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Simple Summary: Benign lesions, atypical adenomatous hyperplasia, and malignancies such as
adenocarcinoma in situ, minimally invasive adenocarcinoma, and invasive adenocarcinoma may
feature pure ground-glass nodules on chest CT images, and the prognosis of patients with invasive
adenocarcinoma is worse than others. The early detection and adequate management of invasive
adenocarcinoma is crucial, but the pathology diagnosis of small nodules is difficult to obtain without
surgery. Our study aimed to analyze the CT characteristics of pure ground-glass nodules <2 cm
for the identification of invasive adenocarcinomas. A total of 181 nodules in 171 patients were
enrolled. The larger size, lobulation, and air cavity were significantly more common in invasive
adenocarcinoma. The air cavity is the significant predictor in multivariate analysis. In conclusion, the
possibility of invasive adenocarcinoma is higher in a pure ground-glass nodules when it is associated
with a larger size, lobulation, and air cavity.

Abstract: Benign lesions, atypical adenomatous hyperplasia (AAH), and malignancies such as ade-
nocarcinoma in situ (AIS), minimally invasive adenocarcinoma (MIA), and invasive adenocarcinoma
(IA) may feature a pure ground-glass nodule (pGGN) on a thin-slide computed tomography (CT)
image. According to the World Health Organization (WHO) classification for lung cancer, the prog-
nosis of patients with IA is worse than those with AIS and MIA. It is relatively risky to perform a
core needle biopsy of a pGGN less than 2 cm to obtain a reliable pathological diagnosis. The early
and adequate management of patients with IA may provide a favorable prognosis. This study aimed
to disclose suggestive signs of CT to accurately predict IA among the pGGNs. A total of 181 pGGNs
of less than 2 cm, in 171 patients who had preoperative CT-guided localization for surgical excision
of a lung nodule between December 2013 and August 2019, were enrolled. All had CT images of
0.625 mm slice thickness during CT-guided intervention to confirm that the nodules were purely
ground glass. The clinical data, CT images, and pathological reports of those 171 patients were
reviewed. The CT findings of pGGNs including the location, the maximal diameter in the long
axis (size-L), the maximal short axis diameter perpendicular to the size-L (size-S), and the mean
value of long and short axis diameters (size-M), internal content, shape, interface, margin, lobulation,
spiculation, air cavity, vessel relationship, and pleural retraction were recorded and analyzed. The
final pathological diagnoses of the 181 pGGNs comprised 29 benign nodules, 14 AAHs, 25 AISs,
55 MIAs, and 58 IAs. Statistical analysis showed that there were significant differences among
the aforementioned five groups with respect to size-L, size-S, and size-M (p = 0.029, 0.043, 0.025,
respectively). In the univariate analysis, there were significant differences between the invasive
adenocarcinomas and the non-invasive adenocarcinomas with respect to the size-L, size-S, size-M,
lobulation, and air cavity (p = 0.009, 0.016, 0.008, 0.031, 0.004, respectively) between the invasive
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adenocarcinomas and the non-invasive adenocarcinomas. The receiver operating characteristic (ROC)
curve of size for discriminating invasive adenocarcinoma also revealed similar area under curve
(AUC) values among size-L (0.620), size-S (0.614), and size-M (0.623). The cut-off value of 7 mm in
size-M had a sensitivity of 50.0% and a specificity of 76.4% for detecting IAs. In the multivariate
analysis, the presence of air cavity was a significant predictor of IA (p = 0.042). In conclusion, the
possibility of IA is higher in a pGGN when it is associated with a larger size, lobulation, and air
cavity. The air cavity is the significant predictor of IA.

Keywords: ground-glass nodule; CT; predictor; invasive adenocarcinoma; non-invasive adenocarci-
noma; pre-invasive lesion

1. Introduction

Lung cancer was the leading cause of cancer death worldwide in 2020, as well as the
1st and 3rd most common cancer in men and women, respectively. There were 2.2 million
newly diagnosed cases and 1.7 million cancer deaths reported for lung cancer [1]. The
National Lung Screening Trial (NLST) reported a reduction in lung cancer mortality with
chest computed tomography (CT) screening in the participants with high cancer risk [2].
Since 2013, the Preventive Services Task Force (USPSTF) has recommended low-dose
computed tomography for lung cancer screening [3]. With the increased application of
chest CT for lung cancer screening, pure ground-glass nodules (pGGNs) were frequently
found [4].

The cause of pGGN varied, including not only benign lesions such as focal interstitial
fibrosis, infection, and inflammation, but also lung cancer and its precursors [5]. In 2011,
the International Association for the Study of Lung Cancer (IASLC), American Thoracic
Society (ATS), and European Respiratory Society (ERS) established a new categorization
for adenocarcinoma of the lung, including preinvasive lesions with atypical adenomatous
hyperplasia (AAH) and adenocarcinoma in situ (AIS), minimally invasive adenocarci-
noma (MIA), and invasive adenocarcinoma (IA) [6]. AAH, AIS, MIA, and IA may feature
pGGN [7,8]. With adequate surgical resection, the patients with AIS and MIA have 100%
or near 100% disease-free survival [9–11], and those with localized IA were associated with
a 5-year survival rate of 70–90% [12,13]. If left untreated, the median survival of early
lung cancer is merely 13 months in patients with T1 disease [14]. Therefore, it is crucial to
identify IA earlier for a better outcome.

It is a technical challenge to perform a core needle biopsy for a pGGN < 2 cm [15,16].
Therefore, some investigators have tried to identify IAs or malignant nodules presenting
as pGGNs. Some authors attempted to differentiate preinvasive adenocarcinomas from
IAs that present as pGGNs [4,17–24], while others investigated the correlation between the
pathological findings and nodules presenting as solid, part-solid and pGGNs [25,26]. Our
study aimed to analyze the CT findings of pGGN < 2 cm and differentiate IA from non-IA
(NIA) for the appropriate management of pGGNs.

2. Materials and Methods
2.1. Patient Selection

This study was approved by the Institutional Review Board of Chang Gung Med-
ical Foundation (IRB No: 202001934B0 issued on 9 November 2020) and in compliance
with the Health Insurance Portability and Accountability Act. In a period of 69 months,
from December 2013 to August 2019, patients who underwent preoperative CT-guided
localization for lung nodule excision were retrospectively reviewed. The inclusion criteria
were shown as follows: (1) pGGN with a mean diameter <20 mm. The mean diameter
was defined as the average of the long axis and short axis diameters, measured on a lung
window CT image. (2) Slice thickness of 0.625 mm on non-enhanced chest CT. (3) The
presence of definite pathological diagnoses. According to the inclusion and exclusion



Cancers 2021, 13, 3945 3 of 12

criteria shown in the flowchart in Figure 1, the CT images with a slice thickness greater
than 0.625 mm and nodules with solid components or inconclusive pathological results
were all excluded. Both benign and malignant pGGNs were included in this study. Finally,
a total of 181 nodules in 171 patients were enrolled in this study. The clinical data of each
patient were recorded; these included age, gender, smoking history, drinking history, cancer
history, and the pathological results of the nodules.
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Figure 1. Flowchart of patient selection. CT-guided: computed tomography-guided; pGGNs: pure ground-glass nodules;
AAH: atypical adenomatous hyperplasia; AIS: adenocarcinoma in situ; MIA: minimally invasive adenocarcinoma; IA:
invasive adenocarcinoma.

2.2. CT Examination

Patients were referred for preoperative localization by the surgeon. All CT-guided
localization was performed using a helical CT scanner (BrightSpeed scanner GE Medical
Systems, Milwaukee, WI, USA). The scanning parameters of the non-enhanced chest CT are
as follows: (1) 120 kVp, (2) 100–250 mA, (3) beam pitch, 0.875–1.675, and (4) reconstructed
slice thickness of axial images, including 0.625 mm and 5 mm. The image with 0.625 mm
slice thickness was used for nodule analysis.

2.3. Pure Ground-Glass Nodule Analysis

Two radiologists, who subspecialize in thoracic imaging (with 7 years and 37 years of
experience, respectively), and were blinded to the pathology results and clinical informa-
tion, reviewed all the nodules on the axial images with 0.625 mm slice thickness, obtained
during the CT-guided localization. The divergence in image interpretation was resolved by
consensus. Both the mediastinal window (window width/window level = 350 HU/50 HU)
and lung window (window width/window level = 1500 HU/−600 HU) were used for
interpretation. Pure GGN was defined as a nodule with hazy opacity, which did not ob-
scure the underlying bronchial structures or pulmonary vessels under the lung window of
non-enhanced CT [27]. The CT findings of the lung nodules were recorded and measured
as follows: location (upper lobe versus not upper lobe), size-L (the maximal diameter
in the long axis), size-S (the maximal short-axis diameter perpendicular to the long axis
of size-L), size-M (the mean of long- and short-axis diameter), content (homogenous or
heterogeneous), shape (oval, polygonal or irregular), interface (well-defined or ill-defined),
margin (smooth or coarse), lobulation, spiculation, air cavity, vessel relationship, and
pleural retraction. Of the content, pGGNs were further categorized into homogenous or
heterogeneous: the homogenous nodules had homogeneous opacities in the lung window,
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and the heterogeneous nodules had suspicious solid components, which were only identi-
fied in the lung window but not in the mediastinal window [28]. Of the air cavity, both
the vacuole sign and air–bronchogram were included, and the vacuole sign indicated tiny
points, with translucent and air-density shadows in the nodules. In terms of the vessel
relationship, type I was defined as vessels passing by or passing through the nodule, and
type II was defined as distorted, dilated or engorged vessels within the nodule [29]. The
imaging findings of the nodule are shown in Figure 2.
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Figure 2. The illustration of imaging characteristic of the pure ground-glass nodule (pGGN) on computed tomography
images. (A) Atypical adenomatous hyperplasia (AAH) with homogenous content, oval shape, well-defined interface,
and smooth margin. (B) Minimally invasive adenocarcinoma (MIA) with irregular shape and vessel passing through.
(C,D) Invasive adenocarcinoma (IA) with heterogeneous content, showing suspicious solid component in the center of
nodule in lung window (window width/window level = 1500 HU/−600 HU) in C but invisible in mediastinal window
(window width/window level = 350 HU/50 HU) in D. (E) Necrotizing granulomatous inflammation with the ill-defined
interface. (F) IA with coarse margin and polygonal in shape. (G) IA with lobulation. (H) MIA with spiculation. (I) IA
adjacent to a vessel with air-bronchogram (black arrow) in the nodule. (J) IA with vacuole sign (black arrow). (K) IA with
type II vessel relationship, dilated vessel (black arrow) within the nodule. (L) Adenocarcinoma in situ with pleural retraction.

2.4. Pathological Diagnosis

All enrolled GGNs had a definite pathological diagnosis. Pathology results were clas-
sified into five groups: AAH, AIS, MIA, IA, and benign. The AAH, AIS, MIA, and IA were
based on the International Association for the Study of Lung Cancer (IASLC)/American
Thoracic Society (ATS)/European Respiratory Society (ERS) Classification of Lung Adeno-
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carcinoma in Resection Specimens [6]. The benign group included the benign pathology
result, except for AAH. Due to the worse prognosis of patients with IA, the benign lesions
AAH, AIS, and MIA were designated as the NIA group.

2.5. Statistics

Statistical analyses were performed using the SPSS software package (Version 20.0.
Armonk, NY, USA: IBM Corp.). Quantitative variables were expressed as mean ± stan-
dard deviation. Categorical variables were expressed as numbers and percentages. A
comparison was performed among the five pathology groups: Benign, AAH, AIS, MIA,
and IA. The quantitative variables, including age and nodule size, were compared with the
Kruskal–Wallis test. Differences in the categorical variables, the patients’ gender, smoking
history, drinking history, cancer history, nodule location, content, shape, interface, margin,
lobulation, spiculation, air cavity, vessel relationship, and pleural retraction were compared
with the chi-square test or Fisher test. A comparison between IA and NIA groups was
performed with the Mann–Whitney U test for quantitative variables, and the chi-square or
Fisher test was used for categorical variables. The receiver operating characteristic (ROC)
curve of nodule size was created to determine the cut-off value used to predict IA, and
the area under curve (AUC) value was calculated. The Youden index was performed to
decide the optimal cut-off point. In the multivariate analysis, the imaging features with
a p-value < 0.05 were included in the logistic regression with a forward stepwise selec-
tion, which was used to determine the predictors for IA. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Demographic Data and Nodule Information

The age of 171 patients (129 females) ranged from 25 to 81 years old (mean age
55.0 years old). There were 14 AAHs, 25 AIS’s, 55 MIAs, and 58 IAs, and 29 nodules were
benign, comprising fibrosis, chronic inflammation, localized organizing pneumonia, and
necrotizing granulomatous inflammation (Table 1). Ninety-eight (54.1%) nodules were
located in the upper lobes. There was no significant difference among the five groups
with respect to the demographic data, history of smoking, drinking and cancer, and the
nodule location.

Table 1. Demographic data and nodule information.

Variables Benign AAH AIS MIA IA All p-Value

Nodule Numbers 29 14 25 55 58 181
Age 55.8 ± 10.3 55.4 ± 12.2 55.1 ± 10.9 53.9 ± 11.6 55.4 ± 10.7 55.0 ± 11.0 0.956

Sex (Female) 21 (72.4) 10 (71.4) 16 (64.0) 37 (67.3) 45 (77.6) 129 (71.3) 0.695
Smoking history 2 (6.9) 1 (7.1) 2 (8.0) 8 (14.5) 2 (3.4) 15 (8.3) 0.318
Drinking history 2 (6.9) 1 (7.1) 1 (4.0) 2 (3.6) 2 (3.4) 8 (4.4) 0.833
Cancer history 5 (17.2) 1 (7.1) 3 (12.0) 18 (32.7) 14 (24.1) 41 (22.7) 0.122

Nodule Location 0.698
In upper lobe 15 (51.7) 9 (64.3) 16 (64.0) 27 (49.1) 31 (53.4) 98 (54.1)

Not in upper lobe 14 (48.3) 5 (35.7) 9 (36.0) 28 (50.9) 27 (46.6) 83 (45.9)

The numbers in parenthesis indicate percentage. AAH: atypical adenomatous hyperplasia; AIS: adenocarcinoma in situ; MIA: minimally
invasive adenocarcinoma; IA: invasive adenocarcinoma.

3.2. Imaging Characteristics Analysis

Table 2 shows the CT imaging findings of the five pathology groups. Among the
five groups, there were significant differences with respect to the size-L, size-S, and size-M
(p = 0.029, 0.043, and 0.025, respectively). The sign of spiculation was only found in three
(5.5%) of the 55 MIAs and one (1.7%) of 58 IAs without statistical significance. No significant
difference was found among the five groups with respect to the other imaging findings.
However, there were significant differences between the IA and NIA groups with respect
to the size-L, size-S, and size-M (8.2 ± 3.4 mm vs. 6.8 ± 2.7 mm in size-L, 6.2 ± 2.6 mm
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vs. 5.2 ± 2.1 mm in size-S, and 7.2 ± 2.9 mm vs 6.0 ± 2.3 mm in size-M) with p-values of
0.009, 0.016, and 0.008, respectively (Table 3). The receiver operating characteristic (ROC)
curve of each of the size-L, size-S, and size-M showed an AUC value of 0.620, 0.614, and
0.623, respectively (Figure 3). The cut-off value of 7.0 mm for size-M showed a sensitivity
of 50.0% and a specificity of 76.4% in predicting IA. In terms of morphology, lobulation
was significantly more prevalent in IA (6, 10.3%) than NIA (3, 2.4%), with a p-value of 0.031
(Table 3). The air cavity within nodules was also more frequently observed in IA (24, 41.4%)
than in NIA (26, 21.1%), with a p-value of 0.004 (Table 3). In multivariate analysis with
stepwise logistic regression, there was only one significant predictor for air cavity (odds
ratio: 2.126; 95% confidence interval: 1.027–4.403, p = 0.042). The borderline p-value was
shown in size-M (odds ratio: 1.146; 95% confidence interval: 0.999–1.315, p = 0.051) and
lobulation (odds ratio: 4.382; 95% confidence interval: 0.981–19.583, p = 0.053).

Table 2. Analysis and comparison of computed tomographic findings.

Imaging Features Benign AAH AIS MIA IA p-Value

Size-L 7.4 ± 3.0 6.3 ± 2.5 6.0 ± 1.9 7.1 ± 2.7 8.2 ± 3.4 0.029 *
Size-S 5.6 ± 1.9 4.6 ± 1.7 5.0 ± 1.3 5.3 ± 2.5 6.2 ± 2.6 0.043 *
Size-M 6.5 ± 2.4 5.4 ± 2.0 5.5 ± 1.5 6.2 ± 2.5 7.2 ± 2.9 0.025 *
Content 0.643

Homogenous GGN 17 (58.6) 10 (71.4) 16 (64.0) 30 (54.5) 30 (51.7)
Heterogeneous GGN 12 (41.4) 4 (28.6) 9 (36.0) 25 (45.5) 28 (48.3)

Shape 0.203
Oval or polygonal 24 (82.8) 12 (85.7) 25 (100.0) 48 (87.3) 53 (91.4)

Irregular 5 (17.2) 2 (14.3) 0 (0) 7 (12.7) 5 (8.6)
Interface 0.100

Well-defined 23 (79.3) 13 (92.9) 24 (96.0) 53 (96.4) 51 (87.9)
Ill-defined 6 (20.7) 1 (7.1) 1 (4.0) 2 (3.6) 7 (12.1)

Margin 0.708
Smooth 25 (86.2) 12 (85.7) 20 (80.0) 43 (78.2) 43 (74.1)
Coarse 4 (13.8) 2 (14.3) 5 (20.0) 12 (21.8) 15 (25.9)

Lobulation 1 (3.4) 1 (7.1) 1 (4.0) 0 (0) 6 (10.3) 0.083
Spiculation 0 (0) 0 (0) 0 (0) 3 (5.5) 1 (1.7) 0.635
Air cavity 8 (27.6) 2 (14.3) 5 (20.0) 11 (20.0) 24 (41.4) 0.060

Vessel relationship 0.532
Type I 26 (89.7) 14 (100.0) 24 (96.0) 47 (85.5) 52 (89.7)
Type II 3 (10.3) 0 (0) 1 (4.0) 8 (14.5) 6 (10.3)

Pleural retraction 2 (6.9) 2 (14.3) 4 (16.0) 6 (10.9) 11 (19.0) 0.590

*: p-value < 0.05 with statistically significance. The numbers in parenthesis indicate percentage. AAH: atypical adenomatous hyperplasia;
AIS: adenocarcinoma in situ; MIA: minimally invasive adenocarcinoma; IA: invasive adenocarcinoma; size-L: the maximal diameter in the
long axis; size-S: the maximal short axis diameter perpendicular to the long axis; size-M: the mean value of long and short axis diameters;
GGN: ground-glass nodule. Type I vessel relationship was defined as vessels passing by or passing through the nodule; and type II was
defined as distorted, dilated, or engorged vessels within the nodule [29].

Table 3. Univariate and multivariate analysis between the non-invasive adenocarcinoma (NIA) group
and invasive adenocarcinoma (IA) group.

Imaging Features NIA IA Univariate
p-Value

Multivariate
p-Value

Size-L 6.8 ± 2.7 8.2 ± 3.4 0.009 *
Size-S 5.2 ± 2.1 6.2 ± 2.6 0.016 *
Size-M 6.0 ± 2.3 7.2 ± 2.9 0.008 * 0.051

Heterogeneous content 50 (40.7) 28 (48.3) 0.334
Irregular shape 14 (11.4) 5 (8.6) 0.572

Ill-defined interface 10 (8.1) 7 (12.1) 0.397
Coarse margin 23 (18.7) 15 (25.9) 0.270

Lobulation 3 (2.4) 6 (10.3) 0.031 * 0.053
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Table 3. Cont.

Imaging Features NIA IA Univariate
p-Value

Multivariate
p-Value

Spiculation 3 (2.4) 1 (1.7) 1.000
Air cavity 26 (21.1) 24 (41.4) 0.004 * 0.042 *

Type II vessel
relationship 12 (9.8) 6 (10.3) 0.117

Pleural retraction 14 (11.4) 11 (19.0) 0.168
*: p-value < 0.05 with statistically significance. The numbers in parenthesis indicate percentage. NIA: non-invasive
adenocarcinomas; all benign lesions, atypical adenomatous hyperplasia, adenocarcinoma in situ, and minimally
invasive adenocarcinoma are classified to NIA; IA: invasive adenocarcinoma; size-L: the maximal diameter in the
long axis; size-S: the maximal short axis diameter perpendicular to the long axis; size-M: the mean value of long
and short axis diameters; GGN: ground-glass nodule.
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4. Discussion

It may be relatively difficult to obtain a definite pathological diagnosis of pGGN less
than 20 mm due to the technical challenges and potential risks of complications for pGGN
when performing core needle biopsy [15,16]. The imaging features may play a crucial
role in differentiating benign and malignant nodules. In Lung-RADS 1.1, recommended
by the American College of Radiology (ACR), a pGGN of less than 30 mm is designated
as negative. However, Kastner et al. reported that the increase in the allowable nodule
size for pGGNs in category 2 from 20 mm (version 1.0) to 30 mm (version 1.1) showed
no benefit, and one of the three down-categorized GGNs (version 1.1) was proved to be
malignant (false-negative finding) [30]. In addition, the pGGNs classified into categories
2 or 3, based on Lung-RADS 1.1, were reported to have a higher malignancy rate than
expected [31]. Therefore, it is worth investigating the imaging features to differentiate IA
and NIA featuring a pGGN of less than 20 mm in diameter.
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Benign GGNs were not included in studies that attempted to differentiate IA from
pre-invasive lesions [4,17–24]. Some reports analyzed the differentiation of benign and
malignant nodules that were solid, part-solid and GGN [25,26]. Our study aimed to
investigate the potential predictors for differentiating IA from NIA, which featured a
pGGN of less than 20 mm in diameter. In our study, there were significant differences
among the five pathology groups (benign, AAH, AIS, MIA, and IA) with respect to size-L,
size-S, and size-M. In comparison with NIA, IA had a significantly larger size-L, size-S,
and size-M. The lobulation and air cavity were significantly more prevalent in IA than in
NIA. Our multivariate analysis showed that the air cavity was a significant predictor of IA.

The correlation between nodule size and malignancy was frequently investigated.
In the NELSON study, the probability of lung cancer was 0.4% for nodules smaller than
5 mm in diameter, and the malignancy rate was raised to 16.9% for nodules larger than
10 mm [32]. In the study based on the database of NSLT, the malignancy rate for GGNs with
a size ranging from 10 to 19 mm was 6%, which is higher than 1.3% for GGN < 10 mm [31].
Qi et al. reported that the cut-off value of 11.5 mm for pGGNs ≤ 30 mm had a sensitivity of
75% and a specificity of 91.8% in identifying invasive adenocarcinoma among pGGNs [33].
Jin et al. reported that the optimal cut-off value of 10.5 mm had a sensitivity of 86.30% and
a specificity of 61.90% in the differentiation of invasive and pre-invasive lesions [23].

In our study, there were significant differences in diameter among the five pathology
groups and between the NIA and IA. The ROC curves of the size-L, size-S, and size-M were
created with similar AUC values but associated with the highest figure of 0.623 for size-M
in comparison with the 0.620 for size-L and 0.614 for size-S. The cut-off value of 7 mm in
mean diameter showed a sensitivity of 50.0% and a specificity of 76.4% in differentiating
NIA and IA. The difference in cut-off points and diagnostic accuracy in different series
could be attributed to differences in the methods and materials, and further research in
a larger sample size may be needed. The findings in previous reports and our results
suggested the significance of size in the management of GGNs. The mean diameter of the
long axis and short axis was recommended for the assessment of small nodules (<10 mm)
by the Fleischner Society [34], and for the measurement of all nodules according to the
Lung-RADS 1.1. Therefore, the measurement of both a long- and short-axis diameter is
crucial for nodule evaluation.

Several studies discussed the CT morphology of the lung nodules, including the
lobulation, spiculation, air-bronchogram, and vacuole sign [35–38]. Furuya et al. reported
that 82% of the lobulated nodules and 97% of the spiculated nodules were malignant [39].
The lobulation and spiculation of pGGN were also more common in invasive lesions (IA
and MIA) than in preinvasive lesions [4]. The lobulation is associated with more EGFR
mutation in adenocarcinoma than the wild-type EGFR [40]. In our research, lobulation
was more frequently found in IA (10.3%) than NIA (2.4%), with statistical significance
(p = 0.031). However, there was no significant difference among the five pathology groups
and between the IA and NIA with respect to spiculation. Nevertheless, the spiculation was
only observed in MIA (3, 5.5%) and IA (1, 1.7%), and none was observed in the benign
lesions, AAH, and AIS. The non-significance of spiculation in our study could probably be
attributed to the limited number of spiculated nodules.

The air cavity, including air-bronchogram or vacuole, as seen in our study, was
another CT characteristic related to malignancy. The air cavities are more commonly
found in malignant rather than benign GGNs, and air-bronchograms are more frequently
demonstrated in IA than in AIS [41,42]. In our study, the prevalence of the air cavity was
higher in IA (24, 41.4%) than in NIA (26, 21.1%), with a p-value of 0.004. In our multivariate
analysis, air cavity, size-M, and lobulation are significant or borderline significant predictors
for IA, with a p-value of 0.042, 0.051, and 0.053, respectively. In our study, the air cavity
in the nodules was found in 41.4% of IAs, and a total of 78.9% of NIA did not feature an
air cavity; these findings are similar to those of another study, with a sensitivity of 53.7%
and a specificity of 86.7% in differentiating malignancy from benignity among a total of
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112 GGOs [41]. For usefulness in daily clinical practice, further investigation with a larger
sample size and a better diagnostic performance may be required.

In terms of nodule content, Jin et al. classified the uniformity of ground-glass nodules
into three categories, namely homogenous, less homogenous, and heterogeneous [23].
There were significant differences in the uniformity between preinvasive lesions and MIAs
or invasive adenocarcinomas (p = 0.01, p < 0.05). Their study included 94 pGGNs, com-
prising 21 preinvasive lesions, 35 MIAs, and 38 IAs, but excluded benign nodules, except
for AAHs. Chu et al. reported that invasive pGGNs (MIAs and IAs) were significantly
more likely to be heterogeneous in density than preinvasive lesions (p < 0.05). Their study
enrolled 172 pGGNs, including 14 AAHs, 59 AISs, 68 MIAs, and 31 IAs [4]. In our study,
the prevalence of heterogeneous content was associated with a positive correlation with
the nodule invasiveness, shown as follows: in AAH (28.6%), AIS (36.0%), MIA (45.5%),
and IA (48.3%). However, heterogeneous attenuation was found in 41.4% of our benign
pGGNs. The inclusion of all benign pGGNs in our research probably led to the statistical
insignificance in our result.

The classification of nodule content or uniformity may differ in different studies.
According to the consensus statement by the Fleischner Society [27], the ground-glass
opacity on CT scans appears as hazy increased opacity of the lung, with preservation of
the bronchial and vascular margins. The standard in identifying solid components, which
obliterated the bronchial and vascular margins, could be different in different readers [43].
Similarly, variance may exist in the assessment of the nodule content in our work. Therefore,
both lung and mediastinal windows were applied in our study for identifying pGGNs
and assessing the uniformity of nodule content. In addition, the slice thickness varied in
different studies, which may influence the recognition of the nodule components. The
difference in methods and materials used in classifying nodule content may affect the result
of comparison among the nodules with different pathological diagnoses.

There was no significant difference among the five pathology groups and between IA
and NIA with respect to other imaging characteristics: shape, interface, margin, spiculation,
vessel relationship, and pleural retraction. This may be partly elucidated by the fact that
these features are neither easily found nor strong discriminators in pGGNs < 20 mm.

There are several limitations in this study. First, selection bias could not be avoided in
our study. Not all of the patients who underwent surgical excision of GGNs < 2 cm were
included. For an optimal evaluation of the morphology of ground-glass nodules, images
with a slice thickness of 0.625 mm was one of the inclusion criteria in this retrospective study.
The 0.625 mm slice thickness images were obtained on the day of CT-guided localization
before surgery. Applying slice thickness of 0.625 mm for evaluating lung nodule in the
regular follow-up CT is less practical. Though not all patients who underwent surgery
were included in this study, the prevalence of malignancy was 76.2% (138/181) in our study,
which is consistent with that of 78% in another report [44]. Second, this is a retrospective
cross-sectional study. The longitudinal study with evaluation of nodules’ growth was not
performed in this work. Third, the imaging features of pGGNs were interpreted by two
radiologists, who reached a consensus without analysis of inter-observer variability. Lastly,
this study was based on a single center, and the sample size was rather small. Further
study with more cases is required to validate our results.

5. Conclusions

The possibility of IA is higher in a pGGN when it is associated with a larger size,
lobulation, and air cavity. The air cavity is a significant predictor of IA.

Author Contributions: Conceptualization, Y.-L.W. and W.-C.H.; formal analysis, Y.-L.W., K.-T.P.,
and P.-C.H.; investigation, K.-T.P., P.-C.H., W.-Y.C., and C.-Y.W.; methodology, C.-T.Y. and H.-F.W.;
resources, C.-Y.W. and Y.-L.W.; supervision: C.-T.Y. and Y.-L.W.; validation: W.-Y.C. and C.-Y.W.;
writing—original draft, W.-C.H. and P.-C.H.; writing—review and editing, Y.-L.W., W.-C.H., and
H.-F.W. All authors have read and agreed to the published version of the manuscript.



Cancers 2021, 13, 3945 10 of 12

Funding: This study was sponsored by a grant from the Chang Gung Medical Foundation grant
number BMRP193.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Chang Gung Medical
Foundation with IRB No. 202001934B0 on 9 November 2020.

Informed Consent Statement: Patient consent was waived due to the ethical approval stating that no
consent to participate was required for this study, which was a retrospective research using existing
data in our electronic chart and imaging system.

Data Availability Statement: The data presented in this study are stored in our institutional reposi-
tory and will be shared on request from the corresponding author.

Conflicts of Interest: The authors declared no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

Estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Aberle, D.R.; Adams, A.M.; Berg, C.D.; Black, W.C.; Clapp, J.D.; Fagerstrom, R.M.; Gareen, I.F.; Gatsonis, C.; Marcus, P.M.;

Sicks, J.D. Reduced lung-cancer mortality with low-dose computed tomographic screening. N. Engl. J. Med. 2011, 365, 395–409.
[CrossRef] [PubMed]

3. Potter, A.L.; Bajaj, S.S.; Yang, C.J. The 2021 USPSTF lung cancer screening guidelines: A new frontier. Lancet. Respir. Med. 2021, 9,
689–691. [CrossRef]

4. Chu, Z.G.; Li, W.J.; Fu, B.J.; Lv, F.J. CT characteristics for predicting invasiveness in pulmonary pure ground-glass nodules. AJR
Am. J. Roentgenol. 2020, 215, 351–358. [CrossRef]

5. Park, C.M.; Goo, J.M.; Lee, H.J.; Lee, C.H.; Chun, E.J.; Im, J.G. Nodular ground-glass opacity at thin-section CT: Histologic
correlation and evaluation of change at follow-up. Radiographics 2007, 27, 391–408. [CrossRef]

6. Travis, W.D.; Brambilla, E.; Noguchi, M.; Nicholson, A.G.; Geisinger, K.R.; Yatabe, Y.; Beer, D.G.; Powell, C.A.; Riely, G.J.; Van
Schil, P.E.; et al. International association for the study of lung cancer/American Thoracic Society/European Respiratory Society
international multidisciplinary classification of lung adenocarcinoma. J. Thorac. Oncol. 2011, 6, 244–285. [CrossRef]

7. Naidich, D.P.; Bankier, A.A.; MacMahon, H.; Schaefer-Prokop, C.M.; Pistolesi, M.; Goo, J.M.; Macchiarini, P.; Crapo, J.D.;
Herold, C.J.; Austin, J.H.; et al. Recommendations for the management of subsolid pulmonary nodules detected at CT: A
statement from the Fleischner Society. Radiology 2013, 266, 304–317. [CrossRef]

8. Moon, Y.; Lee, K.Y.; Park, J.K. The prognosis of invasive adenocarcinoma presenting as ground-glass opacity on chest computed
tomography after sublobar resection. J. Thorac. Dis. 2017, 9, 3782–3792. [CrossRef]

9. Ito, M.; Miyata, Y.; Kushitani, K.; Yoshiya, T.; Mimae, T.; Ibuki, Y.; Misumi, K.; Takeshima, Y.; Okada, M. Prediction for prognosis of
resected pT1a-1bN0M0 adenocarcinoma based on tumor size and histological status: Relationship of TNM and IASLC/ATS/ERS
classifications. Lung Cancer 2014, 85, 270–275. [CrossRef]

10. Boland, J.M.; Froemming, A.T.; Wampfler, J.A.; Maldonado, F.; Peikert, T.; Hyland, C.; de Andrade, M.; Aubry, M.C.; Yang, P.;
Yi, E.S. Adenocarcinoma in situ, minimally invasive adenocarcinoma, and invasive pulmonary adenocarcinoma—Analysis of
interobserver agreement, survival, radiographic characteristics, and gross pathology in 296 nodules. Hum. Pathol. 2016, 51, 41–50.
[CrossRef]

11. Van Schil, P.E.; Asamura, H.; Rusch, V.W.; Mitsudomi, T.; Tsuboi, M.; Brambilla, E.; Travis, W.D. Surgical implications of the new
IASLC/ATS/ERS adenocarcinoma classification. Eur. Respir. J. 2012, 39, 478–486. [CrossRef] [PubMed]

12. Shah, R.; Sabanathan, S.; Richardson, J.; Mearns, A.J.; Goulden, C. Results of surgical treatment of stage I and II lung cancer. J.
Cardiovasc. Surg. 1996, 37, 169–172.

13. Goldstraw, P.; Chansky, K.; Crowley, J.; Rami-Porta, R.; Asamura, H.; Eberhardt, W.E.; Nicholson, A.G.; Groome, P.; Mitchell, A.;
Bolejack, V. The IASLC lung cancer staging project: Proposals for revision of the TNM stage groupings in the forthcoming (Eighth)
edition of the TNM classification for lung cancer. J. Thorac. Oncol. 2016, 11, 39–51. [CrossRef]

14. Raz, D.J.; Zell, J.A.; Ou, S.H.; Gandara, D.R.; Anton-Culver, H.; Jablons, D.M. Natural history of stage I non-small cell lung cancer:
Implications for early detection. Chest 2007, 132, 193–199. [CrossRef] [PubMed]

15. Andrade, J.R.; Rocha, R.D.; Falsarella, P.M.; Rahal Junior, A.; Santos, R.S.D.; Franceschini, J.P.; Fernando, H.C.; Garcia, R.G.
CT-guided percutaneous core needle biopsy of pulmonary nodules smaller than 2 cm: Technical aspects and factors influencing
accuracy. J. Bras. Pneumol. 2018, 44, 307–314. [CrossRef]

16. Ohno, Y.; Hatabu, H.; Takenaka, D.; Higashino, T.; Watanabe, H.; Ohbayashi, C.; Sugimura, K. CT-guided transthoracic needle
aspiration biopsy of small (< or =20 mm) solitary pulmonary nodules. Am. J. Roentgenol. 2003, 180, 1665–1669. [CrossRef]

17. Xiang, W.; Xing, Y.; Jiang, S.; Chen, G.; Mao, H.; Labh, K.; Jia, X.; Sun, X. Morphological factors differentiating between early lung
adenocarcinomas appearing as pure ground-glass nodules measuring ≤10 mm on thin-section computed tomography. Cancer
Imaging 2014, 14, 33. [CrossRef]

http://doi.org/10.3322/caac.21660
http://doi.org/10.1056/NEJMoa1102873
http://www.ncbi.nlm.nih.gov/pubmed/21714641
http://doi.org/10.1016/S2213-2600(21)00210-1
http://doi.org/10.2214/AJR.19.22381
http://doi.org/10.1148/rg.272065061
http://doi.org/10.1097/JTO.0b013e318206a221
http://doi.org/10.1148/radiol.12120628
http://doi.org/10.21037/jtd.2017.09.40
http://doi.org/10.1016/j.lungcan.2014.05.014
http://doi.org/10.1016/j.humpath.2015.12.010
http://doi.org/10.1183/09031936.00027511
http://www.ncbi.nlm.nih.gov/pubmed/21828029
http://doi.org/10.1016/j.jtho.2015.09.009
http://doi.org/10.1378/chest.06-3096
http://www.ncbi.nlm.nih.gov/pubmed/17505036
http://doi.org/10.1590/s1806-37562017000000259
http://doi.org/10.2214/ajr.180.6.1801665
http://doi.org/10.1186/s40644-014-0033-x


Cancers 2021, 13, 3945 11 of 12

18. Lee, S.M.; Park, C.M.; Goo, J.M.; Lee, H.J.; Wi, J.Y.; Kang, C.H. Invasive pulmonary adenocarcinomas versus preinvasive lesions
appearing as ground-glass nodules: Differentiation by using CT features. Radiology 2013, 268, 265–273. [CrossRef] [PubMed]

19. Wu, F.; Tian, S.P.; Jin, X.; Jing, R.; Yang, Y.Q.; Jin, M.; Zhao, S.H. CT and histopathologic characteristics of lung adenocarcinoma
with pure ground-glass nodules 10 mm or less in diameter. Eur. Radiol. 2017, 27, 4037–4043. [CrossRef]

20. Lee, G.D.; Park, C.H.; Park, H.S.; Byun, M.K.; Lee, I.J.; Kim, T.H.; Lee, S. Lung adenocarcinoma invasiveness risk in pure
ground-glass opacity lung nodules smaller than 2 cm. Thorac. Cardiovasc. Surg. 2019, 67, 321–328. [CrossRef]

21. Lim, H.J.; Ahn, S.; Lee, K.S.; Han, J.; Shim, Y.M.; Woo, S.; Kim, J.H.; Yie, M.; Lee, H.Y.; Yi, C.A. Persistent pure ground-glass
opacity lung nodules ≥10 mm in diameter at CT scan: Histopathologic comparisons and prognostic implications. Chest 2013, 144,
1291–1299. [CrossRef] [PubMed]

22. Liang, J.; Xu, X.Q.; Xu, H.; Yuan, M.; Zhang, W.; Shi, Z.F.; Yu, T.F. Using the CT features to differentiate invasive pulmonary
adenocarcinoma from pre-invasive lesion appearing as pure or mixed ground-glass nodules. Br. J. Radiol. 2015, 88, 20140811.
[CrossRef]

23. Jin, X.; Zhao, S.H.; Gao, J.; Wang, D.J.; Wu, J.; Wu, C.C.; Chang, R.P.; Ju, H.Y. CT characteristics and pathological implications
of early stage (T1N0M0) lung adenocarcinoma with pure ground-glass opacity. Eur. Radiol. 2015, 25, 2532–2540. [CrossRef]
[PubMed]

24. Han, L.; Zhang, P.; Wang, Y.; Gao, Z.; Wang, H.; Li, X.; Ye, Z. CT quantitative parameters to predict the invasiveness of lung pure
ground-glass nodules (pGGNs). Clin. Radiol. 2018, 73, 504.e501–504.e507. [CrossRef]

25. Gao, F.; Sun, Y.; Zhang, G.; Zheng, X.; Li, M.; Hua, Y. CT characterization of different pathological types of subcentimeter
pulmonary ground-glass nodular lesions. Br. J. Radiol. 2019, 92, 20180204. [CrossRef]

26. Aoki, T.; Tomoda, Y.; Watanabe, H.; Nakata, H.; Kasai, T.; Hashimoto, H.; Kodate, M.; Osaki, T.; Yasumoto, K. Peripheral lung
adenocarcinoma: Correlation of thin-section CT findings with histologic prognostic factors and survival. Radiology 2001, 220,
803–809. [CrossRef]

27. Hansell, D.M.; Bankier, A.A.; MacMahon, H.; McLoud, T.C.; MΓjller, N.L.; Remy, J. Fleischner Society: Glossary of terms for
thoracic imaging. Radiology 2008, 246, 697–722. [CrossRef]

28. Kakinuma, R.; Noguchi, M.; Ashizawa, K.; Kuriyama, K.; Maeshima, A.M.; Koizumi, N.; Kondo, T.; Matsuguma, H.; Nitta, N.;
Ohmatsu, H.; et al. Natural history of pulmonary subsolid nodules: A prospective multicenter study. J. Thorac. Oncol. 2016, 11,
1012–1028. [CrossRef] [PubMed]

29. Gao, F.; Li, M.; Ge, X.; Zheng, X.; Ren, Q.; Chen, Y.; Lv, F.; Hua, Y. Multi-detector spiral CT study of the relationships between
pulmonary ground-glass nodules and blood vessels. Eur. Radiol. 2013, 23, 3271–3277. [CrossRef]

30. Kastner, J.; Hossain, R.; Jeudy, J.; Dako, F.; Mehta, V.; Dalal, S.; Dharaiya, E.; White, C. Lung-RADS version 1.0 versus lung-RADS
version 1.1: Comparison of categories using nodules from the national lung screening trial. Radiology 2021. [CrossRef]

31. Hammer, M.M.; Palazzo, L.L.; Kong, C.Y.; Hunsaker, A.R. Cancer risk in subsolid nodules in the national lung screening trial.
Radiology 2019, 293, 441–448. [CrossRef]

32. Horeweg, N.; van Rosmalen, J.; Heuvelmans, M.A.; van der Aalst, C.M.; Vliegenthart, R.; Scholten, E.T.; ten Haaf, K.; Nackaerts, K.;
Lammers, J.W.; Weenink, C.; et al. Lung cancer probability in patients with CT-detected pulmonary nodules: A prespecified
analysis of data from the NELSON trial of low-dose CT screening. Lancet. Oncol. 2014, 15, 1332–1341. [CrossRef]

33. Qi, L.; Xue, K.; Li, C.; He, W.; Mao, D.; Xiao, L.; Hua, Y.; Li, M. Analysis of CT morphologic features and attenuation for
differentiating among transient lesions, atypical adenomatous hyperplasia, adenocarcinoma in situ, minimally invasive and
invasive adenocarcinoma presenting as pure ground-glass nodules. Sci. Rep. 2019, 9, 14586. [CrossRef] [PubMed]

34. Bankier, A.A.; MacMahon, H.; Goo, J.M.; Rubin, G.D.; Schaefer-Prokop, C.M.; Naidich, D.P. Recommendations for measuring
pulmonary nodules at CT: A statement from the fleischner society. Radiology 2017, 285, 584–600. [CrossRef] [PubMed]

35. Gurney, J.W. Determining the likelihood of malignancy in solitary pulmonary nodules with Bayesian analysis. Part I. Theory.
Radiology 1993, 186, 405–413. [CrossRef]

36. Winer-Muram, H.T. The solitary pulmonary nodule. Radiology 2006, 239, 34–49. [CrossRef] [PubMed]
37. Lee, H.J.; Goo, J.M.; Lee, C.H.; Park, C.M.; Kim, K.G.; Park, E.A.; Lee, H.Y. Predictive CT findings of malignancy in ground-glass

nodules on thin-section chest CT: The effects on radiologist performance. Eur. Radiol. 2009, 19, 552–560. [CrossRef] [PubMed]
38. Lin, S.N.; Wu, P.W.; Huang, P.C.; Pan, K.T.; Juan, Y.H.; Chuang, W.Y.; Wu, Y.C.; Lin, G.; Wan, Y.L. Correlation between CT

imaging features and pathological diagnosis of ground-glass nodules proven by surgical pathology. J. Radiol. Sci. 2021, 46, 21–29.
[CrossRef]

39. Furuya, K.; Murayama, S.; Soeda, H.; Murakami, J.; Ichinose, Y.; Yabuuchi, H.; Katsuda, Y.; Koga, M.; Masuda, K. New
classification of small pulmonary nodules by margin characteristics on high-resolution CT. Acta. Radiol. 1999, 40, 496–504.
[CrossRef]

40. Nie, Y.; Liu, H.; Tan, X.; Wang, H.; Li, F.; Li, C.; Han, P.; Lyv, X.; Xu, X.; Guo, M. Correlation between high-resolution computed
tomography lung nodule characteristics and EGFR mutation in lung adenocarcinomas. Onco. Targets. 2019, 12, 519–526.
[CrossRef]

41. Hu, H.; Wang, Q.; Tang, H.; Xiong, L.; Lin, Q. Multi-slice computed tomography characteristics of solitary pulmonary ground-glass
nodules: Differences between malignant and benign. Thorac. Cancer 2016, 7, 80–87. [CrossRef] [PubMed]

http://doi.org/10.1148/radiol.13120949
http://www.ncbi.nlm.nih.gov/pubmed/23468575
http://doi.org/10.1007/s00330-017-4829-5
http://doi.org/10.1055/s-0037-1612615
http://doi.org/10.1378/chest.12-2987
http://www.ncbi.nlm.nih.gov/pubmed/23722583
http://doi.org/10.1259/bjr.20140811
http://doi.org/10.1007/s00330-015-3637-z
http://www.ncbi.nlm.nih.gov/pubmed/25725775
http://doi.org/10.1016/j.crad.2017.12.021
http://doi.org/10.1259/bjr.20180204
http://doi.org/10.1148/radiol.2203001701
http://doi.org/10.1148/radiol.2462070712
http://doi.org/10.1016/j.jtho.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27089851
http://doi.org/10.1007/s00330-013-2954-3
http://doi.org/10.1148/radiol.2021203704
http://doi.org/10.1148/radiol.2019190905
http://doi.org/10.1016/S1470-2045(14)70389-4
http://doi.org/10.1038/s41598-019-50989-1
http://www.ncbi.nlm.nih.gov/pubmed/31601919
http://doi.org/10.1148/radiol.2017162894
http://www.ncbi.nlm.nih.gov/pubmed/28650738
http://doi.org/10.1148/radiology.186.2.8421743
http://doi.org/10.1148/radiol.2391050343
http://www.ncbi.nlm.nih.gov/pubmed/16567482
http://doi.org/10.1007/s00330-008-1188-2
http://www.ncbi.nlm.nih.gov/pubmed/18925404
http://doi.org/10.6698/JRS.202103_46.0006
http://doi.org/10.3109/02841859909175574
http://doi.org/10.2147/OTT.S184217
http://doi.org/10.1111/1759-7714.12280
http://www.ncbi.nlm.nih.gov/pubmed/26913083


Cancers 2021, 13, 3945 12 of 12

42. Yanagawa, M.; Johkoh, T.; Noguchi, M.; Morii, E.; Shintani, Y.; Okumura, M.; Hata, A.; Fujiwara, M.; Honda, O.; Tomiyama, N.
Radiological prediction of tumor invasiveness of lung adenocarcinoma on thin-section CT. Medicine 2017, 96, e6331. [CrossRef]
[PubMed]

43. Kim, H.; Park, C.M.; Song, Y.S.; Sunwoo, L.; Choi, Y.R.; Kim, J.I.; Kim, J.H.; Bae, J.S.; Lee, J.H.; Goo, J.M. Measurement variability
of persistent pulmonary subsolid nodules on same-day repeat CT: What is the threshold to determine true nodule growth during
follow-up? PLoS ONE 2016, 11, e0148853. [CrossRef] [PubMed]

44. Wang, J.; Ma, H.; Ni, C.J.; He, J.K.; Ma, H.T.; Ge, J.F. Clinical characteristics and prognosis of ground-glass opacity nodules in
young patients. J. Thorac. Dis. 2019, 11, 557–563. [CrossRef]

http://doi.org/10.1097/MD.0000000000006331
http://www.ncbi.nlm.nih.gov/pubmed/28296757
http://doi.org/10.1371/journal.pone.0148853
http://www.ncbi.nlm.nih.gov/pubmed/26859665
http://doi.org/10.21037/jtd.2019.01.32

	Introduction 
	Materials and Methods 
	Patient Selection 
	CT Examination 
	Pure Ground-Glass Nodule Analysis 
	Pathological Diagnosis 
	Statistics 

	Results 
	Demographic Data and Nodule Information 
	Imaging Characteristics Analysis 

	Discussion 
	Conclusions 
	References

