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Abstract

Randomised clinical trials have shown the efficacy of computed tomography lung
cancer screening, initiating discussions on whether and how to implement
population-based screening programs. Due to smoking behaviour being the primary
risk-factor for lung cancer and part of the criteria for determining screening eligibility,
lung cancer screening is inherently risk-based. In fact, the selection of high-risk indi-
viduals has been shown to be essential in implementing lung cancer screening in a
cost-effective manner. Furthermore, studies have shown that further risk-
stratification may improve screening efficiency, allow personalisation of the screen-
ing interval and reduce health disparities. However, implementing risk-based lung
cancer screening programs also requires overcoming a number of challenges. There
are indications that risk-based approaches can negatively influence the trade-off
between individual benefits and harms if not applied thoughtfully. Large-scale implemen-
tation of targeted, risk-based screening programs has been limited thus far. Conse-
quently, questions remain on how to efficiently identify and invite high-risk individuals
from the general population. Finally, while risk-based approaches may increase screening
program efficiency, efficiency should be balanced with the overall impact of the screen-
ing program. In this review, we will address the opportunities and challenges in applying
risk-stratification in different aspects of lung cancer screening programs, as well as the

balance between screening program efficiency and impact.
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1 | INTRODUCTION

The National Lung Screening Trial (NLST) and the Dutch-Belgian Lung
Cancer Screening Trial (Nederlands-Leuvens Longkanker Screenings
ONderzoek; the NELSON trial) showed that computed tomography
(CT) screening reduces lung cancer mortality.»> While demonstrating
the potential benefits of CT screening in terms of lung cancer mortal-
ity reduction, NLST, NELSON and other randomised screening trials
have also provided insights into the risks for potential harms, such as
false-positive screening tests, overdiagnosis and increased cancer inci-
dence from radiation exposure.r™*® Consequently, discussions on
whether and how to implement lung cancer screening programs are
ongoing in various countries. Furthermore, questions remain on
whether and how the expected benefits of screening and its financial
cost-efficiency can be further optimised.

Trials investigating CT lung cancer screening have predominantly
focussed on selecting individuals based on minimum and maximum
age limits plus summary indices of cumulative lifetime smoking expo-
sure, the primary risk-factor for lung cancer.}®!* These inclusion
criteria inherently represent a form of risk-based selection of partici-
pants. But, these criteria were motivated by statistical power consid-
erations, aiming to obtain a sufficiently high average lung cancer risk
for the study population as a whole, rather than focussing on individ-
ual risk 1516

The United States Preventive Services Task Force (USPSTF) rec-
ommended screening individuals between the ages of 55 through
80, who smoked at least 30 pack-years and currently smoke or quit
less than 15 years ago in 2013.%” The 2021 recommendations suggest
lowering the starting age of screening to 50 and reducing the required
number of pack-years to 20.8 These criteria (generally referred to as
“pack-year criteria”) were supported by reviews of the available, accu-
mulated evidence from CT screening trials and by quantitative model-
ling of the expected benefits (lung cancer deaths averted; life-years
gained) and the expected harms (false-positive results; overdiagnosis)
of applying these criteria.’”2* However, like the clinical trial criteria,
these criteria also focus mostly on the lung cancer risk and the aver-
age balance between benefits and harms of the screening eligible pop-
ulation as a whole. Yet, even with pack-year criteria, most individuals
eligible for screening will never develop lung cancer, but may still
experience harms such as false-positive results and unnecessary
follow-up procedures.?® Improving the assessment of lung cancer risk
on the individual level would aid in better distinguishing between
those who are unlikely to ever benefit from screening (and should not
be invited) and those who could benefit from screening. Conse-
quently, focusing on individual lung cancer risk has the potential to
improve the expected balance between benefits and harms on both
the individual level and for the screened population as a whole.

Various models have been developed that provide an estimate of
an individual's lung cancer risk, on the basis of age, sex, detailed
smoking history (lifetime years of smoking, average smoking intensity,
years since quitting for ex-smokers), presence of pulmonary disease
(e.g., chronic obstructive pulmonary disease [COPD], emphysema),

family or personal history of cancer and further predictor
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variables.?¢33 In various studies, individual risk estimates from such
models showed improved performance in identifying high-risk individ-
uals for lung cancer screening compared to the eligibility criteria used
in lung cancer screening trials and the 2013 USPSTF criteria.?¢-2834
Furthermore, the 2013 USPSTF recommendations may fail to include
groups who are at elevated risk.3>%” Risk-prediction models have
been suggested to improve the identification of such groups, and
decrease socioeconomic or ethnic disparities regarding screening eligi-
bility.3840 Finally, risk prediction models or criteria may also be used
to further stratify individual risk through CT-based findings.***”

In light of these findings, various organisations are advocating the
adoption of personalised risk-stratified approaches for lung cancer
screening.*851 However, there are a number of aspects to consider
for implementing risk-based lung cancer screening. Firstly, the optimal
methods and prerequisites to integrate risk-stratification based on
guantitative estimates of risk in lung cancer screening programs are
still debated.>>>* Secondly, there has been discussion on how cur-
rently proposed risk-based approaches affect individual benefits and
harms.>2># Finally, challenges remain in applying risk-stratification in
practice.>>>”

In this review we will discuss the potential of risk-stratification

approaches in lung cancer screening programs, namely in:

1. The identification of individuals eligible for screening through risk-
prediction models

2. Individual invitation and risk-communication strategies

3. Determination of the screening interval

4. Potential for applications of biomarkers

We will discuss the prerequisites for the application of risk-stratifica-
tion, how risk-stratification influences efficiency, costs and the bal-
ance between the potential individual benefits and harms, as well as

the challenges of implementing risk-based screening on a large scale.

2 | IDENTIFICATION OF INDIVIDUALS
ELIGIBLE FOR SCREENING THROUGH
RISK-PREDICTION MODELS

Risk-stratification for the selection of individuals eligible for lung can-
cer screening is predominantly focused on individuals with long-term
smoking histories, as smoking exposure accounts for 75%-90% of lung
cancers worldwide.2**%5? While risk-prediction models have been
applied to never-smokers in North-American and European
populations, their performances with regards to discrimination (how
well the model distinguishes individuals who develop lung cancer from
those who do not) have been poor.??%° Furthermore, most never-
smokers in North-American and European populations are unlikely to
reach levels of risk at which the individual benefits of screening out-
weigh its harms given existing models.®1"%% But, in Asian populations,
never-smokers account for a substantial proportion of lung cancer
diagnoses.®*%> Consequently, some trials are evaluating the effective-

ness of screening populations of never-smokers at high-risk, such as
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the Taiwan Lung Cancer Screening for Never-smoker Trial
(TALENT).® However, most investigations on risk-stratification in
lung cancer screening thus considered populations of (former)
smokers. Therefore, this review will focus on risk-stratification for
individuals with a smoking history.

To be used in a lung cancer screening program, risk-prediction
models should: (a) focus on screening eligibility rather than immediate
clinical evaluation; (b) be easily applicable in clinical and public health
settings; (c) have shown good performance in external validation stud-
ies. Models that may meet these criteria, and which have been exten-
sively evaluated in different populations, are the Bach model,*° the
Lung Cancer Risk Assessment Tool (LCRAT),?® the Lung Cancer Death
Risk Assessment Tool (LCDRAT),2 the Liverpool Lung Project (LLP)
model®”%® and the PLCOmM2012 model,?® described in Table 1. The
next paragraphs will focus on risk-prediction model characteristics
that are essential to allow their application in lung cancer screening

programs.

21 | Discrimination

A key measure to evaluate risk-prediction model performance is dis-
crimination.®® All models in Table 1 have shown good discriminative
performance in external validation studies (area under the receiver
operating characteristic curve [AUC] generally between: 0.70 and
0.80). Some studies showed that the discriminative performance of
these risk-prediction models was diminished in populations selected
for lung cancer screening compared to the general population.2®3*
However, the discriminative performance of a risk-prediction model
will diminish when it is applied in populations that are less heteroge-
neous in terms of risk factors such as smoking behaviour or age.”®
Given that cumulative smoking exposure is one of the eligibility
criteria for lung cancer screening, the smoking behaviour in
populations eligible for screening will be less heterogeneous com-
pared to the general population of smokers. Therefore, a decrease in
discriminative performance is expected. Conversely, higher discrimi-
native performance is expected when models are applied to a popula-
tion with a large diversity in smoking behaviours (such as populations

that include light smokers or never-smokers).

2.2 | The importance of calibration performance

While discrimination has been well-established as a performance mea-
sure for risk-prediction models, calibration performance (how well the
estimated risks correspond to the observed risks) is often insuffi-
ciently evaluated.”*”® However, good calibration performance is vital
to accurately assess an individual's absolute level of risk and their
expected benefits and harms, which can support (shared) decision-
making.®?”%74 One aspect of calibration performance is the mean cali-
bration or calibration-in-the-large, which reflects whether the average
predicted risk in the sample matches the overall observed event rate

in the sample.”* However, good mean calibration may not necessarily

reflect good calibration across different risk-levels (ie, whether the
model estimates a 1% risk for groups with an observed risk of 1%, 2%
for groups with an observed risk of 2% etc.), which is essential for
risk-stratification.”* It is particularly important that risk-prediction
models have good calibration within a critical region of risk around
the decision risk-threshold (the cut-off level of risk at which an indi-
vidual is considered eligible for screening), as this affects determina-
tion of screening eligibility.”>”¢

Overall, the models in Table 1 have shown generally satisfactory
calibration performance across different risk-levels.®*77 But, it is
important to note that the average risk predicted by the risk-model, as
well as the effects of the risk-factors included in the model, are
influenced by the population in which the model was developed.”®”8
Therefore, the estimated risk for an individual may differ across
models, as shown in Figure 1.3* Consequently, when a model is
applied in another population or region, its calibration performance
may be affected if the effects of risk-factors or overall risk in that pop-
ulation differs from those in its development population. This can
reflect geographical differences, such as differences in healthcare sys-
tems (eg, referral patterns), prevalence of risk-factors (eg, differences
in smoking behavioural patterns) or effects of risk-factors (eg, differ-
ences in effects of smoking on lung cancer risk).”%”27%-81 Thus, it is
crucial to evaluate model calibration in a new population or region
before its implementation. In case calibration performance is poor,
various methods for model recalibration can be applied to adapt the
model to be representative for a new population or geographical

region.®?

2.3 | Choosing the risk-threshold

Thus far, most studies have focused on risk-thresholds that would
either match the sensitivity of, or select a number of eligible individ-
uals similar to, the NELSON, NLST or 2013/2021 USPSTF recommen-
dations in retrospective studies.243*8384 \While matching the
performance of current guidelines may provide an initial “anchor
point,” the balance between benefits, harms and costs of a range of
risk-thresholds should be evaluated in order to identify the optimal
risk-threshold.®® Ideally, a region of risk around the optimal risk-
threshold should also provide a good balance between benefits, harms
and costs in order to tolerate a degree of imprecision in the estimation
of individual risk.

There are a number of aspects to consider in identifying the opti-
mal risk-threshold. Firstly, risk-thresholds which show a good ratio of
benefits to harms (ie, the net benefit) in post-hoc analyses may not
necessarily provide an optimal balance between long-term benefits
and harms.8>8¢ Secondly, risks (and risk-factors) are often assessed at
only a single point in time. Yet, an individual's risk varies over time
due to ageing, changes in smoking behaviours and other risk-factors.
Indeed, various studies have shown that an individual's risk generally
increases with age; even after accounting for smoking cessation, as
shown in Figure 2.525% Consequently, older individuals and those with

greater smoking exposures are more likely to be identified as being at
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FIGURE 1 Estimated levels of risk across different lung cancer risk-prediction models. Examples of estimated absolute 5 (LLPv2 and LLPv3)
or 6 (Bach, LCRAT, LCDRAT, PLCOm2012) year risks for four individuals with different risk factors. Person 1: 60-year-old high school graduated
white male, current smoker, who smoked 25 cigarettes per day for 38 years, has a BMI of 27, has COPD, no asbestos exposure, no personal
history of cancer, no personal history of pneumonia and no family history of lung cancer. Person 2: 64-year-old college graduated white female,
current smoker, who smoked 20 cigarettes per day for 42 years, has a BMI of 26, has no COPD, no asbestos exposure, no personal history of
cancer, no personal history of pneumonia and no family history of lung cancer. Person 3: 57-year old African-American male with some college
education, former smoker who quit 8 years ago, who smoked 15 cigarettes per day for 35 years, has a BMI of 23, has no COPD, has asbestos
exposure, no personal history of cancer, a personal history of pneumonia and no family history of lung cancer. Person 4: 68-year post-college
graduated Hispanic female, former smoker, who quit 12 years ago, smoked 10 cigarettes per day for 33 years, has a BMI of 22, has COPD, no
asbestos exposure, no personal history of cancer, no personal history of pneumonia and a family history of lung cancer (one parent, age <60 at
diagnosis) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Estimated lung cancer risk over time by different lung cancer risk-prediction models. The figure shows the estimated risk over
ages 55 through 80 for a hypothetical individual. At each age, the person's 5 (LLPv2 and LLPv3) or 6 (Bach, LCRAT, LCDRAT, PLCOm2012) year
risks were estimated. The individual is a high school graduated white male, current smoker, who smoked 15 cigarettes per day since he was

15 years old (40 years of smoking at age 55), has a BMI of 23, no COPD, no asbestos exposure, no personal history of cancer, no personal history
of pneumonia and no family history of lung cancer. At age 56 he quits smoking and at age 67 he develops COPD. His BMlI is assumed to remain
constant over ages 55-80 [Color figure can be viewed at wileyonlinelibrary.com]

high risk.#¢28487 However, these risk-factors are also associated with without comorbidities. As a result, modelling studies suggest that risk-
higher overall comorbidities and mortality: therefore, such individuals based lung cancer screening may yield only a modest amount of addi-

may have a lower average benefit from screening compared to those tional life-years gained and overdiagnosis could increase considerably
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Efficiency and impact of applying the PLCOmM2012 model in the PLCO control arm over a 6-year follow-up period

TABLE 2

3rd decile 4th decile 5th decile 6th decile 7th decile 8th decile 9th decile 10th decile
0.00%-0.16% 0.16%-0.29% 0.29%-0.45% 0.45%-0.66% 0.66%-0.93% 0.93%-1.31% 1.31%-1.86% 1.86%-2.71% 2.71%-4.35% >4.35%

2nd decile

1st decile

Risk decile

Risk thresholds corresponding to the risk decile

57 106 155 269

54
7.62%

4007
74

33

18

Number of cancers in this decile

37.94%

4007
15

21.86%

4007
26

14.95%
4007
38

8.04%
4007
70

4.65%

4007
121

2.54%

4007
223

0.71%
4007

0.71%
4007
801

0.99%

4008
573

Proportion of cancers in this decile

Number of persons in this decile

801

Number needed to invite for screening to include one

individual who develops cancer in this decile

51 46 41 36 31 27 23 19 15

57

Number needed to invite for screening to include one

individual who develops cancer at or above this decile

International Journal of Cancer

compared to pack-year based strategies.’?>>* But, if individuals with
limited life-expectancies (<5 years) are excluded from screening, over-
diagnosis could be substantially reduced (by over 65%) while moder-
ately reducing the number of screens required (10%-13% fewer) and
retaining the life-years gained by risk-based screening.>* Prospective
studies and pilots which enrolled screenees based on risk-prediction
models indeed showed that the mean age and presence of com-
orbidities increased in the higher risk-groups.288° However, the
average age in these studies and pilots was around 65, at which the
life-expectancy is 18-22 years.”® In these studies, self-selection and
physician-selection may have aided in reducing the uptake of screen-
ing in individuals with low life-expectancies; but within large-scale
programs, the uptake of screening in individuals with limited life-
expectancies may still be considerable.?? Consequently, discussions
are ongoing on how to explicitly incorporate comorbidities and life-
expectancy in recommendations and shared decision-making for lung
cancer screening.”?

Another aspect to consider is that various studies have found that
those with a high risk for lung cancer also have an increased risk for
receiving a false-positive screen result and a higher rate of invasive
tests after a positive screen result.28°%73 Therefore, the relation
between lung cancer risk and the risks for other adverse events
should be evaluated in choosing the risk-threshold. Finally, the risk-
threshold should balance efficiency, health-care resource require-
ments and potential impact. For example, consider using the
PLCOmM2012 model to select ever-smokers in the (nonscreened) con-
trol arm of the Prostate, Lung, Colorectal and Ovarian Cancer Screen-
ing Trial (PLCO) for screening, as shown in Table 2. Selecting the
individuals in the highest decile of risk would capture almost 38% of
all individuals who develop lung cancer and, on average, only 15 indi-
viduals would need to be invited for screening to include one individ-
ual who develops lung cancer. However, while highly efficient, this
would mean that 62% of individuals who developed lung cancer
would be ineligible for screening. If the individuals in the top three
deciles were selected for screening, 75% of all individuals who
develop lung cancer would be captured. However, due to the inclu-
sion of additional individuals at lower risk, the number needed to
invite for screening to include one individual who develops lung can-
cer would increase to 23. Furthermore, the total number of individuals
invited for screening would triple, thus requiring a substantial number
of additional CT scans. Therefore, the chosen risk-threshold should
consider the balance between individual benefits and harms, (cost-)
efficiency, health-care resource requirements and the potential impact

of the program.

24 | Lung cancer risk and screening eligibility
disparities

The general relationship between smoking duration, smoking intensity
and lung cancer incidence is well known.”* However, there are indica-
tions that the carcinogenic effects of smoking may differ between

sexes and across different races and ethnicities. As a result, two
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individuals may share a dissimilar lung cancer risk despite having simi-
lar smoking histories. For example, lung cancer incidence in African-
Americans is higher than in whites with similar smoking histories,
while the difference in lung cancer incidence between sexes may not
be entirely due to differences in smoking behaviours.””®° Conse-
quently, screening recommendations based on risk-criteria rather than
risk itself may miss certain high-risk groups. Indeed, studies indicate
that the 2013 USPSTF criteria lead to an underselection of African-
Americans and women, compared to whites and men, respec-
tively.3>3840 The 2021 USPSTF draft guidelines suggest broadening
the smoking-based eligibility criteria, which will likely decrease the
number of risk-groups who are ineligible under the 2013 criteria.*&2°

There are indications that risk-prediction models may further help
in reducing these disparities. For example, the Chicago Race Eligibility
Screening Cohort Study found that a significantly lower proportion of
lung cancer cases in African-Americans and women were eligible for
screening when applying the USPSTF 2013 and 2021 criteria.®®
Applying the PLCOm2012, with risk thresholds set to screen the same
number of individuals as the USPSTF criteria, eliminated the race dis-
parity in screening eligibility and minimised the gender disparity. Simi-
larly, a simulation study found that applying the PLCOm2012 model
could not only reduce screening disparities between whites and
African-Americans, but also by socioeconomic status and com-
orbidities.®® Consequently, the American Thoracic Society recently
advocated that screening eligibility should be assessed based on risk,
in order to reduce such disparities.””

3 | INDIVIDUALINVITATION AND
RISK-COMMUNICATION STRATEGIES

Within a risk-stratified screening programme, screening invitation and
risk-communication strategies should also apply a risk-stratified
approach. Applying a nonstratified approach may seem fair in that it
provides an equal opportunity for risk-assessment and information on
benefits and harms. However, a nonstratified approach also prevents
providing tailored information that can guide shared-decision making,
which is increasingly encouraged or even required.”®

Studies suggest that individuals with socioeconomically deprived
backgrounds represent a substantial proportion of those at high risk
for developing lung cancer.?®*°” However, individuals from these
groups are also less likely to participate in lung cancer screening than
those with less deprived backgrounds.>>378%% This has also been
observed in other screening programs, with studies aimed at improv-
ing participation rates in these populations suggesting that tailored
invitation approaches may be required.'°>2°2 Furthermore, individ-
uals from socioeconomically deprived backgrounds often have lower
levels of health-literacy, which needs to be taken into consideration in
facilitating shared-decision making for these individuals.2%3-1%5 There-
fore, studies evaluating the implementation of tailored invitation and
shared-decision making approaches in lung cancer screening are

ongoing.

The UK Lung Screen Uptake Trial compared a standard recruit-
ment strategy to a tailored recruitment strategy that provided a
stepped and low-burden approach with regards to information provi-
sion.2¢1%7 Although the overall uptake rate was higher than those
found in other pilots and implementation studies in the United King-
dom (53% compared to 9%-14%), no differences were found between
the standard and tailored approaches. In the Ontario Health-Cancer
Care Ontario pilot, risk-assessment and shared-decision making was
facilitated through patient navigators, who guided individual persons
from the recruitment phase up to the referral to diagnostic assess-
ment.*%® Participant satisfaction surveys found that the vast majority
of participants had high or very high satisfaction with this process,
with a programme retention rate of almost 85%. A pilot programme
aimed at underserved communities in Centinela Valley, California, sim-
ilarly found that participants responded positively to the availability
and support from personalised patient navigators.X°® However, their
study did identify challenges in retaining participant adherence after
the baseline scan, both due to the mobile nature of the participant
population, as well as participant beliefs that further screens are not
required; particularly in the case of a negative result. Thus, while more
personalised approaches may improve uptake during the recruitment
process, research should also evaluate how to maintain adherence
after the baseline screen.

Recruitment strategies for lung cancer screening programs thus
far focused primarily on eligible high-risk individuals. However, com-
paratively little attention has been given to appropriately communi-
cating ineligibility to low-risk individuals. Although the benefits do not
outweigh the expected harms for these individuals, they may incor-
rectly perceive their risk to be sufficient or be motivated by anxiety.
Indeed, reports indicate that substantial numbers of low-risk individ-
uals (including never-smokers) are undergoing lung cancer screen-
ing.>¢110111 \Whjle decision-aids show some promise in changing the
risk-perspective of low-risk individuals, more research is desperately
needed on appropriately informing ineligible individuals in a manner
that prevents both patient delay and opportunistic screening of low-
risk individuals.*'? Furthermore, individuals whose risk scores are just
below the risk-threshold for screening eligibility should be given guid-
ance on whether and when reassessment of their risk should occur.

4 | DETERMINATION OF THE SCREENING
INTERVAL

The information provided by the CT screening may provide an oppor-
tunity for further risk-stratification within the screened population. In
the NLST, the rate-ratio for lung cancer diagnosis during the trial was
0.25 for participants with a negative baseline screen result compared
to individuals with a positive baseline result.*? In the NELSON trial,
the 5.5-year risk for screen-detected lung cancer was highly depen-
dent on the baseline screen result: 1.0% risk for those with a negative
baseline screen, 5.7% for those with an indeterminate baseline screen

result and 48.7% for those with a positive baseline screen.*®
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Furthermore, in both trials, subsequent negative screening results
were indicative for a lower lung cancer risk.*1*2 In addition, the char-
acteristics of the nodules found in NELSON provided additional infor-
mation on a person's risk for developing lung cancer.*’

These studies suggest that a person's screening results provide
information that could be used to determine their screening interval.
With current nodule management guidelines approximately 90% of all
CT screening results are expected to be negative; therefore, risk-
stratification could achieve a considerable reduction in the number of
required CT screens.*”°%113 Given that CT examinations account for
a substantial proportion of the costs associated with lung cancer
screening programs, reducing the number of required CT examina-
tions while retaining program efficacy would improve its cost-effec-
tiveness.'**11 Furthermore, due to the increased demand for
medical imaging over the past decades, radiologist capacity for inter-
preting lung cancer screening examinations is restricted in many coun-
tries; therefore, reducing the number of CT examinations would
facilitate implementation.*”"*'? Consequently, research has been
ongoing on using CT screening information to determine suitable
screening intervals.

Schreuder et al developed a model for the 1-year risk of lung can-
cer after the baseline screen based on data from the NLST.*¢ The
model showed good discrimination and suggests that 10.4% of all
screens in the second round of the NLST could have been avoided,
without delaying a single lung cancer diagnosis. Higher proportions of
screens could be avoided, but at a cost. For example, half of the
screens could have been avoided, at the expense of delaying 12.6% of
lung cancer diagnoses.

Robbins et al extended the LCRAT model (LCRAT + CT) to predict
the 1-year risk of lung by updating an individual's prescreening risk
with information from CT-features of NLST screens.*® Separate
models were developed for estimating the risk of interval cancers and
the risk of next-screen cancers. Similarly to the Schreuder model, the
LCRAT + CT models suggest that the screening interval could be
lengthened for a substantial number of individuals, at the cost of
delaying some diagnoses. For example, 57.8% of participants could
have lengthened their interval, at the expense of a delayed diagnosis
for 23.9% of cancers.

Tammemigi et al extended the PLCOm2012 model (results-
adjusted PLCOmM2012:PLCOmM2012results) with NLST screening
results reclassified to Lung-RADS screening results.** They found that
positive screening test results were indicative for increased lung can-
cer risk, regardless of baseline PLCOm2012 risk. The authors identi-
fied risk-thresholds for which those with PLCOm2012results risks
above the threshold should continue with annual screening, while the
screening interval could be extended for those with
PLCOmM2012results risks below the threshold. But, some individuals
had a sufficiently high baseline PLCOm2012 risk that even three
sequential negative screens failed to reduce subsequent elevated
observed lung cancer incidence.

While these studies have shown initial promising results, to our
knowledge, external validation of these models has been limited thus

far.2° Furthermore, these studies were based on retrospective
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analyses; however, safe implementation of risk-stratified intervals
requires evidence from prospective randomised clinical trials. Cur-
rently, a number of randomised clinical trials are investigating the
safety of risk-stratified intervals, such as the 4-IN-THE-LUNG-RUN
(Towards INdividually tailored INvitations, screening INtervals and
INtegrated co-morbidity reducing strategies in lung cancer screening)
implementation trial, the Plasma microRNA Profiling as First Line
Screening Test for Lung Cancer Detection: a Prospective Study (bio-
MILD) and the Cancer Screening Study With or Without Low Dose
Lung CT to Validate a Multicancer Early Detection Test (SUMMIT)

study.121'123

5 | POTENTIAL APPLICATIONS FOR
BIOMARKERS

Finally, research is ongoing on the potential applications for bio-
markers for risk-stratification in lung cancer screening, such as the
identification of high-risk individuals and early tumour detection.
These include autoantibodies, complement fragments, circulating
tumour deoxyribonucleic acid (DNA), DNA methylation, blood protein
profiles, ribonucleic acid (RNA) airway or nasal signatures and
microRNAs, 124126

Although some promising candidates have been suggested, none
are currently applied in routine screening practice. To our knowledge,
the only biomarker that has been prospectively evaluated in a
randomised controlled trial for selecting individuals for lung cancer
screening is the EarlyCDT-Lung autoantibody test, which was applied
in the Early Diagnosis of Lung Cancer Scotland (ECLS) trial.*?” How-
ever, only 32.1% of the individuals who developed lung cancer in the
intervention arm had a positive EarlyCDT-Lung test result, suggesting
poor sensitivity compared to current risk-prediction models. Further-
more, analyses from the German Lung Tumour Screening and Inter-
vention study (LUSI), showed that the EarlyCDT-Lung test had a low
sensitivity (13%) for early stage, small tumours as detected by CT
screening.”®

In order for biomarkers to be applied in lung cancer screening
practice, they need to have improved performance over currently vali-
dated risk-prediction models, or provide complementary predictive
benefit to these models. Furthermore, they need to provide this infor-
mation in a cost-effective manner. While current biomarkers have not
yet convincingly demonstrated to be of value in lung cancer screening
programs, several ongoing studies show promise. For example, a
recent analysis of microRNA profiles showed promising accuracy in
distinguishing between (symptomatic) lung cancer patients and con-
trols.12® A study using UK biobank data suggests that the addition of
a polygenic risk score may not necessarily increase the discriminative
ability of risk-prediction models, but could aid in the assessment of a
person's absolute risk.*2? Preliminary results from the Bio-MILD study
suggest combining blood microRNA with CT screening results may
allow tailoring the screening interval.t?? A study using data from the
Pittsburgh Lung Screening Study suggests blood-based biomarkers
could improve the assessment of nodule malignancy.*?® Finally, in the
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United Kingdom, the SUMMIT study aims to evaluate CT screening
and a cell-free nucleic acid blood test in 25 000 ever-smokers (aged
55-77) with a PLCOm2012 risk of over 1.3%.1%°

6 | FUTURE OPPORTUNITIES FOR
RISK-STRATIFICATION

Recent advancements and developments of new techniques for
computer-aided diagnosis and imaging analysis of medical imaging are
suggested to further improve CT screening sensitivity and decrease
radiologist workload.*33*32 But, it should be noted that many of the
considerations that apply to models derived through traditional
methods also apply to image recognition algorithms and risk-
prediction models derived through machine learning and other
artificial intelligence based methods.*®® A recent review on artificial
intelligence algorithms for image recognitions noted that many studies
had a high risk of bias and showed poor adherence to reporting stan-
dards and transparancy.®* Thus, while showing great promise, exter-
nal validation and transparent reporting of artificial intelligence based
methods is vital to ensure their validity.

Thus far, little attention has been given to sex-specific risk-strati-
fication. Analyses from the NLST, NELSON and LUSI trials suggest
that lung cancer screening may have a more beneficial effect for
women compared to men.>%12> This may be due to higher prevalence
of adenocarcinoma in women, which are less aggressive compared to
other histological subtypes of lung cancer.**¢*%” Furthermore, the
preclinical duration of lung cancer has been estimated to be longer for
women compared to men, which suggests the potential for differenti-
ating the screening interval by sex.*® However, the longer preclinical
duration in women may also increase the potential for overdiagnosis
compared to men.*®? Finally, there are indications that women are
less likely to participate in lung cancer screening and may experience
different practical or emotional barriers compared to men.>>7 In
addition, women are less likely to be engaged in shared decision-
making compared to men.}®14! Therefore, further research on
sex-specific and gender-specific aspects for risk-stratification and
facilitating informed decision making is urgently needed.

Risk evaluation and communication may also be valuable in
encouraging smoking cessation. A substantial proportion of the
screening eligible population is expected to consist of current
smokers; over half of the participants of CT lung screening trials con-
sisted of current smokers.)® Various approaches for integrating
smoking cessation interventions in lung cancer screening are being
considered, with a recent review suggesting that personalised, multi-
modal approaches are the most successful in changing smoking

behaviours.'#214¢ Yet,

if integrated successfully, these interventions
may aid in reducing both future lung cancer risk as well as the risk for
other tobacco-related comorbidities.'*”*4® Decision-aids and the
assessment of eligibility for lung cancer screening could be further
enhanced by quantifying the effects of smoking cessation on future

lung cancer risk and life expectancy for individuals who currently

smoke. This may also reduce the occurrence of a potential “health
certificate effect” for current smokers whose risk is below the risk-
threshold for screening eligibility.*4’

The CT-examination itself and the communication of the results
of the CT examination have also been suggested to be potential
opportunities (“teachable moments”) to address the importance of
smoking cessation.r>*1°2 Furthermore, other tobacco-related dis-
eases and risk-factors such as COPD and coronary artery calcification
can also be detected on the CT scan and may be used to further quan-
tify a person's lung cancer risk and life expectancy.>31°> While
results from randomised-controlled trials on the benefits of screening
for these diseases are still awaited, if proven effective, this represents
a great opportunity for establishing an integrated screening pro-
gramme for multiple diseases.>>15¢

As mentioned previously, those at higher risk for lung cancer are
also at higher risk for having comorbidities and lower life expec-
tancy.#¢28487 Some risk-prediction models for lung cancer are already
explicitly incorporating specific comorbidities in order to integrate life
expectancy in the shared-decision making progress.>? However, the
incorporation of specific comorbidities does not capture the wide
variety of potential comorbidities that may be present in those eligible
for lung cancer screening. Index scores for comorbidities such as the
Charlson Comorbidity Index may aid in capturing the contribution of
multiple comorbid conditions, but do not fully capture the effect of
comorbidities on the treatment received by and survival of patients
with lung cancer.2>7-15% Consequently, there may be heterogeneity in
the potential benefits of lung cancer screening across different comor-
bidity profiles, which is not taken into account by current risk-
prediction models. Therefore, research on incorporating not only a
person's risk for developing lung cancer disease, but also their poten-
tial benefit and risk for potential harms should be prioritised.

Finally, personalisation of the screening interval may be further
refined. Thus far, most studies primarily focussed on stratification to
either annual or biennial screening. But, more dynamic approaches to
personalising the time between screening intervals based on disease
risk and life-expectancy are being investigated.*®1%2 However, the
main challenge of such adaptive approaches is implementation in clini-
cal practice; particularly in settings in which opportunistic screening is

predominant.

7 | CONCLUSION

While many challenges remain, various trials and pilot studies are
underway to evaluate the performance and feasibility of implementing
risk-based lung cancer screening in practice, such as the International
Lung Screening Trial (ILST), SUMMIT, the Manchester Lung Health
Check, Ontario Health-Cancer Care Ontario's High Risk Lung Cancer
Screening Program and 4-IN-THE-LUNG-RUN,108:121123163,164 ¢ g
expected that these studies will provide answers to many of the
remaining challenges; as well as discover new opportunities for fur-

ther risk-stratification.



TEN HAAF ET AL.

f%uicc 259

ACKNOWLEDGEMENTS

We thank the National Cancer Institute (NCI) for access to NCl's data
collected by the Prostate, Lung, Colorectal and Ovarian Cancer
Screening Trial (PLCO). KtH, CMvdA, HJdK and RK were funded by
EU-Horizon 2020 grant (4-IN-THE-LUNG-RUN; lung cancer screening
implementation trial; grant number 848294). Additionally, KtH,
CMvdA and HJdK were funded by CLEARLY-TRANSCAN-FP-045.
The funders had no role in the study design, data collection or analy-

sis, decision to publish, or preparation of this article.

CONFLICT OF INTEREST

HJdK reports grants from Cancer Research UK, NIH/National Cancer
Institute and University of Zurich, Switzerland, received speakers' fees
for (a) a symposium at the University of Zurich, (b) a symposium spon-
sored by MSDTeva, (c) an online lecture for Menarini; received non-
financial support from International Association for the Study of Lung
Cancer and is reviewer of the IPSOS Mori Targeted Lung Health
Checks NHS England, outside the submitted work.

MCT developed the PLCOm2012 lung cancer risk prediction
model. The model is open access and is available free of charge to
noncommercial users. For commercial users licencing has been
assigned to Brock University. To date, MCT has not received any
money for use of the PLCOmM2012 model, nor does he anticipate any
payments in the future.

CMvdA reports nonfinancial support from International Associa-
tion for the Study of Lung Cancer and grants from the NIH/National
Cancer Institute, outside the submitted work.

KtH reports grants from Cancer Research UK, NIH/National Cancer
Institute and University of Zurich, Switzerland, nonfinancial support from
International Association for the Study of Lung Cancer, nonfinancial sup-
port from Russian Society of Clinical Oncology, nonfinancial support and
other from Biomedical Research in Endstage and Obstructive Lung Dis-

ease Hannover (Breath), outside the submitted work.

ORCID

Kevin ten Haaf "> https://orcid.org/0000-0001-5006-6938

Harry J. de Koning "= https://orcid.org/0000-0003-4682-3646

REFERENCES

1. The National Lung Screening Trial Research Team. Reduced lung-
cancer mortality with low-dose computed tomographic screening.
N Engl J Med. 2011;365:395-409.

2. de Koning HJ, van der Aalst CM, de Jong PA, et al. Reduced lung-
cancer mortality with volume CT screening in a randomized trial. N Engl
J Med. 2020;382:503-513. https://doi.org/10.1056/NEJM0a1911793.

3. Becker N, Motsch E, Trotter A, et al. Lung cancer mortality reduction
by LDCT screening—results from the randomized German LUSI trial.
Int J Cancer. 2020;146:1503-1513.

4. Field JK, Duffy SW, Baldwin DR, et al. The UK Lung Cancer Screen-
ing trial: a pilot randomised controlled trial of low-dose computed
tomography screening for the early detection of lung cancer. Health
Technol Assess. 2016;20:1-146.

5. Paci E, Puliti D, Lopes Pegna A, et al. Mortality, survival and inci-
dence rates in the ITALUNG randomised lung cancer screening trial.
Thorax. 2017;72:825-831.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

| International Journal of Cancer

Pastorino U, Sverzellati N, Sestini S, et al. Ten-year results of the
multicentric Italian lung detection trial demonstrate the safety and
efficacy of biennial lung cancer screening. Eur J Cancer. 2019;118:
142-148.

Wille MM, Dirksen A, Ashraf H, et al. Results of the randomized
Danish Lung Cancer Screening Trial with focus on high-risk profiling.
Am J Respir Crit Care Med. 2016;193:542-551.

Infante M, Cavuto S, Lutman FR, et al. Long-term follow-up results
of the DANTE trial, a randomized study of lung cancer screening
with spiral computed tomography. Am J Respir Crit Care Med. 2015;
191:1166-1175.

Brenner DJ. Radiation risks potentially associated with low-dose CT
screening of adult smokers for lung cancer. Radiology. 2004;231:
440-445.

Mascalchi M, Belli G, Zappa M, et al. Risk-benefit analysis of X-ray
exposure associated with lung cancer screening in the Italung-CT
trial. Am J Roentgenol. 2006;187:421-429.

Jacobs CD, Jafari ME. Early results of lung cancer screening and
radiation dose assessment by low-dose CT at a community hospital.
Clin Lung Cancer. 2017;18:€327-e331.

Berrington de Gonzélez A, Kim KP, Berg CD. Low-dose lung com-
puted tomography screening before age 55: estimates of the mortal-
ity reduction required to outweigh the radiation-induced cancer risk.
J Med Screen. 2008;15:153-158.

Rampinelli C, De Marco P, Origgi D, et al. Exposure to low dose
computed tomography for lung cancer screening and risk of cancer:
secondary analysis of trial data and risk-benefit analysis. BMJ. 2017;
356:j347.

National Center for Chronic Disease Prevention and Health Promo-
tion (US) Office on Smoking and Health. The Health Consequences of
Smoking—50 Years of Progress: A Report of the Surgeon General.
Atlanta, GA: Centers for Disease Control and Prevention (US); 2014.
PMID: 24455788.

van lersel CA, de Koning HJ, Draisma G, et al. Risk-based selection
from the general population in a screening trial: selection criteria,
recruitment and power for the Dutch-Belgian randomised lung can-
cer multi-slice CT screening trial (NELSON). Int J Cancer. 2007;120:
868-874.

The National Lung Screening Trial. Overview and study design. Radi-
ology. 2011;258:243-253.

Moyer VA, Force USPST. Screening for lung cancer: U.S. Preventive
Services Task Force recommendation statement. Ann Intern Med.
2014;160:330-338.

USPSTF. Screening for lung cancer: US Preventive Services Task
Force recommendation statement. JAMA. 2021;325:962-970.

de Koning HJ, Meza R, Plevritis SK, et al. Benefits and harms of com-
puted tomography lung cancer screening strategies: a comparative
modeling study for the U.S. Preventive Services Task Force. Ann
Intern Med. 2014;160:311-320.

Humphrey LL, Deffebach M, Pappas M, et al. Screening for lung can-
cer with low-dose computed tomography: a systematic review to
update the U.S. Preventive Services Task Force recommendation.
Ann Intern Med. 2013;159:411-420.

Jonas DE, Reuland DS, Reddy SM, et al. Screening for Lung Cancer
With Low-Dose Computed Tomography: An Evidence Review for the
U.S. Preventive Services Task Force. AHRQ Publication No 20-05266-EF-
1. Rockville, MD: Agency for Healthcare Research and Quality; 2020.

Meza RJJ, Toumazis |, Ten Haaf K, et al. Evaluation of the Benefits
and Harms of Lung Cancer Screening with Low-Dose Computed Tomog-
raphy: A Collaborative Modeling Study for the U.S. Preventive Services
Task Force. AHRQ Publication No 20-05266-EF-2. Agency for
Healthcare Research and Quality: Rockville, MD; 2020.

. Meza R, Jeon J, Toumazis |, et al. Evaluation of the benefits and

harms of lung cancer screening with low-dose computed


https://orcid.org/0000-0001-5006-6938
https://orcid.org/0000-0001-5006-6938
https://orcid.org/0000-0003-4682-3646
https://orcid.org/0000-0003-4682-3646
https://doi.org/10.1056/NEJMoa1911793

260 @uicc

24.

25.

26.

27.
28.

29.
30.
31
32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

TEN HAAF ET AL.

| International Journal of Cancer

tomography: modeling study for the US Preventive Services Task
Force. JAMA. 2021;325:988-997.

Jonas DE, Reuland DS, Reddy SM, et al. Screening for lung cancer
with low-dose computed tomography: updated evidence report and
systematic review for the US Preventive Services Task Force. JAMA.
2021;325:971-987.

Harris RP, Sheridan SL, Lewis CL, et al. The harms of screening: a
proposed taxonomy and application to lung cancer screening. JAMA
Intern Med. 2014;174:281-285.

Tammemagi MC, Katki HA, Hocking WG, et al. Selection criteria for
lung-cancer screening. N Engl J Med. 2013;368:728-736.

Kovalchik SA, Tammemagi M, Berg CD, et al. Targeting of low-dose
CT screening according to the risk of lung-cancer death. N Engl J
Med. 2013;369:245-254.

Katki HA, Kovalchik SA, Berg CD, Cheung LC, Chaturvedi AK. Devel-
opment and validation of risk models to select ever-smokers for CT
lung cancer screening. JAMA. 2016;315:2300-2311.

Spitz MR, Hong WK, Amos ClI, et al. A risk model for prediction of
lung cancer. JNCI: J Natl Cancer Inst. 2007;99:715-726.

Bach PB, Kattan MW, Thornquist MD, et al. Variations in lung can-
cer risk among smokers. JNCI: J Natl Cancer Inst. 2003;95:470-478.
Hoggart C, Brennan P, Tjonneland A, et al. A risk model for lung can-
cer incidence. Cancer Prev Res (Phila). 2012;5:834-846.

Markaki M, Tsamardinos |, Langhammer A, Lagani V, Hveem K,
Rge OD. A validated clinical risk prediction model for lung cancer in
smokers of all ages and exposure types: a HUNT study.
EBioMedicine. 2018;31:36-46.

Meza R, Hazelton WD, Colditz GA, Moolgavkar SH. Analysis of lung
cancer incidence in the nurses' health and the health professionals'
follow-up studies using a multistage carcinogenesis model. Cancer
Causes Control. 2008;19:317-328.

ten Haaf K, Jeon J, Tammemagi MC, et al. Risk prediction models for
selection of lung cancer screening candidates: a retrospective valida-
tion study. PLoS Med. 2017;14:€1002277.

Aldrich MC, Mercaldo SF, Sandler KL, Blot WJ, Grogan EL,
Blume JD. Evaluation of USPSTF lung cancer screening guidelines
among African American adult smokers. JAMA Oncol. 2019;5:
1318.

Luo YH, Luo L, Wampfler JA, et al. 5-year overall survival in patients
with lung cancer eligible or ineligible for screening according to US
Preventive Services Task Force criteria: a prospective, observational
cohort study. Lancet Oncol. 2019;20:1098-1108.

Li CC, Matthews AK, Rywant MM, Hallgren E, Shah RC. Racial dis-
parities in eligibility for low-dose computed tomography lung cancer
screening among older adults with a history of smoking. Cancer Cau-
ses Control. 2019;30:235-240.

Han SS, Chow E, Ten Haaf K, et al. Disparities of national lung can-
cer screening guidelines in the U.S. population. J Natl Cancer Inst.
2020;112:1136-1142.

Fiscella K, Winters P, Farah S, Sanders M, Mohile SG. Do lung Can-
cer eligibility criteria align with risk among blacks and Hispanics?
PLoS One. 2015;10:e0143789.

Pasquinelli MM, Tammemagi MC, Kovitz KL, et al. Risk prediction
model versus United States Preventive Services Task Force lung
cancer screening eligibility criteria—reducing race disparities.
J Thorac Oncol. 2020;15:1738-1747.

Patz EF Jr, Greco E, Gatsonis C, Pinsky P, Kramer BS, Aberle DR.
Lung cancer incidence and mortality in National Lung Screening Trial
participants who underwent low-dose CT prevalence screening: a
retrospective cohort analysis of a randomised, multicentre, diagnos-
tic screening trial. Lancet Oncol. 2016;17:590-599.

Yousaf-Khan U, van der Aalst C, de Jong PA, et al. Risk stratification
based on screening history: the NELSON lung cancer screening
study. Thorax. 2017;72:819-824.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Horeweg N, van der Aalst CM, Vliegenthart R, et al. Volumetric com-
puted tomography screening for lung cancer: three rounds of the
NELSON trial. Eur Respir J. 2013;42:1659-1667.

Tammemagi MC, Ten Haaf K, Toumazis I, et al. Development and
validation of a multivariable lung cancer risk prediction model that
includes low-dose computed tomography screening results: a sec-
ondary analysis of data from the National Lung Screening Trial.
JAMA Netw Open. 2019;2:€190204.

Robbins HA, Berg CD, Cheung LC, Chaturvedi AK, Katki HA. Identi-
fication of candidates for longer lung cancer screening intervals fol-
lowing a negative low-dose computed tomography result. J Natl
Cancer Inst. 2019;111:996-999.

Schreuder A, Schaefer-Prokop CM, Scholten ET, Jacobs C,
Prokop M, van Ginneken B. Lung cancer risk to personalise annual
and biennial follow-up computed tomography screening. Thorax.
2018;73:626-633.

Horeweg N, van Rosmalen J, Heuvelmans MA, et al. Lung cancer
probability in patients with CT-detected pulmonary nodules: a
prespecified analysis of data from the NELSON trial of low-dose CT
screening. Lancet Oncol. 2014;15:1332-1341.

Jaklitsch MT, Jacobson FL, Austin JHM, et al. The American Associa-
tion for Thoracic Surgery guidelines for lung cancer screening using
low-dose computed tomography scans for lung cancer survivors and
other high-risk groups. J Thorac Cardiovasc Surg. 2012;144:33-38.
Wood DE, Kazerooni EA, Baum SL, et al. Lung cancer screening, ver-
sion 3.2018, NCCN clinical practice guidelines in oncology. J Natl
Compr Canc Netw. 2018;16:412-441.

Oudkerk M, Devaraj A, Vliegenthart R, et al. European position state-
ment on lung cancer screening. Lancet Oncol. 2017;18:e754-e766.
Kauczor HU, Baird AM, Blum TG, et al. ESR/ERS statement paper on
lung cancer screening. Eur Respir J. 2020;55:1900506.

Cheung LC, Berg CD, Castle PE, Katki HA, Chaturvedi AK. Life-
gained-based versus risk-based selection of smokers for lung cancer
screening. Ann Intern Med. 2019;171:623-632.

Kumar V, Cohen JT, van Klaveren D, et al. Risk-targeted lung cancer
screening: a cost-effectiveness analysis. Ann Intern Med. 2018;168:
161-169.

Ten Haaf K, Bastani M, Cao P, et al. A comparative modeling analysis of
risk-based lung cancer screening strategies. J Natl Cancer Inst. 2019;112:
466-479. https://doi.org/10.1093/jnci/djz164.

Ali N, Lifford KJ, Carter B, et al. Barriers to uptake among high-risk
individuals declining participation in lung cancer screening: a mixed
methods analysis of the UK Lung Cancer Screening (UKLS) Trial.
BMJ Open. 2015;5:e008254.

Huo J, Shen C, Volk RJ, Shih Y-CT. Use of CT and chest radiography
for lung cancer screening before and after publication of screening
guidelines: intended and unintended uptake. JAMA Intern Med.
2017;177:439-441.

van der Aalst CM, ten Haaf K, de Koning HJ. Lung cancer screening:
latest developments and unanswered questions. Lancet Respir Med.
2016;4:749-761.

Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002.
CA Cancer J Clin. 2005;55:74-108.

Koo LC, Ho JHC. Worldwide epidemiological patterns of lung cancer
in nonsmokers. Int J Epidemiol. 1990;19:514-523.

Brenner DR, Hung RJ, Tsao M-S, et al. Lung cancer risk in never-
smokers: a population-based case-control study of epidemiologic
risk factors. BMC Cancer. 2010;10:285.

ten Haaf K, de Koning HJ. Should never-smokers at increased risk
for lung cancer be screened? J Thorac Oncol. 2015;10:1285-1291.
Tammemagi MC, Church TR, Hocking WG, et al. Evaluation of the
lung cancer risks at which to screen ever- and never-smokers:
screening rules applied to the PLCO and NLST cohorts. PLoS Med.
2014;11:e1001764.


https://doi.org/10.1093/jnci/djz164

TEN HAAF ET AL.

261

@ uicc

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

McRonald FE, Yadegarfar G, Baldwin DR, et al. The UK Lung Screen
(UKLS): demographic profile of first 88,897 approaches provides rec-
ommendations for population screening. Cancer Prev Res. 2014;7:
362-371.

Sun S, Schiller JH, Gazdar AF. Lung cancer in never smokers: a dif-
ferent disease. Nat Rev Cancer. 2007;7:778-790.

Zhou F, Zhou C. Lung cancer in never smokers—the east Asian expe-
rience. Transl Lung Cancer Res. 2018;7:450-463.

Yang P-C. Taiwan lung cancer screening program for never smokers.
Respirology. 2018;23:69.

Cassidy A, Myles JP, van Tongeren M, et al. The LLP risk model: an
individual risk prediction model for lung cancer. Br J Cancer. 2008;
98:270-276.

Field JK, Vulkan D, Davies MPA, Duffy SW, Gabe R. Liverpool lung
project lung cancer risk stratification model: calibration and prospec-
tive validation. Thorax. 2021;76:161-168.

Steyerberg EW. Clinical Prediction Models. A Practical Approach to
Development, Validation, and Updating. New York: Springer-Verlag;
2009.

Vergouwe Y, Moons KG, Steyerberg EW. External validity of risk
models: use of benchmark values to disentangle a case-mix effect
from incorrect coefficients. Am J Epidemiol. 2010;172:971-980.
Collins GS, de Groot JA, Dutton S, et al. External validation of multi-
variable prediction models: a systematic review of methodological
conduct and reporting. BMC Med Res Methodol. 2014;14:40.

Van Calster B, McLernon DJ, van Smeden M, Wynants L,
Steyerberg EW. Calibration: the achilles heel of predictive analytics.
BMC Med. 2019;17:230.

Bouwmeester W, Zuithoff NPA, Mallett S, et al. Reporting and
methods in clinical prediction research: a systematic review. PLoS
Med. 2012;9:e1001221.

Van Calster B, Nieboer D, Vergouwe Y, De Cock B, Pencina MJ,
Steyerberg EW. A calibration hierarchy for risk models was defined:
from utopia to empirical data. J Clin Epidemiol. 2016;74:167-176.
Baker SG, Cook NR, Vickers A, Kramer BS. Using relative utility cur-
ves to evaluate risk prediction. J R Stat Soc A Stat Soc. 2009;172:
729-748.

Pauker SG, Kassirer JP. The threshold approach to clinical decision
making. N Engl J Med. 1980;302:1109-1117.

Katki HA, Kovalchik SA, Petito LC, et al. Implications of nine risk pre-
diction models for selecting ever-smokers for computed tomography
lung cancer screening. Ann Intern Med. 2018;169:10-19.

Steyerberg EW, Eijkemans MJ, Boersma E, Habbema JD. Equally
valid models gave divergent predictions for mortality in acute myo-
cardial infarction patients in a comparison of logistic [corrected]
regression models. J Clin Epidemiol. 2005;58:383-390.

Haiman CA, Stram DO, Wilkens LR, et al. Ethnic and racial differ-
ences in the smoking-related risk of lung cancer. N Engl J Med. 2006;
354:333-342.

Jemal A, Miller KD, Ma J, et al. Higher lung cancer incidence in
young women than young men in the United States. N Engl J Med.
2018;378:1999-2009.

Austin PC, van Klaveren D, Vergouwe Y, Nieboer D, Lee DS,
Steyerberg EW. Validation of prediction models: examining temporal
and geographic stability of baseline risk and estimated covariate
effects. Diagn Progn Res. 2017;1:12.

Su T-L, Jaki T, Hickey GL, Buchan I, Sperrin M. A review of statistical
updating methods for clinical prediction models. Stat Methods Med
Res. 2016;27:185-197.

Li K, Husing A, Sookthai D, et al. Selecting high-risk individuals for
lung cancer screening: a prospective evaluation of existing risk
models and eligibility criteria in the German EPIC cohort. Cancer Prev
Res. 2015;8:777-785.

Husing A, Kaaks R. Risk prediction models versus simplified selection
criteria to determine eligibility for lung cancer screening: an analysis

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

| International Journal of Cancer

of German federal-wide survey and incidence data. Eur J Epidemiol.
2020;35:899-912.

Vickers AJ, Elkin EB. Decision curve analysis: a novel method for
evaluating prediction models. Med Decis Making. 2006;26:565-574.
Wynants L, van Smeden M, McLernon DJ, Timmerman D,
Steyerberg EW, Van Calster B. Three myths about risk thresholds
for prediction models. BMC Med. 2019;17:192.

Cressman S, Peacock SJ, Tammeméagi MC, et al. The cost-
effectiveness of high-risk lung cancer screening and drivers of pro-
gram efficiency. J Thorac Oncol. 2017;12:1210-1222.

Lebrett MB, Balata H, Evison M, et al. Analysis of lung cancer risk
model (PLCOM201and LLPv2) performance in a community-based
lung cancer screening programme. Thorax. 2020;75:661-668.
Tammemagi MC, Schmidt H, Martel S, et al. Participant selection for
lung cancer screening by risk modelling (the pan-Canadian early
detection of lung cancer [PanCan] study): a single-arm, prospective
study. Lancet Oncol. 2017;18:1523-1531.

Gonzalez Maldonado S, Johnson T, Motsch E, Delorme S, Kaaks R.
Can autoantibody tests enhance lung cancer screening? an evalua-
tion of EarlyCDT®-lung in context of the German lung cancer
screening intervention trial (LUSI). Transl Lung Cancer Res. 2020;10:
233-242. https://doi.org/10.21037/tlcr-20-727.

Kotwal AA, Walter LC, Lee SJ, Dale W. Are we choosing wisely?
Older adults' cancer screening intentions and recalled discussions
with physicians about stopping. J Gen Intern Med. 2019;34:
1538-1545.

Rivera MP, Nichole TT, Gerard AS, et al. Incorporating coexisting
chronic illness into decisions about patient selection for lung cancer
screening. An official American Thoracic Society research statement.
Am J Respir Crit Care Med. 2018;198:e3-e13.

Pinsky PF, Bellinger CR, Miller DP. False-positive screens and lung
cancer risk in the National Lung Screening Trial: implications for
shared decision-making. J Med Screen. 2017;25:110-112.

Doll R, Peto R. Cigarette smoking and bronchial carcinoma: dose and
time relationships among regular smokers and lifelong non-smokers.
J Epidemiol Community Health. 1978;32:303-313.

Rivera MP, Katki HA, Tanner NT, et al. Addressing disparities in lung
cancer screening eligibility and healthcare access. An official Ameri-
can Thoracic Society statement. Am J Respir Crit Care Med. 2020;
202:€95-e112.

Centers for Medicare and Medicaid Services. Decision Memo for
Screening for Lung Cancer with Low Dose Computed Tomography
(LDCT) (CAG-00439N); 2015. https://www.cms.gov/medicarecoverage-
database/details/nca-decisionmemo.aspx?NCAId/4274

Schiitte S, Dietrich D, Montet X, Flahault A. Participation in lung
cancer screening programs: are there gender and social differences?
A systematic review. Publ Health Rev. 2018;39:23.

Yousaf-Khan U, Horeweg N, van der Aalst C, ten Haaf K, Oudkerk M,
de Koning H. Baseline characteristics and mortality outcomes of control
group participants and eligible non-responders in the NELSON lung
cancer screening study. J Thorac Oncol. 2015;10:747-753.

The National Lung Screening Trial Research Team Writing Commit-
tee, Aberle DR, Adams AM, et al. Baseline characteristics of partici-
pants in the randomized National Lung Screening Trial. JNCI: J Natl
Cancer Inst. 2010;102:1771-1779.

Broberg G, Wang J, Ostberg A-L, et al. Socio-economic and demo-
graphic determinants affecting participation in the Swedish cervical
screening program: a population-based case-control study. PLoS
One. 2018;13:e0190171.

Frederiksen BL, Jgrgensen T, Brasso K, Holten I, Osler M. Socioeco-
nomic position and participation in colorectal cancer screening. Br J
Cancer. 2010;103:1496-1501.

Segura JM, Castells X, Casamitjana M, Macia F, Porta M, Katz SJ. A
randomized controlled trial comparing three invitation strategies in a
breast cancer screening program. Prev Med. 2001;33:325-332.


https://doi.org/10.21037/tlcr-20-727
https://www.cms.gov/medicarecoverage-database/details/nca-decisionmemo.aspx?NCAId%C2%BC274
https://www.cms.gov/medicarecoverage-database/details/nca-decisionmemo.aspx?NCAId%C2%BC274
https://www.cms.gov/medicarecoverage-database/details/nca-decisionmemo.aspx?NCAId%C2%BC274

262 @uicc

103.

104.

105.

106.

107.
108.
109.
110.
111.
112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

TEN HAAF ET AL.

| International Journal of Cancer

McCaffery KJ, Smith SK, Wolf M. The challenge of shared deci-
sion making among patients with lower literacy: a framework
for research and development. Med Decis Making. 2010;30:
35-44.

von Wagner C, Good A, Whitaker KL, Wardle J. Psychosocial deter-
minants of socioeconomic inequalities in cancer screening participa-
tion: a conceptual framework. Epidemiol Rev. 2011;33:135-147.
Smith SK, Trevena L, Simpson JM, Barratt A, Nutbeam D,
McCaffery KJ. A decision aid to support informed choices about
bowel cancer screening among adults with low education:
randomised controlled trial. BMJ. 2010;341:c5370.

Quaife SL, Ruparel M, Dickson JL, et al. Lung screen uptake trial
(LSUT): randomized controlled clinical trial testing targeted invitation
materials. Am J Respir Crit Care Med. 2019;201:965-975.

Quaife SL, Ruparel M, Beeken RJ, et al. The lung screen uptake trial
(LSUT): protocol for a randomised controlled demonstration lung
cancer screening pilot testing a targeted invitation strategy for high
risk and 'hard-to-reach' patients. BMC Cancer. 2016;16:281.

Darling GE, Tammemagi MC, Schmidt H, et al. Organized lung cancer
screening pilot: informing a province-wide program in Ontario,
Canada. Ann Thorac Surg. 2020;S0003-4975(20)31623-4. https://doi.
org/10.1016/j.athoracsur.2020.07.051.

Lee C. Screening for lung cancer: effective recruitment methods.
Am J Roentgenol. 2017;210:514-517.

Gould MK, Sakoda LC, Ritzwoller DP, et al. Monitoring lung cancer
screening use and outcomes at four cancer research network sites.
Ann Am Thorac Soc. 2017;14:1827-1835.

Richards TB, Doria-Rose VP, Soman A, et al. Lung cancer screening
inconsistent with U.S. Preventive Services Task Force recommenda-
tions. Am J Prev Med. 2019;56:66-73.

Lau YK, Caverly TJ, Cao P, et al. Evaluation of a personalized, web-
based decision aid for lung cancer screening. Am J Prev Med. 2015;
49:€125-e129.

Pinsky PF, Gierada DS, Black W, et al. Performance of lung-RADS in
the National Lung Screening Trial: a retrospective assessment. Ann
Intern Med. 2015;162:485-491.

Ten Haaf K, Tammemagi MC, Bondy SJ, et al. Performance and
cost-effectiveness of computed tomography lung cancer screening
scenarios in a population-based setting: a microsimulation modeling
analysis in Ontario, Canada. PLoS Med. 2017;14:e1002225.
Tomonaga Y, Ten Haaf K, Frauenfelder T, et al. Cost-effectiveness
of low-dose CT screening for lung cancer in a European country
with high prevalence of smoking-a modelling study. Lung Cancer.
2018;121:61-69.

Criss SD, Cao P, Bastani M, et al. Cost-effectiveness analysis of lung
cancer screening in the United States: a comparative modeling
study. Ann Intern Med. 2019;171:796-804.

Chokshi FH, Hughes DR, Wang JM, Mullins ME, Hawkins CM,
Duszak R Jr. Diagnostic radiology resident and fellow workloads: a
12-year longitudinal trend analysis using National Medicare Aggre-
gate Claims Data. J Am Coll Radiol. 2015;12:664-669.

Reicher J, Currie S, Birchall D. Safety of working patterns among UK
neuroradiologists: what can we learn from the aviation industry and
cognitive science? Br J Radiol. 2018;91:20170284.

Nishie A, Kakihara D, Nojo T, et al. Current radiologist workload and
the shortages in Japan: how many full-time radiologists are
required? Jpn J Radiol. 2015;33:266-272.

Gonzélez Maldonado S, Hynes LC, Motsch E, et al. Validation of
multivariable lung cancer risk prediction models for the personalized
assignment of optimal screening frequency: a retrospective analysis
of data from the German Lung Cancer Screening Intervention Trial
(LUSI). Transl Lung Cancer Res. 2021;10:1305-1317.

Horst C, Dickson J, Tisi S, et al. SUMMIT study: protocolised man-
agement of pulmonary nodules in a lung cancer screening cohort.
Lung Cancer. 2020;139:S3.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Pastorino U, Boeri M, Sestini S, et al. PL02.04 blood MicroRNA and
LDCT reduce unnecessary LDCT repeats in lung cancer screening:
results of prospective BioMILD trial. J Thorac Oncol. 2019;14:55-Sé6.
4-IN THE LUNG RUN: Towards INdividually tailored INvitations,
screening INtervals, and INtegrated comorbidity reducing strategies
in lung cancer screening. https://cordis.europa.eu/project/id/
848294

Seijo LM, Peled N, Ajona D, et al. Biomarkers in lung cancer screen-
ing: achievements, promises, and challenges. J Thorac Oncol. 2019;
14:343-357.

Hanash SM, Ostrin EJ, Fahrmann JF. Blood based biomarkers
beyond genomics for lung cancer screening. Transl Lung Cancer Res.
2018;7:327-335.

Integrative Analysis of Lung Cancer Etiology and Risk (INTEGRAL)
Consortium for Early Detection of Lung Cancer, Guida F, Sun N,
et al. Assessment of lung cancer risk on the basis of a biomarker
panel of circulating proteins. JAMA Oncol. 2018;4:€182078.

Sullivan FM, Mair FS, Anderson W, et al. Earlier diagnosis of lung
cancer in a randomised trial of an autoantibody blood test followed
by imaging. Eur Respir J. 2020;57:2000670. https://doi.org/10.
1183/13993003.00670-2020.

Fehlmann T, Kahraman M, Ludwig N, et al. Evaluating the use of cir-
culating MicroRNA profiles for lung cancer detection in symptom-
atic patients. JAMA Oncol. 2020;6:714-723.

Hung RJ, Warkentin MT, Brhane Y, et al. Assessing lung cancer
absolute risk trajectory based on a polygenic risk model. Cancer Res.
2021;81:1607-1615.

Horst C, Dickson JL, Tisi S, et al. Delivering low-dose CT screening
for lung cancer: a pragmatic approach. Thorax. 2020;75:831-832.
Ardila D, Kiraly AP, Bharadwaj S, et al. End-to-end lung cancer
screening with three-dimensional deep learning on low-dose chest
computed tomography. Nat Med. 2019;25:954-961.

Ciompi F, Chung K, van Riel SJ, et al. Towards automatic pulmonary
nodule management in lung cancer screening with deep learning. Sci
Rep. 2017;7:46479.

Collins GS, Moons KGM. Reporting of artificial intelligence predic-
tion models. Lancet. 2019;393:1577-1579.

Nagendran M, Chen Y, Lovejoy CA, et al. Artificial intelligence ver-
sus clinicians: systematic review of design, reporting standards, and
claims of deep learning studies in medical imaging. BMJ. 2020;368:
m689.

Pinsky PF, Church TR, Izmirlian G, Kramer BS. The National Lung
Screening Trial: results stratified by demographics, smoking history,
and lung cancer histology. Cancer. 2013;119:3976-3983.

Meza R, Meernik C, Jeon J, Cote ML. Lung cancer incidence trends
by gender, race and histology in the United States, 1973-2010. PloS
One. 2015;10:e0121323.

Lortet-Tieulent J, Soerjomataram |, Ferlay J, Rutherford M,
Weiderpass E, Bray F. International trends in lung cancer incidence
by histological subtype: adenocarcinoma stabilizing in men but still
increasing in women. Lung Cancer. 2014;84:13-22.

Ten Haaf K, van Rosmalen J, de Koning HJ. Lung cancer detectabil-
ity by test, histology, stage, and gender: estimates from the NLST
and the PLCO trials. Cancer Epidemiol Biomarkers Prev. 2015;24:
154-161.

Han SS, Ten Haaf K, Hazelton WD, et al. The impact of overdiagno-
sis on the selection of efficient lung cancer screening strategies. Int J
Cancer. 2017;140:2436-2443.

Goodwin JS, Nishi S, Zhou J, Kuo Y-F. Use of the shared decision-
making visit for lung cancer screening among medicare enrollees.
JAMA Intern Med. 2019;179:716-718.

Hoffman RM, Elmore JG, Fairfield KM, Gerstein BS, Levin CA,
Pignone MP. Lack of shared decision making in cancer screening dis-
cussions: results from a National Survey. Am J Prev Med. 2014;47:
251-259.


https://doi.org/10.1016/j.athoracsur.2020.07.051
https://doi.org/10.1016/j.athoracsur.2020.07.051
https://cordis.europa.eu/project/id/848294
https://cordis.europa.eu/project/id/848294
https://doi.org/10.1183/13993003.00670-2020
https://doi.org/10.1183/13993003.00670-2020

TEN HAAF ET AL.

263

@ uicc

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Moldovanu D, de Koning HJ, van der Aalst CM. Lung cancer screen-
ing and smoking cessation efforts. Transl Lung Cancer Res. 2021;10:
1099-1109. https://doi.org/10.21037/tlcr-20-899.

Murray RL, Brain K, Britton J, et al. Yorkshire enhanced stop
smoking (YESS) study: a protocol for a randomised controlled trial to
evaluate the effect of adding a personalised smoking cessation inter-
vention to a lung cancer screening programme. BMJ Open. 2020;10:
e037086.

Marshall HM, Courtney DA, Passmore LH, et al. Brief tailored
smoking cessation counseling in a lung cancer screening population
is feasible: a pilot randomized controlled trial. Nicotine Tob Res.
2016;18:1665-1669.

Anne MJ, Alexander JR, Daniel A, et al. Lung cancer screening and
smoking cessation clinical trials. SCALE (smoking cessation within
the context of lung cancer screening) collaboration. Am J Respir Crit
Care Med. 2018;197:172-182.

Tremblay A, Taghizadeh N, Huang J, et al. A randomized controlled
study of integrated smoking cessation in a lung cancer screening
program. J Thorac Oncol. 2019;14:1528-1537.

Cadham CJ, Cao P, Jayasekera J, et al. Cost-effectiveness of
smoking cessation interventions in the lung Cancer screening set-
ting: a simulation study. J Natl Cancer Inst. 2021;djab002. https://
doi.org/10.1093/jnci/djab002.

Cao P, Jeon J, Levy DT, et al. Potential impact of cessation interven-
tions at the point of lung cancer screening on lung cancer and over-
all mortality in the United States. J Thorac Oncol. 2020;15:
1160-1169.

van der Aalst CM, van Klaveren RJ, de Koning HJ. Does participation
to screening unintentionally influence lifestyle behaviour and thus
lifestyle-related morbidity? Best Pract Res Clin Gastroenterol. 2010;
24:465-478.

Tammemagi MC, Berg CD, Riley TL, Cunningham CR, Taylor KL.
Impact of lung cancer screening results on smoking cessation. J Natl
Cancer Inst. 2014;106:dju084.

van der Aalst CM, van Klaveren RJ, van den Bergh KA,
Willemsen MC, de Koning HJ. The impact of a lung cancer com-
puted tomography screening result on smoking abstinence. Eur Res-
pir J. 2011;37:1466-1473.

Brain K, Carter B, Lifford KJ, et al. Impact of low-dose CT screening
on smoking cessation among high-risk participants in the UK lung
cancer screening trial. Thorax. 2017;72:912-918.

Mets OM, de Jong PA, Prokop M. Computed tomographic screening
for lung cancer: an opportunity to evaluate other diseases. JAMA.
2012;308:1433-1434.

Yip R, Jirapatnakul A, Hu M, et al. Added benefits of early detection
of other diseases on low-dose CT screening. Transl Lung Cancer Res.
2021;10:1141-1153.

Heuvelmans MA, Vonder M, Rook M, et al. Screening for early lung
cancer, chronic obstructive pulmonary disease, and cardiovascular
disease (the Big-3) using low-dose chest computed tomography:
current evidence and technical considerations. J Thorac Imaging.
2019;34:160-169.

van der Aalst CM, Denissen S, Vonder M, et al. Screening for cardio-
vascular disease risk using traditional risk factor assessment or coro-
nary artery calcium scoring: the ROBINSCA trial. Eur Heart J
Cardiovasc Imaging. 2020;21:1216-1224.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of
classifying prognostic comorbidity in longitudinal studies: develop-
ment and validation. J Chronic Dis. 1987;40:373-383.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

| International Journal of Cancer

Tammemagi CM, Neslund-Dudas C, Simoff M, Kvale P. Impact of
comorbidity on lung cancer survival. Int J Cancer. 2003;103:792-802.
Gould MK, Munoz-Plaza CE, Hahn EE, Lee JS, Parry C, Shen E.
Comorbidity profiles and their effect on treatment selection and sur-
vival among patients with lung cancer. Ann Am Thorac Soc. 2017;14:
1571-1580.

Toumazis |, Alagoz O, Leung A, Plevritis S. P2.11-02 individualized
risk-based lung cancer screening incorporating past screening findings
and changes in smoking behaviors. J Thorac Oncol. 2019;14:5792.
Rizopoulos D, Taylor JMG, Van Rosmalen J, Steyerberg EW,
Takkenberg JJM. Personalized screening intervals for biomarkers
using joint models for longitudinal and survival data. Biostatistics.
2016;17:149-164.

O'Mahony JF, van Rosmalen J, Mushkudiani NA, et al. The influence
of disease risk on the optimal time interval between screens for the
early detection of cancer: a mathematical approach. Med Decis Mak-
ing. 2014;35:183-195.

Lim KP, Marshall H, Tammemagi M, et al. Protocol and rationale for
the international lung screening trial (ILST). Ann Am Thorac Soc.
2020;17:503-512.

Crosbie PA, Balata H, Evison M, et al. Implementing lung cancer
screening: baseline results from a community-based 'lung health check'’
pilot in deprived areas of Manchester. Thorax. 2019;74:405-409.
D'Amelio AM, Cassidy A, Asomaning K, et al. Comparison of discrim-
inatory power and accuracy of three lung cancer risk models. Br J
Cancer. 2010;103:423-429.

Bartlett EC, Kemp SV, Ridge CA, et al. Baseline results of the West
London lung cancer screening pilot study: impact of mobile scanners
and dual risk model utilisation. Lung Cancer. 2020;148:12-19.
Targeted Screening for Lung Cancer with Low Radiation Dose Com-
puted Tomography Standard Protocol prepared for the Targeted
Lung Health Checks Programme version 1. https://www.england.
nhs.uk/publication/targeted-screening-for-lung-cancer/

Crosbie PAJ, Gabe R, Simmonds |, et al. Yorkshire lung screening
trial (YLST): protocol for a randomised controlled trial to evaluate
invitation to community-based low-dose CT screening for lung can-
cer versus usual care in a targeted population at risk. BMJ Open.
2020;10:e037075.

Ghimire B, Maroni R, Vulkan D, et al. Evaluation of a health service
adopting proactive approach to reduce high risk of lung cancer: the
Liverpool Healthy Lung Programme. Lung Cancer. 2019;134:66-71.
Raji OY, Duffy SW, Agbaje OF, et al. Predictive accuracy of the Liv-
erpool lung project risk model for stratifying patients for computed
tomography screening for lung cancer: a case-control and cohort
validation study. Ann Intern Med. 2012;157:242-250.

Weber M, Yap S, Goldsbury D, et al. Identifying high risk individuals
for targeted lung cancer screening: independent validation of the
PLCOmM2012 risk prediction tool. Int J Cancer. 2017;141:242-253.

How to cite this article: ten Haaf K, van der Aalst CM, de
Koning HJ, Kaaks R, Tammemagi MC. Personalising lung
cancer screening: An overview of risk-stratification
opportunities and challenges. Int. J. Cancer. 2021;149:
250-263. https://doi.org/10.1002/ijc.33578



https://doi.org/10.21037/tlcr-20-899
https://doi.org/10.1093/jnci/djab002
https://doi.org/10.1093/jnci/djab002
https://www.england.nhs.uk/publication/targeted-screening-for-lung-cancer/
https://www.england.nhs.uk/publication/targeted-screening-for-lung-cancer/
https://doi.org/10.1002/ijc.33578

	Personalising lung cancer screening: An overview of risk-stratification opportunities and challenges
	1  INTRODUCTION
	2  IDENTIFICATION OF INDIVIDUALS ELIGIBLE FOR SCREENING THROUGH RISK-PREDICTION MODELS
	2.1  Discrimination
	2.2  The importance of calibration performance
	2.3  Choosing the risk-threshold
	2.4  Lung cancer risk and screening eligibility disparities

	3  INDIVIDUAL INVITATION AND RISK-COMMUNICATION STRATEGIES
	4  DETERMINATION OF THE SCREENING INTERVAL
	5  POTENTIAL APPLICATIONS FOR BIOMARKERS
	6  FUTURE OPPORTUNITIES FOR RISK-STRATIFICATION
	7  CONCLUSION
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES


