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Abstract
This prospective investigation derived a prediction
model for identifying risk of incident lung cancer
among patients with visible lung nodules identiﬁed
on computed tomography (CT). Among 2,924 eligible
patients referred for evaluation of a pulmonary nodule
to the Stony Brook Lung Cancer Evaluation Center
between January 1, 2002 and December 31, 2015, 171
developed incident lung cancer during the observation
period. Cox proportional hazard models were used to
model time until disease onset. The sample was randomly divided into discovery (n ¼ 1,469) and replication (n ¼ 1,455) samples. In the replication sample,
concordance was computed to indicate predictive
accuracy and risk scores were calculated using the
linear predictions. Youden index was used to identify
high-risk versus low-risk patients and cumulative
lung cancer incidence was examined for high-risk and

Background
Lung cancer claims the lives of more than 150,000
people in the United States each year and, with an agestandardized mortality rate of 40.6/100,000, it is the most
common reason for cancer death (1). An individual's risk
of developing lung cancer is thought to be the result of a
combination of environmental, genetic, and behavioral
factors (2). Although risk factors for lung cancer are relatively well understood, discrimination tools to predict
who will develop lung cancer and who will not are
primarily based on case–control screening studies (3–6),
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low-risk groups. Multivariable analyses identiﬁed a
combination of clinical and radiologic predictors for
incident lung cancer including ln-age, ln-pack-years
smoking, a history of cancer, chronic obstructive pulmonary disease, and several radiologic markers including spiculation, ground glass opacity, and nodule size.
The ﬁnal model reliably detected patients who developed lung cancer in the replication sample (C ¼ 0.86,
sensitivity/speciﬁcity ¼ 0.73/0.81). Cumulative incidence of lung cancer was elevated in high-risk versus
low-risk groups [HR ¼ 14.34; 95% conﬁdence interval
(CI), 8.17–25.18]. Quantiﬁcation of reliable risk
scores has high clinical utility, enabling physicians to
better stratify treatment protocols to manage patient
care. The ﬁnal model is among the ﬁrst tools developed to predict incident lung cancer in patients presenting with a concerning pulmonary nodule.
or clinic-based studies of patients being evaluated for
existing cancers (7–9). With the advent of the recent United
States Preventive Services Task Force (USPSTF) recommendations for lung cancer screening (10), several prospective
studies have begun to develop risk prediction models for
patients with a history of heavy tobacco use (11–13).
However, there have been few large-scale, prospective
studies evaluating the risk that identiﬁed nodules convert
to cancer (14). To our knowledge, no studies to date have
examined the extent to which clinical and imaging factors
might prospectively identify incident lung cancers among
individuals with suspicious lung nodules identiﬁed on CT.
The present investigation aimed to construct a prediction
model of incident lung cancer for patients presenting with
a lung nodule.

Materials and Methods
Setting
The Stony Brook Cancer Center's Lung Cancer Evaluation Center (LCEC) provides evaluation, diagnosis, treatment, and surveillance for patients who are referred as a
result of abnormal pulmonary ﬁndings discovered on CT.
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For the purposes of this study, enrollment and diagnostic
characteristics were retrieved from the LCEC patient database during the period January 1, 2002 to December 31,
2015. Incident cases were included if they occurred before
December 31, 2016. Data obtained from the Stony
Brook Cancer Registry were used to conﬁrm lung cancer
diagnoses. Date of diagnosis, cancer stage, and cancer type
were recorded. Patient records were excluded if they had
been referred to the LCEC but had not attended initial visits
at time of data retrieval, or had been evaluated by the LCEC
but had been determined to have an unrelated condition
including, for example, metastatic disease and chronic
obstructive pulmonary disease (COPD) management.
Among those who were eligible (N ¼ 4,272), 1,348
patients with a history of lung cancer or whose cancers
were diagnosed within 6 months of initial visits were
excluded. The remaining 2,924 patients provided
20,104.42 person-years at risk. Among the eligible
patients, 171 developed lung cancer during the observation period (i.e., 6 months after the initial visit through
December 31, 2016). Patients were censored at time of
death. In patients with incident cancer, 33 of 171 (19.3%)
were diagnosed at later stages III/IV, whereas records
showed that 82.5% had non–small cell cancer, 2.3% had
carcinoids, 1.8% had small-cell cancer, and 12.9% had
other forms of cancer.
Measures
Age, gender, smoking status (current or former smoker,
years since quitting, and pack-years of smoking), personal
and family history of lung or other cancers, COPD diagnosed using the GOLD criteria (15), self-reported asbestos
exposure and lung cancer status (yes vs. no) were recorded.
Pack-years smoked and age at enrollment were transformed using the natural log because it improved model
ﬁt. Imaging features derived from CT scanning included
size in millimeters of the largest nodule, nodule count and
location (upper lobe vs. other), opacity type (ground glass
vs. other), and spiculation (any vs. none).
Statistical analyses
The LCEC data were initially stratiﬁed into incident
cases and those who were not diagnosed with cancer
during the observational period. Student t tests and x2
tests were used to examine differences between patients
who developed incident cancer and those determined to
be cancer free. Multivariable Cox proportional hazards
models were used to examine predictors of incident
cancer (16). The Breslow method was used to handle
ties and Schoenfeld residuals tested the proportional
hazards assumption. Power analyses revealed that this
sample was capable of detecting standardized effect sizes
of k d k > 0:05.
The goal for the risk model was to identify risk factors for
incidence of lung cancer. To improve predictive reliability,
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the sample was randomly divided in half to form discovery and replication samples. Comparative analyses
used x2 and t tests to examine differences between the 2
samples but found no statistically signiﬁcant differences. In discovery analyses, Cox models were completed and standardized effect sizes (d) were calculated to
facilitate variable exclusion. Standardized effect sizes are
useful in that they are sensitive to rare exposures, which
may be inadequately powered in some studies but may
be important in replication (17). Effect sizes exceeding
k d k ¼ 0:05 were retained. Multivariable-adjusted HRs
and 95% conﬁdence intervals were computed and baseline survival and hazards were reported to facilitate risk
score calculation. Beta coefﬁcients were used to calculate
linear predictions of risk scores from the ﬁtted model.
An optimal cutoff to differentiated high-risk versus lowrisk groups was determined in the discovery sample
using the Youden method (18); sensitivity, speciﬁcity,
and Youden's index were also reported. Strata-speciﬁc
incidence rates, 1-/5-year proportion with incident cancer, and years until 10% of the at-risk population developed lung cancer (19) were calculated in the replication
sample. Risk and cumulative incidence of lung cancer
above/below the optimal cutoff, determined in the
discovery sample, were examined for comparison purposes in the replication sample. Concordance (C)
between model and outcome was assessed to measure
model accuracy. Signiﬁcance testing adjusted for the
(false discovery rate (FDR) ¼ 0.05; ref. 20). Analyses
were performed using Stata 15/SE (StataCorp).
Sensitivity analyses examined differences in risk calculation when adjusting for differential mortality using
ﬁne-gray competing risks hazards models (21); sub-HRs
(SHR) were reported. The extent to which results changed when excluding individuals who were lost to follow
up prior to incident cancer diagnosis was also assessed.
Additional analyses were conducted considering speciﬁc
variables in clinical and radiological data. Sensitivity
analyses examined the predictive power of the model
to identify cancer subtypes including non–small cell (n ¼
141) and other (n ¼ 30) cancers, and also examined
differences in capacity for identiﬁcation by cancer stage
at diagnosis.

Results
Sample characteristics
Compared with patients with nodules who did not
develop lung cancer during the observation period
(Table 1), patients developing lung cancer were older and
had increased ln-pack-years smoking history. Patients who
developed cancer were more likely to report a family
history of lung and other cancers, and a personal history
of non-lung cancer, COPD, and asbestos exposure. CT
images of patients developing cancer were more likely to
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Table 1. Characteristics of incident lung cancer cases and those who remained
cancer-free during the observation period, LCEC 2002 to 2016
Incident cancer
No cancer yet
Patient characteristic
diagnosis (N ¼ 171) (N ¼ 2,753)
Female sex
54.4
51.7
Age in years, mean (SD)
68 (10.7)
60.9 (14.4)a
Ln pack-years, mean (SD)
2.7 (1.8)
0.7 (1.4)a
Number of lesions, mean (SD)
1.4 (0.8)
1.2 (0.5)a
Largest nodule size, mean (SD)
12.5 (11)
7.4 (10.4)a
Asbestos exposure
9.36
2.80a
Family history of lung cancer
8.19
3.16a
Family history of other cancer
18.13
8.50a
Personal history of other cancer
21.05
6.39a
Chronic obstructive pulmonary disorder 21.64
2.32a
Ground glass opacity
8.19
1.85a
Spiculated
17.54
2.80a
Upper lobe
40.94
13.77a
NOTE: All statistics report percentages (%) or, when noted, means (SD). Ln,
transformed using the natural logarithm. Results for categorical variables used
x2 tests whereas results for continuous variables (reporting means and SD
above) used 2-tailed t tests.
a
P < 0.001 when adjusting for the FDR.

have an increased number and larger sized nodules,
ground glass opacities, spiculation, and nodes in the upper
lobes.
Discovery analyses
Model development efforts revealed a saturated model
that ﬁt the data well (C ¼ 0.83). Excluding covariates with
small effects in the discovery sample resulted in similar
model ﬁt (C ¼ 0.86). Ln-age, ln-pack-years smoking, a
history of cancer, COPD, as well as radiologic markers of
spiculation, ground glass opacity, and nodule size were
retained.
Replication analyses
The ﬁnal model (shown in Table 2) was also able to
discriminate risk of cancer in the replication sample (C ¼
0.86). Predictors included ln-age, ln-pack-years of smoking, personal history of other cancers, COPD, ground glass
opacity, and spiculation (Table 2). Risk scores were calculated in both samples using the results provided by the
replication sample model.

Table 2. Multivariable-adjusted hazard ratios and 95% CIs examining
cumulative incidence of lung cancer using Cox proportional hazards modeling
for variables that passed exclusion criteria in the replication sample, LCEC 2002
to 2016
Patient characteristic
Ln age in yearsa
Ln pack-years of smoking
Personal history of other cancer
Chronic obstructive pulmonary disorder
Ground glass opacity
Spiculated
Size of largest node

Adjusted HR (95% CI)
8.79 (2.44–31.71)a
1.59 (1.39–1.82)a
2.31 (1.38–3.89)a
3.15 (1.76–5.64)a
2.45 (1.04–5.80)a
1.99 (1.08–3.69)a
1.02 (1.00–1.04)

Abbreviation: Ln, transformed using the natural logarithm.
Statistically signiﬁcant associations after accounting for the FDR. Baseline
cumulative hazard was 0.0134037; baseline survival was 0.9866759.

a

www.aacrjournals.org

Risk score characteristics
Risk scores calculated in the discovery sample (mean ¼
9.47; SD ¼ 1.04; min ¼ 5.89; median ¼ 9.36; max ¼ 13.25)
were used to develop an optimal cutoff (risk score 10.17),
which had a high degree of accuracy (speciﬁcity ¼ 0.81;
sensitivity ¼ 0.73; Youden index ¼ 0.54). Risk scores
calculated using the ﬁnal model in the replication sample
(mean ¼ 9.60; SD ¼ 1.40; range ¼ 5.89–15.00) did not
differ, on average, from those in the discovery sample
(P ¼ 0.952). In the replication sample, risk scores were
higher (P < 0.001) in incident cases (mean ¼ 11.55; SD ¼
1.24; range ¼ 8.83–13.64) than in cancer-free cases. In
addition, 24.0% of patients in the replication sample were
in the high-risk group whereas 81.0% of incident cancers
occurred in patients with risk scores above the cutoff
(speciﬁcity ¼ 0.79; sensitivity ¼ 0.81).
Outcomes among those deemed to have high risk
Incidence was elevated in the high-risk versus low-risk
group (Table 3). As evidenced by separation in lines over
time, cumulative incidence curves showed that incidence
increased in high-risk patients, whereas the steepness of the
curves clariﬁed that much of this increased risk was concentrated in the ﬁrst 5 years (Fig. 1).
Sensitivity analyses accounting for selective mortality
revealed that the risk score was predictive of incident lung
cancer [SHR ¼ 14.29 (8.17–24.98)]. Additional analyses
examining the predictive value of the risk score only among
individuals who were reported to have stayed at the LCEC
throughout their observation period resulted in similar
overall results [HR ¼ 16.72 (9.18–30.43)]. Next, analyses
replicating those above were used to examine the utility of
relying subsets of the data. Considered as solo predictors,
the following clinical characteristics were predictive
[ln-age, C ¼ 0.65, cutoff ¼ 4.13 (62.30 years of age);
personal history of other cancer, C ¼ 0.59; COPD, C ¼
0.59; ln-pack-years, C ¼ 0.78, cutoff ¼ 1.32 (3.74 packyears)]. These factors, utilized together, were good at predicting incidence of lung cancer in the replication
sample (C ¼ 0.83; cutoff ¼ 11.28). Examinations of cancer
type revealed that although risk scores were similarly
effective at identifying incidence of late-stage (stages III/IV;
C ¼ 0.86) and early-stage (C ¼ 0.84) cancers, the risk score
was better at identifying non–small cell cancer (C ¼ 0.87)
versus other cancers (C ¼ 0.74).

Discussion
The Stony Brook LCEC was established to diagnose
and treat patients with lung cancer, as well as provide
monitoring and follow-up for those presenting with a
concerning nodule (but not cancer) at initial consult. In
this investigation, the risk of developing lung cancer was
calculated utilizing a set of clinical, demographic, and
imaging-related risk factors including: ln age, ln-pack-years
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Table 3. Posterior descriptive statistics examining measures of lung cancer risk, stratiﬁed into high-risk versus low-risk groups estimated using information from
survival models in the replication sample, LCEC 2002 to 2016
Mean risk score
Incidence rate
1-Year
5-Year
Estimated years until 10%
Risk group
(95% CI)
(95% CI)
risk
risk
of group has cancer
HR (95% CI)
Low risk
9.01 (8.97–9.05)
18.67 (11.26–30.97)
0.18%
1.08%
107.11
1.00
High risk
11.25 (11.16–11.33)
304.24 (238.13–388.7)
4.87%
17.19%
6.57
14.34 (8.17–25.18)
NOTE: Incidence rate is estimated per 1,000 person-years. HRs were calculated using Cox proportional hazards regression. Patients spent 10,137.02 years at risk in the
replication sample; cases spent 183.86 years at risk. Years until 10% of group has cancer was calculated using Rothman waiting-period method.

of smoking, cancer history, COPD, ground-glass opacity,
and spiculation. This study provides the ﬁrst risk prediction
model to our knowledge for the identiﬁcation of incident
lung cancer in a monitoring program of patients with
pulmonary nodules discovered on CT. The ﬁnal model ﬁt
well, and risk scores had good accuracy to identify high risk
of incident lung cancer.
Accurate risk prediction tools for lung cancer are critical for efﬁcient and effective cancer care. To date, existing models have been based on retrospective study
designs, small samples, or heavy smoking populations,
and included primarily epidemiologic factors (3–9, 22).
Recent models have focused on utilizing populationbased cohort studies: the European Prospective Investigation into Cancer Study derived a predictive model for
lung cancer based on age and smoking history (23); the
Carotene and Retinol Efﬁcacy Trial derived a model that
additionally included gender and asbestos exposure (24);
the Prostate, Lung, Colorectal and Ovarian Cancer
Screening Trial further incorporated education, body
mass, COPD, and a personal history of cancer and family
history of lung cancer (25). One study evaluating a large
database (1.3 million men) in South Korea developed a
risk prediction model for prevalent lung cancer based on
age, smoking history, body mass, physical activity, and
fasting glucose level (26). However, the risk of lung
cancer in studies of the general population is deter-

mined, in part, by the risk of being screened. If physical
health or levels of access to medical care are associated
with the screening likelihood, then results from population data and lung cancer screening clinics may diverge.
This study differed in prospectively monitoring individuals with an existing pulmonary nodule.
As a result of new USPSTF recommendations, several
studies have begun to discuss prediction models in
relation to lung cancer screening. To date, these have
relied primarily upon subgroups of high-risk patients.
First, the Liverpool Lung Project (LLP) utilized a cohort
of 8,760 participants to show that age, gender, smoking
duration, COPD, prior diagnosis of other cancer, and
family history of early onset lung cancer were predictive
of lung cancer, however radiologic features were not
assessed (12). Second, in a study of heavy smokers
without a diagnosis of cancer (n ¼ 5,203), a risk prediction model incorporating nodule characteristics,
including nonsolid and large (>8 mm) nodes, improved
prediction accuracy compared with models including
epidemiologic factors alone (27). Although important,
these studies relied on high-risk patients. Yet, many
patients referred to evaluation clinics fall outside of the
well-deﬁned high-risk proﬁle (28). This study, in contrast, relied on patients where risk of lung cancer was
determined based on evidence of a pulmonary nodule.
These data, although critical to improving future

Cumulative incidence
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Figure 1.
Cumulative incidence stratiﬁed by risk grouping
among individuals in the replication sample, LCEC
2002 to 2016. High-risk group (dashes); low-risk
group (solid line).

0.1

0.05

0
0 0.5

2

4

6

8

10

Observational period, years

466 Cancer Prev Res; 12(7) July 2019

Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on December 8, 2021. © 2019 American Association for
Cancer Research.

Published OnlineFirst June 27, 2019; DOI: 10.1158/1940-6207.CAPR-18-0500

A Risk Prediction Model for Lung Cancer

guidelines, suggested that risk factors for lung cancer
were predictive of having increased risk of lung cancer
at follow-up. The best ﬁtting model included both radiologic and clinical features. However, it is worth noting
that contrary to prior studies (27), epidemiologic features were relatively good at identifying risk of incident
lung cancer among patients with a known nodule. Notable among these, ln-pack-years was critical for identifying risk, though higher risk individuals were those with
more than 3.74 pack-years.
This study is novel in examining risk of incident lung
cancer in patients that may have no history of smoking.
To date, there is only one study utilizing patients
undergoing low dose CT screening to determine risk of
prevalent lung cancer (11). That study relied on the PanCanadian Early Detection Lung Cancer Study (N ¼
7,008 with 102 lung cancers) that utilized data from
the British Columbia Cancer Agency (N ¼ 5,021 with 42
lung cancers) for validation. The study found nodule
size, type, location, count, and spiculation, along with
demographic factors and a history of COPD, were
important to determining risk of lung cancer. Although
prior studies have identiﬁed epidemiologic and imaging
risk factors that are critical to lung cancer risk, they have
not quantiﬁed that risk in relation to incident lung
cancer among those deemed to be cancer-free at initial
consult. The present investigation therefore extends
this line of research to quantify predictive capability of
a risk score in a study of lung cancer incidence. The
resulting risk prediction model demonstrated high discriminant value for identifying risk of developing lung
cancer. Whereas these results represent notable ﬁndings,
further reﬁnements may be necessary to optimize the
clinical signiﬁcance of such models, and to identify
appropriate decision-making algorithms for use in clinical settings.
Limitations
Although this investigation is strengthened by its
prospective study design spanning over one decade, its
well-deﬁned large cohort of incident lung cancer cases
and noncases and its inclusion of both epidemiologic
and radiologic factors in the risk prediction models, the
study has several limitations. There is potential for
reporting bias, as data on smoking history, exposures,
and other epidemiologic factors were self-reported.
Although an internal replication sample in this investigation was included, due to the uniqueness of these data
collection efforts, the ﬁnal model was not validated in a
separate sample. The risk score that was calculated
indicated an average risk for individuals and was based
on a number of indicators that may vary with time.
Therefore, reliance on scores may be biased as variation
changes. Further work may help to clarify the role of
changing characteristics in modifying risk. In addition,
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although a cutoff was provided to usefully differentiate
between individuals deemed at high risk of incident
lung cancer, a number of individuals in the low-risk
group developed lung cancer. Decreasing the risk cutoff
could increase the chances of identifying lung cancer at
the cost of increased resources needed for monitoring.
The applicability of this study to individuals without
evidence of a pulmonary nodule is unclear. Given that
this study was based on data originating from a single
Cancer Center, the generalizability of the ﬁndings to
other populations is unknown. Several studies have
considered markers of DNA repair and particular SNPs
associated with disease development (3, 4, 23, 29–34).
Although useful, this study was unable to examine the
role of genetic factors. Mortality data were used to
censor individuals; however, it remains uncertain
whether mortality information is systematically biased
among individuals originally determined to be at low
risk of cancer. While generalizability of the sample may
be unclear, the risk factors identiﬁed here are not unique
to this study but instead represent common risk factors
for lung cancer incidence and mortality, thus suggesting
that the biological mechanisms may generalize to other
populations. Furthermore, the characteristics identiﬁed
collate information from a number of related studies
with different populations and results. Nevertheless,
given that a number of factors, including for example
race/ethnicity, were not observed, this remains an
important limitation.

Conclusions
Differentiating pulmonary nodules that will progress
into cancer from those that will remain benign has high
clinical utility. This study sought to quantify the risk of
incident lung cancer among patients found to have
lung nodules identiﬁed on CT. The risk prediction
model developed in the present investigation estimates
risk by utilizing a common modeling parameter to
determine a set of signiﬁcant epidemiologic and radiologic features. Risk prediction may reduce the burden of
care in some subpopulations with very low risk, while
ensuring that those deemed to be at high risk are
closely monitored in a consistent and evidence-based
manner. The ﬁnal model may assist physicians in
managing the care of patients who may be at increased
risk of developing lung cancer.
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