
I N V I T E D R E V I EW S E R I E S ON P E R SONA L I Z E D
P R E V E N T I ON

Personalising lung cancer screening: An overview of
risk-stratification opportunities and challenges

Kevin ten Haaf1 | Carlijn M. van der Aalst1 | Harry J. de Koning1 |

Rudolf Kaaks2,3 | Martin C. Tammemägi4

1Department of Public Health, Erasmus

MC-University Medical Center Rotterdam,

Rotterdam, The Netherlands

2Division of Cancer Epidemiology, German

Cancer Research Center (DKFZ), Heidelberg,

Germany

3Translational Lung Research Center (TLRC)

Heidelberg, Member of the German Center for

Lung Research (DZL), Heidelberg, Germany

4Department of Health Sciences, Brock

University, St. Catharines, Ontario, Canada

Correspondence

Kevin ten Haaf, Erasmus MC-University

Medical Center Rotterdam, Department of

Public Health, P.O. Box 2040, 3000 CA

Rotterdam, The Netherlands.

Email: k.tenhaaf@erasmusmc.nl

Funding information

ERA-NET: Aligning national/regional

translational cancer research programmes and

activities TRANSCAN-2 Joint Transnational

Call for Proposals 2016 (JTC 2016) on:

“Minimally and non-invasive methods for early

detection and/or progression of cancer”
Specifically the CLEARLY project: https://

www.transcanfp7.eu/index.php/abstract/

clearly.html; Horizon 2020 Framework

Programme 4-IN THE LUNG RUN, Grant/

Award Number: 848294

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.1,2 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.1-13 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.1-8,14 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.15,16

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 2013.17 The 2021 recommendations suggest

lowering the starting age of screening to 50 and reducing the required

number of pack-years to 20.18 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.19-24 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.25 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

variables.26-33 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.26-28,34

Furthermore, the 2013 USPSTF recommendations may fail to include

groups who are at elevated risk.35-37 Risk-prediction models have

been suggested to improve the identification of such groups, and

decrease socioeconomic or ethnic disparities regarding screening eligi-

bility.38-40 Finally, risk prediction models or criteria may also be used

to further stratify individual risk through CT-based findings.41-47

In light of these findings, various organisations are advocating the

adoption of personalised risk-stratified approaches for lung cancer

screening.48-51 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

quantitative estimates of risk in lung cancer screening programs are

still debated.50,51 Secondly, there has been discussion on how cur-

rently proposed risk-based approaches affect individual benefits and

harms.52-54 Finally, challenges remain in applying risk-stratification in

practice.55-57

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.14,58,59 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.29,60 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.61-63 But, in Asian populations,

never-smokers account for a substantial proportion of lung cancer

diagnoses.64,65 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).66 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,30 the

Lung Cancer Risk Assessment Tool (LCRAT),28 the Lung Cancer Death

Risk Assessment Tool (LCDRAT),28 the Liverpool Lung Project (LLP)

model67,68 and the PLCOm2012 model,26 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.

2.1 | Discrimination

A key measure to evaluate risk-prediction model performance is dis-

crimination.69 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.28,34

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.70

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.71-73 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.69,72,74 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.74 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.74 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.75,76

Overall, the models in Table 1 have shown generally satisfactory

calibration performance across different risk-levels.34,77 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.70,78

Therefore, the estimated risk for an individual may differ across

models, as shown in Figure 1.34 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).70,72,79-81 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.82

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.26,34,83,84 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.85 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.85,86 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 2.52,54 Consequently, older individuals and those with

greater smoking exposures are more likely to be identified as being at

252 TEN HAAF ET AL.



T
A
B
L
E
1

M
o
de

ls
fo
r
as
se
ss
in
g
sc
re
en

in
g
el
ig
ib
ili
ty

M
o
de

l
D
ev

el
o
pm

en
t
da

ta
se
t
In
cl
ud

ed
ri
sk
-f
ac
to
rs

P
re
di
ct
ed

o
ut
co

m
e

P
re
di
ct
io
n

ti
m
e-
fr
am

es

R
ec

o
m
m
en

da
ti
o
ns

in
po

si
ti
o
n
st
at
em

en
ts

an
d

ap
pl
ic
at
io
ns

in
cl
in
ic
al
tr
ia
ls
/p

ilo
t
st
u
d
ie
s/

sc
re
en

in
g
pr
o
gr
am

s
D
ev

el
o
p
m
en

t
re
fe
re
n
ce

E
xt
er
n
al

va
lid

at
io
n

re
fe
re
n
ce

s

B
ac
h
m
o
de

l
C
ar
o
te
ne

an
d
R
et
in
o
l

E
ff
ic
ac
y
T
ri
al

(C
A
R
E
T
)

A
ge

,g
en

de
r,
sm

o
ki
ng

d
ur
at
io
n,

sm
o
ki
ng

in
te
ns
it
y,
ye

ar
s
si
nc

e

ce
ss
at
io
n,

as
be

st
o
s
ex

po
su
re

Lu
ng

ca
nc

er

in
ci
de

nc
e

1
ye

ar

(it
er
at
iv
e)

—
3
0

3
4
,7

7
,8

3
,1

6
5

Lu
ng

C
an

ce
r

(D
ea

th
)R

is
k

A
ss
es
sm

en
t
T
o
o
l

(L
C
[D

]R
A
T
)

P
ro
st
at
e,

Lu
ng

,

C
o
lo
re
ct
al
an

d

O
va
ri
an

C
an

ce
r

Sc
re
en

in
g
T
ri
al

(P
LC

O
)

A
ge

,g
en

de
r,
ra
ce
/e
th
n
ic
it
y,

ed
uc

at
io
n
bo

dy
m
as
s
in
de

x

(B
M
I),

fa
m
ily

hi
st
o
ry

o
f
lu
ng

ca
nc

er
,s
el
f-
re
po

rt
ed

em
ph

ys
em

a.
P
ac
k-
ye

ar
s

sm
o
ke

d,
sm

o
ki
n
g
in
te
ns
it
y,

sm
o
ki
ng

du
ra
ti
o
n,

ye
ar
s
si
nc

e

ce
ss
at
io
n

Lu
ng

ca
nc

er

in
ci
de

nc
e
(L
C
R
A
T
)/

Lu
ng

ca
nc

er
de

at
h

(L
C
D
R
A
T
)

5
ye

ar
s

—
2
8

7
7

Li
ve

rp
o
o
lL

un
g

P
ro
je
ct

(L
LP

)

m
o
de

l(
V
er
si
o
ns

1
-3
)

Li
ve

rp
o
o
lL

un
g

P
ro
je
ct

A
ge

,g
en

de
r,
sm

o
ki
n
g
du

ra
ti
o
n

(c
ig
ar
et
te
s,
pi
pe

an
d
ci
ga
rs
),

pr
ev

io
us

hi
st
o
ry

o
f
re
sp
ir
at
o
ry

di
se
as
es

(C
O
P
D
,e

m
ph

ys
em

a,

br
o
nc

hi
ti
s,
pn

eu
m
o
ni
a,

tu
be

rc
ul
o
si
s)
,h

is
to
ry

o
f

pr
ev

io
us

ca
nc

er
,f
am

ily
hi
st
o
ry

(e
ar
ly
/l
at
e
o
ns
et
),
ex

po
su
re

to

as
be

st
o
s

Lu
ng

ca
nc

er

in
ci
de

nc
e

5
ye

ar
s

E
ur
o
pe

an
lu
ng

ca
nc

er
sc
re
en

in
g
tr
ia
lp

o
si
ti
o
n

st
at
em

en
t:
N
o
ri
sk
-t
hr
es
h
o
ld

su
gg

es
te
d
5
0

W
es
t
Lo

nd
o
n
Sc

re
en

in
g
P
ilo

t:
2
.0
%

ri
sk
-t
hr
es
ho

ld
1
6
6

N
at
io
na

lH
ea

lt
h
Se

rv
ic
e
E
ng

la
n
d
Lu

n
g
H
ea

lt
h

C
he

ck
pr
o
gr
am

:2
.5
%

ri
sk
-t
h
re
sh
o
ld

1
6
7

M
an

ch
es
te
r
Lu

ng
H
ea

lt
h
C
h
ec
k
P
ilo

t:
2
.5
%

an
d

5
.0
%

ri
sk
-t
hr
es
ho

ld
8
8

Y
o
rk
sh
ir
e
Lu

ng
Sc

re
en

in
g
T
ri
al
(Y
LS

T
):
5
.0
%

ri
sk
-t
hr
es
ho

ld
1
6
8

Li
ve

rp
o
o
lH

ea
lt
hy

Lu
ng

P
ro
gr
am

m
e:

5
.0
%

ri
sk

th
re
sh
o
ld

1
6
9

V
er
si
o
n
1
:6

7

V
er
si
o
n
2
:4

V
er
si
o
n
3
:6

8

V
er
si
o
n
1
:

3
4
,8
3
,1
6
5
,1
7
0

V
er
si
o
n
2
:6

8

P
LC

O
m
2
0
1
2

P
ro
st
at
e,

Lu
ng

,

C
o
lo
re
ct
al
an

d

O
va
ri
an

C
an

ce
r

Sc
re
en

in
g
T
ri
al

(P
LC

O
)

A
ge

,r
ac
e,

ed
uc

at
io
n
,B

M
I,

C
O
P
D
,p

er
so
na

lh
is
to
ry

o
f

ca
nc

er
,f
am

ily
hi
st
o
ry

o
f
lu
ng

ca
nc

er
,s
m
o
ki
ng

st
at
us
,

sm
o
ki
ng

du
ra
ti
o
n,

sm
o
ki
ng

in
te
ns
it
y,
ye

ar
s
si
n
ce

ce
ss
at
io
n

Lu
ng

ca
nc

er

in
ci
de

nc
e

6
ye

ar
s

E
ur
o
pe

an
lu
ng

ca
nc

er
sc
re
en

in
g
tr
ia
lp

o
si
ti
o
n

st
at
em

en
t:
N
o
ri
sk
-t
hr
es
h
o
ld

su
gg

es
te
d
5
0

N
at
io
na

lC
o
m
pr
eh

en
si
ve

C
an

ce
r
N
et
w
o
rk

(N
C
C
N
):

1
.3
%

ri
sk
-t
hr
es
ho

ld
4
9

In
te
rn
at
io
na

lL
un

g
Sc

re
en

in
g
T
ri
al
(IL

ST
):
1
.5
1
%

ri
sk
-t
hr
es
ho

ld
1
6
3

N
at
io
na

lH
ea

lt
h
Se

rv
ic
e
E
ng

la
n
d
Lu

n
g
H
ea

lt
h

C
he

ck
pr
o
gr
am

:1
.5
1
%

ri
sk
-t
h
re
sh
o
ld

1
6
7

M
an

ch
es
te
r
Lu

ng
H
ea

lt
h
C
h
ec
k
P
ilo

t:
1
.5
1
%

ri
sk
-t
hr
es
ho

ld
8
8
,1
6
4

Y
o
rk
sh
ir
e
Lu

ng
Sc

re
en

in
g
T
ri
al
(Y
LS

T
):
1
.5
1
%

ri
sk
-t
hr
es
ho

ld
1
6
8

W
es
t
Lo

nd
o
n
Sc

re
en

in
g
P
ilo

t:
1
.5
1
%

ri
sk
-t
hr
es
ho

ld
1
6
6

2
6

3
4
,7

7
,8

3
,1

0
8
,

1
7
1

TEN HAAF ET AL. 253



high risk.4,62,84,87 However, these risk-factors are also associated with

higher overall comorbidities and mortality: therefore, such individuals

may have a lower average benefit from screening compared to those

without comorbidities. As a result, modelling studies suggest that risk-

based lung cancer screening may yield only a modest amount of addi-

tional life-years gained and overdiagnosis could increase considerably
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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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compared to pack-year based strategies.52,54 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.54 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.88,89 However, the

average age in these studies and pilots was around 65, at which the

life-expectancy is 18-22 years.90 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.91 Consequently, discussions

are ongoing on how to explicitly incorporate comorbidities and life-

expectancy in recommendations and shared decision-making for lung

cancer screening.92

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.28,53,93 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

PLCOm2012 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.

2.4 | Lung cancer risk and screening eligibility
disparities

The general relationship between smoking duration, smoking intensity

and lung cancer incidence is well known.94 However, there are indica-

tions that the carcinogenic effects of smoking may differ between

sexes and across different races and ethnicities. As a result, twoT
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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.79,80 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.35,38,40 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.18,20

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.40

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.38 Consequently, the American Thoracic Society recently

advocated that screening eligibility should be assessed based on risk,

in order to reduce such disparities.95

3 | INDIVIDUAL INVITATION 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.96

Studies suggest that individuals with socioeconomically deprived

backgrounds represent a substantial proportion of those at high risk

for developing lung cancer.63,97 However, individuals from these

groups are also less likely to participate in lung cancer screening than

those with less deprived backgrounds.55,63,98,99 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.100-102 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.103-105 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.106,107 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.108 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.109 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.56,110,111 While 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.112 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.41 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.43
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Furthermore, in both trials, subsequent negative screening results

were indicative for a lower lung cancer risk.41,42 In addition, the char-

acteristics of the nodules found in NELSON provided additional infor-

mation on a person's risk for developing lung cancer.47

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.47,50,113 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.114-116 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.117-119 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.46 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.45 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.

Tammemägi et al extended the PLCOm2012 model (results-

adjusted PLCOm2012:PLCOm2012results) with NLST screening

results reclassified to Lung-RADS screening results.44 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

PLCOm2012results 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.120 Furthermore, these studies were based on retrospective

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.124-126

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.127 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.90

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.128 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.129 Preliminary results from the Bio-MILD study

suggest combining blood microRNA with CT screening results may

allow tailoring the screening interval.122 A study using data from the

Pittsburgh Lung Screening Study suggests blood-based biomarkers

could improve the assessment of nodule malignancy.128 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%.130

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.131,132 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.133 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.134 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.2,3,135 This may be due to higher prevalence

of adenocarcinoma in women, which are less aggressive compared to

other histological subtypes of lung cancer.136,137 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.138 However, the longer preclinical

duration in women may also increase the potential for overdiagnosis

compared to men.139 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.55,97 In

addition, women are less likely to be engaged in shared decision-

making compared to men.140,141 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.1-8 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.142-146 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.147,148 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.149

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.150-152 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.153-155 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.155,156

As mentioned previously, those at higher risk for lung cancer are

also at higher risk for having comorbidities and lower life expec-

tancy.4,62,84,87 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.52 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.157-159 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.160-162 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.108,121,123,163,164 It is

expected that these studies will provide answers to many of the

remaining challenges; as well as discover new opportunities for fur-

ther risk-stratification.
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