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Background: CT screening for lung cancer results in a significant mortality reduction but is complicated
by invasive procedures performed for evaluation of the many detected benign nodules. The purpose of this
study was to evaluate measures of nodule location within the lung as predictors of malignancy.

Methods: We analyzed images and data from 3,483 participants in the National Lung Screening Trial
(NLST). All nodules (4-20 mm) were characterized by 3D geospatial location using a Cartesian coordinate
system and evaluated in logistic regression analysis. Model development and probability cutpoint selection
was performed in the NLST testing set. The Geospatial test was then validated in the NLST testing set,
and subsequently replicated in a new cohort of 147 participants from The Detection of Early Lung Cancer
Among Military Personnel (DECAMP) Consortium.

Results: The Geospatial Test, consisting of the superior-inferior distance (Z distance), nodule diameter,
and radial distance (carina to nodule) performed well in both the NLST validation set (AUC 0.85) and the
DECAMP replication cohort (AUC 0.75). A negative Geospatial Test resulted in a less than 2% risk of
cancer across all nodule diameters. The Geospatial Test correctly reclassified 19.7% of indeterminate nodules
with a diameter over 6mm as benign, while only incorrectly classifying 1% of cancerous nodules as benign.
In contrast, the parsimonious Brock Model applied to the same group of nodules correctly reclassified 64.5%
of indeterminate nodules as benign but resulted in misclassification of a cancer as benign in 18.2% of the
cases. Applying the Geospatial test would result in reducing invasive procedures performed for benign lesions
by 11.3% with a low rate of misclassification (1.3%). In contrast, the Brock model applied to the same group
of patients results in decreasing invasive procedures for benign lesion by 39.0% but misclassifying 21.1% of

cancers as benign.
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Conclusions: Utilizing information about geospatial location within the lung improves risk assessment for

indeterminate lung nodules and may reduce unnecessary procedures.
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Introduction

The National Lung Screening Trial (NLST) demonstrated
that annual low dose computed tomography (LDCT)
screening for lung cancer in high-risk individuals results in
~20% reduction in mortality. This reduction arises from
the early detection of asymptomatic, but still treatable, early
lung cancers. However, the majority of nodules detected by
CT screening are not cancerous (1). In an effort to identify
the few malignant nodules from among the many benign
lesions, patients undergo unnecessary invasive procedures
and surgical lung resections. The resulting morbidity
and mortality generated by these potentially avoidable
procedures is a significant public health burden.

To attempt to reduce morbidity associated with the high
detection rate of benign lung lesions by LDCT screening,
the American College of Radiology established the Lung-
RADS system for nodule interpretation and management.
The primary difference between Lung-RADS and the
original NLST criteria is an increase in the diameter at
which a nodule is considered to be “positive” (2). However,
diameter alone is not entirely predictive of cancer and there
is evidence that the false-positive rate remains high (3).
To further assist clinicians, guidelines recommend the use
of a probability calculator to determine the risk that an
indeterminate nodule is cancer (4-9). However, performance
of these models is variable and in fact, may not be better
than a clinician’s judgement (10). There is thus an ongoing
need for additional biomarkers to discriminate benign from
malignant lung nodules.

The position of a lung cancer within the lung is not
solely determined by stochastic probability. Multiple studies
have demonstrated that lung cancers have a predilection
for the upper lung regions (5,7,11-13). Particulate
clearance, differences in blood vessel distribution, and
concomitant inflammatory conditions such as emphysema
and pulmonary fibrosis may all predispose a lung region to
the development of cancer. However, lung nodule location
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has never been quantitatively assessed and applied for
prediction. Additional spatial metrics of the nodule, such
as proximal-distance from the central airways, also have
not been rigorously assessed. Modern quantitative imaging
techniques can evaluate both nodules and the surrounding
lung (14-16) and may be applied to precisely determine
the geospatial location of a nodule within the lung from
a clinical CT scan. We thus sought to develop an entirely
objective prediction model, based on a simple assessment
of the geospatial location of a nodule, to improve
discrimination of benign from malignant nodules.

We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/jtd-20-3093).

Methods
Study oversight

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). It was approved
by the University of Vermont Institutional Review Board
under a data use agreement through the Cancer Data
Access System, to evaluate the National Lung Screening
Trial data. The Detection of Early Lung Cancer Among
Military Personnel (DECAMP) Consortium study was
approved by the Human Research Protection Office of
the Department of Defense and the individual site IRBs
for every participating site. All subjects were approached
for written informed consent to participate in the study in
accordance with IRB regulations.

Study populations

We performed a secondary analysis of two prospectively
collected cohorts: the NLST and DECAMP studies. Split
set training and testing was performed in the NLST and the
model deployed within DECAMP for replication. Details of
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the NLST have been published previously (NCT00047385)
(1,17). The NLST defined an LDCT study as “positive” if
a non-calcified nodule >4 mm in diameter was detected. All
lung cancer endpoints were adjudicated. All single, solid,
lung nodules between 4mm and 20mm were included.

The DECAMP study is comprised of 15 military,
Veterans Affairs, and academic hospitals across the United
States. The details of this study have been published
previously (18). DECAMP-1 is a prospective study
evaluating airway and blood-based molecular biomarkers
for evaluation of an indeterminate nodule on CT
(NCT01785342). This study enrolls patients aged 45 and
older with an indeterminate pulmonary nodule 7-30 mm
in diameter and at least a 20 pack-year smoking history.
Patients are followed for up to two years to determine a
benign or malignant diagnosis.

Quantitative CT analysis

All single lung nodules deemed “positive” by the original
NLST criteria were included in the analysis. Following
translation of CT image data, the location of the nodule was
identified. Pure ground glass lesions were excluded from
further analysis as these lesions have a distinct management
algorithm (19,20). A reference fiducial point was placed on
the main carina and defined as the origin for a Cartesian
coordinate system. The coordinates for each indeterminate
nodule were then determined and the distances in each
perpendicular Cartesian axis were measured. Radial distance
was defined as the Euclidian distance from the carina to
the nodule. To account for differences in lung size between
patients, the three Cartesian coordinates and the radial
distance were normalized to the cube root of the lung
volume.

Measurements of lung volumes was performed
using the freely available Chest Imaging Platform
(https://chestimagingplatform.org) using an automated
segmentation of the lungs (21,22).

Statistical analysis

All statistical analyses were performed using STATA
(Version 13, College Station, TX, USA). P values less
than or equal to 0.05 were considered significant and
all statistical tests were two-sided. We determined the
appropriate number of NLST participants to include in the
validation set (n=1,067) based on the sample size needed to
achieve a 95% CI (x0.03).
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Prediction models were constructed based on geospatial
variables. Variables for inclusion in the model were
evaluated using the receiver operating characteristic area-
under-the curve (AUC), likelihood ratio test, and net
reclassification index (23). Model calibration was tested via
the Hosmer Lemeshow assessment and model specification
assessed using the linktest. Sensitivity and specificity cutoffs
were evaluated beginning from the inflection point of
the receiver operating curve (24). Fagan’s nomogram was
applied for calculation of posterior probability (25).

Results
Characteristics of the coborts

Three thousand nine hundred twenty-four NLST CT
scans were evaluated. One hundred forty-seven did not
meet the original inclusion criteria or were incomplete/
corrupt (Table S1). Seven percent of the remaining
cases were not analyzable by the automated algorithms
that performed lung or nodule segmentation. The final
data set consisted of 3,483 participants. These were
randomly divided into derivation and validation cohorts
with proportions based on an « priori power calculation.
Characteristics of the 2,444 participants in the derivation
cohort and the 1,029 participants in the validation
cohort are detailed in Tzble 1. In the DECAMP study
there were 147 cases for which participants achieved a
final adjudicated cancer status. All DECAMP CT scans
completed automated analysis successfully. Characteristics
listed in Table 1 were evaluated as predictors during model
development.

Model construction, validation, and replication

Similar to other cohorts, nodule diameter in the NLST was
associated with a significant increase in risk of cancer among
indeterminate nodules [OR 1.16 (1.13, 1.19), P<0.001] (7).
The position of all indeterminate nodules is displayed in
Figure 1. Cancer risk was not significantly associated with
the lateral position (X axis) of an indeterminate nodule. Y
(anterior-posterior) distance was a statistically significant
predictor but had a very small effect [OR 1.00 (1.00, 1.01),
P=0.008]. The Z distance (superior-inferior) was more
strongly associated with a risk for malignancy [OR 1.02
(1.01, 1.02), P<0.001], implying a 2% increase in the risk
of cancer per each additional millimeter above the carina
in the superior-inferior axis (Figure 2). All other factors
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Table 1 Characteristics of the cohorts
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NLST derivation NLST validation DECAMP replication
Characteristic Benign Malignant Benign Malignant Benign Malignant
(N=2,222) (N=222) (N=936) (N=103) (N=60) (N=87)
Age (y): mean (SD) 61.6 (5.0) 63.3 (5.3) 61.5 (5.1) 62.8 (5.3) 66.0 (8.3) 68.1 (7.9)
Gender: N (%)

Female 864 (38.8) 100 (45.1) 378 (40.4) 45 (43.7) 15 (25.0) 13 (14.9)

Male 1,358 (61.1) 122 (54.9) 558 (59.6) 58 (56.3) 45 (75.0) 74 (85.1)
Smoking: N (%)

Pack years 56.8 (25.1) 65.3 (23.9) 65.3 (23.9) 65.0 (25.5) 47.7 (24.3) 57.0 (27.1)
Family history of lung cancer: N (%) 487 (21.9) 62 (27.9) 197 (21.1) 24 (23.3) 6 (10.0) 21 (24.1)
%LAA-950: median (IQR) 4.1 (10.8) 7.3 (14.5) 4.7 (10.9) 8.4 (15.8) 1.8 1.5
Diameter (mm): mean (SD) 7.5(4.4) 12.1 (4.3) 7.2 (3.5 12.4 (4.5) 12.8 (5.4) 14.4 (5.4)
Histopathology: N (%)

Adenocarcinoma 136 (61.2) 65 (63.1) 37 (42.5)

Squamous cell 37 (16.7) 18 (17.4) 27 (31.0)

NSCLC (NOS/mixed) 36 (16.2) 14 (13.6) 1(1.1)

Small cell 13 (5.8) 6 (5.8) 10 (11.5)

Not reported 12 (13.8)

NLST, National Lung Screening Trial; DECAMP, Detection of Early Lung Cancer Among Military Personnel.
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Figure 1 Geospatial location of malignant (red) and benign (blue) nodules. Labels on the axes represent distances (in mm) from the carina

along each direction, normalized to lung volume. The X location is determined by the lateral position, the Y by the anterior-posterior

position, and the Z by the superior-inferior position of the nodule.
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being equal, a nodule situated 10mm more superiorly in
the lung would carry an additional 20% risk of malignancy.
The radial distance from the carina to the nodule was also
independently associated with a risk of malignancy [OR
0.96 (0.95, 0.97), P<0.001, Figure S1]. Radial distance and
Z distance were therefore included with nodule diameter
to form the Geospatial model. Inclusion of Y distance
did not result in improvement in net reclassification (net
reclassification improvement: P=0.11; AUC delta: z=-0.47,
P=0.64) and therefore was not included in the final model.

The final Geospatial model consisted of the radial
distance from the carina to the cancer, the Z distance (the
distance above or below the level of the carina), and the
nodule diameter. In the derivation set, the Geospatial
model, yielded an AUC of 0.83 and performed well in the
strata of both prevalent (T0) and incident (T'1/T2) nodules
(Table S2). In the NLST wvalidation, the Geospatial model
produced an AUC of 0.85 (Table 2).

To assess performance in an external replication cohort,

30%
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(per 5mm, Z direction)

Probability of Malignancy in an Indeterminate Nodule

Figure 2 The risk of malignancy in an indeterminate nodule
based on superior-inferior location in the lung. The heat map
demonstrates that some slices (5 mm thickness) carry risks for lung

cancer as high as 30%.

Table 2 Geospatial model performance in the cohorts
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we tested the Geospatial model within the DECAMP
cohort. The Geospatial model demonstrated an AUC of
0.75. Interestingly, the sensitivity and specificity curves,
plotted against probability, were very similar between
the two cohorts (Figure S2). This finding implies that a
probability cut point to define sensitivity and specificity
would be reproducible across diverse cohorts and thus may
be clinically applicable.

Definition of the geospatial test

Based on the receiver operating characteristic curve, we
defined a probability threshold of 0.03 for the Geospatial
Model to create the Geospatial Test. A negative test
thus implies a lower risk of cancer while a positive test
implies a higher risk of cancer. In order to understand if
the Geospatial test, as defined by this cutoff, performed
well enough to be clinically useful we evaluated the
performance of this test in strata of nodule diameters
chosen to correspond with Lung-RADS criteria. The pre-
test probability was determined by dividing the number of
malignant nodules by the total number of indeterminate
nodules, within each diameter category. The pre-test
probability was then modified by the likelihood ratio
(calculated from sensitivity and specificity) and Fagan’s
nomogram used to define post-test probabilities of
malignancy based on a positive or negative test. Among all
size categories, a negative Geospatial Test resulted in a less
than 2% post-test probability of malignancy (Tuble 3).
Applying the Geospatial Test resulted in correctly
reclassifying 28.5% of benign nodules while incorrectly
classifying a cancer as benign in only 1.8% of cases (Table 4).

Clinical utility of the geospatial test compared to the Brock
model

We then sought to compare this performance to a modern
standard for nodule assessment, the Brock model (7).
Since emphysema and spiculation were not assessed in a

Data set AUC Sensitivity (%) Specificity (%)
NLST derivation 0.83 (0.80-0.85) 98.2 26.6
NLST validation 0.85 (0.78-0.87) 99.0 24.0
DECAMP replication 0.75 (0.67-0.83) 97.7 15.0

NLST, National Lung Screening Trial; DECAMP, Detection of Early Lung Cancer Among Military Personnel; AUC, area-under-the curve.

© Journal of Thoracic Disease. All rights reserved.
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Table 3 Results of the geospatial test, by strata of diameter

Kinsey et al. Lung nodule location for assessment

Diameter (mm) Pre-test probability (%)

Probability malignant if test positive (%)

Probability malignant if test negative (%)

4-20 (all) 10.2
4-5.9 1.1

6-7.9 4.2
8-14.9 18.5
15-20 35.6

13.3
2.4
7.5

19.0

36.0

0.7
0.9
1.9
0.1
0.3

Post-test probability calculated using likelihood ratios and Fagan’s nomogram.

Table 4 Classification of patients with indeterminate nodules by test

Prediction model

Reclassified benign, N=3,158

Misclassified malignant, N=325

Geospatial test (N, %, 95% CI)
Brock model (N, %, 95% ClI)

901 (28.5%, 27.0-30.1%)
2,476 (78.4%, 76.9-79.8%)

6 (1.8%, 0.7-4.0%)
70 (21.5%, 17.2-26.4%)

Table 5 Classification of patients with LungRADS 3 diameter or greater, nodules by test

Prediction model

Reclassified benign, N=1,919

Misclassified malignant, N=312

Geospatial test (N, %, 95% Cl)
Brock model (N, %, 95% ClI)

378 (19.7%, 17.9-21.5%)
1,237 (64.5%, 62.3-66.7%)

4(1.3%, 0.4-3.2%)
57 (18.3%, 14.1-23.0%)

standardized fashion we chose to use the parsimonious
Brock model, which has been demonstrated to have similar
performance in both the PanCan and NLST cohorts (26).
In the NLST, the parsimonius Brock also outperformed
both the Mayo and VA models. The parsimonious Brock
model includes gender, nodule diameter, and location.
The American College of Chest Physicians considers a
low risk nodule to have a <5% risk of malignancy (4). We
thus evaluated a 5% risk cutoft as determined by the Brock
Model. In contrast to the Geospatial Test, the parsimonious
Brock model resulted in correctly reclassifying 78% of
nodules as benign, but with the untoward consequence of
incorrectly classifying 21.5% of cancers as benign.
LungRADS is the modern standard for interpreting the
results of lung cancer screening examinations. Thus, we
also evaluated both the Geospatial and the parsimonious
Brock models in combination with the LungRADS size
definitions (no information about growth was available and
thus only the size of the solid component was included).
Limiting the analysis to nodules classified as LungRADS 3
or greater (>6 mm), the Geospatial Test resulted in correctly
reclassifying 19.7% of benign nodules while incorrectly
classifying a cancer as benign in only 1.2% of cases (Table 5).

© Journal of Thoracic Disease. All rights reserved.

In contrast, application of the Brock model resulted in
correctly reclassifying 64.5% of benign nodules while
incorrectly classifying a cancer as benign in 18.2% of cases.
Limiting the analysis to LungRADS 4 or greater (diameter
>8 mm), demonstrated that the Geospatial Test could still
correctly reclassify many indeterminate nodules as benign
(9.3%) with a low rate of misclassification for cancers (0.7%).
The Brock applied to the same group of nodules resulted
in correctly reclassifying 37% of nodules as benign but
misclassifying 9.7% of the cancers as benign.

Among the 3,483 participants in the NLST data set,
318 underwent invasive procedures (percutaneous biopsy,
bronchoscopy, mediastinoscopy, or surgery) for evaluation
of cancers while 141 underwent invasive procedures for
benign lesions, the latter group accounting for 29% of all
invasive procedures. The average diameter of lesions for
which an invasive procedure was performed was 12.6 mm
(+/-6.6).

Applying the Geospatial test would result in reducing
invasive procedures performed for benign lesions by
11.3% (16/141 cases) with a 1.3% (4/118 cases) rate of
misclassification. In contrast, the Brock model applied to
the same group of patients results in decreasing invasive
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procedures for benign lesion by 39.0% (55/141 cases) but
misclassifying 21.1% of cancers (67/318) as benign.

Conclusions

In addition to the use of LungRADS, guidelines suggest
that physicians estimate the probability of malignancy
either based on their experience or with the use a nodule
malignancy calculator (4). However, the models used to
estimate the probability of nodular malignancy in these
calculators have performed well in some settings but in
others fare no better than a provider’s judgement (13,27).
These models can also produce vastly different estimates of
the probability of cancer. For example, a 9 mm spiculated
nodule in the upper lobe of the lung in a 65-year-old man
with a history of cigarette smoking would have either a 10%
or a 37% risk of cancer depending on whether the Brock
Model or Mayo Clinic Model were used. Perhaps more
importantly, an intermediate probability result is difficult
for both clinicians and patients to interpret.

These factors highlight the need to improve current
nodule prediction models and motivated the design of the
present study. In its treatise on biomarker development
to improve lung cancer screening the American Thoracic
Society identified distinct needs, one of which was
“decreasing invasive procedures for patients with benign
nodules without substantially delaying the diagnosis of
cancer in patients with malignant nodules” (28). It is this
goal which the Geospatial Test potentially addresses.

The Geospatial model quantitatively codifies the empiric
relationship between lung nodule location and cancer risk
noted in prior studies. For instance, the NELSON lung
screening study reported a predilection for lung cancers to
occur in the upper lobes and outer 1/3 of the lung (in axial
section), although did not use any form of this information
to discriminate benign vs. malignant nodules (29). In
testing and replication sets, application of the Geospatial
Test demonstrated a very high negative predictive value,
implying a low risk of nodular malignancy. In contrast, a
positive Geospatial test provides little additional diagnostic
information. Practically speaking, demonstrating a
reproducible probability cutoff across cohorts allowed us to
create a test to identify lesions with a less than 2% risk of
malignancy, potentially obviating the need for a complicated
discussion of what is a “meaningful risk of cancer” between
a patient and provider. However, it is important to note that
the use of the Geospatial Test does not replace continuous
probability calculators, particularly for those with a positive
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test, since it fails to provide further diagnostic information
in this setting.

To assess the relative value of these tradeoffs, we also
evaluated the potential effect of the Geospatial test on
invasive procedures. This is the eventual, patient centered
outcome. In the NLST data set, application of the Geospatial
test would reclassify approximately 1 in every 4 indeterminate
nodules as having a less than 2% risk of cancer. Even among
LungRADS 3 or greater nodules, and similarly also in the
group of individuals selected for invasive procedures, the
Geospatial Test would reclassify 12-15% of indeterminate
nodules into a low risk group. Perhaps more importantly,
the rate of misclassification of cancers as benign lesions
remains at ~1.0%. This was far superior to the Brock model
which misclassified approximately 20% of cancers as benign.
Both performance of the Geospatial Test and Brock Model
were evaluated within the context of LungRAD. It is also
important to note that most benign nodules for which an
invasive procedure was performed were greater than 12mm,
implying that application of LungRADS would not have
prevented the majority of potentially avoidable procedures.
Application of the Geospatial Test could alter management
for approximately 1 in 4 of the nearly 2.25 million individuals
estimated to have an indeterminate nodule detected by CT
screening and result in significant health care cost savings (30).

There are several other aspects of our study that have
important implications related to clinical applicability.
We leveraged fully automated quantitative image analysis
thereby removing subjective bias from the assessment. We
also avoided the selection bias associated with case-control
designs by including all available cases from both NLST
and DECAMP. Indeed, the size of the NLST data set
allowed us to evaluate model performance in both prevalent
and incident nodules, and among strata of nodule diameter.
In comparison to deep learning models, the anatomic CT
measurements required to perform the Geospatial Test
may be easily performed at nearly any existing radiology
workstation or via free, open-source, HIPAA compliant
software packages.

Nevertheless, our study has several important limitations.
Surveillance CT scans were not collected as part of the
NLST and thus nodule growth, a component of Lung-
RADS, could not be assessed. Internal derivation and
validation were performed in a CT screening cohort.
External validation was assessed in the DECAMP cohort,
which identified participants based on their need for an
invasive evaluation of a nodule. Using disparate cohorts is
a robust approach to validation, but limits our knowledge
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of the applicability of the Geospatial Test to cohorts of
incidentally detected nodules. Furthermore, we chose to
only include nodules up to 2 cm in diameter. The NLST
data indicate that the risk of cancer is approximately 50%
for indeterminate nodules between 2 and 3 cm. In most
cases, this « priori probability necessitates invasive tissue
sampling and not further risk assessment. We compared
the Geospatial Test to the parsimonious Brock since
radiographic emphysema was not uniformly captured in
the NLST. However, the full Brock and the parsimonious
Brock have similar performance characteristics (7). Finally,
the test is not helpful for all individuals with a screen
detected nodule since many individuals will have a positive
Geospatial test, which provides little additional information
about cancer risk. Individuals with a positive Geospatial
"Test may thus still benefit from application of a continuous
probability calculator.

In summary, the data presented here highlight the
importance of nodule location within the lung as a
determinant of malignancy. The Geospatial "Test performed
well across multiple diverse cohorts and its application could
potentially improve lung cancer screening performance
for approximately 1 in 4 individuals with an indeterminate
nodule.
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Supplementary

Table S1 Summary of NLST files present/absent and exclusions

# of exclusions
Exclusion reason

Benign Cancer
Nodule not in parenchyma 94 5
Corrupted file 2 0
Multiple nodules 20 5
Completely calcified nodule 2 0
No full scan 6 0
No nodule, only linear scar 1 0
No solid component 5 0
Poor quality scan 4 0
Nodule <2 mm 1 0
Pleural based lesion 0 1
Nodule larger than 20 mm 0 1
Total exclusions 135 12
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NLST testing set (A) and replicated in the DECAMP cohort (B).

© Journal of Thoracic Disease. All rights reserved. https://dx.doi.org/10.21037/jtd-20-3093



