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Abstract

Background: In 2021, the US Preventive Services Task Force expanded its lung
screening recommendation to include persons aged 50-80 years who had ever
smoked and had at least 20 pack-years of exposure and less than 15 years since
quitting (YSQ). However, studies have suggested that screening persons who
formerly smoked with longer YSQ could be beneficial.

Methods: The authors used two validated lung cancer models to assess the benefits
and harms of screening using various YSQ thresholds (10, 15, 20, 25, 30, and no
YSQ) and the age at which screening was stopped. The impact of enforcing the YSQ
criterion only at entry, but not at exit, also was evaluated. Outcomes included the
number of screens, the percentage ever screened, screening benefits (lung cancer
deaths averted, life-years gained), and harms (false-positive tests, overdiagnosed
cases, radiation-induced lung cancer deaths). Sensitivity analyses were conducted to
evaluate the effect of restricting screening to those who had at least 5 years of life
expectancy.

Results: As the YSQ criterion was relaxed, the number of screens and the benefits
and harms of screening increased. Raising the age at which to stop screening age
resulted in additional benefits but with more overdiagnosis, as expected, because
screening among those older than 80 years increased. Limiting screening to those
who had at least 5 years of life expectancy would maintain most of the benefits
while considerably reducing the harms.

Conclusions: Expanding screening to persons who formerly smoked and have
greater than 15 YSQ would result in considerable increases in deaths averted and
life-years gained. Although additional harms would occur, these could be moderated
by ensuring that screening is restricted to only those with reasonable life

expectancy.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Cancer published by Wiley Periodicals LLC on behalf of American Cancer Society.

Cancer. 2023;1-12.

wileyonlinelibrary.com/journal/cncr


https://doi.org/10.1002/cncr.34925
https://orcid.org/0000-0002-1076-5037
https://orcid.org/0000-0003-1451-0557
https://orcid.org/0000-0003-3344-2238
mailto:rmeza@bccrc.ca
https://orcid.org/0000-0002-1076-5037
https://orcid.org/0000-0003-1451-0557
https://orcid.org/0000-0003-3344-2238
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cncr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcncr.34925&domain=pdf&date_stamp=2023-11-01

LUNG CT SCREENING WITHOUT YSQ CRITERION
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INTRODUCTION

The US Preventive Services Task Force (USPSTF) expanded its lung
screening recommendation to include individuals aged 50-80 years
who had ever smoked and had at least 20 pack-years of exposure and
no more than 15 years since quit (YSQ) smoking.? Compared with the
2013 USPSTF recommendations, the new screening eligibility criteria
lowered the minimum age for screening from 55 to 50 years and
lowered the minimum pack-years threshold from 30 to 20 pack-
years. However, the USPSTF did not change the YSQ criterion for
those who used to smoke.

Several studies have suggested that determining screening
eligibility according to individual risk, calculated using a multivariate
model (or risk-based), instead of current eligibility criteria, which are
based on smoking history and age (risk factor-based), would result in
increased health gains.>® This is largely because risk-based
screening shifts the age range when screening occurs to older ages,
when lung cancer risk is highest, even among people who already quit
smoking.>® In contrast, current criteria concentrate screening at
younger ages because people exit screening as they quit smoking and
surpass the 15 YSQ threshold.?®

Recent observational and modeling studies have suggested that
the YSQ criterion excludes from screening a considerable number of
individuals aged 50-80 years who are at high risk for lung cancer,
reducing its potential effectiveness.””*> In particular, a recent US
modeling study found that, among a set of strategies using a 20-pack-
years minimum threshold, screening those with longer YSQ criterion
(20 or 25 YSQ) were the most cost-effective.”

In 2021, the American Cancer Society invited us to contribute
analyses to the update of their lung cancer screening guideline. The
society expressed an interest in exploring outcomes based on relaxed
YSQ criteria because of their concern about evidence suggesting that
the current restrictive YSQ criterion was eliminating a significant
fraction of adults who would still qualify for screening if eligibility
were based on the absolute risk associated with age and pack-year
history alone. Here, we use two Cancer Intervention and Surveil-
lance Modeling Network (CISNET) lung cancer natural history models
to estimate the benefits and harms of lung screening strategies that
relax the YSQ and age at stop criteria and compare their perfor-
mance with the current USPSTF 2021 recommendation.

MATERIALS AND METHODS

We used two CISNET lung cancer natural history models, which were
among the four used in the decision analysis supporting the USPSTF
2021 guidelineszz the Microsimulation Screening Analysis-Lung Model
from Erasmus University Medical Center (Erasmus MISCAN) and the

University of Michigan model (Michigan). Only two of the four models
participated in these analyses because of competing obligations.
Both models can simulate the natural history of lung cancer given
an individual's sex, birth year, and smoking history. Individual smoking
histories for the US population are generated using the CISNET
Smoking History Generator (SHG), a microsimulation model that
simulates smoking histories for US birth cohorts.>4"1? The models

use similar smoking dose-response modules®¢

and lung cancer
sojourn time distributions?°2%; however, they use different lung can-
cer survival models and make different assumptions about screening
false-positive rates.>® In particular, the Erasmus MISCAN model
produces outcomes consistent with the National Lung Screening Trial
protocols, whereas the Michigan model has been updated to reflect
screening sensitivities and specificities based on the Lung Imaging
Reporting and Data System (Lung-RADS) protocol.?2 Moreover, the
Erasmus MISCAN model simulates the lung cancer natural history
from birth to death (forward model), whereas the Michigan model
simulates lung cancer incidence first and then retrospectively gener-
ates the lung cancer natural history. The use of two independent
models allows for exploration of the impact of differing model struc-
tures and assumptions. More details about each model are provided in
the Supporting Materials (see the section on model descriptions and
Table S1) and are available in the literature.>3%20-22

We used the natural history models to evaluate the impact of
annual low-dose computed tomography (LDCT) lung cancer screening
according to the current USPSTF screening eligibility criteria versus
alternative screening eligibility strategies that modify the YSQ
threshold and the way that the YSQ criterion is implemented.

Consistent with previous work, 23922724 e used the CISNET
SHG to simulate individual smoking and life histories of 1 million men
and 1 million women from the US 1960 birth cohorts from ages 45 to
100 years or death, whichever occurs first. The simulated individual
histories include age-specific smoking status and intensity (cigarettes
per day) and the age at death from causes other than lung cancer.
These were used as input by the two CISNET lung cancer natural
history models. The models then simulated the lung cancer screening
outcomes for each simulated individual under the different screening
scenarios described below.

Modeled outcomes include the percentage of individuals eligible
for screening; measures of benefit, such as lung cancer deaths
averted; lung cancer mortality reduction and life-years gained (LYG)
versus a no-screening scenario; and measures of harm, such as the
number of LDCT screens and false-positive screens per person
screened, the number of overdiagnosed cases, and the number of
radiation-induced lung cancer deaths (Michigan model). We also
estimated the number of participants needed to screen (NNS) to
prevent one lung cancer death, measured over a lifetime of screening.

The results are presented per 100,000 individuals in the general
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population alive at age 45 years, so they are comparable across

scenarios.

Scenarios

All scenarios assumed a screening starting age of 50 years and a
minimum criterion of 20 pack-years. For the first set of scenarios, we
set the stop-screening age at 80 years, but later relaxed this re-
striction. We assumed perfect screening uptake and adherence
among those eligible for screening to focus exclusively on the impact
of varying the screening eligibility criteria. Smoking cessation and the
risk of competing causes of death were assumed to be unaffected by
screening.

We first assessed the impact of using different YSQ thresholds.
We considered thresholds of 10, 15, 20, 25, and 30 YSQ. In these
scenarios, the YSQ criterion was checked and enforced at age 50
years and at each subsequent individual annual screen. We labeled
these scenarios as withYSQ.

We then assessed the impact of enforcing the YSQ criterion only
at the time of entry into the screening program. That is, in these
scenarios, if an individual ever meets the eligibility criteria, including
the YSQ, they will enter the program. However, once into the pro-
gram, these individuals can continue to be screened until the stop-
ping age even if they eventually exceed the maximum YSQ threshold.
We call these scenarios NoYSQExit. This scenario mirrors the expe-
rience of participants in the National Lung Screening Trial, although
current USPSTF recommendations specify that, once YSQ exceeds 15
years, adults are no longer eligible for screening.

We then evaluated the impact of removing the YSQ criterion; i.e.,
a scenario (NoYSQ) in which the eligibility criteria consist only of age
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at start, age at stop, and minimum pack-years. Finally, we evaluated
the impact of relaxing the maximum stop-screening age to 85, 90, 95
or 100 years in the NoYSQ scenario.

Sensitivity analysis

We ran all scenarios under a 5-year life expectancy criterion with
perfect assessment. That is, we assumed that screening would only
occur among those who have 5 years or more of life left in the
simulation, based on the SHG-simulated age at death from other

causes.?>?

RESULTS

As the YSQ criterion is relaxed, the number of LDCT screens and both
the benefits of screening, measured as the number of lung cancer
deaths averted and LYG, and the potential harms, measured as false
positives, overdiagnosis, and the number of radiation-induced lung
cancer deaths, increase. Figure 1 illustrates the number of LDCT
screens per 100,000 population and the number of lung cancer deaths
averted per 100,000 versus the no-screening scenario for all evalu-
ated scenarios according to both natural history models (Erasmus
MISCAN and Michigan). Figure 2 illustrates the number of LDCT
screens per 100,000 population and the LYG versus no-screening
scenario for all evaluated scenarios according to each natural his-
tory model. Table 1 shows the benefits of screening under each of the
scenarios evaluated according to the Michigan model and Table 2 lists
the corresponding harms. Results from the Erasmus MISCAN model
are presented in the Supporting Materials (see Tables S2-S3).
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FIGURE 1 (A,B) The number of LDCT screens versus the number of lung cancer deaths averted according to each of the CISNET models.
Three different YSQ scenarios were considered: (1) varying the maximum YSQ criterion in the current 2021 USPSTF guidelines (withYSQ; YSQ
threshold of 10,15, 20, 25 and 30 years), (2) enforce the maximum YSQ criteria only at entry to the screening program (NoYSQExit; YSQ
threshold of 10, 15, 20, 25, and 30 years), and (3) screening eligibility criteria based on only age and pack-years of smoking (NoYSQ). NoYSQ
strategies also varied the age at which screening stops (ages 80, 85, 90, and 95 years). The current USPSTF 2021 scenario is highlighted with
an X. CISNET indicates Cancer Intervention and Surveillance Modeling Network; LDCT, low-dose computed tomography; MISCAN,
Microsimulation Screening Analysis-Lung Model from Erasmus University Medical Center; USPSTF, US Preventive Services Task Force; YSQ,

years since quitting.
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FIGURE 2 (AB) The number of LDCT screens versus the life-years gained according to each of the CISNET models. Three different YSQ
scenarios were considered: (1) varying the maximum YSQ criterion in the current 2021 USPSTF guidelines (withYSQ; maximum YSQ threshold
of 10, 15, 20, 25 and 30 years), (2) enforce the maximum YSQ criteria only at entry to the screening program (NoYSQEXxit; YSQ threshold of
10, 15, 20, 25, and 30 years), and (3) screening eligibility criteria based on only age and pack-years of smoking (NoYSQ). NoYSQ strategies also
varied the age at which screening stops (ages 80, 85, 90, and 95 years). The current USPSTF 2021 scenario is highlighted by an X. CISNET
indicates Cancer Intervention and Surveillance Modeling Network; LDCT, low-dose computed tomography; MISCAN, Microsimulation
Screening Analysis-Lung Model from Erasmus University Medical Center; USPSTF, US Preventive Services Task Force; YSQ, years since

quitting.

Although results from the Erasmus MISCAN and Michigan models
differ in absolute numbers, particularly for false-positive rates, the
general patterns and the relative performance of alternative screening
strategies are consistent between the two models. We choose to
emphasize the Michigan model because it reflects screening sensi-
tivities and specificities based on the Lung-RADS protocol? and

because it also models radiation-induced lung cancer deaths.

Varying the maximum YSQ criterion in current
USPSTF criteria

According to the Michigan model, 23% of the 1960 US birth cohort
would be eligible for screening at some point during their lifetime
according to the current USPSTF criteria (withYSQ-50-80-20-15 [the
withYSQ scenario in which screening starts at age 50 years, stops age
80 years, the individual has a minimum of 20 pack-years of smoking,
and they have a maximum of 15 YSQ)). This would result in 425,373
screening examinations, 506 lung cancer deaths averted, and 8471
LYG per 100,000 population (Figures 1 and 2, Table 1). The NNS to
prevent one lung cancer death would be 45. In terms of harms,
screening according to USPSTF criteria would result in 1.06 false-
positive screens per person screened, 72 overdiagnosed lung can-
cer cases, and 12.8 radiation-induced lung cancer deaths per 100,000
population (Table 2).

If the maximum YSQ threshold were increased to 25 years
(withYSQ-50-80-20-25), 24% of the 1960 US birth cohort would be
screen-eligible, resulting in 508,064 screens (19.4% increase vs.
USPSTF criteria), 559 lung cancer deaths averted (10.5% increase),
and 9397 LYG (10.9% increase) per 100,000 population (Figures 1
and 2, Table 1). The NNS would be 43 (4.4% decrease). In terms of

harms (Table 2), under this scenario, the false-positive screens per
person screened would be 1.21 (14.2% increase vs. USPSTF criteria),
the number of overdiagnosed cases would be 79 (9.7% increase), and
the number of radiation-induced lung cancer deaths would be 15.1

(18% increase).

Enforce the maximum YSQ criterion only at entry to
the screening program: NoYSQEXxit

Enforcing the YSQ criterion only at the time of entry into the
screening program (NoYSQEXxit) results in increased benefits but also
increased harms because more screening occurs at older ages. For
example, screening under the scenario with criteria similar to those
of the USPSTF recommendations, but in which individuals who
formerly smoked and are already enrolled in screening do not exit
the program when exceeding the maximum YSQ threshold (NoYS-
QEXxit-50-80-20-15), results in 556,275 screens (30.8% increase vs.
USPSTF criteria), 599 lung cancer deaths averted (18.4% increase),
and 9920 LYG (17.1% increase) per 100,000 population (Figures 1
and 2, Table 1). The NNS would be 38 (15.6% decrease). In terms of
harms (Table 2), under this scenario, the false-positive screens per
person screened would be 1.35 (27.4% increase vs. USPSTF criteria),
the number of overdiagnosed cases would be 98 (36.1% increase),
and the number of radiation-induced lung cancer deaths would be 16
(25% increase).

If the maximum YSQ threshold at entry were increased to 25
years, but individuals who formerly smoked and are already enrolled
do not exit screening even if they eventually exceed the maximum
YSQ (NoYSQExit-50-80-20-25), then 582,799 screens (37.0% in-
crease vs. USPSTF criteria), 606 lung cancer deaths averted (19.8%
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increase) and 10,048 LYG (18.6% increase) per 100,000 population
would occur (Figures 1 and 2, Table 1). The NNS would be 40 (11.1%
decrease). In terms of harms (Table 2), under this scenario, the false-
positive screens per person screened would be 1.36 (28.3% increase
vs. USPSTF criteria), the number of overdiagnosed cases would be 99
(37.5% increase), and the number of radiation-induced lung cancer
deaths would be 16.6 (29.7% increase).

Screening eligibility criteria based on only age and
pack-years: NoYSQ

Completely removing the YSQ criterion (NoYSQ-50-80-20) would
not meaningfully increase the percentage of the population eligible
for screening but would result in 584,062 screening examinations
(37.3% increase vs. USPSTF criteria), 611 lung cancer deaths averted
(20.8% increase), and 10,090 LYG (19.1% increase) per 100,000
population (Figures 1 and 2, Table 1). The NNS would be 39 (13.3%
decrease). In terms of harms (Table 2), under this scenario, the false-
positive screens per person screened would be 1.35 (27.4% increase
vs. USPSTF criteria), the number of overdiagnosed cases would be
100 (38.9% increase), and the number of radiation-induced lung

cancer deaths would be 16.7 (30.5% increase).

Increase age at stop in the NoYSQ scenario

Increasing the age at the stop of screening results in considerable
increases in both the benefits and harms from screening, particularly
the lung cancer deaths prevented and the overdiagnosed cases. For
example, under the NoYSQ scenario, increasing the age at which
screening stops to 90 years would result in 673,162 screens (58.3%
increase vs. USPSTF criteria), 764 lung cancer deaths averted (51.0%
increase), and 10,995 LYG (29.8% increase) per 100,000 population
(Figures 1 and 2, and Table 1). The NNS would be 31 (31.1%
decrease). In terms of harms (Table 2), under this scenario, the false-
positive screens per person screened would be 1.55 (46.2% increase
vs. USPSTF criteria), the number of overdiagnosed cases would be
205 (184.7% increase), and the number of radiation-induced lung

cancers would be 19 (48.4% increase).

Excluding those with limited life expectancy

Restricting screening to those with at least 5 years of life expectancy
considerably reduces the number of overdiagnosed cases (Tables 4
and S5) while preserving a large proportion of the benefits from
screening (Tables 3 and S4). For example, according to the Michigan
model, focusing on the scenario with NoYSQ and stopping screening
at age 80 years, restricting screening to those with at least 5 years of
life expectancy reduces the lung cancer deaths averted by 5.6% (577
vs. 611 per 100,000 population) and reduces the LYG by 0.7%
(10,019 vs. 10,090 per 100,000 population). In contrast, the number

of screens decreases by 6.8% (544,580 vs.584,062 per 100,000), and
the number of overdiagnosed cases by decreases 55.0% (45 vs.100).
The number of radiation-induced lung cancers would remain similar
since these are caused by the radiation received earlier in life and
thus not affected by screening at older ages.

DISCUSSION

We evaluated the impact of relaxing the maximum YSQ criterion and
the age at which screening is stopped on the benefits and harms of
annual LDCT lung cancer screening for people who ever smoked and
have at least 20 pack-years of smoking history. Our findings suggest
that increasing or removing the YSQ threshold or enforcing it only as
an entry (but not an exit) criterion would result in considerable in-
creases in the number of lung cancer deaths averted and LYG from
screening. The modeling results suggest that comparable increases in
the number of LDCT screens and in the number of overdiagnosed
cases would also occur. Increasing the age at which to stop screening
would also result in increased benefits, but with increases in esti-
mated overdiagnosed cases. Nonetheless, sensitivity analyses sug-
gest that, if screening were limited to those with a reasonable life
expectancy (at least 5 years), most of the benefits of expanding
screening would remain while limiting the harms.

Our results agree with the findings of a recent cost-effectiveness
analysis of lung cancer screening by the CISNET lung group. The
analysis indicated that, among strategies with 20 pack-years as
eligibility criterion, those strategies with longer YSQ than the current
USPSTF recommendation criterion of 15 YSQ would be more cost-
effective.” This comparative modeling study was based on four lung
cancer natural history models, including the two models used in our
current analysis. Our findings are also consistent with observational
studies showing that the YSQ criterion excludes individuals at high
risk of lung cancer from LDCT screening.1°"1°

The apparent net benefits of including persons who formerly
smoked with longer YSQ in LDCT screening can be explained by
changes in the age at which screening occurs at the individual and
population levels. First, although smoking cessation reduces the risk
of lung cancer relative to that of a person who continues to smoke,
the lung cancer risk in people who formerly smoked continues to
increase in absolute terms as they age. Indeed, some people who
used to smoke and currently are not eligible for screening have
higher lung cancer risk than younger individuals who are screen-
eligible. For example, using the PLCOm2012 lung cancer risk-
prediction model,?> a White man aged 75 years with some college
education who formerly smoked, has a 30-pack-year smoking history
and 20 YSQ (and thus is not eligible for screening), and has no other
risk factors would have a lung cancer 6-year incidence probability of
2%. In contrast, a White man aged 60 years with a 30-pack-year
smoking history (30 years of smoking one pack per day) who
currently smokes (and thus is screen-eligible), has some college ed-
ucation, and has no other risk factors would have a lung cancer 6-

year incidence probability of 1.5%. At the population level, relaxing
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the YSQ criterion would result in a proportional shift of screening
from younger to older ages, when lung cancer risk is highest, while
still increasing the numbers of younger at-risk adults who currently
are disqualified when they reach 15 YSQ (see Figures S1-S3).
Therefore, increasing or removing the maximum YSQ threshold
moves screening into the ages when it is more likely to find cancers
and to prevent deaths from lung cancer. At the same time, this results
in increases in overdiagnosis, because competing causes of death are
also more prevalent at older ages, and thus the probability of finding
and treating cancers that would not have been detected clinically in
the absence of screening increases. The tradeoffs of shifting
screening to older ages are also observed in the scenarios that
evaluated increasing the age at which to stop screening, which indi-
cated greater benefits versus other strategies that use a younger age
at which to stop, particularly for lung cancer deaths prevented, but
also indicated considerable increases in overdiagnosis rates, partic-
ularly when screening continues after age 90 years. These patterns
are also seen when comparing screening strategies using individual
risk assessment (risk-based) for eligibility versus strategies based on
age, pack-years, and YSQ. The better performance of risk-based
screening, particularly in terms of lung cancer deaths prevented
but less so in terms of LYG, is in part because it shifts screening to
older ages relative to pack-year and YSQ strategies.>*® The sce-
narios related to progressively older stopping ages demonstrate the
increasing harms associated with screening when screening con-
tinues without consideration of life-limiting comorbidity but also the
significant reduction in harms when screening is only offered to
older adults in good health with considerable estimated remaining
years of life.

The CISNET lung cancer natural history models have been vali-
dated and widely used to inform lung cancer screening strategies in
the United States and elsewhere 2387:16.18.22.24.26-28 Althoygh the
predictions of the two models differ in absolute numbers, the relative
performance of alternative strategies and the general conclusions are
consistent between the two models. Our study, however, has some
limitations. Our simulations were based on an idealized assumption of
100% screening uptake and adherence. This allows us to focus on the
relative performance of screening under various eligibility criteria.
Heterogeneity in uptake or adherence could affect the relative per-
formance of the strategies evaluated but was beyond the scope of this
analysis. Second, although, smoking still accounts for the majority of
lung cancer risk in the United States,?? another limitation is that the
lung cancer natural history models used in this analysis only consider
age, sex, and individual smoking history but do not include other
relevant lung cancer risk factors. Third, the simulations were
restricted to the US 1960 birth cohort. This allows our findings to be
directly comparable to the decision analyses that were done in sup-
port of the current USPSTF recommendations.? Fourth, the analysis of
the impact of restricting screening to only those with at least 5 years
of life expectancy was based on an idealized assumption of perfect
life-expectancy assessment. Whereas perfect assessment of longevity
is unrealistic, the potential for averting preventable deaths in older

adults with significant remaining longevity, and in contrast, the

considerable harms when we fail to assess longevity, provide impor-
tant insights into the critical need to ensure that screening is both
offered and restricted only to those in good health to benefit from it,
because it would maintain most of the health gains while considerably
limiting the potential harms. If implemented under these conditions
based on clinicians' medical judgment and existing clinical tools,
expanding screening selectively to more individuals at high risk of lung
cancer, either for some additional years of screening or for a qualifying
adult who has never been screened or has initiated screening late in
life, would result in net health gains. Finally, the estimates of
radiation-induced lung cancer deaths are conservative because they
were based on the linear, no-threshold dose-risk estimates from the
seventh report of the National Academy of Sciences Biological Effects
of lonizing Radiation VII (BEIR VI1),%C which extrapolates risks from
the exposures experienced by atomic bomb survivors to those un-
dergoing much lower dose medical imaging.>**? Moreover, we did not
consider other potential radiation-induced cancer sites, such as breast
cancer.®®

In summary, we used two validated lung cancer natural history
models to assess the impact of expanding current screening eligibility
by relaxing the YSQ criterion. The analysis suggests that expanding
screening to individuals who formerly smoked with more longer than
15 YSQ would result in considerable increases in lung cancer deaths
prevented and LYG; and, although additional harms would occur,
these could be moderated by ensuring that screening is restricted to

only those with reasonable life expectancy.
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