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ARTICLE INFO ABSTRACT

Purpose: To assess the relationships of subsolid nodules (SSNs) with peripheral vessels and aerated bronchi using
computed tomography (CT), and to correlate the imaging features with the benign/malignant pathological di-
agnoses.
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Vessel ) Methods: This study retrospectively analyzed data from 83 patients with a solitary SSN (January 2008 to
Il;z?hgoix:;;ocarcmoma December 2016). SSNs were imaged (LightSpeed 64-slice spiral CT, General Electric, USA), their mean diameter

determined, and the relationship with peripheral vessels (types I-IV) and aerated bronchi (types I-V) were
classified. Pathologic diagnoses were obtained from the surgical specimens.

Results: SSNs were diagnosed as benign (n = 29), pre-invasive (n = 9), micro-invasive adenocarcinoma (n = 7)
and invasive adenocarcinoma (n = 38). SSN size, peripheral vessel class and aerated bronchus class differed
between pathologic types (P < 0.05). For benign SSNs, peripheral vessel type II (58.6%) was most common,
followed by III (20.7%) and IV (6.9%). Aerated bronchus type V (65.5%) was most frequent, followed by IV
(27.6%); type I aerated bronchus was not observed. No cases of micro-invasive or invasive adenocarcinoma were
peripheral vessel type I or aerated bronchus type V. For invasive adenocarcinoma, 92.1% were peripheral vessel
types III + IV while 71.8% were aerated bronchus types I + II.

Conclusions: SSN pathologic types differ with regard to peripheral vessel and aerated bronchus types. Type I
peripheral vessel and type V aerated bronchus (both least involved) suggest a benign lesion, whereas type III/IV
peripheral vessel and type 1/1I aerated bronchus (both most involved) suggest malignancy.

Computed tomography

1. Introduction rate of detection by pulmonary CT [9]. Although the incidence of SSNs

is lower than that of SN, the likelihood of malignancy is greater in SSNs

Lung cancer is currently the malignancy with the highest mortality
worldwide [1]. Lung cancer comprises various pathologic types with
different etiologies and is generally classified into small-cell lung cancer
(SCLC) and non-small-cell lung cancer (NSCLC) [2,3]. NSCLC in turn
encompasses three major groups according to the tumor cell type:
adenocarcinoma, squamous cell carcinoma and large cell carcinoma
[4,5]. Adenocarcinoma is the main pathologic class of lung cancer and
its incidence has steadily increased [6]. Lung adenocarcinoma can
manifest as solid nodules (SNs) or as subsolid nodules (SSNs) [7,8]
observed by computed tomography (CT). Pulmonary SSNs appear as
pure ground-glass nodules (GGNs) or part-solid GGNs and show a high
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[10,11]. The main pathologic types of pulmonary SSNs, especially
persistent ones, are adenocarcinoma, precancerous lesions [9] and be-
nign lesions resulting from (for example) infection, organized pneu-
monia, focal fibrosis, inflammation and bleeding [12].

Air bronchoscopic classification can predict the invasion of small
lung adenocarcinoma, with obstruction, distortion or dilation of the
bronchus, particularly in the solid part of a SSN, indicating a higher
probability of malignancy [13]. Similarly, the GGN-vessel classification
can help to distinguish benign from malignant lesions [14]; this is be-
cause tumor growth is critically dependent on blood supply, and ma-
lignant lesions are often associated with vascular changes such as
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increased blood supply and clustering of blood vessels. Currently, the
main treatment option for lung cancer is a comprehensive package
based on surgery, and prognosis is closely associated with disease stage.
Indeed, early diagnosis and treatment is critical for improving survival
in patients with lung cancer [15-17]. Prognosis could be improved if
SSNs found by CT were accurately characterized to allow appropriate
intervention. Therefore, we hypothesized that the relationship of a SSN
to bronchi and vessels, categorized by imaging features, can differ-
entiate probably benign from probably malignant nodules.

2. Material and methods
2.1. Study participants

This retrospective study analyzed data from consecutive patients
with solitary intrapulmonary SSNs identified by CT at our hospital
between January 2008 and December 2016. The inclusion criteria
were: (1) 30-80 years of age; (2) solitary intrapulmonary SSN detected
by CT; and (3) pathologic diagnosis made by examination of a surgi-
cally resected specimen. The exclusion criteria were: (1) history of
primary malignancy; (2) history of chronic lung disease; (3) history of
asbestos exposure; (4) history of dust allergy; (5) history of drug al-
lergy; or (6) diagnosis by surgical pathology not available. All the
participants included in the analysis were treated and followed-up in
accordance with the 2013 recommendations of the Fleischner Society
for the management of SSNs detected by CT [18]. The study protocol
was approved by the Ethics Committee of the local Hospital. The re-
quirement for written informed consent from the participants was
waived due to the retrospective and anonymized design of the study.

2.2. CT imaging

A LightSpeed 64-slice spiral CT (General Electric, Boston, MA, USA)
was used for pulmonary imaging. The patients were placed in the su-
pine position with two arms raised above head. Each participant was
instructed to hold breath at the end of deep inspiration, and spiral CT
scanning was undertaken from the thoracic inlet to the costophrenic
angle. The scanning parameters were: voltage, 120 kV; current, 8 mA;
pitch, 0.938; layer thickness, 5 mm; interval, 5 mm; matrix, 512 X 512;
lung window width, 1500 HU; lung window level, —550 HU; medias-
tinum window width, 350 HU; mediastinum window level, 40 HU. The
acquired data underwent high-resolution lung algorithm reconstruction
with a layer thickness and interval of 1.25 mm each.

2.3. Analysis of CT data

The lesion size was measured in the lung window, in accordance
with the methods described by the 2017 recommendations of the
Fleischner Society [19] and was quantified as the mean diameter, i.e.
the sum of the largest and smallest diameters divided by two [20]. The
lesions were divided into three groups based on size: dia-
meter < 1.0cm, 1.0cm < diameter < 2.0 cm, and diameter = 2.0 cm
[21].

The relationship between the pulmonary SSN and peripheral blood
vessels (both arteries and veins) was classified into four types [14]: type
I, peripheral blood vessels bypassed the SSN; type II, peripheral blood
vessels passed through the SSN without distortion or distension; type
111, distorted and distended peripheral blood vessels passed through the
SSN; and type IV, more complex peripheral vasculature pattern than
that listed above.

The relationship between the pulmonary SSN and the aerated
bronchi was classified into five types, based on a previous study [22]
and with small modifications: type I, the bronchus was obstructed
abruptly by the solid component of the SSN; type II, the bronchus pe-
netrated into the solid component of the SSN, with or without distortion
and distension; type III, the bronchus penetrated into the ground-glass
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component of the SSN, with distortion and dilation, but did not pene-
trate into the solid component of the SSN; type IV, the bronchus pe-
netrated into the ground-glass component of the SSN without distortion
or dilation; and type V, the bronchus bypassed the SSN.

Three radiologists (with 5 years, 14 years and 17 years of experience
in thoracic radiology, respectively) performed the evaluations. Analysis
of the images for each patient was carried out independently by two of
the three thoracic radiologists, who were blinded to the pathologic
results. If discordance occurred, consensus was reached after mutual
discussion or consultation with a third senior radiologist.

2.4. Pathologic diagnosis

Surgically resected specimens were collected and examined histo-
logically using hematoxylin/eosin staining and immunohistochemistry.
Two senior pathologists (with substantial experience in the histologic
diagnosis of pulmonary lesions) made all the pathologic diagnoses, and
(if necessary) consensus was reached by discussion.

The pathologic diagnosis was made using the 2011 International
Association for the Study of Lung Cancer (IASLC)/American Thoracic
Society (ATS)/European Respiratory Society (ERS) classification cri-
teria and the 2015 World Health Organization classification of tumors
(which follows the IASLC/ATS/ERS 2011 criteria with only minor
changes) [23,24]. This classification of lung adenocarcinoma uses
subtypes such as adenocarcinoma in situ, wall-growth-based adeno-
carcinoma and mucinous adenocarcinoma to replace bronchio-
loalveolar carcinoma in previous classifications. The classification also
defines micro-invasive adenocarcinoma as a subtype, abolishing mixed
lung adenocarcinoma, and classifies atypical adenomatous hyperplasia
and adenocarcinoma in situ as pre-invasive lesions [23]. In the present
study, pre-invasive lesions, micro-invasive adenocarcinomas and in-
vasive adenocarcinomas were classified as malignant nodules [23,24].

2.5. Statistical analysis

SPSS19.0 software (IBM Corp., Armonk, NY, USA) was used for the
statistical analyses. Categorical variables are expressed as n (%) and
were compared using Pearson's x? test or Fisher's exact test when ap-
propriate. Continuous data are expressed as the mean =+ standard de-
viation and were compared using the Student t-test. P < 0.05 was
considered statistically significant.

3. Results
3.1. Baseline clinical characteristics of the study participants

A total of 83 patients were enrolled, including 31 males and 52
females, aged 39-78 years (mean age, 57.75 * 9.04 years). There were
2 cases with chest pain, 10 with cough, 8 with sputum, 2 with bloody
sputum, and 71 without symptoms. The surgical pathology diagnoses
were: 7 cases of adenocarcinoma in situ, 2 cases of atypical adenoma-
tous hyperplasia, 7 cases of micro-invasive adenocarcinoma, 11 cases of
well-differentiated invasive adenocarcinoma, 27 cases of moderately
differentiated invasive adenocarcinoma, and 29 cases of benign no-
dules. No metastases were found. The clinical characteristics of the 83
participants are shown in Table 1. Representative CT images are shown
in Figs. 1-4.

3.2. Associations of SSN pathologic type with lesion size

A significant association between pathologic pattern and lesion size
was also observed (X2 = 104.35, P < 0.001; Table 2). Lesion size in
the pre-invasive adenocarcinoma group was significantly larger than
that in the benign (P < 0.01) and micro-invasive adenocarcinoma
(P < 0.05) groups. SSN diameter in the invasive adenocarcinoma
group was significantly larger than that in the benign, pre-invasive
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Table 1
Patient baseline data.
Benign (n = 46) Malignant (n = 42) P value

Gender (male) 16(34.8%) 19 (45.2%) 0.317
Age 59.3 + 9.2(39-78) 56.9 + 8.3 (41-75) 0.197
Clinical symptoms (yes) 5 (10.9%) 5 (11.9%) 0.879
Basic disease (yes) 7 (15.2%) 6 (14.3%) 0.902
Diabetes 4 (8.7%) 3(7.1%) 0.788
Hypertension 3 (6.5%) 2 (4.8%) 0.722
tympanitis 0 (0%) 1 (2.4%) 0.477

Fig. 1. Representative CT images from a 65-year-old female. The lower lobe of
the right lung contained a subsolid nodule of mean diameter 1.6 cm. A: Axial
plane. B: Coronal plane. C: Sagittal plane. D: Curved planar reformation. The
lesion was classified as peripheral blood vessel class II and aerated bronchus
class IV. The pathologic pattern was that of smooth muscle hyperplasia.

adenocarcinoma and micro-invasive adenocarcinoma groups (all
P < 0.001).

3.3. Association of SSN pathologic type with peripheral blood vessel
classification

There was a significant association between peripheral blood vessel
classification and pathologic pattern (x? = 77.82, P < 0.001; Table 2).
Notably, peripheral blood vessel class was significantly higher (types
III-IV, greatest vessel involvement) in the invasive adenocarcinoma
group than in the benign, pre-invasive adenocarcinoma and micro-in-
vasive adenocarcinoma groups (all P < 0.001).

3.4. Association of SSN pathologic type with aerated bronchus classification

Comparisons of the aerated bronchus classifications between the
various pathologic subtypes revealed statistically significant differences
between all the pathologic groups (x> = 257.36, P < 0.001). Aerated
bronchus class was significantly lower (classes I-II, aerated bronchi
involved with the SSN) in all three malignant groups than in the benign
lesion group (all P < 0.001). Aerated bronchus class was also lower
(classes I-II, aerated bronchi involved with the SSN) in the micro-in-
vasive adenocarcinoma and invasive adenocarcinoma groups than in
the pre-invasive group (P < 0.05and P < 0.001, respectively), as well
as in the invasive adenocarcinoma group compared with the micro-
invasive adenocarcinoma group (P < 0.001) (Table 2).
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Fig. 2. Representative CT images from a 67-year-old female. The middle lobe of
the right lung contained a subsolid nodule of mean diameter 2.5 cm. A: Axial
plane. B: Sagittal plane. C: Coronal plane. D: Curved planar reformation. The
lesion was classified as peripheral blood vessel class III and aerated bronchus
class II. The pathologic pattern was that of an invasive adenocarcinoma.

A® -

Fig. 3. Representative CT images from a 41-year-old male. The upper lobe of
the right lung contained a pure ground-glass nodule of mean diameter 0.7 cm.
A: Axial plane. B: Sagittal plane. C: Coronal plane. D: Curved planar reforma-
tion. The lesion was classified as peripheral blood vessel class II and aerated
bronchus class III. The pathologic pattern was that of an pre-invasive adeno-
carcinoma.

4. Discussion

This study strongly suggests that the various pathologic types of SSN
exhibit significant differences with regard to the peripheral blood vessel
class and aerated bronchus class determined from CT images. In



C. Zhang, et al.

Fig. 4. Representative CT images from a 67-year-old female. The upper lobe of
the left lung contained a subsolid nodule of mean diameter 1.4 cm. A: Axial
plane. B: Sagittal plane. C: Coronal plane. D: Curved planar reformation. The
lesion was classified as peripheral blood vessel class III and aerated bronchus
class III. The pathologic pattern was that of an pre-invasive adenocarcinoma.

particular, peripheral blood vessel type I (least involved) and aerated
bronchus type V (least involved) tended to indicate a benign lesion,
while peripheral blood vessel types III/IV (most involved) and aerated
bronchus types I/II (most involved) tended to reflect malignancy.

Our data clearly suggest that peripheral blood vessel type I was
associated with a high likelihood of a benign tumor, while type III or
type IV (most involved) suggested a high possibility of malignancy.
However, peripheral blood vessel type II was commonly found for both
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benign and malignant lesions. The observed association between per-
ipheral blood vessel classification and tumor pathologic type likely
reflects the importance of blood supply to the growth of a malignant
tumor. During the early stages, tumor cells obtain nutrients mainly
through capillaries dispersed within the tissue. However, when tumors
reach a size of 1-2mm, growth becomes difficult without additional
blood supply routes [25]. Currently described additional blood supply
routes to lung cancer include angiogenesis and vasculogenic mimicry
(VM) [26]. It is well known that tumor neovascularization leads to
diverse vascular morphologies and inhomogeneous blood vessel dia-
meter. On CT analysis, peripheral blood vessel types III and IV (most
involved) are mainly characterized by increased vessel branching as
well as vessel distortion and distension. As described above, among the
28 cases with a type II (less involved) relationship between the SSN and
blood vessels, there were 17 with benign nodules, 4 with precancerous
lesions, 4 with micro-invasive adenocarcinoma and 3 with invasive
adenocarcinoma. A possible reason for why a type II SSN-blood vessel
relationship (less involved) is often observed for both benign and ma-
lignant lesions is that the blood supply of an invasive adenocarcinoma
might originate from VM, with no visible neovascularization. There-
fore, many adenocarcinomas exhibit no morphologic changes in the
peripheral vessels on CT [27,28]. Gao et al. [14] believed that the
spatial relationships between GGNs and supplying blood vessels could
be categorized into four types: I, vessels passing by GGNs; II, intact
vessels passing through GGNs; I11, distorted, dilated or tortuous vessels
seen within GGNs; IV, more complicated vasculature other than de-
scribed above. Tumor growth requires blood supply. The richer the
blood supply, the stronger the basis for supporting its growth. The
possibility of malignancy is very small when there is no additional or
abundant blood supply. Hence, in the presence of type I, the likelihood
of the SSN being malignant is low, while type IV suggested abundant
and abnormal blood supply. The present study adds to the literature by
providing additional benign cases to confirm their association with
class I blood supply.

Among the 29 cases with benign nodules in the present study, 8
were type IV (less involved) and 19 were type V (least involved) with
regard to the aerated bronchus classification. By contrast, type I was
most common in the 38 cases with invasive adenocarcinoma,

Table 2
Associations between SSN pathologic type with types of aerated bronchus, types of peripheral vessel, location of lesions, and size of lesions.
Benign lesions Pre-invasive lesions Micro-invasive adenocarcinoma Invasive adenocarcinoma P
(n =29) (n=9) n=7) (n = 38)

Types of aerated bronchus w8 < 0.001
I 0 1(11.1) 2 (28.6) 21 (55.3)
1I 1.4 2(22.2) 0 7 (18.4)
111 134 4 (44.9) 5(71.4) 1(2.6)
v 8 (27.6) 1(11.1) 0 9 (23.7)
\% 19 (65.5) 1(11.1) 0 0

Types of peripheral vessel # < 0.001
I 4 (13.8) 1(11.1) 0 0
I 17 (58.6) 4 (44.49) 4 (57.1) 3(7.9
111 6 (20.7) 3(33.3) 3 (42.9) 23 (60.5)
v 2(6.9) 1(11.1) 0 12 (31.5)

Location 0.460
Left upper lobe 7 (24.1) 4 (44.49) 1(14.3) 7 (18.4)
Left inferior lobe 4 (13.8) 3(33.3) 1(14.3) 12 (31.6)
Right upper lobe 8 (27.6) 2 (22.2) 4 (57.1) 12 (31.6)
Right middle lobe 3(10.3) 0 0 2(5.3)
Right inferior lobe 7 (24.1) 0 1(0.0) 5(13.2)

Diameter w7 < 0.001
<1.0cm 23 (79.3) 3(33.3) 5(71.4) 4 (10.5)
1.0-2.0cm 517.2) 6 (66.7) 2 (28.6) 21 (55.3)
=2.0cm 134 0 0 13 (34.2)

* P < 0.008 vs. benign lesions.
& p < 0.008 vs. precancerous lesions.
# P < 0.008 vs. micro-invasive adenocarcinoma.
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accounting for 55.3% of cases. Type V (least involved) was not found in
pre-invasive lesions, micro-invasive adenocarcinoma or invasive ade-
nocarcinoma. Importantly, aerated bronchus type was the only para-
meter that differed significantly between every group, indicating that it
may have the potential to distinguish between benign lesions, pre-in-
vasive lesions, micro-invasive adenocarcinoma and invasive adeno-
carcinoma. Our findings suggest that a type V aerated bronchus (least
involved) reflects a high possibility of a benign lesion, whereas types I
and II suggest malignancy. However, a type III or IV aerated bronchus
could indicate the presence of a benign or malignant lesion. Lung
adenocarcinoma usually originates from the mucosal and glandular
epithelia of the bronchus and can grow outside and/or inside the
bronchus or along the bronchial wall, although adenocarcinoma tends
to grow outside the bronchus. The various patterns of growth can lead
to thickening of the bronchial wall, a tortuous course and local dis-
tension. When no bronchus is found in the lesion, lung adenocarcinoma
cannot have developed pathologically, and hence the lesion is benign.
Consistent with this proposal, all type V (least involved) nodules in the
present study were benign.

Another notable finding of this study was that SSN size was asso-
ciated with pathologic type (Table 2). Eguchi et al. performed a retro-
spective study of 101 cases with intrapulmonary GGN, including 47
cases of adenocarcinoma in situ, 30 cases of minimally invasive ade-
nocarcinoma (MIA) and 24 cases of invasive lung adenocarcinoma, and
found that lesion size in the MIA and invasive lung adenocarcinoma
groups was significantly larger than that in the adenocarcinoma in situ
group [29]. Lee et al. showed that in pure GGNs, lesion < 10 mm dis-
criminated between pre-invasive (smaller lesions) and invasive lesions
(larger lesions) [30]. Takahashi et al. showed that pure GGNs > 10 mm
were indicative of future lesions growth, suggesting their malignant
potential [20]. A large retrospective study of 811 patients showed that
lesion < 2.0 cm indicated a non-invasive malignant lesion [31]. This
study also postulates a correlative finding that total lesion size =2 cm is
indicative of malignancy.

The limitations of this study should be noted. First, this was a ret-
rospective study, so it cannot be excluded that selection bias or re-
porting bias influenced our results. Second, this was a single-center
study so the results may not be generalizable to the general patient
population in China or elsewhere. Third, the number of cases included
was small, which limits the strength of the conclusions that can be
drawn. Fourth, receiver operating characteristic curve analysis was not
performed to calculate the sensitivity and specificity of the CT-based
classification systems for distinguishing benign from malignant lesions.
Fifth, the repeatability of the CT analysis was not formally assessed
through measurements of intra-observer and inter-observer variability,
and the possible influence of a formal training program on measure-
ment variability was not determined. Therefore, larger sample, well
designed, prospective, multicenter studies are needed to confirm our
findings.

5. Conclusion

In conclusion, CT-classified peripheral blood vessel involvement
and aerated bronchus involvement may have potential for distin-
guishing malignant SSNs from benign lesions. Indeed, type I peripheral
blood vessel class or type V aerated bronchus class (both least involved)
is suggestive of a benign lesion, whereas type III/IV peripheral blood
vessel class or type I/II aerated bronchus class (both most involved) is
suggestive of malignancy. Further research is needed to establish
whether these CT-based classifications could be used to assist in the
diagnosis of SSNs and facilitate decision-making regarding treatment.
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