II, 0.895 for Model III, and
0.807 for Model IV.

Interpretation: ML models effectively predict post-MWA pneumothorax or pleural effusion.

Pleural effusion
Microwave ablation
Lung malignancy

1. Introduction

Lung cancer is one of the most common cancers and one of the leading causes of cancer deaths worldwide [1]. Surgical resection is
the standard treatment for patients with early-stage non-small cell lung cancer (NSCLC) [2]. Unfortunately, approximately 20-40 % of
NSCLC patients are not candidates for radical resection due to comorbidities such as cardiopulmonary insufficiency [3] and need to be
replaced with localized treatments such as stereotactic body radiation therapy (SBRT), radiofrequency ablation (RFA) or microwave
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ablation (MWA) [4]. Thermal ablation, as a precise and minimally invasive therapeutic strategy, has been increasingly used to treat
early-stage lung cancer. MWA exhibits superior attributes compared to RFA in the context of lung cancer therapy, characterized by
expedited ablation durations and the potential to establish larger ablation zones [5]. These inherent advantages contribute to the
potential enhancement of treatment efficacy, consequently rendering MWA a prevalent modality in clinical applications.

Pneumothorax is the most common complication of pulmonary ablation, occurring in approximately 30 % of patients. However,
more than half of these pneumothorax patients do not require any treatment. Only a minority of patients require chest tube placement
and surgical intervention [6,7]. The pneumothorax is not a symptomatic condition, and some patients do not have any symptoms.
Some patients with pneumothorax are asymptomatic, but it may worsen over time, affecting lung recuperation and eventually leading
to impaired ventilation or even respiratory failure. Pleural effusion is one of the common complications after thermal ablation, with the
incidence of pleural effusion ranging from 2.9 to 21.7 % in patients treated with MWA [8,9]. Although most patients with pleural
effusion are asymptomatic, persistent pleural effusion may affect the elastic retractive force of the lungs, leading to atelectasis,
ventilation dysfunction, hypoxia and even respiratory failure. Li et al. constructed and validated a prediction model for pneumothorax
and pleural effusion after MWA in lung cancer patients by nomogram [10]. However, no study has constructed a machine learning
model to predict the risk of pneumothorax and pleural effusion after MWA.

In recent years, Artificial Intelligence (AI) has been implemented in the medical and healthcare fields [11]. Machine learning (ML)
is an important technology in the field of AI with wide applications in computer science, and its core idea is to continuously improve
the model to increase the prediction accuracy based on the data-based training process, while continuously expanding the application
areas by using techniques such as deep learning and reinforcement learning. The discipline involves several fields such as statistics,
optimization theory, and computer science, and aims to enable computer systems to learn and adapt to different environments in an
automated manner in order to better solve problems in practice. Machine learning algorithms create models that can make predictions
or decisions without being explicitly programmed to perform the task. The functionality of disease diagnosis is important for its
application in cancer-related diagnosis and treatment, as well as for proper retrospective analysis [12,13] ML methods are used to
build predictive models that are tested and trained to obtain appropriate algorithmic models for fast and accurate diagnosis, pre-
diction, and monitoring of diseases. ML methods also help physicians to develop treatment plans for patients [14]. The application of
ML has recently received much attention in the field of cancer, and several studies have been conducted to predict the prognosis of
cancer using AL Jinya Liu et al. revealed the effect of copper death-related genes on melanoma prognosis by constructing machine
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learning models [15]. Li Chaofan et al. revealed the risk factors of breast cancer brain metastasis (BCBM), constructed a prediction
model and identified the potential prognostic factors of BCBM patients through ML methods [16] Fumihiko Kinoshita et al. constructed
a prognostic model for patients with NSCLC after surgical resection with higher predictive accuracy compared with traditional TNM
staging through ML methods [17]. This shows that ML plays an important role in clinical practice and can provide more efficient and
accurate guidance for clinical diagnosis and treatment.

In this investigation, we employed Logistic Regression (LR), Random Forest (RF), eXtreme Gradient Boosting (XGBoost), Support
Vector postoperative pneumothorax or pleural effusion in LM patients undergoing Machines (SVM), Decision Tree (DT), and Least
absolute shrinkage and selection operator (Lasso) as ML models to forecast the occurrence of MWA. Our objective was to construct an
improved predictive model for AL. The performance of the four algorithms was assessed through receiver operating characteristic
(ROCQ) analysis, area under the ROC curve (AUC) and 10-fold cross validation. Notably, LR exhibited superior predictive capabilities
across all models in the test set. Specifically, LR demonstrated AUC values of 0.727, 0.876, 0.895, and 0.807 for Model I, Model II,
Model III and Model IV, respectively.

2. Methods
2.1. Patient criteria

Patient data originated from Affiliated Hospital of Nantong University, gathered in adherence to the established guidelines
sanctioned by the institution. The study received ethical approval from the Ethical Review Committee of Affiliated Hospital of Nantong
University, aligning with the principles outlined in the Declaration of Helsinki. Given the retrospective nature of this study, informed
consent was waived. Our inclusion criteria involved screening individuals diagnosed or suspected of LM who underwent MWA at
Affiliated Hospital of Nantong University between January 2013 and September 2023. A total of 398 eligible patients were identified,
with 340 patients before May 2023 forming the training cohort and the remaining 58 patients from May to September constituting the
test cohort (Fig. 1). This study included patients meeting the following criteria: (a) confirmed or suspected cases of LM treated with
MWA, and (b) individuals with a definitive histopathological examination confirming the malignancy diagnosis. Exclusion criteria
encompassed: (a) treated with RFA; (b) no pathological diagnosis or pathologic diagnosis of benign lesions; (c) loss to follow up; (d)
pneumothorax or pleural effusion is present before MWA; (e) incomplete data.

2.2. Diagnosis and preoperative preparation

The diagnosis of pneumothorax, pleural effusion, and pulmonary emphysema relied on computed tomography (CT) scans, inter-
preted by two radiologists with over 5 years of experience each. Prior to MWA, all LM patients underwent chest enhanced CT scan,
which were reviewed by two radiologists, each possessing over 5 years of experience in thoracic radiology. The assessments aimed to
evaluate tumor location, size, density, presence of lymph nodes, and distant metastasis. All laboratory tests were conducted within 1-3
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days before MWA.
2.3. MWA and postoperative follow-up

All MWA procedures were carried out by two experienced radiologists with over 5 years of CT-guided interventional expertise.
Utilizing the MTC-3C microwave therapy device (Vison Medical) operating at 2450 + 10 % MHz with a maximum output power of
100W, a water-cooled 18G (diameter) x 180 mm (effective length) microwave needle was employed for CT-guided MWA. Treatment
plans, including patient positioning, puncture sites, optimal needle trajectories, and the number of ablation needles, were determined
through CT examinations. Patients were positioned according to tumor location, and local anesthesia using lidocaine was adminis-
tered. The ablation needle was gradually inserted along the planned trajectory, confirmed by CT, for tumor ablation with adjustments
to power and duration as needed. Surgery concluded with a 5-10 mm margin beyond the lesion boundary in the ablation zone. Im-
mediate post-ablation chest CT scans assessed the ablation zone and detected pneumothorax. Chest tubes were inserted for moderate to
severe pneumothorax, and the procedure ended upon lung surface re-expansion. For patients without histopathological examination,
synchronous coaxial sheath biopsy was performed if necessary. Follow-up outpatient visits with CT scans were conducted 5-7 days
after MWA to confirm lesion ablation status and check for pleural effusion.

2.4. Research timeframe

Our study involved a hospitalization period of 4-7 days for patients (Fig. 2). On the first day of admission, unformatted data,
encompassing current and past medical history, and personal information from the Electronic Medical Record (EMR), was collected
(Part A). This unformatted data, including various formats like office documents, text, images, XML, and HTML, poses challenges in
organization and formatting [18]. Within 48-72 h before surgery, laboratory tests and enhanced CT scans were performed to gather
clinically relevant information, defined as formatted data (Part B). Formatted data refers to information represented in relational
databases, organized in two-dimensional tables with consistent attributes and tuples [19]. The MWA procedure, lasting 1-2 h, included
an intraoperative CT scan to confirm pneumothorax, classified as complication 1. Moderately severe pneumothorax was promptly
treated with closed chest drainage, while mild cases were observed without intervention. After MWA, intraoperative parameters (Part
C) such as ablation duration, maximum power, and puncture times were recorded as formatted data. Follow-up included outpatient CT
scans 1-3 days after surgery and 5-7 days after discharge to confirm pleural effusion, defined as complication 2 (Part D). The study
aimed to establish eleven prediction models based on data type, including four using formatted data, three using unformatted data, and
four combining both. By comparing the performance of these models, we identified the optimal model for predicting postoperative
complications in LM patients undergoing MWA.

2.5. Data preprocessing

In this study, we employed Named Entity Recognition (NER) in Python (version 3.7) to extract unformatted data, capturing
pertinent medical history and symptoms from EMR. The NER system utilized the LERT-BiLSTM-CRF model, combining the language-
informed LERT pre-training model with BiLSTM and CRF layers. LERT employed a pre-training strategy involving three types of
linguistic features (word position in the sentence, NER label, and word lexicality) [20]. BILSTM utilized the vector representation of
LERT to extract richer contextual features, and the CRF layer determined the label for each word based on these contextual features. To
address the challenge of excessively long sentences in electronic medical records, which could hinder training efficacy, we segmented
sentences exceeding 128 characters into more manageable units. Subsequently, we conducted masked language model training tasks to
enhance the efficiency of named entity recognition. Extensive experiments were conducted on medical NER tasks across multiple
hospitals. For real EMR with varying formats and insufficient standardization, we standardized input sentences by segmenting them
based on punctuation. Presently, the optimal test set achieved an F1 value of 90.67 % and an Accuracy value of 94.44 %. Variables with
more than 20 % missing data were excluded, and missing values were imputed using the mean substitution method. Through NER, we
extracted a total of eight unformatted data elements, including patient symptoms such as cough and choke, as well as past medical
histories such as hypertension, emphysema, bullae, pneumonia, chemotherapy history, and lung surgery history.

2.6. Machine learning methods

Logistic Regression (LR) is a statistical modeling technique commonly used for binary classification tasks. It analyzes the rela-
tionship between a dependent binary variable and one or more independent variables by estimating the probability of occurrence of an
event [21]. LR is widely employed in various fields, such as medicine and ML, due to its simplicity, interpretability, and ability to
provide probabilistic predictions.

Random Forest (RF) is an integrated learning method that consists of multiple decision trees. Each tree is trained based on randomly
selected features and samples, and then predicted by voting or averaging. This method can effectively reduce the risk of overfitting,
and also has good performance when dealing with large-scale data [22].

Extreme Gradient Boosting (XGBoost) is a powerful ML algorithm known for its efficiency and accuracy, particularly in formatted/
tabular data scenarios. It belongs to the gradient boosting family and utilizes an ensemble of decision trees to make predictions [23].
XGBoost is designed to optimize both computational speed and model performance, incorporating techniques like regularization,
parallel processing, and tree pruning. It has become a popular choice in various competitions and real-world applications for its ability



Z. Wang et al. Heliyon 10 (2024) e38422

to handle complex relationships within data and avoid overfitting.

Support Vector Machine (SVM) is a ML algorithm commonly used for classification and regression tasks. SVM works by finding a
hyperplane that best separates data points into different classes, maximizing the margin between the classes. It is effective in high-
dimensional spaces and is versatile in handling linear and non-linear relationships. SVM can employ different kernel functions to
transform the input data into higher-dimensional spaces, allowing it to capture complex patterns and relationships [24]. SVM has been
widely applied in various fields, including image recognition, text classification, and bioinformatics, due to its robustness and
generalization capabilities.

Decision Tree (DT) is a popular supervised learning algorithm used for both classification and regression tasks. It models decisions
and their possible consequences as a tree-like structure [25]. Each internal node represents a decision based on an attribute, each
branch represents the outcome of a decision, and each leaf node represents a final decision or classification. Decision Trees are easy to
interpret, as they provide a clear and visual representation of decision-making paths. However, they can be prone to overfitting,
especially with complex datasets, which can be mitigated by techniques like pruning.

Least Absolute Shrinkage and Selection Operator (Lasso) is a type of linear regression that incorporates regularization to prevent
overfitting by adding a penalty equal to the absolute value of the magnitude of coefficients [26]. This penalty helps shrink some
coefficients to zero, effectively performing variable selection. Lasso is particularly useful when dealing with high-dimensional data,
where it can simplify the model by selecting only the most important features. This makes it a valuable tool for feature selection in
predictive modeling.

2.7. Statistical analysis

Categorical variables were delineated by frequencies and percentages, while continuous variables were expressed as mean +
standard deviation (SD). IBM SPSS version 27.0 was employed for statistical analyses. In the training set, univariate logistic regression
was initially conducted, and variables with p < 0.05 were chosen for subsequent inclusion in logistic backward stepwise regression for
multivariate analysis. The final model incorporated variables with the smallest Akaike Information Criterion (AIC) values, where a
lower AIC signifies a more parsimonious model, indicative of superior fit [27]. The study identified potential predictors of pneumo-
thorax and pleural effusion, encompassing demographics, tests, ablation factors, and radiologic features across 22 parameters. Six ML
algorithms (LR, RF, XGB, SVM, DT and Lasso) were employed to predict the risk of pneumothorax and pleural effusion following MWA
in LM patients. The R Programming Language (version 4.3.0) facilitated the implementation of the ML modeling process. After
constructing the prediction models, 10-fold cross validation and assessment of the area under the ROC curve (AUC) in the test set were
conducted to verify the reliability of the models.

Table 1
Data resource and types in this study.

Data resource Data type Variable

Part A Unformatted Cough
Choke
Hypertension
Bullae
Pneumonia
History of chemotherapy
Emphysema
History of lung surgery
Part B Formatted Sex
Age
Diameter
Site
Laterality
D-Dimer
Albumin
WBC
RBC
Hb
PLT
Part C Formatted Maximum power
Ablation duration
Puncture times
Pneumothorax (complication 1)
Part D Formatted Pleural effusion (complication 2)

*Complication.
WBC, White Blood Cell Count; RBC, Red Blood Cell Count; Hb, Hemoglobin; PLT, Platelet Count.
*Complication includes pneumothorax or pleural effusion.
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3. Results
3.1. Baseline characteristics

A total of 398 LM patients treated with MWA were included in this study. Of these, 340 patients were assigned to the training set,
while 58 patients were assigned to the test set. We extracted eight unformatted data using NER. All the data and their types in this study
are shown in Table 1. The baseline characteristics of the two sets is shown in Table 2. Significant differences were observed between
the two sets in terms of tumor size, maximum power, ablation duration, pneumothorax, pleural effusion, D-dimer, albumin, hemo-
globin, choke, bullae, history of chemotherapy and history of lung surgery (p < 0.05). Tumor size, maximum power, and ablation
duration were significantly smaller in the test set than in the training group, and there were more patients with abnormal D-dimer, lung
surgery history and bullae. In addition, in the training set, a lower percentage of patients had pneumothorax or pleural effusion, but
more patients had abnormal albumin, hemoglobin and choke. The remaining variables did not differ significantly between the two
sets. Pneumothorax occurred in 93 patients (23.4 %) and pleural effusion in 133 patients (33.4 %) after MWA, for a total of 176
patients with complications of pneumothorax or pleural effusion (44.2 %). The baseline tables for the grouping of pneumothorax or
pleural effusion are shown in Supplement Table S1, S2, and S3.

3.2. Variable filtering

Initially, univariate logistic regression was conducted, and variables with p < 0.05 were selected for inclusion in the logistic
backward stepwise regression for multivariate analysis. The final model incorporated variables with the smallest AIC values. A lower
AIC signifies a more parsimonious model, indicating superior performance with fewer inputs [27]. We defined the pneumothorax
prediction model as Model I, the pleural effusion prediction model (ABC—Pleural effusion) as Model II, the pleural effusion prediction
model (ABC + Pneumothorax— Pleural effusion) as Model III, and the pneumothorax or pleural effusion prediction model as Model IV.
For formatted data in Model I, variables screened for minimum AIC included sex, age, and puncture times. In Model I, age, ablation
duration, and puncture times were considered. Model III involved age, ablation duration, pneumothorax, and puncture times. Model IV
included age, sex, and puncture times. Unformatted data for Model I considered emphysema and cough. While no suitable unformatted
data variables were identified for Model II and III. Model IV included emphysema. The combined formatted and unformatted data
screening resulted in Model I with variables: emphysema, cough, and puncture times. Model II included age, ablation duration, and
puncture times. Model III considered age, ablation duration, pneumothorax, and puncture times. Model IV involved age, sex, puncture
times, and emphysema (Table 3, Supplement Table 54-S7).

3.3. Performance of machine learning algorithms

Pneumothorax and pleural effusion served as outcome measures, with identified factors designated as variables in the respective
prediction models. Various ML algorithms (LR, RF, XGB, SVM, DT, Lasso) were applied to the training set, validated through 10-fold
cross validation, and performance assessed (Supplement Table S8, Supplement Figure S1). The 10-fold cross validation AUCpeay for
each model is presented in Table 4 and Supplement Figure S2. In training set, RF performed best for Model I using formatted data
(AUCpean = 0.673); RF using unformatted data was most effective for Model I (AUC,eant = 0.652); and LR outperformed others for
Model I when using a combination of formatted and unformatted data (AUCpean = 0.724). Models built solely with formatted or
unformatted data performed less effectively. Thus, the final Model I was constructed using a combination of formatted and unfor-
matted data. In test set, LR maintained superiority among the six ML algorithms in ROC curve analysis (AUC = 0.727), solidifying its
selection as the final Model I. The AUC values for the six ML algorithms of each model in the test set are presented in Table 5 and
Supplement Figure S3. Similarly, for Model II, three formatted data variables (age, ablation duration, puncture times) were identified,
and unformatted data did not yield significant factors. Considering the sequential occurrence of pneumothorax and pleural effusion,
pneumothorax was analyzed as a potential factor, revealing a significant correlation. Consequently, two pleural effusion prediction
models were developed: Model II, without considering pneumothorax, suitable for preoperative prediction, and Model III, considering
pneumothorax, suitable for immediate postoperative prediction. In training set, LR performed best for both Model II (AUCpean =
0.650) and Model III (AUCean = 0.690). In test set, LR of Model II displayed superior ROC curve analysis (AUC = 0.876), and LR of
Model III also outperformed other ML algorithms (AUC = 0.895). Model III demonstrated superior predictive performance compared
to Model II. Therefore, immediate postoperative prediction of pleural effusion with Model III is recommended, although preoperative
prediction with Model II remains effective. For Model IV, LR using both formatted and unformatted data performed best in training set
(AUCpean = 0.671). In test group, LR maintained superiority among the six ML algorithms in ROC curve analysis (AUC = 0.807).
Hence, LR was chosen as the final predictor for Model IV.

3.4. Model development and validation

Based on the findings from the aforementioned study, we constructed four nomograms, each dedicated to predicting specific
outcomes: pneumothorax, pleural effusion and the occurrence of either pneumothorax or pleural effusion (Fig. 3). These nomograms
employed a cumulative scoring system based on individual parameter scores obtained before and/or during MWA to ascertain the
likelihood and percentage risk of pneumothorax or pleural effusion. Calibration curves demonstrated consistent accuracy, affirming
the reliability of the nomogram in predicting post-MWA pneumothorax or pleural effusion (Fig. 4). Subsequently, the model
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Table 2
Patient demographics and baseline characteristics.

Variable Total (n = 398) Train set (n = 340) Test set (n = 58) Statistic P

Sex, n (%) ¥? = 0.207 0.649
Female 127 (31.91) 107 (31.47) 20 (34.48)
Male 271 (68.09) 233 (68.53) 38 (65.52)

Age, n (%) x? =1.630 0.202
<70 182 (45.73) 151 (44.41) 31 (53.45)
>70 216 (54.27) 189 (55.59) 27 (46.55)

Tumor size, n (%) ¥* = 21.012 <0.001
<2.5cm 205 (51.51) 159 (46.76) 46 (79.31)
>2.5 cm 193 (48.49) 181 (53.24) 12 (20.69)

Maximum power, n (%) ¥* = 49.813 <0.001
<50W 174 (43.72) 124 (36.47) 50 (86.21)
>50W 224 (56.28) 216 (63.53) 8(13.79)

Ablation duration, n (%) ¥* =10.544 0.001
<6min 176 (44.22) 139 (40.88) 37 (63.79)
>6min 222 (55.78) 201 (59.12) 21 (36.21)

Puncture times, n (%) - 0.380
1 211 (53.02) 181 (53.24) 30 (51.72)
2 162 (40.7) 140 (41.18) 22 (37.93)
3 18 (4.52) 13 (3.82) 5 (8.62)
4 7 (1.76) 6 (1.76) 1(1.72)

Pneumothorax, n (%) xz = 8.042 0.005
No 305 (76.63) 269 (79.12) 36 (62.07)
Yes 93 (23.37) 71 (20.88) 22 (37.93)

Pleural effusion, n (%) X2 = 3.973 0.046
No 265 (66.58) 233 (68.53) 32 (55.17)
Yes 133 (33.42) 107 (31.47) 26 (44.83)

“Complication, n (%) x> = 2.344 0.126
No 222 (55.78) 195 (57.35) 27 (46.55)
Yes 176 (44.22) 145 (42.65) 31 (53.45)

Site, n (%) ¥* = 1.689 0.194
Middle and lower lobe 168 (42.21) 139 (40.88) 29 (50.00)
Upper lobe 230 (57.79) 201 (59.12) 29 (50.00)

Laterality, n (%) ¥2 = 2.410 0.121
Left 189 (47.49) 156 (45.88) 33 (56.90)
Right 209 (52.51) 184 (54.12) 25 (43.10)

D-Dimer, n (%) x> = 67.695 <0.001
Abnormal 97 (24.37) 58 (17.06) 39 (67.24)
Normal 301 (75.63) 282 (82.94) 19 (32.76)

Albumin, n (%) ¥* = 5.457 0.019
Abnormal 88 (22.11) 82 (24.12) 6 (10.34)
Normal 310 (77.89) 258 (75.88) 52 (89.66)

WBC, n (%) x> = 0.290 0.590
Abnormal 79 (19.85) 69 (20.29) 10 (17.24)
Normal 319 (80.15) 271 (79.71) 48 (82.76)

RBC, n (%) x> =0.333 0.564
Abnormal 87 (21.86) 76 (22.35) 11 (18.97)
Normal 311 (78.14) 264 (77.65) 47 (81.03)

Hb, n (%) x> =12.826 <0.001
Abnormal 129 (32.41) 122 (35.88) 7 (12.07)
Normal 269 (67.59) 218 (64.12) 51 (87.93)

PLT, n (%) x?=1.933 0.164
Abnormal 41 (10.3) 38 (11.18) 3(5.17)
Normal 357 (89.7) 302 (88.82) 55 (94.83)

Cough, n (%) x> =1.397 0.237
No 267 (67.09) 232 (68.24) 35 (60.34)
Yes 131 (32.91) 108 (31.76) 23 (39.66)

Choke, n (%) x> = 8.781 0.003
No 341 (85.68) 284 (83.53) 57 (98.28)
Yes 57 (14.32) 56 (16.47) 1(1.72)

Bullae, n (%) x> = 5.636 0.018
No 320 (80.4) 280 (82.35) 40 (68.97)
Yes 78 (19.6) 60 (17.65) 18 (31.03)

Pneumonia, n (%) ¥* = 0.969 0.325
No 273 (68.59) 230 (67.65) 43 (74.14)
Yes 125 (31.41) 110 (32.35) 15 (25.86)

History of chemotherapy, n (%) ¥*=5.135 0.023
No 348 (87.44) 292 (85.88) 56 (96.55)
Yes 50 (12.56) 48 (14.12) 2 (3.45)

(continued on next page)
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Table 2 (continued)

Variable Total (n = 398) Train set (n = 340) Test set (n = 58) Statistic P
Emphysema, n (%) x? =1.568 0.210
No 262 (65.83) 228 (67.06) 34 (58.62)
Yes 136 (34.17) 112 (32.94) 24 (41.38)
History of lung surgery, n (%) x? = 8.085 0.004
No 282 (70.85) 250 (73.53) 32 (55.17)
Yes 116 (29.15) 90 (26.47) 26 (44.83)

WBC, White Blood Cell Count; RBC, Red Blood Cell Count; Hb, Hemoglobin; PLT, Platelet Count.
& Complication: pneumothorax or Pleural effusion.

Table 3
Definition of the four models and their final predictors included in this research.
Model Definition =~ Outcome Predictors
Pneumothorax prediction model (ABC—Pneumothorax) Model I Pneumothorax Puncture times
Emphysema
Cough
Pleural effusion prediction model (ABC—Pleural effusion) Model II Pleural effusion Age
Puncture times
Ablation
duration
Pleural effusion prediction model (ABC + Pneumothorax—Pleural effusion) Model III Pleural effusion Age
Puncture times
Ablation
duration
Pneumothorax
Pneumothorax or pleural effusion prediction model (ABC—Pneumothorax or Pleural Model IV Pneumothorax or Pleural Age
effusion) effusion Sex
Puncture times
Emphysema
Table 4
AUCean 0f 10-Fold Cross Validation with six ML algorithms in four prediction models.
Method Model I Model II Model III Model IV
LR 0.724 0.650 0.690 0.671
RF 0.714 0.628 0.667 0.645
XGB 0.713 0.620 0.656 0.634
SVM 0.630 0.615 0.616 0.637
DT 0.640 0.590 0.634 0.594
Lasso 0.693 0.577 0.603 0.613

LR, Logistic regression; RF, Random forest; XGB, Extreme gradient boosting; SVM, Support vector machines; DT, Decision tree; Lasso, Least absolute
shrinkage and selection operator.

Table 5

AUC value in test set of six ML algorithms in four prediction models.
Method Model I Model II Model III Model IV
LR 0.727 0.876 0.895 0.807
RF 0.679 0.729 0.827 0.728
XGB 0.688 0.778 0.808 0.744
SVM 0.594 0.598 0.713 0.621
DT 0.703 0.856 0.858 0.661
Lasso 0.670 0.838 0.872 0.762

LR, Logistic regression; RF, Random forest; XGB, Extreme gradient boosting; SVM, Support vector machines; DT, Decision tree; Lasso, Least absolute
shrinkage and selection operator.
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Fig. 3. (a) Nomogram used to predict pneumothorax after MWA. (b) Nomogram used to predict pleural effusion after MWA preoperatively. (c)
Nomogram used to predict pleural effusion after MWA in the immediate postoperative period. (d) Nomogram used to predict pneumothorax or
pleural effusion after MWA. To use the nomograms, individual patient values are located on the axis of each variable, and a line is drawn upward to
identify the number of points obtained for each variable. The sum of these points is located on the total points axis and a line is plotted down to the
risk axis to determine the likelihood of developing a pneumothorax or pleural effusion.

underwent further analysis using Decision Curve Analysis (DCA). The DCA curves highlighted the model’s superiority over models
involving either all treated or untreated patients (Fig. 5).

3.5. Evaluation of model performance

Based on the maximum Youden index, the optimal cutoff value for Model I was determined to be 0.25, for Model II 0.3, for Model I1I
0.3, and for Model IV 0.5. This indicates that, during preoperative assessment, if the risk of pneumothorax exceeds 25 %, there is a
significant likelihood that the patient will develop pneumothorax during the procedure. Similarly, if the risk of pleural effusion exceeds
30 %, there is a high probability that the patient will develop pleural effusion postoperatively. The confusion matrices for each model
are shown in Fig. 6, and the model performance metrics are presented in Table 6. Model I, II, III, and IV all demonstrated high
sensitivity, specificity, and F1 scores.

Additionally, this study found that the false negative rates for Model I and III were 0.23 and 0.19, respectively, indicating a low rate
of missed diagnoses when using Model I and Model III to predict pneumothorax and pleural effusion, respectively. Since pneumothorax
and pleural effusion are common complications following MWA, failure to detect and address these conditions promptly may lead to
worsening over time, impairing lung re-expansion and potentially resulting in ventilatory dysfunction or even respiratory failure.
Therefore, Model I and III can assist clinicians in early warning and detection of pneumothorax and pleural effusion through imaging,
reducing the likelihood of missed diagnoses and preventing adverse postoperative events due to delayed follow-up.

Furthermore, the false positive rates for the four models were 0.11, 0.12, 0.19, and 0.04, respectively, indicating a low misdiagnosis
rate. This suggests that the models rarely predict pneumothorax or pleural effusion in patients who do not actually have these con-
ditions, thereby avoiding unnecessary treatments such as the injection of porcine fibrin glue and more frequent imaging follow-up,
ultimately reducing the patient’s additional medical costs and psychological burden.

3.6. Impact of variables on prediction performance

We investigated the importance of factors in LR algorithm across four distinct prediction models. In Model I, the factors were
ranked in the following order of importance: Emphysema, Puncture times, and Cough, with Emphysema serving as the most crucial
predictor (Fig. 7a). For Model II, the relative importance of variables was ranked as follows: Puncture times > Age > Ablation duration
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Fig. 4. Calibration plots of four nomograms. (a) calibration plot of Model I using train set; (b) calibration plot of Model I using test set; (c) cali-
bration plot of Model II using train set; (d) calibration plot of Model II using test set; (e) calibration plot of Model III using train set; (f) calibration
plot of Model III using test set; (g) calibration plot of Model IV using train set; (h) calibration plot of Model IV using test set.

(Fig. 7b). Model III exhibited the following relative importance of variables: Pneumothorax > Puncture times > Age > Ablation
duration (Fig. 7c). In model IV, the order of importance for factors was determined as Puncture times > Age > Sex > Emphysema
(Fig. 7d).

3.7. Clinical application

Our team has already applied the research findings in clinical practice. During preoperative assessments, if a patient’s risk of
pneumothorax exceeds 25 %, we prepare a chest drainage tube and porcine fibrin glue in advance. If a minor pneumothorax occurs
during the procedure, with lung compression less than 20 %, we continue to observe without any intervention. However, if a moderate
to massive pneumothorax occurs, with lung compression of 20 % or more, we immediately place a chest drainage tube. At the end of
the procedure, porcine fibrin glue is injected through a cannula into the puncture tract to seal the lung and puncture site, preventing
the occurrence or progression of pneumothorax. If a patient’s risk of pleural effusion exceeds 30 %, we perform a chest X-ray on the day
after the procedure and during the first follow-up after discharge to confirm whether pleural effusion has developed. If significant
pleural effusion is detected, we perform an ultrasound-guided thoracentesis to drain the fluid, significantly reducing the risk of
postoperative complications such as pulmonary infection and atelectasis. Preoperative assessment using the nomogram developed in
this study allows us to rapidly identify high-risk patients and create individualized MWA treatment plans and postoperative care
strategies, helping patients recover quickly and reducing hospital stay duration.

Below is a case example. During the preoperative assessment, the patient’s total score using the pneumothorax nomogram
developed in this study was 140, indicating a 48 % risk of pneumothorax, with a high likelihood of intraoperative occurrence. As
shown in Fig. 8a, intraoperative CT confirmed the preoperative assessment, and the patient developed pneumothorax during the
procedure. After the procedure, we injected porcine fibrin glue through a cannula and placed a chest drainage tube, as shown in
Fig. 8b. On the first postoperative day, no more air was detected in the chest drainage tube, and the water column fluctuation ceased, so
the drainage tube was removed, and the patient was discharged on the second postoperative day. Using the two pleural effusion
nomograms developed in this study, the patient’s total scores were 106 and 185, indicating risks of 44 % and 56 %, respectively, both
suggesting a high likelihood of postoperative pleural effusion. A chest X-ray one week after the procedure confirmed these findings,
showing a small amount of left-sided pleural effusion, as seen in Fig. 8c. This case demonstrates that preoperative assessment using the
nomograms developed in this study can help us quickly identify high-risk patients, create individualized MWA treatment plans and
postoperative care strategies, and reduce the patient’s hospital stay from the original 7 days-5 days.

4. Discussion

Thermal ablation stands as an effective therapeutic strategy for patients with LM, exhibiting 3- and 5-year survival rates of 35-80 %
and 25-60 %, respectively, following RFA in non-small cell lung cancer patients [28,29]. While numerous predictive models for
malignancies rely on multivariate regression or correlation analysis, often necessitating independent and linear variables [30,31], we
expanded our approach beyond traditional methods. In addition to conventional univariate and multivariate analyses, we employed
various ML algorithms, widely applied in healthcare data analysis, to construct predictive models for postoperative pneumothorax or
pleural effusion following MWA in LM patients. Our investigation revealed LR model’s superior performance, it performed best among
the four models. This superior performance may be attributed to LR’s ability to provide stable and rapid models when data is relatively
small and features are limited. Additionally, while Models II and III did not identify unformatted factors related to pleural effusion,
Models I and IV, which combined formatted and unformatted data, achieved better results. This improvement is likely due to the use of
NER for extracting unformatted data, allowing for the inclusion of more factors in the model. Ultimately, we identified LR model as the
optimal predictor for postoperative pneumothorax and pleural effusion in LM patients undergoing MWA.

Significantly, our study distinguished between unformatted and formatted data, revealing that the unformatted data variables,
emphysema and cough emerged as substantial predictors in Model I. To enhance clarity and intuitiveness, we employed a sequence
chart for the four prediction models, a novel approach not previously reported in the literature. In Model III, pneumothorax was
incorporated as a potential factor based on the sequence of events, and univariate and multivariate analyses confirmed a significant
association between pneumothorax and pleural effusion. The importance analysis of Model III highlighted pneumothorax as the
foremost factor, indicating a robust association. Consequently, our study underscores a strong link between pneumothorax and the
development of pleural effusion post-MWA.

Prior investigations have indicated a significant correlation between multiple predictive factors and pneumothorax [32-35].
Emphysema is characterized by a permanent enlargement of airspaces distal to terminal fine bronchioles, accompanied by the
destruction of alveolar walls [36]. Our study highlights emphysema as a pivotal predictive factor for post-MWA pneumothorax. Among
136 patients with pulmonary emphysema, pneumothorax occurred in 50 cases (50/136 36.7 %) following MWA, and univariate
analysis underscored the substantial association between emphysema and pneumothorax. Furthermore, within LR model, emphysema
ranked as the most critical among the three factors. The underlying mechanisms are as follows: First, emphysema patients often
develop pulmonary bullae, which are air-filled cystic structures within the lungs. These bullae have thin and fragile walls, and when
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Fig. 5. Decision curve analysis (DCA) of four nomograms. (a) DCA of Model I using train set; (b) DCA of Model I using test set; (c) DCA of Model II

using train set; (d) DCA of Model II using test set; (e) DCA of Model III using train set; (f) DCA of Model III using test set; (g) DCA of Model IV using
train set; (h) DCA of Model IV using test set.

punctured by a needle, the likelihood of pneumothorax increases. Second, emphysema is a form of chronic obstructive pulmonary
disease (COPD) characterized by destruction of alveolar walls and enlargement of alveolar spaces. These pathological changes reduce
the elasticity and increase the brittleness of lung tissue, making it more prone to rupture and resulting in pneumothorax. Third, chronic
inflammation and tissue repair processes in emphysema patients lead to alterations in the pleural structure, making it irregular and less
elastic, thereby increasing the risk of pleural rupture and pneumothorax.

Moreover, our investigation revealed a robust correlation between the number of surgical punctures and both pneumothorax and
pleural effusion. Among 187 patients with two or more puncture times, 29.4 % (55/187) experienced pneumothorax, and 45.4 % (85/
187) developed pleural effusion post-MWA. Puncture times emerged as a highly significant predictor across all four prediction models,
consistently ranking among the top two in importance for each model. The potential mechanisms include: During MWA, the ablation
needle creates a larger pleural puncture, which may be further enlarged by lung movement induced by breathing. Increased puncture
frequency leads to a higher number of pleural defects and their enlargement, thereby raising the risk of pneumothorax. Additionally,
each puncture operation can rupture lung tissue or the visceral pleura, causing air to leak from the alveoli into the pleural cavity,
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Fig. 6. The confusion matrices of (a) Model I; (b) Model II; (c) Model III; (d) Model IV.

Table 6

Evaluation indicators of the four models.
Model Accuracy Precision Recall F1 Score Sensitivity Specificity FPR FNR
I 0.845 0.81 0.773 0.791 0.81 0.89 0.11 0.23
1I 0.793 0.818 0.692 0.75 0.818 0.88 0.12 0.31
111 0.81 0.778 0.808 0.792 0.778 0.81 0.19 0.19
v 0.776 0.95 0.613 0.745 0.613 0.96 0.04 0.39

FPR, False Positive Rate; FNR, False Negative Rate.
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Fig. 7. The relative importance of variables for (a) Model I; (b) Model II; (c) Model III; (d) Model IV.

b

Fig. 8. Case Illustration. (a) Intraoperative occurrence of pneumothorax in the patient, as indicated by the arrow; (b) Postoperative placement of a
chest tube, as shown by the arrow; (c) Chest X-ray one week post-surgery indicating left-sided pleural effusion, as marked by the arrow.
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leading to pneumothorax. With more punctures, the cumulative risk of pneumothorax also increases. Lung punctures can provoke local
inflammatory responses, leading to increased fluid exudation. If the inflammatory response is severe, it may result in the formation or
exacerbation of pleural effusion. Prior studies have underscored puncture times as a pivotal risk factor for aseptic pleurisy [37],
potentially escalating the likelihood of pleural effusion. Additionally, punctures may damage blood vessels, causing bleeding and
leading to hemothorax or mixed pleural effusion. As the number of punctures increases, the probability of bleeding rises, subsequently
increasing the risk of pleural effusion.

Thermal injury to the pleura can compromise its elasticity and reparative capacity, resulting in pleurisy and subsequent pleural
effusion. In this study, 55.8 % (222/398) underwent MWA with ablation duration >6 min. Of these, 38.2 % (85/222) developed
pleural effusion post-MWA, underscoring the significance of ablation time as a predictor for pleural effusion. The underlying mech-
anism likely involves the cumulative microwave energy imparted to the lung parenchyma with increasing ablation duration, leading to
elevated pleural temperature and a heightened risk of pleurisy. Although higher maximum ablation power may similarly elevate
pleural temperature and pose an increased pleurisy risk, it was not included in the final models for the two pleural effusion predictions
in this study. Subsequent studies are warranted for further validation.

In this study, we established LR models for predicting post-MWA pneumothorax, pleural effusion, and the combined occurrence.
Data from the training set were used for model development, and the test set data were employed for model validation. The AUC values
demonstrated sufficient predictive accuracy in both sets, underscoring the high accuracy of LR. This study has several limitations,
which, despite their presence, can serve as guidance for future improvements. First, as a retrospective study, there may be selection
bias in the patient cohort. The majority of patients who underwent MWA at our hospital were in the middle to late stages of LM and
were not candidates for thoracoscopic surgery. Consequently, the study sample may not be representative, limiting the generalizability
of the model to a broader population, which could affect the external validity of the results. Second, although a validation cohort was
established and demonstrated good predictive performance, external validation with data from other datasets is necessary. Addi-
tionally, deep learning methods were not employed for modeling and prediction in this study. In the future, we plan to conduct
prospective randomized controlled trials to validate these findings while exploring other variables that may enhance predictive ac-
curacy. Furthermore, we intend to collaborate with other centers to conduct multi-center studies, incorporating more patient data and
variable information to reduce the selection bias inherent in single-center data. In subsequent research, we will also utilize deep
learning techniques to integrate multimodal data, thereby improving the accuracy of predictive models. However, acknowledging
these limitations, our study affirms that ML-based predictive models effectively anticipate the likelihood of pneumothorax and pleural
effusion in patients undergoing MWA, considering factors like Sex, Age, Emphysema, Cough, Puncture times, and Ablation duration.
LR outperformed in all predictive models according to ROC analysis, followed by the generation of a nomogram aimed at assisting
clinicians in identifying patients with postoperative pneumothorax or pleural effusion for timely radiological review to monitor
complications.
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