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Background: Due to different management strategy and prognosis of different subtypes of lung 
adenocarcinomas appearing as pure ground-glass nodules (pGGNs), it is important to differentiate invasive 
adenocarcinoma (IA) from adenocarcinoma in situ/minimally invasive adenocarcinoma (AIS/MIA) during 
lung cancer screening. The aim of this study was to develop and validate the qualitative and quantitative 
models to predict the invasiveness of lung adenocarcinoma appearing as pGGNs based on low-dose 
computed tomography (LDCT) and compare their diagnostic performance with that of intraoperative frozen 
section (FS).
Methods: A total of 223 consecutive pathologically confirmed pGGNs from March 2018 to December 
2020 were divided into a primary cohort (96 IAs and 64 AIS/MIAs) and validation cohort (39 IAs and  
24 AIS/MIAs) according to scans (Brilliance iCT and Somatom Definition Flash) performed at Sichuan 
Cancer Hospital and Institute. The following LDCT features of pGGNs were analyzed: the qualitative 
features included nodule location, shape, margin, nodule-lung interface, lobulation, spiculation, pleural 
indentation, air bronchogram, vacuole, and vessel type, and the quantitative features included the diameter, 
volume, and mean attenuation. Multivariate logistic regression analysis was used to build a qualitative 
model, quantitative model, and combined qualitative and quantitative model. The diagnostic performance 
was assessed according to the following factors: the area under curve (AUC) of the receiver operating 
characteristic (ROC) curve, sensitivity, specificity, and accuracy.
Results: The AUCs of the qualitative model, quantitative model, combined qualitative and quantitative 
model, and the FS diagnosis were 0.854, 0.803, 0.873, and 0.870, respectively, in the primary cohort and 
0.884, 0.855, 0.875, and 0.946, respectively, in the validation cohort. No significant difference of the 
AUCs was found among the radiological models and the FS diagnosis in the primary or validation cohort 
(all corrected P>0.05). Among the radiological models, the combined qualitative and quantitative model 
consisting of vessel type and volume showed the highest accuracy in both the primary and validation cohorts 
(0.831 and 0.889, respectively).
Conclusions: The diagnostic performances of the qualitative and quantitative models based on LDCT to 
differentiate IA from AIS/MIA in pGGNs are equivalent to that of intraoperative FS diagnosis. The vessel 
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Introduction

With the widespread and routine use of low-dose computed 
tomography (LDCT) in lung cancer screening (1-5), 
the detection rates of ground-glass nodules (GGNs) 
have greatly increased, particularly in Asia (6-8). Most 
pathologically confirmed GGNs are adenocarcinomas (9,10), 
including adenocarcinoma in situ (AIS), minimally invasive 
adenocarcinoma (MIA), and invasive adenocarcinoma (IA) 
(11,12). Generally, the survival probability of AIS/MIA is 
nearly 100% after surgical resection, while that of IA ranges 
from 38% to 95% due to different patterns of growth (13-18). 

Although pure GGNs (pGGNs) usually tend to be AIS/
MIA, and a solid component tends to be an indicator of 
invasiveness (12,19), a substantial number of pGGNs are 
eventually diagnosed as IAs, with an incidence rate of 18.0–
40.4% (20-24). As most pGGNs show stable or extremely 
slow growth on the follow-up screening (25-27), the present 
guidelines adopt a conservative attitude to pGGNs and 
recommend annual surveillance with LDCT before surgical 
intervention (19,28,29). However, previous studies have also 
observed that more than half of pGGNs progress during 
follow-up (30,31). The invasiveness may be a marker that 
indicates transition from the indolent period to the growth 
stage. Therefore, applying the same management strategy 
for pGGNs with or without invasiveness may be not 
appropriate. Recently, studies have demonstrated that IAs 
with a predominant ground-glass component had a nearly 
100% 5-year survival rate after sublobar resection (32,33). 
Therefore, accurately differentiating AIS/MIA from IA 
during lung cancer screening will help thoracic surgeons 
and radiologists to choose whether to implement surgical 
intervention or conservative surveillance.

Previous studies have found that computed tomography 
(CT) features of pGGNs, such as morphology, size, 
attenuation, and vessel changes, could preoperatively and 
noninvasively predict the invasiveness of lung adenocarcinoma 
(20-24). However, all of these studies used standard-dose CT 

data rather than LDCT data from lung cancer screening. 
Evidence from phantom and in vivo studies suggests that the 
radiation dose reduction affects the quantification of size 
and attenuation of lung nodules (34-36). Thus quantitative 
features of LDCT may be not identical to that of standard-
dose CT. Furthermore, previous studies might have been 
limited by relatively small sample sizes and the absence of an 
independent dataset to validate the selected qualitative and 
quantitative features (20-24). 

This study aimed to develop and validate models 
based on qualitative and quantitative features of LDCT 
to differentiate AIS/MIA from IA that manifested as 
pGGNs. We also compared the predictive performance 
of these radiological models with intraoperative frozen 
section (FS) diagnosis. We present the following article in 
accordance with the Multivariable Prediction Model for 
Individual Prognosis or Diagnosis (TRIPOD) reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-912/rc).

Methods

Patients

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Committees of Sichuan Cancer 
Hospital and Institute, School of Medicine, University of 
Electronic Science and Technology of China, and individual 
consent for this retrospective analysis was waived. A total 
of 241 pGGNs from 241 patients were consecutively 
enrolled from the Sichuan Cancer Hospital and Institute 
who underwent lung cancer screening from March 2018 to 
December 2020. All the data were analyzed anonymously. 
The inclusion criteria for this study were as follows: (I) 
patients with pulmonary pGGNs; (II) patients with an 
LDCT scan from lung cancer screening; and (III) patients 
whose pGGNs had been histopathological confirmed by 

type and volume can be preoperative and non-invasive biomarkers to assess the invasive risk of pGGNs in 
lung cancer screening.
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surgical resection. The exclusion criteria were as follows: (I) 
patients with a history of cancer in the previous 5 years; (II) 
patients with pathologically confirmed benign pulmonary 
lesions; and (III) patients whose images were of poor quality 
due to artifacts.

The primary cohort consisted of 160 patients with 
160 pGGNs (96 AIS/MIAs and 64 IAs) who underwent 
lung cancer screening from March 2018 to December 
2020 using a 128-detector CT scanner (Brilliance iCT, 
Philips Healthcare, Amsterdam, The Netherlands). The 
validation cohort consisted of 63 patients with 63 pGGNs 
(39 AIS/MIAs and 24 IAs) who underwent lung cancer 
screening from February 2019 to December 2020 using a 
64-detector dual-source CT scanner (Somatom Definition 
Flash, Siemens Healthcare, Forchheim, Germany). The 
age, gender, method of surgical resection, intraoperative 
FS diagnosis, and paraffin pathological diagnosis were 
recorded.

Histopathological evaluation

Both intraoperative FS diagnosis and paraffin-embedded 
tissue pathological diagnosis were performed according 
to the 2011 International Association for the Study of 
Lung Cancer, American Thoracic Society, and European 
Respiratory Society (IASLC/ATS/ERS) classification and 
the 2015 World Health Organization (WHO) classification 
for lung adenocarcinoma (11,12). Lung adenocarcinomas 

were classified as AIS, MIA, and IA. The definition of AIS 
was an adenocarcinoma lesion less than 3 cm in diameter 
with a pure lepidic pattern. The MIA classification stipulated 
a predominant lepidic pattern with an invasive component 
of less than 5 mm. The IA type was further classified by 
the predominant pattern using comprehensive histological 
subtyping of lepidic, acinar, papillary, micropapillary, and 
solid. The percentage of each histological component was 
recorded in 5% increments, and the predominant pattern 
was defined as the pattern with the largest percentage.

Image acquisition

All cases underwent chest LDCT and were instructed 
to hold their breath for as long as possible at the end 
of inspiration to ensure the quality of the images. The 
optimized protocol of LDCT used in this study was 
derived from our previous phantom study, which had 
comparable image quality and accurate volumetry 
compared with standard-dose CT in pGGNs (36). The 
estimated effective dose of LDCT was 0.69±0.11 mSv in 
the primary cohort and 0.49±0.11 mSv in the validation 
cohort. The detailed acquisition and reconstruction 
parameters are listed in Table 1.

Qualitative features

The images were evaluated in the lung window setting 

Table 1 The acquisition and reconstruction parameters of LDCT

Parameters Primary cohort Validation cohort

Scanner Brilliance iCT Somatom Definition Flash

Tube voltage 100 kV 100 kV

Tube current 20 or 30 mAs 10 or 20 or 30 mAs

Pitch 0.915 1

Collimation 128×0.625 mm 128×0.6 mm

Rotation time 0.4 s 0.33 s

Field of view 350 mm × 350 mm 350 mm × 350 mm

Reconstruction

Algorithm Iterative reconstruction (iDose4, level 6) Iterative reconstruction (SAFIRE, Strength level 5)

Slice thickness 0.625 mm 0.5 mm

Slice increment 0.625 mm 0.5 mm

Matrix 512×512 512×512

LDCT, low-dose computed tomography. 



Liu et al. Predicting invasiveness of pGGNs2920

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(5):2917-2931 | https://dx.doi.org/10.21037/qims-21-912

(level, −600 HU; width, 1,500 HU) by 2 radiologists with 
10 years (HQ) and 25 years (PZ) of experience in chest 
radiology who were blinded to histopathological results. 
To evaluate the intraobserver reliability, 1 radiologist (HQ) 
repeated the evaluation at a 1-week interval. The intraclass 
correlation coefficient (ICC) was then calculated to evaluate 
the interobserver and intraobserver reliability.

The qualitative features included nodule location, 
shape (round/oval or irregular), margin (smooth or 
coarse), nodule-lung interface (clear or blurry), lobulation, 
spiculation, pleural indentation, air bronchogram, vacuole, 
and vessel type. The relationships between pGGNs and 
vessels were categorized into 4 types: type I, vessels passed 
by pGGNs without detectable supplying branches to 
lesions; type II, vessels passed through the lesions without 
obvious morphological changes in traveling path or size; 
type III, vessels within lesions were tortuous or rigid without 
an increase in amount; and type IV, more complicated 
vasculature other than that described in the aforementioned 

types within pGGNs, for instance, coexistence of 
irregular vascular dilation and vascular convergence from 
multiple supplying vessels. The relationship of type III 
and IV indicated the invasiveness of pGGNs (37,38). 
Multiple planar reconstruction was used to observe the air 
bronchogram and vessel type. The representative LDCT 
images of pGGNs are shown in Figure 1.

Quantitative features

All pGGNs were automatically detected, segmented, 
and measured using the uAI platform (United Imaging 
Healthcare, Shanghai, China), which is an artificial 
intelligence (AI) software based on deep learning method 
(39,40). The quantitative features included the diameter, 
volume, and mean CT attenuation. The diameter was 
the average of the maximal long-axis diameter and the 
perpendicular diameter on the maximum transverse plane of 
the nodule. The volume was calculated by multiplying the 

B
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Figure 1 The representative LDCT images of pGGNs. (A) A 27-year-old female with AIS, vessel type I, volume =313.1 mm3. (B) A 
51-year-old female with MIA, vessel type II, volume =504.0 mm3. (C) A 38-year-old male with IA, vessel type III, volume =1,325.3 mm3. (D) 
A 67-year-old female with IA, vessel type IV, volume =6,967.0 mm3. LDCT, low-dose computed tomography; pGGNs, pure ground-glass 
nodules; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma. 
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number of voxels by the unit volume of a voxel. The mean 
CT attenuation was the average of attenuation of each voxel.

Statistical analysis and TRIPOD

Statistical analysis was performed with the software SPSS 
25.0 (IBM Corp., Chicago, IL, USA; https://www.ibm.
com), MedCalc 18.2.1 (MedCalc, Ostend, Belgium; https://
www.medcalc.org/), and R 4.0.3 (The R Foundation for 
Statistical Computing, Vienna, Austria; https://www.
r-project.org/). The gender, qualitative features, and 
intraoperative FS diagnosis were analyzed using the chi-
square test or Fisher’s test. Age and quantitative features 
were analyzed using an independent sample t-test. A P value 
<0.05 was considered statistically significant.

Independent factors for differentiating AIS/MIA from 
IA were identified by inputting the significant variables 
found in the primary cohort using univariate logistic 
regression analysis. Then, multivariate logistic regression 
with backward stepwise selection and Akaike’s information 
criterion was applied to constructed predicting models 
basing on these significant independent factors. Finally, 
3 radiological models to differentiate AIS/MIA from IA, 
including qualitative, quantitative, and combined qualitative 
and quantitative models, were trained on the primary 
cohort and tested on the validation cohort. The clinical 
variables, including age and gender, were also added into 
these models. 

The area under curve (AUC) of the receiver operating 
characteristic (ROC) curve was used to evaluate the 
performance of the radiological models and FS diagnosis 
in the primary and validation cohorts. The binomial 
exact method was used to determine the confidence 
intervals (CI) of AUCs. The optimal cut-off threshold was 
delimited according to Youden’s index of ROC analysis, 
and the corresponding sensitivity, specificity, and accuracy 
were calculated. The Hosmer-Lemeshow test was used 
to assess the goodness-of-fit of the radiological models. 
The calibration curve of each radiological model was 
also plotted, and its corresponding calibration slope and 
intercept were measured. The DeLong test was used to 
compare the AUCs among the radiological models and FS 
diagnosis (41). Multiple comparisons were corrected using 
the Bonferroni’s method.

As a study to construct predicting models for diagnostic 
purpose, this article was written following the TRIPOD 
statement (42). We concluded that the type of this study was 
type 2b.

Results

Clinical characteristics

The proportion of female patients in the AIS/MIA group 
was higher than that in the IA group (P=0.012), and cases 
with AIS/MIA were younger than those with IA (P=0.016) 
in the primary cohort. No significant difference was found 
in gender and age in the validation cohort. The AIS/MIA 
group had the higher rates of sublobar resection than the IA 
group in both the primary and validation cohorts (P<0.001 
and P=0.015) (Table 2).

Qualitative and quantitative features

All the qualitative features showed good interobserver and 
intraobserver reliability. The interobserver ICCs ranged 
from 0.855 to 0.928, and the intraobserver ICCs ranged 
from 0.893 to 0.955. Therefore, the qualitative features 
evaluated by the radiologist (PZ) were selected to perform 
the following analyses.

The qualitative and quantitative features of pGGNs 
are shown in Table 2. There were significant differences of 
vacuole (P=0.007 and 0.049) and vessel type (P<0.001 and 
<0.001) in both the primary and validation cohorts. The 
shape (P=0.044), margin (P=0.024), lobulation (P=0.001), 
and air bronchogram (P<0.001) were significantly different 
in the primary cohort but not in the validation cohort. The 
nodule location (P=0.018) and pleural indentation (P=0.045) 
were significantly different in the validation cohort but not 
in the primary cohort. No significant difference was found 
in the nodule-lung interface and speculation in the primary 
or validation cohort. The diameter, volume, and attenuation 
of AIS/MIA were significantly lower than those of IA in 
both the primary and validation cohorts (all P<0.001). 

Model construction

Univariate logistic regression analysis showed that gender, 
age, shape, margin, lobulation, air bronchogram, vacuole, 
vessel type, diameter, volume, and attenuation were 
independent factors for differentiating AIS/MIA from IA 
(Table 3). Next, these independent factors were integrated to 
develop quantitative, qualitative, and combined qualitative 
and quantitative models using multivariate logistic regression. 
The calculation formula for the qualitative model was 
as follows: ln (P/1−P) = −2.41764 + 0.86528 × vacuole + 
3.0806 × vessel type, where P is the probability of IA (cutoff 
>0.41734). The calculation formula for quantitative model 
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Table 2 The demographic and clinical characteristics of pGGNs in the primary and validation cohorts

Characteristics
Primary cohort (n=160) Validation cohort (n=63)

AIS/MIA (n=96) IA (n=64) P value AIS/MIA (n=39) IA (n=24) P value

Gender 0.012 0.256

Male 25 29 8 8

Female 71 35 31 16

Age (years) 50.3±10.8 54.3±9.5 0.016 50.3±13.0 53.2±15.8 0.423

Lobe 0.287 0.018

Left upper lobe 30 14 15 5

Left lower lobe 9 6 3 6

Right upper lobe 39 33 18 6

Right middle lobe 3 5 1 1

Right lower lobe 15 6 2 6

Shape 0.044 0.185

Round/oval 59 29 29 14

Irregular 37 35 10 10

Margin 0.024 0.999

Smooth 18 4 1 0

Coarse 78 60 38 24

Interface 0.431 0.145

Clear 42 24 17 15

Blurry 54 40 22 9

Lobulation 0.001 0.256

No 91 50 31 16

Yes 5 14 8 8

Spiculation 0.703 0.141

No 91 62 39 22

Yes 5 2 0 2

Pleural indentation 0.073 0.045

No 74 41 33 15

Yes 22 23 6 9

Air bronchogram <0.001 0.721

No 90 47 34 20

Yes 6 17 5 4

Vacuole 0.007 0.049

No 64 29 29 12

Yes 32 35 10 12

Table 2 (continued)
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Table 2 (continued)

Characteristics
Primary cohort (n=160) Validation cohort (n=63)

AIS/MIA (n=96) IA (n=64) P value AIS/MIA (n=39) IA (n=24) P value

Vessel type <0.001 <0.001

Type I/II 77 10 32 3

Type III/IV 19 54 7 21

Diameter (mm) 8.1±2.9 12.1±4.4 <0.001 7.1±2.4 10.8±4.3 <0.001

Volume (mm3) 509.4±399.3 1,609.5±1,874.9 <0.001 409.5±418.7 1,347.5±1,505.0 <0.001

Attenuation (HU) −663.1±63.8 −639.7±73.1 0.033 −673.8±57.4 −630.4±65.5 0.008

FS diagnosis <0.001 <0.001

AIS/MIA 86 10 38 2

IA 10 54 1 22

Surgical method <0.001 0.015

Sublobar resection 80 32 31 12

Lobectomy 16 32 8 12

Age, diameter, volume, and attenuation are shown in mean ± standard deviation, and the other data are the number of nodules. pGGNs, 
pure ground-glass nodules; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma; FS, 
frozen section.

Table 3 Univariate logistic regression analysis for predictive factors in the primary cohort

Variables Odds ratio P value AUC Sensitivity Specificity Cut-off

Gender 2.353 0.012 0.596 0.453 0.740

Age 1.040 0.018 0.618 0.750 0.490 >50.0 years

Shape 1.925 0.045 0.581 0.547 0.615

Margin 3.462 0.032 0.563 0.938 0.188

Lobulation 5.096 0.003 0.583 0.219 0.948

Air bronchogram 5.426 0.001 0.602 0.266 0.938

Vacuole 2.414 0.008 0.607 0.547 0.667

Vessel type 21.884 <0.001 0.823 0.844 0.802

Diameter 1.383 <0.001 0.773 0.703 0.729 >10.0 mm

Volume 1.002 <0.001 0.792 0.906 0.542 >348.1 mm3

Attenuation 1.005 0.036 0.599 0.469 0.729 >−636.3 HU

AUC, area under curve.

was as follows: ln (P/1−P) = 2.83033 + 0.00195 × volume + 
0.00737 × attenuation, where P is the probability of IA (cutoff 
>0.38484). The calculation formula for combined qualitative 
and quantitative model was as follows: ln (P/1−P) = −2.52384 
+ 2.46530 × vessel type + 0.00099 × volume, where P is the 

probability of IA (cutoff >0.54374).

Model performance

The ROC curves of the radiological models and FS diagnosis 
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Table 4 Performance of the radiological models and FS in the primary and validation cohorts

Cohorts AUC (95% CI) Accuracy Sensitivity Specificity

Primary cohort

Qualitative 0.854 (0.790–0.905) 0.819 0.844 0.802

Quantitative 0.803 (0.733–0.862) 0.756 0.672 0.812

Combined qualitative and quantitative 0.873 (0.811–0.920) 0.831 0.844 0.823

FS diagnosis 0.870 (0.808–0.918) 0.875 0.844 0.896

Validation cohort

Qualitative 0.884 (0.778–0.951) 0.857 0.917 0.821

Quantitative 0.855 (0.744–0.931) 0.810 0.625 0.923

Combined qualitative and quantitative 0.875 (0.767–0.945) 0.889 0.917 0.872

FS diagnosis 0.946 (0.858–0.987) 0.952 0.917 0.974

FS, frozen section; AUC, area under curve; CI, confidence interval.

Figure 2 ROC curves of the qualitative model, quantitative model, combined qualitative and quantitative model, and FS to differentiate 
IA from AIS/MIA. (A) Primary cohort. (B) Validation cohort. ROC, receiver operating characteristic; FS, frozen section; IA, invasive 
adenocarcinoma; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma. 
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are shown in Figure 2. The AUC, sensitivity, specificity, 
and accuracy in primary and validation cohorts are listed 
in Table 4. The AUCs of qualitative model, quantitative 
model, combined qualitative and quantitative model, and FS 
diagnosis were 0.854 (95% CI: 0.790–0.905), 0.803 (95% CI: 
0.733–0.862), 0.873 (95% CI: 0.811–0.920), and 0.870 (95% 
CI: 0.808–0.918), respectively, in the primary cohort and 
0.884 (95% CI: 0.778–0.951), 0.855 (95% CI: 0.744–0.931), 
0.875 (95% CI: 0.767–0.945), and 0.946 (95% CI: 0.858–
0.987), respectively, in the validation cohort.

The Hosmer-Lemeshow test yielded non-significant 
results in both the primary and validation cohorts of 
the qualitative model (P=0.877 and 0.678), quantitative 
model (P=0.990 and 0.166), and combined qualitative 

and quantitative model (P=0.103 and 0.206), which 
suggested no departure from the perfect fit. The calibration 
curves of the radiological models for the probability of 
invasiveness showed good agreement between prediction 
and observation in both the primary and validation cohorts 
(Figure 3). According to the DeLong test, no significant 
difference of the AUCs was found among the radiological 
models and FS diagnosis in the primary or validation cohort 
(all corrected P>0.05; Table 5). 

Discussion

In this study, we developed and validated the qualitative 
and quantitative models based on LDCT to differentiate 
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Figure 3 Calibration curves of the radiological models. (A) 
Qualitative model. (B) Quantitative model. (C) Combined 
qualitative and quantitative model. 

Table 5 Pairwise comparison of areas under the curve among the radiological models and FS in the primary and validation cohorts

Pairwise comparison
Primary cohort Validation cohort

Z P value Z P value

Qualitative vs. quantitative 1.436 0.151 0.666 0.506

Qualitative vs. combined qualitative and quantitative 1.029 0.303 0.243 0.808

Quantitative vs. combined qualitative and quantitative 2.482 0.013* 0.594 0.552

Qualitative vs. FS diagnosis 0.377 0.706 1.083 0.279

Quantitative model vs. FS diagnosis 1.450 0.147 1.343 0.179

Combined qualitative and quantitative vs. FS diagnosis 0.083 0.934 1.083 0.279

*, difference was not significant at P<0.05 corrected with Bonferroni’s method. FS, frozen section.

AIS/MIA from IA that manifested as pGGNs. The AUCs 
of these radiological models were equivalent to that of 
FS diagnosis. The combined qualitative and quantitative 
model showed the highest accuracy in both the primary and 
validation cohorts (0.831 and 0.889) among radiological 
models, suggesting that the vessel type and volume could 
be preoperative and non-invasive biomarkers to stratify the 
invasive risk of pGGNs during lung cancer screening.

Although many previous studies have made efforts to 
identify qualitative and quantitative features of CT to 
differentiate AIS/MIA from IA that manifested as pGGNs, 
there were some differences in our study with regard to the 
research data and methods. First, to our knowledge, this 
was the first study to use the LDCT data from lung cancer 
screening. As the number of detected pGGNs continues to 
increase with the popularization of lung cancer screening 
and development of AI approaches, the subsequent increase 
in precision may reduce undue anxiety for patients and 
avoid unnecessary and excessive examinations, such as 
standard-dose CT, contrast-enhanced CT, and positron 
emission tomography (PET). Second, the use of a validation 
dataset from another CT scanner demonstrated that 
our models were generalizable to some extent, making 
our models more reproducible and convincing. Third, 
the automatic segmentation and measurement methods 
avoid inter-observer and intra-observer variability of the 
quantitative features of nodules.

Previous studies have shown that nodule size is a valuable 
feature for differentiating AIS/MIA from IA in pGGNs 
(20,21,23,24,43-47). Most of these studies have used the 
maximum diameter to measure the nodule size; however, 
the optimal cutoff value has been inconsistent, ranging 
from 10.0 to 17.2 mm (20,21,23,43,45-47). Chu et al. (24) 
found that the optimal cutoff value of mean diameter was  
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10.5 mm, which was close to our result of 10.0 mm in 
univariate analysis. As another measurement of size, volume 
has rarely been reported in previous research, which may 
be due to the workload required to delineate the contour 
of nodules on each slice of CT images. Fortunately, this 
issue has been addressed by the development of computer-
assisted diagnosis (CAD) systems and advanced AI software 
based on deep learning algorithms. Relying on volume 
rather than diameter better reflects the three-dimensional 
nature of nodules, allows calculation of the volume doubling 
time (VDT) to more reliably define growth, and reduces 
subjective inconsistency between and among observers (48).  
The Lung CT Screening Reporting & Data System (Lung-
RADS, version 1.1) was also updated in 2019 to include 
volume in nodule management (49). Both Han et al. (46) 
and our study found the volume was of significance to 
predict the invasiveness of pGGNs, but the optimal cutoff 
values were divergent (1,349 and 348.1 mm3), yielding 
similar AUC (0.781 and 0.792) and relatively low specificity 
(0.637 and 0.542), respectively. It should be noted that 
the optimal cutoff values of diameter and volume were 
relatively small and about 56% of pathologically confirmed 
pGGNs were AIS/MIA in this study, which indicated the 
positive attitudes towards pGGNs and the great fear of 
missing IAs for both surgeons and patients, especially in 
the cancer hospital. The medical environment of China 
tends to favor cautiousness, but this may also result in 
overtreatment (50). The attenuation was another significant 
quantitative feature in predicting invasiveness (51,52). The 
amount of alveolar airspace and thickness of alveolar walls 
may cause the difference of attenuation between AIS/MIA 
and IA (21,53). However, our study and previous studies 
showed relatively low predicting accuracy of the attenuation 
in univariate analysis (43,46), which might result from 
subtle difference of attenuation between pGGNs with and 
without invasiveness. In the multivariate analysis, the final 
quantitative model that combined volume and attenuation 
performed well in the validation cohort, with an accuracy of 
0.810, but had unbalanced sensitivity and specificity (0.625 
and 0.923, respectively). Furthermore, it was worth noting 
that the diameter was not included in the final quantitative 
model. The reason might be the collinearity between 
diameter and volume.

The vessel type was shown to be a robust qualitative 
feature that could be used to predict the invasiveness with 
an AUC of 0.823, a sensitivity of 0.844, and a specificity of 
0.802. There are several potential mechanisms for vessel 
type changes. First, the progress of invasiveness might 

lead to an increase of oxygen consumption, which could 
influence the supplying vessel, resulting in an increase of 
permeability and diameter. Second, as angiogenesis is one 
of the hallmarks of cancer, the increase in the number of 
vessels is consistent with the concept of neovascularization 
(54,55). Third, the fibrosis foci increase when the invasive 
grade increases, further leading to vascular convergence 
around the tumor (56). However, the vessel type assessment 
was subjective and empirical, as it was based on the location 
and morphological change. To improve the repeatability, 
Liang et al. (22) transformed this subjective feature into a 
quantitative measurement of the amount of related vessels 
through the use of maximum-intensity projection images 
and volume-rendering technique images. Using the amount 
of blood vessels “n≥1” as the diagnostic criterion, the AUC 
for predicting invasiveness was 0.738 with a sensitivity 
of 1.000 and a specificity of 0.304 (22). The vacuole, 
which has a bubble-like appearance, has been associated 
with increasing nodule size (57) and has histological 
characteristics of collapse and dilated bronchioles (58). 
Although our univariate analysis showed relatively low 
predicting performance of the vacuole, the qualitative 
model combining the vessel type and vacuole showed the 
highest AUC of 0.884 among the radiological models in the 
validation dataset.

Intraoperative FS is a common method to guide surgical 
management for pulmonary nodules. However, the 
diagnosis of an invasive component cannot be confirmed 
without entire histologic sampling (11). Our results showed 
that the intraoperative FS diagnosis was not completely 
consistent with the final histologic diagnosis, which is 
similar to the findings of previous studies (17,59,60). A 
total of 12 AIS/MIAs were overdiagnosed as IAs in FS in 
our study (10 in the primary cohort and 2 in the validation 
cohort). This may be due to the subjective overestimation 
of AIS/MIA by pathologists to avoid IA underestimation. 
Further efforts should be made to improve the accuracy 
of FS in distinguishing IA from AIS/MIA to guide 
intraoperative decisions of pGGNs. The developed 
radiological models in our study showed equivalent 
diagnostic performance to FS diagnosis, suggesting that the 
qualitative and quantitative radiological features of LDCT 
could be non-invasive biomarkers to identify the invasive 
component of pGGNs during lung cancer screening.

Our study had several limitations. First, this was a single-
center study with a relatively small sample size. However, 
the standardization of acquisition parameters and the use 
of the automatic segmentation approach avoided potential 
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confounding biases caused by heterogeneous acquisition 
parameters and manual contouring. Further external 
validation datasets are needed to test the reliability of our 
models. Second, the size of pGGNs included in this study 
were heterogeneous, with diameters of ranging from 4 to 
25 mm. We did not establish the inclusion criteria based on 
any surgical criteria, such as the Japan Clinical Oncology 
Group 0201 strategy, which defines a radiologic noninvasive 
lung cancer as a tumor with a maximum diameter of  
20 mm or less and with a consolidation tumor ratio of  
0.25 or less (33,61). Further radiological studies should 
adopt certain surgical criteria to enroll GGNs, and then 
construct differentiating models between AIS/MIA and IA, 
which might provide additional help to thoracic surgeons 
and radiologists in clinical decision-making. Third, the 
LDCT protocol used in this study may be inapplicable to 
other scanners and reconstruction algorithms. Previous 
studies found that the radiation dose reduction increased 
the CT value and decreased the diameter and volume of 
pulmonary nodules, but qualitative features, such as the 
sphericity, were unaffected (34-36). However, these effects 
were only emerging under specific image acquisition 
conditions. Therefore, we suggest performing a phantom 
study to detect the potential effects of radiation dose 
reduction on quantitative or qualitative features before 
applying the LDCT protocol in clinical practice.

Conclusions

The diagnostic performances of qualitative and quantitative 
models based on LDCT to differentiate IA from AIS/MIA 
in pGGNs were equivalent to intraoperative FS diagnosis. 
The findings showed that the vessel type and volume can 
be preoperative and non-invasive biomarkers to assess the 
invasive risk of pGGNs during lung cancer screening.
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