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LUNG CANCER

The Utility of Nodule Volume in the Context
of Malignancy Prediction for Small
Pulmonary Nodules

Hiren J. Mehta, MD; James G. Ravenel, MD; Stephanie R. Shaftman, MSc, MS;
Nichole T. Tanner, MD, FCCP; Luca Paoletti, MD, FCCP; Katherine K. Taylor, MS;
Martin C. Tammemagi, PhD; Mario Gomez, MD; Paul |. Nietert, PhD;

Michael K. Gould, MD, FCCP; and Gerard A. Silvestri, MD, FCCP

Background: An estimated 150,000 pulmonary nodules are identified each year, and the number
is likely to increase given the results of the National Lung Screening Trial. Decision tools are
needed to help with the management of such pulmonary nodules. We examined whether adding
any of three novel functions of nodule volume improves the accuracy of an existing malignancy
prediction model of CT scan-detected nodules.
Methods: Swensen’s 1997 prediction model was used to estimate the probability of malignancy in
CT scan-detected nodules identified from a sample of 221 patients at the Medical University of
South Carolina between 2006 and 2010. Three multivariate logistic models that included a novel
function of nodule volume were used to investigate the added predictive value. Several measures
were used to evaluate model classification performance.
Results: With use of a 0.5 cutoff associated with predicted probability, the Swensen model correctly
classified 67% of nodules. The three novel models suggested that the addition of nodule volume
enhances the ability to correctly predict malignancy; 83%, 88%, and 88% of subjects were correctly
classified as having malignant or benign nodules, with significant net improved reclassification for
each (P <.0001). All three models also performed well based on Nagelkerke R?, discrimination
slope, area under the receiver operating characteristic curve, and Hosmer-Lemeshow calibra-
tion test.
Conclusions: The findings demonstrate that the addition of nodule volume to existing malig-
nancy prediction models increases the proportion of nodules correctly classified. This enhanced
tool will help clinicians to risk stratify pulmonary nodules more effectively.
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Abbreviations: AUC = area under the curve; LDCT =low-dose CT; NRI = net reclassification improvement

The pulmonary nodule is a single, spherical, well-
circumscribed, radiographic opacity that mea-
sures <3 cm in diameter and is completely surrounded
by aerated lung. There is no associated atelectasis,
hilar enlargement, or pleural effusion.! Approximately
150,000 such nodules are identified each year accord-
ing to dated estimates.2? The incidence is likely much
higher than this because of the increasing use of chest
CT scan for the evaluation of a myriad of pulmonary
symptoms and disorders. The National Lung Screen-
ing Trial has shown screening patients with low-dose
CT (LDCT) scanning led to a relative risk reduction
in death from lung cancer by 20%.* Over the 3-year
screening period, however, 39.1% of the participants
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in the LDCT scanning group had a nodule discovered,
of which (96.4%) were benign.* Currently, 7 million
Americans meet the National Lung Screening Trial
screening criteria.*? Even if only one-fourth of those
eligible are screened, a possible 680,000 new nodules
could be discovered over 3 years.
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When faced with a patient with a pulmonary nod-
ule, it is incumbent on the clinician to differentiate
benign cases from cancer. Although most clinicians
use clinical experience to estimate the probability of
malignancy in pulmonary nodules, some rely on one or
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more quantitative models for assistance.36 The Ameri-
can College of Chest Physicians guidelines on pulmo-
nary nodule evaluation recommend the use of models
to predict the probability of malignancy.” Several such
models have been proposed.3s Of particular interest
is the Swensen model,® which has been widely cited®
and externally validated'*'" and is commonly used in
clinical practice. We undertook the present study to
examine whether the addition of a measurement of
nodule volume to the Swensen model would enhance
its ability to predict malignancy in patients who pre-
sent with small pulmonary nodules.

MATERIALS AND METHODS

Subjects

Consecutive subjects with at least one newly diagnosed pulmo-
nary nodule were recruited between February 1, 2006, and May 1,
2010, from our institution’s pulmonary clinic and were included
if they had a thoracic CT scan, at least one nodule <15 mm in
diameter detected on the scan, and images satisfactory for vol-
ume assessment (slice thickness = 2.5 mm). Although we had no
lower limit cutoff per se, on the basis of detectability, no nodules
were <3 mm in size. The Institutional Review Board at the Med-
ical University of South Carolina (HR#15125) approved this pro-
spective study.

Study Variables

Clinical data (demographics, smoking status, and cancer history)
and nodule characteristics (long-axis diameter, volume, spicula-
tion, location, and nodule count) were recorded. Subjects were
prospectively followed for a minimum of 24 months. A definitive
diagnosis of malignancy was established either by surgical resec-
tion, CT image-guided needle biopsy, or serial follow-up CT scans
demonstrating stability for at least 2 years. The study protocol
included the collection of patient-specific variables (age, sex,
race/ethnicity, FEV, % predicted, smoking history, secondhand
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smoke exposure, personal history of malignancy, family history of
malignancy, and history of asbestos or radon exposure). A single
thoracic radiologist blinded to outcomes reviewed all the images
to detect calcified lymph nodes, noncalcified enlarged lymph nodes,
nodule cavitation, nodule density (solid, part solid, or ground glass),
edge characteristics (smooth, lobulated, or spiculated), presence or
absence of pleural tail, and location by lobe. Nodules were assessed
by a semiquantitative volume program (Lung VCAR; General
Electric Co). Diameter was measured in the transverse plane by
electronic calipers and recorded as the average of the long-axis
measurement and short axis measured perpendicular to the long
axis. Volume was obtained by single mouse click on the nodule
(thus invoking the Lung VCAR algorithm), and the segmented
volume was recorded. No manual adjustments were made. See
Figure 1 for CT image reconstruction of a pulmonary nodule.

Statistical Analysis

Simple descriptive statistics were used to characterize subjects
and nodules with and without malignancy. Wilcoxon rank sum tests,
¢ tests, X2 tests, and Fisher exact tests were initially used to high-
light variables that differed significantly (ie, P <.05) between sub-
jects in whom malignancy did and did not develop and between
nodules that did and did not ultimately become malignant.

Following descriptive analyses, the Swensen model® was applied
to all nodules to obtain a preliminary probability of malignancy
for each individual nodule. We then investigated in three sep-
arate models whether the addition of nodule volume (model 1),
volume to diameter ratio (model 2), or sphericity index (model 3)
resulted in improved prediction performance. The sphericity index
of a nodule is a metric developed by the study investigators for
this project and is the observed automated volume measurement
divided by the volume of a sphere with a diameter equal to that of
the nodule. Generalized linear mixed models with restricted cubic
splines were used to construct and assess the novel prediction
models'? and accounted for random subject effects and the depen-
dence of measurements made within the same individual. The use
of splines provided a means for nonlinear modeling with effects
that vary across predictor values. Spline knot locations (which define
the segments) were based on recommendations by Harrell.'® The
significance of adding the various functions of nodule volume and
the accompanying splines to the prediction models underwent
likelihood ratio tests. SAS, version 9.3 (SAS Institute, Inc) soft-
ware was used for model construction, and the regression mod-
eling strategies package within R, version 2.15.0," was used for
internal validation.

Prediction models cannot be compared by a single statistic;
therefore, we used an approach similar to the multifaceted frame-
work for performance assessment outlined by Steyerberg et al.'s
Prediction model performance measures used in the analysis
included Nagelkerke R?, area under the curve (AUC), discrimina-
tion slope, Hosmer-Lemeshow goodness-of-fit statistics, and net
reclassification improvement (NRI).!6 Nagelkerke R? is a coeffi-
cient of determination and represents how well the model pre-
dicts outcomes on the basis of the information provided in the
model. The AUC represents an overall measure of how well the
model discriminates between those with and without the condi-
tion in question. Discrimination slope is the difference in mean
probabilities between nodules with and without malignancy. NRI
quantifies improvement in classification (ie, malignant vs benign)
at a selected cutoff (eg, 0.5) for the predicted probability of a
model when compared with a standard model (ie, the Swensen
model). Internal validation was conducted with Harrell’s optimism
correction technique using 2,000 bootstrapped resamples,'>'7 which
we implemented with the regression modeling strategies package
in R. The optimism correction internal validation process provides
an estimate of the degree of bias introduced by potential model
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