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Abstract

Background: Current US Preventive Services Task Force (USPSTF) lung cancer screening guidelines are based on smoking
history and age (55–80 years). These guidelines may miss those at higher risk, even at lower exposures of smoking or younger
ages, because of other risk factors such as race, family history, or comorbidity. In this study, we characterized the
demographic and clinical profiles of those selected by risk-based screening criteria but were missed by USPSTF guidelines in
younger (50–54 years) and older (71–80 years) age groups. Methods: We used data from the National Health Interview Survey,
the CISNET Smoking History Generator, and results of logistic prediction models to simulate lifetime lung cancer risk-factor
data for 100 000 individuals in the 1950–1960 birth cohorts. We calculated age-specific 6-year lung cancer risk for each individ-
ual from ages 50 to 90 years using the PLCOm2012 model and evaluated age-specific screening eligibility by USPSTF guidelines
and by risk-based criteria (varying thresholds between 1.3% and 2.5%). Results: In the 1950 birth cohort, 5.4% would have been
ineligible for screening by USPSTF criteria in their younger ages but eligible based on risk-based criteria. Similarly, 10.4% of
the cohort would be ineligible for screening by USPSTF in older ages. Notably, high proportions of blacks were ineligible for
screening by USPSTF criteria at younger (15.6%) and older (14.2%) ages, which were statistically significantly greater than
those of whites (4.8% and 10.8%, respectively; P< .001). Similar results were observed with other risk thresholds and for the
1960 cohort. Conclusions: Further consideration is needed to incorporate comprehensive risk factors, including race and
ethnicity, into lung cancer screening to reduce potential racial disparities.

Lung cancer (LC) is the leading cause of cancer-related death in
the United States. Current US Preventive Services Task Force
(USPSTF) guidelines recommend annual low-dose computed to-
mography screening of persons aged 55–80 years with at least
30 pack-years of smoking and within 15 years since cessation
(1,2). However, concerns have been raised that these guidelines
might miss individuals who do not meet the pack-year (3–6) or
age criteria (7,8) but who may be at high LC risk because of fac-
tors such as race, low education, history of chronic obstructive
pulmonary disease (COPD), or family history of LC (FHLC). For
example, a recent study based on the US Southern Community
Cohort Study (n¼ 48 364 ever-smokers) showed that a statisti-
cally significantly smaller proportion of black LC patients (17%)

vs whites (31%) meet the current smoking criteria set by the
USPSTF because of lower smoking pack-years in blacks (3).

Recent studies demonstrated that LC risk models provide a
promising approach for identifying high-risk individuals for
screening by incorporating comprehensive risk factors, includ-
ing race, education, FHLC, COPD, and smoking history (9–12).
For example, Tammemagi et al. (10) applied their PLCOm2012
risk model and USPSTF criteria to data from the Prostate, Lung,
Colorectal and Ovarian (PLCO) Cancer Screening Trial interven-
tion arm and found that risk-based screening (based on >1.51%
threshold for a 6-year LC risk) identified 12.4% more LC cases,
had fewer false positives, and had a higher positive predictive
value compared with USPSTF criteria .
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However, studies evaluating risk-based screening for LC are
often based on specific trial populations, such as the National
Lung Screening Trial or PLCO[9–11] with limited applicability to
the general population. Although some studies used more gen-
eral population data based on national survey data (12), the use
of a single data source restricts the study design to a cross-
sectional analysis, lacking longitudinal follow-up of the popula-
tion. In evaluating smoking and age-based screening strategies
in the general population, the Cancer Intervention and
Surveillance Modeling Network (CISNET) Lung Working Group
used the Smoking History Generator (SHG) to simulate lifetime
longitudinal smoking histories for each birth cohort in the
United States (2,13–15). However, population data with compre-
hensive risk factors for LC are currently unavailable, which
makes the population-level evaluation of risk-based screening
challenging.

In this study, we evaluate the performance of risk-based
screening compared with the USPSTF criteria in the general US
population by utilizing data from the CISNET SHG, the National
Health Information Survey (NHIS), the US Census Bureau, and
logistic prediction models for nonsmoking risk factors. We char-
acterize the demographic and clinical profiles of those eligible
for screening by risk-based criteria but not by the USPSTF crite-
ria in younger (50–54 years), middle (55–70 years), and older (71–
80 years) ages.

Methods

Target US Populations and CISNET SHG

We used the US 1950 birth cohort as our target study popula-
tion, which has also been evaluated in prior USPSTF reports
(1,2,16). Additionally, we considered the 1960 birth cohort for
sensitivity analyses. We considered the following well-
established risk factors for LC: race, education, FHLC, COPD, per-
sonal history of cancer, body mass index, and smoking history.

For projecting and simulating correlated risk factor data that
change over time, we used smoking history data generated
from the CISNET SHG for each birth cohort (15). The SHG is a
shared precursor model that utilizes US population data to pro-
duce cohort-specific smoking histories and smoking-related
death rates at the individual level. This generator is based on
the NHIS, the Cancer Prevention studies I and II, and the
Human Mortality Database (13,15).

LC Risk Factor Simulator

We simulated cohort-specific nonsmoking risk factor data for
100 000 men and women in each birth cohort using smoking
histories from the SHG and logistic and linear regression-based
prediction models for nonsmoking risk factors, conditioned on
inputted smoking data. In simulating these data, we aimed to
keep the correlation among risk factors as observed in
real-world settings and to incorporate observed prevalences of
relevant risk factors for each birth cohort. Our approach was to
estimate the joint distribution of risk factors, conditioning on
smoking history, by exploiting large epidemiologic data that in-
clude comprehensive risk factor information and to calibrate
the parameters of the estimated joint distribution using exter-
nal prevalence data. For estimating the joint distribution, we
used baseline risk factor data from the PLCO trial. The estima-
tion of the joint distribution of risk factors was based on a set of
conditional distributions that were derived by a multiplication

chain rule approach (see Supplementary Methods and
Supplementary Figures 1–2, available online). For calibration of
the parameters of the estimated joint distribution, we used US
Census Bureau data to calibrate the race and education, the
National Health and Nutrition Examination Survey for body
mass index (17), and NHIS for COPD, FHLC (18), and personal
history of cancer (19). More detailed information is provided in
Supplementary Materials (available online). We implemented
our lung cancer risk factor simulator in an R package (LC risk
factor simulator) that is available on request.

Data Sources

The major source of prevalence data for risk factors came from
the 2000 NHIS, a national cross-sectional interview survey.
Various cancer-related variables such as self-reported personal
and family history of cancer (18) and comorbidity variables
(such as COPD) are included in the survey. Race and education
distributions for a given cohort were obtained from the US
Census Bureau (https://www.census.gov/). Supplementary
Table 1 (available online) provides the prevalence informa-
tion used for simulating the risk factor data for each
cohort.

The PLCO is a randomized screening trial in which partici-
pants ages 55–74 years were enrolled from 10 US centers be-
tween 1993 and 2001 (20). Our study included 154 897
participants who were randomly assigned in PLCO (total
n¼ 154 901) and who completed a baseline risk factor question-
naire. These baseline data were used to generate logistic and
linear model-based prediction models for nonsmoking risk fac-
tors (see Supplementary Materials, available online).

Risk Calculation Using the PLCOm2012 Model and
Evaluation of Screening Eligibility

For each individual in a given birth cohort, we calculated age-
specific 6-year LC risks for ages 50–90 years using the
PLCOm2012 model (9). This model predicts 6-year LC risks based
on demographic, environmental, and clinical risk factors, which
was fitted using the PLCO control and intervention arm data
(see Supplementary Table 3, available online). We then evalu-
ated age-specific eligibility for screening (yes or no) for each in-
dividual using the USPSTF criteria and using the risk-based
criteria. For calculating the eligibility based on risk-based crite-
ria, we used a baseline threshold of 6-year LC risk of r equal to
1.51%. This threshold was initially suggested by Tammemagi
et al. (10) and is used as selection criteria in several existing
screening programs (21). As a sensitivity analysis, we used dif-
ferent risk thresholds: 1.3%, 1.7%, 2.0%, and 2.5%.
Supplementary Figure 3 (available online) shows example tra-
jectories of calculated LC risk and eligibility.

Demographic and Clinical Profiles of Those Missed by
the USPSTF-Criteria

To project and quantify differences in screening eligibility be-
tween the two selection criteria, we examined the lifetime risk
factor trajectories of a given cohort and identified those who
would be eligible for screening by the risk-based criteria but not
by USPSTF for each age from 50 to 80 years. To characterize the
demographic and clinical profiles of those who have different
eligibility outcomes across different criteria, we stratified each
birth cohort by race, education, FHLC, or COPD and calculated
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the proportion of those eligible by risk-based screening
(r � 1.51%) but not by USPSTF. A proportion test based on a two-
sided v2 test statistic was applied to assess the statistical differ-
ence in the proportions across different subgroups. P value less
than .05 was considered statistically significant.

Results

Projecting Screening Eligibility Results by Race and
Ethnicity

Figure 1 presents simulated risk factor prevalence versus the
reference data (US Census Bureau and NHIS), showing that the
simulation algorithm provides LC risk factor data that ade-
quately reproduce risk factor for the 1950 birth cohort.
Comparisons using more risk factor data are shown in
Supplementary Figures 4 and 5 (available online). Figure 2A
shows the projected proportion of individuals from the 1950 co-
hort eligible for screening by the risk-based screening criteria
(r� 1.51%) but not eligible by USPSTF criteria in the younger
ages (50–54 years), which was obtained by taking the average of
the age-specific proportions estimated for the age range of 50–
54 years. Overall, 5.4% of the 1950 cohort would be eligible for
screening by risk-based criteria but not by USPSTF in their youn-
ger ages. When we examine this proportion by race, a statisti-
cally significantly higher proportion of blacks (15.6%) would be
missed for screening by USPSTF compared with whites (4.8%;
P< .001). We also investigated the proportion of those missed by
USPSTF in the older ages (71–80 years) (using r� 1.51%), which
often occurs among former smokers who ceased smoking lon-
ger than 15 years ago, despite having elevated LC risks according
to the PLCOm2012 model. Overall, 10.4% of the cohort would be
ineligible for screening by USPSTF in older ages. Similar to the
younger ages, a higher proportion of blacks would be missed for
screening in their older ages compared with whites (14.2% vs
10.8%, respectively; P< .001; Figure 2C). We also investigated
whether the eligibility difference between the two screening cri-
teria shown in younger and older ages is observed in ages 55–70
years. Figure 2B shows that although the overall proportion
missed by USPSTF in ages 55–70 years is lower compared with
ages 50–54 years (Figure 2A), the gap between the two racial
groups (blacks and whites) is still observed.

Variation of Risk Thresholds and Analysis by Sex to
Examine Racial Disparity

To examine how different risk thresholds affect screening eligi-
bility differences between the two screening criteria, we evalu-
ated risk thresholds between 1.3% and 2.5%. Figure 3 shows the
decreasing pattern in the proportions of those missed by
USPSTF vs risk-based criteria as the threshold increases, where
the proportion missed by USPSTF is 7.5% for the threshold of
1.3% and decreases to 1.7% for the threshold of 2.5% (ages 50–54
years). This reflects the fact that higher risk thresholds select
fewer individuals for screening, and hence the gap between the
two criteria decreases. The proportion of individuals ineligible
for screening by USPSTF is consistently higher in blacks com-
pared with whites (Figure 3, yellow bars) independently of risk
threshold.

Subgroup analyses examining the racial gap by sex
(Supplementary Figure 6, available online) show that racial dis-
parities in screening eligibility are more distinct among males
than females in both younger and older ages, which is related to
racial differences in smoking behaviors (eg, prevalence) being
larger among males than females (22). The result in
Supplementary Figure 7 (available online) shows that overall
proportions of the population missed by USPSTF vs the risk-
based criteria is lower for the 1960 birth cohort relative to the
1950 cohort. In the 1960 cohort analysis, similar racial disparity
patterns are still observed as in the 1950 cohort, where blacks
have a higher proportion (5.8%) missed by USPSTF compared
with whites (2.3%; P< .001). However, the magnitude of this dis-
parity is smaller in the 1960 cohort, reflecting the observed con-
vergence in smoking behavior differences between blacks and
whites in more recent birth cohorts (6).

Difference in Eligibility by Other Risk Factors: Education,
Family History of LC, and COPD

To characterize the demographic and clinical profiles of those
eligible for screening by risk-based criteria but not by USPSTF,
we projected the proportion of the population missed by
USPSTF stratified by different subgroups such as education,
FHLC, and COPD (see Figure 4). Figure 4A shows that 6.4% of
those who have less than a high school education or high
school graduates have 6-year LC risk greater than 1.51% but

Figure 1. Model-based vs observed distributions of race, education, FHLC, and COPD for the 1950 birth cohort (male and female combined). The distributions of the

remaining risk factors and the bivariate distributions of risk factors are shown in Supplementary Figures 4 and 5 (available online). Data sources: Race and education

data from US Census Bureau; FHLC and COPD from the 2000 NHIS. We note that the risk factor simulator algorithm was calibrated to these reference data (see

Supplementary Methods, available online). COPD ¼ chronic obstructive pulmonary disease; FHLC ¼ family history of lung cancer; LC ¼ lung cancer; NHIS ¼ National

Health Interview Survey.
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would be ineligible for screening by USPSTF at the younger ages
of 50–54 years. This proportion was statistically significantly
higher compared with those with a college education (2.4%;
P< .001) or with postgraduate or professional degrees (1.5%;
P< .001). Figure 4, B and C, shows the results for FHLC and
COPD. Similar results were observed for middle ages 55–70 years
and older ages 71–79 years (Figure 4, D–I) and in the 1960 birth
cohort (Supplementary Figure 8, available online).

Discussion

We compared risk-based criteria with the USPSTF selection cri-
teria by projecting lifetime screening eligibility for the US 1950–
1960 birth cohorts. We examined the demographic and clinical
profiles of those missed for screening by the USPSTF criteria but
screen eligible by risk-based criteria (>1.51%). Our analysis
showed that high proportions of blacks were ineligible for
screening by USPSTF criteria at younger (15.6%) and older
(14.2%) ages, which were Statistically significant greater than
those of whites (4.8% and 10.82%, respectively). Similar results
were observed for other risk thresholds (1.3–2.5%) for the 1960
cohort and for both sexes.

It is notable that the projected racial disparity in screening
eligibility is more prominent in younger ages than in middle or

older ages. Several epidemiologic studies showed that blacks
have a higher LC risk compared with whites at young ages
(23,24). However, the racial difference in LC risk was smaller
among heavy smokers and in older age groups (24). Previous ep-
idemiologic studies show that increased LC risk among blacks
vs whites in younger age groups is more consistently observed
among males, whereas the evidence is less clear among females
(23,24). Similarly, our analysis showed that the projected racial
difference in screening eligibility was smaller among females
compared with males across different birth cohorts. The results
for the 1960 birth cohort showed that the racial disparity in
screening eligibility is reduced compared with the 1950 birth co-
hort, which may be related to the fact that differences in smok-
ing behavior between blacks and whites are decreasing in
younger cohorts (6). In addition, we note that the overall propor-
tion of the population missed by USPSTF was lower in the 1960
cohort relative to the 1950 cohort. This could be partly due to
the decreasing prevalences of risk factors (eg, COPD and low ed-
ucation) in more recent birth cohorts.

Several recent studies raised the issue of racial disparity re-
garding national lung cancer screening guidelines (5,7,8). A
study from the Southern Community screening program
showed that a statistically significantly smaller proportion of
blacks (32%) who are diagnosed with LC meets the 30 pack-year

Figure 2. Percent of the population missed for screening by the USPSTF criteria vs risk-based criteria (>1.51% threshold) in (A) younger ages 50–54 years, (B) middle ages

55–70 years, and (C) older ages 71–80 years in the 1950 birth cohort. All ¼ all racial and ethnic group combined; A ¼ Asians; B ¼ blacks; H ¼ Hispanic; W ¼ non-Hispanic

white; USPSTF ¼ US Preventive Services Task Force.

Figure 3. Impact of varied 6-year LC risk threshold (1.3–2.5%) on the percent of the population missed by the USPSTF criteria vs risk-based criteria in (A) younger ages

50–54 years, (B) middle ages 55–70 years, and (C) older ages 71–80 years in the 1950 birth cohort. USPSTF ¼ US Preventive Services Task Force.
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criteria compared with whites (55%; P< .001), suggesting that
different pack-years criteria should be applied to blacks. Pinsky
and Kramer (4) made a similar point by using the PLCO data to
show that the 30 pack-year limit may artificially exclude pro-
portionally more racial and ethnic minorities than non-
Hispanic whites. Although adjusting pack-years criteria based
on race could be one solution to reduce potential disparities,
our study indicates that the disparities induced by applying uni-
form screening criteria by USPSTF can also arise in other risk
subgroups. For example, disparities were observed across differ-
ent education levels or by comorbidity status (eg, COPD), which
cannot be reduced by adjusting pack-years criteria. Our study
supports the hypothesis that risk-based screening that utilizes
comprehensive LC risk factors can prevent the increase of exist-
ing LC disparities by race, socioeconomic status, comorbidities,
or FHLC.

Our study has several strengths. First, we evaluated risk-
based screening eligibility compared with the USPSTF criteria by
following the lifetime smoking and risk factor changes for the
1950–1960 US birth cohorts. To do this, we simulated birth
cohort-specific risk factor data by conditioning on smoking his-
tory information generated by the CISNET SHG and by utilizing
external prevalence data to take into account the prevalence
variation of smoking and nonsmoking risk factors by cohort, pe-
riod, and age. Second, the cohorts and the age range we exam-
ined are highly relevant for current screening programs. In
addition to younger ages (50–54 years), we evaluated screening
eligibility at ages 55–80 years of the 1950 birth cohort (which will
be years 2005–2030). In particular, this cohort will be aged 70–80
years in 2020–2030. Given that the median age of LC diagnosis is
70 years (SEER-21, years 2012–2016), this analysis is applicable
to inform current screening. Third, a recent study by Landy

Figure 4. Percent of the population missed for screening by the USPSTF criteria vs risk-based criteria (>1.51% threshold) in younger ages 50–54 years (first rows), middle

ages 55–70 years, and older ages 71–80 (second rows) in the 1950 birth cohort. COPD ¼ chronic obstructive pulmonary disease; FHLC ¼ family history of lung cancer;

Postcol ¼ post-college; USPSTF ¼ US Preventive Services Task Force.
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et al. (25) showed that the risk threshold of 1.51% chooses mil-
lions more individuals for screening compared with the USPSTF
guidelines. Landy et al. suggested that an alternative threshold
should be chosen to select a similar number of individuals as
USPSTF. However, we note the choice of a specific threshold
does not impact our main findings. Our analysis based on the
range of risk thresholds (1.3–2.5%) showed that independently
of the threshold chosen, we consistently observe the racial dis-
parities across all age groups.

Our study also has limitations. First, in evaluating risk-based
criteria compared with USPSTF, we focused on screening eligi-
bility. However, not all eligible individuals go through screening,
because recent studies reported low uptake rates of LC screen-
ing (2–4%) (26). Also, it is possible that screening adherence can
vary by different factors, and the disparities estimated from our
study could be larger or smaller, when directly taking into ac-
count different uptake rates across different subgroups. Our
previous study showed that varying assumptions on adherence
by different factors heavily influences screening outcomes (27).
Second, we applied the PLCOm2012 model for calculating LC
risks under a wide range of ages that included younger ages 50–
54 years. However, we note that this model was developed
based on individuals aged 55–74 years, and we extrapolated this
model to ages younger than 55 years. However, a recent study
by Tammemagi et al. (28) validated the PLCOm2012 model to
the Pan-Canadian cohort that is aged 50–75 years. The results
show that the PLCOm2012 model has similar or better overall
prediction and calibration performance compared with the
PanCan model, a precursor to PLCOm2012 that was developed
based on this cohort that includes participants aged younger
than 55 years. Third, our study is based on a modeling approach
that has several underlying assumptions. We assumed that LC
risk factors are correlated with smoking behaviors, and we used
a sequence of conditional probabilities in predicting nonsmok-
ing risk factors based on this assumption. Also, we assumed
that the structure of correlations among risk factors (including
smoking and nonsmoking) that we estimated from the PLCO
data does not change much across different birth cohorts.
Although this is a strong assumption, we captured the variation
of risk factors across different birth cohorts by incorporating
cohort-specific prevalence of nonsmoking risk factors and also
by exploiting cohort, period, and age-specific smoking history
information based on the SHG. In estimating the correlation
among risk factors, we used the PLCO data because it provides
high-quality environmental, clinical, and demographic risk fac-
tor data directly relevant to cancer, based on that which several
lung cancer risk prediction models have been developed and
validated (9,11). Although PLCO is not general population data,
the data from NHIS and US Bureau census were incorporated
into our analysis through the calibration of birth cohort–specific
risk factor prevalence so that the risk factor data well represents
the US population.

We note that our current study examines the impact of risk-
based screening on the eligibility of screening, and our future
plan includes evaluating the impact of risk-based screening on
long-term effects such as LC mortality. This evaluation requires
a comparative microsimulation modeling approach based on
the input data generated by the risk factor simulator we present
in this paper. Although risk-based criteria can expand screening
eligibility by including those with low socioeconomic status and
high comorbidity, it is possible that long-term benefit and harm
ratios may be different in the expanded populations. For exam-
ple, individuals with COPD, low socioeconomic status, or older
ages may be at a high risk for LC, but they also may have a

reduced life expectancy, which may lead to generally less life-
years gained and more overdiagnosis (29).

In conclusion, further consideration is needed to incorporate
comprehensive risk factors for LC screening to reduce potential
disparities related to race, socioeconomic status, and comorbid-
ities. Personalized screening based on risk prediction models
has the potential to reduce disparities in screening compared
with national lung screening guidelines that recommend uni-
form screening criteria, which are likely to exclude high-risk
individuals from disadvantaged groups.
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