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HIGHLIGHTS

e Subsolid nodules, which may be divided into pure ground glass and part-solid nodules, are increasingly identified at CT.
e Subsolid nodules have higher risk of malignancy than solid nodules and represent lesions along the adenocarcinoma spectrum.

e Subsolid adenocarcinomas are more indolent than solid adenocarcinomas.

o Emerging evidence suggests longer intervals and shorter duration of follow-up may be used for stable subsolid nodules.

o Definitive therapy may be less aggressive, such as sublobar resection rather than lobectomy.
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Ground glass and part-solid nodules, collectively referred to as subsolid nodules, present a challenge in man-
agement, with a high risk of malignancy but, when malignant, demonstrating indolent behavior. Emerging data
suggest longer follow-up intervals and shorter duration of follow-up is likely appropriate in these nodules.
Additionally, definitive therapy is shifting to less aggressive approaches such as sub-lobar resection. Patients may

benefit from individualized approaches, incorporating both patient and imaging features to determine whether

treatment is necessary.

1. Introduction

Subsolid pulmonary nodules, which comprise pure ground glass and
part-solid nodules, are commonly identified incidentally or as part of
lung cancer screening. Our detection of subsolid nodules has grown
dramatically over the last decade as thin section CT has become widely
available. Additionally, our understanding of these nodules has pro-
gressed recently with the updated classification of lung adenocarcinoma
in 2011 [1]. Subsolid nodules present a particular dilemma for radiol-
ogists and clinicians, as they have a higher rate of malignancy than solid
nodules but, when malignant, demonstrate indolent behavior compared
to solid lung cancers. In this review, we will discuss controversies in
existing management guidelines, genetics and epidemiology, emerging
evidence, and future directions of research in subsolid nodules.

2. Behavior of subsolid nodules
Subsolid nodules are common, identified in approximately 9% of

lung cancer screening patients [2,3]. We define a pure ground glass
nodule (GGN) as a well-circumscribed nodular lesion in the lung

parenchyma with attenuation less than adjacent pulmonary vessels. A
part-solid nodule is a nodule that has both a ground glass component
and one or more solid components, defined by having density visually
equal to that of pulmonary vessels. Identification and measurement of
solid components should be done on thin section images (1 mm or
thinner) and lung windows [4]. Subsolid nodules may contain internal
cystic change, sometimes referred to as pseudocavitation or bubbly
cysts; this is often seen with early adenocarcinomas [5].
Approximately one quarter of these nodules will resolve, represent-
ing an inflammatory process [2,3,6]. Those that persist have a high risk
of malignancy, representing a spectrum of neoplastic growth ranging
from atypical adenomatous hyperplasia (AAH) to adenocarcinoma in
situ (AIS), minimally invasive adenocarcinoma (MIA), and fully invasive
adenocarcinoma [1]. Typically, AAH presents as a small round
ground-glass opacity, more frequently seen in the upper lobes [7]. AIS
lesions are typically associated with a more irregular shape and small
solid components. The solid components and overall lesion size are
generally larger in MIA lesions and still larger in invasive adenocarci-
nomas. In pathology, an invasive adenocarcinoma must have at least a
5 mm invasive component to distinguish it from MIA; this size threshold
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is often applied on CT as well, although as we note below, the solid
component on CT does not exactly represent the invasive component.
Size and density are the two principal features that correspond to
increasing invasiveness pathologically [1], although other features such
as internal heterogeneity and irregular lesion margins are also associ-
ated with lesions on the more invasive part of the spectrum. However, in
the real world, the relationship between pathologic classification and
radiologic appearance is more complicated, as seen in the following
examples (Figs. 1-5).

Overall, subsolid nodules, particularly part-solid nodules, have a
higher risk of malignancy than solid nodules [8]. The risk of malignancy
increases by nodule size as well as presence and size of a solid compo-
nent: pure ground glass nodules < 1cm have a malignancy rate of
approximately 1%, whereas part-solid nodules with a solid component >
6 mm have a malignancy rate of around 20 % (Fig. 1) [6]. Many radi-
ologists associate the solid components in part-solid nodules with the
pathologic invasive component. However, the solid component on im-
aging often over-estimates the size of the invasive component, since it
contains atelectatic lung as well as malignant cells (Fig. 2) [9]. Radiol-
ogists should also note that pure ground glass nodules may be malignant
(Figs. 3 and 4) [5].

However, while subsolid nodules have a higher rate of malignancy
than solid nodules, those that are malignant exhibit more indolent
behavior than purely solid malignancies. Subsolid cancers grow more
slowly than solid cancers (Fig. 5) [10]. In addition, they are less likely to
develop lymph node and distant metastases [3] and do not appear to
benefit from routine lymph node dissection at surgery [11].
Recurrence-free survival for T1 adenocarcinomas is worst for those
presenting as solid nodules and is much better for part-solid nodules and
even better for pure ground glass nodules, the latter of which had a 100
% 5-year recurrence-free survival in one series [12].

3. Genetics and epidemiology

Subsolid adenocarcinomas have traditionally been associated with
female nonsmokers, particularly in Asian populations, but recent data
show smoking status and male sex being risk factors for growth of such
nodules [9]. Subsolid nodules are frequently multiple, complicating
treatment decisions [13]. Subsolid nodules frequently contain mutations
in the epidermal growth factor receptor (EGFR) gene, seen in 64-74 % of
such nodules in several series [14,15]. There may be an association
between development of a solid component within a ground glass
nodule and acquisition of EGFR mutation [16]. Notably, EGFR muta-
tions are also associated with female sex, Asian populations, and
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Fig. 2. 71-year-old man with a part-solid nodule in the right upper lobe
(15 mm total diameter with 6 mm solid component). This was resected, with
pathology showing adenocarcinoma in situ.

non-smokers, supporting the association between these demographic
factors and subsolid adenocarcinomas [17]. Other mutations such as
KRAS, ALK and HER2 were found in 3-4 % of resected GGNs, respec-
tively, in one Japanese study [18]. The exact role of mutations in sub-
solid nodules remains to be elucidated.

4. Follow-up guidelines

A number of guidelines exist to assist radiologists and clinicians in
the management of pulmonary nodules (Table 1). These include
guidelines from the Fleischner Society for incidental nodules and the
Lung-RADS guidelines from the American College of Radiology for
nodules identified at lung cancer screening [19,20]. To briefly summa-
rize, the Fleischner Society guidelines recommend no follow-up for
subsolid nodules < 6 mm; and, after an initial short follow-up to confirm
persistence, annual follow-up for part-solid nodules and biennial
follow-up for ground glass nodules for 5 years. The Lung-RADS guide-
lines are to be used within lung cancer screening, in which patients
undergo annual follow-up (screening) by default. For the most part, pure

Fig. 1. 88-year-old man with two part-solid nodules in the right upper lobe; the more superior nodule (a) is 16 mm with 3 mm solid component (arrowhead), and the
inferior nodule (b) is 29 mm with 9 mm solid component (arrow). Pathology of the lobectomy specimen demonstrated that the smaller nodule was a minimally-

invasive adenocarcinoma and the larger nodule was an invasive adenocarcinoma.
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Fig. 3. 56-year-old woman with a pure ground glass nodule in the right upper
lobe measuring 30 x 15mm. This was resected, with pathology showing
lepidic-predominant invasive adenocarcinoma. Genomic analysis showed a
mutation in the KRAS proto-oncogene.

Fig. 4. 65-year-old woman with a pure ground glass nodule (29 mm in diam-
eter) with multiple small areas of increased density in the right upper lobe. This
was resected, with pathology showing lepidic-predominant invasive adeno-
carcinoma. Genomic analysis showed a mutation in the MET proto-oncogene.

ground glass nodules are followed annually under this scheme;
part-solid nodules are managed by the size of their solid component but
if stable are then followed annually as well. Unfortunately, while these
guidelines are widely used, they are predominantly based on expert
opinion. No data from prospective trials exists at the moment to support
specific nodule management guidelines.

These nodule guidelines are based upon malignancy risk and, to
some extent, tumor aggressiveness. The Lung-RADS guidelines, in fact,
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specify malignancy risk for each category (<1% for category 2, 1-2 %
for category 3, 5-15 % for category 4A, and >15 % for category 4B).
However, these numbers substantially underestimate risk for the sub-
solid nodules that are assigned to the Lung-RADS categories [21,22].
Because subsolid nodules behave more indolently than their solid
counterparts, assigning subsolid nodules to lower risk categories may be
justified, but this requires further study.

Because subsolid nodules typically have very indolent growth, they
may appear stable for years before growing. In some cases, a more
aggressive malignancy may develop years after initial detection of a
subsolid nodule. For these reasons, it remains unclear how frequently
and for how long subsolid nodules should be surveilled. If a subsolid
nodule is stable for several years, does such a patient need perpetual
follow-up? Fleischner guidelines recommend annual follow-up for part-
solid nodules and biennial follow-up for ground glass nodules, both for
5 years duration, but again this is based in large part on expert opinion.

A number of recent articles have studied the growth of subsolid
nodules that are initially stable for a 3—5 year period [23-25]. The rate
of subsequent growth of subsolid nodules after an initial period of sta-
bility is low but variable, found to be 2 %, 3 %, and 13 % in those studies.
However, even if such a nodule grows, the clinical relevance (i.e. po-
tential for impacting the patient’s life expectancy) is likely low. A
simulation-based cost-effectiveness analysis that evaluated several
follow-up durations found that the most cost-effective were 2 years for
ground glass nodules and 5 years for part-solid nodules (Table 1) [26].

Of note, the Fleischner Society guidelines do not apply in patients
with known malignancy or immunocompromised state. As noted earlier,
approximately one quarter of subsolid nodules are inflammatory. These
nodules are frequently seen in immunocompromised patients as signs of
viral or (if the ground glass component is actually a halo) fungal
pneumonias. In that setting, the nodules are typically multiple and
resolve in the short term. A more complicated question is how to address
subsolid nodules in patients with known malignancy. Subsolid nodules
are a very uncommon presentation of metastatic disease from non-lung
cancer. Thus, in a patient in whom a subsolid nodule is detected as part
of a staging exam, that nodule should be regarded as incidental and may
be managed using the same guidelines, e.g. Fleischner, depending upon
the prognosis of the patient’s primary malignancy.

Subsolid nodules in patients with lung cancer present a more
complicated clinical problem. These may occur as multiple synchronous
primary lesions. Typically, the appearance in that case is of multiple
ground glass or part-solid nodules of varying sizes with a mild upper
lung predominance. These are generally slowly growing, though one
lesion may start behaving more aggressively at any time. Surgical
management of such patients is difficult because the surgeon must spare
lung parenchyma, envisioning the likelihood that additional nodules
may develop aggressive features and require treatment as well.

Less commonly, multiple subsolid nodules, particularly multiple
ground glass nodules, may be the presentation of pulmonary metastatic
disease from lung cancer. These are generally mucinous or lepidic ade-
nocarcinomas, and the primary tumor typically will have a ground glass
component. Such lesions tend to grow far more rapidly than in the
synchronous primary case, and they tend to have a dependent distri-
bution since they spread through endogenous aspiration of tumor cells.

5. Therapeutic options

In contrast to stable, low risk subsolid nodules, those that are large or
exhibit progressive growth are typically taken to definitive therapy.
There are a number of options for definitive therapy, including anatomic
surgical resection (lobectomy), limited (sub-lobar or wedge) surgical
resection, stereotactic beam radiation therapy (SBRT), and percuta-
neous ablation.

The standard of care treatment for patients with non-small cell lung
cancer who are surgical candidates is lobectomy [27], although guide-
lines do allow sublobar resection for certain subsolid nodules. As noted
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Fig. 5. 66-year-old woman with a ground glass nodule in the right middle lobe. (a) Baseline CT and (b) CT 4 years later show slow growth over time, with the lesion
measuring 26 mm on the later CT. Note extensive internal ‘bubbly’ cystic change within the lesion. Surgical resection after the CT in (b) showed invasive

adenocarcinoma.
Table 1
Guidelines and Recommendations for Follow-up of Stable Subsolid Nodules.
Recommendation  Patient Nodule Follow-up Follow-up
Population Characteristic Interval Duration
Fleischner Incidental GGN or No follow- No follow-
Society(19) nodule PSN < 6 mm up up
GGN > 6 mm CTat6—-12 5years
PSN > 6 mm months, 5years
then every
2 years
CT at 3—-6
months,
then every
1 year
Lung-RADS(20) Lung PSN < 6 mm Every 1 Indefinite
cancer GGN < 30 mm year (screening)
screening Any PSN or
GGN stable for
> 3 months
Hammer, et al. High-risk PSN < 6 mm Every 2 For GGN, 2
(26) patients GGN < 30 mm years years
Any PSN or For PSN,
GGN stable for 5 years
> 3 months

GGN, ground glass nodule; PSN, part solid nodule.

earlier, the excellent post-resection prognosis of subsolid nodules seems
to support the idea of using less aggressive surgical therapy, namely
sublobar resection [12]. A number of retrospective studies support good
outcomes for treating subsolid nodules with sub-lobar resection [28,29],
and there are ongoing randomized trials in the US and Japan that aim to
answer this question definitively [30,31].

Use of non-surgical treatment, i.e. radiation or ablation, is generally
reserved for patients who are not surgical candidates because of limited
lung function or comorbidities [27]. Overall, retrospective analyses of
elderly patients found better outcomes with surgical resection compared
to non-surgical treatment, although one study found comparable

outcomes [32-34]. However, these studies included all patients with
non-small cell lung cancer and did not specifically focus on subsolid
nodules. Given the indolent behavior and low metastatic potential for
subsolid adenocarcinomas, the benefits of surgery are likely reduced in
these cancers. One simulation-based analysis suggested that radiation
therapy may even provide improved outcomes in these patients because
of less treatment-related morbidity and mortality [35]. Future research
is needed in this arena to better define the benefits of surgery versus
non-surgical management of subsolid malignancies.

More broadly, the question of which patients should even undergo
definitive therapy is the subject of some debate. Guidelines for man-
agement of patients within lung cancer screening programs, such as
Lung-RADS or the NELSON trial guidelines, have high thresholds for
treatment of subsolid nodules [20,36]. Lung-RADS advises against
treatment of most pure ground glass nodules; and NELSON uses volume
doubling time to determine which nodules need intervention. However,
we note that in clinical practice, many patients with persistent subsolid
nodules may go to definitive treatment based on local practice patterns
and/or patient preference.

6. Risk stratification and future directions

As noted, currently the most commonly used nodule management
guidelines are those from the Fleischner Society for incidental nodules
and Lung-RADS for lung cancer screening cases. These guidelines rely
principally on nodule size measurements and for the most part do not
take into account other patient or nodule factors in assigning risk cate-
gories. However, there are more sophisticated nodule risk triage tools,
the most well-known of which is the Brock University nodule risk
calculator [8]. This calculator includes patient risk factors such as age,
sex, and emphysema, as well as nodule factors such as upper lobe
location and size. It has been shown to outperform Lung-RADS in nod-
ules from the National Lung Screening Trial [21,37].

Besides risk calculators based on patient characteristics and nodule
size, there is emerging literature about use of more complex CT features
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and more advanced image processing tools to triage nodules. Several
articles have shown promise of certain CT features for predicting inva-
sive adenocarcinomas from ground glass nodules, including attenuation
and iodine content derived from dual energy CT [5,38-40]. More
advanced image processing tools include radiomics, which evaluates the
texture characteristics of nodules and surrounding lung parenchyma,
and deep learning (artificial intelligence) with convolutional neural
networks. Radiomics has been shown to be helpful in evaluating ma-
lignancy risk in pulmonary nodules, including subsolid nodules [41-44].
Deep learning, which relies on convolutional neural networks to classify
whole images, has also shown initial promise in estimating malignancy
risk in pulmonary nodules [45].

7. Conclusion

Subsolid nodules present a paradox in clinical management, with a
high risk of malignancy but, when malignant, demonstrating indolent
behavior. This leads to conundrums in clinical management — how often
and how long should such nodules be surveilled? And when should
patients undergo treatment? Emerging data suggest less aggressive
management of these nodules is appropriate. Additionally, patients will
likely benefit from a personalized approach, incorporating both patient
and imaging features in a risk calculator to determine whether treatment
is necessary. Future research is needed to evaluate follow-up and man-
agement strategies in prospective trials, as well as to identify novel
imaging techniques such as deep learning that may provide better
nodule triage.
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