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ABSTRACT

To reduce the breast cancer burden, the French National Organised Breast Cancer Screening Programme
(FNOBCSP) was implemented in 2004. The recommended participation rate has never been achieved and socio-
territorial inequities in participation have been reported on several occasions. We investigated the functional
forms and consistency of the relationships between neighbourhood deprivation, travel time to the nearest
accredited radiology centre and screening uptake. We used two-level hierarchical generalised additive models in
8 types of territories classified by socio-demographic and economic factors. The first level was 368,201 women
aged 50-72 invited to the 2013-2014 screening campaign in metropolitan France. They were nested in 41
départements, the level of organisation of the FNOBCSP. The effect of travel time showed two main patterns: it
was either linear (with participation decreasing as travel time increased) or participation first increased with
increasing travel time to a peak around 5-15 min and decreased afterward. In nearly all types and départements,
the probability of participation decreased linearly with increasing deprivation. Territorial inequities in partici-
pation were more context-dependent and complex than social inequities. Inequities in participation represent a
loss of opportunity for individuals who already have the worst cancer outcomes. Evidence-based public health
policies are needed to increase the effectiveness and equity of breast cancer screening.

1. Background

accredited radiology centre. Alongside this practice, France has main-
tained opportunistic screening (Quintin et al., 2022).

Breast cancer is the most common cancer localisation and the leading
cause of cancer deaths in women worldwide (Sung et al., 2021), in
Europe (European Cancer Information System, 2023) and in France
(Defossez et al., 2021). To reduce this burden (Lauby-Secretan et al.,
2015), the European Union recommended the implementation of
population-based organised cancer screening programmes in 2003
(European Union, 2003).

The French National Organised Breast Cancer Screening Programme
(FNOBCSP) was implemented nationally in 2004 (Santé publique
France, 2023). Women aged 50-74 at average risk for breast cancer are
invited by screening management structures to perform, every two
years, a free of charge mammography and a clinical breast exam in an

Despite 18 years of implementation, overall participation has always
been lower than the European recommendation of 70%. It peaked at
52% in 2011-2012 and has declined ever since (Santé publique France,
2022). Significant inequities in participation have been reported. Social
inequities refer to the differences in participation that are observed
between social groups. In previous studies, except one that showed an
inverse U-shaped relationship between participation and area-based
deprivation (Deborde et al., 2018), screening uptake was consistently
lower among individuals with lower social status (income, number of
adverse economic conditions, education, occupation) or in less favour-
able environments (area-based deprivation) (Rollet et al., 2021a; Kelly
et al., 2017; Menvielle et al., 2014; Guillaume et al., 2017; Ouédraogo
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et al., 2014; Poiseuil et al., 2019; Ouanhnon et al., 2022; Duport, 2012).
Territorial inequities refer to the differences in participation that are
related to the geographical location of individuals and services. In
France, participation in breast cancer screening varies with individuals’
physical proximity to accredited radiology centres but also more general
measure of accessibility such as potential localised accessibility to the
general practitioner or urbanicity of the area of residence (Rollet et al.,
2021a; Guillaume et al., 2017; Ouédraogo et al., 2014; Ouanhnon et al.,
2022).

We led a first study, using the hierarchical generalised linear
framework (Lee and Nelder, 1996), showing that the strength of in-
equities in participation based on area-based deprivation and travel time
to the nearest accredited radiology centre varied according to the
départements level, the level of operational organisation of the FNOBCSP
during the years covered by our data (Rollet et al., 2021a). We assumed
log-linear relationship between the predictors and the outcome. This
allowed us to identify overall trends, but not to describe the functional
forms of the relationships. This might have led to some residual con-
founding because of an oversimplification (Benedetti and Abrahamo-
wicz, 2004). This study was designed to identify differences between
départements, geographical units resulting from an administrative divi-
sion of the territory. They have high heterogeneity in terms of popula-
tion size, density, socio-demographic characteristics, and lifestyle. This
left an open question about whether inequities in participation are
modulated by the socio-demographic and economic characteristics of
the context (called types of territory hereafter).

The aim of this study was to evaluate whether the functional forms of
social and territorial inequities in breast cancer screening participation
were consistent across types of territory beyond and accounting for the
differences existing across the levels of organisation using hierarchical
generalised additive models (HGAM) (Wood, 2006). This question is
important as it can help elucidate whether a uniform policy would be
enough to reduce such inequities, or if more territory-specific policies
are needed.

2. Methods

Preparation of this article followed the Strengthening the Reporting
of Observational Studies in Epidemiology guidelines (von Elm et al.,
2014). The study protocol was approved by the Commission Nationale de
I’Informatique et des Libertés (authorization no. 917208).

2.1. Population and sample

Data selection process is described in Appendix 1. We received data
from 41 voluntary screening management structures in metropolitan
France. The process has already been described in our previous study
(Rollet et al., 2021a). After data management (duplicates, ineligible
dates or places: n = 234,841) we identified 4,001,225 women aged
50-74 (42% of the eligible population in France) invited between 2013
and 2014 to undergo a screening mammography within two years. We
randomly drew 10% of the population in each département to allow
geolocation (i.e., identifying the geographical location) of individuals’
places of residence (n = 400,125). After further data management
(ungeocodable addresses and ineligible locations: n = 2527) and the
exclusion of women invited after 72 years (n = 29,397) because not all of
them were followed up after the eligible age, the analytic sample
included 368,201 women.

2.2. Variables

Data included individuals’ age at invitation, whether a mammog-
raphy was performed through the FNOBCSP in the two years following
the invitation, and their home address. The geolocation of individuals
enabled us to assign the 2011 French version of the European Depri-
vation index (Pornet et al., 2012) and the typology. After geolocation of
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the accredited radiology centres, we computed the travel time to the
nearest for all individuals.

2.2.1. French version of the European Deprivation index (F-EDI)

The F-EDI is an area-based ecological index based on census data
defined at the IRIS level (“Ilots Regroupés pour I'Information Statistique”).
These IRIS are proxies for neighbourhoods in nearly all municipalities
with more than 5000 inhabitants or the municipalities themselves
otherwise (Insee, 2023). A higher F-EDI score reflects higher deprivation
(ie., a greater lack of access to fundamental needs associated with
objective and subjective poverty for individuals in the IRIS).

2.2.2. Typology

We used Reynard’s classification (INSEE, 2014), based on the “ter-
ritoires de vie”. It was constructed using 27 indicators covering 14 di-
mensions of quality of life, resulting in 8 levels. We will refer to “type x”
when talking about all individuals in the territoires de vie contained in the
type x, and “type x départements” when talking about the effect between
départements’ territoires de vie contained in type x. These different types
were: Type 1: Highly urbanised and rather favourable areas, but with
socio-economic difficulties and jobs that are often far away. Type 2:
Rather favourable areas with rapid access to facilities, but with socio-
economic difficulties. Type 3: Dense and rich territories, but with sig-
nificant gender disparities. Type 4: Rather well-off areas, but far from
employment, mainly located in the suburbs. Type 5: Rather dense areas
in an unfavourable situation. Type 6: Small towns in an intermediate
situation. Type 7: Remote and sparsely urbanised areas outside the in-
fluence of major centres. Type 8: Areas around medium-sized towns,
offering jobs and rather favourable living conditions.

3. Statistical analysis

Descriptive analyses were performed by comparing the characteris-
tics of the population of each type with those of the rest of the sample.

We performed the following modelling strategy separately for each
type. The terminology used is based on Pedersen’s paper (Pedersen
et al., 2019). Model selection was performed using Akaike Information
Criteria (AIC) (Akaike, 1998) converted to a relative likelihood scale
(Burnham and Anderson, 2004). We set an alpha level of 0.05 (corre-
sponding to a delta AIC of 6) below which the competing models were
dismissed. Among the remaining candidates, we retained the simpler
model (ie., the model with the lowest number of degrees of freedom).
Details of the regression models are provided in Appendix 2.

We fitted an empty multilevel model (MO0) with a fixed and random
intercept defined at the départements level. We tested a common
smoother (model G) successively for age, travel time, F-EDI and a tensor
between the two latter. Applying our model selection, we retained one
model (M1) among the candidates. For each predictor variable retained
in M1, we investigated 5 different possibilities of random effects:
random slopes (a linear effect added to the global smoother, model RS),
random smooths (a non-linear effect added to the global smoothers)
with or without shared wiggliness (models GS and GI), or models
without global smoothers with or without shared wiggliness (models S
and I). For predictors without common smoother in M1, only the last two
models were tested. We used the same order of variables and applied our
model selection at each step between the candidate models and the
model selected in the preceding step, leading to M2.

Data management, analysis (mgcv package) and illustrations
(ggplot2 package) were performed using R Version 4.1.1.

4. Results
4.1. Populations and types

4.1.1. Distribution of the population by types
Distribution of départements and individuals by type is available in
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Appendix 3.

4.1.2. Description and comparisons of the variables by types

The population characteristics by type are showed in Fig. 1 and
Appendix 4. Differences in age at invitation were minor. There were
higher differences for mean travel time, ranging from 1.8 min (Type 1)
to 12 min (Type 7), mean deprivation, ranging from —4.0 (Type 3) to 6.5
(Type 1), and screening uptake, ranging from 42% (Type 1) to 62%
(Type 8).

4.2. Models’ results

The results of the model selections are available in Appendixs 5 and
6. Results concerning age at invitation are available in Appendix 7.

4.2.1. Results from MO

The random and fixed intercepts by type are illustrated in Fig. 2 after
back transforming these intercepts on the probability scale. For an
average département, the estimated probability of screening uptake was
the lowest in Type 1 (41% [35-471), followed by Type 3 (42% [35-49]),
Type 7 (56% [53-58]), Type 5 (57% [54-59), Type 6 (57% [55-59]),
Type 2 (58% [56-611), Type 4 (61% [57-64]) and Type 8 (62%
[60-63]). The estimated variance of the random intercepts (the inter-

Type 54
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départements variability) was the lowest in Type 6 (62 = 0.05
[0.03-0.08]), followed by Type 8 (62 = 0.06 [0.04-0.10), Type 3 (6% =
0.07 [0.01-0.41]), Type 7 (62 = 0.07 [0.04-0.10]), Type 1 (¢> = 0.08
[0.02-0.31]), Type 5 (6> = 0.08 [0.04-0.14]), Type 2 (¢ = 0.10
[0.06-0.16]) and Type 4 (62 = 0.14 [0.08-0.24]).

4.2.2. Results from M1

Travel time to the nearest accredited radiology centre (Fig. 3a). Travel
time had no global effect in Types 1 and 3. In the other types, it followed
two distinct patterns: participation decreased almost linearly as travel
time increased in Types 6 and 7 or participation first increased with
travel time, reaching a peak around 5-15 min and decreased afterward
in the other types.

Deprivation (Fig. 3b). Except for Types 1 and 3, with no global effect,
the link between participation and deprivation followed a simple
pattern across different types: participation decreased almost linearly as
deprivation increased.

Tensor (Fig. 3c). There was a non-linear interaction between travel
time and deprivation for Type 2. Regarding the effect of travel time, the
initial increase was stronger as deprivation decreased. After reaching a
plateau around 10 min, the decrease was stronger as deprivation
increased. Regarding deprivation, participation decreased as depriva-
tion increased, but the slope became steeper as travel time increased.
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Fig. 1. Distribution of the predictors and outcome by types.
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4.2.3. Results from M2

Travel time to the nearest accredited radiology centre (Fig. 4). Travel
time had no effect for Type 1 départements. The effect was the same
across départements in four types (Types 4,6-8) of which two (Types 6
and 7) were linear. In Type 4, participation decreased almost linearly
after a slight increase for the closest individuals. In Type 8, there was a
net initial increase in participation as travel time increased until
approximately 10 min in all départements, followed by a linear decrease
before increasing again from a certain point onwards (~30 min).
Random slopes were retained in Type 5: some départements had low/no
effects of travel time, others had a more or less strong linear effect, and
the rest had a slight initial increase and a decrease from a certain point
onward. For Type 3, départements-specific relationships with shared
wiggliness were retained. There was an inverse relationship between
départements 1 and 69 where participation decreased as travel time
increased and départements 6 and 91 where participation increased with
increasing travel time.

Deprivation (Fig. 5). Deprivation had no effect in Type 1 and Type 3
départements. In Types 5-7, participation decreased linearly as depri-
vation increased without differences between départements. Random
slopes were retained in Type 4, however, the direction of the effect
(participation decreasing linearly as deprivation increased) was similar
in most of the départements. Type 8 had the most complex relationship,
with département-specific effects and individual wiggliness. However, in
most départements, the relationship followed the same pattern as for the
other types except few exceptions.

Tensor (Fig. 6). In Type 2, a random smooth with shared wiggliness
was retained for the interaction between deprivation and travel time.
There was an initial increase in participation as travel time increased, to
a larger degree as deprivation decreased. From a certain point onward,
participation then decreased with increasing travel time. Uptake
decreased linearly with increasing deprivation; however, the slope
became steeper as travel time increased.

5. Discussion

We examined the functional forms of social and territorial inequities
in participation to the FNOBCSP in 41 départements, simultaneously
combined with 8 types of territories. Uptake varied according to the
Type, with a 20% difference between the two extremes, and between
départements within Types to varying degrees, suggesting that the impact
of the organizational level could be sensitive to the characteristics of the
territories. Type 8 ensured both the best FNOBCSP participation (8%
below the European recommendation (Perry et al., 2008)) and the
lowest between-départements heterogeneity.

Travel time is generally used as a proxy to evaluate the accessibility
of individuals to the systems required for their examination, and terri-
torial inequities are often defined as a deterioration of the outcome as
accessibility decreases. Despite higher travel time in Type 6 and 7, up-
take was comparable with Types 2, 4, and 5, however participation
decreased linearly with increasing travel time, without any differences
between départements. Type 8 ranked third in travel time, followed by
Types 4 and 5, and Type 2, with the second-lowest mean travel time. All
these types shared the same tendency: participation decreased with
increasing travel time, but from a certain point onwards (~5-15 min).
Before this point, participation was stable or decreased as individuals
were closer to the accredited radiology centre. Few studies in France
have evaluated the effect of travel time on breast cancer screening, all of
which found a small negative effect of increasing travel time (Rollet
et al., 2021a; Guillaume et al., 2017; Ouédraogo et al., 2014).

Using a non-linear framework allowed the identification of two
populations at risk of non-participation, those with the lowest and, in
some places, those with the highest accessibility. In those with the
lowest accessibility, improving/helping with transportation or available
time could help to reduce disparities. An alternative approach is to
reduce the distance between individuals and the centres. The results of
the ongoing French randomized cluster trial for the evaluation of mobile
mammography units will be particularly interesting in this direction
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(Guillaume et al., 2022). More studies are needed to understand the
underlying causes of the effect of accessibility in order to improve the
balance between the supply and the needs. In those with the highest
accessibility, opportunistic screening could explain these lower rates
(discussed below), but they might also have lower participation. This
relationship deserves further study to be confirmed and understood.
Neighbourhood deprivation is a combination of two effects: a direct
measure of the social environment and a proxy for the individuals’ so-
cioeconomic levels. Social inequities are defined as a worsening of
outcomes as deprivation increases. Types 2, 4, 5, 6, 7, and 8 have very
different social profiles; however, the effect was very consistent:
participation decreased linearly as deprivation increased, with no or few
differences between départements. Our results are consistent with other
studies in France, regardless of the method (Rollet et al., 2021a; Kelly
et al., 2017; Menvielle et al., 2014; Guillaume et al., 2017; Ouédraogo
et al., 2014; Deborde et al., 2018; Poiseuil et al., 2019; Ouanhnon et al.,
2022; Duport, 2012; Devaux, 2015; Carrieri and Wuebker, 2013; Sicsic
and Franc, 2014; Pornet et al., 2010; Challier et al., 2000; Duport et al.,
2008; Rigal et al., 2011; Grillo et al., 2012; Vallée et al., 2010; Herbert
et al., 1997). Interestingly, we did not observe lower participation
among the least deprived, as reported by Deborde et al. (Duport, 2012).
Addressing social inequities is complex due to the numerous factors that

might contribute to them, and more research is required to disentangle
the different determinants. Without considering the specific solutions to
each problem, addressing the root causes of these inequities (i.e., social
inequalities) could drastically reduce the scale of the problem.

Types 1 and 3 are the types with the lowest uptake despite having
among the lowest travel times. They are the two ends of the deprivation
scale, with Type 1 concentrated in the most deprived areas (showing,
however, the largest social heterogeneity), and Type 3 concentrated in
the wealthiest areas (but, as defined by the authors of the typology,
significant gender disparities). In these areas, deprivation showed no
effect and travel time had no effect in Type 1. Compared to the other
Types, participation was comparable for the most deprived, but much
lower for the least deprived. Regarding travel time in Type 3, each
département had a specific relationship with two départements with the
“classical” territorial inequities, while an inverse relationship was
observed in the two others, illustrating the paradox previously
described. It should be noted that the number of départements composing
these types is low.

The results described above are limited to organised screening. It is
known that opportunistic screening is more common in départements
including large cities, and specifically high in the départements
composing Types 1 and 3 (Quintin et al., 2022). This practice is much
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Fig. 4. Random effects of the relationship between travel time and FNOBCSP participation by type in M2.

more frequent among the wealthiest and more unfair than organised
screening (Ouédraogo et al., 2015; Kalecinski et al., 2015; Palencia
et al., 2010; Walsh et al., 2011). It could explain the differences in the
FNOBCSP uptake and the absence of measurable social inequities in
Type 1 and 3. In the other types, these départements generally followed
the functional forms of the others. That might be explained by a dif-
ferential distribution of opportunistic screening in these départements
between types, but also by the modelling, since the small number of
départements and individuals involved may be overshadowed by the
effect of other départements. Opportunistic screening could also explain
the heterogeneity in social inequities we observed between the other
Types and between départements within Types, as well as why uptake is
lower for individuals with the lowest travel time, as most of them are
from large cities. However, we found no study showing that the closer
you live to an accredited radiology centre, the more you participate in
opportunistic screening. Opportunistic screening has lower quality re-
quirements, is not free of charges, and there is no system to properly
evaluate it (Institut National du Cancer, 2022). It raises questions about

the benefit-risk balance for individuals who make this choice. The lack
of information on opportunistic screening data makes the overall picture
of screening coverage and inequities partial, and efforts should be made
in collecting these data at the individual level for a more complete
evaluation.

Our study has some limitations. Our sample was randomly drawn
from 42% of the estimated eligible population, that might not be
representative of all the eligible population in France. In addition,
random sampling error may have influenced unmeasured
characteristics.

We measured travel time to the nearest accredited radiology centre
as the shortest time by car between the home address and the closest
practice. It does not account for individuals and areas traveling capacity,
nor for the freedom of choice of the individuals on the practice they go
to. We worked with the screening management structures to create the
database of the centres, and those from bordering non-participant
départements were excluded. No other database exists at the national
level. It should be created and updated by competent authorities.
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The F-EDI is an ecological deprivation index and its associated lim-
itations have been described in the literature (Diez Roux, 2015; Blakely
and Woodward, 2000). One of them is that we captured both a
contextual and an individual effect. Accounting for individual charac-
teristics could help disentangling these effects; however, none were
available. The indicator used is defined at an administrative level for
which data are available, used as a proxy for neighbourhoods. We would
gain in accuracy by having more grounded definitions of what neigh-
bourhoods are.

Only a few studies have used the HGAM framework. Many theoret-
ical discussions about model building, selection, and interpretability
should take place to better identify the limitations and strengths of these
models. Variance analysis is an essential component of multilevel
modelling, however, estimating variance parameters for Models 2 is a
complex task as in many cases, the retained Models 2 do not indepen-
dently model the random intercept from the random smooth. Further
methodological development in this direction would be interesting. This
is also a limitation for the comparability of our results, since to our
knowledge, this is one of the few studies to have used these models in
social epidemiology, and the sole in the context of cancer screening.

We chose only one typology for territories, whereas others exist. This
quality-of-life based typology has been used to try to get out of the
urbanicity dimensions, which often returns inconsistent definitions and
results (Rollet et al., 2021b), and because the deprivation index we used
has shown consistency in the different types (Merville et al., 2022).
Although these tools are very powerful, multiplying the typologies ad
infinitum without seeking to describe, compare and understand them
risks leading to an increasing confusion.

This study reports the results of only one invitation campaign. We
cannot conclude that all campaigns generated or will generate the same
amount of inequities; however, they have been found every time we
have looked for them. In the meantime, very little has been done in
France to target their reduction, and it would be surprising if they were
to disappear on their own.

Although this study focused solely on the social and territorial factors
that affect breast cancer screening participation, there are several other

factors reported that could mediate or add to their effects. Studies have
indicated that participants in breast cancer screening programmes tend
to have better health insurances, more frequent contact with general
practitioners or gynaecologists, and better overall health (Menvielle
et al., 2014; Ouanhnon et al., 2022; Duport, 2012). On the other hand,
non-participants have been found to face several obstacles, including
limited available time, negative past experiences with mammography,
differing perceptions and fear of mammography and cancer, and fatal-
istic attitudes towards health (Ferrat et al., 2013; Tomietto et al., 2014).
Following a positive screening exam, individuals must undergo a diag-
nosis pathway, and after diagnosis, patients must receive treatment.
While the French healthcare system covers most of the costs associated
with diagnosis and treatment there may still be some out-of-pocket costs
that patients are responsible for. Other socioeconomic factors such as
limited access to healthcare services, competing priorities, lack of time,
language barriers, and cultural beliefs may also discourage some women
from participating in breast cancer screening programmes. More studies
are needed in these directions.

Inequities in cancer screening are not a French-specific issue, as they
have been found in most countries proposing an organised cancer
screening program (Rollet et al., 2021b; Smith et al., 2019; Pruitt et al.,
2009). Direct comparisons between countries are difficult because of
different methodological cultures and data availability. Organised can-
cer screening is a European policy, and the settings should be compa-
rable. In addition, the deprivation index we used is theoretically possible
to construct at this scale (Guillaume et al., 2016). Comparing the extent
of participation inequities across European countries would allow the
identification of organizational levers ensuring the best adherence of the
population and/or the minimization of these inequities. There is every
reason to believe that inequities in participation have consequences, in a
context where the most deprived already have the worst cancer out-
comes (Woods et al., 2006; Tron et al., 2019). This is difficult to measure
as it would require linking screening data with clinical cancer data.
Existing cancer registries are the major sources of such information, yet
this possibility seems to be overlooked (Forsea, 2016). It would make it
possible to assess and quantify the benefits of breast cancer screening in
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the eligible population and the opportunity losses caused by inequities
in participation. This would help, based on evidence, to modify existing
programmes and develop new ones towards higher effectiveness and
equity.
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Duplicates: n = 226,598
Ineligible dates: n = 5,493
Residing outside the inviting département: n = 2,750

Eligible population
n=4,001,225

Selection of 10% for each département in order to
perform the geolocation

Sample size
n =400,125

Ungeocodable addresses: n =1,921
Residing outside the inviting département: n = 606

Geolocated sample
n=397,598

Women invited after 72 years old: n = 29,397

Analysis sample
n =368,201

Appendix 1. Flowchart of the population.

Appendix B. Statistical details of the regression models

In the following, Yj; is a binary variable equal to 1 if a person i in département j attended the screening, and 0 otherwise.

Empty hierarchical logistic model (MO)
logit{Pr(Yy = 1|u) } =By +uj

where u; is the random intercept associated with département j and is assumed to follow a normal distribution, u; ~ N(0, 67) where 7 is the variance of

the random intercept.
Candidates for model M1: Global smoother model (Model G).

Depending on the variables retained after model selection (see Appendix 5), the candidate models for M1 could be one of the following:

logit{ Pr(Y; = 1;age;, tray,dep;|u;) } = By +1; = MO

ij?

logit{Pr(Yij = 1;age; trai_i,depij\uj) } = By +y; +f(ageij)

ij
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logit{Pr Y = 1;agey, traij,depij\uj) } =Bty +g(traij)

logit{Pr Yy = l;ageij,traij,depij\uj) } = By +y; +h(depij)
Y = 1;age; traihdepij\uj) } =Pty +f(ageij) +g(traij)

ijr

logit{Pr(Y; = 1;age; trayj,dep; [u;

ij

} =By +u+ f(age;j) + h(depij)

ijs

(
(
logit{ Pr(
(
(
(

)

logit{Pr Y = 1;age;; traij,depij\uj) } =Pty +g(traij) +h(depij)

logit{Pr Y = 1;agey, tra;j,depij\uj) } =Bty +f(age;j) + g(traij) +h(depij)
)

logit{ Pr(Y; = 1;age;, tray,dep;|u;) } = By + v + te(tray, depy)

i

ij?

logit{ Pr(Yy = 1;age;, tray,dep;|u;) } = B, + u; + f(age;;) + te(tray, dep;;)

where age;, tra;, dep;; represent age, travel time and deprivation of person i in département j respectively, the functions f, g and h are univariate

12
smoothers, te is a tensor product, and u; ~ N(0,6%)

Candidates for model M2: adding random effects

We then evaluated the random effects for each variable retained in M1 in turn, looking first at age (Step 1 in Appendix 6), then travel time (Step 2a
in Appendix 6) and finally at deprivation (Step 3a in Appendix 6) (or the tensor between the two latter, Step 2b in Appendix 6).

We illustrate below our strategy for investigating random effects, taking the example of model M1 that includes age and deprivation:

logit{Pr(Yij = 1;age; trai_i,depij\uj) } = By +y; +f(agei_i) +h(depij)

l_]7
Age - Step 1:
1. Global smoother plus random slope model (Model RS)

logit{Pr(Y; = 1;age; traij,depij\uj) } =By +u; +v; age;; + f(age;;) +h(depij)

i

where uj ~ N(0,6%) and v; ~ N(0,03)
2. Global smoother plus random smooth with shared wiggliness model (Model GS)

logit{Pr(Y; = 1; agey, traihdepij\uj) } =By +u; +f(agey) +f; (agey; smooth = k) +h(depij)

where f;(age;;, smooth = k) are département-specific smoothers with shared wiggliness k across départements. These département-specific smoothers
f; (age;j; smooth = k) allow inter-département variations from the global effect f(age;;), but only one smoothing parameter is estimated across all

départements.
3. Global smoother plus random smooth with individual wiggliness model (Model GI)

logit{ Pr(Yy = 1; age;, tra;;,depy|u;) } = By -+ v; +f(age;;) + £ (age;; smooth = k;) +h(dep,;)

ijs

where fj(age;;, smooth =k;) are département-specific smoothers with individual wiggliness k; across départements. These département-specific
smoothers fj (age;j; smooth = k;) allow inter-département variations from the global effect f(age;;) with different levels of smoothness.
4. Random smooth with shared wiggliness model (Model S)

logit{Pr(Yij = 1;age,, trai,depi\uj) } =By +fj (age;j; smooth = k) +h(depij)

In this model, no global smoothers are shared between départements. This means that the age effect on each département may be modelled with
completely independent and different functional forms (but with the same level of smoothness).
5. Random smooth with individual wiggliness model (Model I)

logit{Pr(Yij = 1;age,, trai,depi\uj) } =By +fj (ageij; smooth = k,) +h(depij)

In this model, no global smoothers are shared between départements. This means that the age effect on each département may be modelled with
completely independent and different functional forms and with different levels of smoothness.

We would then apply our model selection for these 5 candidates for the random effect of age and M1 using AIC and degrees of freedom. In this
example, we would re-start the process for travel time fitting only models S and I as there was no global smoother retained in M1 and apply our model
selection between these models and the model retained in Step 1 (Step 2a), and then fit the 5 candidate models for the random effect of deprivation and
apply our model selection between these models and the model retained in Step 2a (Step 3a).

10
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Appendix 3
Distribution of départements and individuals by type.
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8 Total
Département ID
1 125 768 87 853 498 3054 141 1741 7267
2 0 30 0 0 5592 1501 34 162 7319
6 479 10,767 488 1828 428 1022 1335 0 16,347
14 0 2634 0 642 231 1987 0 4137 9631
17 0 4388 0 413 319 1003 188 3771 10,082
19 0 906 0 0 33 72 957 1425 3393
21 0 1797 0 445 0 1389 1312 1404 6347
23 0 0 0 0 0 284 1006 631 1921
24 0 1517 0 0 352 774 1454 2286 6383
25 0 1766 0 214 1698 1980 192 651 6501
27 0 1629 0 413 1943 3793 0 130 7908
29 0 4130 0 610 168 538 110 7929 13,485
37 0 2602 0 1524 169 1238 0 2363 7896
38 0 5170 0 3309 463 2821 402 2309 14,474
39 0 627 0 0 79 447 749 1613 3515
47 0 1567 0 0 539 248 387 2277 5018
50 0 970 0 322 251 1137 0 4188 6868
51 0 3974 0 420 660 630 934 765 7383
54 0 3434 0 220 2178 2067 9 1884 9792
56 0 3242 0 490 0 227 80 6997 11,036
57 0 2139 0 1050 7170 3116 148 596 14,219
62 0 1023 0 643 14,236 1889 0 855 18,646
63 0 1594 0 1346 349 1725 1123 2722 8859
64 0 4218 0 1556 253 660 444 2155 9286
66 0 4221 0 0 1561 0 375 795 6952
69 342 11,832 1158 5378 821 789 106 2260 22,686
70 0 0 0 2 565 1182 335 1260 3344
71 0 713 0 340 1379 2574 914 1681 7601
73 0 3360 0 630 41 588 438 756 5813
76 0 5793 0 1562 4360 2820 0 2392 16,927
80 0 2128 0 0 2754 2009 0 479 7370
81 0 2508 0 268 0 189 294 2402 5661
82 0 1155 0 0 612 456 671 507 3401
84 0 776 0 972 4634 517 43 1093 8035
86 0 946 0 0 838 890 323 2552 5549
87 0 1935 0 0 0 1069 252 2514 5770
89 0 986 0 0 1394 1644 710 307 5041
920 0 0 0 323 1260 156 0 0 1739
91 8876 367 777 3743 213 1396 0 0 15,372
93 18,129 0 0 0 0 0 0 0 18,129
95 11,613 0 0 2288 0 1000 0 334 15,235
Total 39,564 97,612 2510 31,804 58,041 50,881 15,466 72,323 368,201
Appendix 4
Description of the population by types.
n (%) Age (years) Travel time (minutes) F-EDI (dimensionless) FNOBCSP uptake (%)
Mean (sd) Mean (sd) Mean (sd)
Type 1 39,564 (11%) 59.0 (6.2) 3.6 (1.8) 6.5 (7.5) 42%
Type 2 97,612 (27%) 59.9 (6.4) 5.0 (4.9) 1.6 (5.1) 56%
Type 3 2510 (1%) 59.9 (6.5) * 7.0 (4.6) —4.0 (3.0) 43%
Type 4 31,804 (9%) 59.5 (6.4) 8.2 (5.8) -3.0(2.5) 56%
Type 5 58,041 (16%) 59.7 (6.3) 7.8 (5.8) * 2.6 (4.6) 54%
Type 6 50,881 (14%) 59.7 (6.3) 14.8 (7.5) -0.4 (2.9) 57%
Type 7 15,466 (4%) 60.0 (6.4) 20.7 (12.0) 0.1 (2.7) 56% *
Type 8 72,323 (20%) 59.9 (6.4) 10.6 (6.5) -1.2(2.8) 62%

" No statistical differences between the type and the rest of the population.

11
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Appendix 5
Models’ selection for MO and M1.
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8
LMRO
AIC model 53,909 133,939 3434 43,556 80,062 69,518 21,220 95,856
Degrees of  freedom 1 1 1 1 1 1 1 1
Delta AIC with MO / / / / / / / /
Empty model
AIC model 53,824 = MO 131,299 = MO 3396 = MO 42,321 = MO 79,387 = MO 68,970 = MO 20,921 = MO 95,224 = MO
Degrees of freedom 5.8 34.6 3.6 25.8 30.0 34.9 24.4 34.6
Delta AIC with LMRO -85 —2640 -38 -1235 —675 —548 —299 —632
Age at invitation
AIC model G1 53,644 = M1 130,731 = VR 3380 =M1 42,152 = VR 79,082 = VR 68,690 = VR 20,855 = VR 94,845 = VR
Degrees of freedom 9.9 45.2 4.7 31.6 34.8 40.5 28.3 40.2
Delta AIC with MO —180 —568 -16 -169 —-305 —280 —66 -379
Travel time
AIC model G2 53,644 130,630 = VR 3380 42,120 = VR 78,980 = VR 68,639 = VR 20,846 = VR 94,709 = VR
Degrees of freedom 12.8 51.1 5.8 36.9 40.7 44.4 29.3 47.3
Delta AIC with BM 0 —101 0 -32 —102 —51 -9 -136
Deprivation
AIC model G3 53,648 130,207 = VR 3380 42,102 = M1 78,713 = M1 68,590 = M1 20,830 = M1 94,570 = M1
Degrees of freedom 12.3 53.5 5.6 41.4 38.8 48 30.2 51.9
Delta AIC with BM 4 —423 0 -18 —267 —49 -16 —-139
Deprivation*Traveltime
AIC model G4 53,643 130,183 = M1 3380 42,100 78,712 68,586 20,833 94,577
Degrees of freedom 21.3 57.9 8.4 43.9 42 52 33.1 56.4
Delta AIC with BM -1 —24 0 -2 -1 -4 3 7

MO = Selected empty model; BM = Best model in the preceding step; M1 = Selected model 1; VR = Variable retained

Appendix 6
Models’ selection for M2 (1/2).
Step 1 Step 2a Step 3a Step 2b
Age Traveltime Deprivation Deprivation * Traveltime
AIC Df A AIC Df A AIC Df A AIC Df A
Type 1
M1 BM* 53,644 9.9 4 53,644 = M2 9.9 / 53,644 9.9 / X X X
Model RS 53,640 12.1 / X X X X X X X X X
Model GS 53,645 14.3 5 X X X X X X X X X
Model GI 53,642 20.9 2 X X X X X X X X X
Model S 53,644 19.6 4 53,647 18.2 3 53,653 14.8 9 X X X
Model I 53,647 24.0 7 53,649 19.3 5 53,653 18.8 9 X X X
Type 2
M1 BM* 130,183 57.9 69 X X X X X X 130,116 112.2 10
Model RS 130,124 78.8 10 X X X X X X X X
Model GS 130,116 112.2 2 X X X X X X 130,107 = M2 162.3 1
Model GI 130,114 132.5 / X X X X X X 130,106 221.8 /
Model S 130,148 133.4 34 X X X X X X 130,133 178.7 27
Model I 130,154 156.3 40 X X X X X X 130,137 231.9 31
Type 3
M1 BM* 3380 4.7 / 3380 4.7 7 3374 7.0 2 X X X
Model RS 3380 4.7 0 X X X / / X X X X
Model GS 3383 9.6 3 X X X / / X X X X
Model GI 3382 9.5 2 X X X / / X X X X
Model S 3383 9.7 3 3374 = M2 7.0 1 3372 11.2 / X X X
Model I 3382 9.5 2 3373 10.4 / 3374 14.2 2 X X X
Type 4
M1 BM* 42,102 41.4 28 42,078 55.1 4 42,078 55.1 7 X X X
Model RS 42,078 55.1 4 42,079 62.4 5 42,071 = M2 60.5 / X X X
Model GS 42,088 70.6 14 42,079 64.1 5 42,083 74.3 12 X X X
Model GI 42,074 92.7 / 42,074 77.1 / 42,100 93.3 29 X X X
Model S 42,106 88.7 32 42,090 68.6 6 42,083 72.2 12 X X X
Model 1 42,105 99.2 31 42,078 79.7 4 42,097 90.9 26 X X X

" BM = best model in the preceding step.

12
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Appendix 6

Models’ selection for M2 (2/2).
Step 1 Step 2a Step 3a Step 2b
Age Traveltime Deprivation Deprivation * Traveltime
AIC Df A AIC Df A AIC Df A AIC Df A

Type 5

M1 BM* 78,713 38.8 1 78,713 38.8 24 78,691 = M2 51.1 / X X X

Model RS 78,712 45.5 / 78,691 51.1 2 78,691 54.8 0 X X X
Model GS 78,733 63.4 21 78,689 51.2 / 78,703 67.2 12 X X X
Model GI 78,746 88.0 34 78,690 74.6 1 78,718 97.9 27 X X X
Model S 78,758 88.2 46 78,695 53.2 6 78,706 70.2 15 X X X
Model I 78,779 109.6 67 78,697 78.2 8 78,718 97.9 27 X X X

Type 6

M1 BM* 68,590 48 3 68,590 48 / 68,590 = M2 48 5 X X X

Model RS 68,587 58.3 / 68,590 54.8 0 68,586 58.1 1 X X X
Model GS 68,604 86.7 17 68,603 69.7 13 68,589 69.4 4 X X X
Model GI 68,618 116.5 31 68,614 93.5 24 68,599 10.4 14 X X X
Model S 68,627 117.0 40 68,606 70.7 16 68,585 67.4 / X X X
Model I 68,651 134.6 64 68,614 93.2 24 68,599 104.3 14 X X X

Type 7

M1 BM* 20,830 30.2 / 20,830 30.2 / 20,830 = M2 30.2 /

Model RS 20,830 38.6 0 20,830 30.2 0 20,832 34.5 2 X X X
Model GS 20,835 52.7 5 20,831 38.8 0 20,840 44.9 10 X X X
Model GI 20,846 77.7 16 20,851 61.2 21 20,862 71.3 32 X X X
Model S 20,840 62.2 10 20,833 39.6 3 20,842 46.5 12 X X X
Model I 20,850 82.7 20 20,850 61.1 20 20,862 71.3 32 X X X

Type 8

M1 BM* 94,570 51.9 52 94,518 136.0 / 94,518 136.0 9 X X X

Model RS 94,537 69.7 19 94,525 148.2 7 94,514 156.7 5 X X X
Model GS 94,543 89.5 25 94,532 156.3 14 94,513 162.5 4 X X X
Model GI 94,518 136.0 / 94,521 163.2 3 94,509 = M2 190.4 / X X X
Model S 94,553 132.2 35 94,578 153.0 60 94,520 166.8 11 X X X
Model I 94,550 162.1 32 94,539 169.3 21 94,509 190.4 0 X X X

" BM = best model in the preceding step.
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Appendix 7. Overall functional forms and random effects of the relationships between age and FNOBCSP participation by type. a. Overall functional forms of the
effect of age on FNOBCSP participation by types in M1. b. Random effects of the relationship between FNOBCSP participation and age by type in M2.
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