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In 2014, the American College of Radiology (ACR) created Lung-RADS 1.0. The sys-
tem was updated to Lung-RADS 1.1 in 2019, and further updates are anticipated as 
additional data become available. Lung-RADS provides a common lexicon and stan-
dardized nodule follow-up management paradigm for use when reporting lung can-
cer screening (LCS) low-dose CT (LDCT) chest examinations and serves as a quality 
assurance and outcome monitoring tool. The use of Lung-RADS is intended to im-
prove LCS performance and lead to better patient outcomes. To date, the ACR’s Lung 
Cancer Screening Registry is the only LCS registry approved by the Centers for Medi-
care & Medicaid Services and requires the use of Lung-RADS categories for reimburse-
ment. Numerous challenges have emerged regarding the use of Lung-RADS in clini-
cal practice, including the timing of return to LCS after planned follow-up diagnostic 
evaluation; potential substitution of interval diagnostic CT for future LDCT; role of vol-
umetric analysis in assessing nodule size; assessment of nodule growth; assessment 
of cavitary, subpleural, and category 4X nodules; and variability in reporting of the 
S modifier. This article highlights the major updates between versions 1.0 and 1.1 of 
Lung-RADS, describes the system’s ongoing challenges, and summarizes current evi-
dence and recommendations.
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Despite a steady decline in lung cancer mortality rates over the past few decades, lung 
cancer remains the leading cause of cancer death in the United States. The continued 
large proportion of patients with a late-stage lung cancer diagnosis accounts for the over-
all low 5-year survival rate of 19% [1]. The National Lung Screening Trial (NLST) published 
in 2011 showed a 20% decrease in lung cancer mortality among high-risk older current 
and former smokers undergoing lung cancer screening (LCS) with low-dose CT (LDCT) 
of the chest compared with chest radiography [2]. Also, fewer advanced-stage lung can-
cers were diagnosed on subsequent screening rounds in the LDCT group. These findings 
show the potential of LCS to identify earlier-stage curable disease. A subsequent large 
randomized trial, the Dutch-Belgian Randomized Lung Cancer Screening trial (NELSON), 
confirmed the mortality benefit of LCS with LDCT in high-risk groups [3]. Smaller ran-
domized trials, not powered for a mortality benefit, showed a similar, although not sta-
tistically significant, result [2, 4, 5]. The NLST also showed the cost-effectiveness of LCS 
in 2014 [6]. In an effort to standardize the reporting and management of nodules found 
on LCS, the American College of Radiology (ACR) created Lung-RADS in 2014, updated to 
Lung-RADS 1.1 in 2019. This article summarizes current evidence and recommendations 
regarding Lung-RADS and discusses challenges associated with the use of Lung-RADS in 
clinical practice.

Lung-RADS: Definition and Relation to Lung Cancer Screening 
Reimbursement

Modeled after BI-RADS, Lung-RADS provides radiologists with a common lexicon and 
standardized nodule follow-up management paradigm for reporting LCS LDCT results. 
Lung-RADS categories are assigned on the basis of nodule size, growth, and morphology. 
With the exception of category 0 indicating an incomplete examination, the progressive-
ly higher numbered categories indicate an increasing risk of malignancy.  Management 
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 recommendations are associated with each of the specified cat-
egories. Lung-RADS categories 1 (negative) and 2 (benign) con-
stitute a negative LCS LDCT, whereas categories 3 (probably 
benign), 4A (probably suspicious), and 4B or 4X (suspicious) con-
stitute a positive LCS LDCT. A modifier S may be appended to 
any of the Lung-RADS categories when an incidental finding is 
deemed clinically significant by the reporting radiologist.

Lung-RADS also serves as a quality assurance and outcome mon-
itoring tool. Several professional societies have published eligibility 
criteria [7–10]. High-risk groups defined by the U.S. Preventive Ser-
vices Task Force (USPSTF) and Centers for Medicare & Medicaid Ser-
vices (CMS) are eligible for LDCT reimbursement by insurers without 
a copay [11]. The 2015 CMS coverage decision also requires facilities 
to submit data to a CMS-approved registry to be reimbursed for ser-
vices. To date, the ACR’s Lung Cancer Screening Registry is the only 
CMS-approved LCS registry [12]. Because the Lung Cancer Screen-
ing Registry requires Lung-RADS categories for reporting the re-
sults of LCS LDCT, the use of Lung-RADS is linked to reimbursement 
and has contributed to the system’s rapid uptake.

Lung-RADS 1.1: Updates to Lung-RADS 1.0
In 2019, the ACR published Lung-RADS version 1.1 using ev-

idence accumulated over the previous few years [13]. The 
Lung-RADS Committee, composed of eight leading experts in the 
field, identified areas for clarification and improvement according 
to a review of the available literature leading to the published up-
dates. Differences between the initial and updated Lung-RADS 
versions are shown in Table 1. Increasing the size threshold of 
nonsolid nodules from 20 to 30 mm was according to evidence 
of such nodules’ longer volume doubling time (VDT) and a gen-
erally more indolent course compared with solid and part-solid 
nodules [14–19]. Perifissural nodules measuring less than 10 mm 
in mean diameter that met the criteria for intrapulmonary lymph 
nodes as defined in the NELSON trial were reclassified as catego-
ry 2 nodules (previously category 3 or 4A) [20–25] (Fig. 1). Togeth-
er these changes are expected to reduce the false-positive screen 
rate given these nodules’ low malignancy rates and the overall 
lower cancer diagnosis rate of Lung-RADS category 3 nodules. A 
new recommendation for 4B nodules was also added, allowing a 

short-interval follow-up LDCT to account for new or rapidly en-
larging nodules that are likely infectious or inflammatory. The re-
ported low rates of interval cancers support this recommendation, 
given that interim development of large neoplasms is believed to 
be unlikely [26]. The method for measuring and calculating mean 
nodule diameter was also clarified, with a recommendation to re-
port mean nodule diameter to one decimal point [27]. In addition, 
as discussed subsequently, volumetric measurements were incor-
porated. Finally, the C modifier, previously assigned to lung can-
cer survivors who return to screening, was removed to avoid con-
fusion between LCS and lung cancer surveillance for patients who 
have been disease-free for 5 or more years.

Ongoing Challenges
Challenges associated with the application of Lung-RADS in 

clinical practice have sparked discussions and raised questions that 
could potentially be addressed in future Lung-RADS iterations. 
This section discusses some of these challenges and perspectives.

Returning to Screening After Follow-Up: Should We Use 
Baseline Screening or Planned Follow-Up CT as Low-Dose 
CT Anniversary Date?

Lung-RADS 1.1 recommends that category 3 and 4A nodules 
be downgraded to category 2 if stable on follow-up  diagnostic 

 Evidence supports the role of lung cancer screening 
(LCS) in achieving earlier lung cancer diagnosis and re-
duced lung cancer mortality.

	Created by the ACR, Lung-RADS provides a common 
lexicon, a management paradigm, and a quality assur-
ance tool for LCS low-dose CT chest examinations.

	Future Lung-RADS updates should apply growing evi-
dence from LCS experience to address ongoing challeng-
es associated with the system’s use in clinical practice.

HIGHLIGHTS

TABLE 1: Comparison of the Initial 1.0 and Updated 1.1 Versions of Lung-RADS

Feature Lung-RADS 1.0 Lung-RADS 1.1

Threshold for nonsolid nodule

Category 2 < 20 mm or ≥ 20 mm and unchanged or slowly growing < 30 mm or ≥ 30 mm and unchanged or slowly growing

Category 3 ≥ 20 mm on baseline CT or new ≥ 30 mm on baseline CT or new

Size (mm) of perifissural nodules

< 10 (< 524 mm3) Category classification dependent on size Category 2 if typical features of an intrapulmonary lymph 
node

≥ 10 (≥ 524 mm3) Category classification dependent on size Category classification dependent on size

Nodule size measurement Mean diameter rounded to the nearest whole number Mean diameter reported to one decimal point

Volumetric measurements Not reported Added next to the reported mean diameter

New large category 4B nodules Similar management to other 4B nodules Added 1-month follow-up low-dose CT

Modifier C Specified in lung cancer survivors returning for screening Removed
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CT and that patients be advised to return for screening at 12 
months. Extensive debate has explored whether the 12-month 
interval should be according to the date of the planned interval 
follow-up CT related to their 3 or 4A status (i.e., 18 and 15 months, 
respectively, after the initial screening LDCT) rather than the ini-

tial annual screen [28, 29]. Advocates of the former approach 
suggest a higher likelihood of compliance with a set anniversa-
ry date, which aligns with health screening appointments often 
set around a birthday [30, 31]. Additionally, an annual LCS eval-
uation is accepted by the USPSTF and CMS for reimbursement, 

D

A

Fig. 1—Patients illustrating major updates from Lung-RADS 1.0 to Lung-RADS 1.1. 
A, 55-year-old man with 16-pack-year smoking history presented for lung cancer screening (LCS) despite not meeting current eligibility criteria. Coned-down 
axial image from baseline low-dose CT (LDCT) of chest shows 20-mm right upper lobe nonsolid nodule consistent with category 2 nodule per Lung-RADS 1.1. Per 
Lung-RADS 1.0, this would have been classified as category 3 nodule requiring follow-up LDCT at 6 months. 
B, 57-year-old man with 40-pack-year smoking history found to have right lower lobe nodule on baseline LDCT. Coned-down axial image from LDCT shows 6-mm 
perifissural triangular right lower lobe nodule with smooth margins. Per Lung-RADS 1.1, category 2 was assigned to nodule, and return for LCS in 12 months was 
recommended. This would have been classified as category 3 nodule per Lung-RADS 1.0, resulting in follow-up LDCT in 6 months. 
C–F, 68-year-old man with 35-pack-year smoking history presented with new findings on yearly LDCT. Coned-down axial (C) and coronal (D) images show sizeable 
consolidation in left upper lobe. Findings were entirely new from prior baseline LDCT (not shown). Because infection was thought to be likely, category 4B was 
assigned with recommendation to return to LDCT in 1 month, representing new option in Lung-RADS 1.1. Lung-RADS 1.0 did not account for this possibility and would 
have resulted in recommendation to obtain chest CT, PET/CT, or tissue sampling. Coned down axial (E) and coronal (F) images from follow-up LDCT at 1 month show 
interval partial clearing of left upper lobe consolidation and development of pneumatocele.
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theoretically allowing patients to return at the 12-month mark af-
ter the abnormality was first identified at baseline [32]. The po-
tential for greater growth rates of some lung cancers could also 
justify a shorter time to follow-up (e.g., 6–9 months instead of 12 
months) [33]. Advocates of setting the annual repeat date from 
interval planned follow-up CT raise concern for additional un-
warranted radiation and costs, citing the reluctance of certain 
commercial insurers to authorize the screening CT sooner than 
12 months after the follow-up interval diagnostic CT. These advo-
cates also question the clinical benefit of shorter follow-up inter-
vals for stable nodules on the basis of the long VDT of many lung 
cancers [34]. The transient character of a proportion of indeter-
minate and suspicious nodules further strengthens the case for 
greater spacing between evaluations [35, 36]. The downgrading 
of many Lung-RADS category 3 nodules to negative screen cate-
gory 2 with Lung-RADS 1.1 mitigates against this argument giv-
en that some of these nodules may ultimately prove malignant. A 
consensus regarding the optimal strategy has not been reached.

Interval Diagnostic Chest CT: Can It Substitute for a Future 
Low-Dose CT?

In one of its attestation forms, the ACR states that individuals 
“having undergone chest CT within 12 months should be exclud-
ed” from initial screening [37]. However, little evidence exists to 
guide referring physicians and radiologists when an interval di-
agnostic chest CT for a different indication (e.g., to rule out pul-
monary embolism) is obtained in a patient actively enrolled in 
LCS. Whether and when a diagnostic chest CT may substitute for 
a future LCS LDCT is unclear. Considerations for such a substitu-
tion include the interval time between the diagnostic chest CT 
and LDCT, symptoms at the time of diagnostic chest CT, findings 
on diagnostic chest CT that may prevent full lung assessment for 
small lung nodules, diagnostic chest CT technique, and concerns 
about implications for registry reporting of diagnostic chest CT 
and radiation dose. For example, an aorta protocol CT obtained 
after a dilated aorta is performed in the same time interval when 
screening is due technically may meet the specifications for slice 
thickness, reconstruction interval, and coverage of an LDCT, but 
at a higher radiation exposure; performing an additional LDCT 
adds unnecessary dose exposure. The diagnostic chest CT will 
need to meet specific technical requirements according to ACR 
recommendations for the study to be considered an LCS CT. 
These include a slice thickness of 2.5 mm or smaller, at least 4 de-
tector rows, and complete anatomic coverage of the thorax with 

a display FOV of 1 cm beyond the ribs. Standardized reporting 
that includes a Lung-RADS classification would be required.

Nodule Size: Can Volumetric Analysis Help?
Lung-RADS emphasizes nodule size and growth primarily ac-

cording to 2D measurements. The 2D measurements are more ac-
curate than single diameter measurements in RECIST for guiding 
cancer treatment decisions; each setting has a different degree of 
variance that may be tolerable for decision-making [34, 38–40].
Several studies have highlighted the limitations of 2D measure-
ments, showing significant intraobserver and interobserver vari-
ability [41–43]. Scan acquisition at different degrees of inspiration 
also affects axial nodule measurements [44]. These intrinsic mea-
surement errors may result in overestimation or underestimation 
of nodule size and size change (Fig. 2). Determination of nodule 
growth or lack of growth using caliper measurements may be er-
roneous, resulting in imprecise Lung-RADS categorization. Inves-
tigators have shown increased reproducibility with automated or 
semiautomated volumetric analysis, including measurement of 
solid components of part-solid nodules [45–47]. However, an in-
crease in complexity and irregularity of nodule margins results 
in greater variability of 3D measurements and VDT [48, 49]. Mea-
surements among different software programs also show sub-
stantial variability, making comparison difficult when the same 
software is not used consistently [47]. The first large LCS study to 
rely on volumetric measurements of nodules was the  NELSON tri-
al [3]. Lung-RADS 1.1 included volumetric measurements next to 
the mean diameter measurements both to accommodate prac-
tices that already were using volumetric measurement and to 
provide a path toward future standardization of volume mea-
surements. However, the implementation of volumetric analysis 
in routine clinical practice has lagged. Further validation of quan-
tification tools, time commitment by radiologists for monitoring 
of software output, seamless integration of not only fixed but dy-
namic interactive outputs into the radiologists’ workflow at the 
PACS, and reimbursement for the use of computer-aided detec-
tion systems are critical to the incorporation of volumetric nod-
ule analysis in clinical practice.

Nodule Growth: Should We Modify Our Approach?
Lung-RADS defines growth as a 1.5-mm increase in size. The 

Lung-RADS definition of growth applies to both total nodule 
size and the solid component of a part-solid nodule. A slightly 
higher threshold for growth of 2 mm is recommended by the 

A

Fig. 2—69-year-old woman with 32-pack-year 
smoking history with non–small cell lung cancer.
A and B, Coned-down axial images from baseline 
(A) and follow-up (B) low-dose CT of chest show 
interval increase in size and spiculation of left lower 
lobe solid nodule. Axial measurements reveal 40% 
increase in diameter (growth of 3.4 mm from 8.6 to 
12.0 mm). Volumetric analysis (not shown) revealed 
approximately 400% increase in volume (from 0.34 
to 1.31 cm3), highlighting potential for increased 
sensitivity of volumetric imaging. Growth shown 
using either axial or volumetric measurements in this 
case results in Lung-RADS category 4B.
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Fleischner Society and the British Thoracic Society nodule guide-
lines [23, 50]. These recommendations are supported by a study 
that showed interobserver variability of up to 1.73 mm in mea-
surement of nodules measuring 3–18 mm. The authors conclud-
ed that a confident statement of growth may only be made when 
the change in nodule size exceeds 1.73 mm [41]. In the NELSON 
trial, growth was defined as a 25% or greater increase in vol-
ume, which better captures changes in small nodules compared 
with an absolute change in mean diameter of 1.5 mm [3]. The 
Lung-RADS definition of growth does not address situations in 
which the interval between two evaluations exceeds 12 months 
[29]. In such situations, observing a strict definition of growth in-
stead of a growth rate may give an inaccurate conclusion, the lat-
ter being more easily implemented using volumetric measure-
ments that also calculate VDT. The threshold for slow growth that 
results in a category 2 classification for a nonsolid nodule is not 
defined in Lung-RADS; instead, these are managed according to a 
size threshold of 3 cm separating categories 2 and 3.

Assessment of VDT in determining growth allows a better de-
termination of nodule behavior. Malignant nodules have a VDT 
ranging between 20 and 400 days, whereas benign conditions 
generally have shorter or longer doubling times [3, 51]. Nonsol-
id nodules, however, may require different VDT cutoffs. Lee [15] 
found a mean VDT of 1041 days in a persistent nonsolid nodule, 
and Obayashi et al. [14] found a longer VDT in adenocarcinomas 
associated with ground-glass opacity than in other cancer sub-
types. Furthermore, growth rates of malignant nodules may vary 
over time [52]. In one small pilot study of lung cancer growth 
curves, four of 18 lung cancers (22%) decreased in volume over 
time; however, the nodules were small, and measurements were 
performed by visual assessment to the nearest millimeter by one 
reader [53]. The known error that occurs with measurement using 
this method may account for the observed decrease.

Although growth rates are important, arguably greater em-
phasis should be placed on other nodule characteristics, espe-

cially in the case of nonsolid nodules and part-solid nodules, 
guided by increasing understanding of the progression of adeno-
matous lesions. Studies have shown a succession of changes on 
imaging associated with some malignant nonsolid nodules, in-
cluding development and growth of a solid component [16]. The 
solid part of the nodule is thought to reflect the invasive compo-
nent of the lesion [54] (Fig. 3). Additionally, intralesional fibrosis 
and alveolar collapse associated with some malignant nonsolid 
nodules may result in increased attenuation and decreased size 
[55]. Nodule mass, consisting of the product of the nodule vol-
ume and CT attenuation, is also of interest in the assessment of 
these nodules. Mass measurement is less variable than volume 
measurement [16]. Changes in mass are associated with an ac-
celeration of volume change [56]. The percentage change in the 
nodule mass exceeded the percentage change in the nodule di-
mensions, allowing increased sensitivity and earlier detection of 
change [16]. In Lung-RADS, for part-solid nodules, both the solid 
and nonsolid components are measured and used to determine 
reporting category and management.

Cavitary Nodules: How Should They Be Managed Using 
Lung-RADS?

Although cavitary nodules are associated with many disease 
processes, lung cancer is a primary consideration in a patient 
without symptoms undergoing LCS. Patients with other causes of 
cavitary lung nodules such as vasculitides, smoking-related lung 
disease, necrotizing infection, and metastatic disease are often 
symptomatic [29]. Cavitation, more common in lung cancer than 
lung metastasis, occurs in 12–22% of lung cancers, most common-
ly squamous cell carcinoma [57, 58] (Fig. 4). In the LCS setting, cav-
itary lung cancer may be less common than in incidental or symp-
tom-detected lung cancer. In a series of 128 lung nodules, seven 
(5.5%) that were recommended for biopsy on LCS were cavitary 
[59]. The current Lung-RADS version does not specifically address 
the categorization and management of cavitary or cystic lung 

A

Fig. 3—55-year-old man with 16-pack-year smoking 
history and chronic obstructive pulmonary disease 
(same patient as Fig. 1A) presenting for lung cancer 
screening despite not meeting current eligibility 
criteria. Baseline low-dose chest CT (LDCT) showed 
nonsolid nodule (see Fig. 1A).
A and B, Coned-down axial images from follow-
up LDCT show development of new solid (B) 
component within previously nonsolid nodule (A, 
obtained 9 months earlier than B), highly concerning 
for development of invasive component within 
preexisting adenomatous lesion. Lung-RADS 
category 4B was assigned according to current 
recommendations. Baseline axial image (see Fig. 
1A) showed internal vacuoles within nodule, likely 
representing focally distorted airways, which 
is imaging feature associated with malignancy. 
Transbronchial biopsy showed atypical epithelial 
cells.
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nodules. Whether cavitary nodules should follow the classifica-
tion of solid nodules according to mean nodule size or wall-thick-
ness measurement remains a point of discussion given conflict-
ing studies attempting to discriminate benign from malignant 
nodules according to wall-thickness measurements [60–62]. In-
creased wall thickness may indicate a higher likelihood of malig-
nancy and squamous cell carcinoma subtype and a poorer prog-
nosis in adenocarcinoma subtypes [63, 64]. However, although 
wall-thickness thresholds have been reported, significant overlap 
exists between benign and malignant causes [61, 62]. Instances of 

cystic or cavitary lung cancer that progressed from thin-walled 
cystic lesions have been described but are a relatively uncommon 
manifestation of lung cancer [65, 66]. New or irregular thicken-
ing of an emphysematous space and an enlarging emphysema-
tous space adjacent to a nodule should be regarded with suspi-
cion [65] (Fig. 5). Authors of a recent review suggest classifying 
cavitary nodules as solid nodules according to overall nodule size, 
concurrent with the default application of Lung-RADS [29]. How-
ever, whether to include the cavitary component in the total nod-
ule measurement remains a subject of discussion. Studies have 

A
Fig. 4—Two patients with cavitary lung lesions. 
A and B, 56-year-old woman with no symptoms with 54-pack-year smoking history presented for baseline lung cancer screening (LCS). Axial image (A) from baseline 
low-dose CT (LDCT) of chest shows thin-walled cavitary left upper lobe nodule with irregularly thickened walls. Chest CT (B) obtained 11 years before LCS enrollment 
shows solid nodule of similar size and margins at same location. Mild hyperlucency is suggested in adjacent peripheral lung. Cavitary nodule was thought to represent 
benign process associated with postinfectious or postinflammatory focal bronchiectasis, and Lung-RADS category 2 was assigned. Findings remained stable on 
subsequent chest CT obtained for suspicion of pulmonary embolism 15 months after LDCT in A. 
C, 78-year-old man with 25-pack-year smoking history who had not been previously enrolled in LCS presented with fatigue. Under expanded eligibility criteria for LCS 
in U.S. Preventive Services Task Force draft recommendations, this patient would qualify for LCS. Axial CT shows thick-walled cavitary mass in left lower lobe with air-
fluid level found to represent superinfected cavitary squamous cell carcinoma of lung. Thorough review of prior imaging and clinical history is essential in optimizing 
approach to cavitary lung nodules on LCS.

CB

A
Fig. 5—Two patients with spiculated nodules associated with adjacent cystic spaces. 
A, Coned-down axial image of follow-up low-dose chest CT (LDCT) of 73-year-old man with 88-pack-year smoking history shows new right upper lobe spiculated 
nodule with focal pleural retraction and paracicatricial emphysema. Imaging features associated with nodule are concerning for malignancy and could justify 
classification as Lung-RADS category 4X. Transbronchial biopsy of right upper lobe nodule revealed primary lung adenocarcinoma. 
B and C, Coned-down axial image (B) from LDCT of 71-year-old man with 20-pack-year smoking history and chronic obstructive pulmonary disease shows irregular 
nodular thickening along margin of emphysematous space, which is change from patient’s baseline LDCT (not shown). Fused PET/CT (C) shows avid metabolic 
uptake associated with nodule. Metabolically active mediastinal adenopathy was also present (not shown). Transbronchial biopsy of multiple lymph nodes revealed 
metastatic lung adenocarcinoma. Radiologists should closely evaluate new wall thickening of emphysematous space and paracicatricial emphysema associated with 
nodule on lung cancer screening because these findings may be associated with malignancy.
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 investigated other possible indicators of malignancy in cavitary 
nodules, including the presence of nondependent or enhancing 
mural nodules, irregular inner margins, lack of adjacent centrilob-
ular nodules, and absence of surrounding chronic fibrotic chang-
es [62, 67]. When cavitary nodules with such features are encoun-
tered, radiologists may appropriately use Lung-RADS category 4X 
if they have an increased suspicion for malignancy and believe 
more aggressive clinical management is needed than would oc-
cur with Lung-RADS categories 3 or 4A.

Subpleural Nodules: Are They Comparable to 
Perifissural Nodules?

Perifissural solid nodules measuring 6–10 mm in mean diam-
eter satisfy the appearance of intrapulmonary lymph nodes. Un-
der a modification in Lung-RADS 1.1, these are now classified as 
category 2 nodules (previously category 3 or 4A). These nodules 
are consistently benign, even when growth rates approach those 
of malignant nodules [21, 68]. Subpleural nodules measuring 
6–10 mm, which unlike perifissural nodules are not reclassified as 
benign in Lung-RADS 1.1, often have similar morphology, raising 
the question of whether they should be managed like perifissur-
al nodules. However, less data support this change than the larg-
er evidence base reported for perifissural nodules, including the 
sizeable dataset reported by the NELSON trial [24].

Earlier reports showed that 18% of subpleural nodules repre-
sented intrapulmonary lymph nodes. In patients who underwent 
thoracotomy, nearly all intrapulmonary lymph nodes were with-
in 20 mm of the pleura and below the carina in the middle lobe 
or lower lobes [69, 70]. Other histologic correlates to subpleural 
nodules include pleural plaques, focal scars, and, less frequently, 
premalignant or malignant lesions [68, 71]. A septal attachment 
consisting of a linear density connecting the nodule to the adja-
cent pleura has also been suggested to be a reliable finding of an 
intrapulmonary lymph node, although neoplasms may also show 
vascular pleural attachments [20, 72, 73]. Investigators stated that 
a combination of these features in nodules smaller than 10 mm 
should consistently predict a benign cause [71, 72]. In a study of 
72 nodules that were 1 cm or smaller, Takashima et al. [71] found 
100% PPV and specificity for benignancy in nodules with at least 
two of the following three features: solid subtype, polygonal 
shape, and subpleural location. Consideration of both morpholo-
gy and location for downgrading of pleura-based nonperifissural 
nodules to Lung-RADS category 2 may be possible if larger stud-
ies corroborate these results. Despite the comparability of sub-
pleural and perifissural nodules, the current evidence has yet to 
reach the threshold for down-classifying subpleural nodules us-
ing Lung-RADS, and their categorization remains the same as for 
other nonperifissural solid nodules.

Category 4X: Should Additional Features Be Specified?
Certain imaging features may heighten the suspicion of malig-

nancy even in smaller lesions. Lung-RADS 1.1 recommends classi-
fying nodules that would typically be assigned category 3 or 4A 
that have features of malignancy disproportionate to these cate-
gories as category 4X, which carries the more acute management 
strategy of the highest Lung-RADS 4B category. A category 2 non-
solid nodule may also be upgraded to a category 4X if the mean 
diameter doubles in size on annual LCS LDCT. In Lung-RADS 1.1 

footnote 10, spiculation, lymphadenopathy, and the doubling of 
a nonsolid nodule on annual follow-up are deemed markers con-
cerning for malignancy [12]. This footnote ends with “etc.,” imply-
ing the existence of other noteworthy features, although these 
are not detailed. Further Lung-RADS updates should enumer-
ate these additional findings. Pleural tags and pleural retraction 
associated with a nodule have been known to occur more fre-
quently in malignancy, but may also be associated with many be-
nign causes. Similarly, focal architectural distortion of surround-
ing structures should be regarded with suspicion (Fig. 6). Pleural 
tags represent fibrotic bands radiating from the nodule and are 
described as histologic correlates of spiculation [74]. Pleural re-
traction is associated with an increased risk of visceral pleural in-
vasion, particularly in the case of part-solid nodules [75]. With 
the increasing identification of peripheral adenomatous lesions, 
such features may be helpful. Another finding suggestive of ma-
lignancy is that of intralesional lucency, or pseudocavitation. The 
small vacuoles may represent cystic changes within neoplastic 
glands or patent small airways [23, 74] (Fig. 3). In the case of non-
solid nodules, the vessel-to-nodule relationship has been investi-
gated and four groups have been described. Groups 1 and 2 are 
those in which the vessels course close to and through the nod-
ule, respectively, without morphologic change and are thought 
to reflect a benign cause. Groups 3 and 4 include those in which 
vessels display morphologic changes and convergence or prolif-
eration, respectively, and are thought to reflect malignant behav-
ior and tumor-associated angiogenesis [76–79]. Such complex 
features, especially if combined, should lead to a higher index of 
suspicion and a more tailored use of the 4X classification (Fig. 7).

The S Modifier: How Can Variability in Reporting 
Be Minimized?

Lung-RADS recommends appending the S modifier when 
“clinically significant or potentially clinically significant” findings 
are noted that are not specifically related to pulmonary nodules. 
The frequency of such findings varies among studies, which is 
partly because of different definitions of clinical significance. In 
the Danish Lung Cancer Screening Trial, 7% of screened patients 
had a potentially significant finding on LDCT in contrast to 19.6% 
of screened patients in the NLST [80, 81]; however, in the setting 
of a research trial in which many patients imaged had no clinical 
medical records at the screening facility, the onus on reporting 
findings as significant may be higher than in practices in which 
medical records and comparison examinations may be present. 
In another study, 0.5% of screening volunteers had an extrapul-
monary malignancy diagnosed because of a screening finding, 
representing 6.9% of all potentially significant incidental findings 
[82]. The determination of the relevance of incidental findings as 
significant or nonsignificant is left to the discretion of the radiol-
ogist, which may lead to bias and lack of consistency in reporting. 
The ACR Lung Cancer Screening Registry collects information on 
S findings, specifically calling out aortic aneurysms; coronary ar-
terial calcification (moderate or severe); pulmonary fibrosis; mass 
lesions in the imaged neck, thorax, and upper abdomen that 
could represent malignancy; and other interstitial lung disease, 
with an additional nondirected category for other findings.

Radiologists should refer to the ACR white paper on manag-
ing incidental findings on thoracic CT for guidance to achieve 
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consistent management of incidental thoracic findings [83]. 
In the setting of LCS, some authors question the value of add-
ing the S modifier to common or expected imaging findings of 
smoking-related lung injury such as emphysema [29]. It would 
be reasonable to recommend adding the S modifier when man-
agement would be altered or when findings are new from pri-
or imaging or are unknown according to information available in 
the electronic health record.

Additional Challenges in Clinical Practice
The issue of compliance to abnormal LCS CT recommenda-

tions remains of utmost importance. Only a small proportion 

(as low as 14.4% in one study [80]) of eligible individuals in the 
United States currently undergo LCS, with state-to-state variabil-
ity [84]. For example, the state with the highest screening rate is 
Florida with 18.1% of eligible patients undergoing screening; the 
state with the lowest screening rate is Nevada at 6.5%. Converse-
ly, individuals who do not currently meet accepted eligibility cri-
teria are sometimes referred for LDCT [85]. Obstacles to proper 
LCS include lack of patient and provider awareness, skepticism 
regarding LCS benefits, socioeconomic status, suboptimal access 
to care in some rural areas, and both societal- and self-stigmatiza-
tion [86, 87]. Efforts geared toward improved adherence should 
be implemented with these shortcomings in mind.

A

Fig. 6—70-year-old man with 40-pack-year smoking 
history who presented for lung cancer screening 
after being lost to follow-up for 2 years. 
A–D, Images from follow-up low-dose CT (LDCT) of 
chest (A and B) are contrasted to baseline evaluation 
(C and D). Coned-down axial image (A) shows 
new nodular thickening (arrow, A) in right upper 
paratracheal region and retraction of surrounding 
emphysematous spaces (arrowhead, A) compared 
with baseline (C). As with fissural retraction, this 
observation should lead to heightened level of 
suspicion, and classification as Lung-RADS 4X should 
be considered. Sagittal image (B) further increases 
suspicion, showing ipsilateral multifocal perifissural 
and pleural nodularity (arrows, B), new since baseline 
(D). Lung-RADS category 4X was assigned to follow-
up LDCT because of spiculated appearance of 
nodule. Transbronchial biopsy of right upper lobe 
nodule revealed primary lung adenocarcinoma.

C
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Ongoing Work, Advances, and Future Directions
Since the early and extensive work on computer-aided de-

tection in the 1980s, computer-aided detection systems for the 
identification of pulmonary nodules on CT have been increasing-
ly integrated into the clinical setting [88]. Recent years have seen 
tremendous advances in potential artificial intelligence applica-
tions in medical imaging. With the growing use of artificial intel-
ligence and machine learning, increasingly complex algorithms 
may assist radiologists in the evaluation of pulmonary nodules 
and the generation of reports in concordance with Lung-RADS 
criteria. The supervised and progressive integration of algorithms 
into the workflow are likely to help significantly improve LCS per-
formance metrics, from identifying patients in the electronic 
health record who would benefit from screening, to calculating 
lung cancer risk before and after integration of the CT findings, to 
minimizing reporting variation [89–91]. Recent reports have ex-
plored the advantage of combining patient characteristics with 
Lung-RADS to predict the risk of malignancy [92, 93]. For example, 
a model validated in patients from NLST and the Prostate, Lung, 
Colorectal, and Ovarian Cancer Screening Trial used basic de-

mographics and radiographic findings to select individuals with 
a long-term risk of lung cancer [90]. The model showed better 
discrimination than did CMS eligibility criteria for incident lung 
cancer in validation datasets [90]. Investigators developed mod-
els assessing the potential malignant behavior of nodules accord-
ing to comparative volumetric analysis on LCS LDCT, which could 
prove useful for future iterations of Lung-RADS [94]. The ACR As-
sist initiative also aims to integrate artificial intelligence applica-
tions into the radiology workflow to provide streamlined clinical 
decision support tools as well as increased efficiency and homog-
enization of Lung-RADS reporting [91]. Although some currently 
available algorithms have yet to be tested in the clinical setting, 
preliminary reports on data from LCS trials are promising.

Only about one-quarter of patients with lung cancer meet the 
initial restrictive NLST screening criteria [95]. New draft recommen-
dations of the USPSTF support the broadening of LCS eligibility, in-
cluding the initiation of LCS at age 50 and reducing the minimum 
pack-years requirement to 20 [96]. Although great emphasis is cur-
rently placed on smoking history in most LCS guidelines, because 
of the lack of randomized trial data in nonsmokers, a growing in-

A
Fig. 7—55-year-old woman with 60-pack-year smoking history found to have right upper lobe nodule on lung cancer screening (LCS). 
A, Coned-down sagittal image from low-dose CT (LDCT) of chest shows right upper lobe nodule (arrows) associated with paracicatrial emphysema and linear pleural 
attachments. 
B, Coned-down axial image from LDCT shows ipsilateral right hilar adenopathy. Findings heightened suspicion for neoplasm, and Lung-RADS category 4X was 
assigned to nodule. Pathology revealed lung adenocarcinoma. Both right upper lobe nodule and right hilar adenopathy were metabolically active on subsequent 
PET/CT obtained 13 days after initial LDCT (not shown). 
C, Axial image from follow-up enhanced chest CT 2 months after LCS shows persistence of right hilar adenopathy.

CB

Fig. 8—51-year-old woman who had never smoked with right lower lobe nodule despite not meeting 
eligibility criteria for lung cancer screening (LCS). Axial image from diagnostic chest CT shows large right 
lower lobe subpleural solid nodule with mild surrounding ground-glass opacity. Pathology revealed poorly 
differentiated endothelial growth factor–positive adenocarcinoma. Changes in epidemiology of lung cancer 
with rising incidence of adenomatous lesions in younger nonsmokers will likely result in broader future LCS 
efforts and broader future use of Lung-RADS.
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cidence of non–small cell lung cancer in never-smokers continues 
to raise important questions regarding LCS in this population [97] 
(Fig. 8). Expansion of indications for LCS will necessarily lead to the 
application of Lung-RADS to a wider population.

The USPSTF screening guideline recommended annual screen-
ing for eligible individuals who are 55–80 years old [7]. According 
to this guideline, a negative Lung-RADS screen currently assumes 
an annual follow-up. However, the optimal screening interval to 
maximize detection rates and minimize cost and harm contin-
ues to be investigated. Moreover, the heterogeneity of risk with-
in the target LCS population raises questions about the potential 
benefit of individualizing screening protocols. Some investigators 
have suggested that a negative initial LDCT may imply a lower lung 
cancer diagnosis risk up to 2 years [98]. Others, including the Ear-
ly Lung Cancer Action Program investigators, have suggested that 
the annual new lung cancer diagnosis rate remains the same year 
after year from annual screening [99]. A tailored screening strate-
gy made according to individual risk stratification, including pre-
screening risk and prior LDCT results, may be feasible on an individ-
ual basis but challenging to implement on a broad scale. Decisions 
to modify or personalize interval screening strategies in the future 
would need to be reflected in future Lung-RADS iterations.

Conclusion
LCS has the potential to make a substantial impact on lung can-

cer survival and achieve earlier diagnosis of disease and decreased 
mortality. Lung-RADS standardizes the reporting and management 
of findings on LDCT for LCS. Growing experience and evidence will 
help address many of the existing challenges in use of Lung-RADS 
in future iterations. Similar to other reporting and data systems such 
as BI-RADS, Lung-RADS will continue to be updated as new infor-
mation becomes available, with the intent to ultimately improve LCS 
performance and lead to better patient care and outcomes.

References
 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin 2020; 

70:7–30
 2. de Koning HJ, van der Aalst CM, de Jong PA, et al. Reduced lung-cancer 

mortality with volume CT screening in a randomized trial. N Engl J Med 
2020; 382:503–513

 3. Ru Zhao Y, Xie X, de Koning HJ, Mali WP, Vliegenthart R, Oudkerk M. 
 NELSON lung cancer screening study. Cancer Imaging 2011; 11(spec no 
A):S79–S84

 4. Infante M, Cavuto S, Lutman FR, et al.; DANTE Study Group. Long-term fol-
low-up results of the DANTE trial, a randomized study of lung cancer 
screening with spiral computed tomography. Am  J Respir Crit Care Med 
2015; 191:1166–1175

 5. Becker N, Motsch E, Trotter A, et al. Lung cancer mortality reduction by 
LDCT screening: results from the randomized German LUSI trial. Int J Can-
cer 2020; 146:1503–1513

 6. Black WC, Gareen IF, Soneji SS, et al.; National Lung Screening Trial Re-
search Team. Cost-effectiveness of CT screening in the National Lung 
Screening Trial. N Engl J Med 2014; 371:1793–1802

 7. Moyer VA; U.S. Preventive Services Task Force. Screening for lung cancer: 
U.S. Preventive Services Task Force recommendation statement. Ann Intern 
Med 2014; 160:330–338

 8. Wood DE, Kazerooni EA, Baum SL, et al. Lung cancer screening, version 
3.2018, NCCN clinical practice guidelines in oncology. J Natl Compr Canc 

Netw 2018; 16:412–441
 9. Smith RA, Andrews KS, Brooks D, et al. Cancer screening in the United 

States, 2018: a review of current American Cancer Society guidelines and 
current issues in cancer screening. CA Cancer J Clin 2018; 68:297–316

 10. Jacobson FL, Austin JH, Field JK, et al. Development of the American Associ-
ation for Thoracic Surgery guidelines for low-dose computed tomography 
scans to screen for lung cancer in North America: recommendations of the 
American Association for Thoracic Surgery Task Force for Lung Cancer 
Screening and Surveillance. J Thorac Cardiovasc Surg 2012; 144:25–32

 11. Centers for Medicare & Medicaid Services website. Decision memo for 
screening for lung cancer with low dose computed tomography (LDCT) 
(CAG-00439N). www.cms.gov/medicare-coverage-database/details/nca- 
decision-memo.aspx?NCAId=274. Accessed December 27, 2020

 12. American College of Radiology website. Lung cancer screening registry. 
www.acr.org/Practice-Management-Quality-Informatics/Registries/Lung- 
Cancer-Screening-Registry. Accessed December 27, 2020

 13. American College of Radiology Committee on Lung-RADS website. 
Lung-RADS assessment categories version1.1. www.acr.org/-/media/ACR/
Files/RADS/Lung-RADS/LungRADSAssessmentCategoriesv1-1.pdf. Accessed 
December 27, 2020

 14. Obayashi K, Shimizu K, Nakazawa S, et al. The impact of histology and 
ground-glass opacity component on volume doubling time in primary 
lung cancer. J Thorac Dis 2018; 10:5428–5434

 15. Lee CT. What do we know about ground-glass opacity nodules in the lung? 
Transl Lung Cancer Res 2015; 4:656–659

 16. de Hoop B, Gietema H, van de Vorst S, Murphy K, van Klaveren RJ, Prokop 
M. Pulmonary ground-glass nodules: increase in mass as an early indicator 
of growth. Radiology 2010; 255:199–206

 17. Gulati CM, Schreiner AM, Libby DM, Port JL, Altorki NK, Gelbman BD. Out-
comes of unresected ground-glass nodules with cytology suspicious for 
adenocarcinoma. J Thorac Oncol 2014; 9:685–691

 18. Yankelevitz DF, Yip R, Smith JP, et al.; International Early Lung Cancer Action 
Program Investigators Group. CT screening for lung cancer: nonsolid nodules 
in baseline and annual repeat rounds. Radiology 2015; 277:555–564

 19. Veronesi G, Travaini LL, Maisonneuve P, et al. Positron emission tomogra-
phy in the diagnostic work-up of screening-detected lung nodules. Eur 
Respir J 2015; 45:501–510

 20. Ahn MI, Gleeson TG, Chan IH, et al. Perifissural nodules seen at CT screen-
ing for lung cancer. Radiology 2010; 254:949–956

 21. de Hoop B, van Ginneken B, Gietema H, Prokop M. Pulmonary perifissural 
nodules on CT scans: rapid growth is not a predictor of malignancy. Radiol-
ogy 2012; 265:611–616

 22. Schreuder A, van Ginneken B, Scholten ET, et al. Classification of CT pulmo-
nary opacities as perifissural nodules: reader variability. Radiology 2018; 
288:867–875

 23. MacMahon H, Naidich DP, Goo JM, et al. Guidelines for management of in-
cidental pulmonary nodules detected on CT images: from the Fleischner 
Society 2017. Radiology 2017; 284:228–243

 24. Xu DM, Gietema H, de Koning H, et al. Nodule management protocol of the 
NELSON randomised lung cancer screening trial. Lung Cancer 2006; 54:177–184

 25. McWilliams A, Tammemagi MC, Mayo JR, et al. Probability of cancer in pulmo-
nary nodules detected on first screening CT. N Engl J Med 2013; 369:910–919

 26. Shlomi D, Ben-Avi R, Balmor GR, Onn A, Peled N. Screening for lung cancer: 
time for large-scale screening by chest computed tomography. Eur Respir J 
2014; 44:217–238

 27. Li K, Yip R, Avila R, Henschke CI, Yankelevitz DF. Size and growth assess-
ment of pulmonary nodules: consequences of the rounding. J Thorac On-
col 2017; 12:657–662

A
m

er
ic

an
 J

ou
rn

al
 o

f 
R

oe
nt

ge
no

lo
gy

 2
02

1.
21

6:
14

11
-1

42
2.



L u n g - R A D S  Ve r s i o n  1.1

AJR:216, June 2021 1421

 28. Panse PM, Cummings KW, Gotway MB. Appropriate timing for follow-up CT 
imaging for stable lung CT screening reporting and data system category 3 
lesions identified at baseline low-dose CT. AJR 2018; 211:[web]W301

 29. Martin MD, Kanne JP, Broderick LS, Kazerooni EA, Meyer CA. Lung-RADS: 
pushing the limits. RadioGraphics 2017; 37:1975–1993

 30. Buist DSM, Gao H, Anderson ML, et al. Breast cancer screening outreach 
effectiveness: mammogram-specific reminders vs. comprehensive pre-
ventive services birthday letters. Prev Med 2017; 102:49–58

 31. Lafata JE, Baker AM, Divine GW, McCarthy BD, Xi H. The use of computer-
ized birthday greeting reminders in the management of diabetes. J Gen 
Intern Med 2002; 17:521–530

 32. Centers for Medicare & Medicaid Services website. Medicare coverage of 
screening for lung cancer with low dose computed tomography (LDCT). 
www.cms.gov/Outreach-and-Education/Medicare-Learning-Network-MLN/
MLNMattersArticles/Downloads/mm9246.pdf. Published Oct 15, 2015. Re-
vised June 12, 2017. Accessed December 27, 2020

 33. Mackintosh JA, Marshall HM, Yang IA, Bowman RV, Fong KM. A retrospec-
tive study of volume doubling time in surgically resected non-small cell 
lung cancer. Respirology 2014; 19:755–762

 34. Larici AR, Farchione A, Franchi P, et al. Lung nodules: size still matters. Eur 
Respir Rev 2017; 26:170025

 35. Chung K, Jacobs C, Scholten ET, et al. Malignancy estimation of Lung-RADS 
criteria for subsolid nodules on CT: accuracy of low and high risk spectrum 
when using NLST nodules. Eur Radiol 2017; 27:4672–4679

 36. Marshall HM, Bowman RV, Yang IA, Fong KM, Berg CD. Screening for lung 
cancer with low-dose computed tomography: a review of current status. 
J Thorac Dis 2013; 5(suppl 5):S524–S539

 37. American College of Radiology. ACR designated lung cancer screening center 
attestation form. www.acraccreditation.org/-/media/ACRAccreditation/ 
Documents/LCS/attestation-form-040319.pdf. Accessed December 27, 2020

 38. Choi JH, Ahn MJ, Rhim HC, et al. Comparison of WHO and RECIST criteria for 
response in metastatic colorectal carcinoma. Cancer Res Treat 2005; 
37:290–293

 39. van Persijn van Meerten EL, Gelderblom H, Bloem JL. RECIST revised: impli-
cations for the radiologist—a review article on the modified RECIST guide-
line. Eur Radiol 2010; 20:1456–1467

 40. Nishino M, Jagannathan JP, Ramaiya NH, Van den Abbeele AD. Revised 
RECIST guideline version 1.1: what oncologists want to know and what ra-
diologists need to know. AJR 2010; 195:281–289

 41. Revel MP, Bissery A, Bienvenu M, Aycard L, Lefort C, Frija G. Are two-dimen-
sional CT measurements of small noncalcified pulmonary nodules reli-
able? Radiology 2004; 231:453–458

 42. Heuvelmans MA, Walter JE, Vliegenthart R, et al. Disagreement of diameter 
and volume measurements for pulmonary nodule size estimation in CT 
lung cancer screening. Thorax 2018; 73:779–781

 43. van Riel SJ, Sánchez CI, Bankier AA, et al. Observer variability for classifica-
tion of pulmonary nodules on low-dose CT images and its effect on nodule 
management. Radiology 2015; 277:863–871

 44. Oxnard GR, Zhao B, Sima CS, et al. Variability of lung tumor measurements 
on repeat computed tomography scans taken within 15 minutes. J Clin On-
col 2011; 29:3114–3119

 45. Revel MP, Lefort C, Bissery A, et al. Pulmonary nodules: preliminary experi-
ence with three-dimensional evaluation. Radiology 2004; 231:459–466

 46. Petrick N, Kim HJ, Clunie D, et al. Comparison of 1D, 2D, and 3D nodule siz-
ing methods by radiologists for spherical and complex nodules on thorac-
ic CT phantom images. Acad Radiol 2014; 21:30–40

 47. Bankier AA, MacMahon H, Goo JM, Rubin GD, Schaefer-Prokop CM, Naidich 
DP. Recommendations for measuring pulmonary nodules at CT: a state-

ment from the Fleischner Society. Radiology 2017; 285:584–600
 48. Wang Y, van Klaveren RJ, van der Zaag-Loonen HJ, et al. Effect of nodule 

characteristics on variability of semiautomated volume measurements in 
pulmonary nodules detected in a lung cancer screening program. Radiolo-
gy 2008; 248:625–631

 49. Gietema HA, Wang Y, Xu D, et al. Pulmonary nodules detected at lung can-
cer screening: interobserver variability of semiautomated volume mea-
surements. Radiology 2006; 241:251–257

 50. Callister ME, Baldwin DR, Akram AR, et al.; British Thoracic Society Pulmo-
nary Nodule Guideline Development Group; British Thoracic Society Stan-
dards of Care Committee. British Thoracic Society guidelines for the inves-
tigation and management of pulmonary nodules. Thorax 2015; 70(suppl 
2):ii1–ii54

 51. Henschke CI, Yankelevitz DF, Yip R, et al.; Writing Committee for the 
I-ELCAP Investigators. Lung cancers diagnosed at annual CT screening: 
volume doubling times. Radiology 2012; 263:578–583

 52. Winer-Muram HT, Jennings SG, Tarver RD, et al. Volumetric growth rate of 
stage I lung cancer prior to treatment: serial CT scanning. Radiology 2002; 
223:798–805

 53. Lindell RM, Hartman TE, Swensen SJ, Jett JR, Midthun DE, Mandrekar JN. 
5-year lung cancer screening experience: growth curves of 18 lung cancers 
compared to histologic type, CT attenuation, stage, survival, and size. 
Chest 2009; 136:1586–1595

 54. Lee KH, Goo JM, Park SJ, et al. Correlation between the size of the solid 
component on thin-section CT and the invasive component on pathology 
in small lung adenocarcinomas manifesting as ground-glass nodules. 
J Thorac Oncol 2014; 9:74–82

 55. Kakinuma R, Ohmatsu H, Kaneko M, et al. Progression of focal pure ground-
glass opacity detected by low-dose helical computed tomography screen-
ing for lung cancer. J Comput Assist Tomogr 2004; 28:17–23

 56. Lee SW, Leem CS, Kim TJ, et al. The long-term course of ground-glass opac-
ities detected on thin-section computed tomography. Respir Med 2013; 
107:904–910

 57. Gadkowski LB, Stout JE. Cavitary pulmonary disease. Clin Microbiol Rev 
2008; 21:305–333

 58. Topkan E, Selek U, Ozdemir Y, et al. Incidence and impact of pretreatment 
tumor cavitation on survival outcomes of stage III squamous cell lung can-
cer patients treated with radical concurrent chemoradiation therapy. Int J 
Radiat Oncol Biol Phys 2018; 101:1123–1132

 59. Wagnetz U, Menezes RJ, Boerner S, et al. CT screening for lung cancer: im-
plication of lung biopsy recommendations. AJR 2012; 198:351–358

 60. Giacomelli IL, Barros M, Pacini GS, et al. Multiple cavitary lung lesions on CT: 
imaging findings to differentiate between malignant and benign etiolo-
gies [in Portuguese]. J Bras Pneumol 2019; 46:e20190024

 61. Woodring JH, Fried AM. Significance of wall thickness in solitary cavities of 
the lung: a follow-up study. AJR 1983; 140:473–474

 62. Nin CS, de Souza VV, Alves GR, et al. Solitary lung cavities: CT findings in 
malignant and non-malignant disease. Clin Radiol 2016; 71:1132–1136

 63. Watanabe Y, Kusumoto M, Yoshida A, et al. Cavity wall thickness in solitary 
cavitary lung adenocarcinomas is a prognostic indicator. Ann Thorac Surg 
2016; 102:1863–1871

 64. Kunihiro Y, Kobayashi T, Tanaka N, et al. High-resolution CT findings of pri-
mary lung cancer with cavitation: a comparison between adenocarcinoma 
and squamous cell carcinoma. Clin Radiol 2016; 71:1126–1131

 65. Fintelmann FJ, Brinkmann JK, Jeck WR, et al. Lung cancers associated with 
cystic airspaces: natural history, pathologic correlation, and mutational 
analysis. J Thorac Imaging 2017; 32:176–188

 66. Kasai Y, Ito K, Masuya D, Kume S, Inoue S, Suzuki Y. Growth process of cystic 

A
m

er
ic

an
 J

ou
rn

al
 o

f 
R

oe
nt

ge
no

lo
gy

 2
02

1.
21

6:
14

11
-1

42
2.



C h e l a l a  e t  a l .

1422 AJR:216, June 2021

lung cancer followed with computed tomography findings over 5 years [in 
Japanese]. Kyobu Geka 2018; 71:336–338

 67. Honda O, Tsubamoto M, Inoue A, et al. Pulmonary cavitary nodules on 
computed tomography: differentiation of malignancy and benignancy. 
J Comput Assist Tomogr 2007; 31:943–949

 68. Xu DM, van der Zaag-Loonen HJ, Oudkerk M, et al. Smooth or attached solid 
indeterminate nodules detected at baseline CT screening in the NELSON 
study: cancer risk during 1 year of follow-up. Radiology 2009; 250:264–272

 69. Bankoff MS, McEniff NJ, Bhadelia RA, Garcia-Moliner M, Daly BD. Preva-
lence of pathologically proven intrapulmonary lymph nodes and their ap-
pearance on CT. AJR 1996; 167:629–630

 70. Kradin RL, Spirn PW, Mark EJ. Intrapulmonary lymph nodes: clinical, radio-
logic, and pathologic features. Chest 1985; 87:662–667

 71. Takashima S, Sone S, Li F, et al. Small solitary pulmonary nodules (≤ 1 cm) 
detected at population-based CT screening for lung cancer: reliable 
high-resolution CT features of benign lesions. AJR 2003; 180:955–964

 72. Hyodo T, Kanazawa S, Dendo S, et al. Intrapulmonary lymph nodes: thin-sec-
tion CT findings, pathological findings, and CT differential diagnosis from 
pulmonary metastatic nodules. Acta Med Okayama 2004; 58:235–240

 73. Schreuder A, Colin J, Scholten E, et al. Typical CT features of intrapulmo-
nary lymph nodes: a review. Radiol Cardiothorac Imaging 2020 Aug 27 
[published online]

 74. Zwirewich CV, Vedal S, Miller RR, Müller NL. Solitary pulmonary nodule: 
high-resolution CT and radiologic-pathologic correlation. Radiology 1991; 
179:469–476

 75. Kim HJ, Cho JY, Lee YJ, et al. Clinical significance of pleural attachment and 
indentation of subsolid nodule lung cancer. Cancer Res Treat 2019; 51:1540–
1548

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

 77. Gao Y, Li H, Dai J, et al. Clinical and high-resolution computed tomography 
characteristics of the welder’s pneumoconiosis [in Chinese]. Zhonghua Yi 
Xue Za Zhi 2015; 95:3611–3613

 78. Gao F, Sun Y, Zhang G, Zheng X, Li M, Hua Y. CT characterization of different 
pathological types of subcentimeter pulmonary ground-glass nodular le-
sions. Br J Radiol 2019; 92:20180204

 79. Wang X, Leader JK, Wang R, et al. Vasculature surrounding a nodule: a nov-
el lung cancer biomarker. Lung Cancer 2017; 114:38–43

 80. Nguyen XV, Davies L, Eastwood JD, Hoang JK. Extrapulmonary findings 
and malignancies in participants screened with chest CT in the National 
Lung Screening Trial. J Am Coll Radiol 2017; 14:324–330

 81. Saghir Z, Ashraf H, Dirksen A, Brodersen J, Pedersen JH. Contamination 
during 4 years of annual CT screening in the Danish Lung Cancer Screening 
Trial (DLCST). Lung Cancer 2011; 71:323–327

 82. Rampinelli C, Preda L, Maniglio M, et al. Extrapulmonary malignancies de-
tected at lung cancer screening. Radiology 2011; 261:293–299

 83. Munden RF, Carter BW, Chiles C, et al. Managing incidental findings on tho-
racic CT: mediastinal and cardiovascular radiologist—a white paper of the 
ACR incidental findings committee. J Am Coll Radiol 2018; 15:1087–1096

 84. Zahnd WE, Eberth JM. Lung cancer screening utilization: a behavioral risk 
factor surveillance system analysis. Am J Prev Med 2019; 57:250–255

 85. Richards TB, Doria-Rose VP, Soman A, et al. Lung cancer screening inconsis-
tent with U.S. Preventive Services Task Force recommendations. Am J Prev 
Med 2019; 56:66–73

 86. Wang GX, Baggett TP, Pandharipande PV, et al. Barriers to lung cancer 
screening engagement from the patient and provider perspective. Radiol-
ogy 2019; 290:278–287

 87. Markowitz SB, Manowitz A, Miller JA, et al. Yield of low-dose computerized 
tomography screening for lung cancer in high-risk workers: the case of 7189 
US nuclear weapons workers. Am J Public Health 2018; 108:1296–1302

 88. Doi K. Computer-aided diagnosis in medical imaging: historical review, 
current status and future potential. Comput Med Imaging Graph 2007; 
31:198–211

 89. Sim Y, Chung MJ, Kotter E, et al. Deep convolutional neural network-based 
software improves radiologist detection of malignant lung nodules on 
chest radiographs. Radiology 2020; 294:199–209

 90. Lu MT, Raghu VK, Mayrhofer T, Aerts HJWL, Hoffmann U. Deep learning us-
ing chest radiographs to identify high-risk smokers for lung cancer screen-
ing computed tomography: development and validation of a prediction 
model. Ann Intern Med 2020; 173:704–713

 91. Alkasab TK, Bizzo BC, Berland LL, Nair S, Pandharipande PV, Harvey HB. Creation 
of an open framework for point-of-care computer-assisted reporting and deci-
sion support tools for radiologists. J Am Coll Radiol 2017; 14:1184–1189

 92. White CS, Dharaiya E, Dalal S, Chen R, Haramati LB. Vancouver risk calcula-
tor compared with ACR Lung-RADS in predicting malignancy: analysis of 
the National Lung Screening Trial. Radiology 2019; 291:205–211

 93. Kessler A, Peng B, Mardakhaev E. Performance of the Vancouver risk calcula-
tor compared with Lung-RADS in an urban, diverse clinical lung cancer 
screening cohort. Radiol Imaging Cancer 2020 Mar 20 [published online]

 94. Ardila D, Kiraly AP, Bharadwaj S, et al. End-to-end lung cancer screening 
with three-dimensional deep learning on low-dose chest computed to-
mography. Nat Med 2019; 25:954–961

 95. Pinsky PF, Berg CD. Applying the National Lung Screening Trial eligibility 
criteria to the US population: what percent of the population and of inci-
dent lung cancers would be covered? J Med Screen 2012; 19:154–156

 96. Jonas DE Reuland DS, Reddy SM, et al. Screening for lung cancer with low-
dose computed tomography: an evidence review for the U.S. Preventive 
Services Task Force (evidence syntheses, no. 198). Agency for Healthcare 
Research and Quality, 2020

 97. Cufari ME, Proli C, De Sousa P, et al. Increasing frequency of non-smoking 
lung cancer: presentation of patients with early disease to a tertiary institu-
tion in the UK. Eur J Cancer 2017; 84:55–59

 98. Patz EF Jr, Greco E, Gatsonis C, Pinsky P, Kramer BS, Aberle DR. Lung cancer 
incidence and mortality in National Lung Screening Trial participants who 
underwent low-dose CT prevalence screening: a retrospective cohort 
analysis of a randomised, multicentre, diagnostic screening trial. Lancet 
Oncol 2016; 17:590–599

 99. Yankelevitz D, Henschke C. Lung cancer: low-dose CT screening—deter-
mining the right interval. Nat Rev Clin Oncol 2016; 13:533–534

F O R  Y O U R  I N F O R M A T I O N

ARRS is accredited by the Accreditation Council for Continuing Medical Education (ACCME) to provide continuing 
medical education activities for physicians. 

The ARRS designates this journal-based CME activity for a maximum of 1.00 AMA PRA Category 1 Credits™ and 
1.00 American Board of Radiology©, MOC Part II, Self-Assessment CME (SA-CME). Physicians should claim only the credit 
commensurate with the extent of their participation in the activity.

To access the article for credit, follow the prompts associated with the online version of this article.

A
m

er
ic

an
 J

ou
rn

al
 o

f 
R

oe
nt

ge
no

lo
gy

 2
02

1.
21

6:
14

11
-1

42
2.


