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Background: Distinguishing benign from malignant sub-centimeter solid pulmonary nodules (SSPNs)
continues to be challenging in clinical practice. Earlier diagnosis is crucial for improving patient survival and
prognosis. This study aimed to investigate the risk factors of malignant SSPNs and establish and validate a
prediction model based on computed tomography (CT) characteristics to assist in their early diagnosis.
Methods: A total of 261 consecutive participants with 261 SSPNs were retrospectively recruited between
January 2012 and July 2023 from National Cancer Center/National Clinical Research Center for Cancer/
Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College (Center 1),
including 161 malignant lesions and 100 benign lesions. Patients were randomly assigned to the training set
(n=183) and validation set (n=78) according to a 7:3 ratio. Malignant nodules were confirmed by pathology;
and benign nodules were confirmed by follow-up or pathology. Clinical data and CT features were collected
to estimate the independent predictors of malignancy of SSPN with multivariate logistic analysis. A clinical
prediction model was subsequently established by logistic regression. Furthermore, an additional 69
consecutive patients with 69 SSPNs from The Fourth Hospital of Hebei Medical University (Center 2)
between January 2022 and December 2022 were retrospectively included as an external cohort to validate
the predictive efficacy of the model. The performance of the prediction model was assessed by sensitivity,
specificity, and the area under the receiver operating characteristic curve.

Results: There were 113 (61.7%), 48 (61.5%) and 28 (40.6%) malignant SSPNs in the training, internal
and external validation sets, respectively. Multivariate logistic analysis revealed four independent predictors
of malignant SSPNs: tumor-lung interface (P=0.002), spiculation (P=0.04), air bronchogram (P=0.047), and
invisible at the mediastinal window (P=0.003). The area under the curve (AUC) for the prediction model
in the training set was 0.875 [95% confidence interval (CI): 0.818, 0.933]; and the sensitivity and specificity
were 94.7% and 68.6%, respectively. The AUCs in the internal and external validation set were (0.781;
95% CI: 0.664, 0.897) and (0.873; 95% CI: 0.791, 0.955), respectively; the sensitivity and specificity were
66.7% and 83.3% for the internal validation data, and 100.0% and 61.0% for the external validation data,
respectively.

Conclusions: The prediction model based on CT characteristics could be helpful for distinguishing

malignant SSPNs from benign ones.
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Introduction

Lung cancer is responsible for the leading cause of cancer-
related mortality. According to estimates from the Global
Cancer Statistics 2020, lung cancer accounted for an
estimated 1.8 million deaths in 185 countries (1). Most
lung cancer cases are already in the advanced-stage when
detected or diagnosed, which leads to poor prognosis and
short survival time for patients. The survival rate of lung
cancer patients decreases with increasing staging. The
5-year survival rate is 68-92% for stage I and 0-60% for
stage II-IV (2). The wide utilization of chest computed
tomography (CT) has significantly increased the detection
rate of pulmonary nodules and reduced lung cancer
mortality by 20% (3). The results of low-dose CT for lung
cancer screening in Shanghai, China and South Korea
showed that 68.3-81.09% of all detected lung cancers were
in stage I (4,5). Therefore, earlier detection and diagnosis
are key to improving the prognosis of lung cancer patients

Highlight box

Key findings

®  We established a prediction model based on computed tomography
(CT) features and validated its performance using data from two
centers, which may help in the early diagnosis of lung cancer and
improve patient prognosis.

What is known and what is new?

e Tumor-lung interface, spiculation, air bronchogram and invisible
at the mediastinal window were independent predictors for
distinguishing malignant from benign sub-centimeter solid
pulmonary nodules (SSPNs).

® Our model has a good performance in distinguishing malignant
SSPNs from benign ones.
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* SSPNs differ from traditional larger nodules both clinically and
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® The prediction model based on CT features can help distinguish
between benign and malignant SSPNs.
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and reducing their mortality.

Lung cancer could appear as solid, part-solid, or ground-
glass nodules or mass on CT imaging. Compared to part-
solid and ground-glass nodules, lung cancer appearing as
solid nodules has a higher risk of metastasis and a poorer
prognosis (6). Therefore, earlier diagnosis of lung cancer
presenting as solid nodules is more crucial. However,
the diagnosis of sub-centimeter solid pulmonary nodules
(SSPNs) is very difficult in the clinical practice. In most
cases, SSPNs are benign, including intrapulmonary lymph
nodes, intrapulmonary charcoal deposition, and granuloma;
however, 4.5% are malignant (7). In addition, some
previous studies have shown that about 10% SSPNs have a
risk of lymph node metastasis or recurrence (8,9). However,
due to the small diameter of SSPNs, the diagnostic value
of positron emission tomography/computed tomography
(PET-CT), bronchoscopy, and puncture biopsy is
limited (10). Thus, it remains challenging to distinguish
malignant from benign SSPNss in clinical practice.

CT examination plays an important role in the
diagnosis and follow-up decision-making for these SSPNs.
Many studies have investigated the value of the clinical
and radiological features in distinguishing between
malignant and benign pulmonary nodules. Several
predictive models are available to distinguish benign
and malignant nodules, such as the Mayo model (11)
and the VA model (12). However, these models involved
both solid and ground-glass nodules, and rarely only
focused on solid nodules, especially SSPNs. This study
focused on the SSPNs and collected their clinical and
imaging characteristics to construct and validate a risk
prediction model, including internal and external dataset
from two centers. Therefore, the purpose of this study
is to investigate the clinical and imaging characteristics
of SSPNs and establish and validate a prediction model
based on CT characteristics to assist in their early
diagnosis. We present this article in accordance with the
TRIPOD reporting checklist (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-23-1943/rc).
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Table 1 Pathological subtypes of enrolled nodules in the training
and validation sets

Pathological subtypes N
Benign 100 (38.3%)
Granuloma 20
Fibroplasia 25
Tuberculosis 1
Organising pneumonia 1
Bronchial adenoma 5
Sclerosing pneumocytoma 2
Pulmonary hamartoma 25
Intrapulmonary lymph nodes 11
Hyperplasia of lung tissue 4
Follow-up 6
Malignant 161 (61.7%)
Adenocarcinomas 148
Microinvasive adenocarcinoma 25
Invasive non-mucinous adenocarcinoma 107
Invasive mucinous adenocarcinoma 16
Squamous cell carcinomas 5
Adenosquamous carcinoma 1

Neuroendocrine tumors
Carcinoid/neuroendocrine tumor

Small cell lung carcinoma

N W N

Large cell neuroendocrine carcinoma

Methods
Patient selection

This retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and
approved by the institutional ethics board of National
Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College (No.
NCC2021C-283) and The Fourth Hospital of Hebei
Medical University was informed and agreed with the study.
Informed consent was waived as this was a retrospective
study and subjects were assured of privacy and identifying
information. We retrospectively collected SSPNs between
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January 2012 and July 2023 from National Cancer Center/
National Clinical Research Center for Cancer/Cancer
Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College (Center 1) with the following
criteria: (I) solid pulmonary nodules with mean diameter
<10 mm; (II) malignant or benign SSPNs confirmed
by surgical pathology or follow-up: all malignant and a
majority of benign nodules were confirmed by surgical
pathology; some SSPNs that remained stable during follow-
up of >2 years are considered benign; (III) chest CT images
with a thin slice thickness (<1.25 mm). Exclusion criteria
were as follows: (I) participants with incomplete clinical
data; (I) patients with a history of malignancy in less than
5 years; (III) the pathological diagnoses were metastatic
lesions. Finally, we enrolled 261 consecutive patients from
Center 1, and randomly divided them at a ratio of 7:3 into
two sets: the training set (n=183) and internal validation
set (n=78). All of the malignant lesions were pathologically
proved, including 148 (148/161, 91.9%) adenocarcinoma,
five squamous cell carcinoma, one adenosquamous
carcinoma, and seven neuroendocrine tumors (Table 1).
Besides, we retrospectively collected 69 patients from The
Fourth Hospital of Hebei Medical University (Center 2)
between January 2022 and December 2022 as the external
validation dataset.

Chest CT scan technique

All CT scans were performed using 64-detector row scanners
(Optima CT 660, LightSpeed VCT or Discovery CT
750 HD, General Electric Medical Systems; TOSHIBA
Aquilion, TOSHIBA Medical Systems, Tokyo, Japan).
To avoid the effects of respiratory artifacts, images were
acquired with the patient in a fully inspiratory state.
Parameters for CT scans included: a tube voltage of
120 kVp; automatic mA configurations (tube current between
200-350 mA, noise index at 13; pitch values of 0.992
or 0.984; a rotation duration of 0.5 s; and a thickness of
5 mm). For enhanced CT scans, iopromide was used as a
contrast agent, injected intravenously at 300 mg/mL iodine
levels, varying between 80 and 90 mL, with a 2.5 mL/s flow
rate, and the images were taken 35 s after the intravenous
injection. The reconstruction thicknesses were either
1.25 or 1.0 mm, spaced 0.8 mm apart by a conventional
reconstruction algorithm. The images were observed in
both the lung window [window width (WW) =1,600 HU;
window level (WL) =-600 HU] and the mediastinal window
(WW =360 HU; WL =60 HU).
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Radiologic features evaluation

The clinical and radiologic features of all enrolled SSPNs
were analyzed and processed by Radiology Information
System/Picture Archiving and Communication Systems
(RIS/PACS). The radiologic features were reviewed by
two radiologists (J.N.L. and S.L.C., with 6 and 3 years of
experience in diagnosing thoracic tumors, respectively).
Disagreements were resolved through consultation with two
senior radiologists (L.L.Q. and ].W.W., with 8 and 25 years
of experience in diagnosing thoracic tumors, respectively).
Radiologic features including nodule size (mean diameter),
location, the tumor-lung interface, lobulation, spiculation,
air bronchogram, vacuole, pleural traction, and vascular
convergence were observed at the lung window; calcification
and nodules invisibility were observed at the mediastinal
windows.

The tumor-lung interface was defined as the border
between the lesion and normal lung parenchyma, which
was classified as clear and smooth, clear and rough, and
unclear/halo sign. A clear and smooth tumor-lung interface
was clear and flat, with or without lobation (Figure 1A4).
Unlike the smooth tumor-lung interface, clear and rough
indicated clear but irregular or spiculated interface
(Figure 1B). Unclear/halo sign demonstrated glass opacity
around the lesion (Figure 1C). Lobulation is defined as
part of the lesion having a wavy or scalloped surface (13).
According to the ratio of the chord arc distance to chord
length, the lobation sign was divided into three categories:
shallow (a ratio of <0.2), medium (a ratio of 0.2 to 0.4), and
deep (a ratio of >0.4) lobation (Figure 1D-1F). Spiculation
was generally divided into two categories: short and long
spiculation; the former fine and short, length <1 cm, width
1 mm; the latter thick and long, length 1-3 cm, width
1-2 mm (Figure 1B,1G). A vacuole is defined as a small
area of round or oval air attenuation within the nodule
(Figure 1B). Air bronchogram is the presence of air-
filled bronchi in the nodule (Figure 1H). When a nodule
is visible at the mediastinal window, it indicates that the
nodule can be observed both at the lung window and the
mediastinal window (Figure 11,17). A SSPN is invisible at
the mediastinal window, it indicates that the nodule can
be observed at the lung window, but not at the mediastinal
window (Figure 1K,1L).

Pathological diagnosis

The pathological diagnosis and categorization of
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SSPNs were confirmed based on the new World Health
Organization (WHO) pulmonary tumor classification,
2021 edition (14). Surgical samples served as the basis
for the ultimate pathological assessments. All histological
preparations and analyses were conducted by two
experienced pathologists, each having over two decades of
expertise in pathological diagnoses. Disagreements were
resolved and settled either through collective agreement or
following discussions with a third pathologist.

Statistical analysis

All statistical analyses were performed with the SPSS
software (version 26.0). Continuous variables were analyzed
with the independent samples #-test and the Wilcoxon rank-
sum test. The categorical variables were compared with
the ¥’ test and Fisher’s exact test. Measurement data were
presented as the mean * standard deviation (SD) or median
(25th, 75th). Count data were expressed as percentages.
The bilateral P value <0.05 was considered statistically
significant. Variables with P<0.05 in the univariate analysis
were included in the multivariable logistic regression
analysis to determine the independent risk factors. A
receiver operating characteristic (ROC) curve was used
to evaluate the performance of the model. Moreover, the
model was validated by the internal set and external set,
respectively.

Results

Clinical and radiological characteristics of SSPNs in the

training set and independent risk factors for malignant
SSPNs

The clinical and radiological characteristics of enrolled
SSPNs in the training set are demonstrated in Table 2.
The training cohort consisted of 183 patients: 73 males
(57.6+11.6 years) and 110 females (54.3£9.1 years). In this
study, seven clinical and eleven CT features were analyzed.
The univariate analysis demonstrated significant differences
in the tumor-lung interface (P<0.001), lobulation (P=0.003),
spiculation (P<0.001), air bronchogram (P=0.001), vacuole
(P=0.006), pleural traction (P=0.002), and invisible at
the mediastinal window (P=0.04) between benign and
malignant groups. Multivariable logistic regression analysis
showed that characteristics of the tumor-lung interface
(P=0.002), spiculation (P=0.04), air bronchogram (P=0.047),
and invisible at the mediastinal window (P=0.003) were
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Figure 1 CT morphological characteristics and pathological subtypes of SSPNs. (A) A 38-year-old woman with no clinical symptoms. Axial

CT scan shows 10.0 mm SSPN located in RLL, with clear and smooth tumor-lung interface. The nodule was pathologically confirmed
as a chondroma by wedge resection. (B) A 58-year-old woman with no clinical symptoms. Axial CT scan shows 9.5 mm SSPN located in
RUL, with clear and rough tumor-lung interface, short spiculation, vacuole. The nodule was pathologically confirmed as adenocarcinoma
by lobectomy. (C) A 44-year-old woman, cough for more than 4 months. Axial CT scan shows 8.5 mm SSPN located in LLL, with unclear
tumor-lung interface/halo sign. The nodule was pathologically confirmed to be adenocarcinoma by wedge resection. (D) A 55-year-old
man with no clinical symptoms. Axial CT scan shows 9.5 mm SSPN located in RLL, with clear and smooth tumor-lung interface, shallow
lobation. The nodule was pathologically confirmed as a chondromatous hamartoma by wedge resection. (E) A 63-year-old man with no
clinical symptoms. Axial CT scan shows 7.5 mm SSPN located in RML, with clear and smooth tumor-lung interface, medium lobation.
The nodule was pathologically confirmed as a hamartoma by wedge resection. (F) A 65-year-old woman with no clinical symptoms. Axial
CT scan shows 7.5 mm SSPN located in LLL, with clear and rough tumor-lung interface and deep lobation. The nodule was pathologically
confirmed to be adenocarcinoma by lobectomy. (G) A 52-year-old woman with no clinical symptoms. Axial CT scan shows 5.0 mm SSPN
located in LUL, with clear and rough tumor-lung interface, long spiculation. The nodule was pathologically confirmed as fibroplasia
by sublobar resection. (H) A 59-year-old man with no clinical symptoms. Axial CT scan shows 8.5 mm SSPN located in LUL, with
clear and rough tumor-lung interface, deep lobation, air bronchogram and pleural traction. The nodule was pathologically confirmed as
adenocarcinoma by sublobar resection. (I,]) A 27-year-old woman with no clinical symptoms. Axial CT scan shows 10.0 mm SSPN located
in LUL, with clear and smooth tumor-lung interface, shallow lobation, visible at the mediastinal window (J). The nodule was pathologically
confirmed as a chondromatous hamartoma by wedge resection. (K,L) A 67-year-old woman with no clinical symptoms. Axial CT scan
shows 6.5 mm SSPN located in RUL, with unclear tumor-lung interface/halo sign tumor-lung interface, deep lobation, and invisible at the
mediastinal window (L). The nodule was pathologically confirmed to be adenocarcinoma by lobectomy. CT, computed tomography; SSPNs,
sub-centimeter solid pulmonary nodules; RLL, right lower lobe; RUL, right upper lobe; LLL, left lower lobe; RML, right middle lobe;
LUL, left upper lobe.

independent risk factors of malignant SSPNs. The AUCs
of the independent predictors for differentiating benign and
malignant SSPNs ranged from 0.546 to 0.690 (Figure 2).

Model construction and its internal and external
validation

The clinical and radiological characteristics of SSPNs in the
internal and external validation sets are demonstrated in the

© Journal of Thoracic Disease. All rights reserved.

Tubles 3,4. The prediction model for distinguishing benign
and malignant SSPNs was established based on the results
of multivariable logistic regression analysis.

ROC analysis revealed that the model’s area under the
curve (AUC) value was 0.875 [95% confidence interval
(CI): 0.818, 0.933] for the training set (Figure 3). The
AUCG:s in the internal and external validation set were 0.781
95% CI: 0.664, 0.897) and 0.873 (95% CI: 0.791, 0.955),
respectively; the sensitivity and specificity were 66.7%
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Multivariate logistic regression analysis

Characteristics Benign (n=70) Malignant (n=113) P value oR b value
Gender, n (%) 0.77 - -
Male 27 (38.6) 46 (40.7) - -
Female 43 (61.4) 67 (59.3) - -
Age (years), mean + SD 54.5+10.2 56.3+10.3 0.25 - -
Symptom, n (%) 20 (28.6) 21(18.6) 0.12 - -
Smoking history, n (%) 13 (18.6) 27 (23.9) 0.40 - -
Family cancer history, n (%) 26 (37.1) 40 (35.4) 0.81 - -
Abnormal CEA level, n (%) 1(1.4) 5(4.4) 0.41 - -
Previous history of extra-thoracic cancer 0(0.0) 2(1.8) 0.53 - -
5 years ago, n (%)
Size (mm), median (25th, 75th) 8.0 (7.0-9.5) 8.5 (7.3-10.0) 0.12 - -
Location, n (%) 0.86 - -
LUL 17 (24.3) 30 (26.5) - -
RUL 17 (24.3) 23 (20.4) - -
RML 8(11.4) 11 (9.7) - -
LLL 11 (15.7) 24 (21.2) - -
RLL 17 (24.3) 25 (22.1) - -
The tumor-lung interface, n (%) <0.001* - 0.002*
Clear and smooth 34 (48.6) 4(3.5) Reference
Clear and rough 25 (35.7) 91 (80.5) 40.853 0.001*
Unclear/halo sign 11 (15.7) 18 (15.9) 17.206 0.01*
Lobulation, n (%) 0.003* - 0.57
None 24 (34.3) 23 (20.4) Reference
Shallow 7 (10.0) 6 (5.3) 0.903 0.92
Medium 6 (8.6) 2(1.8) 0.225 0.22
Deep 33 (47.1) 82 (72.6) 1.148 0.79
Spiculation, n (%) <0.001* - 0.04*
None 62 (88.6) 66 (58.4) Reference
Short 7(10.0) 47 (41.6) 3.638 0.01*
Long 1(1.4) 0(0.0 0.000 >0.99
Air bronchogram, n (%) 2(2.9) 24 (21.2) 0.001* 5.005 0.047*
Vacuole, n (%) 6 (8.6) 28(24.8) 0.006* 3.094 0.051
Pleural traction, n (%) 20 (28.6) 58 (51.3) 0.002¢ 1.505 0.35
Vascular convergence, n (%) 1(1.4) 11(9.7) 0.06 - -
Calcification, n (%) 2(2.9) 0 (0.0) 0.15 - -
Invisible at the mediastinal window, n (%) 1(1.4) 12 (10.6) 0.04* 88.599 0.003*

The differences were assessed by the independent samples t-test and Wilcoxon Rank Sum test or Pearson y° test and Fisher’s
exact test, as appropriate. *, P<0.05. SSPNs, sub-centimeter solid pulmonary nodules; OR, odds ratio; SD, standard deviation; CEA,

carcinoembryonic antigen; LUL, left upper lobe; RUL, right upper lobe; RML, right middle lobe; LLL, left lower lobe; RLL, right lower lobe.
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Figure 2 ROC analysis of independent predictors. The AUC of
the tumor-lung interface, spiculation, air bronchogram, invisible at
the mediastinal window, was 0.690 (95% CI: 0.602, 0.779), 0.648
(95% CI: 0.568, 0.728), 0.592 (95% CI: 0.510, 0.674), 0.546 (95%
CI: 0.462, 0.630). ROC, receiver operating characteristic; AUC,

area under the curve; CI, confidence interval.

and 83.3% for the internal validation data, and 100.0%
and 61.0% for the external validation data, respectively
(Figures 4,5).

Discussion

The differentiation between benign and malignant SSPNs
remains difficult in clinical practice. Earlier diagnosis
could improve patient survival and prognosis. In this study,
we explored on CT and clinical features of SSPNs and
established and validated a prediction model to assist in
distinguishing malignant and benign SSPNs. Multivariable
logistic regression analysis showed that the tumor-lung
interface, spiculation, air bronchogram, and invisible at
the mediastinal window were independent risk factors of
malignant SSPNs. The AUCs in the internal and external
validation set were (0.781; 95% CI: 0.664, 0.897) and (0.873;
95% CI: 0.791, 0.955), respectively; the sensitivity and
specificity were 66.7% and 83.3% for the internal validation
data, and 100.0% and 61.0% for the external validation
data, respectively.

In this study, a clear and rough tumor-lung interface

© Journal of Thoracic Disease. All rights reserved.
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conferred a 40.9-fold increased risk of malignancy than
a clear and smooth nodule, which is much higher than a
previous study (15). The previous study showed that poorly
defined border increased the risk of lung cancer by 6.6-fold.
Perhaps it is because this study only included SSPNs, while
the previous study included both ground-glass nodules and
solid nodules. Halo sign presents as an area of ground-glass
attenuation surrounding a solid pulmonary nodule and it
was usually considered pulmonary hemorrhage (16). In
this study, the incidence of halo sign was slightly higher in
malignant SSPNs, which may be caused by tumor invasion
of the surrounding tissue or a lepidic pattern of the tumor
margins. Therefore, a small nodule with a halo sign should
be alert to the possibility of malignancy.

It should be noted that SSPNs with clear and smooth
tumor-lung interfaces are not enough to be considered as
benign, and they may be highly malignant. Proximately
20% to 30% of pulmonary nodules with well-defined,
and smooth borders are malignant (17). In a recent study,
Hu et al. (18) reported two cases of SSPNs manifesting
smooth edges were small cell lung cancers (SCLCs), which
diverge from those of larger SCLCs. In this study, six
malignant SSPNs with clear and smooth borders tended
to be ball or oval. One was SCLC, and the remaining five
were adenocarcinomas. Thus, a sub-centimeter nodule
with a clear and well-defined border is not definitely
benign, and it is also necessary to observe other malignant
imaging features and the growth rate for a comprehensive
assessment.

As reported, spiculation signs or air bronchogram
effectively distinguish benign and malignant nodules
(19,20). In this study, SSPNs with short spiculation signs
or air bronchogram are prone to be malignant. Generally,
solid nodules are visible at the mediastinal window, while,
invisible at the mediastinal window is an independent
predictor for malignant SSPNs in this study. It could
be a result of a lepidic growth pattern or the gradual
accumulation of cells during the growth. Moreover,
compared with previous studies, located in the upper lobe
(15,21-24), larger size (19), and lobulation (25) were not
strongly correlated with malignancy. Generally, older
age and abnormal carcinoembryonic antigen (CEA) are
related to malignant nodules (25,26), however, in this study,
neither age nor CEA level is independent predictor. The
possible reasons for the results are as follows: compared
to traditional larger lung cancers, the small size of
SSPNs, makes these features less notable; the different
characteristics of the participants enrolled. These results
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Table 3 The clinical and radiological characteristics of SSPNs in the internal validation set

Characteristics Benign (n=30) Malignant (n=48) P value
Gender, n (%) 0.57

Male 13 (43.3) 24 (50.0)

Female 17 (56.7) 24 (50.0)
Age (years), mean + SD 55.7+11.6 57.5+8.7 0.44
Symptom, n (%) 1(3.3) 13 (27.1) 0.008*
Smoking history, n (%) 7 (23.3) 13 (27.1) 0.71
Family cancer history, n (%) 10 (33.3) 15(31.2) 0.85
Abnormal CEA level, n (%) 1(3.3) 4(8.3) 0.64
Previous history of extra-thoracic cancer 5 years ago, n (%) 0 (0.0) 2(4.2) 0.52
Size (mm), median (25th, 75th) 8.3 (6.4-9.6) 9.0 (7.6-10.0) 0.045*
Location, n (%) 0.45

LUL 3(10.0) 11 (22.9)

RUL 8 (26.7) 8(16.7)

RML 3(10.0) 2(4.2)

LLL 8 (26.7) 15 (31.3)

RLL 8 (26.7) 12 (25.0)
The tumor-lung interface, n (%) <0.001*

Clear and smooth 14 (46.7) 24.2)

Clear and rough 12 (40.0) 37 (77.1)

Unclear/halo sign 4 (13.3) 9(18.8)
Lobulation, n (%) <0.001*

None 10 (33.3) 24.2)

Shallow 9 (30.0) 3(6.3)

Medium 13.93) 4(8.3)

Deep 10 (33.3) 39 (81.3)
Spiculation, n (%) 0.02*

None 23 (76.7) 28 (58.3)

Short 5(16.7) 20 (41.7)

Long 2 (6.7) 0 (0.0
Air bronchogram, n (%) 2(6.7) 17 (35.4) 0.004~
Vacuole, n (%) 2(6.7) 12 (25.0) 0.04*
Pleural traction, n (%) 8(26.7) 28 (58.3) 0.006*
Vascular convergence, n (%) 0(0.0) 3(6.3) 0.28
Calcification, n (%) 1(3.3) 1@2.1) >0.99
Invisible at the mediastinal window, n (%) 2(6.7) 3(6.3) >0.99

The differences were assessed by the independent samples t-test and Wilcoxon Rank Sum test or Pearson ¥ test and Fisher’s exact test,
as appropriate. *, P<0.05. SSPNs, sub-centimeter solid pulmonary nodules; SD, standard deviation; CEA, carcinoembryonic antigen; LUL,
left upper lobe; RUL, right upper lobe; RML, right middle lobe; LLL, left lower lobe; RLL, right lower lobe.
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Table 4 The clinical and radiological characteristics of SSPNs in
the external validation set

Variables Benign (n=41) Malignant (n=28)

The tumor-lung interface, n (%)

Clear and smooth 30 (73.2) 2(7.1)

Clear and rough 9 (22.0) 22 (78.6)

Unclear/halo sign 2 (4.9) 4 (14.3)
Spiculation, n (%)

None 35 (85.4) 11 (39.3)

Short 6 (14.6) 17 (60.7)

Long 0 (0.0 0 (0.0)
Air bronchogram, n (%) 0 (0.0 3(10.7)
Invisible at the mediastinal 4 (9.8) 1(3.6)

window, n (%)

SSPNs, sub-centimeter solid pulmonary nodules.
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Figure 3 ROC analysis of model in the training cohort for
predicting malignancy of SSPNs. AUC was 0.875 (95% CI: 0.818,
0.933). ROC, receiver operating characteristic; SSPNs, sub-
centimeter solid pulmonary nodules; AUC, area under the curve;

CI, confidence interval.

suggest that small nodules differ from traditional larger
nodules both clinically and radiologically.

There are overlaps between benign and malignant
SSPNs (27,28). The presence of lobulation or spiculation
in granuloma nodules usually confuses our judgment,
which makes the diagnoses more challenging and
intricate. Because of excavating numerous quantitative

imaging features with high throughput of radiomics
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Figure 4 ROC analysis of model in the internal validation cohort
for predicting malignancy of SSPNs. AUC was 0.781 (95% CI:
0.664, 0.897). ROC, receiver operating characteristic; SSPNs, sub-
centimeter solid pulmonary nodules; AUC, area under the curve;

CI, confidence interval.
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Figure 5 ROC analysis of model in the external validation cohort
for predicting malignancy of SSPNs. AUC was 0.873 (95% CI:
0.791, 0.955). ROC, receiver operating characteristic; SSPNs, sub-
centimeter solid pulmonary nodules; AUC, area under the curve;

CI, confidence interval.

and automatically learning features at multiple levels of
abstraction of deep learning (29,30), some scholars have
attempted to apply them for establishing prediction models
in the recent studies (23,28,31,32). Their prediction
models have achieved relatively good results in predicting
malignancy or distinguishing between benign and
malignant lesions. Nonetheless, due to poor reproducibility
in radiomics, makes them difficult to be widely applied in
clinical practice (33). Hence, we believe traditional imaging
is still critical.

Due to the low probability of malignancy but high
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degree of malignancy of solid nodules, the clinical method
for SSPNs mainly relies on careful attention on CT follow-
up observation for further treatment. Various guidelines
recommend 12-month follow-up intervals for solid nodules
<6 mm, 6-12 months follow-up intervals for solid nodules
6-8 mm, and 3 months for solid nodules >8 mm of patients
with high-risk factors (34-36). A retrospective study
discovered solid nodules maintaining stability of within
a 3-month follow-up interval is not strong evidence for
the diagnosis of benign nodules and requires continuous
attention (37). Therefore, in clinical practice, for suspected
SSPNs, the observation window should be appropriately
extended, and early diagnosis and surgical treatment should
be carried out.

There were several limitations in this study. Firstly, the
study was retrospective with relatively small sample size.
Secondly, this study did not include genetic mutations
information. Finally, only one external validation dataset
was available in this study and more validations should be
conducted.

Conclusions

In summary, tumor-lung interface, spiculation, air
bronchogram and invisible at the mediastinal window
are independent predictors for distinguishing malignant
from benign SSPNs. This study established a prediction
model based on CT features and validated its performance
using data from two centers, which may help in the early
diagnosis of lung cancer and improve patient prognosis.
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