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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-
CME activity, participants will be able to:
m Identify CT features of subsolid lesions
that are indicative of an increased risk for

malignancy.

m List the differential diagnosis of solid and
subsolid solitary pulmonary nodules.

m Discuss the treatment and follow-up of
patients with a solitary pulmonary nodule.

See www.rsna.orgleducation/search/RG.

A solitary pulmonary nodule (SPN) is defined as a round opacity
that is smaller than 3 cm. It may be solid or subsolid in attenua-
tion. Semisolid nodules may have purely ground-glass attenuation
or be partly solid (mixed solid and ground-glass attenuation). The
widespread use of multidetector computed tomography (CT) has
increased the detection of SPNs. Although clinical assessment of
patients’ risk factors for malignancy—such as age, smoking his-
tory, and history of malignancy—is important to determine ap-
propriate treatment, in the recently published Fleischner guidelines
for subsolid nodules, smoking history does not factor into their
recommendations for management because there is an increasing
incidence of lung adenocarcinoma in younger and nonsmoking
patients. At imaging evaluation, obtaining prior chest radiographs
or CT images is useful to assess nodule growth. Further imaging
evaluation, including CT enhancement studies and positron emis-
sion tomography (PET), helps determine the malignant potential
of solid SPNs. For subsolid nodules, initial follow-up CT is per-
formed at 3 months to determine persistence, because lesions with
an infectious or inflammatory cause can resolve in the interval. CT
enhancement studies are not applicable for subsolid nodules, and
PET is of limited utility because of the low metabolic activity of
these lesions. Because of the likelihood that persistent subsolid nod-
ules represent adenocarcinoma with indolent growth, serial imag-
ing reassessment for a minimum of 3 years and/or obtaining tissue
samples for histologic analysis are recommended. In the follow-up
of subsolid SPNs, imaging features that indicate an increased risk
for malignancy include an increase in size, an increase in attenua-
tion, and development of a solid component.

©“RSNA, 2014 - radiographics.rsna.org

Introduction
A solitary pulmonary nodule (SPN) is defined as a round opac-
ity that is at least moderately well marginated and no larger than 3
cm in its maximum diameter (1). The adjective small has been used
to describe nodules that are less than 1 cm in diameter (1). Small
nodules are frequently detected at multidetector computed tomog-
raphy (MDCT); in one screening MDCT study, most patients who
underwent screening had at least one nodule (2). MDCT technology
improves sensitivity and specificity for detecting pulmonary nodules
by increasing spatial and contrast resolution and decreasing misreg-
istration artifacts. The widespread use of MDCT has increased the
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Table 1: Differential Diagnosis for Solid SPNs

Type of Cause

Condition

Neoplastic (malignant)

Primary lung malignancies (non—small cell, small cell, carcinoid, lym-
phoma), solitary metastasis

Amyloidoma, subpleural lymph nodule, rheumatoid nodule, Wegener

Benign Hamartoma, arteriovenous malformation
Infectious Granuloma, round pneumonia, abscess, septic embolus
Noninfectious
granulomatosis, focal scarring, infarct
Congenital

Sequestration, bronchogenic cyst, bronchial atresia with mucoid impaction

Table 2: Differential Diagnosis for Persistent Subsolid SPNs

Type of Cause

Condition

Malignant

Benign

Lung adenocarcinoma (including preinvasive lesions, atypical adenomatous
hyperplasia, and adencocarcinoma in situ); metastasis from melanoma, renal
cell carcinoma, and adenocarcinoma of the pancreas, breast, and gastrointes-
tinal tract®; lymphoproliferative disorders

Organizing pneumonia, focal interstitial fibrosis, endometriosis

*Source.—Reference 4.

detection of not only solid pulmonary nodules,
but also subsolid nodules, and it provides more
accurate characterization of nodules. Subsolid
nodules contain a component with ground-glass
attenuation, which is higher than that of normal
lung parenchyma and lower than that of soft tis-
sue, such as the pulmonary vessels. Subsolid nod-
ules may have purely ground-glass attenuation,
be partly solid, or have mixed solid and ground-
glass attenuation (3).

The differential diagnosis for solid and sub-
solid SPNs is broad and includes benign causes
as well as lung cancer (Tables 1, 2). The dif-
ferential diagnosis for subsolid SPNs includes
infection, inflammation, hemorrhage, and malig-
nancy, specifically lung adenocarcinoma (5). The
evaluation of SPNs, both solid and subsolid, is
clinically important because they may be an early
manifestation of lung cancer, the leading cause
of cancer deaths in the United States (6). The
American Cancer Society reports that one in 13
men and one in 16 women will be diagnosed with
lung cancer and that approximately 20%—-30% of
those patients will present with an SPN (6,7).

Noninvasive imaging-based assessment and
management of SPNs are evolving because of
advances in MDCT technology, increased knowl-
edge from lung cancer screening studies, and a
better understanding of lung adenocarcinomas.
Strategies for evaluating and managing solid and
subsolid pulmonary nodules take into consider-
ation nodule size; morphologic characteristics;
growth rate; and patients’ risk factors for malig-

nancy, including age, smoking history, and his-
tory of malignancy, and require expertise across
multiple disciplines, such as radiology, medical
oncology, pulmonary medicine, cancer preven-
tion, and thoracic surgery. Although subsolid
nodules may demonstrate indolent behavior, it is
important to identify the subset of lesions associ-
ated with invasive adenocarcinoma that neces-
sitate more aggressive treatment. In this article,
we discuss the role of imaging in evaluating solid
and subsolid SPNs, imaging findings that help
differentiate benign and malignant nodules, and
treatment strategies and guidelines.

Clinical Evaluation
In the clinical management of SPNs, estimating
the probability for malignancy is an important
consideration. Factors associated with an in-
creased risk for developing lung cancer include
the patient’s age; the presence of symptoms; a
history of smoking; and a history of exposure to
asbestos, uranium, or radon (Fig 1). For subsolid
nodules, the Fleischner guidelines indicate that a
history of smoking does not factor into the rec-
ommendations for management because there is
an increasing incidence of lung adenocarcinoma
in younger patients and those with no history
of smoking. With regard to the initial clinical
manifestation, there is an increased risk for ma-
lignancy in patients with hemoptysis and an SPN
(8). Family history also plays a key role in deter-
mining the likelihood of malignancy. The risk for
developing lung cancer increases in patients who
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Figure 1. Lung cancer in an 80-year-old
man with a 45-pack-years smoking history
and occupational exposure to asbestos. Un-
enhanced CT image of the chest shows a
right upper lobe mass with a lobular contour
(arrow) and calcified pleural plaques in the
left hemithorax (arrowheads). In the clini-
cal management of an SPN, estimating the
probability for malignancy is important.
Factors associated with an increased risk for
developing lung cancer include advanced age,
history of smoking, and exposure to asbestos.

have a first-degree relative with lung cancer (9).
In terms of medical history, patients with a his-
tory of malignancy and pulmonary fibrosis have
an increased risk for developing lung cancer (8).
For patients with a history of cancer who under-
went resection of small nodules, Ginsberg et al
(10) reported that nodules 5 mm or smaller were
malignant in 115 (42%) of 275 patients. Quanti-
tative clinical prediction models have been devel-
oped to identify independent predictors of malig-
nancy with the use of multiple logistic regression
analysis. Independent predictors of malignancy
include advanced age, a current or past smoking
habit, and a history of extrathoracic cancer more
than 5 years before detection of a nodule (11).

Radiographic Evaluation
Although many SPNs are depicted at CT, some
are still initially seen at chest radiography. If a
nodule is diffusely calcified or demonstrates a
stable size for more than 2 years at comparison
with prior radiographs, it has a high likelihood
of being benign, and no further assessment is
recommended. Technical innovations to improve
the sensitivity of radiography for depicting nod-
ules include dual-energy subtraction techniques
and new bone-suppression software programs to
decrease or completely remove overprojection of
bones, mainly from the clavicles and ribs, which
significantly hampers detection of pulmonary
nodules (12). However, in many instances, nod-
ules that are detected at radiography require fur-
ther imaging evaluation.

Technique
MDCT is more sensitive than single-detector
CT for depicting pulmonary nodules because of
its higher contrast and spatial resolution. When
thin sections are used, difficulty determining
whether a small area of attenuation is a nodule,
a vessel, or a result of partial-volume averag-
ing of adjacent intrathoracic structures may be
mitigated with postprocessing techniques, such

as maximum intensity projection, volume ren-
dering, and cine viewing (13). Despite these ad-
vances, pulmonary nodules may still be missed
at MDCT because of their small size, low at-
tenuation (eg, ground-glass-attenuation nodules
[GGANSs]), perivascular central location, or
adjacent parenchymal disease. MDCT plays a
key role in evaluating morphologic characteris-
tics and growth of nodules on serial images. The
use of thin sections minimizes partial volume
effects and the resultant misinterpretation of a
small solid nodule as a subsolid lesion, which
may be managed differently, and enables three-
dimensional analysis, including quantitative
techniques.

When performing MDCT for follow-up evalu-
ation of nodules, attention to radiation dose is
important. Low-dose techniques have been recom-
mended for surveillance of lung nodules and typi-
cally use 120 kVp. A tube current of 40-80 mAs
may be considered. It is important to be aware
that, because of increased image noise, low-dose
techniques may decrease the detection of faint
ground-glass attenuation. Future investigation
into iterative reconstruction will contribute to the
understanding of any improvement in detecting
GGANSs with these newer reconstruction tech-
niques. Dose savings may be achieved with the use
of widely available tube current modulation tech-
niques that serve as a form of automatic exposure
control; the tube current is adjusted for overall
patient size and varies, while CT data are acquired
in the axial and longitudinal directions to maintain
homogeneous image quality. Higher tube cur-
rent is delivered to thicker and denser areas of the
body, and lower tube current is delivered to the
remaining areas. In general, CT data are recon-
structed with a 512 X 512 matrix and a 25-35-cm
field of view. Typical reconstructions consist of 2.5
mm and thicker sections for a nontargeted field of
view. The use of thin sections (1.0-1.5 mm) in the
region of interest improves z-axis spatial resolu-
tion and reduces partial-volume averaging, which
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improves evaluation of small and subsolid nodules.
Use of a high-frequency reconstruction algo-
rithm maximizes the spatial resolution of mar-
gins and internal features of solid and subsolid
nodules. Depiction of internal features is par-
ticularly important for evaluating subsolid nod-
ules. In contrast, a low-frequency reconstruction
algorithm, which minimizes image noise and
decreases spatial resolution, is recommended for
further evaluation of nodules that are suspected
of containing fat or calcium (eg, hamartomas
and granulomas). For this purpose, the use of

a high-frequency algorithm may result in high-
attenuation areas, which may lead to false iden-
tification of calcium within a nodule.

Solid Nodules
There is considerable overlap in the imaging
characteristics of benign and malignant SPNSs.
However, specific morphologic features that are
useful in determining the malignant potential of
a nodule include size, margins, contour, internal
characteristics (eg, attenuation, wall thickness
in cavitary nodules, and air bronchograms), the
presence of satellite nodules, the halo and reverse
halo signs, and growth rate.

In terms of size, the likelihood of malignancy
positively correlates with nodule diameter. As the
diameter of a nodule increases, so does the likeli-
hood of malignancy; however, a small nodule di-
ameter does not exclude malignancy (14). Small
nodules (<4 mm) have a less than 1% chance of
being a primary lung cancer, even in people who
smoke, whereas the risk for malignancy increases
to 10%—-20% for nodules in the range of 8 mm
(14).This is particularly challenging because
the widespread use of MDCT and the growing
interest in lung cancer screening have resulted in
frequent and incidental detection of small (1-5
mm) lung nodules (15). According to a review
of eight CT lung cancer screening studies, the
prevalence of SPNs ranges from 8% to 51%, and
the prevalence of malignancy ranges from 1% to
12% (16).

In terms of nodule margins and contour,
there is considerable overlap between benign
and malignant lesions. Typically, benign nodules
have well-defined margins and a smooth con-
tour, whereas malignant nodules have spiculated
margins and a lobular or irregular contour (8).
Spiculation is attributed to growth of malignant
cells along the pulmonary interstitium, whereas
lobulation is attributed to differential growth
rates within nodules (17). Specifically, a spicu-
lated margin (which is often described as a sun-
burst or corona radiata sign) is highly predictive
of malignancy, with a positive predictive value of
90% (18). However, benign conditions that result
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from infection or inflammation, including lipoid
pneumonia, focal atelectasis, tuberculoma, and
progressive massive fibrosis, may also have a spic-
ulated margin (19). In addition, a smooth margin
does not exclude malignancy; many pulmonary
metastases and as many as 20% of primary lung
malignancies have smooth margins (20).

At CT, the halo sign—a poorly defined rim of
ground-glass attenuation around the nodule—
may represent hemorrhage, tumor infiltration,
or perinodular inflammation (21). Originally
described in invasive aspergillosis, the halo sign
may also be seen with adenocarcinoma in situ
(formerly known as bronchioloalveolar carci-
noma); Kaposi sarcoma; and lung metastases
from angiosarcoma, choriocarcinoma, and osteo-
sarcoma (21). Conversely, the reverse halo sign
(also known as the atoll sign), a central area of
ground-glass attenuation surrounded by a halo
or crescent of consolidation, was first described
in cryptogenic organizing pneumonia and may be
seen in patients with lung cancer after radiofre-
quency ablation (Fig 2) (22).

Fat attenuation (—40 to —120 HU) is charac-
teristic of a hamartoma and is seen in as many as
50% of these neoplasms at CT (Fig 3) (23). Other
causes of fat attenuation in an SPN include pul-
monary metastases in patients with liposarcoma
or renal cell cancer and lipoid pneumonia (24).

Calcification patterns may be useful in de-
termining whether a nodule is benign, and CT
is considerably more sensitive than radiography
for depicting calcification (25).Thus, it is rec-
ommended that unenhanced CT be performed
with thin sections (1-3 mm); a low-frequency,
soft-tissue, or smooth reconstruction algorithm at
the level of the nodule; and an attenuation value
greater than 200 HU to determine whether calci-
fications are present within the nodule. Recently,
with the introduction of dual-energy CT, in
which 80- and 140-kV images are simultaneously
obtained, measurement of CT attenuation values
obtained at different kilovolt peaks may be used
to identify areas of calcium and iodinated contrast
material. A multicenter trial showed that the use of
unenhanced dual-energy CT to evaluate changes
in attenuation values at 140 and 80 kVp is not reli-
able for differentiating benign and malignant nod-
ules with 3-mm sections and differing acquisitions
for both kilovolt potentials (26). Common benign
patterns of calcification include diffuse, central (a
bull’s-eye appearance), laminated, and popcorn.
Diffuse, central, and laminated patterns are typi-
cally seen in granulomatous infections (Fig 4).
Popcorn calcifications are characteristic of chon-
droid calcifications in hamartomas. However, it is
important to be aware that lung metastases from
chondrosarcomas or osteosarcomas may manifest
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Figure 2. Reverse halo sign after radiofrequency ablation of a pulmonary metastasis in a
63-year-old man with pancreatic cancer who previously underwent left upper lobectomy.
(a) Contrast-enhanced CT image shows a left-lower-lobe metastasis (arrow). (b) Contrast-
enhanced CT image obtained 1 month after radiofrequency ablation shows the treated me-
tastasis (arrow), which now has mixed attenuation, surrounded by a ground-glass opacity ()
and a well-circumscribed rim of consolidation (arrowheads), a finding known as the reverse
halo sign. Originally described in cryptogenic organizing pneumonia, the reverse halo, or atoll,
sign can also be seen in paracoccidioidomycosis, tuberculosis, lymphomatoid granulomatosis,
Wegener granulomatosis, sarcoidosis, and tumors after radiofrequency ablation.

Figure 3. Hamartoma in a 72-year-old

woman with an unknown primary malig-
nancy that metastasized to the liver. Con-
trast-enhanced CT image shows a well-cir-
cumscribed left-lower-lobe nodule (arrow)
with low attenuation (—46 HU), a finding
consistent with fat. Focal fat can also be
seen in a pulmonary nodule in liposarcoma
metastases and lipoid pneumonia.

Figure 4. Benign pattern of calcification
in granuloma in a patient from the Ohio

River valley. CT image shows a central, or
“bull’s-eye,” area of calcification (arrow)

that is highly suggestive of granulomatous
infection. The nodule is a result of Histo-
plasma capsulatum infection.

with these patterns of calcification and be misin-
terpreted as benign (27). Calcifications may be
detected in 10% of all lung cancers at CT; inde-
terminate patterns include punctate, eccentric,
and amorphous calcifications (28).

Cavitation occurs in both infectious and in-
flammatory conditions, such as abscesses, infec-
tious granulomas, vasculitides, and pulmonary

infarctions, as well as malignancies such as pri-
mary and metastatic tumors, particularly those
with squamous cell histologic characteristics. In
terms of cavitary nodules, smooth, thin walls are
typically seen in benign lesions, whereas thick,
irregular walls are seen in malignant lesions. It
has been reported that 95% of cavitary nodules
with a wall thickness greater than 15 mm are



RadioGraphics

RG ¢ Volume 34 Number 6

[

a.

Truong et al 1663

b.

Figure 5. Pulmonary infarction mimicking malignancy in a 58-year-old woman with leukemia and deep venous
thrombosis. (a) Contrast-enhanced CT image shows a thick-walled cavitary lesion in the left lower lobe and a small left
pleural effusion. (b) Contrast-enhanced CT image shows a pulmonary embolism in the left interlobar pulmonary
artery (arrow). Although cavitary wall thickness of more than 15 mm is typically seen in malignant lesions, knowl-
edge of the clinical context is important to establish the diagnosis.

malignant, and 92% of cavitary nodules with a
wall thickness less than 5 mm are benign (29).
For cavities that were 5—-15 mm in their thickest
part, 51% were benign, and 49% were malig-
nant. Thus, a cavity wall thickness of 5-15 mm
may not be used to reliably differentiate benign
and malignant nodules (Fig 5) (29). Bubbly lu-
cencies may be seen within an SPN in patients
with adenocarcinoma, lymphoma, sarcoidosis,
or organizing pneumonia (30). Finally, lucencies
within an SPN may be seen with the air bron-
chogram sign, which is defined as a pattern of
air-filled bronchi against a background of airless
lung and indicates patency of proximal airways
and evacuation of alveolar air by means of ab-
sorption (atelectasis), replacement (eg, pneumo-
nia), or both (31). The air bronchogram sign is
reported to occur more frequently in malignant

Figure 6. Fungal pneumonia and the air
bronchogram sign in a 62-year-old man with
leukemia 2 months after undergoing bone
marrow transplantation. Contrast-enhanced
CT image shows a right-lower-lobe lesion
(arrow) and air-filled bronchi (the air bron-
chogram sign), findings consistent with pneu-
monia. Findings from fine needle aspiration
biopsy confirmed Aspergillus infection. In ad-
dition to infection, the air bronchogram sign
may be seen in patients with adenocarcinoma
and lymphoma.

nodules (29%) than in benign nodules (6%) and
may be seen in patients with adenocarcinoma,
lymphoma, or infection (Fig 6) (32).

Subsolid Nodules

Definition and Differential Diagnosis
Although the previously described morphologic
features have been helpful in differentiating be-
nign and malignant solid nodules, a new chal-
lenge in evaluating SPNs relates to subsolid nod-
ules, which contain a portion of ground-glass at-
tenuation that is higher than that of normal lung
parenchyma and lower than that of soft tissue,
such as blood vessels. Subsolid nodules may have
purely ground-glass attenuation or be partly solid
with areas of soft-tissue attenuation interspersed
with areas of ground-glass attenuation (3,33).
Subsolid nodules may result from infection, in-
flammation, hemorrhage, or neoplasm (5). Typi-
cally, inflammatory causes resolve at short-inter-
val reassessment. Resolution and regression have
been reported to occur in 37.6% of patients with
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a GGAN and 48.7% of patients with a partly
solid nodule (PSN) (34). Furthermore, after re-
section in patients with lung cancer, 174 GGANs
developed during the period of observation (2.7
years), and 63% of them spontaneously resolved
(35). Persistent subsolid nodules are more likely
to be malignant, specifically primary lung adeno-
carcinoma, but they may also be benign (eg, focal
interstitial fibrosis and organizing pneumonia)
(36). In a study by Kim et al (36), 75% of persis-
tent GGANs were adenocarcinoma, and 6% were
atypical adenomatous hyperplasia.

Association with Adenocarcinoma
Adenocarcinoma, which constitutes approxi-
mately 50% of all lung cancers, is more likely

to manifest as a solitary subsolid nodule (SSN)
than other histologic subtypes of non—small cell
lung cancer (37). Recently, a new taxonomy of
adenocarcinoma was proposed to address many
current issues and questions. The classification
of lung adenocarcinoma by the International As-
sociation for the Study of Lung Cancer (IASLC),
American Thoracic Society (ATS), and European
Respiratory Society (ERS) includes a multidisci-
plinary approach that uses pathologic and imag-
ing findings and molecular biology information
(38).The IASLC, ATS, and ERS classification
system uses clearer terminology to describe the
degree of growth along the alveolar surface (ie,
lepidic growth), and it uses invasive components
to define preinvasive and invasive lesions (Fig 7)
(33). Preinvasive lesions comprise atypical adeno-
matous hyperplasia (AAH) and adenocarcinoma
in situ (AIS), both of which are defined as lesions
that demonstrate lepidic growth (ie, they purely
grow along the alveolar surface). Typically, AAH
is a lesion with pure ground-glass attenuation
that measures less than 1 cm, but larger lesions
have been reported. AIS is typically a lesion with
pure ground-glass attenuation that measures less
than 3 cm and demonstrates pure lepidic growth
without invasion. AAH and AIS are pathologic
entities and are considered part of a spectrum;
they may not be discriminated on the basis of
cytologic findings. Note that the term bronchi-
oloalveolar carcinoma (BAC) is no longer used to
enable more accurate pathologic discrimination
among adenocarcinoma entities.

In the IASLC, ATS, and ERS classification of
adenocarcinomas, invasive lesions include mini-
mally invasive (MIA) and invasive adenocarci-
noma. MIA is defined as a predominantly lepidic
lesion that demonstrates no necrosis or invasion
of lymphatics, blood vessels, or pleura; measures
less than 3 cm; and has an invasive component
that measures no more than 5 mm in any one
location (33). MIA may be seen as a GGAN or

radiographics.rsna.org

PSN at CT. Invasive adenocarcinoma is further
classified on the basis of its histologic character-
istics as having a predominantly lepidic, acinar,
papillary, micropapillary, or solid pattern. For
example, lepidic-predominant adenocarcinoma
(LPA) has both mucinous and nonmucinous
forms. The more common nonmucinous form of
LPA is defined as a lepidic lesion that may have
necrosis, invade lymphatics or blood vessels, and
have a focus of invasion larger than 5 mm. Simi-
larly, AIS and MIA also have both mucinous and
nonmucinous forms. For mucinous malignancies,
invasive mucinous adenocarcinoma has replaced
the term mucinous BAC and typically manifests
as a solid nodule or an area of consolidative
attenuation.

CT Technique

Detecting SSNs at CT can be challenging given
their low contrast relative to the surround-

ing lung parenchyma and their poorly defined
margins. However, increasing awareness of SSNs
and improvements in multidetector CT tech-
nology has resulted in improved detection. In
the evaluation of subsolid nodules, the use of
postprocessing techniques and computer-aided
diagnosis (CAD) has been investigated to improve
depiction of nodules (39). The minimal-intensity-
projection technique, in which the lowest voxel
along an array within a section is selected, mini-
mizes the appearance of vasculature and improves
the visibility of GGANSs (39). The use of CAD
has been shown to improve detection of GGANSs
(40). Obtaining thin-section volumetric CT data
facilitates evaluation of subsolid lesions in three
dimensions and, therefore, minimizes misinter-
pretation of findings that mimic nodules. For
example, reconstructing images in an additional
plane (eg, the coronal plane) enables assessment
of the craniocaudal dimension and helps differ-
entiate linear scarring or atelectasis from true
subsolid nodules. Similarly, the use of thin sec-
tions helps avoid misinterpreting volume averag-
ing from parenchymal, mediastinal, and chest wall
structures as true subsolid nodules.

CT Findings and

Morphologic Characteristics

After an SSN is initially detected, reassessing with
CT at 3 months is important to determine its per-
sistence, because lesions that result from infectious
or noninfectious inflammatory causes may regress
or resolve in the interval (Fig 8). For persistent
SSNis, CT features, including nodule attenuation
and the presence and size of any solid component,
are important for differentiating benign from ma-
lignant nodules. In terms of the IASL.C, ERS, and
ATS classification, adenocarcinomas have both
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Figure 7. IASLGC, ATS, and ERS classification of lung adenocarcinoma, in which prein-
vasive lesions include atypical adenomatous hyperplasia (AAH) and adenocarcinoma in situ
(AIS), both of which are defined as lesions with purely lepidic growth along the alveolar
surface. (a) CT image shows an AAH lesion (arrow), which typically has pure ground-glass
attenuation and measures less than 1 cm. However, lesions larger than 1 cm have been re-
ported. (b) CT image shows an AIS lesion (arrowheads), which typically has pure ground-
glass attenuation and measures less than 3 cm. Invasive lesions include minimally invasive
adenocarcinoma (MIA) and invasive adenocarcinoma, which are further classified as having
a lepidic, acinar, papillary, micropapillary, or solid-predominant pattern. (¢) CT image shows
an MIA lesion (arrow), which has a predominantly lepidic pattern; lacks necrosis; does not
invade lymphatics, blood vessels, or pleura; measures less than 3 cm; and has an invasive com-
ponent (arrowhead) that measures no more than 5 mm in any one location. (d) CT image
shows a lepidic-predominant adenocarcinoma (LPA) in its nonmucinous form. Necrosis may
be present, and the focus of invasion of lymphatics and blood vessels is greater than 5 mm.

mucinous and nonmucinous forms. Correlation of
CT and histopathologic findings with the IASLC,
ERS, and ATS system is still evolving, and studies
that describe CT manifestations of subsolid nod-
ules mostly pertain to the nonmucinous forms and
are summarized in the next paragraph. In contrast,
the less common mucinous form of AIS, MIA,
LPA, and other forms of invasive adenocarcinomas
may manifest as a solid nodule.

Typically, nonmucinous forms of AAH and
AIS manifest as a pure GGAN at CT (Table 3).

AAH has primarily been described as a small
round or oval GGAN with smooth, well-defined
borders (41). It is typically 5 mm or smaller, but
nodules larger than 10 mm have been reported
(38,42). Typically, AIS has pure ground-glass
attenuation and is less than 3 cm, but may oc-
casionally demonstrate partly solid attenuation.
Differentiating AAH and AIS is not possible at
CT (42). The appearance of nonmucinous forms
of invasive adenocarcinomas (eg, MIA and LPA)
at CT varies. MIA may manifest as a PSN that is
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Figure 8. GGAN resulting from infection in a 66-year-old man with leukemia who pre-
sented with fever. (a) Coned-down CT image shows a ground-glass opacity (arrow) in the
left lower lobe. (b) Follow-up CT image obtained 3 months later shows resolution of the
ground-glass opacity. For subsolid lesions, initial follow-up CT is performed at 3 months to
determine persistence, because lesions that result from infectious or inflammatory causes
may regress or resolve in the interval.

Table 3: Classification of Nonmucinous Forms of Lung Adenocarcinoma and CT
Features of Subsolid Nodules

2011 TASLC, ATS, and ERS Classification

CT Features

Adenocarcinoma in situ

dominant subtype

Atypical adenomatous hyperplasia

Minimally invasive adenocarcinoma
Lepidic-predominant adenocarcinoma
Invasive adenocarcinoma classified by pre-

GGAN

GGAN with a possible solid component
GGAN, partly solid nodule

Partly solid nodule, solid nodule

Partly solid nodule with a solid compo-
nent, solid nodule

less than 3 cm with predominantly ground-glass
attenuation and an invasive component of 5 mm
or more in any one location. LPA may manifest
as a PSN with necrosis and a focus of invasion of
lymphatics or blood vessels greater than 5 mm. In
terms of CT characterization of PSNs, a central
location of the solid component is seen more often
in malignant lesions (43). The soft-tissue compo-
nent of subsolid nodules may represent an invasive
component and/or fibrosis with alveolar collapse.
Currently, the degree of invasion is reported to
directly correlate with the size of the soft-tissue
component at CT (Table 3) (38,44,45).

Various methods have been investigated to im-
prove characterization of the degree of invasion
of subsolid adenocarcinomas. Yamada et al (46)
measured the CT attenuation values of the solid
part of subsolid nodules and compared them with
pathologic features (46). The authors reported that
attenuation was significantly higher in the group
with invasion compared with that in groups with
no or micro invasion. Ikeda et al (47) reported
that the mean nodule attenuation number could

be used to differentiate among AAH (—609 HU),
BAC (-450 HU), and invasive adenocarcinomas
(=319 HU). The proportion of the solid com-
ponent to the ground-glass component has also
been proposed as a feature to characterize PSNs
in terms of aggressiveness (48). Suzuki et al (49)
characterized the presence and distribution of soft
tissue within 349 stage I adenocarcinomas that
were 2 cm or less in size. The tumors ranged from
pure GGANSs to PSNs to solid lesions at CT. A
direct correlation was reported between increasing
attenuation and the presence and size of a solid
component in an SSN with the degree of invasion
of adenocarcinomas. Specific quantitative mea-
sures to express the ratio of the solid-to—ground-
glass attenuation portions, such as a nodule dis-
appearance ratio and the percentage of the solid
component, have been investigated (48). Honda
et al (45) reported that a ratio of the largest tumor
dimension on images obtained with soft-tissue
window settings versus that on images obtained
with lung window settings of 50% or less indicated
an “air-containing type,” and a ratio of more than
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Figure 9. Fleischner Society recommendations for measuring subsolid lesions at CT. (a) CT
image obtained with narrow and/or mediastinal window settings shows the solid component ()
of a subsolid lesion. (b) CT image obtained with wide and/or lung window settings shows the
ground-glass-attenuation component (arrowheads) of the lesion. Measurements are based on
the average of the long and short axis dimensions. Determination of the percentage of solid to
ground-glass-attenuation components is important, because the greater the solid component,
the more likely that the lesion is an invasive adenocarcinoma. * = solid component.

50% indicated a “solid type” lesion. They also re-
ported that 114 of 142 air-containing lesions were
AIS, whereas none were invasive adenocarcino-
mas. In contrast, 30 of the 158 solid-type lesions
were AIS, 24 were MIA, and 104 were invasive
adenocarcinomas (45). Although there is currently
no standard CT methodology for quantifying the
soft-tissue component of SSNs, direct correlation
of the soft-tissue component with the degree of
invasion or aggressiveness of subsolid adenocarci-
nomas and patient prognosis and survival has been
reported (Fig 9) (50).

Other Morphologic Features

The morphologic features of nodule attenuation
and the presence of a solid component are impor-
tant in the evaluation of subsolid lesions. Other
morphologic features have variable utility in
differentiating benign from malignant lesions. In
an evaluation of subsolid nodules, Kim et al (36)
reported that there are no imaging features that
may be used to reliably differentiate inflamma-
tory and malignant entities. For subsolid nodules,
size is of limited use in determining malignancy.
Although AAHSs are typically GGANSs that are

5 mm or smaller, they may be larger than 1 cm
(38). GGAN:Ss that are larger than 1 cm may

be benign or malignant. In a study of resected
persistent GGAN:, it was reported that AAH
had a mean diameter of 8 mm, adenocarcinoma
(formerly BAC) had a mean diameter of 13 mm,
and fibrosis (or organizing pneumonia) had a
mean diameter of 12 mm (36,51). In terms of
shape, Li et al (43) reported that a round shape
is more common in malignant subsolid nodules
(65%) than it is in benign modules (17%). In

contrast, Oda et al (52) reported that a round
shape indicates AAH rather than adenocarci-
noma. The presence of notches in the nodule
margin and pleural tags are more frequent in
invasive adenocarcinoma compared with MIA
and AIS (45). In addition, lobulation, spicula-
tion, a well-defined but coarse interface, and
pseudocavitation (a bubbly appearance) have
been reported to occur much more frequently in
malignant subsolid lesions than they do in benign
lesions (53). In malignant lesions, the presence of
pseudocavitation results from sparing of alveoli
or bronchi by tumor infiltration (54). However,
there is considerable overlap of findings, because
infectious and inflammatory causes may also
demonstrate pseudocavitation. In patients who
are immunocompetent, nodules that exhibit both
pseudocavitation and the halo sign are reported
to have a high likelihood of being adenocarci-
noma (55). Future investigation into computer-
aided techniques may enable internal features

of nodules to be evaluated. For example, Kim et
al (56) provided a CAD algorithm to detect and
evaluate GGANSs on the basis of texture features,
including kurtosis, surface curvature, and three
gray-level co-occurrence matrix features (iner-
tia, maximum probability, and momentum) that
improved detection of malignant GGAN:Ss.

Assessment of Malignant Potential

Nodule Growth

When assessing the malignant potential of solid
and subsolid SPNs, growth is important to dif-
ferentiate benign and malignant lesions. Typically,
nodule growth is assessed on the basis of volume
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Figure 10. Subsolid lesion that increased in size, which indicates an increased risk for
malignancy, in a 55-year-old man. (a) Coned-down contrast-enhanced CT image shows a
1.3-cm nodule (arrow) with pure ground-glass attenuation in the left lower lobe. Pulmonary
vessels are visible within the lesion. The Fleischner Society recommends that solitary pure
GGAN:s larger than 5 mm undergo initial follow-up CT in 3 months to determine persis-
tence followed by yearly surveillance CT for a minimum of 3 years if the nodule is persis-
tent and remains unchanged. This lesion persisted at 3-month follow-up CT. (b) Follow-up
CT image obtained 3 years later shows the lesion, which increased in size to 1.8 cm. Biopsy
was performed, and results of histologic analysis revealed adenocarcinoma. Because the
volume-doubling time of subsolid lung cancers is typically longer than that for lung cancers
that manifest as a solid nodule, imaging reassessment is recommended for an extended
period of time for patients with a subsolid nodule.

doubling time; because nodules are usually spheri-
cal, nodule volume is calculated with the equation
4nr’. A doubling in volume manifests as a 26%
increase in diameter. Malignant solid SPNs usu-
ally have a volume doubling time of less than 100
days, with a range of 20-400 days (54). Typically,
nodules with a volume doubling time of less than
20 days have an infectious or inflammatory cause,
whereas those with a volume doubling time of
more than 400 days are usually benign (58). This
growth characteristic does not apply to subsolid
adenocarcinomas, which may take up to 1346 days
to double in volume (59). In terms of the range
of volume doubling times for adenocarcinomas,
tumors that manifest as a GGAN have a greater
volume doubling time than do those that manifest
as a PSN, which, in turn, have a greater volume
doubling time than do solid lesions (60).

For solid nodules, it is generally accepted that
a stable size over a 2-year period (which indicates
a doubling time greater than 730 days) is a reli-
able determinant of benignity (61). However, for
small nodules that double in volume, a change in
diameter is difficult to perceive. Thus, concern
has been raised about the accuracy of confer-
ring benignity to small nodules on the basis of
an absence of growth over 2 years. For subsolid
nodules, the limitations in assessing growth are

compounded because these lesions are typically
small and poorly defined with growth that may be
indolent and difficult to perceive (62). In contrast
to growth in solid nodules, which is based solely
on size, in subsolid nodules, growth may manifest
as an increase in size, an increase in attenuation,
development of a solid component, or an increase
in size of a solid component. In subsolid nod-
ules, these imaging features of growth indicate

an increased risk for malignancy (Figs 10-12).
Kakinuma et al (63) reported that at follow-up
imaging, adenocarcinomas that manifested as a
subsolid lesion demonstrated an increase in size,
an increase in attenuation, and development of a
solid component. Scrutiny of the spatial relation-
ship of the subsolid lesion with adjacent anatomic
landmarks and the soft-tissue component with
the ground-glass-attenuation component may
help detect subtle interval growth.

It has been suggested that the use of three-
dimensional volumetric assessment, rather than
diameter, is a more accurate and reproducible
method for determining the size and growth of
solid and subsolid SPNs (64). However, there is
considerable controversy regarding the most ac-
curate method for assessing the growth rate of
solid and subsolid nodules. Recently, mass, which
is defined as the combination of nodule volume
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Figures 11, 12. (11) Increased attenuation in a subsolid lesion, which indicates an increased
risk for malignancy. (a) Coned-down CT image of the chest with coronal reformation shows

a 1.2-cm subsolid nodule (arrow) in the left upper lobe. (b) Follow-up CT image obtained
1 year later shows the nodule (arrow), which demonstrates increased attenuation, in addi-
tion to an increase in the overall size. According to the American College of Chest Physicians
(ACCP) algorithm, an increase in nodule attenuation should be interpreted as an indicator

of possible malignancy, and, in most cases, surgical resection should be strongly considered.
(12) Development of a soft-tissue component in a subsolid lesion, which indicates an in-
creased risk for malignancy, in an 85-year-old man with a history of adenocarcinoma that
was treated with right upper lobectomy. (a) Contrast-enhanced CT image shows a 1.8-cm
nodule with pure ground-glass attenuation (arrow) in the left upper lobe. Pulmonary vessels
and the air bronchogram sign are visible in the lesion. (b) Follow-up CT image obtained

3 months later shows the nodule (arrow), with a new solid component posteriorly (arrow-
head). Biopsy was performed, and results of histologic analysis revealed adenocarcinoma. A
direct correlation between the soft-tissue component and the degree of invasion or aggres-
siveness of subsolid adenocarcinomas and patient prognosis and survival has been reported.
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and density, was proposed as a more accurate
determinant of growth of subsolid nodules. CT
data may be used to calculate mass because x-
ray attenuation values are proportional to tissue
density (ie, mass per unit volume) (65). By multi-
plying nodule volume and density, mass measure-
ments allow growth of SSNs to be detected ear-

lier and are subject to less variability than volume
or diameter measurements (65).

It is important to be aware of two unusual pat-
terns of growth of lung cancers that are potential
pitfalls in interpretation. The finding of an iso-
lated cystic airspace with increased wall thickness
should raise the suspicion of lung cancer (Fig 13).
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Figure 13. Lung cancer manifesting with increased wall thickness of a cystic airspace in a 77-year-old man with a
history of right upper lobectomy for adenocarcinoma. (a) Contrast-enhanced CT image shows a cystic airspace ()
in the right lower lobe. (b) Follow-up CT image obtained 6 months later shows a new soft-tissue component (arrows)
along the wall of the cystic airspace. Results of histologic analysis of the soft-tissue component revealed adenocarcinoma.
The finding of an isolated cystic airspace with increased wall thickness should raise the suspicion for lung cancer.

a. b.
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Figure 14. Transient decrease in size of a lung cancer. (a) CT image obtained at the patient’s initial presentation
shows a nodule (arrow) in the left lower lobe. (b) Follow-up CT image obtained 1 year later shows the nodule (ar-
row), which decreased in size. (¢) CT image obtained 2 years after the initial presentation shows the nodule (arrow),
which increased in size and lobularity. Although most lung cancers grow at a steady rate, temporary regression and
growth can occur. It is postulated that a transient decrease in size may be related to the development of a fibrous
component and/or collapse of fibrosis. Accordingly, a decrease in size requires continued imaging reassessment to

confirm long-term stability or resolution.

The increased thickness of the wall may be solid
or have ground-glass attenuation. In a study by
Farooqi et al (66), 26 lung cancers were identified

abutting the wall or in the wall of a cystic airspace.

Histologic analysis showed that the cystic space
resulted from a bulla, a fibrous-walled cyst, or a
pleural bleb, and the wall of the airspace was un-
evenly thickened (66). Another potential pitfall
relates to temporary regression of SPNs (Fig 14).
Although most lung cancers grow at a steady ex-
ponential rate, a temporary regression in growth
can occur (67). In a small study, Lindell et al (67)
reported that 11 out of 18 cancers showed a de-
crease in volume at some point on their growth

curves. It is postulated that a transient decrease in
size may be related to the development of a fibrous
component and subsequent collapse of the fibro-
sis. Accordingly, a decrease in nodule size requires
continued imaging reassessment to confirm long-
term stability or resolution.

Nodule Enhancement

For solid SPNs, nodule enhancement can be
quantitatively assessed at CT to differentiate be-
nign and malignant lesions. In a multi-institutional
trial, contrast material-enhanced CT was shown
to be useful in determining the risk for malignancy
of nodules as small as 5 mm (68). The degree of
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Figure 15. CT enhancement study in a 54-year-old woman with endometrial hyperplasia.
CT images obtained before (a) and after (b) administration of intravenous contrast mate-
rial show the nodule has enhanced, with an increase in attenuation values of 109 HU. Typi-
cally, malignant nodules enhance with an increase in attenuation values of more than 20
HU, whereas benign nodules enhance with an increase in attenuation values of less than 15
HU. Results from transthoracic needle aspiration biopsy revealed carcinoid tumor.

nodule enhancement correlates with the degree of
vascularity, which increases in malignant lesions
(68). The CT enhancement protocol comprises
3-mm collimation images of the nodule obtained
before and after intravenous administration of
contrast media. Serial 5-second spiral images are
acquired at 1, 2, 3, and 4 minutes after the onset
of contrast material administration. Enhancement
is determined by subtracting the precontrast at-
tenuation of the nodule from the peak attenuation
after administration of contrast material. Mea-
surement of the circular or oval region of interest
(ROI) is made with mediastinal window settings to
minimize partial volume averaging, with the ROI
centered on the image closest to the nodule equa-
tor and comprising roughly 70% of the nodule
diameter. Typically, malignant nodules enhance
more than 20 HU, whereas benign nodules en-
hance less than 15 HU (Fig 15) (68). Nodules
that enhance less than 15 HU are almost certainly
benign (negative predictive value, 96%; sensitivity,
98%; specificity, 58%; accuracy, 77%) (68). It is
important to note the limitations of this technique.
It may be prudent to use this enhancement tech-
nique for nodules with a diameter of 2 cm or less,
because smaller nodules have a higher likelihood
of benignity and are less likely to have substantial
necrosis. CT enhancement should be calculated
only in nodules with a relatively spherical shape
and homogeneous attenuation (ie, no evidence of
fat, calcification, cavitation, or necrosis).

Recently, CAD has been used to evaluate vas-
cular enhancement and morphologic characteris-
tics to differentiate between benign and malignant

nodules. In a study by Shah et al (69), quantita-
tive features, such as size, shape, attenuation, and
enhancement properties, were used to differenti-
ate between benign and malignant nodules and
showed that, with the use of volumetric and con-
trast-enhanced data from 35 CT data sets of SPNs
with a mean diameter of 25 mm (range, 6-54
mm), CAD helps differentiate between benign and
malignant SPNs.

Nodule Metabolism

Functional imaging with fluorine 18 (*®F)-la-
beled fluorodeoxyglucose (FDGQG) positron emis-
sion tomography (PET) is a more widely used
alternative to measuring nodule enhancement in
the evaluation of solid SPNs. FDG is a measure
of glucose metabolism and is used to differen-
tiate between benign and malignant nodules.
The most common semiquantitative method
for evaluating pulmonary lesions at PET is

the FDG standardized uptake value (SUV).
Typically, metabolism of glucose is increased in
malignancies, and, historically, an SUV cutoff
of 2.5 has been used to differentiate between
benign and malignant nodules, although visual
analysis is just as accurate (70). PET has sensi-
tivity and specificity of approximately 90% for
detecting malignant nodules with a diameter

of 10 mm or larger (71). Determination of the
utility of FDG PET for evaluating SPNs takes
into consideration clinical risk factors—such

as a patient’s age, smoking history, and history
of malignancy—and imaging features to deter-
mine a management course. For example, in a
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Figure 16. PET-mnegative neuroendocrine tumor in a 59-year-old woman. Unenhanced CT (a) and PET/CT (b)
images show a well-circumscribed nodule in the middle lobe (arrow) with no FDG uptake. Results from transtho-
racic needle biopsy revealed a well-differentiated neuroendocrine tumor (carcinoid). False-negative PET findings
can also occur in patients with indolent adenocarcinomas.

patient with a low pretest likelihood (20%) of
malignancy who is being considered for serial
imaging reassessment, negative findings at PET
reduce the likelihood of malignancy to 1%, fa-
voring conservative management (72). However,
in a patient with a high pretest likelihood (80%)
of malignancy, negative findings at PET only
reduce the likelihood of malignancy to 14%;
thus, a more aggressive course of action may be
considered, such as obtaining tissue for biopsy
or resection (72).

It is important to note that the high sensitivity
and specificity of PET for evaluating SPNs per-
tains to solid nodules with a diameter of 10 mm
or more. In contrast, FDG uptake in malignant
GGANSs and PSNs varies and cannot be used to
reliably distinguish among benign and malignant
lesions. In a recent study, nine out of 10 well-
differentiated adenocarcinomas that manifested
as a nodular ground-glass opacity were falsely
negative at PET, whereas four out of five benign
nodular ground-glass opacities were falsely posi-
tive (73). In this study, the sensitivity (10%) and
specificity (20%) of PET for evaluating ground-
glass opacities were significantly lower than those
for evaluating solid nodules (90% and 71%,
respectively).

In addition to its limitations for evaluating
subsolid lesions, PET also has limited spatial res-
olution, which may lead to false-negative findings
when lesions smaller than 10 mm in diameter are
assessed (73,74). Today, evaluation of nodules
approximately 7 mm in diameter is possible with
commercially available PET scanners. Finally,
false-negative PET findings are uncommon but
may occur with carcinoid tumors and adenocar-

cinomas (Figs 16, 17) (75). The lower positive
predictive value of PET in evaluating SPNs re-
lates to the false-positive results that result from
infection and inflammation (Figs 18, 19).

The introduction of integrated PET/CT
scanners has enabled the near-simultaneous
acquisition of coregistered, spatially matched
functional and anatomic data sets. The temporal
and spatial integration of these two data sets
may be useful when PET/CT is the initial imag-
ing modality in an SPN evaluation (76). In a
study comparing PET/CT and helical dynamic
CT (HDCT) for the evaluation of SPNs, PET/
CT was more sensitive (96% vs 81%) and more
accurate (93% vs 85%) than HDCT (76). How-
ever, the use of CT for attenuation correction of
the PET images introduced artifacts and quan-
titative errors and can lead to misinterpretation
of findings. For example, acquiring images dur-
ing different stages of the patient’s respiratory
cycle may introduce a mismatch between the
CT attenuation data obtained during breath
holding and the PET data obtained during quiet
tidal breathing (77). In addition to localiza-
tion errors, this misregistration may also result
in incorrect attenuation coefficients applied to
the PET data, which may affect SUV, the most
widely used parameter to quantify the intensity
of FDG uptake (77). Misregistration may lead
to an underestimation of the SUV and poten-
tially result in false-negative results. Strategies to
mitigate the respiratory mismatch between CT
and PET images include acquiring CT images
mid expiration, which most closely approximates
the lung volumes at quiet tidal breathing, when
PET images are acquired. However, acquiring
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Figure 17. Decision analysis for a subsolid lesion in a 57-year-old man with thyroid and prostate cancer. (a) Unen-

hanced CT image of the chest shows a 1.5-cm subsolid lesion (arrowheads) in the left lower lobe with internal bubbly
areas of attenuation and a soft-tissue component larger than 5 mm. The lesion persisted at 3-month follow-up CT. Ac-

cording to the Fleischner Society recommendations, a solitary PSN with a solid component that is larger than 5 mm
should be considered malignant until proved otherwise. (b) PET/CT image obtained for preoperative staging shows no
FDG uptake within the nodule (arrow). There was no evidence of nodal or metastatic disease at PET/CT. Negative PET

findings do not preclude malignancy. Because of the the high clinical suspicion for malignancy, transthoracic needle

aspiration biopsy was performed, and adenocarcinoma was revealed.

a. b

Figure 18. Infection mimicking malignancy in a 30-
year-old man with no symptoms and a right lower lobe
mass detected at chest radiography performed for a
routine occupational health examination. (a, b) Unen-
hanced CT (a) and PET/CT (b) images show a 3-cm
solid lesion in the right lower lobe (arrow in a) with a
maximum SUV of 16.7. Biopsy results revealed granulo-
matous inflammation and no malignant cells. (¢) Follow-
up CT image obtained 2 months later shows regression
of the lesion (arrow). Infectious and inflammatory
conditions can accumulate FDG and be misinterpreted
as malignant.

¢ ent portions of the respiratory cycle with four-
dimensional CT techniques) to improve SUV
quantification (78). Respiratory-averaged CT
CT images of the lungs at mid expiration com- used for PET attenuation correction has shown
promises anatomic detail, and small nodules in maximum SUYV differences of more than 50%
the lung bases may be missed. A more recent in some lesions, compared with the standard
approach suggests the use of respiratory-aver- method of CT attenuation with the use of data

aged CT (CT cine images obtained over differ- obtained mid expiration (78).
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Figure 19. Focal organizing pneumonia mimicking
malignancy in a 69-year-old man with esophageal cancer
and a 30-pack-year smoking history. (a) Unenhanced
CT image shows a subsolid nodule (arrow) in the right
lower lobe with predominantly ground-glass attenuation.
(b) Follow-up CT image obtained 1 year later shows the
nodule (arrow), which has increased in size and attenu-
ation. (¢) PET/CT image shows low-grade FDG uptake
in the nodule (arrow). Because of this patient’s high
pretest probability for malignancy (older age and his-
tory of malignancy and smoking) and imaging features
(increase in nodule size and attenuation) indicative of an
increased risk for malignancy, decision analysis favors
biopsy. Results of transthoracic needle aspiration biopsy
were negative and revealed focal organizing pneumonia.

V

Decision Analysis: Management
Multiple factors, including radiation exposure,
cost, limited resources, patient anxiety, and the
knowledge gleaned from lung cancer CT screen-
ing trials, have contributed to the recent release
of guidelines by the Fleischner Society and, more
recently, the American College of Chest Physi-
cians (ACCP), for managing solid and subsolid
pulmonary nodules (3,14,79,80). Management
algorithms for solid and subsolid SPNs are deter-
mined by patients’ clinical risk factors and nod-
ule characteristics. Upon completion of imaging
evaluation, the goals of appropriate management
are to direct clinicians to pursue a more aggres-
sive approach for nodules that are deemed suspi-
cious for malignancy, while sparing patients with
benign nodules the morbidity and cost associated
with invasive procedures to obtain tissue samples.
In this regard, clinical quantitative prediction
models have improved our understanding of risk
factors for malignancy by determining the likeli-
hood ratios of independent clinical and imaging

radiographics.rsna.org

factors. Clinical factors that are determined to be
significant predictors for malignancy include an
older age, current or past smoking history, and

a history of extrathoracic malignancy more than
5 years before nodule detection (11). Nodule
characteristics associated with a higher likelihood
of malignancy are size, spiculation, and an upper
lobe location (81). The addition of PET results to
Bayesian analysis also increases the effectiveness
of the model (82).

Algorithms by the ACCP and recommenda-
tions from the Fleischner Society provide guide-
lines for managing solid and subsolid SPNs. In
the initial evaluation, comparison with previous
images is important to assess nodule growth.
Solid nodules that have been stable for more than
2 years or that have a benign pattern of calcifica-
tion require no further work-up. In the evalua-
tion of nodules with an indeterminate cause after
imaging, stratifying patients according to their
pretest probability of malignancy is important
to decide whether a nodule should be observed,
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Table 4: Fleischner Society Recommendations for Follow-up of Patients with a Solid SPN

Risk Factor

Nodule size Low Risk*

High Riskt

or biopsy

=4 mm No follow-up

5-6 mm Follow-up at 12 months

7-8 mm Follow-up at 6-12 months and 18-24 months
>8 mm Follow-up at 3, 9, and 24 months; consider

performing contrast-enhanced CT, PET/CT,

Follow-up at 12 months

Follow-up at 6—12 months and 18-24 months

Follow-up at 3—-6 months, 9-12 months, and 24
months

Follow-up at 3, 9, and 24 months; consider
performing contrast-enhanced CT, PET/CT,
or biopsy

*Patients who have little or no history of smoking and no other risk factors are considered low risk.
TPatients with a history of smoking or other exposure or risk factor are considered high risk.

Solid Nodule > 8 mm

Assess pretest

probability of
malignancy
]
Low Intermediate High
< 5% 5-60% > 60%
Serial low dose CT PET/CT or
follow-up at CT enhancement
3,6,12, 24 months l l
[ Negative ][ Positive ]

Obtain tissue:
biopsy or surgical
resection

Case by case
Serial follow-up CT

or obtain tissue:
biopsy or surgical
resection

Figure 20. Flowchart shows the algorithm for evalu-
ating solid SPNs.

biopsied, or resected. In terms of management,
the decision to observe is made on the basis of
the size of the nodule and its risk for malignancy.
In patients with no history of cancer, fewer than
1% of nodules that are 4 mm or smaller are ma-
lignant, and no further assessment is required
(Table 4). For nodules that are 5-8 mm, the fre-
quency of serial reassessment depends on the size
of the nodule and the clinical risk for malignancy,
with more frequent follow-up examinations rec-
ommended for patients with a high risk for malig-
nancy (Table 4). For solid nodules that are larger
than 8 mm, stratification of patients’ pretest
probability for lung cancer by using clinical and
morphologic risk factors determines management
(Fig 20) (80). Available management options in-
clude serial reassessment at CT, performing a CT
enhancement study, performing FDG PET, and
performing histologic analysis to make a tissue
diagnosis. For nodule reassessment, unenhanced,

thin-section, limited coverage, low-dose CT is
recommended. CT enhancement studies, once
considered an alternative to PET for differentiat-
ing between benign and malignant SPNs, are less
widely used. It should be noted that the Fleis-
chner Society recommendations do not apply

to patients with a history of malignancy, young
patients (those who are less than 35 years old
and, thus, have a low risk for lung cancer), and
patients with a fever because the nodules may be
infectious (14).

In contrast to solid nodules, management op-
tions for subsolid nodules are less clearly defined
and are limited to serial reassessment and histo-
logic analysis to make a tissue diagnosis (Table 5,
Fig 21) (3,80). CT enhancement studies are not
applicable, and FDG PET is of limited use be-
cause subsolid lesions typically have low metabolic
activity. Although PET should not be systemati-
cally performed in patients with a pure GGAN,
it has limited use in the assessment of subsolid
nodules. According to the ACCP guidelines, PET/
CT may play a role in the evaluation of subsolid
lesions with a solid component larger than 8 mm,
and, according to the Fleischner Society guide-
lines, it may play a role in the evaluation of those
with a solid component larger than 10 mm (3,80).
One study reported that, for subsolid nodules, the
finding of a solid component accounting for more
than 50% of the nodule is associated with an in-
creased risk for nodal metastatic disease (83).

According to guidelines from the ACCP and
the Fleischner Society, performing thin-section
CT is essential to characterize subsolid nodules
in terms of any solid components, the ratio of
solid-to—ground-glass attenuation, and a change
in size or attenuation at serial follow-up examina-
tions. However, these guidelines have differences
(3,80). The ACCP guidelines consider pretest
probability for malignancy, which is not included
in the Fleischner Society recommendations. In
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Table 5: Fleischner Society Recommendations for Management of Subsolid Pulmonary Nodules

Nodule size

Management Recommendations

Additional Remarks

GGAN
=5 mm No CT follow-up
>5 mm Follow-up CT at 3 months to confirm persistence, then
annual surveillance CT for at least 3 years
PSN Follow-up CT at 3 months to confirm persistence; if

persistent and the solid component is <5 mm, yearly
surveillance CT should be performed for at least 3
years; if persistent and the solid component is =5 mm,
biopsy or surgical resection should be performed

Obtain contiguous 1-mm-thick
sections to confirm that nod-
ule is truly a pure GGAN

FDG PET is of limited value, is
potentially misleading, and is
not recommended

Consider PET/CT for partly
solid nodules >10 mm

addition, overall nodule size is a consideration
for subsolid nodules in the ACCP criteria. In the
Fleischner Society guidelines, the size of the solid
portion is emphasized, but the overall nodule size
is not specifically addressed if it is larger than 5
mm. These differences bring to light the chal-
lenge in managing subsolid lesions, which will

be addressed as more information is accrued in
terms of the natural history and significance of
nodule size and other features.

For patients with a subsolid lesion, the initial
3-month follow-up at CT is to determine persis-
tence, because lesions that result from an infec-
tious or inflammatory cause may regress or resolve
in the interval. Persistent pure GGANS that are
smaller than 5 mm in diameter are typically AAH;
it is unclear whether these lesions require follow-
up evaluation. For persistent pure GGANs that
are larger than 5 mm, continued follow-up exami-
nations are recommended, because a small num-
ber (7%) of 5-10-mm pure GGANSs can have fea-
tures of invasive adenocarcinoma (84). Persistent
pure GGANS that are larger than 10 mm should
be assumed to be AIS or invasive adenocarcinoma,
although 20%-25% will prove to be benign at
resection (85). These lesions should be resected
if they increase in size or attenuation or if they
develop a solid component (85). If the lesion re-
mains stable in size and attenuation, conservative
management is recommended, with at least three
consecutive annual thin-section CT studies to
document stability. This extended period of serial
reassessment CT takes into consideration the slow
doubling times of adenocarcinomas (62). Because
of its longer follow-up periods and large number
of serial reassessments needed, imaging with a
low-tube-current technique is advised to reduce
cumulative radiation dose (14). For persistent sub-
solid nodules, management is stratified according
to the size of the solid component (Fig 21). If the

Subsolid Nodule

:
Ground glass nodule | | Ground glass nodule Part-solid nodule

<5mm >5mm
No follow-up [ 3 month follow-up
required thin section CT to
assess for persistence
'

Resolve Persist

No follow-up If soft tissue component Low dose CT annually

required > 8 mm, for minimum 3 yrs
consider PET/CT
L . + [ Assess for 1 size,
Negative Pasitive T attenuation, new or
. 1 solid component
(indicating T risk of
malignancy)
Case by case Consider biopsy or
Serial follow-up CT or surgical resection
obtain tissue: biopsy or h
surgical resection
Figure 21. Flowchart shows the algorithm for eval-

uating subsolid SPNss.

solid component is 5 mm or smaller, follow-up im-
aging may be performed, whereas more aggressive
management may be considered for PSNs with a
solid component larger than 5 mm, as suggested
by the Fleischner Society guidelines (3).

Summary
Solid and subsolid SPNs are detected with in-
creasing frequency because of the widespread use
of MDCT. Although most such nodules are be-
nign, lung cancer is a clinically important entity in
the differential diagnosis of SPNs. To ensure that
appropriate treatment is initiated in a timely fash-
ion, the aim in evaluating SPNs is to correctly
differentiate malignant and benign lesions. Clinical
assessment of patients’ risk factors for malignancy,
including age, smoking history, and history of
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malignancy, is important. In terms of imaging
evaluation, obtaining prior radiographs or chest
CT images is useful to determine nodule growth.
Further imaging evaluation, including CT en-
hancement studies and PET/CT, helps determine
the malignant potential of solid SPNs. For solid
nodules, CT enhancement of less than 15 HU
and low or no FDG uptake at PET/CT suggest
benignity. Awareness of potential pitfalls in nodule
enhancement and PET/CT evaluation of SPNs
that result from infectious or inflammatory condi-
tions is important to avoid misinterpreting imag-
ing findings. For subsolid nodules, CT enhance-
ment studies are not applicable, and PET imaging
is of limited use because of their low metabolic
activity. Because of the likelihood that persistent
subsolid nodules represent adenocarcinomas with
indolent growth, serial imaging reassessment for
a minimum of 3 years and/or obtaining tissue
samples for histologic analysis are recommended.
At imaging follow-up of subsolid nodules, growth
manifesting as an increase in size, an increase in
attenuation, development of a solid component,
or an increase in the size of a solid component is
suspicious for malignancy. Stratified according

to patient risk factors for malignancy and nodule
characteristics, evidence-based clinical guidelines
and recommendations for the evaluation of solid
and subsolid SPNs are useful in decision analysis.
These management algorithms will continue to
evolve as data from the lung cancer screening trials
are analyzed and further studies are performed.
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Subsolid nodules contain a component with ground-glass attenuation, which is higher than that of nor-
mal lung parenchyma and lower than that of soft tissue, such as the pulmonary vessels. Subsolid nodules
may have purely ground-glass attenuation, be partly solid, or have mixed solid and ground-glass attenua-
tion (3).

Page 1660

The use of thin sections minimizes partial volume effects and the resultant misinterpretation of a small
solid nodule as a subsolid lesion, which may be managed differently, and enables three-dimensional
analysis, including quantitative techniques.

Page 1668

In terms of the range of volume doubling times for adenocarcinomas, tumors that manifest as a GGAN
have a greater volume doubling time than do those that manifest as a PSN, which, in turn, have a greater
volume doubling time than do solid lesions (60).
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In contrast to growth in solid nodules, which is based solely on size, in subsolid nodules, growth may
manifest as an increase in size, an increase in attenuation, development of a solid component, or an
increase in size of a solid component. In subsolid nodules, these imaging features of growth indicate an
increased risk for malignancy (Figs 10-12).

Page 1676
For patients with a subsolid lesion, the initial 3-month follow-up at CT is to determine persistence, because
lesions that result from an infectious or inflammatory cause may regress or resolve in the interval.





