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ABSTRACT
Introduction Lung cancer screening (LCS) using low- 
dose CT has been demonstrated to reduce lung cancer- 
related mortality in large randomised controlled trials. 
Moving from trials to practice requires answering practical 
questions about the level of expertise of CT readers, the 
need for double reading as in trials and the potential 
role of artificial intelligence (AI). In addition, most LCS 
studies have predominantly included male participants 
with women being under- represented, even though the 
benefit of screening is greater for them. Thus, this study 
aims to compare the performance of a single CT reading 
by general radiologists trained in LCS using AI as a second 
reader to that of a double reading by expert thoracic 
radiologists, in a campaign for low- dose CT screening in 
high- risk women.
Methods and analysis This observational cohort study 
will recruit 2400 asymptomatic women aged between 
50 and 74 years, current or former smokers with at least 
a 20 pack- year smoking history, in 4 different French 
district areas. Assistance with smoking cessation will be 
offered to current smokers. An initial low- dose CT scan 
will be performed, with subsequent follow- ups at 1 year 
and 2 years. The primary objective is to compare CT scan 
readings by a single LCS- trained, AI- assisted radiologist to 
that of an expert double reading. The secondary objectives 
are: to evaluate the performance of AI as a stand- alone 
reader; the adherence to screening of female participants; 
the influence on smoking cessation; the psychological 
consequences of screening; the detection of chronic 
obstructive pulmonary disease (COPD), coronary artery 
disease and osteoporosis on low- dose CT scans and the 
costs incurred by screening.
Ethics and dissemination Ethics approval was obtained 
from the Comité de Protection des Personnes Sud- 
Est 1 (ethics approval number: 2021- A02265- 36 with 
an amendment on 15 July 2022). Trial results will be 
disseminated at conferences, through relevant patient 
groups and published in peer- reviewed journals.
Trial registration number NCT05195385.

INTRODUCTION
Background and rationale
Lung cancer is the leading cause of cancer 
death worldwide.1 Less common than breast 

cancer, it has been the main cause of cancer 
death in women in the USA since 1987. This 
was not observed in France, because the inci-
dence of smoking started later in the female 
population. However, the epidemiology of 
female lung cancer is extremely worrying 
in France as is also the case in Spain.2 Lung 
cancer incidence and mortality in French 
women showed an average increase of 5% 
and 3% per year, respectively, during the 
period from 2010 to 2018.3 With an equiva-
lent smoking history, the risk of developing 
lung cancer is 1.2–1.7 times higher in women 
than in men.4 The results of the French KBP 
2020 study conducted in 82 general hospitals 
which included 8999 patients, were presented 
in early 2022. The proportion of women 
among lung cancer patients increased from 
16% in 2000 to 34.6% in 2020, and in patients 
younger than 50 years, it increased to 41%.5 
When diagnosed based on symptoms, 80% of 
patients have advanced lung cancer and are 
not eligible for surgical treatment, resulting 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The CASCADE study will answer important prelim-
inary questions by exploring practical methods for 
CT readings before an organised large- scale lung 
cancer screening is implemented.

 ⇒ The study will validate the single reading of low- 
dose CT scans by non- expert radiologists trained in 
lung cancer screening.

 ⇒ The study will provide a prospective evaluation of 
artificial intelligence in lung cancer screening based 
on current low- dose CT technology.

 ⇒ The results of this study regarding adherence to 
screening, its psychological consequences and its 
effect on smoking cessation will be based only on 
French participants, with the limitation that the re-
sults may not be generalisable to other countries.

 ⇒ Due to the nature of the study design, missing data 
are expected in some patients.
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in poor long- term survival.6 Screening with low- dose CT 
can detect lung cancer at earlier stages, thereby reducing 
lung cancer- related mortality in the screened popula-
tion. In 2011, the National Lung Cancer Screening Trial 
(NLST) reported a 20% reduction in lung cancer- related 
mortality in the screened arm, at the cost of a high false 
positive rate.7 In 2020, the NELSON study reported a 26% 
and 33% reduction in lung cancer deaths at 10 years in 
male and female participants, respectively, as compared 
with controls.8 The overall referral rate for suspicious 
nodules was only 2.1% in this study, which adopted an 
efficient nodule management strategy based on volum-
etry and volumetric growth estimation for indeterminate 
nodules. The Multicentric Italian Lung Detection study 
also reported a reduction in lung cancer- related mortality 
of 39% in the screened arm.9 The UKLS and LUSI trials 
also demonstrated a reduction in lung cancer mortality 
through screening, despite this being significant only in 
women in the LUSI trial.10 11

While the medical benefit of screening is well estab-
lished, the practicalities of its implementation still need 
to be evaluated, hence the need for implementation 
research programmes.12 13

Most lung cancer screening (LCS) studies are based on 
double reading,8 11 13–18 with the exception of the NLST 
which involved only one expert for the reading. It is esti-
mated that the number of individuals eligible forLCS in 
France varies between 2.5 and 3.7 million, depending on 
the inclusion criteria. Training radiographers is not an 
option as their performance is lower than that of expe-
rienced radiologists.19 There are not enough expert 
thoracic radiologists for this task, especially if double 
reading is required, thus making it necessary to train 
general radiologists in LCS. Moreover, none of the LCS 
studies mentioned above, evaluated the role of artifi-
cial intelligence (AI) in screening. An ancillary study of 
400 randomly selected CT exams in the NELSON trial 
reported a superior performance of computer- assisted 
lung nodule detection compared with double reading by 
radiologists, at the cost of 3.7 false positives per exam.20 
The development of modern algorithms based on deep 
learning could solve this problem.21–24 Google engineers 
claimed to have developed a programme capable of diag-
nosing lung cancer with a performance superior to that 
of human doctors.21 However, their algorithm was trained 
on NLST data, not on current CT technology, which uses 
iterative image reconstruction or deep learning. Finally, 
most LCS studies have primarily included male partici-
pants, with women being under- represented, leading the 
authors of the NELSON trial to conclude that further 
research is needed in this subgroup.8

Objectives
Main objective: The main objective of the CASCADE 
study is to compare the performance of a single general 
radiologist trained in LCS using AI as a second reader 
with that of the reference standard (a double reading by 

expert thoracic radiologists), in a campaign for low- dose 
CT screening in high- risk women.

Hypothesis: a single reading of the CT scans by a 
general radiologist, trained in screening and assisted by 
an AI algorithm, which plays the role of a second reader, 
should have a performance comparable to that of a 
double reading by experts.

Secondary objectives: to evaluate:
 ► The performance of AI as a stand- alone reader.
 ► The screening adherence according to the different 

modes of invitation.
 ► The influence of screening on smoking cessation.
 ► The detection of three comorbidities with smoking as 

the causative or additional risk factor: COPD, coro-
nary artery disease and osteoporosis.

 ► The psychological consequences of screening.
 ► The costs incurred by screening.

METHODS
Participants, interventions and outcomes
Trial design: prospective cohort study.The study protocol 
is consistent with the recommendations of the Euro-
pean position statement on LCS, which states that indi-
viduals participating in screening programmes should 
be informed about the benefits and harms of screening, 
smoking cessation should be offered to all current 
smokers, and the management of solid nodules should 
involve semiautomatically measured volume and volume 
doubling time.25

We followed the recommendations of the STROBE 
(Strengthening The Reporting of OBservational Studies 
in Epidemiology) checklist.26

Study setting
The study will be conducted in four French cities, namely 
Paris, Rennes, Béthune and Grenoble, which represent 
different socioeconomic profiles. It will then be dissemi-
nated in neighbouring areas. The recruitment centres will 
be a university hospital in Paris and community clinics for 
the other three cities.

Inclusion and exclusion criteria for participants.

Inclusion criteria
 ► Women aged 50–74 years.
 ► Having at least 20 pack- year smoking history.
 ► Current or former smokers who have no quit for more 

than 15 years.
 ► Having given their consent and understood the need 

for a 2- year follow- up.
 ► Affiliated to social security.

Exclusion criteria
 ► Presence of clinical symptoms suggestive of malig-

nancy (weight loss, haemoptysis) or ongoing infection 
(febrile cough, expectoration).

 ► Cancer within the previous 2 years.
 ► History of lung cancer.
 ► Follow- up at 2 years is impossible.
 ► Chest CT scan in the previous 2 years.
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Eligibility criteria for individuals/study centres who will 
perform the interventions

 ► Pulmonologists: trained in the ‘5 As’ strategy for 
smoking cessation.

 ► Onsite general radiologists (first readers): trained in 
LCS according to the European Society of Thoracic 
Imaging (ESTI) LCS certification programme, avail-
able at https://www.myesti.org/lungcancerscreen 
ingcertificationproject/https://www.myesti.org/lung 
cancerscreeningcertificationproject/.

 ► Study centres: equipped with an artificial solution for 
lung nodule detection (Veye Lung Nodules, V.3.9.2, 
Aidence, Amsterdam, the Netherlands) and fulfilling 
the technical requirements by performing a test CT 
scan on a phantom.

Interventions
 ► Low- dose CT scans performed at inclusion then at 

1- year and 2- year follow- ups.
An additional CT scan will be needed if one of the three 

previously listed CT scan results is indeterminate. All CT 
examinations will be performed according to the tech-
nical recommendations of the ESTI, available at https://
www.myesti.org/content-esti/uploads/ESTI-LCS-techni-
cal-standards_2019-06-14.pdf.

 ► CT scan reading modalities: general radiologist first 
without the use of AI, then with the use of AI as well as 
two independent expert thoracic radiologists.

 ► Consultation with a pulmonologist at the inclusion 
visit and then at the end of the study participation, 
as well as in the event of an indeterminate CT scan 
result, after the additional CT scan.

The inclusion visit will be carried out by a pulmonolo-
gist who will:

 ► Provide information on the methods, risks and bene-
fits of screening presented in an information leaflet.

 ► Check eligibility.
 ► Offer help with smoking cessation via a tobacco 

dependence questionnaire (CDS, Cigarette Depend-
ence Scale) followed by a discussion on the benefits 
of cessation and its methods. A prescription for nico-
tine substitutes will be offered. The follow- up of this 
care will be conducted by telephone interviews with 
a nurse specialised in smoking cessation. Participants 
who request this will be referred to a specialised 
smoking cessation consultation.

 ► Look for signs suggestive of COPD according to 
the six- question COPD test available on the French 
national social health insurance (CNAM) website 
(https://www.ameli.fr/assure/sante/themes/bpco/ 
symptomes-diagnosticcomplications). In the event of 
a positive score, the result will be communicated to 
the participant and her attending physician, who will 
consider performing spirometry.

 ► Explain that a visual quantification of the coro-
nary artery calcium score and a search for thoracic 
vertebral fractures related to osteoporosis will be 
performed during the CT reading. The results will be 

communicated to the participant and her attending 
physician for management.

Questionnaires: The Hospital Anxiety and Depression 
Scale (HADS) questionnaire will be completed after each 
CT scan. The Cancer worry scale and Satisfaction with 
Decision scale questionnaires will be completed at the 
inclusion and end of study visits. The CDS questionnaire 
for current smokers will be completed at the inclusion 
visit.

Management of study participants
The management of study participants will be based on 
the consensus of the double expert reading. The criteria 
for positive, negative and indeterminate screen results 
can be found in online supplemental appendix 1. In 
summary, solid nodules with a volume of less than 100 
mm3 at baseline are considered a negative screen result, 
according to Horeweg et al.27 For a positive screen result, 
the CASCADE scientific committee considered and 
adopted the initial threshold volume of 500 mm3, which 
was used in the NELSON trial in order to avoid increasing 
the recall rate.

Outcomes
Main outcome
To demonstrate that the reading of CT scans by a general 
radiologist trained in screening, assisted by detection soft-
ware, has a similar performance to that of expert double 
reading, using the NELSON study as a reference.

Main outcome measure
Diagnostic performance (sensitivity, specificity, predictive 
values and likelihood ratios) of initial readings aided by 
detection software. The reference standard will be the 
pathological report for the positive screen results and 
for the negative screen results, a 2- year follow- up demon-
strating stability or absence of nodules on CT.

Secondary outcomes
1. Effectiveness of screening.
2. Diagnostic performance of reading without AI as the 

second reader, in order to assess its additional value.
3. Diagnostic performance of AI as a stand- alone reader.
4. Agreement of the different readings.
5. Adherence to screening.
6. Impact of screening on smoking cessation.
7. Psychological impact of screening.
8. Number of comorbidities (COPD, coronary heart dis-

ease) diagnosed.
9. Evaluation of the costs incurred by screening.

10. Prevalence of osteoporosis in opportunistic screening.

Secondary outcome measures
1. Proportion of participants with a positive screen re-

sult and the proportion of cancers confirmed.
2. Sensitivity, specificity, predictive values and likelihood 

ratios of reading without AI.
3. Sensitivity, specificity, predictive values and likelihood 

ratios of AI as stand- alone reader.
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4. Kappa coefficient between the different readings.
5. Number of participants compared with the num-

ber of eligible women, having all three CT scans, 
time needed to include the target number of 
participants.

6. Proportion who quit smoking at the end of the study.
7. Cancer worry scale, Satisfaction with Decision scale, 

HADS questionnaires translated into French.
8. Number of participants in relation to the number of 

women included, in whom treatment is started.
9. Total cost, average cost per woman, cost per case 

detected.
10. Presence of at least one thoracic vertebral fracture or 

an attenuation value for the T8 vertebral body mea-
suring less than 100 Hounsfield units.

Participant timeline
A timeline of the enrolment process, study visits, inter-
ventions and assessments performed on participants is 
presented in figure 1.

Sample size
The objective is to confirm a diagnostic performance 
comparable to that of the Nelson study after three CT 
scans.8 The recruitment of 2400 women over 2 years will 
allow us to estimate a positive predictive value of 43.5% 
with a 95% CI of (29.5% to 56.7%) as well as a rate of 
positive scans (true and false positives) of 2.1% (51/2400 
women) with a 95% CI of (1.6% to 2.7%). The expected 
cancer rate at 2 years (0.9%, ie, 22/2400 women) can be 
estimated with a 95% CI of (0.5% to 1.3%).

Recruitment
The participants will be recruited through social networks 
(facebook, twitter …), as well as through communica-
tions via town halls, regional print and television media, 
with the following announcement approved by the ethics 
committee:

‘You are a female smoker or ex- smoker between 50 
and 74 years old. You can participate in a lung can-
cer screening study in women by calling the following 
number: 06 15 06 58 35 Monday to Friday between 
9 a.m. and 5 p.m. You can also contact us by email:  
cascade. cch@ aphp. fr. Your eligibility criteria will be 
checked during the first telephone contact. If you 
are eligible, you will then be offered a consultation 
appointment with a pulmonologist to screen for the 
various tobacco- related pathologies’.

The same leaflet will be included in the invitation 
letter to breast cancer screening in the four participating 
French regions, which will be sent by the Regional Cancer 
Screening Coordination Centres (Centres Régionaux de 
Coordination du Dépistage des Cancers).

A web page is accessible for participants, containing a 
summary of the study, the information leaflet, as well as a 
short video presentation of the study(https://www. aphp.
fr/actualite/depistage-du-cancer-du-poumon-par- scan-
ner-faible-dose-lap-hp-lance-letude-pilote-cascade)

The total number of eligible women in the 4 partici-
pating French regions is 39 094. The inclusion target of 
2400 women corresponds to 6% of the eligible population.

Patient and public involvement
The project is motivated by previous experiences with 
patients and discussions with patient associations. Lung 
Cancer Europe a lung cancer patient advocacy group 
expressed its support for this study, estimating that the 
study will evaluate essential preliminary questions before 
large- scale lung screening is considered. The project 
places the patient at the centre of the research process, 
by evaluating the patient’s satisfaction with their decision 
and the psychological impact of the screening at different 
study time points.

Methods: data collection, management and analysis
Data collection methods
Clinical data will be collected in each centre during 
the inclusion and end visits by the investigator or by a 

Figure 1 Participant timeline. * List of collected baseline 
variables: Age of smoking onset, date of cessation, 
number of cigarettes per day, study level, family history 
of lung cancer, previously diagnosed coronary artery 
disease or osteoporosis, status in relation to other cancer 
screenings: breast, cervix, colon, How information about 
the study reached them. **List of collected outcome 
variables: Duration of smoking cessation, COPD confirmed 
by spirometry, coronary artery disease confirmed and 
treatment initiated (medical treatment or revascularisation), 
osteoporosis confirmed by additional densitometry, initiation 
of antiosteoporosis treatment, completion of the other 
recommended screenings. COPD, chronic obstructive 
pulmonary disease.
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clinical research technician, supervised by the investi-
gator. Deidentified data will be collected on an electronic 
form, using the cleanweb software.

Reminders by telephone, post and email will be used to 
schedule appointments in order to collect the data from 
all participants. If the participant is lost to follow- up, the 
contact details of the participants’ general practitioner 
will be used in order to collect the information of a cancer 
diagnosis at 2 years.

Anonymised CT images and AI reports will be trans-
ferred via secure connections to a dedicated Picture 
Archiving and Communicating System (SPHERE 
CASCADE), developed for the study. Expert readers 
will access CT images, but not AI reports via a secure 
encrypted connection, using a CE marked DICOM viewer 
allowing nodule segmentation and volume doubling 
time measurement (Veolity Lung Screening 1.7, MeVis 
Medical Solutions AG, Bremen, Germany).

Data management
The coordinating centre (URC Cochin) will be respon-
sible for the development of the electronic file, and they 
will ensure that the data are well collected.

Statistical analysis
The statistical analysis will be carried out at Cochin 
Hospital Clinical Research Unit using R and/or SAS soft-
ware V.9.3. A statistical analysis plan will be produced and 
validated by the study steering committee before freezing 
and analysing the data. Data analysis and reporting will 
follow the STARD statement recommendations (http://
www.equator-network.org).

The analysis will be carried out on all the participants 
included in the protocol.

Quantitative variables will be described as mean and SD 
or median and IQRs depending on the data distribution. 
Qualitative variables will be described as numbers and 
percentages.

Diagnostic performance (sensitivity, specificity, negative 
and positive predictive values, positive and negative like-
lihood ratios) will be calculated as usual. The proportion 
of women with a positive CT scan and the 2 year cancer 
rate for the entire screened population will be estimated 
with their 95% CIs using the exact binomial law.

The definition used for the presence or absence of 
cancer is as follows:

 ► Lung cancer: positive histology result.
 ► Absence of cancer: absence of nodule, or stability at 2 

years, or negative histology result.
In cases of persistent missing data regarding the main 

outcome (the information of cancer diagnosis at 2 
years), multiple imputations with chained equations will 
be applied using the MICE package of the R statistical 
software.

Agreement between the different readings will be anal-
ysed using the kappa coefficient, provided with its 95% 
CI.

The false positives and false negatives for each reading 
will be calculated using the above definition of lung 
cancer. The analysis of other endpoints will be mainly 
based on descriptive statistical methods.

Cost analysis
The cost analysis is based on a non- comparative study 
undertaken from a health system and payer perspective 
over a 2- year time time frame. One expected outcome of 
the cost analysis is to advise at the national level on the 
need for the use of AI in LCS. The other reported cost data 
include the average screening costs with scenario analyses 
on screening uptake, the costs per cancer detected and 
the costs associated with the workup of thoracic lesions 
detected by screening. These will be collected prospec-
tively at the participant level only via the study case report 
form, administrative data will not be queried, partly due to 
regulatory difficulties but mainly because it cannot differ-
entiate workup/cancer costs from other costs. Screening 
programme costs include:

 ► The fixed costs of screening invitation such as those 
involved if the programme is implemented (printing 
invitation letters and additional postage costs), 
retrieved from the billing systems of the regional 
cancer screening organisations.

 ► The costs of the CT scan: we will use the social health 
insurance tariffs for the price of the most recent type 
of equipment, to which the radiologist fees will be 
added.

 ► The cost of the AI solution is the purchase price, 
annual volume estimates are subjected to scenario 
analyses.

In the event of a positive or indeterminate result, or an 
incidental finding, we will estimate the healthcare costs 
for the following 2 years. Consultations and examinations 
(additional CT scan, biopsies, coronary angiography, 
bone densitometry and generally any assessment directly 
attributable to the results of the initial scan) will be valued 
by taking into account the social health insurance tariffs, 
hospital admissions (inpatient and outpatient) from the 
most recent national cost study.

The total fixed and variable cost of the 2- year screening 
programme will be estimated with and without AI, 
including all downstream healthcare costs. We will calcu-
late the average cost per participating woman, the average 
cost per lung cancer detected and the average cost per 
any relevant finding.

Methods: monitoring
Steering committee
The CASCADE study steering committee will have the 
overall responsibility for trial oversight, monitoring trial 
progress and protocol adherence.

Data monitoring
Data monitoring will be performed by research techni-
cians who will alert the investigators by email in cases of 
missing data on the electronic report file.
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A data monitoring committee comprising a statistician 
and two methodologists will perform an interim analysis 
halfway through the inclusions. They will review the initial 
statistical assumptions, regarding the prevalence of lung 
cancer and the performance of initial readings, especially 
the rates of positive and indeterminate CT scans, in order 
to have low confidence intervals when calculating positive 
predictive values.

Harms
Screening can be anxiety- provoking, especially since 
the participants will not have immediate results, due to 
a double reading being necessary. Anxiety will be eval-
uated at each CT scan using the HADS questionnaire. 
Performing an additional CT scan in the event of an inde-
terminate result is also a potential source of stress, and 
the participants will be forewarned of this possibility, as 
this concerned 9% of the NELSON trial participants.8

Auditing
An audit may be carried out at any time by persons 
appointed by the sponsor and it is independent of the 
investigators. Its objective is to ensure the quality of 
research, the validity of its results and compliance with 
the law and regulations in force.

Ethics and dissemination
Research ethics approval
The study protocol and the informed consent form 
template contained in the appendices have been approved 
by the Comité de Protection des Personnes Sud- Est 1. Any 
modifications to the protocol which may impact on the 
conduct of the study will be submitted to this committee 
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