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Radiographic assessment of small lung nodules: what can we do
and what information does it give us?
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Abstract: The evaluation of small pulmonary nodules is a common and challenging clinical scenario often
requiring a multi-disciplinary approach to optimize patient care. Radiographic assessment of pulmonary
nodules is an important part of the determination of whether a nodule is malignant or benign which
then translates into an intervention or a management strategy. A multimodality radiological approach or
longitudinal follow up may be needed based on a combination of the clinical and imaging features at initial
presentation. In this article, we illustrate the role of anatomical and functional radiological techniques
[chest radiography, computed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography/computed tomography (PET/CT)] in the assessment and characterization of small pulmonary
nodules, with an emphasis on chest CT, the workhorse of pulmonary imaging. This discussion is framed in
the context of how imaging fits into current international guidelines on pulmonary nodule assessment, with
an emphasis on both the Fleischner society and British Thoracic Society (BTS) guidelines, including the
application of nodule risk prediction scores. Emerging applications including radiomics, machine learning
and artificial intelligence (AI) in assessment and characterization of pulmonary nodules and role of these

advanced techniques in the management of pulmonary nodules in the future are also illustrated.
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Introduction of an effective treatment option based on the initial

presentation (1).

Radiographic assessment of small pulmonary nodules is a The Fleischner society defines a pulmonary nodule as a

frequently encountered clinical dilemma; at any given time, “rounded opacity, well or poorly defined, measuring up 1o 3 om

a large number of nodules are being longitudinally followed. in diameter”, and surrounded by aerated lung, with nodular

The key question of whether a given nodule represents opacities <3 mm referred to as micronodules (2). Small

a malignant lesion is of paramount importance and can nodules are those that have an average of the long and

result in an optimal treatment strategy. The assessment
comprises of anatomical and functional information, which
when combined with demographic and clinical parameters
can help with risk stratification, and lead to development
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short-axis diameters of <10 mm (3,4). With the widespread
use of multidetector computed tomography (CT), there
has been a significant increase in discovery of these small
pulmonary nodules, which pose a significant diagnostic
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burden (5). These are not visible on chest radiographs
and are too small to be reliably characterized on positron
emission tomography (PET) or magnetic resonance
imaging (MRI). Radiographic assessment includes
qualitative and quantitative functional evaluation which
can be combined with temporal evolution to determine the
malignant potential and risk stratification. In this article,
the role of imaging in the characterization of small nodules
is examined and the key information that can be extracted
from each modality for optimal triage is presented.

Qualitative and quantitative assessment

Radiographic assessment at initial discovery comprises of a
qualitative assessment based on shape, density, calcification,
location, and ancillary findings which can then be combined
with quantitative parameters such as size, standard uptake
value (SUV) on PET, apparent diffusion coefficient (ADC)
on MRI, perfusion parameters derived from dynamic
enhanced CT or MRI to non-invasively characterize the
nodule. CT forms the main workhorse of evaluation and can
be augmented by PET/CT or MRI to further characterize
in specific circumstances.

For optimal radiographic assessment, image acquisition
and reconstruction techniques are standardized, and
the current recommendations require CT images to be
reconstructed with contiguous thin slices (<3 mm, ideally
<1 mm), with multi-planar reformats (MPRs) to help
differentiate between nodule and scarring or atelectasis (4).
Thicker section reconstructions (5 mm or greater) increase
partial volume averaging which reduces the sensitivity for
small nodule detection, and limits characterization. Post
processing including volumetric assessment also requires
thin section data acquired in soft tissue kernel. The use of
intravenous iodinated contrast on CT scans is not required
for pulmonary nodule evaluation; a few research studies
have explored it to differentiate benign from malignant
nodules, but the technique has not been found to be
practical and feasible due to low positive predictive value
and higher radiation exposure (6).

The Fleischner society recommends that nodule
measurements should be recorded to the nearest millimeter
by averaging the long- and short-axis diameters measured
on the same axial, coronal, or sagittal plane using electronic
calipers or semiautomated methods on the image plane
depicting the largest nodule size (3,4). Recent international
guideline iterations have introduced nodule volume as a
surrogate of size, based mainly on data from the recently
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reported Dutch-Belgian Lung Cancer Screening trial
(NELSON) (7). The British Thoracic Society (BTS)
guidelines also incorporates initial nodule volume and
volume doubling time (VDT) into their follow-up
recommendations (8).

Nodule size is an important predictor of malignancy.
The analysis of cohorts derived from the Pan-Canadian
Early Detection of Lung Cancer Study (PanCan) and
chemoprevention trials at the British Columbia Cancer
Agency (BCCA), demonstrated that nodule size (maximal
nodule diameter) had a significant nonlinear relationship
in predicting likelihood of lung cancer (9). The prevalence
of lung malignancy in subjects with small nodules (<6 and
<5 mm) in the National Lung Screening Trial (NLST)
and NELSON trials was extremely low at 0.5% and 0.6%
respectively (10,11). The updated Fleischner society
guidelines also do not recommend routine CT follow-
up for patients with solid nodules <6 mm (<100 mm’),
except for those with suspicious morphology, upper lobe
location, or patients with high clinical risk, in which a
follow-up at 12 months may be considered (4). Similarly,
the BTS guidelines do not advocate routine follow-up
for solid nodules less than 5 mm in diameter or less than
80 mm’ in volume (8). For solitary noncalcified solid
nodules measuring 6-8 mm (100-250 mm’), the Fleischner
guidelines recommend CT follow-up at 6-12 months,
and with potential further follow-up at 18-24 months for
high-risk patients or nodule with more concerning
morphology (4). Nodules in this size range have an average
malignancy risk of 0.5-2.0% based on data from various
lung cancer screening trials, justifying the recommendation
for follow-up (9,11). Solitary noncalcified nodules >8 mm
(>250 mm’) are at higher risk for malignancy, and are
recommended to undergo a 3-month CT follow-up, PET/
CT, tissue sampling, or a combination of these methods
depending on patient and nodule factors (4). For patients
with multiple solid nodules, management should be based
on the dominant, most suspicious nodule, which may
or may not be the largest. When multiple non-calcified
nodules less than 6 mm in size are present, routine follow-
up is not required in the absence of a known malignancy
or risk factors; these small nodules usually represent healed
granulomata or benign intrapulmonary lymph nodes. If
one of these nodules is 6 mm or larger in size, follow-up
is recommended, initially at 3-6 months as metastases are
a concern and particularly if the nodules have a peripheral
and/or lower zone predominance and vary in size (4). In
most cases, metastases will demonstrate growth on the
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3-6 months interval CT, except in certain slow growing
cancers such as metastatic papillary thyroid cancer.

Nodule density is an important consideration when
assessing risk of malignancy. In general, nodules can be
divided into solid and subsolid nodules (SSNs), with the
latter incorporating both pure ground-glass nodules (GGNs)
and part-solid nodules (PSNs). The key features to assess
for in evaluation/surveillance of SSNs is interval growth
and/or development of a solid component; the presence of
a definite measurable solid component in a SSN evaluated
on a mediastinal/soft tissue window is highly concerning for
invasive adenocarcinoma, with a reported specificity ranging
from 0.86-0.96 (12). An interval of 3—4 years is required,
on average, to demonstrate growth/develop an invasive
adenocarcinoma in pure GGNs. Lee et al. (13) reported a
series of 235 SSNs >6 mm that were stable for more than
5 years. They followed up these nodules for a median of
9 years after the initial 5-year period, with only 2% of SSNs
demonstrating growth, suggesting that 5-year stability
marks an appropriate end-point for routine CT follow-
up for SSNs (14). Per Fleischner criteria, routine follow-
up is not recommended for solitary pure GGNs <6 mm in
the absence of other risk factors; for pure GGNs >6 mm,
it is currently recommended to follow up to 5 years as they
may represent indolent or slow growing adenocarcinoma
spectrum lesions (4). For solitary PSNs measuring 6 mm
or larger, measurement of the size of the solid component
is important in determining the risk of malignancy. PSNs
with a solid component less than 6 mm typically represent
either adenocarcinoma iz siru or minimally invasive
adenocarcinomas, with a solid component of >5 mm in
PSN strongly associated with local invasion (15,16). When
multiple SSNs are present, infection is a consideration,
particularly if the SSNs are <6 mm in size. A follow-up CT
is usually recommended in 6 months to assess for resolution
in these cases. For patients with multiple SSNs with at
least one nodule >6 mm, management should be guided
by the most suspicious appearing nodule, with multifocal
adenocarcinoma spectrum lesions a consideration if they
persist on the 3-6 months follow-up CT.

Interobserver agreement by radiologists in classifying
nodules into solid or subsolid categories is only moderate
at 0.58, with disagreement on the presence and size of a
solid component in SSNs the main discrepancy (17). The
updated Fleischner guidelines recommend that nodules
rendered partially invisible when the sharp filter lung kernel
images are viewed on a mediastinal (soft tissue) window
can be classified as subsolid, and that any visible nodular
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component other than normal bronchovascular structures
can be classified as a solid component (4). Some small solid/
semisolid components may only be visible on lung windows
but are of importance as they could represent early signs of
invasive tumor or adenocarcinoma.

Other morphological factors such as margins and contour
can also be helpful in assessing risk in small pulmonary
nodules. Benign nodules typically have a well-defined
margin and smooth contour, with malignant nodules
showing spiculated margins and an irregular or lobulated
contour. The presence of spiculation at the margins of the
nodule, which is felt to represent infiltration of malignant
cells along the pulmonary interstitium surrounding the
nodule (18), is strongly associated with malignancy (9). It
is not however pathognomonic for malignancy, and may
also be seen in certain benign conditions, including lipoid
pneumonia, tuberculosis (TB), and progressive massive
fibrosis (18). An irregular or lobulated contour is also
associated with malignancy and results from differential
growth within the lesion (Figure 1). The presence on CT
of a rim of ground glass surrounding a solid nodule in the
center is called the halo sign, and is typically associated
with fungal pneumonias, particularly invasive pulmonary
aspergillosis, where the ground glass halo is felt to represent
hemorrhage (19). This sign, however, is not pathognomonic
for fungal infection, and may be seen occasionally in
lepidic pulmonary adenocarcinoma, Kaposi sarcoma, and
metastases from choriocarcinoma, angiosarcoma, and
pancreatic cancer (18). The converse of this is the reverse
halo or atoll sign, where there is a central area of ground
glass attenuation surrounded by a halo of consolidation;
this was first described in relation to cryptogenic organizing
pneumonia (COP) and has been recently described as a
typical CT pattern in the COVID-19 viral pneumonia (20).

Uniformly calcified solid nodules can be categorized as
granulomas, obviating the need for routine CT follow-up,
and the presence of macroscopic fat within a nodule denotes
that it is a benign hamartoma (Figure 1). Quantitative
assessment of the density of the nodule [in Hounsfield units
(HU)] can aid this assessment and should be performed on
a soft-tissue window without a sharp edge-enhanced kernel
to reduce the impact of beam hardening (4). Typically,
fat attenuation is —40 to —120 HU and is present in up
to 50% hamartomas (21). The presence of calcification
within a solid nodule is best examined on a non-contrast
CT reconstructed with thin sections with a smooth/soft
tissue reconstruction kernel. Diffuse, bull’s-eye (central)
and laminated patterns of calcification are seen in benign
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Figure 1 Examples of benign and malignant nodules on CT. (A) Axial CT thorax in a 74-year-old female smoker demonstrates a spiculated

10 mm right lower lobe nodule (arrow), primary squamous cell carcinoma on histology. (B) CT thorax on soft tissue window in a 54-year-

old female non-smoker shows a 10 mm left lower lobe nodule (arrow) with a smooth border and central low attenuation compatible with fat.

CT-guided biopsy confirmed a pulmonary hamartoma. (C) Axial CT thorax in a 44-year-old male smoker demonstrates a 9 mm left lower

lobe subpleural pure GGN (arrow). This GGN was under surveillance, and had increased in size, so a CT-guided biopsy was performed

which demonstrated lepidic adenocarcinoma. (D) Sixty-seven-year-old female smoker with a 10 mm PSN in the left upper lobe (arrow) with

an irregular spiculated contour and 6 mm internal solid component, invasive adenocarcinoma on histology. CT, computed tomography;

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

granulomas, with popcorn calcification characteristic of
chondroid calcification in a pulmonary hamartoma. Not all
calcified nodules are benign; metastases from osteosarcomas
and chondrosarcomas may demonstrate these patterns
of calcification, and punctate, eccentric, and amorphous
calcification may be seen in primary lung cancers,
particularly mucinous adenocarcinomas (18).

Cavitation within a small nodule is seen as a lucency
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or low-attenuation within the nodule, and may be seen in
infection such as TB, vasculitis, inflammatory etiologies
as well as malignancy (2). Both primary and metastatic
cancers may show cavitation, especially squamous cell
cancers; central cavitation in a metastasis is also seen as a
treatment effect of chemotherapy. The thicker and more
irregular the cavity wall, the greater chance of malignancy,
with up to 95% of cavitary nodules with a wall thickness of
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Figure 2 Example of the use of FDG PET/CT in nodule evaluation. (A) CT thorax in a 55-year-old female smoker showing a 10 mm

spiculated right upper lobe nodule (arrow), which demonstrates intense FDG uptake on axial fused FDG PET/CT image (B, arrow) with

a SUV,,, of 9.2. Histology confirmed squamous cell carcinoma. PET, positron emission tomography; CT, computed tomography; SUV,

standard uptake value.

greater than 15 mm reported as malignant (22). But this does
not by definition apply to small pulmonary nodules which
demonstrate cavitation, which can make characterization
challenging. The Cheerio sign relates to small pulmonary
nodules with a central lucent cavity that represents a patent
bronchus and is due to cellular proliferation around the patent
airway. This may be due to pulmonary adenocarcinoma,
pulmonary Langerhans cell histiocytosis (PLCH), or
pulmonary meningothelial-like nodules; a rare entity
representing proliferation of benign spindle cells (23,24).
Central, bubble-like lucencies within a nodule, often referred
to as pseudocavitation, are associated with adenocarcinomas
particularly and are thought to represent growth of tumor cells
around normal aerated lung (Figure 1) (2,25).

Nodule location is another factor which can be useful,
with an upper lobe nodule location a confirmed risk factor
for lung cancer (9). Axial distribution is also a factor,
with metastases and adenocarcinomas tending to be
located in the periphery of the lung, while squamous cell
carcinomas are more centrally located (26). Perifissural
nodules (PFNs) describe small solid nodules adjacent to
the pleural fissures with an oval or lentiform morphology
and linear subpleural tail; they generally represent benign
juxta-pleural lymph nodes which do not require routine
CT surveillance (4). PFNs are frequent occurrences and
accounted for approximately 20% of nodules detected in
the NELSON lung cancer screening trial; some nodules
demonstrated serial growth, but, reassuringly, none of them
were found to be malignant on follow-up (27). There is at
best only moderate interobserver agreement for classifying
small solid nodules as PFNs, particularly when there are
atypical features such as no visible attachment to a fissure,
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upper lobe nodule location, and a spiculated border (28).
Caution should therefore be exercised when apparent PFNs
display some atypical features, or when there is a history of
malignancy, and a surveillance CT should be considered.

The presence of background lung disease, especially
emphysema, has been demonstrated as an independent risk
factor for lung malignancy. The presence of emphysema
on CT is a strong independent risk factor for lung cancer,
with an odds ratio of 3.1 in a high-risk cohort with a
history of tobacco exposure (29). This is corroborated
by data from the NLST, which demonstrated that the
presence of emphysema on CT is an independent risk
factor for malignancy (30). Pulmonary fibrosis, particularly
idiopathic pulmonary fibrosis, is another independent risk
factor for malignancy, with a higher reported risk of lung
cancer than patients with emphysema (31). Lung cancers
in patients with chronic interstitial fibrosis are often
difficult to diagnose due to background fibrotic changes and
architectural distortion. Approximately two-thirds of lung
tumors in these patients are found at the interface between
normal and fibrotic lung, and can often display unusual
morphology, such as a bandlike appearance or stellate
shape (32).

Functional assessment

Functional imaging can be combined with anatomic
assessment with 2-deoxy-2-["*F]fluoro-D-glucose (FDG)
PET-CT to help stratify malignant risk in pulmonary
nodules, improving diagnostic accuracy (Figure 2) (33,34).
According to the Fleischner guidelines, PET should be

considered for the further assessment of malignant risk in
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Figure 3 Patterns of carcinoid tracer uptake on “*Ga-DOTATE and FDG PET/CT. (A) Axial fused *Ga-DOTATE PET/CT image on

a 40-year-old woman who presented with wheeze demonstrates intense tracer uptake in a 9 mm endobronchial nodule in the right middle

lobe bronchus (arrow), typical carcinoid on histology. (B) Typical carcinoids often demonstrate only faintly increased metabolic activity

on 18F-FDG PET/CT, as shown on this image of a 25 mm typical carcinoid in the right middle lobe (arrow). PET, positron emission

tomography; CT, computed tomography.

nodules >8 mm in size (>250 mm’ volume) (4). The BTS
guidelines recommend its use in patients with a greater
than 10% risk of malignancy following assessment with
the Brock risk prediction calculator (8). Following FDG
PET-CT, the risk of malignancy can be quantified using
the Herder model, which incorporates the degree of FDG
uptake within a nodule (absent, faint, moderate, or intense),
along with other clinico-radiological parameters (age,
smoking status, history of extra-thoracic cancer, nodule size,
location, and spiculations) (35). The incorporation of FDG
uptake adds incremental benefit to diagnostic accuracy
of the model, increasing the area under the receiver
operating characteristic (ROC) curve (AUC) from 0.79 to
0.92 (35), and has been validated in a separate cohort of 240
patients (36).

There are however a number of limitations to the use of
PET that should be considered, especially in the evaluation
of small nodules. In order for a nodule to be identifiable,
its level of tracer uptake needs to be clearly visible above
background activity. PET-CT scanners have a finite ability
to resolve small objects due to limitations from the spatial
resolution of the system and radiotracer kinetics, with a
spatial resolution of approximately 8 mm. This means
that tracer uptake in lesions smaller than this may be
underestimated due to partial volume averaging, limiting
its diagnostic accuracy for these nodules. There are novel
PET reconstruction algorithms (Q.Clear, GE Healthcare,
Chicago, 1L, USA) which have been shown to increase the
apparent level of FDG uptake in small lesions compared
to the standard Ordered Subset Expected Maximisation
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(OSEM) PET reconstruction method (37), however this has
not yet translated into improved diagnostic accuracy (38).
The role of PET in the evaluation of sub-solid nodules is
also limited; distinguishing benign from malignant SSNs
on FDG PET-CT is not reliable as well-differentiated
adenocarcinomas may demonstrate none or only faintly
increased radiotracer uptake compared to background lung
parenchyma (39). FDG is not a malignancy specific tracer,
and false positive uptake may be demonstrated in a variety
of inflammatory and infectious conditions, such as bacterial
pneumonia, TB, and sarcoidosis. False negatives may also
occur in certain cancers which do not avidly take up FDG,
particularly some neuroendocrine tumors. For example,
typical carcinoid tumors are generally better evaluated with
somatostatin receptor analogue imaging, such as Gallium®
DOTATATE PET-CT rather than with FDG PET-CT
(Figure 3) (40).

MRI has been used to differentiate benign from
malignant nodules using techniques such as diffusion
weighted imaging (DWI) and dynamic contrast enhanced
MRI (DCE-MRI) (Figure 4). DWI-MRI sequences have
been shown to be of value in differentiating benign from
malignant nodules (41), but its applicability to small nodules
<1 cm is uncertain and is prone to respiratory artifact
limiting adequate characterization (42). Perfusion kinetics
derived from DCE-MRI can help differentiate benign from
malignant lesions (43). The role of MRI in the evaluation
of small pulmonary nodules remains mainly in the research
field for now, but promising technical developments may
point to MRI playing a more central role in the future by
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Figure 4 Multimodality imaging (CT, FDG PET & MRI) approach to nodule evaluation. (A) Axial, sagittal and coronal CT images showing
a 1 cm left upper lobe nodule (arrows), which had a nondiagnostic biopsy. (B) Axial, sagittal and coronal fused 18F-FDG PET/CT images
and (C) corresponding PET only images showing a mildly metabolically active small left upper lobe nodule (SUV max 4, arrow) and a mildly
avid left hilar lymph node (curved arrow). (D) Axial contrast enhanced DCE-MRI images showing no enhancement in the nodule (arrow),
suggestive of benign etiology. PET, positron emission tomography; CT, computed tomography; MRI, magnetic resonance imaging; SUV,

standard uptake value; DCE, dynamic contrast enhanced.
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combining anatomical and functional assessment without
the exposure of ionizing radiation.

Temporal evolution and risk prediction

Assessment of nodule growth is the key reason behind
performing follow-up CTs for indeterminate small
pulmonary nodules. Cancers demonstrate different growth
rates depending on tumor histology and grade, and the
time periods suggested for surveillance are designed to both
minimize the number of CTs and reduce the chance of a
cancer progressing in stage during the surveillance interval.
The ability to detect an increase in size of a nodule during
these follow-up CTs is therefore of paramount importance.
Although the current iteration of the Fleischner society
guidelines recommend linear diameter measurements
as the current standard of practice to assess nodule
growth (4), the BTS guidelines have advocated more for
semiautomated nodule volumetry, as this may be a more
sensitive assessment of nodule growth (8). This difference in
approach is largely due to the lack of widespread availability
for robust and validated software for semiautomated
volumetric nodule segmentation, although this will likely
change in the future (44). VDT (measured in days) for solid
malignancy is established as a robust method of growth
assessment, with a doubling in volume corresponding to
an approximate 25% increase in diameter (for a spherical
nodule) (45). Most lung cancers will demonstrate a VDT of
less than 600 days; in the NELSON trial, which primarily
used nodule volume rather than diameter, small solid
nodules in the 100-300 mm’ category with VDT of less
than 400 days, 400-600 days, and greater than 600 days
were associated with lung cancer rates of 10%, 4%, and
0.8% respectively (11). Subsolid cancerous nodules, which
are nearly always adenocarcinomas, demonstrate more
indolent growth, with an average VDT in the range of
3-5 years (46). These nodules however are much harder
to segment accurately using current post-processing
software, which makes performing accurate volumetry
challenging (45). Segmentation of the solid component of
PSNs has been proposed as a potential solution, although
further validation is required (47).

The ultimate aim of small nodule evaluation is
to estimate the individual risk of malignancy, with
accurate assessment of nodule size, density, location, and
morphology on CT important factors. Nevertheless, it is
critical to consider clinical risk factors, such as age, gender,
smoking history, and family history of lung cancer, in
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order to formulate a more accurate individualized clinico-
radiological risk. These factors have been incorporated
into several nodule risk prediction calculators designed to
aid clinical decision making. There are several potential
advantages to the use of these risk prediction models.
Firstly, they enable an estimate of malignancy risk based
upon several established clinical and imaging predictors of
malignancy rather than sole reliance on a single imaging
parameter. Secondly, this estimation of risk helps guide
management strategies with the lowest risk favoring the
least invasive approach, and such practice is supported by
data from cost-effectiveness studies (48,49). They may also
facilitate shared decision making between clinicians and
patients by helping interpret nodule malignancy risk in the
clinical context of risk of potential complications associated
with any proposed intervention, such as image-guided
biopsy.

The Swenson model calculates a nodule malignancy risk
based on nodule parameters (diameter, spiculation, upper
lobe location) and patient factors (age, smoking history,
cancer history) (50). The multifactorial Brock model is
derived from two Canadian lung cancer screening trials and
incorporates CT findings (nodule size, type, location, count,
spiculation, emphysema) along with clinical parameters (age,
gender, family history of lung cancer) to derive a malignancy
risk (9). This model has demonstrated good discriminatory
ability, even for small nodules, and has been recommended
for use by the 2015 BTS nodule guidelines; a malignancy
risk of 10% has been proposed as the cut-off between
surveillance and further investigation (8). In fact, it appears
that these pulmonary nodule risk calculators are best suited
to small nodules <10 mm and may be of more limited use in
larger nodules (51). The 2017 Fleischner guidelines adapted
the American College of Chest Physicians (ACCP) 2013
guidance for risk, dividing patients into low (<5%) and high
(>10%) risk groupings based on a combination of nodule
factors (size, spiculation, upper lobe location) and clinical
features (older age, heavy smoking) (4). This distinction
is based on more of a clinical impression combining
these various clinic-radiological features rather than a
quantitative multifactorial model with prespecified absolute
thresholds (44).

Radiomics, artificial intelligence (Al), machine
learning and computer aided diagnosis (CAD)

CAD can help improve detection of pulmonary nodules,
and when combined with other techniques such as dual
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energy and temporal subtraction can help radiologists
differentiate benign from malignant nodules (52). Novel
data extraction and post processing methods such as
radiomics, Al, and machine learning are increasingly being
used to evaluate large data sets with the hope of developing
algorithms that can improve radiologists’ clinical workflow.
A computerized feature-based analysis of lung nodules has
the potential to reliably discriminate malignant from benign
lesions. Radiomics uses high-throughput computing to
extract innumerable quantitative features from diagnostic
images which can be of diagnostic utility (53). Studies
examining these radiomics features, especially those focused
on the shape and texture of a nodule are amongst the
most promising in the field of nodule evaluation. Dennie
et al. (54) and Kido et 4/. (55) demonstrated that both
radiomic textural and intrinsic shape features can
discriminate malignant from benign nodules. Orooji
et al. (56) examined the performance of a machine learning
classifier tool derived from key shape and textural features to
discriminate adenocarcinomas from granulomas in a cohort
of 195 nodules; the machine learning classifier tool had
an AUC of 77.8%, higher than expert thoracic radiologist
and pulmonologist readers. There is an emerging body
of work in using radiomics to differentiate invasive from
non-invasive adenocarcinoma spectrum lesions in order to
triage patients with ground glass and part solid nodules to
actionable strategies (57-61). Radiomics tools will almost
certainly play an important role in pulmonary nodule
evaluation in the future, but how and when these advanced
image analysis techniques make the jump from to routine
clinical practice is as yet unclear. Further integration with
more advanced machine learning techniques, such as deep
learning (DL), will likely be involved.

DL is a form of machine learning that uses artificial
neural networks with multiple hidden layers. Advances in
computational power have accelerated the development of
DL applications in pulmonary image analysis, including
lung nodule detection and assessment. Recent work by Cui
et al. (62) demonstrates that DL is highly consistent with
expert radiologists in lung nodule identification. This is
an important potential application of DL as an assistant to
the radiologist, particularly in high volume settings such
as in lung cancer screening CT programmes, DL also has
potential applications in lung nodule characterization. The
Google research group recently developed a DL algorithm
for detection and prediction of malignancy in lung nodules
by comparing current and prior CT images from the
same patient using the NLST data. The proposed Lung
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Malignancy Score (LUMAS) model outperformed expert
radiologists and was able to reduce the false positive rate
and false negative risk to 11% and 5%, respectively (63).
Huang er al. (64) also developed a DL algorithm based on
NLST data and used the PanCan study as its validation
cohort; their “DeepLR’ algorithm demonstrated good
discrimination of malignant from benign nodules, with a
3-year time-dependent AUC for cancer diagnosis of 0.89.
These DL techniques are promising, however concerns
remain about inconsistent validation and the widespread
generalizability of these results. Thus, robust external
validation will be needed in order to overcome issues related
to reproducibility before translation to clinical care.

Conclusions

Careful examination of the radiological features pertaining
to small pulmonary nodules improves patient care, allowing
clinicians to make accurate and evidence-based management
decisions. A continued multidisciplinary approach to
decision making in this common, challenging scenario,
encompassing thoracic radiologists, pulmonologists,
surgeons and other relevant specialties is important to
ensure optimal patient care.
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