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Introduction

The identification and characterization of small pulmonary 
nodules is a pervasive problem in thoracic radiology 
(1,2). The demonstrated 20% reduction in lung cancer 
specific mortality in the National Lung Screening Trial 
(NLST), and the consequent adoption of lung cancer 
screening has emphasized the importance of nodule 
detection and evaluation (3,4). Accurate identification of 

significant nodules is a prerequisite that can be improved 
by training, applied CT techniques, and computer-aided 
detection (CAD). Thereafter, the characterization of 
identified nodules presents an inherent dichotomy. Nodules 
identified out of screening programs, either incidentally or 
as part of cancer or staging evaluations, are evaluated by 
radiological assessment based principally on their size and 
morphology. Recommendations for incidentally detected 
nodules may follow the Fleischner guidelines (5). However, 
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within screening programs, lesion characterization is 
more protocol constrained, based predominantly on size. 
Whereas in clinical practice size may be freely determined 
from linear or volumetric measures depending on available 
technology, in screening programs this may be protocol 
dictated. Linear measurements of size are utilised in the 
Lung-RADS screening protocol implemented in the US (6) 
but volumetric measurement tools are increasingly prevalent 
and advocated by the NELSON trial in Europe (7). In 
practice this dichotomy may be less definitive as patients 
may move between clinical and screening practice. The 
radiological morphological interpretation of lesions should 
retain primacy in lesion characterization regardless of their 
origination. Designations such as the Lung-RADS “X” 
characterization retain flexibility for radiologists to record 
additional interpreted concerning features for malignancy.

This paper reviews the initial detection and evaluation 
of pulmonary nodules highlighting differences and 
challenges to this assessment within a screening program. 
Methodologies for improving the detection of nodules are 
emphasized and the current understanding of the initial 
imaging assessment of identified nodules is reviewed. The 
recommended longer term management and follow-up of 
identified lesions is outside the scope of this review.

Nodule definition

An evaluation of the accuracy of nodule identification 
requires a precise description of what constitutes a nodule. 

The Fleischner society defines nodules as a “round opacity 
at least moderately well marginated” measuring less than  
3 cm (8). Therefore, it is clear that not every observable 
focal opacity is a nodule. Many small focal opacities may 
simulate nodules, particularly if only reviewed in a single 
axial plane, but are better characterized on multiplanar 
images as two-dimensional flat opacities, scars, plate 
atelectasis or airway abnormalities (Figure 1).

Nodule detection

The detection performance of pulmonary nodules depends 
on the reader, the nodule characteristics, the scan technical 
parameters, and ancillary applied methodologies.

Reader characteristics

Historically, individual reader nodule detection rates have 
been variable with inter-observer comparisons hindered by 
differences in the minimum size definition of nodules, the 
slice collimation interpreted and how rigorously the ground 
truth set of all nodules is validated by multiple readers, 
expert readers, or CAD (9). The sensitivity of human readers 
for all nodules regardless of size, interpreted with availability 
of thin-section imaging may be as low as 50% (10).  
However, the majority of missed lesions are small , 
measuring less than 5 mm. Larger size thresholds result 
in predictably higher sensitivities typically in the 75–85% 
range (11,12). Sensitivity is experience dependent although 

A B

Figure 1 Simulated subsolid middle lobe nodule (A) is characterized as partial volume averaging of plate atelectasis on sagittal reconstructions (B).
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not in a consistent manner, affected by interpretation time, 
reader fatigue and the extent of abnormalities present that 
can induce satisfaction of search errors (10-13). A recent 
study compared experienced radiologists to technologists 
who underwent two months of training to identify lung 
nodules >5 mm on low-dose screening studies. Whereas 
radiologists detected more solid nodules (78% vs. 63%), 
their part-solid (86% vs. 84%) and ground-glass lesion 
detection (66% vs. 64%) was not significantly superior. 
Although technologist interpretations were slower despite 
being limited to nodule detection alone, such evaluations 
indicate that nodule observation and detection can be 
taught and improved in all readers (14).

Nodule characteristics

In addition to the number of nodules present, individual 
nodule characteristics that influence detectability include 
their size, shape, density, margination, location and 
relationship to vascular or pleural structures (11,12,15). 
Attachment to vessels or pleural surfaces increases the 
likelihood of non-detection or misinterpretation as pleural 
thickening or scarring. Small poorly defined low-density 
nodules in central locations are more difficult to identify 
than peripheral larger solid well marginated lesions. The 
sensitivity for perihilar nodules (37%) in one study was half 

that of peripheral nodules (11). Reinforcing this central 
nodule inconspicuity, in a different study expert readers had 
only marginally improved sensitivity compared to junior 
readers (60% vs. 45%) (15) (Figure 2).

Technical characteristics

The principle technical characteristics that influence 
the detection of nodules include the absence of motion 
degradation artefacts, the slice reconstruction thickness, and 
to a lesser degree the field of view of the reconstruction and 
image dose. In a hard-copy interpretation study, reduction 
of slice collimation from 5 to 1.25 mm resulted in detection 
of 20% more 6–10 mm nodules and 90% more 2–5 mm 
nodules (16). In clinical practice, however, small nodules 
may be difficult to differentiate from small vessels on thin 
sections and large numbers of thin sections contribute to 
reader fatigue, adversely affecting performance (11,17). 
A phantom study validated with real nodules determined 
that the optimal contrast to noise ratio for small nodules 
is achieved at 4-mm thickness/2-mm overlap although 
the optimal thickness for nodule characterization was  
thinner (18). In clinical practice, best performance is likely 
achieved by the dual availability of relatively thin axial 
sections for primary interpretation (typically 2.5–3.0 mm), 
with concomitant availability of contiguous thinner sections 
(typically 1–1.25 mm) for nodule characterisation and 
advanced imaging processing.

Multiplanar and 3D techniques

Coronal and sagittal reconstructions minimally increase 
sensitivity for nodule detection, but primarily aid in 
characterizing whether identified opacities are genuine 
nodules, and characterizing confirmed nodules. Axial 
overlapping 7–10 mm maximum intensity projections 
(MIPs) are easily reconstructed and more significantly 
improve nodule detection (15,19). In particular MIPs 
improve the detection of small solid nodules, improving 
discrimination from vessels, and reducing sensitivity 
differences between senior and junior readers (15,20). 
Whereas MIPs have been successfully adopted in lung 
cancer screening programs (21), their use should be 
complementary rather than replace primary axial review. 
Seven-millimeter MIPs predictably offered no advantage 
for the detection of ground-glass lesions (22) and at 
thicker axial reconstruction thickness MIPs can potentially 
conceal smaller nodules above or below larger vessels 

A B

Figure 2 Inconspicuous central nodule. (A) Missed central 9-mm 
irregular nodule (arrow) due to non-differentiation from central 
vessels, a common human reader deficiency; (B) significant growth 
is noted in the lesion 1 year later with new mediastinal nodes due 
to progressive adenocarcinoma.
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(Figure 3). The use of MIPs in alternative planes has not 
been demonstrated to be advantageous over routine axial 
MIPs (20). Studies evaluating volume rendered thick slab 
reconstructions provide conflicting evidence as to their 
value compared to MIPs (19,23). 

CAD

Within screening trials ,  double reporting is often 
implemented to improve sensitivity. For small nodules 
(mean, 3.9 mm) at low-dose CT significant improvement 
is possible (79% vs. 64%) (24). Comparatively, Rubin et al 
demonstrated that CAD-assisted human reader sensitivity 
(76%) outperformed both human single reader (50%) and 
double reporting (63%) (10).

Thin section contiguous data is an essential pre-requisite 
for optimal CAD implementation. Comparable to human 
readers, performance depends largely on the nodule 
type, number and size parameters and the validation of 
the ground truth reference standard. Progressive CAD 
sensitivity has been demonstrated with increasing nodule 
size (54% at 3 mm, 64% at 4 mm, 68% at 5 mm, 76% at 
6 mm) (25). Analogous to MIPs much of the incremental 
benefit to readers occurs with nodules smaller than 5 mm 
(25,26) which may be less important to detect at screening 
prevalence rounds but are potentially more important 
as interval detected nodules. CAD improves all readers, 

especially inexperienced readers , but CAD assisted 
experienced readers remain most sensitive (27).

Validation for the use of CAD comes from varying 
sources. In a series of non-screening CT studies double read 
as normal, a CAD system identified unappreciated nodules 
in 33% of cases (9% >10 mm, 40% 5–9 mm) (28). Early 
CAD experience with 10mm collimation identified cancers 
previously missed within screening programs (29,30). More 
recently, four different CAD systems identified 56–70% of 
50 tumors (mean, 4.8 mm) missed on the prevalence round 
of the I-ELCAP study (31). Within a subset of 400 patients 
from the NELSON trial that had been double read by 
human readers, 22% of nodules ≥50 mm3 were identified 
solely by CAD, including one cancer (32).

Whereas a high sensitivity is a desirable intrinsic quality 
of a superior CAD system, CAD is optimized as a second 
reader. Hence it is imperative that CAD is implemented in 
this manner, and not relied on as the primary or sole reader. 
This principle is highlighted in a phantom study of two 
readers and three different CAD systems evaluating solid 
and subsolid nodules ≥5 mm at varying dose levels. Human 
readers with CAD assistance had a consistently superior 
sensitivity (97–99%) than any combination of two CAD 
systems (85–88%) (33).

Although the advantages of CAD appear self-evident, 
adoption of CAD has been limited. Barriers to the adoption 
of CAD include the cost of purchase of dedicated software 

A B C D

Figure 3 Two-millimeter axial images (A,C) and corresponding 10-mm MIP images (B,D) in the same patient demonstrate the increased 
conspicuity of a peripheral solid 2–3 mm nodule at MIP but the reduced conspicuity of a 12-mm ground-glass nodule. MIP, maximum 
intensity projection.
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or hardware solutions, the historically poor integration into 
routine picture archiving and communication system (PACS) 
reading and the impact on reporting times. In lung cancer 
screening MIPs and CAD provide comparable incremental 
sensitivity, but MIPs have reduced reporting times and false 
positives (34,35). Moreover, the inferior CAD identification 
of subsolid lesions at low-dose CT imaging remains a 
persistent limitation (26,36). However, whereas human 
reading ability has limited scope for further improvement 
CAD performance continues to improve and evolve with 
advances in neural network and artificial intelligence 
systems (37). Furthermore, the integrated segmentation and 
volumetric analysis of CAD systems make their judicious 
use in screening programs an attractive proposition, 
particularly in single reading screening environments.

Dose considerations 

Low-dose CT imaging in the US prescribes a maximum 
3-mGy CTDIvol dose for a standard sized patient (6). 
In practice, much lower doses can be achieved and may 
influence human or CAD performance. Lee et al. scanned 
volunteer patients at 6.1, 3.0, 1.52 and 0.76 mGy with 
conventional filtered back projection reconstruction and 
found that CAD nodule detection was inferior only at 
0.76 mGy (38). The use of iterative reconstruction enables 
ultra-low dose imaging (~0.25 mGy) while demonstrably 
preserving the sensitivity of humans in multi-reader 
studies as well CAD in identifying ground glass nodules in 
anthropomorphic phantoms (39,40). As low-dose techniques 
evolve, continuous evaluation is required to ensure that 
not only are human and CAD reader performances 
maintained but also that these techniques do not impact 
the measurement and characterisation of solid and subsolid 
nodules (41).

Screening program sensitivity

Within reported screening trials the accuracy of individual 
readers for individual nodules is difficult to discern. 
High sensitivities (94–95%) for the prevalence rounds of 
screening trials such as the NLST and NELSON studies 
typically reference the screening program sensitivity for the 
detection of cancer (42,43). However, screening protocols 
influence the detection performance for nodules. With 
the notable exception of the NLST which implemented 
single reads per examination, most ongoing screening trials 
implement double reporting, potentially with additional 

CAD interpretation. As most small nodules are benign, 
the non-visualisation of a single small nodule by a single 
reader in a screening trial is rarely consequential. Individual 
nodules may be identified by an alternative human or 
CAD reader or early case follow-up may be initiated for 
other identified nodules in the same patient. Subsequent 
incidence rounds may detect initially missed cancers (except 
for the UK Lung Cancer Screening Trial which does not 
implement repeat screening rounds for initially negative 
studies).

The implementation of minimum reporting size 
thresholds in prevalence scans (e .g.,  NLST 4 mm , 
NELSON 50 mm3) also influences perceived sensitivity. 
The observation that for 30% of positive screens in the 
NLST prevalence round the average size of the largest 
solid lesion was <5 mm, but that the malignancy rate in 
these cases was <0.1% has led to larger solid nodule size 
thresholds (6 mm) within Lung-RADS to classify positive 
prevalence screens (44,45). The exclusion of smaller nodules 
in screening trials, and in clinical screening implementation, 
improves perceived nodule detection rates by reducing the 
number of nodules to detect and shifting both human and 
CAD performance towards easier to detect nodules.

Where individual performance is reported within 
screening trials this is on a per case evaluation rather than 
on a per nodule sensitivity evaluation. In an NLST subset 
study (n=135) the overall multirater k agreement of 16 
readers for a positive study (non-calcified nodule ≥4 mm) 
versus a negative screen (normal study, calcified nodules only 
or non-calcified <4 mm) was reasonably high (0.64) (46).  
However, individual pairs of readers demonstrated 
considerable variation (k =0.40–0.82) with a broad range 
of studies called positive by individual readers (33–66%). 
Up to twofold differences in the reader detection of non-
calcified nodules measuring 4 mm or greater were apparent. 
Although detection differences , and interpretation 
differences (nodule versus non-nodule), accounted for part 
of this difference, a significant proportion of the difference 
was attributable to inter-observer differences in nodule size 
determination at the 4 mm threshold for positivity.

As i t  i s  recognized that  l inear  unidimensional 
measurements are subject to considerable inter-observer 
variability (47) and rounding measurements may further 
deviate measurements from true volumetric size (48,49) 
CAD with integrated volumetric assessment may assist in 
improving inter-observer variability. In a separate NLST 
sub-study (n=134) agreement of positive categorisation 
by seven readers (k =0.53–0.54) improved significantly 
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with CAD (k =0.66–0.67) (50). However, the time taken 
to perform nodule segmentation, check the accuracy of 
segmentation, perform and record volumetric analysis 
in large numbers of nodules reflect further practical 
impediments to routine use even in screening programs.

The most pertinent evaluation of screening nodule 
detection is reflected in missed nodules within screening 
programs that ultimately proved to reflect malignancies. 
The single center Italian COSMOS study reported that 
14/175 (8%) of lesions were present on a scan 1 year earlier, 
but detected on a scan 1 year later at stage II or greater (51). 
In the NELSON study, following double reporting of all 
cases by human readers, and of a proportion of studies by 
CAD, 22 of 61 (36%) interval or post-screen carcinomas 
were identifiable in retrospect on the immediately prior CT 
examination (52). Only seven nodules (5 endobronchial, 
2 intrapulmonary) were completely not identified. Other 
pulmonary nodules, hilar, nodal or pleural abnormalities 
were misinterpreted as benign entities. In the NLST study 
an analysis of interval cancers occurring after a negative 
screen but before the next annual screen identified that 
only 4 of these 44 interval cancers genuinely had no 
abnormality on the initial scan. In 22 of the 40 identifiable 
retrospectively identifiable lesions, the lesion was not 
identified, including five nodules ≥10 mm, six nodules 
4–9 mm and six endobronchial nodules. Similar to the 
NELSON experience in approximately half of the cases, 
abnormalities were identified but miscategorised as benign 
disease (53). In both the NELSON and NLST studies the 
retrospectively identifiable lesions accounted for less than 
10% of the detected tumors but were disproportionately 
large and advanced at eventual detection.

Nodule characterization 

The characteristics that define benign nodules, and those 
that increase the risk of malignancy, are well recognised by 
practising radiologists. However, within screening programs 
the evaluation of identified nodules requires a meticulous 
attention to detail, an awareness of the differences between 
screening identified and symptomatic identified malignancy, 
a recognition of newly recognized early lung cancer 
appearances, and of the potential value of risk models.

Fat

The presence of fat within a lesion is the single most 
accurate predictor of a benign lesion, usually a benign 
pulmonary hamartoma (54). The determination of fat 
within a pulmonary nodule requires the detection of small 
regions of interest measuring fat density <−50 to −75 
Hounsfield units (HU). Fat is most accurately determined 
on soft kernel reconstruction using thin section imaging 
(1–2.5 mm), ideally with small field of view reconstructions 
(12–15 cm), to avoid partial volume average effects of the 
adjacent low-density lung. As low-dose screening techniques 
can augment image noise, caution should be exercised 
in determining the presence of fat attenuation values if 
imaging is substantially degraded by quantum mottle noise 
or motion artefacts.

Calcification

The presence of central punctate, diffuse or lamellated 
calcification is diagnostic of benign entities, most typically 
remote granulomatous infections (55) and if the only 
finding confers a negative screening result.

While eccentric calcifications are statistically also likely 
benign, occasionally calcified granulomas can become 
engulfed by an adjacent enlarging malignant soft tissue 
nodule and, therefore, cannot be considered benign entities 
at presentation. Dystrophic stippled calcifications are 
occasionally noted to arise in malignant non-small cell 
carcinoma and should not be considered benign.

Popcorn-like calcifications are often visualised within 
hamartomas, which may or may not additionally contain 
macroscopic fat (Figure 4). However, the definition of 
“popcorn” type calcification is poorly defined and readers 
may vary in differentiation from eccentric calcifications, 
which can also occur in carcinoid tumors. Therefore, 
caution must be exercised in the presence of suspected 

Figure 4 Typical appearances of a right lower pulmonary 
hamartoma demonstrating both popcorn calcification and 
macroscopic fat.
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“popcorn calcification” without fat and further surveillance, 
or evaluation by 68Ga-DOTATATE PET-CT or 18F-FDG 
PET-CT may be appropriate (56) (Figure 5).

Whereas calcification when definitely present is 
uniformly recognised, no universal quantitative criterion 
has been determined across scanner techniques. Early CT 
recommendations suggested 200 HU was indicative of 
calcification (55), however, it is important to recognise that 
the density of nodules can be altered by the use of lower 
kVp regimens and by iterative reconstruction algorithms 
(57-59). A visual comparison of a similar lesion density 
to osseous structures on mediastinal windows is usually 
sufficient, however, caution should be exercised in small 
nodules imaged with sharp reconstruction algorithms which 
can simulate calcification (Figure 6).

Other features favouring benign disease 

Subpleural triangular or ovoid perifissural nodules typically 
reflect benign intrapulmonary lymph nodes (IPLNs) (60). 
In a NELSON sub-study such nodules were common, 
comprising 20% of nodules identified, typically small 
(mean, 4.4 mm) but occasionally exceeding 1 cm and not 

infrequently multiple (61). IPLNs can be also be seen 
within the lung parenchyma, predominantly at the lung 
bases, usually round or ovoid, within 2 cm of the pleural 
surface and demonstrating small septal connections (60,62). 
Incorporating both typical perifissural and intraparenchymal 
lymph nodes  a  Br i t i sh  Columbia  screening tr ia l 
demonstrated a slightly higher incidence (28%) of such 
nodules (63). In both the NELSON and British Columbia 
experience initial growth, including rapid growth, was not 
uncommon, but IPLNs subsequently stabilised and none 
were ultimately malignant.

Characterisation as IPLNs requires care to ensure that 
the nodules have a broad or obtuse margination to the fissure 
to exclude peripheral pulmonary nodules, and multiplanar 
reconstructions can aid determination (Figures 7,8).  
IPLNs may also appear elongated, an accessory feature of 
benign disease. Takashima et al. defined that nodules with 
a length/width ratio of >1.78 had a 100% specificity and 
62% sensitivity for benign disease (64). IPLNs contain 
functioning lymphatic tissue and, therefore, in the context 
of known malignancy or lymphatic disease may represent 
sites of disease involvement. When incidentally detected 
such nodules can be dismissed as benign according to 

A B

Figure 5 Central pulmonary lesion demonstrates appearances suggestive of popcorn calcification but without fat (A). 18F-FDG-PET-CT 
demonstrates moderately increased metabolic activity (B). Biopsy demonstrated a typical carcinoid, indicating that popcorn type calcification 
may not be entirely specific for benign lesions.
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the Fleischner guidelines (5), however, in the context 
of screening programs such as Lung-RADS current 
guidance does not differentiate these lesions from other 
intrapulmonary nodules (6). This is expected to be modified 
in a forthcoming version of Lung-RADS.

Features potentially associated with malignancy

There are no completely specific features of malignant small 
nodules, despite extensive evaluations of solitary pulmonary 
nodules in the pre-screening clinical era. Well recognized 
features such as spiculation, pleural retraction, pleural 

A B

Figure 6 Small left lower lobe nodule demonstrates central calcification on soft kernel reconstructions consistent with a benign nodule (A). 
Sharp reconstruction kernel misrepresents calcium distribution, suggesting additional peripheral calcification (B).

A B C

Figure 7 Broad based smooth nodule with obtuse margins to the adjacent right major fissure shows stability at baseline, 1 and 2 years (A,B,C) 
consistent with a benign perifissural lymph node.
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thickening, the bronchus or vessel sign (airway or vessel 
leading directly to lesion), or part solid characteristics are all 
associated with a significantly increased risk of malignancy 
in pulmonary nodules, especially when evaluated at thin 
section CT (65). Whereas, the presence of one of these 
features is relatively sensitive in predicting malignancy 
(91%), specificity is low (57%) as inflammatory lesions can 
appear similar (Figure 9). The identification of subsolid 
lesions, perhaps accompanied by pseudocavitation can be 
indicative of adenocarcinoma spectrum lesions, however 
cavitation itself is also relatively unhelpful. At CT equal 

proportions of benign and malignant lesions demonstrate 
thin or thick walls (66).

In prevalence screening situations the characteristics 
of detected early stage lung cancers differ compared to 
non-screen detected lung cancer (42,67). The majority 
of detected lung cancers are small (10–20 mm) (42,68) 
(Figure 10). As such, whereas the presence of spiculation or 
irregular margins, remains indicative of malignancy (68), 
these characteristics are less prevalent and their significance 
in multivariate analyses appears more limited (69). Small 
lesion size also impedes the identification of subsolid 

Figure 8 Small nodule adjacent to the left major fissure demonstrates acute margins to the fissure and does not satisfy criteria for an 
intrapulmonary lymph node (A). Follow-up at 3 months demonstrates rapid growth of this peripheral pulmonary penile cancer metastasis (B).

A B

Figure 9 Spiculated upper lobe nodule with tags to the pleural surface demonstrates multiple features of malignancy at baseline (A), 
however, regression at 3 (B) and then 6 months (C) highlights that small benign inflammatory lesions can simulate early cancers.

A B C
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characteristics, an established risk factor for malignancy. 
In a NELSON sub-study paired reader agreement for 
characterization of small lesions as solid, subsolid or part-
solid was only moderate (k =0.51). Discordant readings 
between pairs of readers were present in over a third of 
cases, predominantly related to the presence or size of a 
solid component (70). An upper lobe location of screen 
detected lung cancers appears more common than a lower 
lobe location. Additionally, smoothly marginated and well-
defined nodules are a recognized appearance for a subset of 
screen detected cancers (67,68). The imaging characteristics 
of interval or post screen cancers differ from prevalence 
cancers by inclusion of some new very rapidly evolving 
aggressive tumors (71). However, the majority of interval 

detected screening trial cancers are missed on prior studies 
related in roughly equal measure to a failure to detect an 
earlier abnormality or a failure to characterize an identified 
finding as potentially malignant. A recurrent theme of such 
misdiagnosis in lung cancer detection relates to emerging 
recognition of the increased malignant risk of opacities 
arising adjacent to cystic airspaces.

Early lung cancers associated with cystic airspaces

In the I-ELCAP study, 26 detected cancers (3.6% of all 
detected cancers) were identified as abutting or within the 
wall of a lung cystic airspace (72). Within the NELSON 
study 5 of 22 interval or post-screen initially missed cancers 

Figure 10 Screening identifies small cancers that may have limited concerning features at baseline. Left upper lobe nodule measures 5.8 mm  
at baseline, a borderline positive screen according to Lung-RADS with only 1–2% risk of malignancy (A). Follow-up at 6 months 
demonstrates growth to 7.5 mm (C). The nodule was detected and assessed by CAD on both occasions (B,D), supporting progression to 
resection with final diagnosis of a non-mucinous adenocarcinoma. CAD, computer-aided detection.

A B

C D
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similarly reflected lesions arising initially as focal thickening 
of a bulla (52). In such lesions, progression is appreciated 
as a gradual increase in thickening or nodularity adjacent 
to a bulla or cystic airspace which usually demonstrates 
partial or complete involution (52,72,73) (Figure 11). The 
CT morphological patterns of cancers arising adjacent to 
cystic airspaces were initially classified by Maki et al., and 
then modified by Mascalchi et al. although at present no 
clinical significance is attached to this categorization (74).  
Histologically, the cystic airspaces can reflect cysts, bullae 
or dilated airways. Pathologically, the majority of lesions 
reflect adenocarcinoma, however, the pathogenesis of 
whether cystic changes induce lung carcinoma or lung 
cancer induces cystic airspaces remains unclear. From 
a clinical perspective, these lesions are concerning as a 
cause of delayed presentation of lung cancer, however, 
their incidence and best management remains uncertain. 
Fintelman et al. established that 1% of screen detected 
cancers arose adjacent to a cystic airspace (73). However, in 
practice a large proportion of thickening adjacent to bullae 
may be inflammatory; the proportion of these lesions that 
ultimately evolve to lung cancer remains unknown. Until 
such data becomes available to inform clinical and screening 
protocols increased vigilance is advised for such lesions.

Risk models

As the determination of malignancy within an individual 
nodule remains an elusive target based on CT morphological 
features alone, several attempts have been made to 
incorporate additional clinical parameters into models that 
can more accurately predict the likelihood of malignancy. In 
the pre-screening era several models combining radiological 
features with clinical parameters such as age, sex, race, family 
history, smoking history, emphysema, and fibrosis were 
promulgated. Models used either Bayesian analysis (75), or 
logistic regression such as in the Mayo clinic model (76). 
While not uniformly superior to physician judgment in 
assessing the pre-test probability of malignancy, the models 
tend to counter physician’s overestimation of malignancy risk 
in benign nodules (75,77,78).

However, by virtue of their derivation from a primarily 
incidental pulmonary nodule cohort with diverse risk 
profiles, these models may not be ideally suited to 
evaluating malignancy risk in screening populations. In 
particular smoking loses its discriminatory value as a 
significant smoking history is more uniformly present.

More recently, two risk prediction models have been 
developed by Brock University derived from lung cancer 
screening data in the Pan-Canadian Early Detection of 
Lung Cancer Study (Brock or PanCan models) (68). In 
the so-called parsimonious model, malignant nodules were 
associated with female sex, increasing nodule size, upper 
lobe location, and spiculation, while in the full model 
malignant nodules were also associated with increasing 
age, family history of lung cancer, emphysema, a lower 
nodule count, and categorisation as a part-solid nodule. 
Both models were subsequently validated in separate cohort 
studies conducted by the British Columbia Cancer Agency 
and are incorporated into the Lung-RADS 4B category 
to assist in determining the need for further testing (6). 
Recently, the discriminatory ability of the Brock model was 
demonstrated as superior to Lung-RADS categorisation in 
an analysis of 613 CT studies from the Danish Lung Cancer 
Screening Trial (79). The evolution of risk models, perhaps 
accompanied by the advent of complex textural analysis of 
pulmonary nodules (80) may in the future more accurately 
refine individual patient management.

Further imaging techniques for indeterminate 
nodule evaluation at initial detection 

Although the vast majority of screen detected pulmonary 

A B

Figure 11 Baseline image (A) demonstrates minor thickening and 
nodularity of a peripheral cystic airspace. In view of concern of 
this morphology, earlier follow-up at 3 months was performed (B). 
The lesion demonstrated progressive thickening and nodularity 
around the retracting cystic space a recognised early presentation 
of lung cancer. Unusually, biopsy demonstrated a non-keratinising 
squamous cell carcinoma cell type.
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nodules are benign, only a small proportion of nodules 
demonstrate sufficiently pathognomonic benign features 
at initial evaluation. The vast majority of nodules will 
be pathologically indeterminate, and will be categorised 
according to the screening protocol to direct the timing of 
future repeat imaging, to assess growth or identify interval 
new nodules. A small percentage of identified nodules are 
considered suspicious by size or morphology (e.g., Lung-
RADS category 4A, 4B, 4X). In addition to shorter term 
follow-up or percutaneous biopsy such nodules may benefit 
from further imaging evaluation at detection by contrast 
enhanced CT or MRI and PET-CT.

Malignant nodules upregulate endothelial growth factors 
to support required increases in microscopic vascular 
density and perfusion (81). Conversely, benign nodules may 
exhibit relatively limited vascularity. Nodule enhancement 
studies evaluate enhancement in nodules at five 1-minute 
intervals following contrast administration. In a multicentre 
study the absence of enhancement >15 HU was strongly 
predictive of benignity (negative predictive value 96%) (82).  
Using alternative peak values of enhancement, Yi et al. 
established that a threshold of enhancement >30 HU, 
provided sensitivity of 99% and specificity of 54% for 
the detection of malignancy (81). Similar techniques have 
been implemented with dual energy CT, where nodule 
enhancement can be calculated on a single post contrast 
acquisition. Using a threshold of >20 HU of Iodine related 
enhancement Chae et al. achieved 72% sensitivity and 70% 
specificity (83). However, the large number of enhancing 
benign lesions reduces the specificity of enhancement 
assessment and, therefore, comparative use versus PET-
CT is limited. More advanced dynamic evaluations of first 
pass perfusion have demonstrated promise using both CT 
and MRI (84). However, in clinical practice the radiation 
dose constraints of the former, and the technical hurdles for 
implementation of the latter, have reduced overall adoption 
of these techniques despite potential comparable or better 
performance to PET-CT (84).

18F-FDG-PET is the prevalent physiological imaging 
technique for indeterminate pulmonary nodules with 
an established high sensitivity (95%) and intermediate 
specificity (83%) for the detection of malignancy (85). In a 
study of 344 patients with solitary pulmonary nodules, PET 
correctly classified 58% of the benign nodules that had been 
incorrectly classified as malignant on CT; nodules classified 
as indeterminate on CT were correctly characterized on PET 
in over 80% of the cases (86). Lesions are characterized most 
typically as hypermetabolic either by absolute measurement 

of the SUVmax >2.5 or by comparison to reference normal 
lung tissue or mediastinal blood pool values (86). PET-CT 
has been successfully integrated into lung cancer screening 
programs for enlarging nodules with high sensitivity (88% 
overall, 100% for solid nodules >10 mm) and specificity (93%) 
using a SUVmax threshold of 2.0 (87).

Recognised limitations of 18F-FDG-PET include the 
positivity of some inflammatory changes which reduce 
specificity. Sensitivity is impacted by a minimum size 
threshold of 8 mm (88) and the reduced sensitivity in 
subsolid lesions and low-grade carcinoids (89,90). Dual 
time point metabolic activity determination has been 
suggested for lesions with SUVmax <2.5 to assess for 
progressive metabolic uptake, however, results have been  
inconsistent (91). Motion degradation near the diaphragms 
may considerably reduce perceived metabolic activity but 
may be addressed by new gated PET-CT protocols (92).

Conclusions

The accurate identification of nodules on low-dose screening 
CT requires careful attention to reader technique and 
technical parameters. Reader performance can be improved 
by commonly available CT reconstruction techniques, or 
CAD, although users should be cognisant of the limitations 
of such techniques. In the context of a screening program 
screening failures relate not only to the non-identification 
of nodules but also to lack of recognition of the distinct 
characteristics of early screen detected lung cancers. Nodule 
evaluation in screening is largely determined by protocols. 
However, as screening protocols are by necessity consensus 
methodologies that are infrequently updated, radiologists 
should use all established and emerging understanding of the 
morphological characteristics of lesions and risk models to 
refine screening nodule management.
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