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Background: Based on current technology, the accuracy of detecting malignancy in solitary pulmonary nodules 
(SPNs) is limited. This study aimed to establish a malignant risk prediction model for SPNs 5–15 mm in diameter.
Methods: We collected clinical characteristics and imaging features from 317 patients with SPNs 5–15 mm 
in diameter from the 900th Hospital of the Joint Logistic Support Force as a training cohort and 100 patients 
with SPNs 5–15 mm in diameter as a validation cohort. Univariate logistic regression analysis, least absolute 
shrinkage and selection operator (LASSO), and binary logistic regression analysis were used to screen for 
the independent influencing factors of benign and malignant SPN and to establish a prediction model for 
benign and malignant SPN with a diameter of 5–15 mm. The model in this study was compared with the 
Mayo model, Veterans Affairs (VA) model, Brock model, and Peking University People’s Hospital (PKUPH) 
model. Finally, the clinical application value of this model was assessed.
Results: Univariate logistic regression analysis showed that smoking history, nodule diameter, nodule 
location, nodule density, margin, calcification, lobulation sign, spiculation sign, and vascular cluster sign 
were statistically significant factors. The results of LASSO and binary logistic regression analysis showed 
that smoking history, nodule diameter, nodule density, margin, lobulation sign, and vascular cluster sign 
were independent influencing factors of SPNs. The prediction model was successfully constructed and 
demonstrated a good predictive performance, with an area under the curve (AUC) value of 0.814 [95% 
confidence interval (CI): 0.768–0.861; P<0.001] in the training cohort and 0.864 (95% CI: 0.794–0.934; 
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Introduction

Lung cancer is associated with the highest cancer-related 
morbidity and mortality rate globally. Most patients with 
lung cancer are diagnosed at advanced stages, which 

despite significant scientific advances, is still associated 
with a 5-year survival rate (5YSR) of only 20% (1). Overall 
survival is stage-dependent, with 5YSR for stages I and II 
lung cancers being considerably better than for stages III 
or IV lung cancers. Specifically, 5YSR is 82% for stage IA 
and only 2.9% for stage IVB (2). Therefore, screening, 
early detection, and timely intervention can result in 
significantly improved outcomes and decrease risk of death 
amongst individuals with high-risk for developing lung 
cancer. According to the National Lung Screening Trial 
(NLST), low-dose computed tomography (LDCT) can 
reduce lung cancer mortality by 20% (3). The Dutch-
Belgian Lung Cancer Screening Trial (NELSON) reported 
a 24–33% reduction in cumulative lung cancer mortality 
after 10 years in the screening group (4). Therefore, LDCT 
is recommended for individuals at high risk of lung cancer 
as a screening test by various organizations including 
U.S. Preventive Services Task Force (USPSTF), National 
Comprehensive Care Network (NCCN), and China 
National Lung Cancer Screening guidelines.

With the widespread use of LDCT, the detection rate of 
pulmonary nodules has increased, but the high false-positive 
rate has precluded wide-spread uptake of LDCT in several 
communities. In the NLST study, 96.4% of the detected 
pulmonary nodules were false positives (4), suggesting that 
the majority of solitary pulmonary nodules (SPNs) are 
benign. To better differentiate between benign and malignant 
SPNs, various malignant prediction models for SPN have 
been established. Internationally recognized models include 
the Mayo model (5), Veterans Affairs (VA) model (6), Brock 
model (7), Pan-Can model (8), and Peking University 
People’s Hospital (PKUPH) model (9). However, these 
lung cancer prediction models exhibit variable predictive 
accuracies and differences in real-world applicability due to 
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• This study aimed to establish a malignant risk prediction model for 

solitary pulmonary nodules (SPNs) 5–15 mm in size.

What is known and what is new? 
• To better differentiate between benign and malignant SPNs, 

various malignant prediction models for SPNs have been 
established. However, these lung cancer prediction models 
exhibit variable predictive accuracies and differences in clinical 
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influencing factors in the studies that led to these models.
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P<0.001) in the validation cohort. This model was shown to be highly accurate in predicting malignant 
SPNs and thus has a high clinical application value. Compared with previously described prediction models, 
including the Mayo model, VA model, Brock model, and PKUPH model, the proposed model demonstrated 
a significantly superior predictive ability.
Conclusions: The prediction model developed in this study can be used as an early screening method for 
SPNs 5–15 mm in diameter.
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variations in populations, sample sizes, and risk factors used 
in these prediction models.

Previous studies have indicated a significant correlation 
between the diameter of the SPN and the degree of 
malignancy, with larger diameters associated with higher 
degrees of malignancy (10,11). The 2017 Fleischner 
guideline eliminated the need for routine follow-up for SPNs 
<6 mm (12). As per the Chinese lung nodule guidelines (13), 
nonsolid SPNs with a diameter of 5–15 mm and exhibiting 
no obvious malignant computed tomography (CT) signs are 
categorized as intermediate-risk nodules. Solid SPNs with a 
diameter of 8–15 mm and/or with malignant CT signs are 
defined as high-risk nodules. The guidelines for triaging 
SPNs with diameters ranging from 5 to 15 mm are unclear 
and identifying malignant potential of these nodules is crucial 
for determining the need for further clinical intervention.

To enhance the accuracy of clinicians’ diagnosis of benign 
and malignant SPNs with diameters ranging from 5 to  
15 mm, we constructed a malignancy probability prediction 
model based on clinical and CT image characteristics. 
We present this article in accordance with the TRIPOD 
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tlcr-24-785/rc).

Methods

We enrolled 417 patients with SPNs measuring 5–15 mm 
in diameter who underwent surgical treatment at the 900th 
Hospital of the Joint Logistic Support Force, People’s 
Liberation Army of China. The included pulmonary 
nodules were randomly assigned to a training set (n=317) 
and a validation set (n=100) in a 3:1 ratio. The study 
was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Institutional Ethics Committee of the 900th Hospital 
of the Joint Logistic Support Force, People’s Liberation 
Army of China (approval No. 2021-026) and informed 
consent was taken from all the patients. The inclusion 
criteria were as follows: (I) age over 18 years; (II) pulmonary 
nodules on LDCT; (III) surgical treatment with clear 
pathological results; (IV) time between CT examination 
and operation of 1 month or less; (V) nodules between 5 
and 15 mm in diameter; (VI) complete clinical and imaging 
data available; and (VII) signing of informed consent form 
before surgery. Meanwhile, the exclusion criteria were 
as follows: (I) pulmonary nodules treated before surgery; 
including chemotherapy, immunotherapy, targeted, or 

surgical regimens; (II) pathologically confirmed metastatic 
pulmonary nodules; and (III) presence of metastases 
to other sites. We collected data from medical records, 
including clinical characteristics, imaging features, and 
pathological findings.

Statistical analysis

The data were analyzed using the software SPSS 26.0 
(IBM Corp., Armonk, NY, USA) and R v. 4.2.1 (The R 
Foundation for Statistical Computing, Vienna, Austria). 
The t-test was applied for measurement data conforming 
to a normal distribution, expressed as mean ± standard 
deviation (SD), whereas the Mann-Whitney test was 
used for nonnormally distributed data, expressed as the 
median and interquartile range. The chi-square test was 
used for counting data, expressed as frequency number 
and percentage [n (%)]. The clinical data and CT imaging 
characteristics of patients in the training group were 
analyzed through univariate logistic regression analysis 
to identify statistically significant influencing factors for 
differentiating between the benign and malignant groups 
SPNs with a diameter of 5–15 mm. Least absolute shrinkage 
and selection operator (LASSO) analysis was used to select 
the optimal predictors associated with lung cancer risk from 
variables with P<0.1 in the above-mentioned univariate 
logistic regression analysis. The final prediction model 
was constructed using binary logistic regression analysis. 
Receiver operating characteristic (ROC) curves were drawn, 
and the area under the ROC curve (AUC), truncation value, 
Youden index, sensitivity, specificity, positive predictive 
value, negative predictive value, accuracy, model forest plot, 
and nomogram were plotted.

Verification group data were used to plot ROC curves 
for the proposed model, Mayo model, PKUPH model, VA 
model, and Brock model, and AUC values were calculated 
(P<0.05 was considered a statistically significant difference). 
The predictive efficacy of these five models for benign and 
malignant SPN with a diameter of 5–15 mm was analyzed 
and compared. The calibration of the models was examined 
using the calibration curve. The clinical value of the prediction 
models was evaluated via decision curve analysis (DCA).

Results

Patient characteristics

The study included 417 patients with SPN who visited 
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the 900th Hospital of the Joint Logistic Support Force, 
People’s Liberation Army of China between January 2015 
and January 2023. In the training cohort, patients were 
categorized into a benign nodule group (80 males and 
81 females; mean age 52 years; range, 44–61 years) and a 
malignant nodule group (75 males and 81 females; mean 
age 55 years; range, 47–64 years). Similarly, patients in 
the testing cohort were separated into a benign nodule 
group (25 males and 26 females; mean age 53 years; range, 

44–65 years) and a malignant nodule group (17 males 
and 32 females; mean age 55 years; range, 49–63 years).  
Table 1 displays the clinical characteristics and imaging 
features of the participants. Table 2 displays the assignment 
of categorical variables associated with malignant SPNs.

In this study, the final pathological results of postoperative 
specimens were used as the gold standard to judge nodule 
properties. The pathological results for the 417 patients 
included in the study are shown in Figure 1.

Table 1 Clinical and computed tomography imaging characteristics of patients in the training and validation cohorts

Variables
Training cohort (N=317) Validation cohort (N=100)

Benign (n=161) Malignant (n=156) P value Benign (n=51) Malignant (n=49) P value

Age (years) 52.00 (44.00, 61.00) 55.00 (47.00, 64.00) 0.045 53.00 (44.00, 65.00) 55.00 (49.00, 63.00) 0.77

Longest diameter (mm) 9.00 (7.00, 12.00) 11.00 (9.00, 12.00) 0.002 10.00 (8.00, 11.00) 11.00 (9.00, 13.00) 0.12

Shortest diameter (mm) 8.00 (6.00, 10.00) 8.00 (7.00, 10.00) 0.04 8.00 (6.00, 9.00) 9.00 (7.00, 10.00) 0.03

Gender 0.77 0.15

Male 80 (49.69) 75 (48.08) 25 (49.02) 17 (34.69)

Female 81 (50.31) 81 (51.92) 26 (50.98) 32 (65.31)

Smoking history 0.03 0.42

Yes 15 (9.32) 28 (17.95) 8 (15.69) 5 (10.20)

No 146 (90.68) 128 (82.05) 43 (84.31) 44 (89.80)

Alcohol history 0.11 0.50

Yes 8 (4.97) 15 (9.62) 5 (9.80) 3 (6.12)

No 153 (95.03) 141 (90.38) 46 (90.20) 46 (93.88)

Personal cancer history 0.07 0.68

Yes 5 (3.11) 12 (7.69) 4 (7.84) 5 (10.20)

No 156 (96.89) 144 (92.31) 47 (92.16) 44 (89.80)

Family cancer history 0.77 0.98

Yes 11 (6.83) 12 (7.69) 1 (1.96) 1 (2.04)

No 150 (93.17) 144 (92.31) 50 (98.04) 48 (97.96)

Hypertension 0.91 0.93

Yes 24 (14.91) 24 (15.38) 9 (17.65) 9 (18.37)

No 137 (85.09) 132 (84.62) 42 (82.35) 40 (81.63)

Respiratory disease 0.98 -

Yes 2 (1.24) 2 (1.28) 0 (0.00) 0 (0.00)

No 159 (98.76) 154 (98.72) 51 (100.00) 49 (100.00)

Table 1 (continued)
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Table 1 (continued)

Variables
Training cohort (N=317) Validation cohort (N=100)

Benign (n=161) Malignant (n=156) P value Benign (n=51) Malignant (n=49) P value

Location 0.08 0.06

Right upper lobe 48 (29.81) 59 (37.82) 22 (43.14) 20 (40.81)

Right middle lobe 26 (16.15) 12 (7.69) 4 (7.84) 8 (16.33)

Right lower lobe 35 (21.74) 27 (17.31) 5 (9.80) 11 (22.45)

Left upper lobe 33 (20.50) 32 (20.51) 13 (25.49) 9 (18.37)

Left lower lobe 19 (11.80) 26 (16.67) 7 (13.73) 1 (2.04)

Density <0.001 <0.001

Solid 85 (52.79) 42 (26.92) 29 (56.86) 9 (18.37)

Partial solid 23 (14.29) 66 (42.31) 9 (17.65) 23 (46.94)

Ground glass 53 (32.92) 48 (30.77) 13 (25.49) 17 (34.69)

Boundary <0.001 <0.001

Clear 96 (59.63) 44 (28.21) 38 (74.51) 9 (18.37)

Blurred 65 (40.37) 112 (71.79) 13 (25.49) 40 (81.63)

Calcification 0.02 0.045

Yes 8 (4.97) 1 (0.64) 2 (3.92) 0 (0.00)

No 153 (95.03) 155 (99.36) 49 (96.08) 49 (100.00)

Lobulated sign <0.001 0.008

Yes 39 (24.22) 80 (51.28) 12 (23.53) 24 (48.98)

No 122 (75.78) 76 (48.72) 39 (76.47) 25 (51.02)

Spiculation sign <0.001 0.003

Yes 43 (26.71) 73 (46.79) 36 (70.59) 20 (40.82)

No 118 (73.29) 83 (53.21) 15 (29.41) 29 (59.18)

Vacuole sign 0.78 0.46

Yes 15 (9.32) 16 (10.26) 4 (7.84) 6 (12.24)

No 146 (90.68) 140 (89.74) 47 (92.16) 43 (87.76)

Pleural indentation sign 0.17 0.03

Yes 29 (18.01) 38 (24.36) 5 (9.80) 13 (26.53)

No 132 (81.99) 118 (75.64) 46 (90.20) 36 (73.47)

Air bronchogram 0.86 0.07

Yes 9 (5.59) 8 (5.13) 2 (3.92) 7 (14.29)

No 152 (94.41) 148 (94.87) 49 (96.08) 42 (85.71)

Vascular cluster sign <0.001 0.009

Yes 4 (2.48) 29 (18.59) 3 (5.88) 12 (24.49)

No 157 (97.52) 127 (81.41) 48 (94.12) 37 (75.51)

Data are presented as median (interquartile range) or n (%).
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Construction of the prediction model

Multivariate logistic regression analysis of malignant 
SPNs
We used univariate logistic regression analysis to examine 
the clinical characteristics and imaging features of patients in 
the training cohort, identifying nine statistically significant 
influencing factors for differentiating between benign and 
malignant SPNs 5–15 mm in diameter (Figure 2). LASSO 
regression analysis, which was based on variables with P<0.1 
in the univariate logistic regression analysis, identified a 
total of nine factors with nonzero coefficients in the training 
cohort (Figure 3A,3B). Binary logistic regression analysis was 

Table 2 Assignment of categorical variables associated with 
malignant solitary pulmonary nodules 

Categorical variable Assignment condition

Smoking history Yes equals 1; no equals 0

Personal cancer history Yes equals 1; no equals 0

Density Solid equals 0; ground glass equals 1; 
partial solid equals 2

Boundary Clear equals 1; blur equals 0

Calcification Yes equals 1; no equals 0

Lobulated sign Yes equals 1; no equals 0

Vascular cluster sign Yes equals 1; no equals 0

Adenocarcinoma in situ 

Microinvasive adenocarcinoma

Invasive adenocarcinoma 

Squamous cell carcinoma 

Atypical adenomatous hyperplasia

Chronic inflammation 

Fibration 

Inflammatory granuloma

Inflammatory pseudotumor

Tuberculosis 

Cryptococcosis 

Organizing pneumonia

Interstitial pneumonia

Hamartoma 

Others

Atypical adenomatous hyperplasia

Chronic inflammation 

Fibration 

Inflammatory granuloma

Tuberculosis 

Cryptococcosis 

Hamartoma 

Others

Adenocarcinoma in situ 

Microinvasive adenocarcinoma

Invasive adenocarcinoma

Malignant

Malignant Benign

Benign

A B

C D

Figure 1 Pathological types of patients. (A) Malignant nodules in the training group. (B) Benign nodules in the training group. The category 
“Others” includes immunoglobin 4-related disease, lymphangioleiomyomatosis, Epstein-Barr virus-associated smooth muscle tumors, 
pulmonary leiomyoma, inflammatory myofibroblastic tumor, bronchiolar adenoma, spindle cell tumor, pulmonary sclerosing hemangioma, 
and silicotic nodules. (C) Malignant nodules in the validation group. (D) Benign nodules in the validation group. The category “Others” 
includes bronchiolar adenoma, pulmonary sclerosing hemangioma, lymph node, and silicotic nodules.
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then employed to screen six independent influencing factors 
of SPN, including smoking history, nodule diameter, nodule 
density, boundary, lobulated sign, and vascular cluster sign 
(Figure 4).

Construction of the prediction model 
Based on the six independent influencing factors of SPNs, 
we constructed a prediction model with good performance, 
which demonstrated an AUC value of 0.814 [95% 
confidence interval (CI): 0.768–0.861; P<0.001] in the 
training cohort (Figure 5) and 0.864 (95% CI: 0.794–0.934; 

P<0.001) in the validation cohort (Figure 6).

Assessment and comparison of the models’ predictive 
performance

The calibration curves and the ideal curve of the predicted 
model in the training cohort (Figure 7A) and validation 
cohort (Figure 7B) showed a high degree of coincidence, 
indicating accurate predictions. For the Mayo model, 
PKUPH model, VA model, and Brock model, we compared 
the different parameters of various prediction models 

Figure 2 Univariate logistic regression analysis and forest plot of solitary pulmonary nodules in the training cohort. The solid line is the 
invalid line. The risk factors appear on the right side of the invalid line is, and the protective factors appear on the left side. OR, odds ratio; 
CI, confidence interval.
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Figure 3 Selection of characteristics from LASSO regression. (A) Curves for the coefficient paths of the 12 features in the training 
cohort. The vertical black line defines the optimal value of λ for the 10-fold cross-validation in Figure 2B, with nine features with nonzero 
coefficients obtained with λ equal to 0.039. (B) Selection of the regularization parameter λ in the LASSO regression via 10-fold cross-
validation based on a standard error of the minimum mean square error of distance. LASSO, least absolute shrinkage and selection operator.

(Table 3). The AUCs were found to be 0.610 (95% CI: 
0.498–0.721), 0.705 (95% CI: 0.603–0.807), 0.502 (95% CI: 
0.383–0.612), and 0.677 (95% CI: 0.570–0.785), respectively. 
The predictive value of the proposed model was significantly 
higher than that of the Mayo model, VA model, Brock 

model, and PKUPH model (Figure 8).

Analysis of the model’s clinical utility

DCA for the predictive nomogram was performed (Figure 9), 

Figure 4 Binary logistic regression analysis results and forest plot of benign and malignant nodules in the training cohort. The solid line is 
the invalid line. The risk factors appear on the right side of the invalid line is, and the protective factors appear on the left side. OR, odds 
ratio; CI, confidence interval.
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Figure 5 ROC curve of the prediction model for malignant 
solitary pulmonary nodules in the training cohort. ROC, receiver 
operating characteristic.
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Figure 6 ROC curve of the prediction model for malignant 
solitary pulmonary nodules in the validation cohort. ROC, receiver 
operating characteristic.
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which suggested that the model has high clinical application 
value.

Discussion

The early screening and diagnosis of lung cancer are 
crucial steps in the reduction of the mortality associated 

with this condition. Currently, LDCT is the preferred 
method for the early detection of SPNs, with its usage 
becoming increasingly widespread (13-16). Clinically, 
18F-fluorodeoxyglucose positron emission tomography/
CT (18F-FDG-PET/CT) is also a useful tool for the 
qualitative detection of benign and malignant pulmonary 
nodules. Different from the principle of CT imaging, 

Figure 7 Calibration curves of the predictive model for malignant single pulmonary nodules in the (A) training cohort and (B) validation 
cohort. The solid line represents the prediction efficacy of the model, and the closer the solid line and diagonal dashed line are, the better 
the prediction effect. 
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PET/CT comprehensively evaluates the benign and 
malignant nodules mainly by using on drugs to produce 
different values of the maximum standardized uptake value 
(SUVmax). However, international guidelines [National 
Comprehensive Cancer Network (NCCN), American 
College of Chest Physicians (ACCP), Fleischner, Asian 
Consensus] recommend LDCT mainly as a screening 
method for benign and malignant pulmonary nodules, and 
PET/CT is not routinely recommended. However, the high 
false-positive rate of LDCT has spurred the development 
of predictive models to efficiently and accurately discern 
benign and malignant SPNs. Various models, including the 

Mayo model, Pan-Can model, Brock model, VA model, and 
PKUPH model, have been established, each with a unique 
applicability to certain populations and varying prediction 
parameters, which limit their more general application.

This study found that the VA model had a poor predictive 
effect, indicated by an AUC value of only 0.502. This may be 
attributed to the model including older adult male smokers 
without considering imaging characterization (6). The 
Mayo model yielded an AUC value of only 0.61, which can 
potentially be explained by the lack of clear pathological 
results for some patients during model establishment (5). 
The Brock model yielded an AUC value of 0.677, indicating 
average predictive performance. This result may be related 
to the small number of smoking patients included in this 
study (training cohort: 43/317, 13.6%). The PKUPH 
model, with an AUC value of 0.705, might be more suitable 
for assessing malignant risk in solid nodules, especially 
given that nearly two-thirds of SPNs selected for this study 
were subsolid nodules, with only two nodules exhibiting 
calcification (9).

We constructed a prediction model for malignant SPNs 
5–15 mm in diameter to be used in early lung cancer 
screening. A total of 417 patients with SPNs 5–15 mm 
in diameter who underwent surgical treatment with a 
pathological diagnosis at the 900th Hospital of the Joint 
Logistic Support Force over an 8-year period were included 
in this study. Eight clinical characteristics and 12 imaging 
features were collected, and six independent influencing 
factors related to benign and malignant SPNs 5–15 mm in 
diameter were identified. The constructed prediction model 
demonstrated an AUC of 0.814 (95% CI: 0.768–0.861) for 
the training cohort (Figure 4) and 0.864 (95% CI: 0.794–
0.934) for the validation cohort, exhibiting high sensitivity, 
specificity, and accuracy. This model outperformed the 
Mayo model, PKUPH model, VA model, and Brock model 

Table 3 Comparison of different parameters of various prediction models

Prediction model Sample size Malignant rate AUC Limitations

The model 417 49.64% 0.814 Further expansion of the sample is necessary

Mayo model 629 23% 0.61 Definite pathological results were lacking

VA model 375 54% 0.502 VA model including older adult male smokers without 
considering imaging characterization

Brock model 1,871 1.4% 0.677 Brock model is suitable for predicting malignant pulmonary 
nodules during physical examination

PKUPH model 371 53.1% 0.705 CT selection time was uncertain during model building

AUC, area under the curve; VA, Veterans Affairs; PKUPH, Peking University People’s Hospital; CT, computed tomography.
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in predicting SPN malignancy.
This study observed a higher prevalence of subsolid 

nodules than that of solid nodules, with subsolid nodules 
exhibiting a significantly higher malignancy rate. Gender 
differences were not statistically significant and were not 
independent influencing factors for SPNs, aligning with 
the findings of several studies (6,9,17). Smoking emerged 
as an independent risk factor for lung cancer, which is 
consistent with the existing literature (18). Additionally, 
factors including density, size, border, lobulation, and 
vascular cluster sign were identified as independent risk 
factors for lung cancer, which is also in line with a previous 
study (19). Although the constructed prediction model 
performed well, it had certain limitations. First, as our study 
adopted a retrospective design, some laboratory results 
were unavailable and thus not included in the information 
collection. Second, the sample size in this study was small 
whereas individual differences in pulmonary nodules were 
large, potentially reducing the diagnostic accuracy of the 
model. Further expansion of the sample for verification is 
necessary to validate the model.

In conclusion, the prediction model for benign and 
malignant SPNs 5–15 mm in diameter that incorporated 
six independent factors including smoking history, nodule 
diameter, nodule density, boundary, lobulated sign, and 
vascular cluster sign, demonstrated low leakage and 
misdiagnosis rates with good accuracy. Compared with 
the Mayo model, VA model, Brock model, and PKUPH 
model, this model exhibited high predictive value as an 
early screening method for SPNs 5–15 mm in diameter, 

providing a foundation for the diagnosis of benign and 
malignant SPNs of this size.

Conclusions

The proposed prediction model, built to serve as an early 
screening method for SPNs with a diameter of 5–15 mm, 
demonstrated superior prediction efficacy and greater 
clinical applicability as compared to the Mayo model, VA 
model, Brock model, and PKUPH model.
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