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ABSTRACT

Introduction: The purpose of this study was to evaluate the
natural course of the progression of pulmonary subsolid
nodules (SSNs).

Materials and Methods: Eight facilities participated in this
study. A total of 795 patients with 1229 SSNs were assessed
for the frequency of invasive adenocarcinomas. SSNs were
classified into three categories: pure ground-glass nodules
(PGGNs), heterogeneous GGNs (HGGNs) (solid component
detected only in lung windows), and part-solid nodules.

Results: The mean prospective follow-up period was 4.3 ±
2.5 years. SSNs were classified at baseline as follows: 1046
PGGNs, 81 HGGNs, and 102 part-solid nodules. Among the
Journal of Thoracic Oncology Vol. 11 No. 7: 1012-1028
1046 PGGNs, 13 (1.2%) developed into HGGNs and 56
(5.4%) developed into part-solid nodules. Among the 81
HGGNs, 16 (19.8%) developed into part-solid nodules. Thus,
the SSNs at the final follow-up were classified as follows:
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977 PGGNs, 78 HGGNs, and 174 part-solid nodules. Of the
977 PGGNs, 35 were resected (nine minimally invasive
adenocarcinomas [MIAs], 21 adenocarcinomas in situ [AIS],
and five atypical adenomatous hyperplasias). Of the 78
HGGNs, seven were resected (five MIAs and two AIS). Of the
174 part-solid nodules, 49 were resected (12 invasive ad-
enocarcinomas, 26 MIAs, 10 AIS, and one adenomatous
hyperplasia). For the PGGNs, the mean period until their
development into part-solid nodules was 3.8 ± 2.0 years,
whereas the mean period for the HGGNs was 2.1 ± 2.3 years
(p ¼ 0.0004).

Conclusion: This study revealed the frequencies and pe-
riods of development from PGGNs and HGGNs into part-
solid nodules. Invasive adenocarcinomas were diagnosed
only among the part-solid nodules, corresponding to 1% of
all 1229 SSNs.

� 2016 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.
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Introduction
With the introduction of computed tomography (CT)

screening for lung cancer,1–4 pulmonary subsolid nodules
(SSNs) have emerged as a possible indicator of lung
cancer.5–9 SSNs are classified into pure ground-glass
nodules (PGGNs) and part-solid GGNs. PGGNs are focal
nodular areas of increased lung attenuation, including
both well and poorly defined lesions through which
normal parenchymal structures, including airways and
vessels, can be visualized; part-solid GGNs include a
combination of ground-glass and solid components, the
latter obscuring the underlying lung architecture.10

Although some SSNs are transient,11,12 persistent SSNs
have a high likelihood of being malignant.7,13 However,
the natural history of SSNs has not yet been clarified
thoroughly.10,14 Regarding the causes of SSNs, transient
SSNs have been mainly caused by inflammation,11,15,16

whereas most of the persistent SSNs have been pre-
invasive or invasive adenocarcinomas.17 Although various
algorithms have been developed to address these le-
sions,10,18–22 to our knowledge, these algorithms have not
been based on prospective follow-up results for SSNs.

Thus, the purpose of this prospective multicenter
study was to evaluate the natural course of the pro-
gression of pulmonary SSNs.

Materials and Methods
Ethics Statement

This study was conducted with the approval of the
institutional review boards of each of the eight
participating institutions. Informed consent was ob-
tained from the patients.

Participating Institutions
The eight institutions that participated in this study

were as follows: Kanagawa Cancer Center, National Can-
cer Center Hospital East, National Cancer Center Research
Center for Cancer Prevention and Screening, Niigata
Cancer Center, Osaka Medical Center for Cancer and
Cardiovascular Diseases, Shiga University of Medical Sci-
ence, Shikoku Cancer Center, and Tochigi Cancer Center.

Nodule-Related Entry Criteria
The inclusion criteria for SSNs were as follows. First,

the persistence of the SSNs for 3 months was confirmed
after the initial CT examination. Second, the included
GGNs had a long axial diameter of 3 cm or less.23 Third,
the included part-solid nodules had a long axial diameter
of 3 cm or less and a solid component with a long axial
diameter of 5 mm or less when viewed using a medi-
astinal window. Finally, each SSN had been evaluated
using thin-section CT images with a section thickness of
1.25 mm or less.

Numbers of Patients and SSNs
A total of 845 patients with 1325 SSNs agreed to

participate in this study between April 2009 and
December 28, 2011. However, 57 SSNs in 50 patients
were excluded because of the following reasons: avail-
ability of thick-section CT images only (31 nodules in 26
patients [21 with one nodule and five with two nod-
ules]), resection within 2 months after the first CT scan
(seven nodules in five patients [three with one nodule
and two with two nodules]), a decrease in maximal
diameter of 2 mm or more (six nodules in six patients), a
maximal diameter of the solid component larger than
5 mm (five nodules in five patients), fluctuation in
maximal diameter (three nodules in three patients, with
fluctuating defined as an increase in diameter after a
decrease in diameter or vice versa, as a result of which
an increase in maximal diameter of 2 mm or more from
the baseline CT could not be determined), a diameter of
an SSN larger than 3 cm (two nodules in two patients),
disappearance after persistence for at least 3 months
(two nodules in two patients), and hospital transfer (one
nodule in one patient). In addition, 30 other SSNs in
patients with multiple SSNs were excluded because of
the following reasons: availability of thick-section CT
images only (20 nodules in 20 patients), diameter of
solid component larger than 5 mm (five nodules in four
patients [three with one nodule and one with two nod-
ules), and diagnosis of inflammation on the basis of the
conclusions of a radiology panel (five nodules in one
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patient). Thus, 795 patients with 1238 SSNs were
eligible for an assessment of the frequency of growth.

After the exclusion of nine resected nodules (two
non–lung cancer nodules reviewed by the pathology
panel and seven nodules not reviewed by the pathology
panel because those pathological specimens were not
sent to the study secretariat by the last review session),
the frequency of invasive adenocarcinomas was assessed
in 795 patients with 1229 SSNs.

The final evaluation of the presence or absence of
progression of SSNs was performed as of December 27,
2013. Information regarding patient sex, age, smoking
status, past history of lung cancer, reasons for SSN
detection, and number of SSNs per patient was collected.

The flow diagram is shown in a figure (see Fig.,
Supplementary Data 1).

Protocol for CT scanning
The section thickness was prescribed as 1.25 mm or

less. Other parameters (i.e., tube voltage, tube current,
pitch factor, field of view, and reconstruction kernel) were
based on the protocols of each institution (see Table,
Supplementary Data 2). The interval for the CT scans was,
in principle, 1 year, although the intervals varied for some
follow-up CT examinations depending on the situation at
each institution or the patient’s availability.

Classification of SSNs
In this study, the SSNs were classified into three

groups on the basis of their texture (Fig. 1): pure GGNs
(PGGNs), heterogeneous GGNs (HGGNs), and part-solid
nodules.

Surgery
The criteria for surgery were not prescribed by the

study protocol. Decisions regarding resection were made
according to the protocols of each institution.

Follow-up Report
Follow-up reports on the patients treated at each

institution were submitted to the study secretariat. The
follow-up reports contained anonymized patient identi-
fication numbers, dates of the CT examinations, slice
thickness, slice interval, maximal diameter and perpen-
dicular diameters of each SSN, presence or absence of a
solid component in lung windows (if present, the
maximal diameter and perpendicular diameter of the
solid component were included), and presence or
absence of a solid component in mediastinal windows (if
present, the maximal diameter and perpendicular
diameter of the solid component were included) for each
CT examination. A single doctor at each institution who
had more than 10 years of experience reading chest CT
images measured the diameters of the SSNs and solid
components. Growth of an SSN or solid component was
defined as an increase in the maximal diameter of 2 mm
or more. The appearance of a solid component in a PGGN
or a HGGN when viewed using a mediastinal window
was also defined as growth. For patients who underwent
resection, the date of surgery, surgical procedure, path-
ological diagnosis, and pathological stage were also
included in the report.
Central Review by Radiology Panel
The radiology panel consisted of three board-certified

radiologists (K. A., 25 years of experience in reading
chest CT scans as of March 2012; K. K., 27 years of
experience in reading chest CT scans; and S. M., 31 years
of experience in reading chest CT scans). The radiology
panel reviewed the CT images of patients in which an
increase in the size of an SSN, a change from PGGN to
HGGN, a change from PGGN to part-solid nodule, a
change from HGGN to part-solid nodule, or an increase in
the size of a solid component had been noted by the
participating institution where the images had origi-
nated. The CT images had been anonymized at each fa-
cility and sent to the study secretariat. The three
radiologists gathered together at the Research Center for
Cancer Prevention and Screening and reviewed these CT
images simultaneously on the monitor of an Apple iMac
using the OsiriX MD (Pixmeo SARL, Bernex, Switzerland).
The lung windows were set at a window width of 1500
Hounsfield units (HU) and a window level –500 HU.
Mediastinal windows for the measurement of solid
components were set at a window width of 350 HU and
a window level of 40 HU. Assessments of the consistency
of the SSNs were based on the consensus of the three
radiologists. The measurement of the diameter of an SSN
in a lung window or the measurement of the diameter of
a solid component in a mediastinal window was per-
formed by a single radiologist during all the review
sessions and confirmed by the consensus of the three
radiologists. For measurements of solid components, the
CT image was magnified by an appropriate power to
enable the measurement of the solid component in a
mediastinal window. The radiologists were not informed
whether the patient had undergone a resection or
whether a pathological diagnosis was present or absent.
Central Review by Pathology Panel
The pathology panel consisted of three board-certified

pathologists (A.M.M., 17 years of experience as of March
2012; Y.M., 29 years of experience; and M.N, 33 years
of experience). Pathological specimens (stained using
hematoxylin-eosin stain and elastica van Gieson stain)
were sent to the study secretariat. The three pathologists



Figure 1. Classification of subsolid nodules. (A) The first group of pure ground-glass nodules (GGNs), referred to here as pure
GGNs, consisted of homogeneous opacities when viewed using the lung window. (B) A solid component in the mediastinal
window was not observed. (C and D) The second group consisted of heterogeneous GGNs, or GGNs with a solid component
(black arrow) in only the lung window but not in the mediastinal window. (E and F) The third group of part-solid nodules
consisted of GGNs with a solid component both in the lung window (black arrow) and in the mediastinal window (white
arrow).
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gathered together at the National Cancer Center Hospital
and reviewed these specimens using a multi-headed mi-
croscope simultaneously without information regarding
the CT findings. Lung adenocarcinomas were classified
on the basis of the 2015 World Health Organization
(WHO) classification of tumors of the lung, pleura,
thymus, and heart24; that is, they were classified as
preinvasive lesions (atypical adenomatous hyperplasia



Table 1. Characteristics of the Patients (N ¼ 795)

Characteristic n %

Sex
Female 454 57.1
Male 341 42.9

Reason for detection
CT screening 588 74.0
Incidental 133 16.7
Chest radiograph screening 45 5.7
Symptomatic 29 3.6

Smoking status
Never smoked 474 59.6
Ex-smoker 259 32.6
Smoker 58 7.3
Unknown 4 0.5

History of lung cancer
Absent 729 91.7
Present 64 8.1
Unknown 2 0.3

No. SSNs
Solitary 549 69.1
Multiple 246 30.9

Eligible for assessment of frequency of growth (No. nodules ¼
1238)

Consistency
PGGN 1053 85.1
HGGN 81 6.5
Part-solid 104 8.4

Assessment of invasive adenocarcinoma frequency (No. nodules ¼
1229)

Initial consistency
PGGN 1046 85.1
HGGN 81 6.6
Part-solid 102 8.3

CT, computed tomography; SSN, subsolid nodule; PGGN, pure ground-glass
nodule; HGGN, heterogeneous ground-glass nodule.
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[AAH] or adenocarcinoma in situ [AIS]), minimally inva-
sive adenocarcinoma (MIA), invasive adenocarcinoma,
or variants of invasive adenocarcinoma. If an invasive
focus was detected in a pathological specimen, the
maximal diameter of the invasive focus was measured by
a single pathologist during all the review sessions and
confirmed by the consensus of the three pathologists.

CT-Pathological Correlation of Solid
Components on CT Images in MIAs among
Part-Solid Nodules

The maximal diameters of the solid components in
mediastinal windows on CT images of MIAs were
correlated with the maximal diameters of invasive foci in
pathological specimens of the MIAs.

VDT of Resected SSNs
The volume-doubling times (VDTs) of the resected

SSNs that showed growth, i.e., an increase of 2mmormore
in themaximal diameter of the SSN or an increase of 2mm
or more in the maximal diameter of the solid components,
were calculated using a modified Schwartz equation25:
VDT ¼ (t � log2)/[log (Vt/V0)], where Vt and V0 are
respectively the volumes of an SSN or a solid component
at last thin-section CT scan and baseline thin-section
CT scan, t is the interval between the two CT scans, and
V¼p/6� ab2 (where a is the maximal diameter of an SSN
or a solid component and b is perpendicular dimension of
an SSN or a solid component).

Statistical Analyses
The mean and median age, maximum diameter of the

SSN, maximum diameter of the solid component,
maximum diameter of the invasive foci, follow-up period,
and VDT were calculated. Multiple comparisons of the
mean diameters of the solid components of the AIS,
MIAs, and invasive adenocarcinomas (three groups), and
of the mean follow-up periods of the SSNs (three or four
groups) were evaluated using the Kruskal-Wallis test
followed by the Wilcoxon signed rank test with Bonfer-
roni correction. Other comparisons were evaluated using
the Mann-Whitney U test. Univariate analyses for factors
affecting the time until SSN growth of 2 mm or more in
maximal diameter, the appearance of a solid component
in a PGGN or HGGN, and solid component growth of 2
mm or more in maximal diameter were analyzed using
the Kaplan-Meier method. Differences between curves
were determined using the log-rank test. A multivariate
analysis of several variables was performed using the
Cox proportional hazards regression model. An evalua-
tion of the cutoff value for the maximal diameter of a
solid component in the mediastinal window for differ-
entiating AIS and MIA from invasive adenocarcinoma
was performed using a receiver operating characteristic
analysis. All the statistical evaluations were performed
using JMP version 11 (SAS Institute Inc., Cary, NC). A p
value less than 0.05 was considered statistically signifi-
cant for the Mann-Whitney U test. When the Bonferroni
correction was used, a p value less than 0.0167 was
considered statistically significant for comparisons of
three groups and a p value less than 0.0083 was
considered statistically significant for comparisons of
four groups.

Results
Characteristics of the Patients

Table 1 shows the characteristics of the patients. The
795 patients consisted of 454 women and 341 men
(mean age 62 ± 9.4 years, median age 62 years, and
interquartile range [IQR] 56–69 years). Among the 795
patients, 588 patients with SSNs were detected using
CT screening for lung cancer, and the other 207 pa-
tients with SSNs were detected using nonscreening CT
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examinations. The reasons for the nonscreening CT ex-
aminations were as follows: chest radiograph abnor-
mality was detected incidentally during a follow-up for
another disease (meaning that the SSN was not visible on
the chest radiograph, but another abnormal shadow was
pointed out on the chest radiograph) (n ¼ 133 patients);
workup after chest radiography screening for lung can-
cer (meaning that the SSN was not visible on the chest
radiograph, but another abnormal shadow was pointed
out on the chest radiograph) (n ¼ 45 patients); and
symptoms leading to a suspicion of pulmonary disease
(n ¼ 29 patients). A total of 1238 SSNs that were eligible
for an assessment of the frequency of growth were
classified into three subgroups: 1053 PGGNs, 81 HGGNs,
and 104 part-solid nodules; the mean diameter of the
SSNs was 7.8 ± 3.4 mm (median 7.0 mm, IQR 5.5–9.0
mm). The median number of SSNs per patient was 1
P
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Univariate and multivariate analyses for variables
affecting the time until SSN growth are shown in Tables 2
and 3. Multivariate analyses were performed according to
each consistency and each type of growth: the main factor
for predicting growth was the initial maximal diameter of
the SSN. The time until PGGN growth according to the
initial maximal diameter and sex is shown in Figure 3 (see
Fig., Supplementary Data 3). Univariate analyses indi-
cated that SSN growth events detected using non-
screening CT scans occurred more often than SSN growth
events detected using screening CT scans (Table 2);
however, the multivariate analysis did not show any
significant difference between screening CT–detected
SSNs and nonscreening CT–detected SSNs (Table 3).
Frequency and Period of Progression into
Part-Solid Nodules from PGGNs and HGGNs

After the exclusion of nine resected nodules (two
non–lung cancer nodules [an alveolar collapse and a
nodular lymphoid hyperplasia] and seven lesions that
were not reviewed by the pathology panel), the
remaining 1229 pulmonary SSNs among which the fre-
quency of invasive adenocarcinoma had been assessed
were classified at baseline as follows: 1046 PGGNs, 81
HGGNs, and 102 part-solid nodules (Table 1). The mean
prospective follow-up period was 4.3 ± 2.5 years (me-
dian 3.5 years, IQR 2.4–6.0 years). Among the 1046
PGGNs, 13 developed into HGGNs and 56 (5.4% [56 of
1046]) developed into part-solid nodules. Among the 81
HGGNs, 16 (19.8% [16 of 81]) developed into part-solid
nodules. Thus, the 1229 SSNs were classified at the time
of the final follow-up as follows: 977 PGGNs (79.5% [977
of 1229]), 78 HGGNs (6.3% [78 of 1229]), and 174 part-
solid nodules (14.2% [174 of 1229]). For the 56 PGGNs,
the mean period until development into a part-solid
nodule was 3.8 ± 2.0 years (median 3.4 years, IQR
2.0–5.2); for the 16 HGGNs, the mean period until
development into a part-solid nodule was 2.1 ± 2.3 years
(median 1.0 year, IQR 0.7–3.4 years) (p ¼ 0.0004).
Histopathological Features of the Resected SSNs
and Frequency of Invasive Adenocarcinomas

Of the 977 PGGNs, the 35 resected PGGNs consisted
of nine MIAs, 21 AIS, and five AAHs; of the 78 HGGNs, the
seven resected HGGNs consisted of five MIAs and two
AIS; and of the 174 part-solid nodules, the 49 part-solid
nodules consisted of 12 invasive adenocarcinomas (nine
lepidic, two acinar, and one solid), 26 MIAs, 10 AIS, and
one AAH. In total, among the 1229 SSNs, 12 invasive
adenocarcinomas (1.0%), 40 MIAs (3.3%), 33 AIS
(2.7%), and six AAHs (0.5%) were resected as of
December 27, 2013, after a mean prospective follow-up
period of 4.3 years.
Surgical Procedures for Resected Lung Cancer
Cases and Outcomes

The total number of patients with resected SSNs was
80; 71 patients had single resected SSNs and nine pa-
tients had multiple resected SSNs (two with three SSNs
and seven with two SSNs). The surgical procedures were
as follows: segmentectomy in 22 patients, wedge resec-
tion in 33 patients, and lobectomy in 25 patients. All the
tumor resections were confirmed pathologically to be
complete. All the patients were stage I (78 stage IA and
two stage IB). The mean follow-up period after resection
was 3.0 ± 1.1 years (median 3.0 years, IQR 2.0–3.9
years). As of March 31, 2015, no recurrences had
occurred in any of the patients who had undergone
resection.

Solid Components in Part-Solid Nodules
The relationship between the diameters of the solid

components on thin-section CT images in mediastinal
windows and the pathological diagnoses was analyzed
(see Table, Supplementary Data 4). The mean diameters
of the solid components in the 10 AIS, 26 MIAs, and 12
invasive adenocarcinomas were 2.5 ± 1.3 mm (median
2.8 mm, IQR 1.2–3.7 mm), 3.3 ± 2.0 mm (median 3.0
mm, IQR 1.9–4.7 mm), and 5.5 ± 2.7 mm (median 4.8
mm, IQR 3.7–7.2 mm), respectively; each comparison
between groups except for the comparison of AIS and
MIA was statistically significant (AIS versus invasive
adenocarcinomas, p ¼ 0.0045; MIA versus invasive ad-
enocarcinomas, p ¼ 0.0087; AIS versus MIA, p ¼ 0.48).
The mean follow-up periods for the 10 AIS, 26 MIAs, and
12 invasive adenocarcinomas from baseline CT exami-
nation until surgery were 4.2 ± 2.5 years (median 5.2
years, IQR 1.7–6.2 years), 3.3 ± 2.6 years (median 2.6
year, IQR 1.0–4.9 years), and 3.3 ± 1.6 years (median 3.3
years, IQR 2.0–4.4 years), respectively; none of the
comparisons between groups were statistically signifi-
cant (see Table, Supplementary Data 5).

The mean diameters of part-solid nodules in 10 AIS,
26 MIAs, and 12 invasive adenocarcinomas were 16.6 ±
7.3 mm (median 16.2 mm, IQR 9.6–24.0 mm), 15.6 ± 4.5
mm (median 15.0 mm, IQR 13.0–18.4 mm), and 14.8 ±
4.5 mm (median 13.9 mm, IQR 12.3–17.7 mm), respec-
tively; none of the comparisons between groups were
statistically significant.

Period Until an Increase in the Diameter of the
Solid Component in Part-Solid Nodules to 3.3
mm or More on First-Time CT Examinations
during Follow-up

On the basis of an receiver operating characteristic
analysis for differentiating AIS and MIA from inva-
sive adenocarcinomas, the cutoff value of the maximal



Table 2. Univariate Analyses Based on SSN Consistency and Each Growth Type

Consistency Variable N§

SSN Growth �2 mm
Appearance of Solid
Component

Solid Component
Growth �2 mm

Estimated
Probability

p Value

Estimated
Probability

p Value

Estimated
Probability

p Value2 y 5y 2y 5y 2y 5y

PGGN Sex 0.0004 0.0834 0.3033
N§ ¼ 635 Male 280 0.06 0.25 0.03 0.13 0.00 0.05

Female 355 0.02 0.15 0.02 0.06 0.00 0.02
Age 0.0011 0.0815 0.0258
>60 345 0.04 0.25 0.02 0.11 0.00 0.05
�60 287 0.02 0.14 0.02 0.07 0.00 0.01

Initial diameter, mm <0.0001 <0.0001 <0.0001
>10 128 0.13 0.54 0.10 0.20 0.00 0.07
�10 507 0.01 0.11 0.00 0.07 0.00 0.02

Smoking status <0.0001 0.0098 0.0664
Smokera 257 0.06 0.27 0.03 0.15 0.00 0.05
Never Smoked 378 0.01 0.14 0.02 0.05 0.00 0.02

History of lung cancer 0.0339 0.4289 0.0105
Present 46 0.02 0.30 0.05 0.13 0.00 0.04
Absent 589 0.03 0.19 0.02 0.09 0.00 0.03

No. SSNs 0.2194 0.2087 0.6743
Solitary 432 0.03 0.20 0.02 0.09 0.00 0.04
Multiple 203 0.05 0.20 0.03 0.11 0.00 0.01

Reason for detection 0.1941 0.0764 0.0848
CT screening 492 0.03 0.20 0.02 0.08 0.00 0.03
Other 143 0.05 0.20 0.03 0.14 0.00 0.03

HGGN Sex 0.3702 0.8075 0.3355
N§ ¼ 70 Male 21 0.24 0.36 0.10 0.26 0.00 0.00

Female 49 0.07 0.16 0.15 0.19 0.00 0.03
Age 0.3239 0.5282 0.2233
>60 44 0.10 0.25 0.14 0.24 0.00 0.04
�60 26 0.16 0.20 0.12 0.18 0.00 0.00

Initial diameter, mm 0.009 0.0769 0.3877
>10 29 0.23 0.38 0.23 0.40 0.00 0.00
�10 41 0.05 0.12 0.08 0.11 0.00 0.03

Smoking status 0.0939 0.2939 0.3951
Smokera 19 0.26 0.39 0.17 0.33 0.00 0.00
Never smoked 51 0.06 0.16 0.12 0.17 0.00 0.03

History of lung cancer 0.0127 0.2364 0.8231
Present 7 0.33 0.50 0.17 1.00 0.00 0.00
Absent 63 0.10 0.19 0.13 0.19 0.00 0.03

No. SSNs 0.0815 0.0476 0.4186
Solitary 57 0.13 0.19 0.11 0.15 0.00 0.03
Multiple 13 0.08 0.33 0.25 0.42 0.00 0.00

Reason for detection 0.2872 0.9921 0.081
CT screening 37 0.12 0.16 0.11 0.20 0.00 0.00
Other 33 0.13 0.32 0.16 0.24 0.00 0.05

Part-solid nodule Sex 0.3851 — 0.9823
N§ ¼ 84 Male 38 0.21 0.56 — — 0.03 0.20

Female 46 0.17 0.16 — — 0.14 0.29
Age 0.1382 — 0.013
>60 56 0.23 0.62 — — 0.12 0.31
�60 28 0.12 0.32 — — 0.04 0.13

Initial diameter, mm <0.0001 — 0.0017
>10 36 0.33 0.87 — — 0.16 0.38
�10 48 0.10 0.30 — — 0.04 0.17

(continued)
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Table 2. Continued

Consistency Variable N§

SSN Growth �2 mm
Appearance of Solid
Component

Solid Component
Growth �2 mm

Estimated
Probability

p Value

Estimated
Probability

p Value

Estimated
Probability

p Value2 y 5y 2y 5y 2y 5y

Smoking status 0.5773 — 0.6425
Smokera 41 0.19 0.59 — — 0.03 0.17
Never Smoked 43 0.19 0.42 — — 0.16 0.31

History of lung cancer 0.0001 — 0.3645
Present 11 0.18 1.00 — — 0.10 0.41
Absent 73 0.19 0.40 — — 0.09 0.23

No. SSNs 0.5756 — 0.8226
Solitary 57 0.23 0.53 — — 0.06 0.25
Multiple 27 0.12 0.44 — — 0.15 0.25

Reason for detection 0.0207 — 0.0126
CT screening 56 0.18 0.36 — — 0.08 0.21
Other 28 0.21 0.79 — — 0.12 0.33

aIncludes current smokers and ex-smokers.
SSN, subsolid nodule; N§, number of patients; PGGN, pure ground-glass nodule; HGGN, heterogeneous ground-glass nodule; CT, computed tomography.
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diameter of a solid component was 3.3 mm, yielding a
sensitivity of 61% and a specificity of 91% (see Fig.,
Supplementary Data 6). During the follow-up of the
SSNs, 20 part-solid nodules developed from PGGNs
(36% [20 of 56], group A), five part-solid nodules
developed from HGGNs (31% [five of 16], group B), and
22 part-solid nodules with solid components 3 mm or
less in maximal diameter at the first thin-section CT scan
(24% [22 of 93], group C) developed from part-solid
nodules with a solid component 3.3 mm or larger in
maximal diameter when viewed using a mediastinal
window. The minimum periods for the development of
part-solid nodules with a solid component 3.3 mm or
larger in maximal diameter were 1.8 years for group A,
2.5 years for group B, and 6 months for group C,
respectively (Fig. 4).
CT-Pathological Correlation of Solid
Components on CT Images in 26 MIAs Resected
among the 174 Part-Solid Nodules

Among 18 MIAs (69% [18 of 26]), if the diameter of
an invasive focus <1 mm (n ¼ 2) was assumed to be 0.9
mm in diameter, all the diameters of the solid compo-
nents (mean 4.0 ± 2.0 mm, median 3.5 mm, IQR 2.8–5.0
mm) on CT images viewed using a mediastinal window
were larger than the diameters of the invasive foci in the
18 MIAs (mean 1.5 ± 1.0 mm, median 1.0 mm, IQR 1.0–
2.0 mm). The difference between the mean diameter of
the solid components viewed using a mediastinal win-
dow and the mean diameter of the invasive foci in the 18
MIAs was statistically significant (p < 0.0001). In three
of the 18 MIAs, the maximal diameters of the solid
components viewed using a mediastinal window were
larger than 5 mm (5.3 mm, 7.2 mm, and 9.1 mm, with
corresponding invasive foci of 2 mm, <1 mm, and 3 mm
in maximal diameter, respectively). In the remaining
eight MIAs (31% [8 of 26]), all the maximal diameters of
the invasive foci (mean 3.1 ± 1.3 mm, median 3.5 mm,
IQR 2.0–4.4 mm) were larger than the maximal di-
ameters of the solid components viewed using a medi-
astinal window (mean 2.0 ± 1.3 mm, median 1.9 mm,
IQR 0.8–3.0 mm). The difference between the mean
diameter of invasive foci and the mean diameter of the
solid components in the eight MIAs was not statistically
significant (p ¼ 0.0645); the difference between the
diameter of an invasive focus and the diameter of a solid
component in the eight MIAs each ranged from 0.1 mm
to 2 mm (mean 1.2 ± 0.6 mm, median 1.2 mm, IQR 0.6–
1.7 mm).
VDT of the Resected Adenocarcinomas
Among the resected SSNs, the VDTs of the resected

SSNs and the VDTs of the solid components in the
resected part-solid nodules were calculated only for le-
sions showing growth; growth was regarded as an in-
crease of 2 mm or more in the maximal diameter of an
SSN or a solid component (Table 4). For the SSNs in nine
invasive adenocarcinomas, in 23 MIAs, and in 18 AIS, the
mean VDT was longer than 400 days; the mean VDTs of
the SSNs for any pair of histological types were not
statistically significant. For the solid components in eight
invasive adenocarcinomas, in nine MIAs, and in three



Table 3. Multivariate Analyses Based on SSN Consistency and Each Growth Type

Consistency Type of Growth Variable HR 95% CI p Value

PGGN SSN growth �2 mm Sex 1.71 0.99–2.97 0.0536
Age 1.52 0.98–2.40 0.0646
Initial diameter 6.17 3.98–9.57 <0.0001
Smoking status 1.55 0.91–2.67 0.1084
History of lung cancer 1.14 0.53–2.35 0.7358
Number of SSN 1.03 0.67–1.57 0.8832
Reason for detection 1.03 0.59–1.87 0.9254
Final model
Initial diameter 7.06 4.67–10.72 <0.0001
Sex 2.39 1.58–3.65 <0.0001

Appearance of solid component Sex 1.18 0.57–2.47 0.6592
Age 1.24 0.65–2.19 0.4750
Initial diameter 4.14 2.28–7.48 <0.0001
Smoking status 1.76 0.84–3.66 0.132
History of lung cancer 0.73 0.23–1.90 0.538
Number of SSN 1.17 0.65–2.06 0.5893
Reason for detection 0.70 0.36–1.42 0.3109
Final model
Initial diameter 4.56 2.60–7.94 <0.0001
Smoking status 1.98 1.14–3.49 0.0151

Solid component growth �2 mm Sex 0.94 0.27–3.53 0.9205
Age 2.4 0.81–8.76 0.1159
Initial diameter 5.69 2.01–16.11 0.0013
Smoking status 2.24 0.60–8.25 0.2277
History of lung cancer 1.38 0.28–7.18 0.6888
Number of SSN 0.71 0.24–1.90 0.5027
Reason for detection 0.68 0.19–3.11 0.5928
Final model
Initial diameter 7.23 2.84–19.00 <0.0001

HGGNa SSN growth �2 mm Sex 0.88 0.19–3.83 0.8614
Age 1.99 0.62–7.53 0.2557
Initial diameter 2.77 0.84–10.44 0.0952
Smoking status 3.02 0.81–12.38 0.1016
History of lung cancer 3.2 0.63–13.32 0.1467
Number of SSN 2.45 0.64–9.44 0.1841
Reason for detection 0.62 0.18–2.13 0.4439
Final model
Initial diameter 3.52 1.33–10.31 0.0114

Appearance of solid component Sex 0.32 0.05–1.79 0.1984
Age 1.63 0.50–6.50 0.4287
Initial diameter 2.77 0.76–11.29 0.1220
Smoking status 3.92 0.75–18.55 0.1024
History of lung cancer 2.91 0.40–14.26 0.2550
Number of SSN 2.3 0.60–8.50 0.2138
Reason for detection 1.27 0.37–4.54 0.7061

Part-solid nodule SSN growth �2 mm Sex 1.71 0.99–2.97 0.0536
Age 1.52 0.98–2.40 0.0646
Initial diameter 6.17 3.98–9.57 <0.0001
Smoking status 1.55 0.91–2.67 0.1084
History of lung cancer 1.14 0.53–2.35 0.7358
Number of SSN 1.03 0.67–1.57 0.8832
Reason for detection 1.03 0.59–1.87 0.9254
Final model
Initial diameter 7.06 4.67–10.72 <0.0001

(continued)
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Table 3. Continued

Consistency Type of Growth Variable HR 95% CI p Value

Solid component growth �2 mm Sex 0.94 0.27–3.53 0.9205
Age 2.4 0.81–8.76 0.1159
Initial diameter 5.69 2.01–16.11 0.0013
Smoking status 2.24 0.60–8.25 0.2277
History of lung cancer 1.38 0.28–7.18 0.6888
Number of SSN 0.71 0.24–1.90 0.5027
Reason for detection 0.68 0.19–3.11 0.5928
Final model

Initial diameter 7.23 2.84–19.00 <0.0001
aNote: Solid component growth of 2 mm or more was not analyzed because of number of events was only 2.
HR, hazard ratio; CI, confidence interval; PGGN, pure ground-glass nodule; SSN, subsolid nodule; HGGN, heterogeneous ground-glass nodule.
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AIS, the mean VDT was less than 400 days; the mean
VDTs of the solid components between any pair of his-
tological types were not statistically significant. Howev-
er, the mean VDT of the solid components in each
histological type was significantly shorter than the mean
VDT of the SSNs for each histological type (invasive
adenocarcinoma, p ¼ 0.005; MIA, p < 0.0001; AIS, p ¼
0.0067).
Discussion
This study prospectively evaluated the natural course

of the progression of pulmonary SSNs. The mean follow-
up period was 4.3 years. As of December 27, 2013, 91
(7.4%) of the 1229 SSNs were resected and 12 (13.2%)
D >1
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of the 91 resected SSNs were invasive adenocarcinomas.
The mean maximal diameter of the solid component in
the mediastinal window was 3.3 mm for MIAs and 5.5
mm for invasive adenocarcinomas; this difference in the
mean diameter of the solid component was statistically
significant. If the growth of the solid component has not
exceeded 3.3 mm, an option for the management of SSNs
on the basis of the results of the present study is as
follows: a follow-up examination may be performed
every 6 months in cases with a part-solid nodule and
every 1 or 2 years in cases with a PGGN or an HGGN.

As of September 30, 2015, two articles based on
prospective follow-up studies had reported the natural
history of SSNs detected using CT screening for lung
cancer. One of these articles was from the NELSON
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Figure 4. Follow-up periods until an increase in the diameter of the solid component in the part-solid nodules 3.3 mm or
larger in maximal diameter. The mean period for the development of part-solid nodules with a solid component 3.3 mm or
larger in maximal diameter was 4.2 ± 1.7 years for 20 part-solid nodules developed from pure ground-glass nodules (PGGNs),
4.2 ± 1.2 years for five part-solid nodules developed from heterogeneous ground-glass nodules (HGGNs), and 2.4 ± 1.3 years
for 22 part-solid nodules with solid components 3 mm or smaller in maximal diameter at the first thin-section computed
tomography scan, respectively.
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study,26 and the other was from the I-ELCAP study.12 In
the NELSON study, the percentage of invasive adeno-
carcinomas was 18.8% among 101 SSNs, whereas in the
I-ELCAP, the percentage was 2.7% among 2392 cases
with a nonsolid nodule (a synonym of PGGN) at the
baseline screenings and 1.9% among 485 cases with a
new nonsolid nodule at the annual repeat screenings.
However, neither report differentiated MIAs from inva-
sive adenocarcinomas, although MIA is a newly defined
concept with an expected 100% disease-specific survival
rate if completely resected.14 In our study, if we com-
bined the numbers of MIAs (n ¼ 40) and invasive ade-
nocarcinomas (n ¼ 12), the percentage of MIA plus
invasive adenocarcinomas was 4.2% among 1229 SSNs.
The frequency of the development of a solid component
in a PGGN was 29% (20 of 69 cases) in the NELSON
study26 and 1.1% (19 of 1764 cases with persistent
nonsolid nodules detected at baseline screenings) and
1.8% (three of 163 cases with persistent nonsolid nod-
ules detected at annual repeat screenings) in the
I-ELCAP,11 whereas the frequency was 5.4% among
1046 PGGNs and 19.8% among 81 HGGNs in our study.
In the NELSON study, 65% (46 of 68) of the part-solid
nodules were not resected after a median follow-up
time of 95 months,26 whereas in our study, 71.8%
(125 of 174) of the part-solid nodules were not resected
after a median follow-up period of 3.5 years; moreover,
among the 49 resected part-solid nodules, 75.5% (37 of
49) of the part-solid nodules were preinvasive lesions or
MIAs; therefore, the appearance of solid components
might not always be an appropriate parameter for a
“prompt” resection from the standpoint of avoiding
overdiagnosis.10

SSNs were classified into three categories in this
study: PGGNs, HGGNs, and part-solid nodules. From
another point of view, an HGGN may be a part-solid
nodule with a solid component of 0 mm in the medias-
tinal window. From the standpoint of the appearance of
a solid component, the frequency of the development of
a solid component in an HGGN was greater than that
of the development of a solid component in a PGGN, and
this difference was statistically significant (Fig. 2B). In
contrast, from the standpoint of solid component growth
of 2 mm or more, the difference between HGGNs and
PGGNs was not statistically significant (Fig. 2C); more-
over, solid component growth of 2 mm or more never
occurred within 2 years of the start of the follow-up
period for either the HGGNs or the PGGNs examined in
this study cohort. Further study is warranted to deter-
mine whether this intermediate nodule category is
appropriate.

Risk factors for SSN growth based on multivariate
analyses have been reported by several studies.
Regarding SSN (PGGN and part-solid nodule) growth,
one study showed that a larger size (more than 10 mm)
and a history of lung cancer were risk factors for SSN
growth,27 whereas another study showed that smoking
history and the initial lesion diameter were robustly
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associated with SSN growth.28 Regarding PGGN growth,
one study disclosed that a large nodule size (>10 mm)
and a history of lung cancer were significant predictors
of growth in nonsolid nodules,29 whereas another study
reported that the nodule diameter was the only signifi-
cant predictor for the interval growth of PGGNs.30

Regarding part-solid nodules, one study demonstrated
that a history of lung cancer and the part-solid GGN
diameter were independent predictors of the interval
growth of part-solid GGNs,30 whereas another study did
not report any significant predictors of the growth of
part-solid nodules.29 In our study, the main factor for
predicting growth was the initial maximal diameter of
the SSN; however, a history of lung cancer was not a risk
factor for SSN growth.

The CT window that should be used to measure the
size of a solid component and the measurement method
have been controversial. In 2013, the Fleischner Society
proposed that the solid component in a part-solid nodule
be evaluated using a narrow and/or mediastinal window
and that the size of the solid component be based on the
average of the long and short axial dimensions.10 As of
September 30, 2015, however, most of the published
articles related to part-solid nodules had used the
maximal diameters of the SSN and solid component as
viewed using a lung window30–33 or the maximal diam-
eter of the SSN as viewed using a lung window and the
maximal diameter of the solid component as viewed
using a mediastinal window.34 Our study started in
2009, and the parameters for assessing the growth of an
SSN and a solid component were defined as the maximal
diameter of the SSN as viewed using a lung window and
the maximal diameter of the solid component as viewed
using a mediastinal window. Although the Fleischner
Society recommended that measurements of solid com-
ponents be based on the average of the long and short
dimensions and that 5 mm be used as a threshold for
dividing a follow-up group (solid component �5 mm)
and a workup group (solid component >5 mm), our
study showed that the cutoff value for differentiating AIS
plus MIAs from invasive adenocarcinoma was a maximal
diameter of 3.3 mm as viewed using a mediastinal win-
dow. One previous study reported that a maximal
diameter of a solid component of 3 mm or less as viewed
using a lung window may be a safe and useful radiologic
measurement for predicting preinvasive and MIA lesions
preoperatively with a high specificity.34 Another study
showed that patients with radiologic AIS (no solid
component in lung windows) or MIA (largest axial
diameter of a solid component �5 mm in lung windows)
who underwent sublobar resections had no recurrences
and 100% disease-free and overall survival outcomes at
5 years.32 One study pointed out that an average of the
long and short axial dimensions of the solid component
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in a mediastinal window may not always be the most
appropriate parameter for assessing the progression of a
part-solid nodule.35 Regarding the dimensions of the
solid component, further study is warranted to deter-
mine how the size of the solid component can best be
measured.14

The solid components in mediastinal windows are
not equal to the invasive foci in pathological speci-
mens.36 The size of the solid component can be expected
to be larger on the CT image than the size of the actual
invasive component because the histopathological com-
ponents of small adenocarcinomas of the lung can
include alveolar collapse, inflammatory cells, and
miscellaneous changes, as well as invasive adenocarci-
noma.37 In our study, approximately 70% of the MIAs
(18 of 26) resected among the part-solid nodules
exhibited a mean maximal diameter of the solid com-
ponents in the mediastinal window that was larger than
the mean maximal diameter of invasive foci on patho-
logical specimens, whereas 30% of the MIAs (eight of
26) exhibited the opposite results. In contrast, one study
reported that, compared with the invasive component
observed pathologically, the size of the solid portion in
the mediastinal window as evaluated by one of two ob-
servers was significantly smaller.34 In our study, 12% of
the MIAs (three of 26) resected among the part-solid
nodules showed that the maximal diameter of the solid
components in the mediastinal window was larger than
5 mm despite a maximal diameter of the invasive foci of
less than 5 mm. One study also reported that MIAs with
solid components larger than 5 mm in the mediastinal
window accounted for between 7.7% and 9.6%.34

Further study is warranted regarding the relationship
between the maximal diameter of solid components as
viewed using a mediastinal window and the maximal
diameter of invasive foci in pathological specimens.

The VDTs of the subtypes of adenocarcinoma based
on the International Association for the Study of Lung
Cancer, American Thoracic Society, and European Res-
piratory Society classification of adenocarcinoma of the
lung14 have been reported in one previous study38: for
16 AIS, the median VDT was 1240.3 days; for 3 MIAs, the
median VDT was 1328.3 days; and for seven invasive
adenocarcinomas, the median VDT was 941.5 days.
These median VDTs were longer than the median VDTs
in the respective subtypes of adenocarcinoma in our
study. Regarding the VDTs of the solid components that
exhibited growth in our study, the mean VDTs of the
solid components were less than 400 days for each of the
adenocarcinoma subtypes, whereas the mean VDTs of
the SSNs were more than 400 days. To the best of our
knowledge, only one previous study has reported the
VDTs of solid components9; the VDTs of solid compo-
nents as viewed using a mediastinal window may enable
the differentiation of aggressive part-solid nodules from
indolent part-solid nodules.

On the basis of prospective follow-up of CT
screening-detected SSNs, one study26 reported that long-
term CT follow-up may be a safe option for monitoring
changes in persistent SSNs and recommended that
invasive intervention be considered only for SSNs that
show 30% or more growth in mass,39 have a newly
appeared solid component, or exhibit the growth of a
solid component; another study also reported that non-
solid nodules of any size can be safely monitored using
CT at 12-month intervals to assess their transition to
part-solid lesions.12 Prospective study of the natural
history of PGGNs detected not only by using CT
screening but also at follow-up CT after lung cancer
resection suggested that some PGGNs will never prog-
ress to clinical disease and would be included in the
category of PGGNs with an overdiagnosis bias.40 Retro-
spective studies of the natural history of SSNs have re-
ported the following findings: more than 2 years of
follow-up are necessary to detect the growth of
PGGNs41; approximately 90% of the screening-detected
PGGNs in patients with no history of malignancy did
not grow after a median follow-up period of 59
months42; the tendency to grow was clear within the
first 3 years, and therefore, SSNs should be followed for
at least 3 years43; and 26% of SSNs had increased in size,
with a mean VDT of 1041 days after median follow-up of
45 months.44

The interim suggestion for the follow-up of SSNs on
the basis of the results of the present study is as follows:
every 6 months for a part-solid nodule and every year
for a PGGN or HGGN; moreover, to avoid overdiagnosis
and overtreatment,10,45 if the development of a solid
component has not exceeded 3.3 mm, a follow-up every
2 years for a PGGN or an HGGN may be possible on the
basis of the minimum period for development of the
solid component of 3.3 mm or more (as shown in Fig. 4).
Regarding part-solid nodules, although a follow-up every
6 months may be initially appropriate, the follow-up
period can be subsequently lengthened to, for example,
every year; one of the options for deciding on a follow-
up strategy may be to make decisions on the basis of
the VDTs of the solid components. Although segmenta-
tion software for measurement of the volume, mass, and
diameter of SSNs has been proposed,46 this software was
not yet available worldwide as of September 30, 2015.
Therefore, for the time being, simple parameters, such as
the maximal diameter of solid components as viewed
using a mediastinal window,10 should be used for daily
clinical practice.

This study had several limitations. First, SSNs that
showed a decrease in size (n ¼ 6) or a fluctuation in size
(n ¼ 2) were excluded for the assessment of growth,
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although invasive adenocarcinoma exhibiting a decrease
in the size of GGNs has been reported.47 This may have
affected the results; however, none of the nodules had
shown any changes requiring resection as of December
27, 2013. Second, among the resected cases, the pa-
thology panel did not review seven lesions that were not
presented in time for the last pathological review. This
may have affected the results for the assessment of the
frequency of invasive adenocarcinomas. Third, the pro-
tocol for CT scanning was not prescribed in detail, only
that the section thickness should be equal to or less than
1.25 mm; consequently, the field of view and kernel for
the reconstruction of the CT image were based on the
protocols of each institution, which also might have
affected the results of this study. Fourth, the radiology
panel did not review the CT images for SSNs that did not
show growth because of their tight work schedules and
the large work burdens involved at each participating
institution for anonymizing the personal information in
the CT data. However, the definition of growth, (i.e., a
2-mm or greater increase in the maximal diameter of an
SSN [ground-glass component] and a 2-mm or more in-
crease in the maximal diameter of a solid component)
was thought to be adequate for avoiding interreader
variability because the 2-mm criterion exceeded the
upper limit of the 95% confidence interval for the limits
of agreement.48,49 Fifth, interreader variability of po-
tential SSNs was not evaluated because of the large
volume of CT data. Regarding the evaluation of potential
SSNs, moderate interreader variability was reported.50

This may be a weakness of the present study. Sixth,
the correlation between molecular biomarkers and the
spectrum of the CT patterns of lung adenocarcinomas51

was not examined. A molecular-CT correlation was
beyond the scope of this study. Future study is war-
ranted. Finally, pathological or cytological diagnoses of
SSNs other than the resected lesions were not obtained;
this also might have affected the results of this study.

In conclusion, our prospective multicenter study
revealed the frequencies and periods of development
from PGGNs and HGGNs into part-solid nodules. Invasive
adenocarcinomas were diagnosed only among the
resected part-solid nodules in this study. The findings of
this study could contribute to the development of
guidelines for the follow-up of pulmonary SSNs.
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