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Purpose: To evaluate management strategies and treatment options for patients with ground-glass nodules (GGNs) by using decision-

analysis models.

Materials and Methods: A simulation was developed for 1000000 hypothetical patients with GGNs undergoing

follow-up per the Lung Imaging Reporting and Data System (Lung-RADS) recommendations. The initial age range was 55-75
years (mean, 64 years). Nodules could grow and develop solid components over time. Clinically significant malignancy rates were
calibrated to data from the National Lung Screening Trial. Annual versus 3-year-interval follow-up of Lung-RADS category 2 nod-
ules was compared, and different treatment strategies were tested (stereotactic body radiation therapy, surgery, and no therapy).

Results: Overall, 2.3% (22584 of 1000 000) of nodules were clinically significant malignancies; 6.3% (62559 of 1000000) of
nodules were treated. Only 30% (18 668 of 62559) of Lung-RADS category 4B or 4X nodules were clinically significant malig-
nancies. The risk of clinically significant malignancy for persistent nonsolid nodules after baseline was higher than Lung-RADS
estimates for categories 2 and 3 (3% vs <1% and 1%-2%, respectively). Overall survival (OS) at 10 years was 72% (527 827 of
737306; 95% confidence interval [CI]: 71%, 72%) with annual follow-up and 71% (526507 of 737 306; 95% CI: 71%, 72%)
with 3-year-interval follow-up (P < .01). At 10 years, OS among patients whose nodules progressed to Lung-RADS category 4B or
4X was 80% after radiation therapy (49 945 of 62559; 95% CI: 80%, 80%), 79% after surgery (49 139 of 62559; 95% CI: 78%,
79%), and 74% after no therapy (46512 of 62559; 95% CI: 74%, 75%) (P < .01).

Conclusion:  Simulation modeling suggests that the follow-up interval for evaluating ground-glass nodules can be increased from 1
g sugg P g8 g
year to 3 years with minimal change in outcomes. Stereotactic body radiation therapy demonstrated the best outcomes compared

with lobectomy and with no therapy for nonsolid nodules.
©RSNA, 2018
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onsolid nodules (sometimes known as subsolid nod-
Nules), which include ground-glass nodules (GGN)
and part-solid nodules (PSNs), are commonly identified
on chest CT images. These are found in approximately
9% of patients undergoing low-dose CT for lung can-
cer screening (1,2). Although some nonsolid nodules are
transient and likely inflammatory (1,2), many of those
that persist range from premalignant lesions to invasive
adenocarcinomas (3,4). Nonsolid nodules are more likely
to represent lung cancer than solid nodules (5) but are
also more likely to exhibit indolent behavior (ie, slow
growth and low metastatic potential), which has raised
the concern of overdiagnosis and overtreatment of these
nodules (6,7). A considerable increase in the number of
patients diagnosed with these nodules is expected in the
near future, as annual lung cancer screening for high-risk
individuals has been recommended by both the U.S. Pre-
ventive Services Task Force and the Center for Medicare
and Medicaid Services (1,2). Hence, there is an urgent
need to address the question of how best to manage non-
solid nodules.

Studies of nonsolid nodule behavior provide a great deal
of information that can be used to inform recommenda-
tions for nonsolid nodule management. Results of natural
history studies evaluating the growth of nonsolid nodules
have shown that most of these lesions grow slowly over the
course of years, and some never grow at all (8—10). Further-
more, the discrepancy between low lung cancer diagnosis
rates among screened patients (1,2,11) and high diagnosis
rates among patients undergoing biopsy (12,13) indicates
that many nonsolid nodules that are pathologically diag-
nosed as malignant after biopsy will never manifest clini-
cally. Recurrence-free survival for nonsolid lung cancers
after resection is far better than that for solid lung cancers
(14), and study results have shown that ground-glass ad-
enocarcinomas in particular rarely metastasize to lymph
nodes (2,15). Finally, because ground-glass adenocarcino-
mas are indolent, the optimal treatment modality is con-
troversial; it remains an open question whether stereotactic
body radiation therapy (SBRT) or percutaneous ablation
are adequate substitutes for lobectomy, the standard of care
for invasive lung cancers.
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Abbreviations

GGN = ground-glass nodule, Lung-RADS = Lung Imaging Reporting
and Data System, NLST = National Lung Screening Trial, OS = overall
survival, PSN = part-solid nodule, SBRT = stereotactic body radiation
therapy, SC = solid component

Summary

Our results suggest that the follow-up interval for nonsolid pulmo-
nary nodules can be increased to 3 years with minimal change in
outcomes.

Implications for Pafient Care

= The follow-up interval for ground-glass nodules can be raised to
3 years with minimal change in outcomes.

= The current Lung Imaging Reporting and Data System, or Lung-
RADS, estimation of malignancy is likely too low for nonsolid
nodules seen at post-baseline examinations.

= Stereotactic body radiation therapy yielded the best outcomes com-
pared with lobectomy and with no therapy for nonsolid nodules.

The American College of Radiology has developed the Lung
Imaging Reporting and Data System (Lung-RADS) (16), a clas-
sification system providing guidance for the management of
solid and nonsolid nodules found in CT screening examina-
tions for lung cancer that is based on a synthesis of nodule ma-
lignancy risk estimates from the literature and expert opinion.
Because of the potential for overtreatment, slow growth rates,
and low risk of metastasis, the Lung-RADS schema has adopted
relatively conservative recommendations for nonsolid nod-
ule management (16). However, Lung-RADS is a first-edition
guideline that is strongly reliant on expert opinion; hence, some
recommendations are controversial, and more data are needed to
justify the guidelines (17).

The purpose of this study was to use simulation modeling to
analyze the effectiveness of Lung-RADS and treatment options
for patients after the discovery of GGNG in screening. We inves-
tigated the effect on patient outcomes of extending the follow-
up interval for Lung-RADS category 2 nodules—nonsolid nod-
ules that are assigned the lowest probability of malignancy—and
we evaluated the change in survival after treatment (lobectomy,

SBRT, or no therapy).

Materials and Methods

Consent to access National Lung Screening Trial (NLST) data
for this study was obtained from the National Cancer Data Ac-
cess System of the National Cancer Institute (NCI), through a
data transfer agreement between the authors and the NCI. This
simulation study used nonidentifiable patient data for second-
ary data analysis and was approved by our institutional review
board. The study analysis complied with the Health Insurance
Portability and Accountability Act.

Model Overview

We developed a state-transition Monte Carlo simulation model
with a monthly cycle to investigate the effectiveness of the
nodule management guidelines for nonsolid nodules. A cohort
of current and former smokers with GGNs were simulated
as they underwent a follow-up regimen according to Lung-
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RADS guidelines for up to 10 years. Nodules could grow and
develop solid components (SCs) (ie, become PSNs) over time.
The model was implemented by using C++. Table 1 presents a
summary of the model’s input parameters, which are discussed
further below and in Appendix E1 (online).

Nodule properties.—We simulated 1000000 patients with
GGNs (one nodule per patient). At the time of entering the
model, each patient undergoes a baseline chest CT examination
in which a GGN is discovered. Each GGN is assigned char-
acteristics at the time of discovery that include the following:
size, growth rate, whether an SC will develop, and time until an
SC develops. Nodule growth rates were related to nodule size
at baseline, with larger nodules having a higher chance of fast
growth (8). The possibility of a nodule resolving after its discov-
ery at the baseline examination was taken into account (1).
Each nodule was also assigned a status representing
whether it was a clinically significant malignancy. In this ar-
ticle, we refer to “clinically significant” malignancies as those
that would be discovered through the standard of care, to dis-
tinguish them from the indolent types of lung cancer that may
never manifest clinically. Clinically significant malignancies
were defined in terms of nodule growth rates in the model.
Clinically significant malignancy is better tied to growth rate
rather than other characteristics such as size, and slowly grow-
ing cancers are believed to be a major source of overdiagnosis
in the screening setting (7). The range of growth rates cor-
responding to clinically significant malignancy was derived
by calibrating cancer incidence in the model to cancer inci-
dence in nonsolid nodules as calculated by the NLST Nodule
Searcher (18). The Nodule Searcher estimates the probability
that a lung nodule with a given size and density will be diag-
nosed as cancer, based on results observed in the NLST (19).

Patient characteristics and mortality.—Secondary analysis
of NLST data was used in assigning patient age and smoking
status. Patient ages at the time of baseline screening were drawn
from a distribution of NLST participant ages. Smoking status
was also assigned on the basis of the prevalence of current and
former smokers among NLST participants. These characteris-
tics were set so that our patient cohort would be representative
of a real-world lung cancer screening cohort. The probability
of patient death at any given month depended on age (20,21),
smoking status (22-24), presence and stage of clinically signifi-
cant lung cancer (14,25), and whether the patient had received
treatment (26,27). Of note, male and female death rates were
averaged to generate the parameter estimates in the model.

Follow-up schedule.—Depending on the results of the baseline
screening examination, the patient was assigned a 6- or 12-month
waiting period undil the first follow-up CT study. Depending
on the results of the follow-up study, the patient will either wait
3, 6, or 12 months for their next follow-up or exit the follow-
up process and receive treatment for lung cancer. See Figure
1 for a schematic representation of the model; part A of Figure
1 depicts the model’s protocol for the baseline CT examina-
tion, and part B shows post-baseline follow-up. The observed
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Table 1: Model Parameters

Parameter

Description

Simulation Method and Sources

Values

Nodule properties

Nodule size at time

of baseline CT study

Nodule growth rate

SC development time

SC growth rate

Resolving probability

Clinically significant
malignancy

Patient characteristics
Initial age

Smoking status

Mortality and treatment
Among patients
without clinically
significant malignancy

Among patients
with clinically
significant malignancy

Treatment complication

mortality

Nodule diameter in
millimeters

Growth rate of nodule

diameter in millimeters

per month

Time in months until an

SC appears in a GGN

Growth rate of SC

diameter in millimeters

per month in a
part-solid nodule

Probability that a GGN
that has entered
follow-up will resolve

Whether a nodule
represents a
nonindolent lung
cancer

Patient age at time of
entering follow-up

Current or former
smoker

Monthly background
death probability for
smokers or former
smokers

Monthly background
death probability for
patients with lung
cancer

Probability of dying of

treatment complications
in the month following

treatment

Sampled from distribution of GGN sizes based
on primary analysis of NLST data at time of
exiting screening and entering follow-up

Sampled from distribution generated based on
nodule growth observed in natural history
study; growth rate dependent on initial
nodule size (8)

Sampled from distribution generated based
on SC appearance observed in natural
history study; development time dependent
on initial nodule size (8)

Sampled from distribution generated based
on SC growth observed in natural history
study; growth rate dependent on initial
nodule size (8)

Based on proportion of resolving nodules
observed in cohort of patients with GGN's
in International Early Lung Cancer Action
Program (1)

Assigned based on growth rate. Minimum
growth rate indicating clinically significant
malignancy was identified by calibrating
model to malignancy prevalence observed

in the NLST (17)

Sampled from distribution generated from
primary analysis of NLST data

Sampled from distribution generated from
primary analysis of NLST data

Age-dependent mortality rate derived from
National Health Interview Survey, Substance
Abuse and Mental Health Services (1998
Administration), the American Cancer
Society cancer prevention studies, and the
Berkeley Mortality Database (22,23)

Mortality rate dependent on lung cancer
stage (24), where stage is estimated based
on nodule size and density (13,24), and
patient characteristics including age (19),
smoking status (21), and treatment (24,26)

One-time monthly probability, for surgery
(20) or SBRT (29)

Range, 2.5-59.5 mm; mean,
8.4 mm

Range, 0-0.3 mm/mo;
percentage with nonzero
growth rate, 22.5%; mean
of nonzero growth rates,
0.1 mm/mo

Range, 0-108 mo; percentage
never developing an SC,
87.1%; mean development
time, 49.6 mo

Range, 0-0.3 mm/mo;
percentage part-solid
nodules with zero SC
growth rate, 39.7%; mean
of nonzero growth rates:
0.1 mm/mo

26.3%

Percentage of nodules with
clinically significant
malignancy (as of end of
10-year follow-up), 2.3%

Range, 55-75 years; mean,
63.5 years

Current smoker, 48%; former
smoker: 52%

Rate dependent on patient
factors; see Appendix E1

(online)

Rate dependent on patient
factors; see Appendix E1
(online)

Age-based range for surgery,
0.019-0.090; rate for
SBRT, 0.004

component.

Note.—GGN = ground-glass nodule, NLST = National Lung Screening Trial, SBRT = stereotactic body radiation therapy, SC = solid

size and/or growth of the nodule dictates the management
decision for the patient at the time of each CT examination. Our
model assigns a Lung-RADS category to each simulated nodule
after each CT study during the 10-year follow-up period.

Cancer treatment.—Patients with nodules meeting criteria
for Lung-RADS category 4B or 4X exit the follow-up process
and are assigned a treatment for their nodule. In the simula-
tion, we assumed that once a lesion reached Lung-RADS cat-
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Figure 1:

Treatment

with SBRT

Schematic representation of the model. Each state in the model has a 1-month (mo.) duration. A, Patients enter the model

on undergoing a baseline CT examination in which a ground-glass nodule is discovered. The number of months a patient spends wait-
ing between follow-up CT examinations depends on the characteristics of the patient’s nodule as it appears in the examination. B, CT
results also determine whether a patient is sent o treatment. Lung-RADS = Lung Imaging Reporting and Data System.

egory 4B or 4X status, it was treated definitively. Note that in
our simulation, to reach 4B or 4X status, a nodule must have
persisted over time and grown and/or developed an SC (see
Appendix E1 [online] for specific criteria for category 4X nod-
ules); transient nodules are benign and would not be treated
in our scheme. Both Lung-RADS and Fleischner Society 2017
(high-risk) guidelines recommend that suspicious nodules un-
dergo tissue sampling and/or fluorine 18 fluorodeoxyglucose
PET as their initial evaluation. However, both of these ap-
proaches have considerable drawbacks for evaluating nonsolid
nodules given their greater false-negative rates compared with
solid nodules (12,28,29). Therefore, we assumed that once a
nodule met criteria for further evaluation (ie, became Lung-
RADS category 4B or 4X), it would eventually go on to defini-
tive therapy.

The treatment modalities included in our simulation were sur-
gery and SBRT. For this analysis, the surgical procedure evaluated
was lobectomy, which is the current standard of care for invasive
lung cancer. For the base-case analysis, procedure selection was-
based on a patient age cutoff of 77 years, above which the patient
received SBRT and below which the patient received surgery.

On the basis of results from literature (14), treated GGNs
did not result in mortality rates different from general back-
ground mortality rates. For PSNs, posttreatment rates of death
depended on lung cancer stage (25). Mortality for PSNs was
based on observed lung cancer mortality rates from the literature
but was scaled down by a factor representing the relative mortal-
ity risk of part-solid lung cancers relative to solid cancers (14).
Among patients with clinically significant malignancies, survival

Radiology: Volume 290: Number 2—February 2019 a radiology.rsna.org

Table 2: Risk of Clinically Significant Malignancy for
Persistent Nonsolid Nodules according to Post-Base-
line Lung-RADS Category

Lung-RADS  Percentage Malignant Percentage Malignant

Category according to Lung-RADS  in Model

2 <1 3.0 (21820/722088)
3 1-2 3.4 (1621/47999)
4A 5-15 10 (7295/74293)
4B/X >15 30 (18668/62559)

Note.—For this analysis, a nodule was characterized as corre-
sponding to a Lung-RADS category if the nodule was assigned
that category at any point during the follow-up process. This
analysis excluded some nodules, initially characterized as category
2 or 3, that were found to resolve after being discovered at a
baseline screening examination. Lung-RADS = Lung Imaging
Reporting and Data System.

for those treated with SBRT was lower than for those treated
with surgery (26,30).

Incidental cancer.—To estimate the rate of incidental cancer
among this high-risk population during follow-up, we used
the Lung Cancer Policy Model (LCPM), a well-validated,
comprehensive microsimulation model of lung cancer devel-
opment, progression, detection, treatment, and survival (31).
The LCPM has been used in an analysis of the effectiveness of
different lung cancer screening strategies that helped to inform
the development of recommendations for lung cancer screen-
ing with CT by the U.S. Preventive Services Task Force (32).
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Table 3: Effect of Changing Follow-up Interval for Persistent Nonsolid Nodules in Lung-RADS Category 2

Parameter Follow-up at 1 Year

P Value for 1-Year vs

Follow-up at 2 Years  Follow-up at 3 Years  3-Year Follow-up

72 (527 8271737 3006)
24
3.2

Overall survival at 10 years (%)

Average size of nodule at treatment (mm)

Average size of solid component at treatment,
among part-solid nodules (mm)

72 (527 1471737 306) 71 (526507/737306) <.01
25 25 <.01
3.3 3.7 <.01

Lung-RADS = Lung Imaging Reporting and Data System.

Note.—The current recommendation for a Lung-RADS category 2 nodule is for the patient to undergo a follow-up low-dose CT exami-
nation in 1 year. These simulation data show that changing the follow-up interval from 1 year to 3 years does not impact overall survival.

[

‘ S."— -

Figure 2: Axial CT images in 77-year-old man who was a former smoker. A, Surveillance chest CT image shows a nonsolid
nodule in the left upper lobe with small solid component (SC). B, Follow-up chest CT image obtained 4 years later shows slight
growth of the nodule, with a mild increase in the existing SC and the development of a new small SC. At this point, a biopsy
was performed and revealed adenocarcinoma, and the patient was subsequently treated with radiation therapy because of

poor functional status.

Detection of a nodule in the LCPM may occur during a CT
examination or outside of a CT examination because of symp-
toms. In our study, follow-up studies of nonsolid nodules can
result in detection of incident cancer, and hence we used the
LCPM to estimate the mortality due to incidental lung cancers
that arose over the course of 10 years of nonsolid nodule follow-
up and incorporated this mortality into our survival measures.
Further details of the LCPM are publicly available, as recorded
within a designated National Cancer Institute website (hezps://
cisnet.cancer.gov/resources/profiles. html).

Analysis of Follow-up Intervals and Treatment
Options

Our primary analysis examined the outcomes of a simulation
of 1000000 patients, with initial ages ranging from 55 to 75
years, who are discovered to have a GGN at CT screening and
are then assigned to a nodule follow-up regimen based on the
Lung-RADS guidelines. The patients are tracked for 10 years
from the baseline screening examination or until time of death.
A 10-year time frame was used because source studies in the lit-
erature for many of our parameters did not follow patients for a
longer time than that. We examined the percentage of nodules
that were category 2 at baseline and the percentage that were
malignant at baseline. We also calculated the percentage of ma-
lignant nodules within each Lung-RADS category (2, 3, 4A, or
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4B or 4X) over the course of 10 years of follow-up. In addition
to the base-case analysis, we performed simulations in which we
assigned 2- or 3-year waiting intervals (rather than 1 year, which
is the Lung-RADS recommendation) to Lung-RADS category
2 nodules. As in the base-case analysis, overall survival (OS) was
measured starting from the time of GGN discovery. We com-
pared the 10-year OS of the cohort of patients with nonresolving
nodules in each of these scenarios. We also simulated patient
cohorts stratified by selection of treatment procedure and mea-
sured overall posttreatment survival. To measure the uncertainty
of our primary outcomes of interest, one-way sensitivity analyses
were performed by using a previously established method (33)
and are described in further detail in Appendix E1 (online). P
values for outcome measures were computed by using a Z-test
in the case of two proportions, a X* test in the case of more than
two proportions, and a two-sided  test for independent samples
in the case of two means.

Results

Outcomes for Nonsolid Nodules

‘The vast majority, 96% (957929 of 1000 000), of GGNs were
assigned a Lung-RADS category of 2 at their baseline CT stud-
ies. Of these, 26% (246470 of 957 929) were transient—that
is, they had resolved at the time of the second interval CT

radiology.rsna.org » Radiology: Volume 290: Number 2—February 2019
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Evaluation of Different Follow-up
Intervals for Lung-RADS Category 2
Nodules

We evaluated outcomes for patients with persistent
Lung-RADS category 2 nodules by assigning them
to 1-, 2-, or 3-year follow-up intervals (Table 3).
This analysis excluded patients with transient (re-
solving) nodules but did include mortality from
interval lung cancers. There was no clinically
meaningful difference in rates of nodule treatment
or sizes of nodules at the time of treatment across
the three groups. OS at 10 years of follow-up was
only minimally different in the three groups: 72%
(527827 of 737 306) in the annual CT group com-
pared with 71% (526507 of 737 306) in the trien-
nial CT group (P < .01). The average size of the SC
at the time of treatment was slightly larger in the
triennial CT group, at 3.7 mm, compared with 3.2
mm in the annual CT group (P < .01).

Evaluation of Different Treatment
Modalities

We evaluated the outcomes of different treatment
options (surgery, SBRT, and no therapy) for pa-
tients with persistent nonsolid nodules. No sub-
stantial differences in survival were seen among
the different treatment modalities within the entire
cohort, likely because a very small fraction of pa-
tients had clinically significant malignancies. Thus,
we focused on the subset of patients who developed
nodules that require treatment (Lung-RADS cate-
gory 4B or 4X). There were small differences in OS
across the different treatment modalities. SBRT re-
sulted in the greatest OS (80%; 49945 of 62559),
followed by surgery (79%; 49139 of 62559) and
then no therapy (74%; 46512 0of 62559 [P < .01]).

Figure 3: Axial CT images in 69-year-old female former smoker with nodules

detected at CT lung cancer screening. A, B, Images obtained at initial chest CT
show a small solid right upper lobe nodule (arrowhead), as well as a ground-glass
nodule (GGN) in the right lower lobe (arrow). C, D, Images obtained at follow-up
chest CT 15 months later show dramatic enlargement of the right upper lobe solid
nodule (arrowhead) but minimal change in the GGN (arrow). Surgical resection
demonstrated that the right upper lobe nodule was pleomorphic carcinoma, predom-
inantly adenosquamous, while the right lower lobe nodule was lepidic-predominant

adenocarcinoma.

examination, and 1.0% (9295 of 957 929) were malignant at
baseline. Persistent (nonresolving) nodules were newly assigned
a Lung-RADS category at each simulated follow-up CT exami-
nation (Table 2). As expected, the rates of clinically significant
malignancy were higher in increasing Lung-RADS categories,
ranging from 3.0% (21820 of 722088) for persistent Lung-
RADS category 2 nodules to 30% (18 668 of 62559) for Lung-
RADS category 4B or 4X nodules. Overall, the percentage of
treated patients in the model, 6.3% (62559 of 1000 000), was
about three times larger than the percentage of patients with
clinically significant malignancies, 2.3% (22584 of 1000 000)
(Table 2).

Radiology: Volume 290: Number 2—February 2019 a radiology.rsna.org

Sensitivity Analysis

Our major results were generally stable under the
sensitivity analysis conditions (see Tables E6A and
E6B [online]). In particular, the difference in OS
between the 1-year and 3-year follow-up interval
conditions remained small (0.14%-0.19%, with
0.18% in the base-case condition). For the three
treatment options, seven of eight of our sensitivity
analysis conditions resulted in SBRT leading to the highest OS
(the difference in OS between SBRT and no therapy ranged
from 3.29%-5.49% and was 5.49% in the base-case condi-
tion). Only in the extreme scenario of substantially decreasing
the mortality rate of untreated patients with malignant nodules
did the result change, with the no-therapy arm having a 2.22%
higher OS than the SBRT arm.

Discussion

Using empiric data from the literature and secondary analysis of
data from the NLST, we built a simulation of nonsolid pulmo-
nary nodules to follow their behavior over time and examine the
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effects of different follow-up intervals and therapeutic strategies.
Our model simulates known behaviors such as resolving inflam-
matory nodules, slow growth over time, and the development
of SCs, with rates matching those in the literature. By evaluat-
ing a management strategy derived from Lung-RADS, we have
shown that many nodules (70%) that are recommended to un-
dergo treatment do not represent clinically significant malignan-
cies. SBRT resulted in the best OS compared with surgery or no
therapy (80% vs 79% and 74%, respectively). Additionally, we
showed that Lung-RADS category 2 nodules can be followed ev-
ery 3 years without substantial impact on patient outcome (71%
vs 72% survival at 10 years).

It is well known that nonsolid nodules often represent indo-
lent malignancies (typically a subtype of indolent adenocarci-
noma) (Fig 2) (11). This is in contrast to solid nodules, which,
while less likely to be malignant, exhibit more aggressive behav-
ior when cancerous (Fig 3). The slow growth of nonsolid lesions
raises the possibility of overdiagnosis (6); in other words, many
lesions may represent preinvasive adenocarcinoma, but have lit-
tle impact on patient survival. To estimate the rate of clinically
significant malignancies for these nodules, we used cancer rates
from similar nodules in the NLST cohort (18); these represent
the clinically diagnosed malignancies in nodules of that density
and size. In our simulation, thresholds for short-interval follow-
up imaging, as well as those for treatment, were based on the
Lung-RADS schema (16). In comparing the estimates of malig-
nancy in the Lung-RADS document to those in our study (Ta-
ble 2), for most categories, the rates were very similar. However,
the malignancy rate for Lung-RADS category 2 nodules in our
study was 3%, greater than the “<1%” listed in the Lung-RADS
document, although similar to the rate in another analysis of
NLST data (34). This likely reflects the higher risk of malig-
nancy in large GGNs, as demonstrated in the NLST and other
cohorts, as well as the exclusion of transient nodules in follow-up
rounds (10). For Lung-RADS category 3, our malignancy rate
of 3% was also slightly greater than the “1%-2% listed in the
Lung-RADS document; again, this may reflect exclusion of tran-
sient nodules as well as the risk of malignancy in large GGNEs.

We evaluated different follow-up strategies for Lung-RADS
category 2 nodules, comparing annual (lung cancer screening/
Lung-RADS recommendation), biennial (Fleischner recom-
mendation for GGNs), and triennial follow-up imaging. Because
category 2 GGNs grow slowly and are slow to develop SCs, if
they ever do, longer follow-up intervals did not show a substan-
tial detrimental effect on patient survival. This was true despite
accounting for the development of incidental cancers during
follow-up. Although survival was slightly better for the shorter
follow-up interval, the difference is not likely to be clinically sig-
nificant. Because more frequent follow-up studies will lead to ac-
cumulation of radiation exposure, a triennial follow-up interval
is likely preferable, particularly in younger patients. Moreover,
the use of longer follow-up intervals is also potentially beneficial
because of reduced costs to patients and health care payers. We
do acknowledge that a short initial follow-up interval (eg, 3
months) to confirm persistence of a nodule may have a beneficial
psychologic effect on patients if the nodule is inflammatory and
then resolves; we did not evaluate such a strategy.
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We then evaluated the effects of different treatment strate-
gies for these nodules. In all groups, SBRT yielded better OS
than surgery (lobectomy); this is despite our input data of
better long-term survival in patients with lung malignancies
after lobectomy than SBRT. This paradoxical result reflects
the fact that only a minority (30%) of Lung-RADS category
4B or 4X nodules represented clinically significant malignan-
cies. Thus, outcomes in this patient population are driven not
by recurrence of malignancy but rather by treatment-related
complication rates, which are higher for lobectomy than for
SBRT. Our results argue for a “less is more” strategy for treat-
ing GGNs and PSNs. Thus, SBRT, which has less morbidity
and mortality than surgical resection, may be a better strategy
for treating suspicious nonsolid nodules. Please note that per-
cutaneous ablation strategies were not part of the treatment
modeling outcomes.

Our study had some limitations. As with all models, ours
is a simplification of reality. However, our simulation is based
on empiric data from large cohorts, and the results of the
simulation match observations in the source literature. One
particular limitation was that our model included only three
treatment options (lobectomy, SBRT, and no therapy) and
excluded, for example, sublobar resection and percutaneous
ablation therapy. However, sublobar resection can be viewed
as an intermediate treatment option between these two in
terms of morbidity. Another limitation was that our simula-
tion does not explicitly model the risk of radiation-induced
cancer for patients undergoing CT examinations. However,
the radiation-induced cancer risk within an interval of 10
years is estimated to be relatively small (35). Thus, the con-
clusions will not likely change with the inclusion of radia-
tion-induced cancer risk. The model did not account for sex
differences in overall cancer survival.

In conclusion, our results suggest taking a conservative ap-
proach to the follow-up and treatment of GGNs. While there
is a high rate of malignancy in these nodules at biopsy, the
rate of clinically significant malignancy is lower, and, over-
all, these malignancies demonstrate an indolent course. Our
results argue for raising the follow-up interval for GGNs to
3 years. We also found little long-term benefit for aggressive
treatment (ie, lobectomy) in these patients. Our results thus
suggest the use of treatments that incur less morbidity (eg,
radiation therapy) when a nodule has met criteria for treat-
ment. These findings highlight the need for a prospective
randomized trial evaluating better treatment thresholds for
nonsolid nodules, perhaps based on growth rates rather than
size, to avoid overtreatment (7).
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