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ABSTRACT

Introduction: Ground-glass opacities in a high-resolution
computed tomography (HR-CT) scan correlate, if malig-
nant, with adenocarcinoma in situ. The solid appearance in
the HR-CT is often considered indicative of an invasive
component. This study aims to compare the radiologic
features revealed in the HR-CT and the histologic features of
primary adenocarcinomas in resection specimens to find
the presence of tumor atelectasis in ground-glass nodules
(GGNs) and part-solid and solid nodules.

Methods: HR-CT imaging was evaluated, and lung nod-
ules were classified as GGNs, part-solid nodules, and
solid nodules, whereas adenocarcinomas were classified
according to WHO classification. Lepidic growth pattern
with collapse was considered if there was reduction of
air in the histologic section with maintained pulmonary
architecture (without signs of pleural or vascular
invasion).

Results: Radiologic and histologic features were compared
in 47 lesions of 41 patients. The number of GGN, part-solid,
and solid nodules were two, eight, and 37, respectively.
Lepidic growth pattern with collapse was observed in both
GGN, seven of the eight part-solid (88%) and 24 of the 37
solid (65%) lesions. Remarkably, more than 50% of the
adenocarcinomas with a solid appearance in HR-CT imaging
had a preexisting pulmonary architecture with adenocarci-
noma with a predominant lepidic growth pattern. In these
cases, the solid component can be explained by tumor-
related collapse in vivo (tumor atelectasis on radiologic
examination).
Conclusions: Tumor atelectasis is a frequent finding in
pulmonary adenocarcinomas and may beside a ground glass
opacity also result in a solid appearance in HR-CT imaging.
A solid appearance on HR-CT cannot be attributed to in-
vasion alone, as has been the assumption until now.

� 2020 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
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Introduction
Lung cancer causes around 1.6 million tumor-related

deaths per year.1 The recommended imaging techniques
to characterize a nodular lesion in the lung are high-
resolution computed tomography (HR-CT) and fluo-
rodeoxyglucose (FDG) positron emission tomography
(PET).2 Nodular lesions in the imaging findings are
generally classified as (1) ground-glass opacities (GGOs),
characterized by an increase in lung attenuation with
preservation of bronchial and vascular structures; (2)
ground-glass nodules (GGNs) with a partial solid
component; and (3) solid nodules (SNs).3 A subsolid
nodule implies cases of GGO or GGN. The visual capacity
of experienced radiologists to differentiate between GGO
and GGN larger than 10 mm in persistent and transient
nodules is moderate.4

The resolution of HR-CT is around 2 mm and allows
an anatomical comparison to histologic characteristics at
the level of secondary lobules5 with interlobular septa as
boundaries and in the center of the lobule the bron-
chovascular bundle.6

In 2011, the International Association for the Study
of Lung Cancer, the American Thoracic Society, and the
European Respiratory Society introduced the concept
of adenocarcinoma in situ (AIS) and minimally inva-
sive adenocarcinoma (MIA) in the classification of
adenocarcinoma of the lung. AIS is a small and local-
ized adenocarcinoma (�3 cm) characterized by exclu-
sively lepidic growth, which respects the preexisting
alveoli, with no evidence of vascular and pleural in-
vasion or papillary or micropapillary structures. MIA is
defined as a single nodule (�3 cm) characterized by a
predominant lepidic pattern and less than or equal to
5 mm invasion.7

The solid component in lung nodules revealed in HR-
CT imaging can predict invasive malignancy.8-10 Radio-
logic and histologic comparison revealed that the solid
component (adenocarcinoma > 2.0 cm with > 0.25
consolidation) was associated with the invasive compo-
nent of adenocarcinoma.10-12 Furthermore, according to
Kudo et al.,13 the radiologic features of different lung
nodules were compared with the International Associa-
tion for the Study of Lung Cancer, the American Thoracic
Society, and the European Respiratory Society classifi-
cations of small lung adenocarcinomas and identified
consolidation size as factors for predicting histologic
invasion. Nevertheless, other results highlighted the
importance of the proportion of GGO as a predictor of
less invasive lung cancer.14,15 The study of Lim et al.16 on
46 subsolid nodules did not report any recurrence or
metastasis at 3 years or 5 years of follow-up. This result
may imply that these lesions are of low malignant po-
tential or even preinvasive.
An additional explanation for the different results
observed may be that the solid component in GGN and
SN occurs because of the collapse of the adenocarcinoma
with a predominant lepidic growth pattern. Currently,
tumor collapse is not taken into account in the histologic
classification of adenocarcinomas.7,17

The aim of this study was to perform a radiologic-
pathologic association and explore the presence of a
collapse in lepidic adenocarcinoma in GGN and SN
revealed in HR-CT imaging. To this end, resection spec-
imens of a 2-year period were evaluated.

Materials and Methods
Study Population

In a retrospective study, radiologic and pathologic
revisions were performed on patients with resected
primary adenocarcinoma of the lung diagnosed between
November 2016 and November 2018 at the Department
of Pathology, Amsterdam University Medical Centers,
location VUmc. Patients who underwent neoadjuvant
treatment were excluded. The study included resections
from 44 patients. The HR-CT images of three referred
patients could not be retrieved from the digital archive
and were excluded from all analyses. This study was
approved by the Amsterdam UMC, location VUmc’s
Institutional Review Board (2017.023).
Methods
Radiologic Examination. A chest radiologist (RS) and
nuclear medicine physician (EC), blinded to the patho-
logic results, evaluated the CT scans and FDG PET-CT
imaging. The HR-CT scans were performed on a 256-
slice CT scanner (Brilliance iCT, Philips Healthcare,
Best, the Netherlands) with a collimation of 128 mm �
0.625 mm. The tube current was set at a reference of
180 mA/slice at 120 kV, modulating current per slice
according to body habitus. PET-CT scans (PET acquisi-
tion at 60 min post-FDG injection) were performed on a
64-slice scanner (Ingenuity TF, Philips Healthcare, Best,
the Netherlands) with a collimation of 64 mm � 0.625
mm and a similar tube current setting. The CT findings
were analyzed in the lung window setting. A total of 41
chest HR-CT and 39 PET-CT scans in the 41 patients
were evaluated for CT morphologic analysis of GGO,
GGN, and SN. CT and PET-CT findings that were analyzed
for each lesion included (1) location, (2) total size of the
lesion(s), (3) size of the solid component (in pulmonary
window, CT thickness slides range [0.9–2.5]), (4) cen-
tral/peripheral in the lobe, (5) multiplicity (solitary/
multiple), (6) margins (smooth, spiculate, or lobulated),
(7) shape (round, polygonal, or irregular), (8) CT
contrast enhancement, (9) pleural retraction, (10)



Table 1. Parameters for Histologic Evaluation

Choices for Each Parameter

Histologic classification AIS
MIA
IA

Maximum tumor size (mm)
Maximum size of invasive component (mm)
Histologic pattern of IA Lepidic % Papillary % Micropapillary % Cribriform % Solid %
Necrosis Yes No
Collapse Yes (mild, moderate, and severe) No, absent
Macrophages in alveolar spacesa Yes No
Bronchiolar invasion Yes No
Pleural invasion PL0 PL1 PL2 PL3
Lymph-node(s) N0 N1 N2 N3
Maximum size of lymph-node metastasis (mm)
aIn areas with lepidic growth pattern.
AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma; PL, pleural invasion categories (0–3).
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presence of concomitant air bronchogram, (11) cavities
or bullae in the lesion, (12) visual FDG uptake, (13)
standardized uptake value (SUV) maximum, (14) SUV
mean, and (15) lymph-node size.

Histologic Examination. Two pathologists (ET and FA),
blinded to radiologic and clinical information, reviewed
all the slides (hematoxylin and eosin) of each patient. In
case of discordance, a consensus was obtained. The
morphologic parameters considered for each nodule are
shown in Table 1 (the gross size of each tumor was
retrieved from the gross pathologic report). The histo-
logic diagnosis was made according to the 2015 WHO
classification,7 and the cribriform pattern was inter-
preted as solid.18 The invasion of tumor in pleura, ves-
sels, airway, or lung parenchyma was evaluated in
hematoxylin and eosin stains/with elastic stain (Elastic
Van Gieson).19 According to the VUmc standard protocol
for lung examination, all the specimens were freshly
received and injected with and fixed in high volume 10%
neutral-buffered formalin.20

Adenocarcinomas were staged according to the
American Joint Committee on Cancer cancer staging
guidelines.21 Microscopically, the presence of collapse
was noted in adenocarcinomas with a lepidic growth
pattern, which revealed a reduction of air in the preex-
isting alveolar spaces lined by tumor cells (Fig. 1). In
addition, the tumor did not invade vessels, septa, or
bronchi(oli). Alveolar septa were sometimes thickened
by lymphocytic infiltration, but there was no desmo-
plastic stroma reaction observed.

Statistical Analysis. Associations between the patho-
logic and radiologic categorical features were tested with
a chi-square test (or a Fisher’s exact test in case of two
dichotomous features); associations between a categor-
ical and a continuous variable were tested with
the Mann-Whitney U test or the Kruskal-Wallis test.
Associations between continuous variables were tested
with Spearman’s rank correlation. Data were described
by frequency for categoric variables and by median and
range for continuous variables. All analyses were per-
formed by BLW22 in SPSS version 22 (IBM Corp.,
Armonk, NY). P values less than 0.05 were considered
statistically significant.

Results
The HR-CT scans of 41 patients were reviewed. The

clinical data are shown in Supplementary Table 1. Two
nodules each were identified in four patients and three
nodules in one patient. In two patients, the second
nodule was not surgically removed. For two referred
patients, the PET-CT images could not be retrieved. The
associations between the HR-CT images and histologic
features were assessed for 47 nodules as were the as-
sociations between PET-CT images and histologic fea-
tures for 43 nodules. The associations between
histologic types and radiologic parameters are shown in
Table 2.

Pathology
Histologic revision was performed in all 41 patients,

and 47 nodules were identified. Histopathologic char-
acteristics and associations with the histologic type are
shown in Supplementary Table 2. Tumor collapse was
found in 33 of 47 nodules (70.2%) and identified in all
stages.

Radiologic-Pathologic Correlation
The associations among radiologic findings (radio-

logic classification of the nodule, margins, semi-
quantitative FDG uptake values [visual evaluation], and
the largest measurement of the solid component of the
nodule) and histologic features (histologic classification
of adenocarcinoma, collapse, the histologic pattern of
growth, and the largest measurement of the invasive
component) are shown in Table 3 and Figures 2 and 3.



Figure 1. Histologic examples of peripheral lung tissue with tumor growth along alveolar walls and variation in collapse. (A)
Histology (hematoxylin and eosin, �50 magnification) of case without radiologic solid appearance (radiology not shown);
(B, D) hematoxylin and eosin stain (�50, �50, �100 magnification, respectively) of cases with radiologic solid appearance
(radiology not shown); and (C) macrophages in the alveolar spaces. Note the reduction in air spaces (A–D) with more
prominent collapse.
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Collapse was identified in 90.0% (nine of 10) of the
tumors with a ground-glass component (GGO and GGN)
and in 69.1% (29 of 42) of the SN (p ¼ 0.29).

The measurement of the solid component in HR-
CT imaging was associated with the histologic size
of the invasive component (p ¼ 0.003). The largest
radiologic nodular size was associated with tumor
necrosis (p ¼ 0.011), pleural invasion (p ¼ 0.039),
bronchiolar invasion (p ¼ 0.020), and the maximum
size of the invasive component (p ¼ 0.006). Macro-
phages in alveolar spaces, in the predominantly
lepidic growth pattern component of the adenocarci-
noma, were identified in 15 of the 47 nodules, and
this histologic feature was associated with the
radiologic classification of nodules (GGO, GGN, and
SN, p ¼ 0.001).



Table 2. Association Between Histologic Classification and Radiologic Parameters

Radiologic Features

Histologic Classification of Adenocarcinoma

AIS MIA IA p Value

Location
RUL 0 2 13 0.19
RML 1 0 1
RLL 0 1 5
RUL þ RML þ RLL 0 0 1
RUL þ RML 0 0 1
LUL 1 0 11
LLL 0 0 10

Classification
GGO 1 0 1 0.020
GGN 0 0 8
Solid 1 3 33

Margins of the nodule(s)
Smooth 1 0 1 0.018
Spiculated 0 1 30
Lobulated 1 2 9
No margins 0 0 2

Shape of the nodule(s)
Round 0 0 2 0.18
Polygonal 2 0 8
Irregular 0 3 30
No margins 0 0 2

Largest size of the nodule(s) (mm)
Median (range) 36 (28–44) 16 (8–22) 28 (4–250) 0.28

Largest size solid component (mm)
Median (range) 44 (44–44) 16 (8–22) 23 (4–250) 0.36

Pleural retraction
Yes 1 2 23 0.51
No 1 0 14

Air bronchogram
Yes 1 0 6 0.37
No 1 2 31

Cavities, bulla
Yes 1 0 6 0.37
No 1 2 31

Lymph-node involvement
Yes 0 0 11 0.43
No 2 2 25

Visual FDG uptakea

No uptake 1 0 0 <0.001
Faint 0 0 8
Moderate 1 1 3
Intense 0 1 27

aFDG uptake was addressed as a semiquantitative evaluation.
RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; GGO, ground-glass opacity; GGN, ground-glass
nodule; SN, solid nodule; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma; FDG, fluorodeoxyglucose.
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Radiologic lymph-node involvement was associated
with pathologic node status (p ¼ 0.002), lymph vascular
invasion (p ¼ 0.030), and the maximum size of the
invasive component (p ¼ 0.037); pathologic lymph-node
metastasis was found only in patients with SN (40.5%).

The visual analysis of the FDG uptake (no uptake,
faint, moderate, and intense uptake) was associated with
AIS, MIA, and IA (p < 0.001). The SUVmax and SUVmean
values were associated with the presence of macro-
phages in alveolar spaces (p ¼ 0.027 and p ¼ 0.025,
respectively).
Discussion
This radiologic-pathologic comparison reveals that

tumor atelectasis in HR-CT is the solid part in partially or



Table 3. Distribution of Pathologic Features for HR-CT and PET-CT

Histologic parameters

Radiologic
Classification of
Nodules

Margins on
HR-CT

Visual FDG
Uptakea

Size of the Solid
Component on HR-CT
(mm)

GGO GGN SN p Value SM SP LB
No
M p Value NU F MOD INT p Value

Median
(range) p Value

Histologic classification
AIS 1 0 1 0.003 1 0 1 0 0.024 1 0 1 0 <0.001 44 (44–44) 0.53
MIA 0 0 3 0 1 2 0 0 0 1 1 16 (8–22)
IA with predominant lepidic

component
0 7 12 0 12 5 2 0 6 2 9 20 (5–160)

IA without predominant lepidic
pattern

1 1 21 1 18 4 0 0 2 1 18 25 (4–250)

Collapse
Absent 0 1 13 0.29 0 11 3 0 0.51 0 2 1 10 0.76 19 (4–250) 0.53
Present 2 7 24 2 20 9 2 1 6 4 18 21 (5–160)

Maximum size of invasive component
(mm)

�10 1 5 11 0.45 1 9 6 1 0.80 1 4 3 5 0.039 14 (4–160) 0.003
11–20 0 1 6 0 5 2 0 0 2 2 2 13 (7–137)
21–30 0 2 8 0 8 1 1 0 2 0 8 24 (11–105)
>30 1 0 12 1 9 3 0 0 0 0 13 45 (19–250)

IA has been split into two categories: with and without predominant lepidic pattern.
aFDG uptake was addressed as a semiquantitative evaluation.
HR-CT, high-resolution computed tomography; PET-CT, positron emission tomography-computed tomography; GGO, ground-glass opacity; GGN, ground-glass
nodule; SN, solid nodule; SM, smooth; SP, spiculated; LB, lobulated; No M, no margins; NU, no uptake; F, faint; MOD, moderate; INT, intense; AIS, adeno-
carcinoma in situ; MIA, minimally invasive adenocarcinoma; FDG, fluorodeoxyglucose; IA, Invasive adenocarcinoma.
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completely solid lesions, which histologically corre-
sponds to the collapse of the predominant lepidic tumor
growth pattern.

In the current literature, the solid component on HR-
CT in pulmonary adenocarcinoma is associated with
invasive cancer, a finding supported by microscopic ev-
idence of invasion and lymph-node involvement.8 In
nonneoplastic pulmonary lesions, a solid appearance on
HR-CT images was explained by microscopic collapse of
lung parenchyma.23 The current WHO classification of
lung cancer7 does not take collapse of peripheral lung
tissue with tumor cells into account for adenocarcinoma
criteria. The term collapse in relation to pulmonary
nonmucinous adenocarcinoma was described in 1980
by Shimosato et al.24 as a description of a pattern of
growth. Subsequently, in 1995, Noguchi et al.25

described an AIS of the lung in relation to collapse
and interstitial thickening, with a replacement growth
pattern and slightly fibrotic foci. Recently, the term
collapse, as described in Figure 1, was used to denote
loss of air in the alveolar spaces compared with
physiologically expanded alveoli owing to an alteration
of the flexibility of the peripheral lung tissue26 not only
during ventilation but also owing to handling of bi-
opsies and resection specimens.

Lesions with a solid appearance on HR-CT images can
also be benign, such as in organizing pneumonia,
nonspecific fibrosis, and aspergillosis.27-29 Our study
reveals that the solid appearance may be owing to the
reduction of air in the alveolar spaces and occasionally in
combination with partial alveolar filling by inflammatory
cells, such as neutrophils and macrophages. The latter
have been found previously.27 A three-dimensional
reconstruction study revealed that a tumor with a
microscopic, seemingly papillary appearance may be
erroneously classified as papillary carcinoma, although
the proper diagnosis is predominant lepidic adenocar-
cinoma with collapse.30 Thus, our radiologic-pathologic
comparison study reveals that the in vivo collapse of
predominant lepidic adenocarcinoma and AIS can result
in a partially or completely solid lesion on radiologic
examination, a phenomenon called tumor atelectasis.

In HR-CT imaging, collapse of the peripheral lung
tissue has for a long time been recognized as atelectasis
owing to repression or reduction of air, which corre-
sponds with Hounsfield units of þ100 to –100.31,32 Oc-
casional cases in other studies with radiologic and
pathologic correlation reported hints of tumor atelec-
tasis.16,33 In our study, without restriction on tumor size,
a collapse in lepidic growth pattern of adenocarcinoma
was observed in 69% of the resected adenocarcinomas,
explaining at least a part of the radiologic solid compo-
nent observed as tumor atelectasis. Previous studies
evaluated a variety of radiologic parameters, such as



Figure 2. High-resolution computed tomography (A) revealed a single ground-glass component nodule, and the histologic
examination (B) revealed an adenocarcinoma in situ (�200 magnification, hematoxylin and eosin).
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attenuation, association with a GGO, the size of the solid
component if it was similar to the size of the GGN, and
the presence of air bronchogram; all these were associ-
ated with invasive adenocarcinoma.16,34 However, none
of these studies take into account tumor atelectasis as a
possible cause of solid appearance on CT scan.

In pathophysiologic terms, tumor atelectasis can be
explained by increased stiffness of the pulmonary tissue
owing to the coverage by tumor cells on the initially thin
flexible alveolar walls. During inspiration, the higher
resistance leads to less air flow in the tumor areas
compared with the adjacent lung parenchyma.35 Radio-
logically, this effect is most likely in the center of the
tumor and more prominently if inflammatory cells
(macrophages associated with edema) and slight fibrosis
are also present. Noteworthy, from a pathologic view-
point, the collapse in the histologic sections can occur
in vivo and ex vivo.32 Importantly, any morphologic sign
of invasion was lacking in the collapsed areas in which
the corresponding radiologic appearance was solid. This



Figure 3. High-resolution computed tomography (A) revealed a single SN, and the histologic examination (hematoxylin and
eosin stain, [B] �50 and inset [C] �200 magnification) revealed a minimally invasive adenocarcinoma. Note the prominent
large solid component (tumor atelectasis) in high-resolution computed tomography and a predominant lepidic component
with collapse in histology. The white bar denotes the invasive component (�5 mm).
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demonstrates the presence of AIS tumor atelectasis
in vivo.

In our study, tumor atelectasis matched histologically
with AIS, MIA, or adenocarcinoma, with a predominant
lepidic pattern of growth. The radiologic images of tumor
atelectasis were GGO, GGN, and SN.

Furthermore, in line with previous results, our study
confirms a significant (p ¼ 0.003) association among
radiologic classifications of lung nodules, GGO, GGN, and
SN, on HR-CT imaging with AIS, MIA, and IA, respec-
tively.13 Likewise, spiculated margins were associated
with IA, in contrast to lobulated and smooth margins
associated with AIS and MIA.36 The study of Wang
et al.33 analyzed pulmonary lesions with a solid
component, classified as mixed GGN. The frequency
found is dependent on selection: 7.5% resulted in



June 2020 Tumor Atelectasis in Adenocarcinomas 9
preinvasive adenocarcinoma of the lung, which includes
atypical adenomatous hyperplasia and AIS.

Tanaka et al.37 identified 4.3 as the optimal cutoff
value of SUVmax to determine pleural invasion, and in the
present investigation, SUVmax correlated with histologic
pleural invasion status. Other PET-CT results confirm
previous investigations.38 This study reveals a significant
association between both the visual analysis of FDG up-
take (Table 3) and the visual FDG uptake and the selected
pleural invasion on histologic section (p ¼ 0.001). The
SUVmax values found in the present study cannot be
directly compared with those in the study of Tanaka
et al.,37 as in our study, the acquisition of the images was
started 60 minutes postinjection (in the study of Tanaka
et al.,37 this was 90 min). SUV values increase over time
after injection. Especially in small lesions, a partial volume
effectmay result in an underestimation of the SUV value. In
clinical practice, FDG uptake in pulmonary lesions is usu-
ally evaluated by visual evaluation. Furthermore, PET-CT
evaluation did not support the discrimination between
an invasive component of adenocarcinoma and tumor
atelectasis; indeed, both resulted in PET positivity.

Thepresenceof a solid component inSNandGGNonHR-
CT imaging is usually considered to be a parameter with
poor prognosis in pulmonary adenocarcinoma.13,39,40 Ac-
cording to Tsutani et al.,39 the prognostic significance of the
solid component in HR-CT imaging, closely related to
SUVmax, has been reported to be a feature of invasion inHR-
CT. In contrast, according to Hattori et al.,34 the presence of
a GGO component had a strong influence on the prognosis,
more than the size of the solid component. Ye et al.15 also
found a better survival in patients with subsolid appear-
ance compared with those with solid tumors on HR-CT
imaging but had no prognostic features in the subsolid
nodules. Possibly, tumor atelectasis may provide an
explanation for this finding.

Our investigation has limitations as a retrospective
study: not all patient image data could be retrieved. In
addition, this recent cohort has no follow-up data.

In summary, only on the basis of HR-CT features of
nodules, the solid component should not be interpretedwith
certainty as invasive cancer, and tumor atelectasis should
also be taken into account as an underlying possibility.

Supplementary Data
Note: To access the supplementary material accompanying
this article, visit the online version of the Journal of Thoracic
Oncology Clinical and Research Reports at www.jtocrr.org
and at https://doi.org/10.1016/j.jtocrr.2020.100018.
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