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Abstract
Breast cancer is the leading cause of cancer mortality among women in Australia. Australia
has an organised breast cancer screening program in order to detect early-stage cancer and
thus reduce morbidity and mortality. Although screening uptake has increased over time in
Australia, rates are suboptimal and vary regionally. Minimal research has addressed breast
cancer screening uptake at the small area-level. Knowledge of spatial variations in breast
screening uptake, and social and built environmental features related to variations in
response rates is important to optimise breast screening program delivery. Key
understudied outcomes include individual participation in screening within six months of
receipt of an invitation and use of closest screening venues (fixed and mobile) to a
respondent’s residence. Focusing specifically on the Greater Sydney region of Australia, this
research aims to identify the residential area sociodemographic and screening venue
location built-environmental features associated with: (i) small area-level variation in
screening invitation response rates; (ii) screening within 6-months from receipt of an
invitation to screen; and (iii) use of closest screening venue to the residence. Results show
that residential area sociodemographic and venue location built-environmental features
were associated with screening behaviours. These results can help guide interventions that
account for the interplay between individual and environmental features and enhance the
utilisation of breast screening services, thus reducing breast cancer-related morbidity and
mortality.
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Introduction
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1 Introduction
1.1 Background
Chronic diseases such as cardiovascular disease, cancer, chronic respiratory disease, and
diabetes are responsible for a large number of premature deaths globally (more than 14
million deaths among individuals 30 to 70 years old in 2008) [1]. Chronic disease also creates
a significant economic burden through the combined effects of healthcare costs and lost
productivity from illness and death [2]. The prevention of chronic disease is, therefore, a
worldwide major public health challenge. Within Australia, a large portion of the disease
burden is caused by chronic disease [3]. For example, cancer and cardiovascular disease
accounted for about 19% and 15% respectively of the total disease burden in Australia in
2011 [3]. Thus, chronic disease prevention is an important priority for health authorities of
Australian state and territory governments [4].
Disease prevention refers to approaches and activities intended to prevent the
development of, or to eradicate, eliminate or reduce the impact of, disease and disability
[5]. There are various forms, such as primary prevention, which seeks to prevent or delay
disease onset in healthy people; secondary prevention, seeking early disease detection; and
tertiary prevention, which aims to minimise existing disease-related disability, including
strategies to manage chronic disease [6]. In Australia, different forms of preventive
initiatives have been put in place to prevent the development and/or minimise the burden
of chronic diseases, such as QUIT (aimed at tobacco control), SunSmart (skin cancer),
BreastScreen Australia (breast cancer), Life! Taking Action on Diabetes (type 2 diabetes), and
My Health for Life (chronic disease) [6,7].
Cancer, a type of chronic disease, is a major cause of illness in the Australian population and
has a substantial social and economic impact on individuals, families, and the community
[8]. Therefore, cancer screening programs (secondary preventive initiative) have been
established to detect cancers early, thus enabling better treatment and reducing cancer
mortality and morbidity [8]. There are three population-based cancer screening programs in
Australia: BreastScreen Australia; the National Cervical Screening Program; and the National
2

Bowel Cancer Screening Program; with each program run as a partnership between the
Australian Government and state/territory governments [8].
Breast cancer is a condition in which breast cells become abnormal and multiply, forming a
malignant tumour [9]. Globally, it is the most commonly diagnosed cancer and the leading
cause of cancer mortality among women [10]. According to GLOBOCAN (a project of the
International Agency for Research on Cancer [IARC]), in 2018, the estimated number of new
breast cancer cases amongst women globally was 2,088,849 (24.2% of the total 8,622,539
cancer cases) and breast cancer deaths for women globally were 626,679 (15.0% of the total
4,169,387 cancer deaths) [10]. As with other chronic diseases, breast cancer imposes a
significant economic burden although data on the global economic burden is scarce.
Globally in 2008, approximately seven million disability-adjusted life years were lost to
breast cancer at a gross economic loss equal to US$87.80 billion [11]. Breast cancer agestandardised incidence rates (ASIR) vary substantially worldwide, from 25.9 per 100,000
women in South-Central Asia to 94.2 per 100,000 women in Australia/New Zealand [10].
Similarly, breast cancer age-standardised mortality rates (ASMR) also vary greatly
worldwide, ranging from 8.6 per 100,000 in East Asia to around 25.5 per 100,000 women in
Melanesia [10]. Differences in risk factors, as well as access to and availability of early
cancer detection (e.g., screening) and timely treatment, likely contribute to these variations
in rates [12].
In Australia, breast cancer is the most commonly diagnosed cancer and the second leading
cause of cancer mortality among women [13]. The ASIR has increased from 81.1 cases per
100,000 women in Australia in 1982 to 124.8 cases per 100,000 women in 2017 [14], an
increase of 53.9% [=(124.8-81.1)/81.1]. Conversely, breast cancer mortality decreased over
this period, from an ASMR of 30.4 per 100,000 women in 1982 to an ASMR of 21.8 per
100,000 women in 2017 [14], representing a reduction in breast cancer mortality of 39.4%.
Similarly, the relative 5-year survival rate increased from 76.1% in 1988–92 to 91.5% in
2013–17 [15]. These reductions in mortality despite a rising ASIR likely reflect breast cancer
screening programs identifying cancers at an earlier stage, as well as improvements in
medical treatment. Note that screening detects previously unknown cancer cases, so
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increasing the number of screening mammograms leads to a rise in cancer cases that are
detected over time.
BreastScreen Australia provides asymptomatic women aged 50–74 years with free
mammography breast cancer screening services [13]. Evidence suggests that participating in
the BreastScreen Australia program reduces breast cancer mortality [16]. To maximise the
mortality benefits of population-based breast cancer screening while maintaining costeffectiveness, a participation rate target of at least 70% was set for BreastScreen Australia
[13,16]. Although breast cancer screening uptake has increased over time (from 51.7% in
1996–97 to 54.6% in 2015–16 among women aged 50–69 years), rates remain suboptimal
and vary regionally (from 37.2% in Northern Territory to 58.9% in South Australia) [13].
Variation in rates is also evident within states and cities. For example, in Greater Sydney,
screening rates vary across Local Government Areas (LGAs), ranging from 43.1% to 61.3% in
2015–16 [17]. Even though there is evidence of geographic variation in screening uptake,
this is based on large geographical areas in terms of population (e.g., LGAs). For example,
the population of Australia’s largest LGA is over 1.2 million in 2021 [18]. A study from the
USA has previously highlighted that large geographic areas (in the study these were states)
may mask potential differences in indicators of interest (i.e., breast cancer incidence) across
smaller geographic areas (i.e., counties) within the larger region [19]. This premise can be
extended to other geographic units, for example small area units nested within LGAs. LGAs
are themselves substantially smaller than states. The term ‘small area’ is used in this thesis
to describe an area with a small population that is not necessarily related to its geographic
size. Aside from geographic variation in screening uptake between areas, the spatial pattern
of individuals in terms of screening participation within area (i.e., spatial clustering) is also
important in determining whether or not screening participation is randomly distributed
across the region. Sandoval et al. used point data to examine the spatial pattern of
screening participation in Switzerland [20]. However, small area-level geographic variation
and point data based spatial patterns have received less attention in breast screening
research in Australia.
Therefore, research is required to understand the geospatial variation (i.e., between-area
geographic variation and within-area spatial pattern) in breast screening service utilisation,
4

and the predictors of this variation. Findings from such research could inform strategies to
improve screening service utilisation, thus reducing breast cancer-related burden. Both
individual-level characteristics and environmental features shape breast screening service
utilisation and its geospatial variation [20–31]. While individual-level factors have been well
investigated to date, and despite the growing global interest in the environmental influence
on breast cancer screening service utilisation, there is limited research in Australia to
evaluate environmental influences.

1.2 Research Aims
Focusing on Greater Sydney, where breast cancer incidence is relatively high but screening
uptake is low and varies across small areas [17], the research Aims were to:
i.

Assess small geographic area variation in breast cancer screening uptake;

ii.

Investigate associations between breast cancer screening uptake and small-area
sociodemographic features, breast screening venue distance, and venue location
features;

iii.

Explore patterns of spatial clustering of breast cancer screening participation;

iv.

Assess associations between individual-level breast cancer screening participation
and residential area sociodemographic features, distance to screening venue, and
venue location features;

v.

Assess the associations between residential area sociodemographic features and
women’s use of their closest versus other breast cancer screening venue; and

vi.

Assess the associations between closest venue location features and women’s use of
their closest venue, and differences in these associations for mobile and fixed
venues.

These Aims were assessed within three studies. Study 1 addressed Aims i and ii using
ecological analysis. Aims iii and iv are addressed in Study 2 using multilevel analysis, and
Aims v and vi are addressed in Study 3 using multilevel analysis. In Study 1, small
geographic areas were used as the unit of analysis, whereas in Studies 2 and 3, individuals
were used as the unit of analysis.

5

1.3 Thesis structure
The three studies included in this thesis are presented as separate manuscripts in Chapters
4, 5, and 6. These studies were observational in design, used geocoded breast cancer
screening invitation and response data, geocoded screening venue location data, small
geographic area-level sociodemographic data, derived distance between residence and
breast cancer screening venue locations, and screening venue location built environmental
data. An overview of the structure of this thesis is provided below.
Chapter 2 describes breast cancer, breast cancer screening in the global and Australian
contexts, and highlights the importance of environments in relation to breast screening
behaviour based on the socioecological framework and PRECEDE–PROCEED model. This
chapter also reports on and critically appraises the current literature regarding
environmental features in relation to breast cancer screening service utilisation, including
emphasising the importance of small area analysis. The chapter closes with the dissertation
research questions.
Chapter 3 defines the study region and outlines the methods, including a description of the
datasets used, calculation of measures, and the analytic strategies used to address the
research objectives.
Chapter 4 presents the first published manuscript, addressing Aims i and ii.
Chapter 5 is the second published manuscript, addressing Aims iii and iv.
Chapter 6 presents the third manuscript, addressing Aims v and vi.
Chapter 7 summarises the results as they relate to the research Aims and Questions,
presents the implications for policy and public health practice, and the strengths and
limitations of the research. The chapter concludes with implications for advancing the field
of research regarding environmental influences on breast screening service utilisation.

6

Chapter 2
Background and review of the literature
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2 Background and review of the literature
This chapter provides key background information for this thesis. Section 2.1 describes
breast cancer aetiology and preventive measures. Section 2.2 describes breast cancer

screening and its global context. Section 2.3 describes the various types of breast screening
services available in Australia. An overview of the BreastScreen Australia program and its
context is provided in Section 2.4. The theoretical reasoning for assessing environmental
features in relation to breast cancer screening service utilisation is presented in Section 2.5.

Section 2.6 discusses individual-level and environmental features for breast cancer
screening service utilisation, emphasising compositional and contextual features. Section
2.7 provides a critical appraisal of the current literature on breast cancer screening service
utilisation and environmental features in Australia. Research Questions are given in Section
2.8.

2.1 Breast cancer aetiology and prevention
To understand breast cancer and its geospatial variation and sociodemographic disparities,
it is necessary to understand the aetiology of breast cancer. Breast cancer is a disease that
develops when certain cells in the breast become abnormal and grow uncontrollably,
resulting in the formation of a tumour [9]. The risk and development of breast cancer are
complex, due to inherent factors and life-long exposures to various endogenous and
exogenous factors. Numerous factors are linked to an increased risk of breast cancer,
including age, genetic factors (e.g., family history, BRCA1/2 mutations), breast density,
reproductive and menstrual factors (e.g., early period, early menarche, late menopause),
and lifestyle factors (e.g., obesity, alcohol consumption) [32,33].
Age is the most important risk factor for breast cancer; as one gets older, the risk of
developing the disease increases [32,33]. According to a 2009 report by the National Breast
and Ovarian Cancer Centre Australia, the risk of breast cancer is more than eight times
greater in women in their 70s (approximately 1/250) than those in their 30s (approximately
1/30) [33]. Breast cancer is most commonly diagnosed after menopause, with around 75%
of cases occurring after the age of 50 [33]. Thus, screening focuses on women aged 50 and
over. It is worth noting that cancer incidence patterns reported are based on cancer cases
8

diagnosed, not necessarily on cancers that have developed (i.e., not all cancers that
developed will have been diagnosed).
Prevention initiatives (both primary and secondary) are important to reduce the risks and
consequences of breast cancer. Some of the risk factors are modifiable, and addressing
them may help delay and possibly prevent breast cancer (primary prevention) [32].
Examples of modifiable risk factors include obesity, alcohol consumption, and hormone
replacement therapy [33]. Key primary preventive initiatives to reduce breast cancer risk
promote lifestyle changes to reduce these exposures [34]. However, the limited success of
modifying lifestyle factors among women reduces the likelihood of achieving reduced
population-level breast cancer incidence [35]. Lifestyle factor modification is a complex
process because it is influenced by both individual and environmental features and
necessitates multilevel interventions. Therefore, secondary prevention (e.g., screening)
combined with primary prevention efforts may help to reduce the burden of breast cancer.
Different screening approaches, such as mammography, can help detect cancer early and
thus increase the likelihood of timely treatment (secondary prevention) [32]. Screening has
the potential to prevent disease development, reduce disability and deaths, and improve
the overall quality of life [16].

2.2 Breast cancer screening
There are three widely used approaches for early detection of breast cancer: breast selfexamination; clinical breast examination; and mammography [36]. The effectiveness of each
of these methods varies. Elmore et al. report that, at the community level, mammography is
the most effective screening tool for breast screening [37]. Mammography is a type of
breast X-ray that is used to detect abnormalities in breast tissue that may indicate cancer
[38].
According to a 2002 IARC meta-analysis of randomised clinical trials, mammography alone
significantly reduced mortality among women aged 50–69 years [39]. Screened women had
a relative risk of breast cancer death of 0.75 (95% confidence interval [CI] 0.67–0.85)
compared to non-screened women [39]. In 2016, IARC reported that there was sufficient
evidence that the risk of death from breast cancer was approximately 40% lower for women
aged 50–69 who attended mammography-based screening [40]. Earlier detection of breast
9

cancer through screening supports earlier treatment options, which, along with
improvements in the treatment methods themselves, results in improvements in breast
cancer mortality and morbidity [41]. Although breast cancer mortality is the common
measure of the benefit of breast screening, there are other benefits to be acknowledged,
such as reduced treatment intensity [42] and improved quality of life [43]. Cancers detected
by screening are more likely to be smaller and less likely to have metastasised to lymph
nodes, resulting in less intensive treatment (e.g., breast conservation) [44,45]. While breast
screening has a number of important benefits, there are some potential harms associated
with it, including pain, discomfort, overdiagnosis, false-positive results, and anxiety [37].
Overdiagnosis can result in excessive treatment (e.g., surgery, radiotherapy) and expense,
whereas false-positive results can cause anxiety and cancer-specific worry [37].
In most countries, the standard breast screening technique is mammography [46].
Worldwide, breast cancer screening programs are usually implemented either at national or
sub-national levels through organised population-based programs or by opportunistic
screening [47]. According to IARC research [48], organised programs are characterised by
invitations to screen a targeted group of individuals at specific time intervals, assessment of
abnormalities via systematic recalls, and provision of test results, treatment and follow-up
care. Such programs also include routine program monitoring and evaluation, where a
national or regional team ensures service delivery and quality. In contrast, opportunistic
screening provides screening on client request or when a health professional recommends it
during client’s visit to the health professional. Some countries provide organised breast
cancer screening programs (e.g., Australia, Canada, Italy, the UK), while opportunistic breast
cancer screening is more prevalent in other countries (e.g., the USA and Jordan) [46].
Even in those countries with organised screening programs, breast screening rates are not
optimal, and screening rates differ substantially from country to country [49,50]. There is
also

geographic

variation

in

screening

rates

across

areas

within

countries

[17,26,27,29,30,51–57]. This geographic variation within countries has been assessed at
various geographic or administrative boundary levels, from large to small areas. Large
geographic area-level variation in screening rate observed in different countries, for
example, state-level (Germany, the USA, and Australia) [13,52,56], and province-level
(Canada) [57]. Geographic variation in screening rate has also been observed across smaller
10

(though not small) geographic areas within the larger areas, for example, district-level
(Germany) [26,29], county and city-level (the USA) [51,54], LGA-level (Australia) [17], and
census tract level (Canada) [55]. These area units are still large in population size (e.g., LGAs
in New South Wales (NSW), Australia, had populations ranging from less than a thousand to
more than 380,000 people [58]). While the screening rate varies by geographic area, there
may also be a spatial pattern in individuals’ participation in screening within areas such as
that reported by a study in Switzerland [20].

2.3 Breast screening within Australia
Breast screening is used in Australia to screen asymptomatic women as well as to
investigate those who have breast symptoms (i.e., symptomatic women). Australia has a
national population-based breast screening program, BreastScreen Australia, which
provides asymptomatic women with mammograms every two years free of charge. For
these women, breast screening services are also available outside of the BreastScreen
Australia program, i.e., private screening [13]. Private screening services are not eligible for
Medicare rebates under the Medicare Benefits Schedule (MBS) [16]. For instance, without a
Medicare rebate, a private mammogram can cost more than $700 [59].
Women may choose private screening services for a variety of reasons, including referral by
their general practitioner and the expectation of receiving results quickly (e.g., same day)
[16]. A study in Queensland, Australia, found that women who had their mammograms in
public facilities (BreastScreen or public hospitals) had a longer interval from mammogram to
receipt of results than those in private facilities [60]. The time it takes to receive results is
crucial for women who consider themselves at high risk of breast cancer as delay may
negatively impact on mental health (i.e., increase anxiety). A study in NSW, Australia,
suggested that private screening services may be referred by GPs owing to their existing
relationships with private service providers [61].
Aside from these screening services for asymptomatic women, diagnostic mammograms are
available for symptomatic women in Australia. Doctors typically refer to diagnostic
mammograms for women with breast symptoms (e.g., lumps, thickening). These
mammograms are also performed outside of the BreastScreen Australia program and are
eligible for Medicare rebates under the MBS [16]. However, some private clinics may charge
11

more than the Medicare Schedule Fee, requiring women to bear the additional costs. While
there are multiple screening options available, this research focused on the BreastScreen
Australia program.

2.4 BreastScreen Australia
The national BreastScreen Australia program was started in 1991 and fully implemented in
1995 [62]. BreastScreen Australia is jointly funded by the Australian Government and state
or territory governments [63]. The program aims to identify for further investigation women
with mammographic anomalies suggestive of breast cancer.
BreastScreen Australia currently targets asymptomatic women aged 50–74 years, although
prior to 2013, this range was 50–69 years [63]. The strongest evidence for the benefits of
regular screening is observed in the 50–74 age group [40]. In addition, free access to the
BreastScreen Australia program is available for women aged 40–49 or 75 and over who
choose to participate [40].
As part of the BreastScreen Australia program, women aged 50–74 years are invited via
correspondence every two years to receive a mammogram [13,16]. Reminder letters are
sent to women who do not respond to the initial invitation [16]. Though women 40–49 or 75
and over are eligible to access the screening service, they are not sent invitation letters or
reminders as they are not in the program’s target age range. A mixture of fixed and mobile
screening facilities provide mammography services across the country under this program
[13]; for instance, BreastScreen Australia operated in more than 600 locations in 2013 [40].
A fixed facility is a permanent structure, whereas a mobile facility is a truck, bus or van that
relocates to provide services in different locations. The BreastScreen Australia program aims
to achieve a participation rate of at least 70% of women aged 50–74 years within a two-year
period [13].
Participation in the breast cancer screening program has grown over time, rising from 51.7%
in 1996–97 to 54.6% in 2015–16 among women aged 50–69 years (i.e., the target age range
prior to 2013) [13]. For women aged 50–74 years (the current target age range), the rate in
2015–16 was 54.3% [13], falling short of the program’s target of at least 70%. Adequate
participation in the program is essential for the intended reduction in mortality to occur.
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The participation rate among women aged 50–74 in 2015–16 also varied between states
(from 36.3% in the Northern Territory to 58.8% in South Australia), by type of region (44.1%
in Very Remote Areas to 53.3% in Major Cities), and by area-level socioeconomic
disadvantage (from 51.8% in disadvantaged areas to 55.2% in affluent areas in 2015–16)
[13]. Participation rates also vary across different sociodemographic groups. In 2015–16, the
participation rate among non-English-speaking women aged 50–74 years old was 49.6%
compared to 55.2% among English-speaking women, while the participation rate among
Indigenous women was 39.1% compared to 54.3% for non-Indigenous women [13].
The above screening participation rate statistics are based on the BreastScreen program
data. BreastScreen Australia does not provide data on how many women attend screening
outside of this program (mammography through Medicare for high-risk women and
mammograms in private clinics) [13], so the overall actual screening participation rate is
likely greater than the reported estimate. There is no comprehensive population-based data
source in Australia on the number of screenings outside the BreastScreen program though a
study in South Australia based on survey data estimated that approximately 20% of women
attend screening outside of the BreastScreen program [64]. The rate of private screening is
likely to vary substantially across sociodemographic groups; for example, research in
Victoria, Australia, suggested that affluent women may prefer to use private clinics for
screening [65].
Greater Sydney constitutes a large population centre of concern given its participation rates
in the BreastScreen program are lower than the national average. Greater Sydney is one of
Australia’s Greater Capital City Statistical Areas (GCCSA) as specified by the Australian
Bureau of Statistics (ABS) [66]. This region contained approximately one-fifth of Australia’s
population in 2011 [67] and is serviced by BreastScreen NSW, a state-level program of
BreastScreen Australia. In 2015–16, breast cancer screening uptake in Greater Sydney
among 50–69-year-old women was 49.5%, compared to the national rate of 54.6% for the
same time period and age range [13,17]. Notably, rates of breast screening participation
vary across LGAs within Greater Sydney, from 43.1% to 61.3% in 2015–16 [17]. Research is,
therefore, needed to understand the features associated with breast cancer screening
service utilisation and geospatial variation in utilisation (i.e., geographic area-level variation
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and individual-level spatial clustering) to inform strategies intending to enhance utilisation
and reduce disparities.

2.5 Theoretical foundations
“Nothing in science—nothing in life, for that matter—makes sense without theory. It is our
nature to put all knowledge into context in order to tell a story, and to re-create the world by
this means.” (page 56) [68].
This section considers utilisation of breast cancer screening in relation to theory. More than
two decades ago, Curry and Emmons pointed out the necessity of theories and models in
breast screening research [69]. They also emphasised the importance of using integrated
frameworks that incorporate variables that are operationalised at multiple levels [69].
Therefore, in this research, a socioecological framework has been adopted to explain
women’s breast cancer screening service utilisation within the context of their
environments.
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2.5.1 Socioecological framework

Policy

Community

Institutional

Interpersonal

Intra personal

Figure 2.5.1a. The Socioecological framework.

The socioecological framework suggests that individual behaviour both shapes and is
shaped by multiple levels of influence—individual (intrapersonal) and environmental levels
(interpersonal, institutional, community, and policy) (Figure 2.5.1a) [70]. These multiple
levels of influence guide areas of focus for health promotion initiatives. Intrapersonal
factors are defined as personal attributes such as knowledge, attitudes, behaviour, selfconcept, and skills. Interpersonal factors are defined as any social network and social
support systems including the family, workgroup, and friendship networks; institutional
factors are defined as social institutions with organisational features and rules and
regulations for operation; community factors are defined as relationships among
organisations, institutions, and informal networks within defined boundaries; and, lastly,
policy factors are defined as local, state/territory, and national laws and policies [70].
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This framework is useful for investigating the influence of environmental features on health
behaviours. Importantly, in this framework, the emphasis on individual behaviour is not
lessened but, rather, is heightened to include environmental features that may promote or
impede health behaviours and behaviour change. This framework is relevant in cancer
prevention research [71–73] and has previously been used in breast screening research
[71,72]. The present research has adapted the modified version of the socioecological
framework used in earlier cancer screening research by Daley and Colleagues [73]. They
reduced the five levels of the McLeroy et al. [70] (Figure 2.5.1b) framework to four by
combining the intrapersonal and interpersonal levels into individual-level factors.

Population Characteristics
Regulations

(undocumented, health
literacy, poverty, etc.)
Community Level

(federal, state, local)
Policy Level

Lack of Services
(treatment referrals,

Personal Behaviours

etc.)
Institutional level

Poverty Related Stressors

Community Resources

Program -related

Personal Characteristics

(transportation,

Funding Issues

Personal Beliefs

Individual Level

geography)

Fundi ng Syst em
Cultural Beliefs and Fears

Figure 2.5.1b The socioecological framework developed by Daley et al.[73]

In this framework, individual-level factors were considered in relation to barriers to
screening and treatment services, including personal attributes and beliefs, and povertyrelated stressors. The institutional-level factors included those related to a lack of services
and program funding issues. Community-level characteristics included population
characteristics, community resources, and cultural beliefs, while policy-level factors included
regulation and funding systems. This framework was used to guide this study because it
highlights the importance of community-level social and built environmental features to
cancer screening behaviour. Hence, this thesis investigates factors that influence breast
cancer-related preventive health behaviours at both the individual and community levels of
the socioecological framework.
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For example, women who live in socioeconomically disadvantaged areas may face various
challenges, including difficulty accessing screening services and having attitudes and beliefs
that prevent participation. The provision of screening venues closer to their homes and
workplaces, or co-located with shopping centres (i.e., built environmental features), as well
as an awareness campaign, may help to overcome such barriers and increase service
utilisation. Thus, from a policy perspective, the investigation of screening service utilisation
and environmental correlates can be approached utilising the socioecological framework. A
discussion of findings from the current literature regarding individual and environmental
correlates of breast cancer screening is provided in Section 2.6.
For this research, this framework highlights the potential importance of environmental
features, both sociodemographic and built environmental, for breast cancer screening
service utilisation. A theoretical planning, implementation, and evaluation model (e.g.,
PRECEDE–PROCEED planning model) can help guide health promoters through the
socioecological framework layers, from individual characteristics to broad environmental
features.

2.5.2 PRECEDE–PROCEED planning model
The PRECEDE–PROCEED planning model developed by Green and Kreuter [74] (Figure 2.5.2)
is a well-known guide for health promotion initiatives and recognises that both individual
and environmental forces influence health behaviour. The model includes two parts:
PRECEDE, which comprises Predisposing (knowledge, attitudes, and beliefs), Reinforcing
(reward and feedback), and Enabling (skills, resources, and barriers) Constructs in
Educational Diagnosis and Evaluation; and PROCEED, comprising Policy, Regulatory, and
Organisational Constructs in Educational and Environmental Development [75,76].
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PRECEDE: Predisposing, Reinforcing, and Enabling Construct s in
Educational Diagnosis and Evaluation

Health education
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factors
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Behaviour and
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/
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PROCEED: Policy, Regulation, and Organisational Constructs in Educational and Envi ronmental Development

Figure 2.5.2. The PRECEDE–PROCEED model for health program planning and evaluation. Adapted from Green and Kreuter
[74]

Based on the PRECEDE–PROCEED model, environmental features can be conceived as
enabling factors which may directly or indirectly influence behaviour through effects on
individual-level predisposing and reinforcing factors. Environmental enabling factors may
include sociodemographic and built environmental features. For example, the provision of
screening venues in convenient locations (e.g., near the residence or workplace, or colocated with a shopping centre – i.e., a built environmental features) may enable
predisposed women to screen. For sociodemographic factors, in an area with a greater
proportion of educated people, community health literacy (enabling factor) and women’s
perceptions of cancer screening (predisposing factor) may support the use of screening
services. In contrast, in an area with a greater proportion of culturally and linguistically
diverse people, women’s language barriers and the consequent difficulty of making a
screening appointment may impede the timely use of screening services.
The above examples draw on constructs framed by the PRECEDE–PROCEED model and
highlight the importance of environmental features in enabling health behaviour, including
breast cancer screening. The following sections summarise the current literature on
individual and area correlates of breast cancer screening utilisation.
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2.6 Correlates of breast cancer screening service utilisation
Individual and environmental features together shape breast screening service utilisation
and its geospatial variation. An overview of different features associated with screening
service utilisation is given in the following sections, including individual-level correlates of
breast screening in Section 2.6.1 and environmental correlates in Section 2.6.2. As this
thesis focuses on environmental features, the following description of individual factors is
less comprehensive than that dealing with environmental features.

2.6.1 Individual-level correlates of breast cancer screening utilisation
Individual-level sociodemographic, psychosocial, behavioural, health status, and health care
access factors are related to women’s breast screening service utilisation. Evidence suggests
that the likelihood of screening participation is lesser among women who are elderly
[77,78], unmarried [78–80], have more children [81], have lower educational [78,79] and
income levels [82], are unemployed [78,81], live in a rented house [81], and have no access
to a vehicle [78]. In addition, screening participation is less likely in women with limited
English linguistic and cultural competency (e.g. non-English-speaking, shorter length of stay
in the country, and limited English proficiency) [83,84], have no or inadequate knowledge of
recommended screening intervals [85], believe that mammograms are only somewhat
effective in detecting breast cancer [85], and rate their health as fair or poor [80]. Women
who engage in infrequent physical activity [77], smoke [77,80], are obese or underweight
[80], and do not have a regular physician [77] are less likely to participate in breast
screening.
For screening service delivery to be improved, it may be important to optimise the siting of
service locations. The location of screening services including distance from residence to
screening venue, is part of the contextual built environment and will be discussed in Section
2.6.2.2. However, individual-level factors may impact women's screening behaviour
including choice of screening venue. For example, women may select a screening location
that is close to their residence, or they may instead prefer a venue close to their workplace
[86]. This implies that women’s employment status may influence their venue selection
decision. Furthermore, older women may choose to attend a convenient venue close to
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their home, or they may bypass the closest venue due to a preference for other venues (i.e.,
venue loyalty [87]). For example, Chinese immigrants in Toronto, Canada, preferred
Chinese-speaking family physicians regardless of location [88]. This suggests that language
and cultural competency may influence screening venue selection, particularly among
immigrants. As a result, women’s choice of screening venue is likely to be influenced by
their socioeconomic status (SES) and personal preferences, and understanding venue
utilisation may aid in determining screening venue placement as well as improving screening
service utilisation.
As noted, numerous studies have investigated individual-level factors in relation to breast
screening utilisation. Fewer studies have assessed environmental features, but the
socioecological framework and PRECEDE–PROCEED model attest to their importance.
Research focused on other health outcomes and health behaviours has demonstrated the
importance of environmental features over and above individual characteristics
[21,24,31,89–92]. The following section summarises what is currently known about
environmental correlates of breast cancer screening utilisation.

2.6.2 Environmental correlates of breast cancer screening utilisation
Recent literature has emphasised the importance of environmental features in relation to
cancer screening utilisation and geospatial variation [20,22,31,93–95,23–30]. Environmental
features shape behaviour, including health screening behaviour. However, relatively little
research thus far has addressed environmental features associated with breast screening
service utilisation and geospatial variation. Such work could support intervention design to
improve screening utilisation.
The environment can be conceived as comprising two fundamental components:
composition and context [96,97]. Area compositional features refer to the aggregated
features of collectives of people grouped according to administrative or other spatial
boundaries [97]—for example, area-level education, employment, and income. These
features can be expressed using individual-aggregated sociodemographic data from census
collections. Contextual features refer to the features of places themselves, beyond the
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features of the people who reside there [97]—for example, availability of public transport,
density of screening facilities, and access to screening facilities.

2.6.2.1 Compositional features
There is a growing body of research regarding compositional features in relation to breast
screening service utilisation.
2.6.2.1.1 Evidence based on ecological studies
Ecological studies using residential areas (such as districts, municipalities, and LGAs – i.e.,
large geographic units) as analytical units have reported that area sociodemographic
features were associated with breast screening uptake [26,27,29,30,55,98]. A UK study
reported that lesser levels of screening were related to greater area-level proportions of
deprived households and people commuting to work by public transport [27]. Greater levels
of screening were related to greater area-level median age for women and household car
ownership whilst findings were null for other area-level sociodemographic features such as
the proportion of white and economically active people, or the proportion of households
experiencing fuel poverty – households with ‘low income’ but ‘high fuel costs’ [27]. A study
in France observed lesser screening rates for both the least and most socioeconomically
deprived areas (i.e., an inverted U-curve relationship) [30].
A German study reported that screening rates were inversely associated with area-level
unemployed migrants or the proportion of long-term unemployed residents [29]. Lesser
levels of screening have, however, been observed for areas with greater education and
income in Germany [26]. In Canada, screening rates were inversely related to low income
and recent immigrants at area level [55]. A recent Australian study, focusing on rural NSW,
reported that the breast cancer screening rate was not associated with the majority of the
area-level sociodemographic features (e.g., proportions of people aged 0–14, 15–24, 25–44,
and 65-plus years, proportion of women, the proportion of dwellings with internet access,
and a composite index of SES (Socio-Economic Indices for Areas - Index of Relative Social
Disadvantage (SEIFA-IRSD)) [98]. The same study found that screening was positively related
to area-level proportion of Indigenous people but inversely related to area-level greater
proportion of people aged 45–54 years [98].
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Although several studies have reported statistically significant associations, the results are
inconsistent in terms of direction of associations and/or strength of associations. These
ecological studies vary widely in terms of

sociodemographic measures assessed, the

population size of geographical area units and the analytic models used (e.g., spatial model
[26,27,55] or non-spatial model [98]).
The studies assessed different sociodemographic measures, namely single factors (e.g.,
median age for women at district level (the UK) [27], proportion of people aged 45–54 years
at LGA level (Australia) [98]) as well as various composite sociodemographic measures (e.g.,
French Deprivation Index at municipality level (France) [30], SEIFA-IRSD at LGA level
(Australia) [98]). The studies also utilised a variety of geographic area units, including
district (Germany) [26,29], district (the UK) [27], municipality (France) [30], census tract
(Canada) [55], and LGA (Australia) [98]. The population sizes of these geographic areas
varied substantially; for example, census tracts in Canada range between 2,500 and 8,000
people [99], while LGAs in NSW, Australia, range from less than 1,000 to more than 380,000
[58]. A UK study employed ‘district’ as an analytical unit and noted that the population of
districts ranged from 2,203 to more than a million [27]. German districts had population
sizes ranging from approximately 33,900 to 3.6 million [100]. The majority of the studies
cited relied on large geographic area units. Given that larger areas in terms of population
size are more heterogeneous than smaller areas, small-area variations in service utilisation
are likely to be obscured. Furthermore, outcome-exposure associations that use a small
area as the unit of analysis may be more consistent than those that use a larger area.
These ecological studies have typically used participation rate (either age-weighted or
unweighted) as the outcome measure [26,27]. The participation rate is the number of
women screened as a percentage of the total number of eligible-aged women in a certain
geographic unit over a set period of time, such as two years. These studies also use areal
data instead of geographic distance between individuals to understand geospatial variation
in screening behaviour, which may not reflect true spatial distribution and heterogeneity of
screening behaviour. This can be resolved by assessing spatial clustering of individuals using
geocoded residential locations data (i.e., spatial point reference data), which identifies
clusters of individuals with similar screening behaviours (e.g., participants, non-participants)
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and may help to inform decision-making. To date, only one study in Switzerland has
conducted such an analysis [20].
2.6.2.1.2 Evidence based on individual-level studies
Studies using individual-level outcomes (as opposed to the ecological studies above) report
that women are less likely to participate in breast screening if they reside in areas with
greater unemployment [101], poverty [102,103], Hispanic composition [102], non-English
speakers [104] and crowding [101,102], and lesser median age [105], education [101,105–
107] and income [105,108]. Numerous studies using an area-level composite index of SES
have observed that women residing in socioeconomically deprived areas are less likely to
participate in screening [28,79,84,101,104,109–112]. Additionally, greater area-level
invitation coverage [113] and car ownership [101] are associated with a greater likelihood of
screening participation. A handful of published studies have reported no association
between at least some of the above-listed factors and individual participation in breast
screening, namely area poverty, unemployment, employment-population ratio, and
education [102,105,106,114]. In addition to assessing breast screening uptake, a study in
the USA assessed women’s use of closest screening venues versus other venues, observing
that women residing in areas with higher income and average travel time to their
workplaces were not using their closest screening venue [23]. This was a descriptive study
concentrating on univariate relationships [23].
Overall, findings from studies assessing relationships between area sociodemographic
features and individual screening behaviour are mixed, revealing positive, negative and
nonsignificant associations. However, some area-level sociodemographic measures, such as
education and composite indices of SES, have shown consistent results across studies in
terms of the direction of the association, whereas findings for other socioeconomic features
such as unemployment and poverty are less consistent. Additional investigation of single
socioeconomic measures requires because composite SES indices are constrained by the
timeframe in which data were obtained, and the variables used to create them. A composite
SES index has been widely used in breast screening research in many countries, including
Australia [28,30,79,84,104,110], where there is a scarcity of research assessing single
sociodemographic features.
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Outcome measures have also varied between earlier studies. Many of these studies looked
at ‘ever’ screening attendance [79,103,106] and screening participation within a specific
time interval (e.g., 2 or 5 years) [79,102,108], with another study also looking at rescreening
[84]. ‘Ever’ screening refers to any screening participation during one’s lifetime, which is
broad. In addition, screening over a longer period (e.g., two years) based on survey data
may mask any potential for overdue screening. Previous research has suggested that clear
and consistent definitions and measures of screening service utilisation are required to
interpret a body of evidence [115]. Additionally, an earlier study assessed women's use of
the closest venue versus other venues as an outcome measure to understand the
concordance between the closest and actual screening venue used. This measure was
defined by the travel time from one’s residence to the screening venue (closest or actual
venue used) [23]. Screening programs are likely to place screening venues near the targeted
population to ensure greater accessibility; however, this does not guarantee the utilisation
of services. Therefore, assessing concordance can help policymakers better allocate
resources by illustrating actual use of the closest venue. Moreover, many of these studies
have used self-reported data, heterogeneous country-specific geographic areal units (e.g.,
County and Census tract (USA), Collection district and Postcode (Australia)), and single-level
models.

2.6.2.2 Contextual features
A growing body of evidence links contextual features with breast screening service
utilisation; however, most studies in this vein have focused on geographic accessibility, i.e.,
distance to the screening venue. Several studies have reported that greater distance to the
screening venue is associated with a lesser likelihood of participating in breast screening
[22,28,104,116]. However, the evidence is inconsistent. One study in the USA showed that a
greater distance to a fixed or permanent screening venue was inversely associated with
screening attendance, but that greater distance to a mobile venue was not associated with
screening [117]. A Canadian study found a non-monotonic association between distance
and breast screening participation, with moderate distances related to lower participation,
while individuals needing to travel over 50 kilometres had higher participation [118]. Other
studies in the USA and Australia reported no association between distance and breast
screening participation or reattendance [119,120].
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In addition to geographic access, screening facility density—a measure of geographic
availability—may influence breast screening participation. One US study reported that
breast screening participation is positively related to greater area-level density of screening
facilities [119]; however, another US study found this to be true in rural areas, but there was
no association between density and screening participation in urban areas [121]. Overall,
the evidence suggests better geographic access (i.e., closer screening venues) and greater
venue density support screening participation. Some study findings may differ due to
different distance calculation methods, differences in location of origin and type of
screening venue, and geographic area unit used to operationalise facility density.
Although geographic accessibility from the place of residence appears important to
screening behaviour, other contextual features may play a role in predicting women’s use of
their closest screening venue based on their place of residence, an important aspect of
breast screening program planning. Earlier research shows that women living in urban
regions are less likely to use their closest screening venue [23]. It has been suggested that
women residing in an area served by multiple screening venues may screen at a venue other
than their closest where the more distant venue is co-located with a shopping centre [122].
Relatively little research has investigated contextual features associated with women’s use
of their closest venue compared to use of other venues.
Other contextual features such as type of facility, facility co-location with other built
environmental features, and transportation (public transport and car parking) may impact
breast screening uptake and/or use of closest versus other venues. There is a distinct lack of
research in this area.
One study reported that women are more likely to participate in breast screening if the
facility is co-located with non-health facilities (such as council tax office, swimming pool, or
car park) compared to facilities co-located with health sites (such as hospitals and clinics)
[28]. However, a different study reported that women would prefer to screen at a hospital
over community settings [123]. Women also stated that the availability of parking spaces
(for those who have access to cars) and the ease of public transportation to the screening
facility (for those who do not have access to cars) are important considerations for
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participating in screening [123]. The necessity for a local, easily accessible screening unit
with free parking was raised by women in a qualitative study [124].

2.7 Critical appraisal of the literature
Despite research conducted thus far on breast screening service utilisation, geospatial
variation in utilisation, and environmental predictors, study findings are inconsistent and
key research gaps exist. In addition, methodological limitations (such as data type,
measures, and analytic approach) found in earlier studies remain to be addressed.
Women's use of breast cancer screening services varies geographically. Understanding
geospatial variation in screening service utilisation necessitates assessing geographic
variation in screening service utilisation as well as the spatial pattern of screening service
utilisation within areas. Earlier studies (as described in Sections 2.1 and 2.2) primarily
focused on geographic variation in service utilisation, with little emphasis on the spatial
patterning of service utilisation. Geographic variation using area-level data represents
average behaviour, but it also masks variation and necessitates the use of individual-level
data to reveal actual spatial patterns. Spatial clustering of individuals using geocoded
residential locations may aid in understanding spatial patterns and identifying clusters of
individuals (e.g., participants or non-participants). Geographic area-level variation and
spatial clustering of screening service utilisation might complement each other. There has
been little research into the geospatial variation (geographic variation using small residential
area-level data, spatial clustering of individuals using geocoded residential location data) of
breast screening service utilisation globally, including Australia.
The choice of measure to express screening service utilisation is also a research gap. The
breast screening rate is a commonly reported performance measure for screening service
utilisation that can be expressed as an invitation response rate (IRR) or participation rate.
The IRR refers to the number of women screened following receipt of an invitation to
screen, relative to the total number of women who received an invitation to screen, for a
given geographic unit for a specific time period (e.g., six months). The IRR is more precise
than the commonly used ‘participation rate’ measure. The participation rate refers to the
number of women screened relative to the total number of eligible-aged women within a
given geographic unit for a specific time period, e.g., two years. The number of eligible-aged
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women is typically estimated using Census data, which is only collected periodically (e.g.,
every five years in Australia). Thus, the participation rate does not account for population
change over time due to, for example, residential migration. This last point is particularly
important for analyses of small geographic units. The IRR, based on screening invitation
information (derived from electoral role data), presents a suitable denominator. However,
this indicator has rarely been used in earlier studies.
Another critical measure of screening service utilisation is individuals’ participation in
screening within a reasonable period (e.g., six months) from receipt of an invitation. This is
an individual-level measure, whereas the IRR is an area-level measure. Invitees who do not
participate in screening within this timeframe are considered overdue, which reduces the
likelihood of early detection. Earlier studies concentrated on retrospectively reported ‘ever’
screening or screening within a relatively long-time interval (e.g., two years, five years).
There is a scarcity of studies that have examined screening participation within a specific
time period (e.g., six months) of receiving an invitation.
In addition to the two measures mentioned above, individuals’ choice of screening venue is
an important measure of breast screening service utilisation. One can choose a screening
venue close to one’s home or another activity space (such as a workplace or shopping
centre). Research suggests that screening attendance can be increased by locating screening
venues as close to the target population as possible [125]. Thus, the location of the venue is
critical for screening service utilisation. Furthermore, an efficient location (i.e., a health
facility location that minimises costs to the attendee, including travel costs [126]) may
increase venue utilisation. Program planners have a long-term interest in screening venue
location owing to the high costs linked to screening unit purchase (e.g., mobile van), venue
acquisition, and construction of a unit (e.g., fixed unit). For example, a UK study reports that
the cost of a mobile mammography unit was about £140,000 in 2000 [125]. Women’s use of
the closest venue to their houses (as opposed to use of a more distal venue) is largely
unstudied.
It is crucial to better understand the features related to breast screening service utilisation
behaviour and its geospatial variation, particularly environmental features. Environmental
features of residential areas can shape breast screening service utilisation. A large number
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of studies have used a composite index to assess breast screening service utilisation. Such
composite indices typically vary by country. For example, the French Deprivation Index in
France [30], the Townsend socioeconomic deprivation scores in the UK [28], and the SEIFAIRSD in Australia [79,84,98,104]. While such indices are useful for capturing the
multidimensional aspects of the area’s social environment, they limit inferences about the
influence of specific social environmental features on the outcome variable [127]. Their use
also reduces the comparability of studies conducted in different countries [128]. Moreover,
a composite index is typically developed to compare the relative SES of areas at a specific
point in time rather than comparing areas over time (i.e., longitudinal analysis) [129]. This
means that the values of a composite index from different censuses cannot be directly
compared without considering other methodological aspects (e.g., variable weights, area
boundaries) [129]. Although studies have looked at the relationship between specific arealevel sociodemographic features and screening service utilisation, the results are not
consistent across studies. The effects of specific residential area-level sociodemographic
features on the use of breast screening services in different countries, including Australia,
have also been under-studied.
In order to understand the influences of area-level sociodemographic features on screening
utilisation, the choice of spatial unit used to express the environmental features of
residential areas is crucial. Geographical units of varying sizes and scales have been used to
operationalise sociodemographic features for studies in different countries. The estimation
of the effect of area-level features on screening behaviour can be influenced by the choice
of geographical units used. This is referred to as the modifiable areal unit problem (MAUP)
[130]. The MAUP consists of two components: scale effect and zonation effect. There may
be significant differences in estimated effects depending on the size of the units used
(known as the scale effect) and how the study region is divided (known as zonation or
aggregation effect) [130].
There is no global fixed standard for defining the area unit. Earlier research has shown that
small areas in terms of population size (i.e., census tracts or block groups) are more
consistent than large areas (i.e., zipcodes) at modelling SES gradients in health outcomes
[131]. In the USA, the average population of a census block group and a census tract is
around 6.6% and 3.3% of the size of postcode populations, respectively (according to Census
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1994) [131]. The use of the small area unit (i.e., collection district) rather than the large unit

(i.e., postcode, statistical local area) has also been supported by research in Perth, Australia,
owing to the misclassification of individuals in area-based SES groups and the resulting
underestimation of the SES–hospital admission relationship [132]. In Perth, Australia,
collection district populations are on average 4.5% and 1.6% of the size of the postcode and
statistical local area populations, respectively (according to ABS Census figures for 1996)
[132]. As a result, small area units are preferable for operationalising environmental
features during the analysis of environmental influences on health or health behaviour (e.g.,
breast cancer screening). Earlier breast screening studies in the USA have used census block
group, census tract, and zipcode as areal units [102,107,112], while previous Australian
studies have used collection district, postcode, and LGA [79,98,104].
In addition to operationalising sociodemographic features, small areas are important for
elucidating high-resolution geographic variation in breast screening service utilisation (i.e.,
IRR). Small-area analyses assist in the detection of localised variations masked by large-area
averages. Investigating small-area variation in service utilisation can be useful for evaluating
and quantifying spatial heterogeneity and identifying areas with lesser or greater outcomes
than the average. There is a dearth of research that has used small geographic area units to
operationalize sociodemographic features and screening service utilisation outcomes.
Another important environmental feature in relation to breast screening service utilisation
is geographic accessibility (i.e., distance to screening venue). It is well-documented that
greater distance is inversely related to screening participation (distance decay effect).
However, studies in different countries have also found that greater distance positively
relates to screening participation (i.e., distance bias effect) or that there is no relationship
between distance and screening participation. The term "distance bias effect" refers to
findings where individuals who live far away from health facilities having a greater likelihood
of screening participation than those who live nearby [133]. This association has been given
this name because it contradicts the general hypothesis, and may occur for various reasons
(e.g., study design, ecological fallacy, unknown confounders). This heterogeneity in the
distance-screening participation relationship could be attributed to distance measurement
methodology and operationalisation, which are important when interpreting findings. Some
studies have calculated straight-line distance (i.e., Euclidean), while others have used road
29

network distance. Straight-line distance is likely to be less precise than road network
distance [133] because it does not consider topological structures (e.g., mountains, lakes,
rivers) and accompanying road networks. Moreover, the calculation of distance varies
depending on the location of origin (e.g., complete residential addresses, residential area
centroids (i.e., average population location)) and the type of destination location (e.g., all
available screening venues, fixed venues only).
Although earlier studies have studied the relationship between distance to venue and
individuals’ screening participation, there is a lack of research addressing the impact of
area-level distance on area-level screening rates (e.g., IRR). Previous studies have reported
an inverse association between area-level distance or travel time to a health facility and
health service (i.e. primary healthcare clinic, hospital) utilisation rate [134,135]. Knowledge
of the relationship between area-level distance and area-level screening rate could be useful
in screening service planning. Therefore, such research is needed.
Research on the influence of individual-level distance to venue on individuals’ screening
participation is also limited, particularly studies using road-network distance to all available
screening venues (fixed and mobile) and studies from Australia.
Another critical research gap is the lack of studies assessing the influence of screening venue
location built environmental features, other than geographic distance, on breast screening
service utilisation. Built environmental features may function as enabling factors and should
be given more attention in breast screening research. For example, placing a mobile
screening van near public places, such as public transportation stations or shopping malls,
may increase visibility, resulting in increased screening participation. The findings of the
very limited previous research on the influences of venue location features are insufficient
to make recommendations.
Previous research has relied primarily on self-reports of breast screening practices in
Australia; very little research has used administrative data. Although self-report data can be
convenient, such data are subject to recall and/or social desirability bias [136]. Thus, selfreport measures can lead to distorted estimates of associations. In contrast, administrative
health service utilisation data collected from electronic medical records are relatively more
standardised and reliable than self-reported data [137]. However, these datasets are often
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expensive, and researchers are constrained by the time required for data holders to approve
and extract data [137], which can prevent researchers from using administrative data on
breast screening service utilisation. To date, only limited research has been conducted using
administrative data to express breast screening service utilisation.
It is also worth noting that the data sets utilised to analyse women’s breast screening
behaviour in the studies cited above, particularly the Australian studies, are dated. There
are likely generational differences (i.e., generational effects) in screening behaviour
between the current generation and previous generations studied, which may impact the
generalisation of findings across generations. A previous study reported differences in the
use of health care services across generations [138].
Lastly, analytical approaches to estimate the association between environmental features
and breast screening service utilisation are substantially heterogeneous with study designs
ranging across ecological models [26,27,29,30,98], single-level models [28,79,84,104], and
multilevel models [102,103,109,110]. Ecological analysis of areal data to investigate
environmental correlates of geographic variation in breast screening service utilisation has
the potential to identify geographic areas and area sociodemographic features with lesser
rates of service utilisation. However, the majority of ecological studies conducted to date
lack conclusive results and rely on large geographic area units as the unit of analysis. Smallarea analyses are better suited than large-area analyses to elucidate environmental features
associated with variation in screening service utilisation. Furthermore, in ecological
research, spatial models outperform non-spatial models in that they account for spatial
autocorrelation, which can affect the estimated relationship if not taken into account. To
date, there has been very little research that has used ecological analysis with small area
units that has employed spatial models to assess environmental influences on breast
screening service utilisation.
Ecological analyses are advantageous for measuring geographical variation in area-level
rates and their environmental correlates. However, ecological analysis does not inform on
the influence of area-level features on individual-level screening behaviour, nor does it
incorporate individual-level characteristics. In addition to area-level features, individual
characteristics likely contribute to geographic variation in screening behaviour. Thus,
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analysing area effects on individuals’ screening behaviour (i.e., individuals are nested within
residential areas) necessitates distinct analytical approaches. For example, focusing on
models that use individuals as the unit of analysis, single-level models ignore that individuals
are nested within areas (i.e., independent observations), whilst multilevel models consider
individuals as nested within areas (i.e., correlated observations). Although a single-level
model (e.g., logistic regression) enables assessing the association between area
environmental features and individuals’ breast screening service utilisation, this model does
not account for area clustering. Estimating the extent of area clustering makes it possible to
determine the percentage of the total variation in breast screening service utilisation
attributed to between-area differences. While these differences may be small, they can
substantially impact health outcomes [139]. Area clustering also documents variations in
resources and services across residential areas and links these variations to differences in
screening behaviours. Moreover, failure to consider area clustering during analysis may lead
to biased standard errors [140]. The multilevel model (e.g., multilevel logistic regression or
random intercept logistic regression) quantifies the effects of area features on breast
screening service utilisation while simultaneously accounting for area clustering. Even
though multilevel models have advantages over single-level models, their application in
breast screening research varies across studies and countries. Most studies employing
multilevel models have been conducted in the USA, and no published studies applying these
models to breast cancer screening have been reported for Australia thus far.
This section has identified important research gaps and methodological issues that have not
been thoroughly addressed in previous research on the influence of environmental features
on breast screening service utilisation. To date, little research (particularly in Australia) has
addressed breast screening rates at the small-area level, individuals’ participation in
screening within six months of receiving a screening invitation, or individuals’ use of the
closest screening venue to their residence, as well as their local environmental correlates
(i.e., residential area sociodemographic and venue location features). Apart from small-area
variation, spatial clustering of individuals screening service utilisation behaviour has rarely
been investigated. Other research gaps include the limited use of administrative breast
screening invitation and participation data and spatial and multilevel models. Therefore,
studies evaluating these breast screening utilisation measures, geospatial variation and local
32

environmental correlates are needed, the findings of which may help to optimise screening
venue placement, improve breast screening program delivery, increase screening uptake,
and reduce breast cancer-related morbidity and mortality.
This PhD research addresses the limitations identified above by using administrative
screening invitation and participation data, and investigating three screening service
utilisation measures: 1) small area-level IRR; 2) individuals’ participation in screening within
six months of receiving an invitation; and 3) individuals’ use of closest screening venue to
their residence. Furthermore, this research assesses geospatial variation in screening service
utilisation, a set of residential small area sociodemographic and venue location built
environmental correlates in relation to the three outcome measures, and employs spatial
and multilevel models.
This dissertation aims to contribute to our understanding of breast screening service
utilisation, geospatial variation and environmental influences. Enhanced understanding of
the relationship between environments and screening utilisation can inform optimisation of
service delivery and improve screening service utilisation.
The following section outlines the Research Questions (RQ) that were evaluated in order to
achieve the research Aims.

2.8 Research questions
Aim i: Assess small geographic area variation in breast cancer screening uptake.
RQ 1. What is the small-area variation in breast cancer screening invitation response
rates (IRR)?
Aim ii: Investigate associations between breast cancer screening uptake and small-area
sociodemographic features, breast screening venue distance, and venue location features
RQ 2. What are the associations between the socioeconomic composition of breast
cancer screening invitees’ residential areas and breast cancer screening IRRs?
RQ 3. Which built environmental features of breast cancer screening venue locations
are

associated

with

the

IRRs,

whilst

accounting

for

residential

area

sociodemographic feature?
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Aim iii: Explore patterns of spatial clustering of breast cancer screening participation.
RQ 4. What is the extent of spatial clustering in the pattern of individuals’
participation in screening within 6 months of receipt of an invitation to screen?
Aim iv: Assess associations between individual-level breast cancer screening participation
and residential area sociodemographic features, distance to screening venue, and venue
location features.
RQ 5. Do breast cancer screening invitees’ residential area sociodemographic
features predict screening participation within 6 months of receipt of an invitation to
screen?
RQ 6. Do distance from invitees’ residence to closest breast cancer screening venue,
and built environmental features of venue locations predict screening participation
within 6 months of receipt of an invitation to screen, whilst accounting for
residential area sociodemographic features (and distance for venue location
features)?
Aim v: Assess the associations between residential area sociodemographic features and
women’s use of their closest versus other breast cancer screening venue.
RQ 7. Do the sociodemographic features of screeners’ residential areas predict
attendance at the closest, compared to other breast cancer screening venues?
Aim vi: Assess the associations between closest venue location features and women’s use of
their closest venue, and differences in these associations for mobile and fixed venues.
RQ 8. Do the closest venue location built environmental features predict attendance
at the closest screening venues, and are there any differences in these associations
for mobile and fixed venues?
This chapter has summarised the current literature on the associations between social and
built environmental features and breast screening service utilisation, and the geospatial
variation in utilisation. This chapter also tabled research gaps and limitations with the
current body of literature to which this thesis responds. This chapter also presented the
Research Questions that were evaluated to achieve the research Aims. Questions 1-3 were
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evaluated using ecological analysis with small geographic area as the unit of analysis to
achieve Aims i and ii. On the other hand, Questions 4-6 were evaluated using multilevel
analysis with individuals as the unit of analysis to meet Aims iii and iv. Ecological analysis
enables the identification of geographic differences in screening service utilisation
behaviour and its association with area-level environmental features, but is limited in its
ability to infer the influence of area-level features on individual-level screening service
utilisation behaviour and spatial clustering of individuals within an area, which can be
accomplished through multilevel analysis. This is important because area-level features may
influence individual-level health behaviour in addition to, or instead of, individual-level
factors. While these approaches accomplish different goals, they also complement one
another. Aims v and vi were met by evaluating Questions 7-8 using multilevel analysis with
individuals as the unit of analysis. Information about datasets, measures and methods
utilised to achieve the research Aims and Questions is presented in the next chapter.
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Chapter 3
Methods
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3 Methods
This dissertation consists of three studies presented as manuscripts (Chapters 4, 5, and 6).
Each manuscript provides a study-specific description of the methods and datasets used.
This chapter summarises the overall research design, provides details on the datasets and
methods used to operationalise variables, and outlines the analytical approaches used to
assess the research Aims.
The overall research design is provided in Section 3.1 and the study region introduced in
Section 3.2. Section 3.3 provides an overview of the Geographic Information System (GIS).
Datasets used in this research are described in Section 3.4. Spatial units used for
operationalising environmental measures and capturing area clustering are defined in
Section 3.5. Section 3.6 describes the time-weighting factor used to account for issues with
changing exposures over time. The measures used and their operationalisation are defined
in Section 3.7. Section 3.8 outlines the study-specific analytic approaches and software
used, and Section 3.9 summarises the chapter.

3.1 Overall project design
The included research is observational in design, incorporating population-level breast
cancer screening invitation and participation data linked with spatial datasets using a GIS
(Section 3.3). The research used individual-level screening invitation and participation data
for the period 2011–14 provided by the Cancer Institute NSW (CINSW). The CINSW oversees
the BreastScreen NSW program. These invitation and screening datasets included 749,955
invitees and 584,707 screeners respectively. This project linked invitation and cancer
screening data with built and social environmental measures hypothesised to be linked to
breast screening service utilisation. This dissertation included three studies, one ecological
(Study 1) and two individual-level (Studies 2 and 3). The project obtained ethics approvals
(Appendices) from the NSW Population and Health Services Research Ethics Committee
(CINSW reference: 2016/09/652 and AU RED reference: HREC/16/CIPHS/25), University of
South Australia (protocol number: 0000036441), and the University of Canberra HREC
(reference: 20181535). All BreastScreen NSW clients consented to their data being used for
service improvement.
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3.2 Study region
This PhD research focused on the Greater Sydney region (Figure 3.2). Greater Sydney is the
largest Greater Capital City Statistical Area (GCCSA) in Australia by population size. In 2011,
Greater Sydney contained about one-fifth of the Australian population (= 4,391,674) [67].
The GCCSAs are geographical areas defined by the ABS to reflect the functional extent
(based on journey to work) of each of Australia’s eight state and territory capital cities [141].
This research is focused on the Greater Sydney region because it has a lesser rate of breast
cancer screening than the national rate. Women aged 50–69 in Greater Sydney screened at
a rate of 49.5% in 2015–16, compared to a national average of 54.6% [13,17]. Breast
screening rates vary across LGAs in Greater Sydney, ranging from 43.1% to 61.3% [17].
However, the reasons for these geographical differences are not fully understood.
Australia
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Figure 3.2. Study region of this research: Greater Sydney (left panel, with the bottom right
panel zooming into to the central Sydney district).
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3.3 Geographic information systems
This research used GIS to spatially join datasets. BreastScreen NSW invitee and screening
participant data were geocoded (e.g., longitude and latitude coordinates calculated based
on participant residential addresses) using an in-house data management system. The
CINSW performed the geocoding. Geocoded data can be joined to other spatial data layers
based on the same reference system enabling the integration of spatial information from
multiple databases into a single data frame [142]. GIS can thus support the development of
location-based information on relevant environmental features such as residential area (i.e.,
ABS Statistical Area Level 1 (SA1) in Study 1, State Suburb (SSC) in Studies 2 and 3)
sociodemographic measures (e.g., proportion of tertiary educated persons), spatial
accessibility (e.g., distance to venue), and built environmental measures (e.g., co-location
with bus stops). The following sections (3.4 and 3.5) describe the data sources and their
linkage, as well as the spatial units used.

3.4 Data sources
The three studies in this thesis drew on seven different data sources to construct the
included measures (Figure 3.4). The CINSW provided population-level breast screen
invitation and response (screening) data which included residential address geocodes (see
Section 3.4.1), as well as a screening venue appointment dataset which included venue
location geocodes (see Section 3.4.2). These individual-level residential address and venue
geocodes enabled spatial data joining and the calculation of spatial attributes (i.e.,
residential area sociodemographic, venue location built environmental features).
To address the thesis research questions, breast cancer screening invitation and response
datasets were joined via unique identifiers. Additionally, invitation and screening data were
spatially joined (i.e., using a GIS) with other datasets (i.e., Population and Housing Census,
road network database, General Transit Feed Specification (GTFS), and MapInfo Business
Points Australia), which were used to develop compositional and contextual environmental
measures.

Compositional

measures

were

the

following

residential

area-level

sociodemographic features: women’s median age and area proportions for women’s
education (bachelor’s degree or higher), women’s employment, women speaking English at
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home, and household motor vehicle ownership. Contextual measures included distance to
screening venue (i.e., straight line distance between invitees’ residential area centroids and
venue locations (Study 1); road network distance between individuals’ residential locations
and venue locations (Studies 2 and 3)); and venue location built environmental features –
namely, co-location with public transit, hospital, general practitioners (GPs), and shops. A
detailed description of data sources from which environmental information were extracted
is provided in Sections 3.4.4 and 3.4.5. Section 3.7 describes the operationalisation of
measures constructed from the aforementioned datasets. Environmental datasets were
selected based on best temporal matches with the study period (2011–14).

Invitation data
Uniq ue ID
Dat e of invitat ion
Geocoded residential locat ion
Type of invitation

Australian Bureau of Statistics
Population and Housing Census
database
Area unit
Statistical Area level 1 (SAl)

Joined through residential location

State Suburbs (SSC)
Area-level sociodemographic feature

.,

Q

C"
C

::,

Road network data from Pit ney Bowes NSW StreetPro

Joined t hrough
venue location

Screening venue data
Screening venue name
Geocoded screening venue location
Screening venue type
Date of appointment

Screening data
Unique ID
Date of screening
Geocoded residential location

Date of birth
Language speaking at home
Screening venue name
Geocoded screening venue location
Screening venue type

General Transit Feed
Specification transit database
(for venue co-location with bus
stop and t rain station)

Maplnfo Business Points
Australia index retail database
(for venue co-location w it h

hospital, GP, a nd shop)

Figure 3.4. Primary linkages of the data sources used in this research.

3.4.1 Breast screening invitation and response data
Breast cancer screening invitation and response data were provided by the CINSW. There
were two separate datasets, one for screening invitations and one for responses. The
invitation dataset included individual-level unique identifiers, residential locations, dates of
invitation(s), and type of invitation (invitation or reminder); the screening response dataset
included individual-level unique identifiers, residential locations, dates of screening(s),
screening venue geocoded location, venue name and type, date of birth, and language
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spoken at home. Geocoded locations were checked by the researcher using R version 3.6.1
[143] map tools to select women who were invited and screened located within the study
region (i.e., Greater Sydney). Across 2011–14, at the state level, 749,955 women were sent
invitations (or reminders to individuals who did not respond to the earlier invitation letter)
to screen, and 584,707 women were screened. Of these, 416,653 invited women and
323,914 women who screened were residing in Greater Sydney. Importantly, the screening
dataset includes information for women who may have been invited prior to 2011 but
screened in 2011. Descriptions of the preparation of the study-specific analytic datasets are
provided within Chapters 4, 5, and 6.

3.4.2 Breast screening venue appointment data
The CINSW also provided a breast cancer screening venue appointment dataset. This dataset
includes venue geocoded location, venue name, and appointment date information for the
230 screening locations that operated during 2011–14 throughout the NSW region. There
were two types of locations, fixed (n=45) and mobile (n=185). A fixed venue location refers
to a permanent screening centre. A mobile screening location is a location at which a
screening truck, bus, or van periodically visits (e.g., for four consecutive weeks in a year) to
provide screening service [144]. In Greater Sydney, a total of 71 venues (21 fixed and 50
mobile) provided screening services during 2011–14 (Figure 3.4.2).
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Figure 3.4.2. Breast screening venue locations in Greater Sydney region (2011–14).
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Exploratory analysis was performed to select the start and end dates of the screening
appointments during 2011–14. This was done to account for Christmas/New Year shutdown periods and the six-months follow-up used to define screening participation.
According to analysis, the median gap time was nine days between 1 Jan and the first
available venue appointment date in 2011. Therefore, 10 Jan 2011 was selected as the first
day of invitation, meaning individuals invited on 10 Jan 2011 and onwards were included in
the studies. Invited individuals were followed up for 180 days from the invitation date, and
the follow-up period ended on 19 Dec 2014 (the last Friday before the Christmas holiday).
Therefore, the last date for invitation was set as 22 Jun 2014 (i.e., 180 days prior to the last
available screening day, 19 Dec 2014), meaning participants with invitations from 10 Jan
2011 to 22 Jun 2014 were available for inclusion in analyses.
The venue dataset did not include details of mobile truck/bus/van movement (i.e., specifics
on when a truck/bus/van was located at a screening site), so this information was estimated
from appointment information. It was assumed that screening trucks/buses/vans were at a
given location for days other than just their appointment days (e.g., weekends and public
holidays when they may not be open for screening appointments). Thus, a threshold gap
time (i.e., time between appointments) of 15 days was defined for mobile venues based on
an exploratory analysis of gap time between appointment dates. If gap time was ≥15 days,
then it was assumed that a given mobile truck/bus/van had moved to a new screening site.
In addition, screening venues were likely closed during holidays (i.e., Christmas and New
Year's) and thus unavailable for screening appointments. An exploratory analysis of the
screening appointment dates was performed to determine the holiday break period
between December and January. Based on this analysis, the following dates were chosen as
holiday break periods: 23 Dec 2011–9 Jan 2012, 21 Dec 2012–7 Jan 2013 and 20 Dec 2013–6
Jan 2014.
Mobile venue screening services were only available for appointments at a given site during
defined periods, not throughout the entire study period. Consequently, for each participant,
the closest screening venue – and, therefore, participant ‘exposure’ to the venue – varied
across time according to the movements of screening trucks/buses/vans. A weighting factor
was applied to account for this variation in exposure across time (see Section 3.6). In this
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research, two types of weighting factors were used given different study designs (Study 1:
ecological; and Study 2: individual level). Detailed descriptions of exposure time-weighted
measures specific to each study are provided in Chapters 4 and 5 respectively.

3.4.3 Geographic distance data
Breast screening invitation, screening, and venue appointment data provided by the CINSW
(Sections 3.4.1 and 3.4.2) consisted of invitees’ and screeners’ residential location and
venue location geocoded data. Road network data were obtained from Pitney Bowes NSW
StreetPro 2011. These datasets enabled calculation of distances to screening venues from
invitees’ and screeners’ residences. In the ecological study (Study 1), straight-line distances
from each residential area centroid to screening venue locations were calculated. For
Studies 2 and 3, which used individual-level analyses, road network distances from
individuals’ (invitees or screeners) residential locations to screening venues were calculated.
Details of methods are provided in Section 3.7.2.

3.4.4 2011 Population and Housing Census
In this research, five area-level sociodemographic measures were constructed from 2011
ABS Census of Population and Housing data: 1) median age (calculated for women aged 50–
74 years); 2) proportion of women speaking English at home; 3) proportion of women with a
bachelor’s degree or higher; 4) proportion of full-time employed women; and 5) proportion
of dwellings with at least one motor vehicle. The Census of Population and Housing is a
national five-yearly survey that accurately measures a list of key features of people and
households in Australia [145]. The smallest available spatial unit that Australian Census data
are available for is the Statistical Area Level 1 (SA1) [146]. Details on the spatial units used in
this thesis are provided in Section 3.5.

3.4.5 Screening venue location built environmental data
Screening venue location built environmental features included venue co-location with bus
stops, train stations, hospitals, GPs, and shops.
Public transportation data were extracted from the General Transit Feed Specification
(GTFS) transit database (3 Nov 2013) [147]. Google and TriMet developed the GTFS in 2005
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to provide transit agencies with data on their schedules, trips, routes, and stops that can be
used for the Google Transit Web-based trip planner [148]. Since then, GTFS has evolved
based on input from agencies and developers [148]. A GTFS dataset is a collection of several
plain text files that enables analysing single or multiple transit systems at the stop, route,
trip or system level.
Hospital, GP, and shop data were extracted from the 2011 MapInfo Business Points
Australia index using 2006 Australian and New Zealand Standard Industrial Classification
(ANZSIC) codes. The ANZSIC provides a business data organising framework by allowing
business units that perform similar productive tasks to be grouped together [149]. The 2006
ANZSIC also provides a contemporary and internationally comparable industrial
classification system that can be used in government, research, or business sectors for
various financial, administrative, and statistical purposes [149].

3.5 Spatial units
Two different administrative spatial units were used in this research: 1) ABS Statistical Area
Level 1 (SA1); and 2) ABS State Suburbs (SSC). Beyond administrative units, screening venuecentred road network buffers were used to define venue location built environmental
features (i.e., co-location with bus stops, train stations, hospitals, GPs, and shops).
Study 1 was an ecological study using SA1s as the spatial unit and unit of statistical analyses.
The SA1 is the smallest geographic unit at which ABS Census data are available for 2011
[146,150]. SA1s tend to be consistent in population size (average of 400 people) and
homogeneous in characteristics [151]. Women invited to screen were aggregated within
SA1 spatial units to express the SA1-level outcome measure (i.e., screening rate). All social
and built environmental features were also operationalised at SA1.
Studies 2 and 3 were conducted at the individual level, with compositional
sociodemographic measures expressed for SSCs. These studies used multilevel models to
assess outcome and predictors/covariates relationships where SSC-level clustering was
accounted for. An SSC is a Census-specific area formed by aggregating SA1s to approximate
gazetted suburbs [146,150]. SSCs were used here because they are sufficiently large to
examine population features but small enough not to dilute any spatial concentrations of
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social disadvantage [152]. In Study 1, the spatial unit SA1 was used, while in Study 2, the
spatial unit SSC was used instead of Statistical Area Level 2 (SA2), which is listed after SA1 in
the ABS Australian Statistical Geography Standards classification [146]. SSCs had a smaller
population (average population of about 2,500 people in 2011) than SA2s (average
population of about 10,000 people in 2011) [146,153]. The relatively large SA2 spatial unit
may not provide sufficient granularity to quantify environmental features relevant to our
research questions. Furthermore, the SSC was chosen as the preferred spatial unit for
clustering because it had a sufficient number of individuals per spatial unit and allowed for
greater between-unit variability.
Built environmental features around screening venue location were defined using a distance
along with the road network in all directions from the venue. Road network distances were
set at 500m from venue locations for co-location with bus stops, hospitals, GPs, and shops.
The distance was defined as 800m for co-location with a train station. These 500m and
800m buffers are considered to reflect a standard walking distance for individuals using
transit services. Different buffer sizes for bus stops and train stations have been used to
align with public transport catchment distances [154]. Road network distance buffers were
constructed around each geocoded venue location using ArcGIS Desktop 10.5 Network
Analyst extension (generalised option) and 2011 NSW road network data (source: StreetPro,
2011, Pitney Bowes).

3.6 Time-weighting factor
Breast screening services were provided at fixed and mobile venue locations. Fixed venues
were available for screening appointments throughout the whole study period. Mobile
venue locations were serviced by a truck, bus or van with appointments available for
selected time- periods only (i.e., when the truck, bus or van was at that location). Therefore,
a time-weighting factor was constructed and applied to contextual measures (i.e., distance
to venue and venue co-location with built environmental features) to adjust for the
temporal nature of screening availability at locations serviced by a mobile truck, bus or van.
Calculation of the time-weighting factor involved multiple steps. As CINSW had not provided
specific information regarding when mobile locations were active (i.e., when a truck, bus or
van was providing service at a location), this information was constructed based on
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appointment date data available within the screening venue appointment dataset (Section
3.4.2). This time-weighting factor was used in two studies (Studies 1 and 2), which are
described in Chapters 4 and 5. Details of the time-weighting factor applied for each study
are included within the study chapters.

3.7 Measures
Analytical datasets were prepared specific to each study. Detailed descriptions of the
preparation of these analytic datasets are provided in Chapters 4, 5, and 6, the manuscripts
for the three studies of this dissertation. A brief description of study-specific measures is
presented in the following sections.

3.7.1 Area-level sociodemographic features
Residential area-level (e.g., SA1 and SSC) sociodemographic measures included women’s
median age and proportions for women’s education (bachelor’s degree or higher), women’s
employment, women speaking English at home, and household motor vehicle ownership.
These measures were constructed from ABS 2011 Census data [150]. Women’s age was
defined as area median age for women aged 50–74 years, women’s education was defined
as area proportion of women with a bachelor’s degree or higher qualification (n women
with a bachelor’s degree or higher/n total women aged ≥15 years), women’s employment as
proportion of full-time employed women (n employed women aged ≥15 years/n total
women aged ≥15 years), and women speaking English at home as proportion of women who
did not identify as speaking a language other than English at home (n women speaking
English at home/n total women). Motor vehicle ownership was defined as area proportion of
dwellings with one or more motor vehicles (n dwellings with motor vehicles/n all dwellings).
While this research assessed a specific set of residential area sociodemographic features,
earlier research in Australia commonly used a composite index (i.e., SEIFA-IRSD) to
represent area SES [79]. As has already been discussed (Section 2.6), though the composite
index can capture the multidimensional aspects of SES, it limits inference as to a specific SES
feature’s effect on the outcome of interest [127]. Therefore, this research considered single
specific measures of area sociodemographic features rather than a composite index.
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3.7.2 Screening venue distance
Geographic distance to screening venue location was operationalised using two different
methods: 1) straight-line distance between individual’s residential SA1 centroid and venue
locations (Study 1); and road network distance between the geocoded residential location
of individuals and venue locations (Studies 2 and 3). Screening invitation and response data,
and venue appointment datasets were used to calculate the distance measures.
For Study 1, straight-line distances (in kilometres [km]) from each residential SA1 centroid
to all screening venue locations were calculated using the ‘haversine’ formula [155] in R
v.3.6.1 [143]. Research has shown that straight-line distances between area-centroids and
precise healthcare locations provide reasonable estimates of driving distance [156],
especially within urban areas, since area centroids are likely to be close enough to
participant residences to provide sufficient spatial resolution for such estimates [156].
In Studies 2 and 3, distance to venue from each invitee’s (Study 2) and screener’s (Study 3)
residential location was calculated. Road network distances were calculated using MapInfo
Pro (V16), RouteFinder (V5) and StreetPro, 2011 (Pitney Bowes) from invitees’/screeners’
residential locations to venues.

3.7.3 Built environmental features of screening venue locations
Screening venue co-location was defined as the presence of a feature (i.e., bus stops,
hospital, GP and shops) within a 500m buffer or, for train stations, within an 800m buffer.
Co-location with hospital, GP and shops was coded as mutually exclusive, with a priority
order of hospital, GP then shop, given that multiple combinations of these services were colocated. For example, if a hospital, GP and shop were co-located with a breast screening
venue, the co-located feature would be coded as ‘hospital’; if a GP and shop (excluding
hospital) were co-located with a venue the co-located feature would be coded as ‘GP’; and if
simply a shop (excluding hospital and GPs) was co-located with a screening venue the colocated feature would be ‘shop(s)’.
Co-location features were treated as mutually exclusive based on earlier literature and an
interest in estimating the unique impact of particular features; therefore, the effect of the
variable hospitals under this treatment is the effect of having a screening venue located in
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an environment having hospitals irrespective of whether there are also GPs and shops. For
example, a study in the UK showed a lesser odds of screening when a screening venue was
co-located with a health facility [28], and an interest in assessing the unique impact of
hospital on screening participation. This research might have chosen instead to have
adjusted simultaneously for all co-location features, yet the presumed statistically
“independent” impact of “hospital” on screening, accounting for “shops” (as found in some
but not all hospitals) and/or “GPs” would not be as clear as with this hierarchy, which forces
an explicit focus on the role of hospitals, GPs and shops, in that order. The order itself was
based on the reality that screening venues are often based at hospitals – and an interest in
seeing whether aversion to hospitals or the complexity of hospital complexes might be
proxied by a lower likelihood of screening where venues are co-located with hospitals. This
research was further interested in assessing the unique impact on screening of co-location
with shops alone, without measurement bias wherein the impact of shops could be diluted
by the presence of shops in some but not all hospitals where hospitals themselves may
impact screening.

3.7.4 Study 1 outcome: invitation response rate
Study 1 was an ecological study addressing research Aims i and ii: to assess small
geographic area variation in breast cancer screening uptake and investigate associations
between breast cancer screening uptake and small-area sociodemographic features, breast
screening venue distance and venue location features.
Area-level screening uptake was expressed using the invitation response rate (IRR). IRR was
defined for each residential SA1 as the number of women who screened within six months
of receipt of a screening invitation, relative to the total number of women who received a
screening invitation. A six-month limit for screening against a given invitation was used as
the CINSW considers any women not screening within this interval as overdue.

3.7.5 Study 2 outcome: individual-level participation in screening
Study 2 was an individual-level study addressing research Aims iii and iv: to explore patterns
of spatial clustering of breast cancer screening participation, and the associations between
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individual-level breast cancer screening participation and residential area sociodemographic
features, geographic accessibility to venue and venue location features.
Individual-level participation was defined as screening within six months of an invitation
being sent to the woman’s residential address (address as recorded on the electoral roll).
Women screening beyond the six-month follow-up were considered overdue, having a
reduced likelihood of early detection.

3.7.6 Study 3 outcome: individual-level use of closest screening venue
Study 3 was an individual-level study addressing research Aims v and vi: to assess the
associations between residential area sociodemographic features and women’s use of their
closest versus other breast screening venue, and the associations between closest venue
location features and women’s use of their closest venue, and differences in these
associations for mobile and fixed venues.
Women who screened were classified as having attended the screening venue closest to
their residence or at a more distal venue based on the rank order of distances, where
distances referred to road network distances between women’s residences and venues.

3.8 Analytic approaches
3.8.1 Study 1
This study aimed to assess small-area variation in breast cancer screening IRR and estimate
associations between IRR and SA1 level sociodemographic, screening venue distance and
venue location built environmental features. This Aim generated three Research Questions:
RQ 1. What is the small-area variation in breast cancer screening invitation response
rates (IRR)?
RQ 2. What are the associations between the socioeconomic composition of breast
cancer screening invitees’ residential areas and breast cancer screening IRRs?
RQ 3. Which built environmental features of breast cancer screening venue locations
are associated with the IRRs?
51

To address RQ 1, an exploratory analysis was performed (descriptive statistics and map) to
assess small-area variation in IRR. For RQs 2 and 3, ordinary least squares (OLS) regression
was used to estimate the associations between IRR and environmental features. The spatial
autocorrelation in the OLS model residuals was assessed using the Moran’s I statistic. To
calculate this statistic a binary contiguity matrix (i.e., k nearest-neighbour spatial weights
matrix of four) was specified. According to research, while having four to six neighbours is
optimal, underspecifying for four rather than over specifying for six is preferred [157].
Monte Carlo simulations (replications=999) were used to calculate a pseudo p value to
understand the statistical significance of the Moran’s I statistic [157]. According to the
Moran’s I statistic, the presence of significant spatial autocorrelation in OLS regression
residuals indicated the importance of using spatial modelling because ignoring this spatial
correlation might result in inconsistency and bias in the association estimates [158].
Therefore, spatial lag models (SLMs) and error models were both used to estimate the
relationship between IRR and area environmental features while controlling spatial
autocorrelation. SLMs outperformed spatial error models according to the robust Lagrange
Multiplier test, and the results of SLMs were used to infer the strength of associations
between environmental features and IRR. All SA1-level sociodemographic measures were
standardised before analysis to enable comparison of coefficients across regression models.
Pseudo R2 and Akaike information criteria (AIC) were used to evaluate and compare the
performance of the models. Additional model formulation information is provided in
Chapter 4, the first of the published papers.

3.8.2 Study 2
Study 2 aimed to assess the spatial clustering of screening participation and the associations
between individual-level screening participation and residential area sociodemographic
features, distance to venues and venue location built environmental features. This Aim
generated three Research Questions:
RQ 4. What is the extent of spatial clustering in the pattern of individuals’
participation in screening within 6 months of receipt of an invitation to screen?
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RQ 5. Do breast cancer screening invitees’ residential area sociodemographic
features predict screening participation within 6 months of receipt of an invitation to
screen?
RQ 6. Do distance from invitees’ residence to closest breast cancer screening venue,
and built environmental features of venue locations predict screening participation
within 6 months of receipt of an invitation to screen, whilst accounting for
residential area sociodemographic features (and distance for venue location
features)?
In RQ 4, spatial clustering of screening participation was assessed using hot spot analysis.
This was done using the Getis-Ord Gi* statistic [159] calculated using the Hot Spot Analysis
tool in ArcGIS Pro V2.6.2 [160]. The Gi* statistic evaluated the value at a given residential
location in relation to values at nearby residential locations (distance band of 1000m) to
detect clusters of high or low values over space. The Gi* statistic returned Z-scores, with Zscores > 1.96 and Z-scores < −1.96, indicating statistically significant hot spots (high value)
and cold spots (low value) respectively, and Z-scores close to 0 indicating no significant
clusters at the 5% level of significance.
For RQs 5 and 6, multilevel binary logistic regression models were used to assess the
associations between SSC-level sociodemographic measures, distance to venue, venue
location features, and screening participation. The models included two levels since
individuals (level 1) were nested within SSCs (level 2). This model enables estimation of the
contributions of the individual- and SSC-level features on screening participation as well as
SSC-level clustering of participation. The intra-class correlation (ICC) was calculated to
quantify the similarity among individuals at the level of SSCs for all models [161]. In addition
to ICCs, median odds ratios (MORs) were calculated from SSC-level variance in the multilevel
logistic model [162]. A greater value indicated a greater level of unexplained variation in
breast cancer screening participation. The AIC statistic was used to evaluate and compare
the performance of the models. Model building strategies for Study 2 are described in
Chapter 5 (the second published paper).
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3.8.3 Study 3
Study 3 aimed to assess the associations between women’s use of their closest versus other
breast cancer screening venue and residential area sociodemographic, closest venue
location built environmental features, and differences in these associations for mobile and
fixed venues. This Aim generated two Research Questions:
RQ 7. Do the sociodemographic features of screeners’ residential areas predict
attendance at the closest, compared to other breast cancer screening venues?
RQ 8. Do the closest venue location built environmental features predict attendance
at the closest screening venues, and are there any differences in these associations
for mobile and fixed venues?
For RQ 7, multilevel binary logistic regression models were used to assess the associations
between SSC-level sociodemographic measures and women’s use of their closest breast
cancer screening venue (following the approach used in Study 2 for RQs 5 and 6 as
described in Section 3.8.2). Multilevel models were also used to assess the associations
between women’s use of their closest venue and closest venue location built environmental
features (RQ 8). These analyses were stratified by venue type to investigate whether there
were any differences in these associations (i.e., closest venue attendance and closest venue
location features) for mobile and fixed venues. Unexplained variation between SSCs in the
closest venue attendance was calculated using ICC and MOR as described in Section 3.8.2.
Model building strategies for Study 3 are described in Chapter 6.

3.8.4 Analytical software
Descriptive map and hot spot analysis were performed using ArcGIS Pro V2.6.2 [160]. All
statistical analyses (such as descriptive, spatial and multilevel modelling) were carried out
using an open-source statistical software, R version 3.6.1 [143]. This software provides the
computational flexibility and efficiency necessary to perform these analyses using built-in or
third-party functions, as well as user-written functions. Several packages (e.g., spdep,
glmmTMB) and my own written functions were used to perform these targeted analyses in
R.
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3.9 Summary
This chapter has summarised the overall design of the research, described the data sources,
measures used, and the analytic approaches. The results of this dissertation are presented
in the following three chapters. Chapter 4, addressing Aims i and ii (R Qs 1–3), includes the
first published manuscript. Chapters 5 and 6 are the second and third published
manuscripts respectively and address Aims iii and iv (RQs 4–6), and Aims v and vi (RQs 7–8).
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Chapter 4
Results 1
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4 Results 1
This chapter is the published manuscript for Study 1, addressing research Aims i and ii, and
their associated Research Questions (RQs 1–3).
Aim i: To assess small geographic area variation in breast cancer screening uptake.
RQ 1. What is the small area variation in breast cancer screening invitation response
rates (IRR)?
Aim ii: To investigate associations between breast cancer screening uptake and small-area
sociodemographic features, breast screening venue distance, and venue location features.
RQ 2. What are the associations between the socioeconomic composition of breast
cancer screening invitees’ residential areas and breast cancer screening IRRs?
RQ 3. Which built environmental features of breast cancer screening venue locations
are

associated

with

the

IRRs,

whilst

accounting

for

residential

area

sociodemographic feature?
The reference for the published paper is:
Khan JR, Carroll SJ, Warner-Smith M, Roder D, & Daniel M (2021). Residential area
and screening venue location features associated with spatial variation in breast
cancer screening invitation response rates: an observational study in Greater Sydney,
Australia. BMJ Open, 11(4), e043853.
Available at (open access):
https://bmjopen.bmj.com/content/11/4/e043853
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ABSTRACT
Objectives Participation in breast cancer screening
(BCS) varies at the small-area level, which may
reflect environmental influences. This study assessed
small-area variation in BCS invitation response rates
(IRRs) and associations between small-area BCS IRR,
sociodemographic factors, BCS venue distance and venue
location features in Greater Sydney, Australia.
Methods BCS IRR data for 2011-2012 were compiled
for 9528 Australian Bureau of Statistics Statistical Area
Level 1 (SA1) units (n=227 474 women). A geographial
information system was used to extract SA1-level
sociodemographic features (proportions of women
speaking English at home, full-time employed and
university educated, and proportion of dwellings with
motor vehicles), SA1-level distance to closest venue(s)
(expressed as quartiles), and closest venue(s) colocated
with bus stops, train station, hospital, general practitioner
and shops. Associations between area-level features, BCS
venue distance, venue location features and IRR were
estimated using ordinary least square-type spatial lag
models including area education as a covariate.
Results BCS IRR varied across SA1s (mean=59.8%,
range: 0%-100%), with notable spatial autocorrelation
(Moran's 1=0.803). BCS IRR was positively associated with
greater SA1-level proportion of women speaking English
at home (P=2.283, 95% Cl 2.024 to 2.543), women's
education (in the model including speaking English at
home P=0.454, 95% Cl 0.211 to 0.697), dwellings with
motor vehicles (P=1.836, 95% Cl 1.594 to 2.078), greater
distance to venue (eg, most distant quartile compared
with closest: P=6.249, 95% Cl 5.489 to 7.008), and BCS
venue colocated with shops (P=0. 762, 95% Cl 0.273 to
1.251). Greater SA1-level women employment (P=-0.613,
95% Cl -0.898 to -0.328) and venue colocated with train
station (P=-1.889, 95%Cl -2.376 to - 1.402) or hospital
(P=-0.677, 95%CI - 1.164 to -0.189) were inversely
related to BCS IRR.
Conclusions Small-area variation in BCS IRR
exists for Greater Sydney and is strongly related to
sociodemographic factors that, together with BCS venue

Strengths and limitations of this study
►

►

►

►

►

This study documents, for the first lime, substantial small-area variation in breast cancer screening (BCS) invitation response rate (IRR) for Greater
Sydney, Australia.
For the smallest unit at which Census data are released, this study shows not only that IRR is related
to favourable sociodemographic conditions but also
that rates vary with built environmental features of
screening venue sites.
Results indicating spatial variability and small-area
correlates of IRR can be used by policymakers and
service providers to design targeted interventions
specific to the features of local-area resident populations to boost screening participation, reduce disparities and monitor progress in service use.
This study is ecological; therefore, area-level relationships found do not necessarily reflect individuallevel relationships but do have relevance to
area-level intervention.
Potentially relevant covariates, including public information campaigns, private BCS rates, and withinvenue features and availability of appointments
were unavailable.
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location features, could inform targeted attempts to
improve IRR.
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INTRODUCTION
Worldwide, bi-east cancer (BC) is th e most
prevalent cancer among women. 1 Among
Australian women, BC is the most commonly
diagnosed cancer and the second leading
cause of cancer mortali ty.2 BreaslScreen
Australia is an organised po pulatio n-based
breast cancer screening (BCS) programme,
aiming to reduce women 's BC morbidity and
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Abstract
Objectives: Participation in breast cancer screening (BCS) varies at the small-area level
which may reflect environmental influences. This study assessed small-area variation in BCS
invitation response rates (IRRs), and associations between small-area BCS IRR,
sociodemographic factors, BCS venue distance and venue location features in Greater
Sydney, Australia.
Methods: BCS IRR data for 2011-12 were compiled for 9,528 Australian Bureau of Statistics
Statistical Area Level 1 (SA1) units (n=227,474 women). A geographic information system
was used to extract SA1-level sociodemographic features (proportions of women speaking
English at home, full-time employed and university educated; and proportion of dwellings
with motor vehicles), SA1-level distance to closest venue(s) (expressed as quartiles), and
closest venue(s) colocated with bus stops, train stations, hospitals, general practitioners,
and shops. Associations between area-level features, BCS venue distance, venue location
features and IRR were estimated using ordinary least square type spatial lag models
including area education as a covariate.
Results: BCS IRR varied across SA1s (mean=59.8%, range: 0%-100%), with notable spatial
autocorrelation (Moran’s I=0.803). BCS IRR was positively associated with greater SA1-level
proportion of women speaking English at home (β=2.283, 95% CI 2.024 to 2.543), women’s
education (in the model including speaking English at home β=0.454, 95%CI 0.211 to 0.697),
dwellings with motor vehicles (β=1.836, 95% CI 1.594 to 2.078), greater distance to venue
(e.g., most distant quartile compared to closest: β=6.249, 95% CI 5.489 to 7.008), and BCS
venue colocated with shops (β=0.762, 95% CI 0.273 to 1.251). Greater SA1-level women
employment (β=-0.613, 95%CI -0.898 to -0.328) and venue colocated with train station (β=1.889, 95% CI -2.376 to -1.402) or hospital (β=-0.677, 95% CI -1.164 to -0.189) were inversely
related to BCS IRR.
Conclusions: Small-area variation in BCS-IRR exists for Greater Sydney and is strongly
related to sociodemographic factors that, together with BCS venue location features, could
inform targeted attempts to improve IRR.
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Strengths and limitations of this study
•

This study documents, for the first time, substantial small-area variation in breast
cancer screening (BCS) invitation response rate (IRR) for Greater Sydney, Australia.

•

For the smallest unit at which Census data are released, this study shows not only
that IRR is related to favourable sociodemographic conditions but that rates vary
with built environmental features of screening venue sites.

•

Results indicating spatial variability and small-area correlates of IRR can be used by
policymakers and service providers to design targeted interventions specific to the
features of local-area resident populations to boost screening participation, reduce
disparities, and monitor progress in service use.

•

This study is ecological; therefore, area-level relationships found do not necessarily
reflect individual-level relationships but do have relevance to area-level intervention.

•

Potentially relevant covariates, including public information campaigns, private BCS
rates, and within-venue features and availability of appointments were unavailable.
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Introduction
Worldwide, breast cancer is the most prevalent cancer among women.[1] Among Australian
women, BC is the most commonly diagnosed cancer and the second leading cause of cancer
mortality.[2] BreastScreen Australia is an organised population-based breast cancer
screening (BCS) programme, aiming to reduce women’s BC morbidity and mortality through
early cancer detection.[2] BreastScreen Australia provides mammograms every 2 years free
of charge to asymptomatic women aged over 40 years.[2] The programme targeted women
aged 50–69 years through invitation letters until July 2013, when BreastScreen Australia
expanded this target age range (and therefore those women being sent invitation letters)
from 50–69 years to 50–74 years.[2] The programme aims to screen at least 70% of women
targeted across any given 2-year period.[2] While BCS among Australian women has
increased over time, from 51.7% in 1996-97 to 54.6% in 2015-16 among women aged 50-69
years, it continues to remain below the target rate of 70%.[2]
Australia’s most populous city, Greater Sydney (20.9% of Australia’s population[3]) had a
BCS participation rate of 47.3% among women aged 50-69 years in 2013-14, lower than the
national average and well below target.[4,5] However, this rate varies within Greater
Sydney (from 38.5% to 58.2%) for Local Government Areas (LGA) – a very large spatial
unit.[4] A notable marker of BCS participation rate variation for Greater Sydney is area-level
socioeconomic status (SES) for which LGA-based rates vary from 50.3% for the least
disadvantaged to 43.7% for the most disadvantaged areas.[4]
Environmental influences including SES shape behaviour and are thus relevant to BCS.[6]
While behavioural interventions seek to raise participation in cancer screening programmes
by targeting individual factors predisposing and reinforcing screening,[7,8] research
indicates that screening responses are enhanced by attention to environmental conditions
that enable individuals to enact behavioural intentions.[7,8] Grounded to social cognitive
theory (SCT), such screening promotion interventions conceive behaviour as an interaction
between the person, behaviour, and environment.[9,10] SCT recognises that people and
their environments are reciprocal determinants of each other, that the limits of selfdirection co-exist with opportunities for influencing destiny. Given it is important that
cancer screening promotion strategies emphasise environmental as much as individual
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influences,[11] there is a need to better assess environmental factors that contribute to BCS
uptake.
In industrialised countries, individuals residing in areas having greater education and/or
income, and proportionately fewer non-English speakers, are more likely to participate in
BCS.[12–14] BCS participation has also been shown to be inversely related to distance to
screening venue and less likely when the closest venue was colocated with a health
facility.[12,15] Another study suggested that women in an area served by multiple screening
venues may attend a venue colocated with a shopping centre, recognising the convenience
of other colocated services (i.e., shops) which they might use before or after their screening
appointment (‘trip chaining’).[16] A study in England reported lesser BCS uptake associated
with greater area-level deprivation and proportion of people commuting to work by public
transport, and greater uptake associated with greater area-level car ownership.[17] One
German study reported lesser BCS uptake associated with greater area-level unemployed
migrants or long-term unemployed residents.[18] A second German study reported lesser
BCS uptake related to greater area-level education and income, the discrepancy between
studies potentially reflecting different research designs, definitions, and measures.[19]
While the literature does attest environmental features influences BCS participation,
aligning with the postulates of SCT, the direction of these influences remains unclear.[20]
Assessing spatial variation in environmental phenomena related to health requires, ideally,
small rather than large area units.[21] Small-area analyses assist the detection of localised
variations otherwise masked by large-area averages. Previous studies have attested a need
for small-area assessment of environmental predictors in relation to BCS uptake; however,
few studies have undertaken and reported small-area analyses.[17,19] Small-area research
on social and built environmental factors shaping BCS use has not previously been reported
for Greater Sydney. Information on spatial variability in BCS uptake and environmental
correlates of uptake are required so that policymakers and service providers can design
targeted interventions specific to the features of local-area resident populations and the
settings in which they live to boost screening participation, reduce disparities, and monitor
progress in service use. This study sought, for Greater Sydney, first, to assess small-area
variation in BCS uptake and, second, to estimate associations between BCS uptake and
small-area sociodemographic factors, BCS venue distance and venue features.
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Methods
Population, setting and BCS data
This observational study was set in the Greater Sydney region of New South Wales (NSW).
The target population was all women invited to screen (ages 50-69) during 2011-2012
through the state-wide BreastScreen NSW programme. The Cancer Institute of NSW
provided population-wide BCS invitation and invitation response data for this time period.
Invitation records included residential address geocodes which enabled spatial linkage with
Australian Bureau of Statistics (ABS) Statistical Area Level 1 (SA1) spatial unit information.
The SA1 is the smallest unit at which ABS data are reported. Invitation data were aggregated
within SA1s to express SA1-level BCS invitation response rates (IRRs). ABS 2011 Census
data[22] were used to characterise SA1-level sociodemographic information.
Table 1 summarises the steps used to prepare the analytical dataset. From an initial base of
458,940 records across 2011-12, 424,802 records remained after applying individual-level
record exclusions. These individual records were linked to 17,453 SA1s and further
exclusions then applied based on SA1-level information (see Table 1), notably, SA1s with
fewer than 10 invited women were excluded to ensure a defensible denominator by which
to express IRR. This yielded an analytical dataset of 227,474 records accounting for 9,528
SA1s. Sensitivity analyses (see online supplementary file) based on setting different
thresholds for minimum target population numbers (i.e., invitees) per SA1 (n of SA1s=5,776,
≥20 invitees, and n of SA1s=2,370, ≥30 invitees) were performed to assess the impact of
different thresholds.
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Table 1. Data extraction steps and data loss in constructing IRR and creating an analytical BCS
dataset for Greater Sydney.
Data

Individuals Exclusion Reason for exclusion

Individuals

458,940

-

Individuals

440,299

18,641

Individuals

438,318

1,981

Individuals

424,802

13,516

SA11
17,453

Individuals
are
spatially
joined to
SA1s
SA1s
10,535

-

SA1s

10,309

226

SA1s

9,531

778

SA1s

9,528

3

6,918

Individuals invited to screen by BreastScreen NSW during
the invitation period (2011-12). Invitations are based on the
electoral role (a reliable population information source
within Australia),[42] therefore this is a population not a
sample.
Individuals excluded owing to address not being successfully
geocoded (13,903), residing in the island location (48),
residing outside of “NSW” (4,690).
Excluded individuals who screened before their earliest
invitation date.
Individuals with ages < 50 and > 69 years during invitation
were excluded because individuals of this age group would
not be invited to participate.

Excluded SA1s located outside of study area (e.g. Greater
Sydney).
SA1s with fewer than 10 women aged 50-69 years (n=226)
were excluded due to low count at small-area level and to
reduce randomisation bias because ABS Census data cells
containing small values had been adjusted randomly to
protect confidentiality.[43]
SA1s with fewer than 10 invited women were excluded to
ensure a defensible denominator by which to express IRR.
SA1s for which it appeared that the number of women
speaking only English at home was greater than the total
number of women listed as residing within that SA1 were
excluded as the numerator could not reasonably be greater
than the denominator. These unlikely numbers can arise
due to ABS procedures to randomise small cell values in
order to maintain confidentiality.

1

ABS SA1; a total of 227,474 women invited for screening resided in 9,528 SA1s.
ABS, Australian Bureau of Statistics; BCS, breast cancer screening; IRR, invitation response rate; SA1, Statistical
Area Level 1.
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Measures
Outcome measure
BCS IRR was defined for each SA1 as the number of women who screened within six months
of receipt of a screening invitation, relative to the total number of women who received a
screening invitation.
Exposure measures
Exposure measures focused on the sociodemographic features of invitees’ residential SA1s,
venue distance, and built environmental features of venue locations (specifically, venue
colocation with bus stops, train stations, hospitals, General Practitioners (GPs), and shops).
SA1-level sociodemographic features
Residential SA1-level sociodemographic measures included women’s education, women’s
employment, women speaking English at home, and household motor vehicle ownership.
These measures were constructed from ABS 2011 Census data.[22] Women’s education was
defined as SA1 proportion of women with a Bachelor’s degree or higher qualification (n
women with a Bachelor degree or higher/n total women aged ≥15 years), women’s
employment as proportion of full-time employed women (n employed women aged ≥15
years/n total women aged ≥15 years), and women speaking English at home as proportion
of women who did not identify as speaking a language other than English at home (n
women speaking English at home/n total women). Motor vehicle ownership was defined as
the proportion of dwellings with one or more motor vehicles (n dwellings with motor
vehicles/n all dwellings).
Venue distance
There were two types of breast screening venues: fixed (n=20) and mobile (n=43), where a
fixed venue was defined as a permanent centre and a mobile venue was defined as a
location at which a mobile BCS vehicle (truck, bus or van) provided screening for a (variable)
period of time. Variation in days of venue access was accounted for, applying an exposuretime weighting factor adapted from occupational epidemiology.[23] This factor quantified
for the observation period 2011-2012, the proportion of time that a given venue was the
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closest venue to a given SA1 centroid (ranging from 0 being never closest to 1 always
closest). Straight line distances (in kilometres (km)) from each residential SA1 centroid to all
screening venue locations were calculated using the ‘haversine’ formula [24] in R v.3.6.1.
Research has shown that straight line distances between area centroids and precise
healthcare locations provide reasonable estimates of driving distance,[25] especially within
urban areas, since area centroids are likely to be close enough to participant residences to
provide sufficient spatial resolution for such estimates.[25] For each SA1, distances to each
venue were multiplied by the venue exposure-time weighting factor (number of days for
each closest venue divided by the length of study, that is, 912 days) and summed to provide
a SA1-level venue distance measure then categorised according to quartiles.
Built environmental features of venue locations
Screening venue locational features included venue colocation with bus stops, train stations,
hospitals, GPs and shops. For each venue location, buffers based on road network distances
were constructed at either 500 or 800 metres (m) using ArcGIS Desktop 10.5 Network
Analyst extension (generalised option) and 2011 NSW road network data (source: StreetPro,
2011, Pitney Bowes). Public transportation data were extracted from the General Transit
Feed Specification transit database (3 Nov 2013).[26] Venue colocation with a bus stop or a
train station was defined as the presence of one or more bus stops within a 500m buffer or
for a train station within an 800m buffer. These 500m and 800m buffers are likely to reflect
a standard walking distance for individuals using transit services. Different buffer sizes for
bus stops and train stations were used to align with public transport catchment
distances.[27]
Hospital, GP, and shop data were extracted from the 2011 MapInfo Business Points
Australia index using 2006 Australian and New Zealand Standard Industrial Classification
codes. Colocation was defined as the presence of the feature (e.g., hospital) within a 500m
buffer. These service and commercial features were coded as mutually exclusive with a
prioritised sequence of hospital, GP and then, lastly, shop (as hospital, GP and shop can be
located at the same place).
As with venue distance, an exposure-time weighting factor was applied to colocation
measures to account for time duration variations in the availability of mobile venues. Given
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that a more distant venue would likely have a lesser influence, the weighting factor was
extended to incorporate distance (i.e., a gravity model approach [28]) as well as exposure
time (see online supplementary file). In this approach, the exposure value (e.g. colocation)
for the closest venue was multiplied by the total number of days that the given venue was
the closest, divided by the duration of the study and the distance from SA1 centroid to
venue, which enabled summarising information about built environmental features at the
SA1 level.
Residential SA1 accessibility to venue-level built environmental features (bus stops, train
station, hospitals, GPs, and shops) was defined as follows: >median of weighted scores as
‘yes’ otherwise ‘no’.
Patient and public involvement statement
This study accessed data collected by the state-wide BreastScreen NSW programme
provided by the Cancer Institute of NSW. Neither patients nor the public was involved in the
planning, design, conduct, or reporting of this study.

Statistical analyses
SA1-level BCS IRRs were mapped (ArcGIS Pro [29]) to visualise the spatial pattern across
Greater Sydney. Descriptive statistics were computed for all variables.
Before initiating analyses, the spatial correlation of BCS IRR was assessed.

A binary

contiguity matrix based on the k-nearest neighbour spatial weights matrix of four was
specified to calculate Moran’s I. A spatial weight matrix of four was selected as research
suggests that while 4-6 neighbours is optimal, under-specifying for 4 rather than 6 is
preferential to over-specifying.[30] The Moran’s I pseudo p-value was estimated using
Monte Carlo simulations for a series of random replications (n=999).[30] Moran’s I for IRR
was 0.803 (p=0.001) indicating substantial positive spatial autocorrelation.
To examine the associations between predictors and IRR, an ordinary least squares (OLS)
model was fitted and spatial autocorrelation for residuals tested. Substantial spatial
autocorrelation in residuals indicated the need to account for spatial dependence in the
modelling strategy. Ignoring this spatial dependency, the estimated OLS model parameters
may provide inconsistent and biased estimates.[31] The robust Lagrange Multiplier test
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indicated that the spatial lag model (SLM) performed best, among spatial lag and error
models. Therefore, SLMs were used. SLMs are widely used to account for spatial
autocorrelation in area-level analyses in health service research.[17,19] If we let 𝑦 be the
BCS IRR, then the SLM can be written as:
𝑦 = 𝜌𝑊𝑦 + 𝑋𝛽 + 𝜀,
where 𝑊 represents the spatial weight matrix, 𝜌 the spatial lag parameter, 𝑋 the
explanatory variables, 𝛽 a vector of coefficients and 𝜀 the error term. The spatial lag term
𝑊𝑦 is the spatially lagged dependent variable (𝑦). This is a multiplicative term, the spatial
weights matrix multiplied by the vector of the dependent variable.[31] Intuitively, it states
that the IRR for each area is related to the average IRRs from neighbouring areas. The
maximum likelihood approach was used to estimate the SLM, and goodness-of-fit was
assessed using the pseudo R2 and Akaike Information Criteria (AIC).[31]
All sociodemographic measures were standardised (z-scores with a mean of 0 and a
standard deviation [SD] of 1) before inclusion in models. Standardisation assists comparative
interpretation of effects (e.g. effects of sociodemographic variables on IRR).
Ten separate sets of models constructed as follows: 1) three SA1-level sociodemographic
variables separately, adjusting for SA1-level women’s education; 2) all SA1-level
sociodemographic together; and 3) distance to venue and five venue location built
environmental variables separately, adjusting for SA1-level women’s education. Models
were constructed pragmatically, based on theory and previous literature. We aimed to
assess, in separate models each accounting for an SES-based covariate, the impact of three
different sociodemographic predictors on the outcome. An omnibus model including all
three predictors, together with the SES-based covariate, was fitted for transparency and to
demonstrate consistency in the predictor-outcome associations across models. Model fit
statistics (such as model R2 and AIC) were not used to guide model selection but are
reported to enable the reader to compare models. SLMs estimating the associations
between environmental exposures and IRR were adjusted for SA1-level women’s education.
Analyses were conducted using R v.3.6.1. Statistical significance was set at p<0.010.
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Results
Figure 1 illustrates the spatial variability in SA1-level BCS IRR in Greater Sydney with an
average IRR of 59.8% (standard deviation [SD] 23.4%) (Table 2). For SA1-level proportions of
sociodemographic features, the mean women’s education (proportion having a Bachelor’s
degree or greater) was 23.9% (SD 13.1%), the mean women’s employment (full-time) was
27.9% (SD 9.0%), and the mean women speaking English at home was 63.6% (SD 23.9%).
SA1-level motor vehicle ownership (as proportion of dwellings) was 87.0% (SD 11.0%). The
mean SA1-level exposure-time weighted distance to the closest BCS venue(s) was 9.4 km
(SD 8.7 km). Proportions of venues co-located with built environmental features included
bus stop (76.2%), train station (41.3%), hospital (17.5%), GP (55.6%) and shops (20.6%).
Table 2. Descriptive statistics for the analytical dataset and distribution of built environmental
features of screening venue locations within Greater Sydney.
Variables
Invitee residential SA1 measures
Invitation response rate (IRR)
Area education for women1
Women speaking English at home2
Full-time employed women3
Motor vehicles ownership4
Distance (km)5
Venue built environmental measures (%)
Colocated with bus stop
Colocated with train station
Colocated with hospital
Colocated with GP
Colocated with shop

Average (SD)
59.8 (23.4)
23.9 (13.1)
63.6 (23.9)
27.9 (9.0)
87.0 (11.0)
9.4 (8.7)
All venues
(n=63)
76.2
41.3
17.5
55.6
20.6

All SA1s (n=9,528)
Min
Max
0.0
100.0
0.0
66.7
0.0
100.0
0.0
69.5
14.0
100.0
0.2
76.6
Fixed venues Mobile venues
(n=20)
(n=43)
85.0
72.1
60.0
32. 6
35.0
9.3
60.0
53.5
5.0
27.9

1

Proportion of women with a Bachelor’s degree or higher; 2Proportion of women speaking English at home;
Proportion of full-time employed women; 4Proportion of dwellings with at least one motor vehicle; 5Timeweighted distance to closest screening venue(s).
GP, general practitioner; IRR, invitation response rate; SA1, Statistical Area Level 1; SD, standard deviation.
3

73

SAl level invitation response rate (%)

-

~0-20
>20-40
>40-60

-

>60-80
>80-100
~ No data•
•SAls w ith no invited women an d exclude d
due to exclusion criteria.

·« ~ ~

►. "'

' ·- ~\J··.•'¾)
,/
'

0
11,>; I I I

10j

20 Ki lomet res

I I I I I

~~.

~

0

1 2 Kilometres

WllillJ

Figure 1. Map showing the distribution of breast cancer screening invitation response rate for
Greater Sydney.

Table 3 presents the associations between single sociodemographic predictors and IRR
accounting for area education as well as the results of the full sociodemographic model. SA1
proportion of women speaking English at home was positively associated with IRR (Model 1:
β=2.283, 95% confidence interval [CI] 2.024 to 2.543); that is, a 1 SD (=23.9%) increase in the
proportion of women speaking English at home was associated with a 2.283 greater IRR, as
all SA1-level sociodemographic variables were standardised. Women’s employment rate
was negatively associated with IRR (Model 2: β=-0.613, 95%CI -0.898 to -0.328). Motor
vehicle ownership (%dwellings with one or more motor vehicles) was positively related to
IRR (Model 3: β=1.836, 95% CI 1.594 to 2.078). The directions of associations of all
sociodemographic variables with IRR were consistent in full sociodemographic model
(Model 4). Inclusion of all three sociodemographic variables within the same omnibus model
improved model fit according to model R2 and AIC, although this was not a large
improvement. The patterns of association remained the same as in Models 1-3: SA1
proportion of women speaking English at home (β=1.949, 95% CI 1.676 to 2.222) and motor
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vehicle ownership (β=1.422, 95% CI 1.168 to 1.677) were positively, and women’s
employment rate was negatively, associated with IRR (β=-1.154, 95%CI -1.437 to -0.870).
Table 4 presents the associations of distance and single built environmental predictors with
IRR, accounting for area education. Greater distance to screening venue was positively
associated with IRR (model 5: distance >3.679-6.816 km: β=1.823, 95% CI 1.140 to 2.507; >
6.816-11.223 km: β=3.869, 95% CI 3.162 to 4.576; 11.223+ km: β=6.249, 95% CI 5.489 to
7.008). Venue colocation with a train station was inversely related to IRR (model 7: β=1.889, 95% CI -2.376 to -1.402); colocation with a hospital was inversely related to IRR
(Model 8: β=-0.677, 95%CI -1.164 to -0.189); and colocation with a shop was positively
related to IRR (model 10: β=0.762, 95% CI 0.273 to 1.251). Venue colocation with a bus stop
or GP was not statistically significantly associated with IRR. SA1 women’s education was
positively associated with IRR in all models. Among models with distance and venue location
built environmental measures, the model with distance as the predictor (model 5)
performed best according to model R2 and AIC.
Moran’s I statistics for SLMs indicated no statistically significant spatial autocorrelation left
in the residuals. A statistically significant positive spatial lag coefficient (ρ) in each model
indicated IRR spillover effects (e.g., model 1: ρ=0.790, p<0.001, indicating an increase of the
IRRs in the neighbouring SA1s by 1.0 percentage point increases the expected IRR in the
observed SA1 by 0.790 percentage points).

75

Table 3. Associations between SA1 sociodemographic features and IRR adjusting for area education for women in Greater Sydney (n=9,528 SA1s).
Model specification

Predictors
Intercept
Women speaking English at
home1

Model 1

Model 2

Model 3

Model 4

Women speaking English at
home1
+ Area education for women4

Full-time employed
women2
+ Area education for
women4
β (95% CI)
10.676***
(10.075 to 11.277)

Motor vehicles ownership3
+ Area education for
women4

All
sociodemographic

β (95% CI)
11.610***
(10.991 to 12.229)

β (95% CI)
13.262***
(12.585 to 13.938)
1.949***
(1.676 to 2.222)
-1.154***
(-1.437 to -0.870)
1.422***
(1.168 to 1.677)
1.186***
(0.901 to 1.471)
0.780***
-0.12053
0.703
75594

β (95% CI)
12.646***
(11.980 to 13.312)
2.283***
(2.024 to 2.543)

-0.613***
(-0.898 to -0.328)

Full time employed women2
Motor vehicles ownership3
Area education for women4
ρ
Moran’s I
R2
AIC

0.454***
(0.211 to 0.697)
0.790***
-0.12506
0.698
75750

0.917***
(0.632 to 1.202)
0.823***
-0.13719
0.690
76019

1.836***
(1.594 to 2.078)
0.663***
(0.428 to 0.898)
0.808***
-0.13212
0.695
75847

1

Proportion of women speaking English at home (standardised); 2Proportion of full-time employed women (standardised); 3Proportion of dwellings with at least one motor
vehicle (standardised); 4Proportion of women with a Bachelor’s degree or higher (standardised); ρ, spatial lag coefficient; AIC, Akaike information criteria; CI, confidence
interval; IRR, invitation response rate; SA1, Statistical Area Level 1; p-value: ***<0.001, **<0.01.
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Table 4. Associations between distance, access to screening venue co-located with built environmental features, and IRR adjusted for area education for
women in Greater Sydney (n=9,528 SA1s).
Model
specification

Predictors
Intercept
Distance1
(≤3.679km)
>3.679-6.816km
> 6.816-11.223km
11.223+ km

Model 5
Distance1 + Area
education for
women2
β (95% CI)
9.867***
(9.185 to 10.549)

Model 6
Co-located with bus
stop + Area education
for women2
β (95% CI)
10.482***
(9.853 to 11.111)

Model 7
Co-located with train
station + Area
education for women2
β (95% CI)
12.029***
(11.323 to 12.735)

Model 8
Co-located with
hospital + Area
education for women2
β (95% CI)
11.042***
(10.375 to 11.708)

Model 9
Co-located with GP +
Area education for
women2
β (95% CI)
10.282***
(9.660 to 10.905)

Model 10
Co-located with shop
+ Area education for
women2
β (95% CI)
10.282***
(9.660 to 10.905)

1.823***
(1.140 to 2.507)
3.869***
(3.162 to 4.576)
6.249***
(5.489 to 7.008)

Colocated with
0.388
bus stop (Yes)
(-0.041 to 0.817)
Colocated with
-1.889***
train station (Yes)
(-2.376 to -1.402)
Colocated with
-0.677**
hospital (Yes)
(-1.164 to -0.189)
Colocated with GP
0.154
(Yes)
(-0.242 to 0.551)
Colocated with
0.762**
shop (Yes)
(0.273 to 1.251)
Area education
1.273***
0.567***
0.536***
0.605***
0.572***
0.618***
for women2
(1.020 to 1.526)
(0.329 to 0.805)
(0.298 to 0.774)
(0.370 to 0.840)
(0.333 to 0.810)
(0.371 to 0.866)
ρ
0.787***
0.823***
0.816***
0.823***
0.824***
0.824***
Moran’s I
-0.12632
-0.13666
-0.13449
-0.13687
-0.13675
-0.13907
R2
0.697
0.689
0.690
0.689
0.689
0.690
AIC
75785
76051
75993
76046
76051
76014
1
SA1 time-weighted distance to closest screening venue(s); 2Proportion of women with a Bachelor’s degree or higher (standardised); ρ, spatial lag coefficient; AIC, Akaike
information criteria; CI, confidence interval; IRR, invitation response rate; SA1, Statistical Area Level 1; p-value: ***<0.001, **<0.01.
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Discussion
BCS IRR varied substantially across small-areas (SA1s) for Greater Sydney. There was
evidence of spatial autocorrelation in IRR. Area-level sociodemographic features (i.e.,
women’s education, employment, and speaking English at home, and dwellings with motor
vehicles), distance to screening venue, and venue built environmental features (i.e.,
colocation with train station, hospital, or shop) were each associated with IRR. Model fit
performances were largely similar for all models constructed in this study. From the view of
policy and program planning, spatial variability and spatial autocorrelation in BCS-IRR
heralds a need for targeting the features of particular areas, in the design and delivery of
interventions to improve BCS IRR.
Area-level proportions of women with university education, women speaking English at
home, and of household motor-vehicle ownership were each positively associated with IRR,
consistent with expectations and other study findings.[12,14,17,32] Motor vehicle
ownership serves to remove access-related barriers and reduces effort needed if using
public transport to attend screening venues, while the association between education and
health is well-established, education being positively related to health literacy.[33,34] In
contrast, non-English speakers may have distinct challenges including language barriers, less
familiarity with the health-system and attitudes/beliefs about BC.[35] Emotional factors
(fear and anxiety) and instrumental challenges (making appointments, accessing service,
and managing priorities) have also been reported as barriers to participation amongst
culturally and linguistically diverse groups.[36,37] Perhaps counterintuitively, our study
found that the small-area proportion of full-time employed women was inversely associated
with IRR. This result nevertheless aligns with a findings from a previous study in NSW which
reported that employed women were less likely to have recently been screened for BC.[38]
Possibly, women may prioritise work and family commitments over self-health.
Greater area-level distance to venue(s) was associated with greater IRR, a result contrary to
expectations. However, a US study observed distance did not predict BCS use, the
interpretation being that screening venue proximity did not assure greater utilisation owing
to constraints imposed by socioeconomic and cultural barriers.[39] Moreover, women may
select venues based on other factors, for example, perceived venue quality, convenience to
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work or other services, appointment times/availability, parking availability, and transport
access. Our observation of greater residential distance to venue and greater IRR could also
reflect knowledge of lesser access acting to positively condition decisions to screen, as
opposed to a potentially lesser sense of urgency to screen, given greater access.
Venue proximity to a train station was inversely related to IRR, while venue colocation with
a bus-stop was not related to IRR. Despite public transport serving to enable access to a
venue, it is unlikely that screening appointments would have been scheduled with
consideration of available transportation services. A difference in associations between
colocation with buses versus trains in relation to IRR was unexpected. Train routes tend to
be direct to city centre whilst bus routes tend to wind through the streets. No previous
studies have assessed venue colocation with bus stops and train stations in relation to IRR.
Our findings suggest a need the further investigation of transport mode relationships.
Venue colocation with hospital was inversely associated with BCS-IRR which may be due to
limited parking available at hospitals.[40] Though colocation with hospital was inversely
associated with IRR, colocation with a GP clinic was not associated with IRR. No other
studies have assessed colocation with hospital and GP separately in relation to screening
behaviour; however, one study that assessed health facilities (hospital and other health
facilities), reported individuals were less likely to visit any venue colocated with health
facilities.[15]
BCS IRR was positively related to venue colocation with shops. Little research has been
conducted on this relationship, but different characteristics of venue location (e.g., ease of
parking), or trip chaining to accomplish errands, may explain this result. A qualitative study
reported that women prefer BCS venues that are conveniently located, have free parking
facilities, and a non-clinical atmosphere.[41]
The statistically significant positive spatial lag estimate indicates that the BCS rates of
neighbouring SA1s directly influence the rate in any given SA1. This finding aligns with
results from previous research.[19] The mechanism of this phenomenon may reflect
informal communication, shared health care access, and observational learning.
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Associations of environmental features (residential area and venue-specific) with BCS
uptake stand to be useful, following critical appraisal, for informing interventions to
optimise service delivery and to minimise disparities in BCS use. Specifically, in areas with
high proportions of culturally and linguistically diverse people and lower BCS uptake,
potentially useful programmes of interventions to enhance uptake could take the form of
cultural-specific health education messages and media campaigns, community engagement
around the need for BCS and linguistic-cultural responsiveness training for healthcare
professionals. More intensive service delivery (e.g., more mobile vans, extended
appointment periods, positioning of vans near shopping centres), peer education, needbased resource allocation, and enhancing social supports might also be useful for improving
BCS use. These study results are likely to be generalizable to other countries with similar and
publicly funded BCS.
Strengths of this study include the large volume of BCS invitation data enabling small-area
analysis of BCS uptake, appraisal of spatial variation, and examination of residential area
sociodemographic, venue distance, and venue locational features. These study findings can
build on and support the evidence base for improving the targeting and uptake of BCS
initiatives. Despite these specific strengths, this study has limitations. The first is this study is
ecological and individual-level data (e.g., sociodemographic, health belief) were unavailable.
Relationships identified at the area level do not necessarily reflect individual-level
relationships. Certain counterintuitive and null associations observed here could reflect the
peculiarities of our ecological analysis. For instance, the counterintuitive result for distance
to venue(s) does not reflect an association between individual-level distance to venue(s)
and BCS participation, and interpretation as such is susceptible to the ecological fallacy.
Unravelling such results requires regressing unit record BCS participation on area-level
(multilevel model) or individual-level (unit record model) distance to venue(s). Second,
potentially relevant variables including private BCS rates were unavailable. Thus, rates
reported here will likely be lower than actual rates. This study was also unable to explore
within-venue features (e.g., number of machines and staff) that could further shape BCS
uptake. Lastly, this research was unable to account for the impact of public information
campaigns that may have operated in Greater Sydney across the study period.
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Conclusions
This study assessed environmental factors associated with small-area variation and
clustering of BCS IRR in Greater Sydney, Australia. Substantial small-area variation in BCS-IRR
exists for Greater Sydney and was strongly related to sociodemographic factors that,
together with BCS venue location features, have the potential to inform targeted attempts
to raise IRR through BCS service optimisation.
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Supplementary file
Weighted measures for built environmental features
In this approach, exposure time weighted measure of venues co-located with particular built
environmental features (e.g. bus stops or train stations or hospitals or GP or shops) was
calculated based on the modified gravity-based measure. Venue co-located with built
environmental features adjusting for weighting was measured as follows (modified from
[1]):
𝑛

𝐴𝑖 = ∑
𝑗=1

𝐵𝐸𝑗 𝑡𝑗
×
𝑑𝑖𝑗 𝑇

where,
𝐴𝑖 = Weighted built environmental measure of ith SA1 to closest n venues co-located
with built environmental features
𝐵𝐸𝑗 = built environmental feature of the jth venue
𝑛 = number of venues
𝑑𝑖𝑗 = distance of jth venue from ith SA1 centroid
𝑡𝑗 = number of days jth venue was available for screening in a given location
𝑇 = length of study (912 days)

Reference
1

Apparicio P, Abdelmajid M, Riva M, et al. Comparing alternative approaches to
measuring the geographical accessibility of urban health services: Distance types and
aggregation-error issues. Int J Health Geogr 2008;7:1–14. doi:10.1186/1476-072X-7-7
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Sensitivity analysis
Table S1. Associations between SA1-level sociodemographic features and IRR adjusting for
area education for women in Greater Sydney.
Model
specification

Full (per main
manuscript)

Sensitivity Analysis 1

Sensitivity Analysis 2

(n=5,776, ≥20 invitees)

(n=2,370, ≥30 invitees)

β (95% CI)
13.262***
(12.585 to 13.938)
1.949***
(1.676 to 2.222)

β (95% CI)
10.455***
(9.754 to 11.156)
1.843***
(1.533 to 2.153)

β (95% CI)
8.778***
(7.897 to 9.658)
1.634***
(1.190 to 2.079)

-1.154***
(-1.437 to -0.870)

-1.047***
(-1.358 to -0.735)

-1.279***
(-1.747 to -0.812)

1.422***
(1.168 to 1.677)
1.186***
(0.901 to 1.471)
0.780***
-0.12053
0.703
75594

1.461***
(1.176 to 1.745)
1.137***
(0.823 to 1.451)
0.815***
-0.13151
0.794
44233

1.904***
(1.490 to 2.317)
1.617***
(1.154 to 2.080)
0.826***
-0.10026
0.837
17672

(n=9,528, ≥10 invitees)
Predictors
Intercept
Women
speaking English
at home1
Full time
employed
women2
Motor vehicles
ownership3
Area education
for women4
ρ
Moran’s I
R2
AIC
1

Proportion women speaking English at home (standardised); 2Proportion full-time employed women
(standardised); 3Proportion dwellings with at least one motor vehicle (standardised); 4Proportion women with
a Bachelor’s degree or higher (standardised); CI: confidence interval; ρ: Spatial lag coefficient; AIC: Akaike
information criteria; p-value: ***<0.001, **<0.01.
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5 Results 2
This chapter is the second published manuscript of this thesis presenting Study 2 which
addressed research Aims iii and iv, and the associated Research Questions (RQs 4–6).
Aim iii: To explore patterns of spatial clustering of breast cancer screening participation.
RQ 4. What is the extent of spatial clustering in the pattern of individuals’
participation in screening within 6 months of receipt of an invitation to screen?
Aim iv: To assess associations between individual-level breast cancer screening participation
and residential area sociodemographic features, distance to screening venue, and venue
location features.
RQ 5. Do breast cancer screening invitees’ residential area sociodemographic
features predict screening participation within 6 months of receipt of an invitation to
screen?
RQ 6. Do distance from invitees’ residence to closest breast cancer screening venue,
and built environmental features of venue locations predict screening participation
within 6 months of receipt of an invitation to screen, whilst accounting for
residential area sociodemographic features (and distance for venue location
features)?
The reference for the published paper is:
Khan JR, Carroll SJ, Coffee NT, Warner-Smith M, Roder D, & Daniel M (2021).
Associations between breast cancer screening participation and residential area
sociodemographic features, geographic accessibility, and features of screening
venue location in Greater Sydney, Australia. Preventive Medicine, 153, 106774.
Available at (subscription only):
https://www.sciencedirect.com/science/article/pii/S0091743521003431
A statement of authorship signed by each contributing author is provided below.
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ABSTRACT

Keywords:

Breast cancer screening (BCS) participation rates are often suboptimal and vary geographically. Environmental
features may influence BCS participation, but few studies have assessed this relationship. This study assessed the

Breast screening
Geographic access

Environmental features

associations between BCS participation, residential area sociodemographic characteristics, distance to BCS
venue, and venue location attributes. Data for 384,433 women residing in Greater Sydney, Australia, invited to

BCS during 2011-2014 were spatially joined to their state suburb (SSC) (n = 800). SSC sociodemographic
measures included women's median age, proportion women speaking English at home, full-time employed, and
university educated; and proportion dwellings with motor-vehicles. Road network distance was calculated to
each BCS venue. BCS venues were coded as co-located with bus-stop, train-station, hospital, general practitioner

(GP), and shop. Hot spots were calculated to quantify spatial clustering of BCS participation. Multilevel logistic
models were used to estimate the associations bet\-veen environmental predictors and BCS participation, ac-

counting for SSC-level clustering. BCS participation was 53.9% and spatially clustered. BCS was positively
associated with SSC-level median age for women, proportions women speaking English and university educated,
and dwellings with motor-vehicles. Distance to venue was inversely associated with BCS. Venue co-location with
GP was positively associated and co-location with bus-stop, train-station, and shop, hospital were negatively
associated with BCS. Residential sociodemographic features, geographic access, and venue location attri butes are
associated with BCS participation. These findings implicate the relevance of social and built environmental
factors to programmatic aims to raise BCS participation. Additional research on venue location features is
required to understand where best to site BCS venues.

1. Introduction

Breast cancer is the most commonly diagnosed cancer and a leading
cause of death a mong women worldwide (Bray et al., 2018). In
Australia, the estimated total numbers of new cases and deaths in 2019
were 19,371 and 3058, respectively (Australian Institute of Health and
Welfare, 2019a). Breast cancer screening (BCS) enables early detection
of breast cancer, thus improving treatment and reducing morbidity and
mortality (BreastScreen Australia Evaluation Advisory Committee,

2009). BreastScreen Australia is an organised population-based program
that provides free mammography biennially to asymptomatic women
aged over 40 years. The program aims to screen 70% of women aged
50-74 years every two years (Australian Institute of Health and Welfare,
2019b). In Australia, BCS uptake remains below this target with only
54.3% of women (50- 7 4 years) screening in 2015-16 (Australian
Institute of Health and Welfare, 2018).
BCS participation varies between Australian states and cities
(Australian Institute of Health and Welfare, 2018; PHIDU, 2021). BCS
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Abstract
Breast cancer screening (BCS) participation rates are often suboptimal and vary
geographically. Environmental features may influence BCS participation, but few studies
have assessed this relationship. This study assessed the associations between BCS
participation, residential area sociodemographic characteristics, distance to BCS venue, and
venue location attributes. Data for 384,433 women residing in Greater Sydney, Australia,
invited to BCS during 2011-2014 were spatially joined to their state suburb (SSC) (n = 800).
SSC sociodemographic measures included women’s median age, proportion women
speaking English at home, full-time employed, and university educated; and proportion
dwellings with motor-vehicles. Road network distance was calculated to each BCS venue.
BCS venues were coded as co-located with bus-stop, train-station, hospital, general
practitioner (GP), and shop. Hot spots were calculated to quantify spatial clustering of BCS
participation. Multilevel logistic models were used to estimate the associations between
environmental predictors and BCS participation, accounting for SSC-level clustering. BCS
participation was 53.9% and spatially clustered. BCS was positively associated with SSC-level
median age for women, proportions women speaking English and university educated, and
dwellings with motor-vehicles. Distance to venue was inversely associated with BCS. Venue
co-location with GP was positively associated and co-location with bus-stop, train-station,
and shop, hospital were negatively associated with BCS. Residential sociodemographic
features, geographic access, and venue location attributes are associated with BCS
participation. These findings implicate the relevance of social and built environmental
factors to programmatic aims to raise BCS participation. Additional research on venue
location features is required to understand where best to site BCS venues.
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Highlights:
•

Breast cancer screening (BCS) participation is spatially clustered in Greater Sydney

•

Residential area sociodemographic and geographic access are related to BCS
participation

•

BCS participation also varies with location features of closest BCS venue

•

Findings can inform strategies tailored to features of locations
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Introduction
Breast cancer is the most commonly diagnosed cancer and a leading cause of death among
women worldwide (Bray et al., 2018). In Australia, the estimated total numbers of new
cases and deaths in 2019 were 19,371 and 3,058, respectively (Australian Institute of Health
and Welfare, 2019a). Breast cancer screening (BCS) enables early detection of breast cancer,
thus improving treatment and reducing morbidity and mortality (BreastScreen Australia
Evaluation Advisory Committee, 2009). BreastScreen Australia is an organised populationbased program that provides free mammography biennially to asymptomatic women aged
over 40 years. The program aims to screen 70% of women aged 50-74 years every two years
(Australian Institute of Health and Welfare, 2019b). In Australia, BCS uptake remains below
this target with only 54.3% of women (50-74 years) screening in 2015-16 (Australian
Institute of Health and Welfare, 2018).
BCS participation varies between Australian states and cities (Australian Institute of Health
and Welfare, 2018; PHIDU, 2021). BCS participation in Greater Sydney, comprising about
one-fifth of the Australian population in 2011 (Australian Bureau of Statistics, 2020), is lower
than the national rate. In 2015-16, BCS uptake in Greater Sydney among 50-69 years old
women was 49.5%, compared to the national rate of 54.6% (Australian Institute of Health
and Welfare, 2018; PHIDU, 2021). BCS rates vary within Greater Sydney, from 43.1% to
61.3% across Local Government Areas (PHIDU, 2021). However, the basis of this geographic
variation is unclear. It is important to determine, as a basis for optimising BCS program
effectiveness, what aspects of areas, for example, residential sociodemographic features,
distance to BCS venue, and venue co-location features, are associated with differences in
BCS participation.
BCS participation varies according to individual-level factors (Henry et al., 2014; Kothari and
Birch, 2004; Lagerlund et al., 2002; O’Byrne et al., 2000; Pornet et al., 2010; Siahpush, 2002;
Zackrisson et al., 2007). Relatively little research has addressed the predictive capacity of
area-level features (Deborde et al., 2018; Hurley et al., 1994; Lagerlund et al., 2015; Mobley
et al., 2008; O’Byrne et al., 2000; Pornet et al., 2010; Pruitt et al., 2009; Schootman et al.,
2006; Siahpush, 2002; Zackrisson et al., 2007) which are important for efficient and
effective, regionally-tailored BCS program delivery. In Australia, the limited research on this
97

topic has shown that lesser participation or failure to attend a second round of screening is
associated with residing in socioeconomically disadvantaged areas and areas with greater
proportions of non-English speakers (Hurley et al., 1994; O’Byrne et al., 2000; Siahpush,
2002). Many of these studies have used a composite index to quantify area socioeconomic
disadvantage (Hurley et al., 1994; Siahpush, 2002) but, little is known about how specific
sociodemographic features relate to BCS. Some studies have shown that greater distance to
screening venue (Hurley et al., 1994; Hyndman et al., 2000) was associated with a lesser
likelihood of participating in BCS. Of these, one study (Hurley et al., 1994) assessed arealevel distance to venue, and another assessed individual-level distance between residence
and closest fixed venue (Hyndman et al., 2000). Few studies have considered road network
distance between women’s residences and fixed or mobile venues. The possibility that
venue location features (co-location with bus stop/train station, shop, hospital) could relate
to BCS participation in Australia has not yet been investigated. Moreover, previous
Australian studies on the relationship between environmental features and BCS
participation are quite old (e.g., 1994 (Hurley et al., 1994), 2000 (O’Byrne et al., 2000)).
Screening behaviour of participants in these studies may not be generalisable to the current
generation (Canizares et al., 2016), hence, further research using recent data is required.
Another limitation of Australian research on environmental features and BCS participation is
the use of single-level regression models (Hurley et al., 1994; O’Byrne et al., 2000; Siahpush,
2002) that fail to account for area clustering. Estimating the extent of area clustering
identifies the percentage of total variation in BCS participation attributable to between-area
differences. While these differences can be small, they can have substantial impacts on
health outcomes (Paquet et al., 2016). Further, a failure to consider area-level clustering
(when individuals are nested within areas) during analysis may lead to biased standard
errors (Snijders and Bosker, 1999). Multilevel analysis allows for quantifying the effects of
area features on BCS participation whilst accounting for area clustering. Multilevel
methodology is increasingly used in BCS research in other countries (Lagerlund et al., 2015;
Mobley et al., 2008; Pornet et al., 2010; Schootman et al., 2006; Zackrisson et al., 2007).
Focussing on the Greater Sydney region of Australia, this research aimed to estimate the
extent of spatial clustering of BCS participation, and the associations between individual98

level BCS participation and residential area sociodemographic features, distance to venue,
and venue location features.

Methods
Population, setting and breast cancer screening data
This prospective observational study used data for 416,963 women residing in Greater
Sydney invited to screen between January 2011 and December 2014 as provided by the
Cancer Institute of New South Wales (CINSW) who oversee the NSW BreastScreen program.
This study received ethical approval from the NSW Population and Health Services Research
Ethics Committee (#2016/09/652 and #HREC/16/CIPHS/25), University of South Australia
(#0000036441) and the University of Canberra HREC (#20181535). All Breast Screen NSW
clients consented to their data being used for service improvement.
For this investigation, the invitation period was defined as 10 th January 2011 (explicitly
disregarding the Christmas/New Year holiday period) to 22nd June 2014 (allowing for
screening to occur within six months of invitation receipt prior to the start of the 2014
holiday period). Geocoded co-ordinates of invitee residential addresses enabled spatial joins
of individual-level data with state suburbs (SSC) and Census-based sociodemographic data
(Australian Bureau of Statistics [ABS] 2011), and calculation of distances between invitee
addresses and BCS venues. A SSC is a Census-specific area formed by aggregating Statistical
Areas Level 1 (smallest geographic unit for which Census data are released) to approximate
gazetted suburbs (Australian Bureau of Statistics, 2011a). SSCs are sufficiently large to
examine population features but small enough not to dilute any spatial concentrations of
social disadvantage (Hulse and Reynolds, 2018).
Table 1 summarises the derivation of the analytic dataset. Records were excluded for
women: invited for screening outside of the invitation period (10 th January 2011-22nd June
2014) (n=30,931); who screened on the same date as the invitation or whose screening and
invitation dates corresponded to holidays (n=1,402); whose distance to venue could not be
calculated, and resided in SSCs with <10 invitees or women aged ≥15 years (n=197). This
resulted in an analytic data of 384,433 records within 800 SSCs.
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Table 1. Exclusion criteria and derivation of the analytic dataset.
Individuals

Exclusion Reason for exclusion

416,963

-

-

386,032

30,931

384,630

1,402

384,433

197

The follow-up period used was 6 months post invitation.
Individuals who were sent an invitation later than 22nd June 2014
were excluded as they would not have had the full follow-up
period.
Individuals who had a screening on the same date of the invitation,
and whose screening and invitation dates correspond to holidays
were excluded since screening venues are more likely to be closed
during holidays.
Individuals residing in the SSCs with less than ten invitees, women
(≥15 years aged), and missing distance to venue were excluded.
Small SSCs with less than ten invitees and women aged ≥15 years
were excluded to reduce randomisation bias because ABS 2011
Census data cells containing small values were adjusted randomly
to maintain confidentiality (Australian Bureau of Statistics, 2011b).
Missing distance to venue occurred because calculating road
network distance was not possible.
Individuals correspond to 800 SSCs (according to ABS 2011).

384,433
ABS: Australian Bureau of Statistics.

Measures
Outcome measure: Individual-level Breast Cancer Screening participation
Participation was defined as screening within 6 months of an invitation being sent to the
woman’s residential address (address as recorded on the electoral roll). Women screening
beyond six-months were considered overdue, reducing the likelihood of early detection.
Predictors
Predictors of BCS participation included: sociodemographic features of residential SSCs;
distance to closest BCS venue; and selected built-environmental features (public transit
stops, other services) co-located with venues.
Residential area features
Sociodemographic features included area-level median age (calculated for women aged 5074 years only); proportions of women speaking English at home, full-time employed, and
university educated (Bachelor’s Degree or higher); and the proportion of dwellings reporting
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motor vehicle ownership. These data were extracted from the ABS 2011 Census (Australian
Bureau of Statistics, 2011a) for the SSC in which each invitee resided.
Distance to venue
Geocoded co-ordinates of BCS venues (n=71 in Greater Sydney) enabled the calculation of
distance from invitee residence to closest. Road-network distances were calculated using
MapInfo Pro (V16), RouteFinder (V5) and StreetPro, 2011 (Pitney Bowes).
Venue location built-environmental features
Venue co-location was defined as the presence of a built-environmental feature (i.e., bus
stop, hospital, general practitioner [GP], shop) within 500 m (800m for a train station) of a
venue. Data sources and methods have been provided elsewhere (Khan et al., 2021).
Data for co-located hospital, GP, and shop features were coded as mutually exclusive with a
priority order of hospital, GP, then shop, given that multiple combinations of these services
were co-located (Khan et al., 2021). For example, if a hospital, GP, and shop were co-located
with a venue, the co-located feature was coded as a hospital (assuming hospital as the
primary facility with venue

more likely to be hospital-related); where GP and shop

(excluding hospital) were co-located the co-located feature was coded as ‘GP’; and where a
shop(s) (excluding hospital and GPs) was(were) co-located with a venue the co-located
feature would be shop(s).
Screening services were available at fixed (permanent centre open throughout the study
period, n = 21) and mobile (location serviced by a visiting van, n = 50) venues. Consequently,
for each invitee, the closest venue, and therefore ‘exposure’ to the venue, varied across
time. A weighting factor was applied to account for this variation in exposure across time
(see Appendix A). Exposure time-weighted distance was categorised based on quintiles.

Statistical Analyses
Descriptive statistics for all were calculated. Hot spot analysis (Getis-Ord Gi* statistic (Getis
and Ord, 1992)) were conducted to assess spatial clustering of BCS participation (Hot Spot
Analysis tool, ArcGIS Pro V2.6.2 (Environmental Systems Research Institute (ESRI), 2019)).
This statistic evaluated the value at a given location in relation to values at nearby locations
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(distance band of 1000m) to detect clusters of high or low values over space. The Gi*
statistic returned Z-score, with Z-scores > 1.96 and < −1.96 indicating statistically significant
hot spots (high value) and cold spots (low value); where Z-scores close to zero indicated no
significant clusters at the 5% level of significance. Associations between environmental
features and BCS participation were estimated using multilevel logistic models with
individuals (level 1) nested within SSCs (level 2). For all models, intra-class correlations (ICCs)
(Nakagawa et al., 2017) and median odds ratios (MORs) (Merlo, 2006) were calculated to
quantify unexplained variation in the BCS participation across the SSCs.
For assessing associations between individual-level BCS participation and SSC-level
sociodemographic features, models were fitted for each sociodemographic variable, then all
variables were modelled together. All sociodemographic variables were standardised before
inclusion in models. For estimating the associations between BCS participation and distance
and venue co-location features, models were fitted for each feature, adjusted for SSC-level
all sociodemographic features (and distance for venue co-location features). The Akaike
Information Criterion (AIC) assessed model fit, with a lower value indicating a more
parsimonious model. All statistical analyses were performed using R version 3.6.1 (R Core
Team, 2019).

Results
Descriptive statistics
Characteristics of the analytic dataset are presented in Table 2. BCS uptake within six
months was 53.9%. SSC-level median age for women (50-74 years) was 59.4 (standard
deviation [SD] 1.7), and other sociodemographic features (mean proportions women) were:
70.9% (SD 21.2%) for speaking English at home; 22.7% (SD 12.1%) for university educated;
27.4% (SD 7.4%) for full-time employment; and 88.0% (SD 9.6%) for dwellings with motor
vehicles. The mean time-weighted distance to closest venue was 6.3 km (SD 5.3 km).
Proportion venues co-located with bus stops were 77.5%; train station, 39.4%; hospital,
16.9%; GP, 54.9%; and shop, 22.5%.
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Table 2. Descriptive statistics for the analytic dataset and distribution of environmental features
Measure
Individual-level characteristics (n = 384,433)
Individuals screened within six months of receiving an invitation, n (%)
Distance to venue location (n = 384,433)
Distance1 (km)
SSC-level features (proportions; n = 800 SSCs)
Screening invitation response rate, mean (range)
Women age2
Women speaking English at home3
Education for women4
Full-time employed women5
Motor vehicle ownership6
Features of venue location (n = 71 venues)
Co-located with bus stop, n (%)
Co-located with train station, n (%)
Co-located with hospital, n (%)
Co-located with GP, n (%)
Co-located with shop, n (%)

Mean (SD)

207,155 (53.9)
6.3 (5.3)
56.8 (13.3-89.3)
59.4 (1.7)
70.9 (21.2)
22.7 (12.1)
27.4 (7.4)
88.0 (9.6)
55 (77.5)
28 (39.4)
12 (16.9)
39 (54.9)
16 (22.5)

SD: standard deviation.
1
time-weighted average distance to BCS venue.
2
population median age for women (50-74 years)
3
proportion of women who speak only English at home.
4
proportion of women with at least Bachelor’s degree.
5
proportion of full-time employed women.
6
proportion of dwellings with at least one motor vehicles.
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Table 3. SSC-level sociodemographic, distance to venue, and venue location built-environmental
features for screeners and non-screeners.
Measure

1

Distance (km)
SSC-level features
Women age2
Women speaking English at home3
Education for women4
Full-time employed women5
Motor vehicle ownership6
Features of venue location
Co-located with bus stop7
Co-located with train station7
Co-located with hospital7
Co-located with GP7
Co-located with shop7

Mean (SD)
Non-screeners
6.2 (5.3)

Screeners
6.3 (5.2)

59.2 (1.3)
58.8 (23.7)
23.1 (12.1)
27.3 (6.9)
85.6 (9.0)

59.4 (1.4)
65.7 (22.0)
24.3 (11.6)
27.6 (6.5)
87.2 (8.2)

0.798 (0.372)
0.632 (0.427)
0.316 (0.415)
0.626 (0.435)
0.056 (0.151)

0.811 (0.380)
0.565 (0.478)
0.291 (0.436)
0.647 (0.460)
0.058 (0.207)

SD: standard deviation.
1
time-weighted average distance to BCS venue.
2
median age for women (50-74 years).
3
proportion of women who speak only English at home.
4
proportion of women with at least Bachelor’s degree.
5
proportion of full-time employed women.
6
proportion of dwellings with at least one motor vehicles.
7
time-weighted average built- environmental features.

Table 3 presents the environmental features for screeners and non-screeners. There was no
notable difference in the average distance to venue between screeners and non-screeners.
In comparison to non-screeners, screeners tended to reside in areas with greater median
age of women (between 50 and 74 years), proportions of women speaking English at home,
university educated, full-time employment, and dwellings with motor vehicles. Screeners
also had greater average time-weighted scores for venues co-located with bus stops, GPs,
and shops, but lesser scores for venues co-located with train stations and hospitals,
compared to non-screeners.
Spatial analysis identified the distribution of statistically significant “hot spots” (greater
densities of BCS participation) and “cold spots” (lesser densities of BCS participation) in
Greater Sydney (Fig. 1). Hot spots were mostly in the northern, and west-central SSCs,
followed by some southern and central SSCs. Cold spots were mainly in the central and
southwest SSCs. Hot spot analysis is supported by Fig. 2, which depicts the spatial
heterogeneity in BCS uptake across SSCs. BCS uptake varied substantially at the SSC level,
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from 13.3% to 89.3% (Table 2). A total of 529 SSCs (66.1%) out of 800 SSCs had a BCS uptake
greater than 53.9% (overall BCS uptake). Areas with greater BCS uptake (i.e., hot spots) align
with greater proportions of women speaking English at home and university educated
women residing in these areas (figures in Appendix A).
ft
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Fig. 1. Hot and cold spots of BCS participation.
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Fig. 2. SSC-level BCS invitation response rate.

Inferential analyses
Residential sociodemographic features were associated with BCS participation (Table 4).
Greater participation in BCS was predicted by residing in an SSC with greater median age
(women, 50-74 years; adjusted odds ratio [AOR] 1.078, 95% confidence interval [CI] 1.031 to
1.127), greater proportions women speaking English (AOR 1.201, 95% CI 1.151 to 1.254) and
university educated women (AOR 1.101, 95% CI 1.050 to 1.154), and dwellings with motor
vehicles (AOR 1.114, 95% CI 1.067 to 1.164). Variance inflation factors were <5 indicating no
substantial multicollinearity among predictors in the full sociodemographic model.
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Table 4. Associations between SSC-level sociodemographic features and breast screening participation in Greater Sydney accounting for SSC-level
clustering (n = 384,433).
Model specification

Women age

Women speaking
English at home

Education for
women

Full-time
employed women

Motor vehicle
ownership

All
sociodemographic

Predictors
SSC-level features
Women age1

COR (95% CI)

COR (95% CI)

COR (95% CI)

COR (95% CI)

COR (95% CI)

AOR (95% CI)

1.105
(1.060 to 1.152)
-

-

-

-

-

-

-

-

-

1.271
(1.224 to 1.320)
-

-

-

-

-

1.040
(0.998 to 1.083)
-

-

-

-

-

0.987
(0.946 to 1.029)
-

0.089
1.718
500,681.556

0.077
1.646
500,561.840

0.091
1.731
500,699.968

0.092
1.734
500,702.959

1.078
(1.031 to 1.127)
1.201
(1.151 to 1.254)
1.101
(1.050 to 1.154)
0.967
(0.919 to 1.018)
1.114
(1.067 to 1.164)
0.073
1.623
500,528.565

Women speaking
English at home2
Education for
women3
Full-time employed
women4
Motor vehicle
ownership5
ICCSSC
MORSSC
AIC

1.176
(1.130 to 1.225)
0.086
1.698
500,643.524

COR: crude odds ratio; AOR: adjusted odds ratio; CI: confidence interval; ICC: intra-class correlation; MOR: median odds ratio; AIC: Akaike information criteria.
1
median age for women (50-74 years) (standardised).
2
proportion of women who speak only English at home (standardised).
3
proportion of women with at least Bachelor’s degree (standardised).
4
proportion of full-time employed women (standardised).
5
proportion of dwellings with at least one motor vehicles (standardised).
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Table 5 presents the results of models of venue location features. Relative to women living
in the lowest quintile (referent) ≤2.84 km away from their closest venue, there was a
monotonic trend to a greater likelihood of non-participation. Lesser likelihood of
participation was also predicted by the closest venue co-location with a bus stop (AOR
0.764, 95% CI 0.726 to 0.804), train station (AOR 0.681, 95% CI 0.659 to 0.704), shop (AOR:
0.721, 95% CI 0.684 to 0.760), and hospital (AOR: 0.905, 95% CI 0.872 to 0.940). Women
whose closest venue was co-located with a GP were more likely to participate in BCS (AOR:
1.272, 95% CI 1.225 to 1.321).
Among all models (Tables 4 & 5), the model with venue co-location with train-station as a
predictor performed best AIC = 497,246.369. In this model, the ICC = 8.1% and MOR = 1.670
suggests there is substantial unexplained variation between SSCs in the propensity for BCS
participation.
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Table 5. Associations between distance to venue, venue location built-environmental features and breast screening participation in Greater Sydney accounting for SSClevel clustering (n = 384,433).
Model specification

Distance + All
sociodemographic

Co-located with bus
stop + Distance + All
sociodemographic

Co-located with train
station + Distance + All
sociodemographic

Co-located with
hospital + Distance + All
sociodemographic

Co-located with GP +
Distance + All
sociodemographic

Co-located with shop +
Distance + All
sociodemographic

Predictors

AOR
(95% CI)

AOR
(95% CI)

AOR
(95% CI)

AOR
(95% CI)

AOR
(95% CI)

AOR
(95% CI)

1
0.606
(0.589 to 0.624)
0.461
(0.445 to 0.477)
0.396
(0.380 to 0.412)
0.321
(0.306 to 0.337)
-

1
0.618
(0.600 to 0.636)
0.482
(0.466 to 0.499)
0.429
(0.412 to 0.447)
0.371
(0.354 to 0.390)
-

1
0.607
(0.590 to 0.625)
0.463
(0.448 to 0.480)
0.401
(0.385 to 0.417)
0.328
(0.313 to 0.344)
-

1
0.605
(0.588 to 0.623)
0.460
(0.445 to 0.476)
0.399
(0.384 to 0.415)
0.327
(0.311 to 0.343)
-

1
0.601
(0.584 to 0.619)
0.452
(0.437 to 0.468)
0.384
(0.369 to 0.400)
0.307
(0.293 to 0.322)
-

-

1
0.607
(0.590 to 0.625)
0.463
(0.448 to 0.479)
0.401
(0.385 to 0.417)
0.331
(0.316 to 0.347)
0.764
(0.726 to 0.804)
-

-

-

-

-

-

0.681
(0.659 to 0.704)
-

-

-

-

-

-

0.905
(0.872 to 0.940)
-

-

-

-

-

-

1.272
(1.225 to 1.321)
-

0.081
1.670
497,749.229

0.084
1.690
497,642.238

0.081
1.670
497,246.369

0.080
1.665
497,724.925

0.081
1.674
497,592.261

Individual level
characteristics
Distance1 (≤2.84 km)
>2.84-4.17
>4.17-5.67
>5.67-8.20
>8.20
Co-located with bus
stop2
Co-located with train
station2
Co-located with
hospital2
Co-located with GP2
Co-located with
shop2
ICCSSC
MORSSC
AIC

0.721
(0.684 to 0.760)
0.083
1.684
497,604.815

AOR: adjusted odds ratio; CI: confidence interval; ICC: intra-class correlation; MOR: median odds ratio; AIC: Akaike information criteria. All models were adjusted for SSC level measures
(standardised): median age for women (50-74 years); proportion of women who speak only English at home; proportion of women with at least Bachelor’s degree; proportion of full-time
employed women; proportion of dwellings with at least one motor vehicles.
1time-weighted average distance to BCS venue which categorised based on quintiles.
2time-weighted average built-environmental features.
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Discussion
In Greater Sydney, between January 2011 and December 2014, 53.9% of women
participated in BCS within six months of receipt of an invitation, but substantial spatial
clustering and variation in BCS participation indicate heterogeneity in invitation response
rates across the study region. Geographic hot spot analysis highlighted areas with greater
(hot spots) and lesser (cold spots) BCS participation (Figure 1). Most hot spots were in the
northern, west central, and some parts of the southern and central areas, whereas cold
spots were in the central and southwest areas. This observed spatial clustering aligns with
geographic disparities in area sociodemographic features (e.g. English speaking and
university educated women). The spatial clustering implicates geographic areas that might
benefit from targeted screening promotion efforts to predispose, reinforce, and enable BCS
participation, with priority emphases determined based on the sociodemographic features
of resident populations and extent of environmental enabling factors (Green and Kreuter,
2005).
BCS was positively associated with SSC-level women’s age, women speaking English at
home, women’s education, and dwellings with motor-vehicles, as well as venue co-location
with GPs. BCS was negatively associated with distance to venue, and venue co-location with
a hospital. BCS was (counterintuitively) negatively associated with accessible public transit
(bus stop, train station) and shops. Our findings build on and extend the limited previous
research on environmental predictors of BCS in Australia. Specifically, our results implicate
the relevance of social and built environmental factors as targets for programmatic
initiatives to raise BCS participation whilst highlighting the need for further research to
determine why BCS is negatively rather than positively related to accessible public transit
and the presence of shops, features often claimed as important to enable and encourage
BCS participation.
Women residing in areas with a greater median age (women 50-74 years) were more likely
to participate in screening, a finding supported by earlier studies (Ogunsiji et al., 2017;
Wang, 2016). Insofar as older women have a greater risk of developing breast cancer than
younger women within the targeted age range (National Breast and Ovarian Cancer Centre,
2009), a perception of greater risk may motivate older women to screen (Petrocchi et al.,
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2020). That women residing in areas with a greater proportion of educated women are
more likely to participate in screening aligns with previous studies (Dailey et al., 2007;
Kothari and Birch, 2004; Wells and Horm, 1998). This could reflect greater health literacy
which is known to be positively related to education (Komenaka et al., 2015). Adequate
health literacy may increase awareness and/or knowledge about the importance of BCS,
recommended screening intervals, and decision making, leading to greater participation in
BCS. Education can also improve the social inclusion of individuals and provide the resources
to enforce and understand their right to health care, which can, in turn, improve access and
use of BCS services (Sabates and Feinstein, 2006). Further, our finding that women residing
in areas with a greater proportion of English-speaking women are more likely to BCS could
be due to greater social or cultural cohesion, greater knowledge about the health care
system, better access to or a greater resonance of promotional materials, and awareness
about the value of BCS (Hurley et al., 1994). An additional finding in line with previous
research is the positive association between BCS participation and residing in an area
characterised by greater access of motor vehicles (Dailey et al., 2007). This might be
explained by the fact that having motor vehicles can reduce barriers to accessing BCS
venues and, as this analysis accounted for socioeconomic status, it means that greater
proportion households with a motor vehicle is independently related to BCS participation.
An area sociodemographic feature—proportion of full-time employed women was not
statistically significant, but the estimated direction of associations is negative across models,
and statistical significance could be confounded by other area sociodemographic features.
Greater distance to venue was inversely associated with BCS participation, similar to other
studies (Hurley et al., 1994; Jensen et al., 2014). Longer travel distances can be a barrier for
women with transportation challenges or those for whom time away from work or family
responsibilities is difficult to arrange (US General Accounting Office, 2006), resulting in less
participation in BCS. Optimising BCS participation could involve minimising distance barriers
by improved siting of mobile screening venues, and/or more frequent or longer visits by
mobile vans to current sites.
Whilst this study found that public transit stops proximal to BCS venues was negatively
related to BCS, this does not mean that improved access to public transit or purpose-specific
transportation to venues for women with transport challenges from residential areas with
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lower BCS participation is necessarily contradicted. For the provision of public transit near a
screening venue to support women’s access to the screening service there also needs to be
a convenient transit stop near the woman’s house, ideally on the same transit route and
with adequate transit frequency. Our findings could also be due to preference concerns
among some women in using public transport. Future studies using appropriate individuallevel measures are required to further assess this relationship.
Other venue-related considerations (e.g. appointment times (Richardson, 1990) and
convenient parking (Linsell et al., 2010)) could also influence BCS participation; however, we
had no knowledge due to limited data available for this research. In this study, co-location
with shops was negatively associated with BCS participation. This may reflect the positioning
of mobile vans in shopping centre carparks and a preference to attend fixed rather than
mobile services. While placing a screening van in a carpark may enhance visibility, it also
takes up parking space, which may impact on ease of parking at the BCS site. In addition,
women have stated concerns about privacy, crowding, and cleanliness when considering
mobile vans in a public location such as shopping centre (Skinner et al., 1995). Future
studies are needed to understand potential underlying mechanisms.
Currently, BreastScreen NSW service locations are primarily planned based on population
projections and availability of nearest alternative BreastScreen NSW site. Studies such as
this one may inform refinements to site location planning. As noted, venue co-location with
a hospital was negatively, and co-location with a GP was positively, associated with BCS
participation. A previous study showed women were less likely to screen in a venue colocated with a health facility but did not distinguish between hospital and GP services
(Maheswaran et al., 2006). The negative relationship with hospitals may be due to parking
challenges (Carroll, 2018). Conversely, the positive association for co-location with GPs may
be underpinned by a predisposing function of women’s own GPs (Brett and Austoker, 2001)
in shaping values, attitudes and beliefs supporting participation in BCS. Research shows that
GP’s signature on the invitation letter was positively associated with BCS participation
(Camilloni et al., 2013). A GP recommendation may not necessarily ensure that women
attend a venue co-located with GP clinic, but opportunistic discussions with eligible
individuals and reminders could induce BCS participation.
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Associations between residential area and venue location features and BCS participation in
Greater Sydney have the potential to inform approaches to optimise service delivery. Agespecific health promotion campaigns and messages may improve BCS uptake in areas with a
greater proportion young BCS eligible women. Enhancing knowledge and awareness about
breast cancer and screening by targeting women residing in areas with a lesser proportion
of educated women could be useful to increase BCS uptake. In addition, cultural-specific
health education messages and campaigns, and linguistic-cultural responsiveness training
for healthcare professionals might be useful to enhance participation in areas with greater
proportions of culturally and linguistically diverse people and lesser BCS participation.
Moreover, in areas with higher proportions of working women and lesser BCS uptake, the
provision of more frequent visits by mobile vans with extended hours for appointments and
on-site screening services could help raise participation.
This study had several strengths, including a large volume of BCS invitation and screening
data, assessment of spatial clustering of individual-level BCS participation, utilisation of
multilevel models, and examination of residential sociodemographic and venue co-location
features as has rarely been done in Australian BCS research. Our findings have relevance to
programs intending to optimise BCS participation through spatially tailored outreach.
Limitations of this study are important to acknowledge. Firstly, an absence of individuallevel information (e.g., sociodemographic factors, health beliefs, and reasons for choice of
BCS venue). Secondly, not all potentially relevant variables (e.g. private BCS rates, BCS
venue capacity) were available in this study. Thirdly, residual confounding in the
associations between venue co-location with public transport stops and BCS participation
cannot be ruled out. Future studies incorporating individual-level transport behaviour data
are required to understand these associations. Lastly, estimated associations between arealevel sociodemographic features and individuals’ BCS participation may not support
inference regarding the associations between individual-level sociodemographic factors and
BCS participation.

Conclusions
Only 53.9% women participated in BCS in Greater Sydney. Residential area and venue
location environmental features were associated with BCS participation. These findings can
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be used by policymakers and service providers to develop strategies and policies tailored to
the characteristics of local area residents and the settings in which they live, to enhance BCS
participation and reduce disparities. Although some aspects of environmental features may
be conducive to policy development, further research is required to fully understand the
relationship between some environmental features (e.g. screening venue location) and BCS
participation.
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Appendix A
Time-weighted exposure
For all invitees’ residential locations, the nearest BCS venue was identified for each day
within a given follow-up period (screeners: date of invitation to date of screening; nonscreeners: date of invitation to end of 6-month follow-up). Time-weighted exposure was
calculated as the sum of the number of days for each closest venue multiplied by the
exposure value for that venue divided by the length of follow-up (The Cohen Group, 2019):
𝑛

𝑡𝑖𝑗 𝑐𝑖𝑗
𝑇𝑊𝐸𝑖 = ∑ --𝑡𝑖𝑗
𝑗=1

where, 𝑇𝑊𝐸𝑖 = Time-weighted exposure for 𝑖 𝑡ℎ individual, 𝑡𝑖𝑗 = duration (number of
appointment days) of 𝑗 𝑡ℎ venue for 𝑖 𝑡ℎ individual and 𝑐𝑖𝑗 = ‘concentration’ – the level
of exposure (distance to venue and venue location features) of 𝑗 𝑡ℎ venue for 𝑖 𝑡ℎ
individual.
This method of accounting for time-specific exposures is commonly used in occupational
epidemiology (Checkoway and Rice, 1992).
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6 Results 3
This chapter presents Study 3, addressing research Aims v and vi, and the associated
Research Questions (RQs 7–8). This manuscript is currently under review (has received first
round of comments and sent responses) at the International Journal of Environmental
Research and Public Health.
Aim v: To assess the associations between residential area sociodemographic features and
women’s use of their closest versus other breast cancer screening venue.
RQ 7. Do the sociodemographic features of screeners’ residential areas predict
attendance at the closest, compared to other breast cancer screening venues?
Aim vi: To assess the associations between closest venue location features and women’s
use of their closest venue, and differences in these associations for mobile and fixed venues.
RQ 8. Do the closest venue location built environmental features predict attendance
at the closest screening venues, and are there any differences in these associations
for mobile and fixed venues?
The reference for the published paper is:
Khan JR, Carroll SJ, Coffee NT, Warner-Smith M, Roder D, & Daniel M (2021).
Residential area sociodemographic and breast cancer screening venue location built
environmental features associated with women’s use of closest venue in Greater
Sydney, Australia. International Journal of Environmental Research and Public
Health, 18(21):11277.

Available at (open access):
https://www.mdpi.com/1331648
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Abstract
Understanding environmental predictors of women’s use of closest breast screening venue
versus other site(s) may assist optimal venue placement. This study assessed relationships
between residential-area sociodemographic measures, venue location features, and
women’s use of closest versus other venues. Data of 320,672 Greater Sydney screening
attendees were spatially joined to residential state suburbs (SSCs) (n=799). SSC-level
sociodemographic measures included proportions of: women speaking English at home;
university-educated; full-time employed; and dwellings with motor-vehicles. A geographic
information system identified each woman’s closest venue to home, and venue co-location
with bus-stop, train-station, hospital, general practitioner, and shop(s). Multilevel logistic
models estimated associations between environmental measures and closest venue
attendance. Attendance at closest venue was 59.4%. Closest venue attendance was
positively associated with SSC-level women speaking English but inversely associated with
SSC-level women university-educated, full-time employed, and dwellings with motorvehicles. Mobile venue co-location with general practitioner and shop was positively, but colocation with bus-stop and hospital was inversely associated with attendance. Attendance
was positively associated with fixed venue co-location with train-station and hospital but
inversely associated with venue co-location with bus-stop, general practitioner, and shop.
Program planners should consider these features when optimising service locations to
enhance utilisation. Some counterintuitive results necessitate additional investigation.

Keywords
breast screening; closest screening venue attendance; locational features; observational
study; multilevel modelling
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Introduction
Preventive screening programs target the early detection of conditions, including breast
cancer, to achieve early treatment and reduce mortality [1]. As screening is voluntary, it is
important to optimise the placement or siting of screening venue locations to ensure these
programs are convenient not only in terms of their geographic accessibility, but also
available public transit and options for shopping or errand running, and accessing health
care services [2]. Facility locations and accessibility of the facilities are acknowledged as key
factors influencing the success of preventive healthcare programs [1,3], including breast
cancer screening (BCS).
Breast cancer is the most frequently diagnosed cancer among women worldwide and a
leading cause of mortality [4]. It is also the most prevalent cancer among women in
Australia, where early breast cancer detection is available via a national BCS program called
BreastScreen Australia [5]. This organised population-based program provides free
mammography on a biennial basis to asymptomatic women aged over 40 years [6]. The
program targets women aged 50-74 years through invitation letters, whereas women aged
40-49 and >74 years can access screening services if they choose but do not receive biennial
invitations. The program aims to screen at least 70% of women aged 50-74 years biennially
[6]. National BCS uptake rates in Australia remain below this target, with 54.3% of women
aged 50-74 years screened in 2015-16 [5].
Research indicates that greater distance to screening venue (geographical accessibility) is
inversely related to BCS participation [7–10]. However, distance is not the only factor to
determine participation [1]. One study suggested that some women may find it more
convenient to attend a screening venue near their workplace than the venue closest to
home [11]. Immigrant women may prefer a screening venue with radiographers speaking
their language, irrespective of venue location. For example, in Toronto, Canada, Chinese
immigrants preferred Chinese-speaking family physicians regardless of location [12].
Features of women’s residential areas and screening venue locations’ built environment
may also relate to venue utilisation. Residential area sociodemographic features refer to the
sociodemographic composition of the resident population as expressed at residential area
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spatial boundaries. Built-environmental features of the venue location refer to the humanmade physical features of the surroundings of the location where the screening venue is
located. Women living in urban regions, higher-income neighbourhoods, and areas with
longer average travel time to their workplaces are unlikely to use their closest BCS venue
[13]. It has been suggested that women living in an area served by multiple BCS venues may
screen at a venue other than their closest where the other venue is co-located with a
shopping centre thus supporting other tasks performed in tandem with a screening
appointment [1]. Other considerations, including accessibility by public transport and nonclinical ambience, may also be relevant to the screening venue used [14–16]. Understanding
residential area and venue location features associated with screening at one’s closest
versus other venue is important as BCS programs seek to optimise the placement of
screening venues not only in terms of accessibility for their target populations but also the
features that will attract and support women’s attendance. Few studies have assessed the
relationship between residential area sociodemographic factors, venue location features
and the choice of closest versus other (i.e., more distal) BCS venue.
Whilst Australian research has assessed the influence of distance to screening venue on
women’s BCS participation [9,10], no Australian study published thus far has investigated
area-level and venue location factors associated with women screening at their closest
versus other screening venue location. Such research has a strong potential to inform
decisions for program planning to optimise the placement of BCS venues to support BCS
uptake.
The aims of this study were twofold: (1) to assess the associations between residential area
sociodemographic features and women’s use of their closest versus other BCS venue; and
(2) to assess the associations between closest venue location features and women’s use of
their closest venue, and differences in these associations for mobile and fixed venues.

Materials and Methods
Population, setting and breast cancer screening data
This observational study was undertaken for the Greater Sydney region of NSW, Australia.
Greater Sydney comprised one-fifth of the Australian population in 2011 [17] and had lower
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BCS participation (49.5% among women aged 50-69 years in 2015-16) than the national rate
(54.6%) [5,18].
Population-based data were provided by the Cancer Institute of New South Wales (CINSW),
who are responsible for the NSW BreastScreen Australia program. The CINSW provided
residential address geocoded data for 323,914 women residing in Greater Sydney who
participated in screening between January 2011 and December 2014. Residential geocodes
enabled spatial joins of individual-level data with state suburbs (SSC) and related Censusbased sociodemographic data (Australian Bureau of Statistics [ABS] 2011). An SSC is a
census-specific area formed by aggregating Statistical Area Level 1 (SA1s), where an SA1 is
the smallest geographic unit at which 2011 census data are available [19]. SSC is a close
approximation of a gazetted suburb. SSCs were used as they are sufficiently large to
examine population features but small enough to identify spatial concentrations of social
disadvantage [20]. The CINSW also provided geocoded screening venue location data
enabling the calculation of distances between residences and venues.
Records were excluded for women who live in Greater Sydney but screened at a venue
outside of Greater Sydney (n=1,490) and whose screening date corresponded to a holiday
(e.g., Christmas, New Year’s) (n=994). Women missing data for language spoken at home, or
for whom distance to venue could not be calculated (due to, e.g., living on islands, or not
near the road network), or who resided in SSCs with less than ten screeners and/or less than
ten women aged ≥15 years and/or less than ten dwellings (n=758) were excluded. This
yielded an analytic dataset of 320,672 records within 799 SSCs.

Measures
Outcome measure: Use of closest breast cancer screening venue (individual level)
Road-network distances between women’s geocoded residences and screening venues
were calculated using MapInfo Pro (V16), RouteFinder (V5) and StreetPro, 2011 (Pitney
Bowes, New York, USA). Women were then classified as having screened at the venue
closest to their home or at a more distal venue based on the rank order of distances.
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Predictors
Area-level
Predictors of screening at the closest venue were residential SSC sociodemographic
measures: proportions of women speaking English at home, university-educated (Bachelor’s
Degree or higher), and full-time employed; and proportion of dwellings with motor vehicle
ownership. These data were extracted from the ABS 2011 Census data [19] for the SSC in
which each screener resided.
Venue location
Venue location features included: type of screening facility (fixed or mobile); and co-location
with bus-stop, train-station, hospital, general practitioner, and shop(s). Screening venues
(n=71) were either “fixed” (i.e., a permanent screening facility, n=21) or “mobile” (i.e., a
location where a mobile screening van temporarily provides service for a discrete period,
n=50).
Venue location geocodes enabled the characterisation of venues as co-located with a busstop, train-station, hospital, general practitioner, or shop(s). Co-location was defined as the
presence of a built environmental feature within 500 metres (800m for a train station) of a
BCS venue [21]. The different distance for bus stops and train stations correspond to public
transport catchment distances representing standard walking distances for transit users
[22]. The 500/800m road-network buffers were created centred on each venue location
using ArcGIS Desktop 10.5 Network Analyst extension (generalised option) and 2011 NSW
road network data (source: StreetPro, 2011, Pitney Bowes) [21].
Public transport data were extracted from General Transit Feed Specification transit data (3
November 2013) [23]. Venue co-location with a bus stop (or train station) was determined
as the availability of at least one bus stop (or train station) within the relevant 500m (or
800m) road-network buffer [21].
Data for hospitals, general practitioners, and shops were extracted from the 2011 MapInfo
Business Points Australia dataset based on 2006 Australian and New Zealand Standard
Industrial Classification codes. These service and commercial features were coded as
mutually exclusive with a priority order of hospital, general practitioner, and shop, given
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that multiple combinations of these services could be co-located [21]. This study chose
mutually exclusive features because we were interested in evaluating the unique impact
(i.e., statistically independent) of a hospital, general practitioner, or shop on screening
participation. The order itself was based on the reality that screening venues are often
based at hospitals, and general practitioners and shops are also often co-located with
hospitals. For example, general practitioners providing services within the hospital, and gift
shops within the hospital. In such a situation it was hypothesised that the impact of colocation with hospital would be more important than the impact of general practitioners
and gift shops contained within the hospital.
Covariates
Covariates within this study included individual-level information on woman’s age at
screening (years) and whether English was the primary language spoken at home (yes/no).

Statistical Analysis
Descriptive statistics were calculated for outcome and exposure measures. Hot spot analysis
to identify spatial clustering of women’s use of closest venue was carried out using the
Getis-Ord Gi* statistic [24] (using the Hot Spot Analysis tool in ArcGIS Pro V2.6.2 [25], ESRI,
Redlands, CA, USA). To identify clusters of high or low values across space, this statistic
evaluated the value at a given location in relation to values at neighbouring locations
(distance band of 1000m). The Gi* statistic returned Z score for each location, with Z scores
greater than 1.96 (or less than -1.96) indicating statistically significant hot spots (or cold
spots), and Z scores near to zero indicating no significant clusters at a significance level of
5%.
In this study, individuals were nested within residential areas (i.e., SSCs). A suitable
analytical technique for such nested data is the multilevel model, allowing simultaneous
estimation of the effects of area- and individual- level factors on individual-level outcome
(i.e., closest venue attendance) while accounting for area clustering. Ignoring the area-level
clustering can lead to biased standard errors of model parameter estimates [26]. Multilevel
logistic regression models were used to estimate the associations between SSC-level
sociodemographic measures, closest venue location features and women’s use of closest
venue. A two-level model was used with individual women (level 1) nested within SSCs (level
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2). This model allows quantifying the joint contribution of the individual- and SSC-level
factors on women’s use of closest venue. Intra-class correlations (ICCs) [27] and median
odds ratios (MORs) [28] were calculated in the multilevel logistic model to quantify
unexplained variation in closest venue attendance rates across SSCs.
To assess Aim 1, five separate models were constructed. Individual-level covariates were
included in all models. Models were first fitted for each sociodemographic variable, and
then all sociodemographic variables were modelled together. Prior to analysis, SSC-level
sociodemographic measures were standardised (mean = 0, standard deviation [SD] = 1), to
enable comparison of their relative effects. To assess Aim 2, five separate sets of models
were constructed for both the closest fixed and mobile venue location features, with
individual-level covariates and area-level sociodemographic measures included in all
models. This stratified analysis for mobile and fixed venues was done to check whether
there is any difference in direction association between venue location features and
women’s use of closest venue by venue type. Data analyses were conducted using R version
3.6.1 statistical software [29] (R Foundation for Statistical Computing, Vienna, Austria).

Results
Table 1 presents the characteristics of screened women, SSCs and venue locations included
in the analytic dataset. Fifty-nine percent of women attended their closest venue, the
average age was sixty years, and most women spoke English at home (68.7%). For SSCs, the
mean proportion of women speaking English at home was similar, aligning with the
individual-level data. The proportion of dwellings reporting motor vehicle ownership was
88%. The mean proportion of women with university education was 23% and 27% for
women employed full time. Most venues were mobile (n=50), 77.5% of venues were colocated with bus stops, 39.4% train stations, 16.9% hospitals, 54.9% general practitioners,
and 22.5% with shops.
Spatial analysis identified the distribution of statistically significant “hot spots” (greater
densities of women attending their closest venue) and “cold spots” (lesser densities of
women attending their closest venue) in Greater Sydney (Figure 1). Most hotspots were in
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the northern and central SSCs, followed by some western and west-central SSCs. Cold spots
were located primarily in southwestern SSCs, followed by western and southern SSCs.
Table 1. Descriptive statistics for the analytic dataset and distribution of environmental features.
Measure

Statistics

Individual level characteristics (n=320,672)
Attended closest venue for screening (%)
Age at screening (years)
Speaking English at home (yes) (%)
SSC-level features (proportions; n=799 SSCs)
Women speaking English at home1
Women’s education2
Women’s employment (full-time)3
Motor vehicle ownership4
Venue features (n=71 venues)

Mean (SD)
59.4
59.6 (6.4)
68.7

Co-located with bus stop, (%)
Co-located with train station, (%)
Co-located with hospital, (%)
Co-located with general practitioner, (%)
Co-located with shop, (%)

77.5
39.4
16.9
54.9
22.5

70.9 (21.2)
22.7 (12.1)
27.4 (7.4)
88.1 (9.4)
All venues

Fixed
(n=21)
85.7
57.1
38.1
57.1
4.8

Mobile
(n=50)
74.0
32.0
8.0
54.0
30.0

SD: standard deviation; 1proportion of women who speak only English at home; 2proportion of women with at
least Bachelor’s degree; 3proportion of full-time employed women; 4proportion of dwellings with at least one
motor vehicle.

::! ., ,.., ,
Attendance at the closest venue

Cold spot
Not significant
Hot spot

~ No data•
*suburbs with no screened women
and excluded due to exclusion

criteria .

0

1 2 Kilo metres
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Figure 3. Hot and cold spots of the use of closest breast screening venue in Greater Sydney with
central Sydney area as inset.

Residential area sociodemographic features associated with women’s use of their closest
venue are shown in Table 2. In models featuring a single area-level sociodemographic
measure, a greater likelihood of using the closest venue among screeners was predicted by
residing in an SSC with a greater proportion of women speaking English at home
(AOR 1.529; 95% CI 1.410 to 1.659), whilst a lesser likelihood of using the closest venue was
predicted by residing in an SSC with greater proportions of university-educated women
(AOR 0.901, 95% CI 0.826 to 0.982), and full-time employed women (AOR 0.834, 95% CI
0.765 to 0.909). However, SSC-level proportion of dwellings with a motor vehicle was not
associated with screeners’ use of closest venue.
In the omnibus model including all sociodemographic features, a greater proportion of
women speaking English at home (AOR 1.613, 95% CI 1.476 to 1.763), and a greater
proportion of full-time employed women (AOR 0.843, 95% CI 0.763 to 0.932), remained
statistically significant, and the proportion of dwellings with motor vehicles reached
statistical significance (AOR 0.870, 95% CI 0.795 to 0.952). SSC-level proportion of
university-educated women was not associated with screeners’ use of their closest venue in
the omnibus model.
Among individual-level characteristics, older women were less likely to use their closest
venue than younger-aged women across all models (omnibus model, AOR 0.985, 95% CI
0.983 to 0.986). Individual-level English spoken at home was not statistically significant in
any of the models.
Variance inflation factors indicated no substantial multicollinearity between predictors in
the full sociodemographic model (i.e., less than 5). The full model, including all area
sociodemographic measures, performed best per Akaike’s information criterion
(AIC=350561.391). The ICC (28.22%) and MOR (2.96) of this model indicated substantial
heterogeneity in screeners’ use of closest venue between SSCs.
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Table 2. Associations between SSC-level sociodemographic features and women’s use of their closest breast screening venue (n=320,672).
Model specification

Women speaking English
at home

Women’s
education

Women’s employment
(full time)

Motor vehicle
ownership

All sociodemographic
measures

Measure
SSC-level features
Women speaking English
at home1
Women’s education2

AOR (95% CI)

AOR (95% CI)

AOR (95% CI)

AOR (95% CI)

AOR (95% CI)

1.529
(1.410 to 1.659)
-

-

-

-

-

-

Women’s employment
(full time)3
Motor vehicle ownership4

-

0.901
(0.826 to 0.982)
-

-

-

-

0.834
(0.765 to 0.909)
-

1.073
(0.984 to 1.170)

1.613
(1.476 to 1.763)
1.009
(0.912 to 1.116)
0.843
(0.763 to 0.932)
0.870
(0.795 to 0.952)

0.985
(0.983 to 0.986)
1.000

0.985
(0.983 to 0.986)
1.000

0.985
(0.983 to 0.986)
1.000

0.985
(0.983 to 0.986)
1.000

0.985
(0.983 to 0.986)
1.000

0.987
(0.967 to 1.006)
0.2888
3.0119
350580.666

0.991
(0.972 to 1.011)
0.3144
3.2269
350673.232

0.991
(0.972 to 1.011)
0.3113
3.1998
350661.838

0.991
(0.971 to 1.011)
0.3151
3.2335
350676.320

0.986
(0.967 to 1.006)
0.2822
2.9590
350561.391

Individual-level
characteristics
Age at screening
Speaking English at home
(Ref.: No)
Yes
ICCssc
MORssc
AIC

AOR: adjusted odds ratio; CI: confidence interval; ICC: intra-class correlation; MOR: median odds ratio; AIC: Akaike information criteria; 1proportion of women who
speaking only English at home (standardised); 2proportion of women with at least Bachelor’s degree (standardised); 3proportion of full-time employed women
(standardised); 4proportion of dwellings with at least one motor vehicles (standardised).
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Table 3 presents the estimated associations between features of the closest screening
venue and women’s use of their closest venue for models stratified by closest venue type
(i.e., mobile or fixed site). The likelihood of closet venue attendance was greater when the
closest mobile venue was co-located with a general practitioner (AOR 1.066, 95% CI 1.008 to
1.126) and a shop (AOR 1.071, 95% CI 1.010 to 1.135), but was lesser when the closest
mobile venue was co-located with a bus stop (AOR 0.574, 95% CI 0.535 to 0.616) and a
hospital (AOR 0.889, 95% CI 0.808 to 0.978). There was no significant association between
closest mobile venue co-location with train-station and venue attendance. Screeners were
more likely to use the closest fixed venue when co-located with train-station (AOR 1.868,
95% CI 1.785 to 1.955) and hospital (AOR 1.123, 95% CI 1.086 to 1.161). In contrast, the
likelihood of attending the closest fixed venue was lesser when co-located with a bus stop
(AOR 0.862, 95% CI 0.824 to 0.903), general practitioner (AOR 0.899, 95% 0.869 to 0.929),
and a shop (AOR 0.454, 95% CI 0.322 to 0.641).

Discussion
This is the first study to assess residential area sociodemographic features and venue
location features in assessing predictors of women screening at their geographically closest
venue in Greater Sydney. Fifty-nine percent of women who screened for breast cancer
during January 2011-December 2014 in Greater Sydney attended the venue closest to their
residence. Substantial spatial clustering of women using a venue other than their closest
(i.e., cold spots) supports the relevance of tailored programmatic initiatives delivered to
certain geographic areas to improve local screening rates as well as strategies for optimising
the placement of venues. It is important, therefore, to understand which local area features
predict women screening at their closest venue. Thus far, only one study (in the USA) has
reported on residential area sociodemographic factors in relation to women’s use of their
closest breast screening venue [13]. No previous Australian study has assessed this
question, and thus the current study represents an important first step in exploring these
associations in the Australian context.
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Table 3. Associations between closest venue (mobile and fixed) location built environmental features and women’s use of their closest breast screening venue.
Model specification
Measure
Closest venue location features
Co-location with bus stop
Co-location with train station

Co-location with bus
stop
AOR (95% CI)

0.574
(0.535 to 0.616)
-

Co-location with train
station
AOR (95% CI)

Co-location with
hospital
AOR (95% CI)

Mobile venue (n=71,380)
-

-

-

-

-

-

-

-

1.066
(1.008 to 1.126)
-

-

Co-location with hospital

-

Co-location with general
practitioner
Co-location with shop

-

-

0.889
(0.808 to 0.978)
-

-

-

-

Co-location with bus stop
Co-location with train station

0.3185
3.2633
76676.530
0.862
(0.824 to 0.903)
-

0.3114
3.2011
76912.833

1.071
(1.010 to 1.135)
0.3086
3.1771
76912.639

-

-

-

-

-

-

-

0.3097
0.3093
3.1863
3.1827
76916.897
76912.060
Fixed venue (n=249,292)
-

Co-location with hospital

-

1.868
(1.785 to 1.955)
-

Co-location with general
practitioner
Co-location with shop

-

-

1.123
(1.086 to 1.161)
-

-

-

-

0.899
(0.869 to 0.929)
-

0.3262
3.3332
261964.382

0.3148
3.2310
261246.709

0.3265
3.3354
261957.882

0.3266
3.3364
261964.573

ICCssc
MORssc
AIC

Co-location with
shop
AOR (95% CI)

-

0.964
(0.898 to 1.034)
-

ICCssc
MORssc
AIC

Co-location with general
practitioner
AOR (95% CI)

0.454
(0.322 to 0.641)
0.3231
3.3045
261982.366

AOR: adjusted odds ratio; CI: confidence interval; ICC: intra-class correlation; MOR: median odds ratio; AIC: Akaike information criteria.
All models were adjusted for individual level measures: age at screening, language spoken at home, and SSC level measures (standardised): proportion of women who speak only English at
home; proportion of women with at least Bachelor’s degree; proportion of full time employed women; proportion of dwellings with at least one motor vehicles.
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This study indicates that residential area sociodemographic features predict screening
venue attendance. Women residing in areas with greater proportions of women speaking
English at home were more likely to use the venue closest to their residence. No studies
have previously assessed this influence. Research on cultural diversity has reported,
however, that culturally diverse women may prefer to use health services with matching
language-specific capabilities. A study on the utilisation of family physicians in Toronto
reported that Chinese immigrants prefer Chinese-speaking family physicians [12]. This
suggests that women of non-English speaking backgrounds may attend a more distant
venue known to support their language preference. Our result can also be viewed through
the lens of cultural connectivity. Women may receive information regarding screening
services and venue locations from culturally similar others in their residential area,
influencing venue attendance. For instance, Arabic-speaking migrants tended to get their
health information from their own cultural group (friends, family, community members)
rather than from health services [30].
In contrast, women residing in areas with greater proportions of university-educated (single
area predictor model only) and full-time employed women were more likely to use a venue
other than the closest. Education supports access to health information and empowerment
in health-related decision making [31,32]. Education could support other venue use through
access to information about screening sites beyond the closest and planning appointments
and attendance based on other factors (e.g., work-related constraints). That the association
between area education and venue attendance attenuated to the null on inclusion of other
sociodemographic measures is unsurprising given the correlations between these measures,
particularly area employment. Employed women may prefer to use a screening venue near
their workplace rather than their place of residence [11], due to convenience and the
opportunity to screen pre- or post-work with only limited impact on work attendance. This
study did not have any information on individual-level reasons for using a venue other than
the closest.
Our study also found that the use of a distal venue was greater among women residing in an
area characterised by greater access to motor vehicles. Motor vehicle ownership or
availability likely reduces transport-related barriers to accessing more distal venues. A study
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from the UK suggested that affluent patients who own cars could be more willing to travel
further to see a preferred healthcare provider [33].
Overall, our findings on residential-area sociodemographic features suggest placing
screening venues near areas with high proportions of English-speaking women may support
local venue utilisation. Conversely, placing venues near areas with high proportions of nonEnglish speaking women may require the provision of additional factors (e.g., culturally
diverse staff, interpreter services, linguistically and culturally relevant educational materials)
to optimise venue utilisation. Our previous study focused on screening uptake found a lesser
uptake in areas with a greater density of non-English speaking at home women [21],
supporting the need for attention to these areas. For areas with high rates of full-time
employed women, extended opening hours may assist local screening attendance. Women
who work full-time may also benefit from having a venue close to their workplace.
Of the venue location built environmental features assessed in this study, most of the
features were associated with venue attendance; however, the patterns of associations
varied according to venue type (i.e., mobile or fixed). Women were more likely to use
venues other than the closest, regardless of venue type, if the venue was co-located with
bus stops, an intuitively comprehensible result. On the other hand, the odds of using the
closest fixed venue was greater when co-located with a train-station. On the face of it, this is
a non-intuitively comprehensible result given the relevance of train transport to attending a
local or at least the closest screening venue. It is possible however that for some women the
closest venue might indeed be most efficiently reached by train, avoiding heavy Sydney
traffic and parking problems. There was no association between venue attendance and
mobile venue co-location with train stations. Bus routes tend to take longer to travel to
destinations due to circuitous routes. Train lines are more direct, may have the capacity to
transport more people and take less time than a bus from the same location. These factors
may, to some degree, explain the varying effects of public transit stops on venue
attendance, but further research is needed. Regardless, these findings support locating fixed
screening sites near train stations.
Co-location with hospital, general practitioner, and shop were also associated with venue
attendance. For fixed venues, screeners were more likely to attend the closest venue where
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co-located with a hospital but more likely to use other venues than the closest if it were a
mobile venue co-located with a hospital. This supports provision of fixed services at or near
hospitals but not the placement of mobile screening sites near hospitals. Notably, there
were only four mobile sites co-located with hospitals in Greater Sydney during our study
period and each of these sites would have provided services only for a short time span (e.g.,
5 weeks [34]). In contrast, there were 8 fixed venues providing screening services
throughout the entire study period. The infrequent co-location of mobile venues with
hospitals and their limited time availability during the study period may have impacted our
findings; women had less opportunity to access services provided by a mobile van colocated with a hospital than a fixed service at a hospital.
Screening attendance at closest venues was more likely for mobile venues co-located with
general practitioners or shops; conversely, screening at other than the closest was more
likely when the closest venue was a fixed venue co-located with general practitioners and
shops. General practitioners may promote mobile venue visits to women in advance of
actual visits and encourage attendance by educating patients regarding the importance of
screening. Screening promotion by general practitioners may be less when they are colocated with a fixed screening site. For co-location with shops, a mobile van parked/colocated with a shopping centre will likely be placed to maximise visibility [35], thus
publicising breast screening and current availability of the service whereas a fixed site within
a shopping centre may be less effective in publicising its presence. Our findings support the
placement of mobile services near general practitioners and shops.
Aside from these environmental factors, this study assessed two individual-level factors, age
and speaking English at home, in relation to venue attendance. Individual-level speaking
English as the primary language at home was not related to venue attendance. Regarding
age, older women were more likely to attend a venue other than their closest, which could
be due to venue preference based on previous interaction with system (e.g., venue loyalty
[36]).
This study has several key strengths. It addresses an important research gap by assessing
residential area sociodemographic features and venue location built environmental
predictors of breast screening venue attendance in an Australian context making use of
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large population-based screening participation and spatial datasets. The large administrative
screening participation data used in this study represents the population of women
screened through BreastScreen Australia. These population data avoid any sampling bias.
These data are reliable, avoid social desirability, reporting and recall bias that are common
concerns with self-reported data, and their use allows for population-level inference. Other
strengths include using objective, rigorous distance measures (i.e., the road-network
distance between residence and venue locations) rather than perceived or Euclidean
distance measures to determine venue attendance, and the conduct of spatial and
multilevel analyses. Multilevel analysis is advantageous because it enables the estimation of
associations between both area and individual level factors with closest venue attendance
as well as estimating area clustering. The percentage of total variation in nearest screening
venue attendance attributable to between-area differences was estimated using area
clustering. Importantly, failure to account for area-level clustering when modelling nested
data may result in biased standard errors of model parameter estimates [26]. In terms of
limitations, this study was able to account for only limited individual-level sociodemographic
data. Other individual-level data (e.g., education, employment, car ownership, activity
space, use of transport modes, preference, and general practitioner recommendation) and
venue information (e.g., the number of machines and staff, after-hours or weekend
screening services) not available for inclusion in this study could conceivably impact venue
attendance. Furthermore, some women (e.g., those of high socioeconomic status [37]) may
choose to attend a private screening service rather than the BreastScreen Australia
program. Private screening service utilisation data were not available in this investigation.
Women’s use of private screening may impact estimations relating to screening attendance
versus non-attendance but are less likely to impact on the findings in this study as the
current analyses are focused only on women who have screened, particularly those who
screened using the BreastScreen Australia service. This may reduce the generalisability of
the findings reported here to women who use a private screening service. Lastly, the
estimated relationships between area-level sociodemographic features and individuals’
venue attendance as investigated in this study may not support an analogous inference
about the relationships between individual-level sociodemographic features and individuals’
venue attendance.
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Conclusions
In Greater Sydney, just under three out of five women who screened for breast cancer
attended their closest screening venue. Residential area sociodemographic measures and
venue co-location factors were associated with venue attendance. The provision of services
near areas with high proportions of linguistically diverse women may require additional
culturally appropriate supports to encourage local venue attendance. Services near areas
with high rates of full-time employed may consider extending their opening hours. Findings
also support locating fixed screening venues near train stations and hospital and mobile
venues near general practitioners and shops. These findings can be used to improve service
delivery and placement of screening venues. Some counterintuitive results highlight the
need for future research to improve understanding of the role of locational features in
closest venue attendance.

Author contributions
Conceptualisation, J.R.K., S.J.C., N.T.C. and M.D.; Data curation, J.R.K., M. W-S. and D.R.;
Formal analysis, J.R.K.; Investigation, S.J.C., N.T.C., M. W-S., D.R. and M.D.; Methodology,
J.R.K., S.J.C., N.T.C. and M.D.; Project administration, N.T.C., M. W-S., D.R. and M.D.;
Resources, S.J.C., N.T.C., M.W-S., D.R. and M.D.; Software, J.R.K. and N.T.C.; Supervision,
S.J.C., N.T.C. and M.D.; Validation, S.J.C., N.T.C. and M.D.; Visualisation, J.R.K.; Writing –
original draft, J.R.K., S.J.C., N.T.C. and M.D.; Writing – review & editing, J.R.K., S.J.C., N.T.C.
and M.D.

Funding
We received no funding for this study.

Institutional Review Board Statement
Ethical approval for this study was obtained from the NSW Population and Health Services
Research Ethics Committee (CINSW reference: 2016/09/652 and AU RED reference:
HREC/16/CIPHS/25), University of South Australia (protocol number: 0000036441) and the
University of Canberra HREC (reference: 20181535).
143

Informed Consent Statement
All Breast Screen NSW clients consented to their data being used for service improvement.

Data Availability Statement
No additional data available.

Acknowledgements
The authors acknowledge the University of Canberra, Cancer Institute of NSW, and the
University of South Australia. This research is part of the first author’s PhD research, which
is supported by the Australian Government Research Training Program (RTP) Scholarship.

Conflicts of Interest
The authors report no conflict of interest.

References
1.
2.

3.
4.

5.
6.
7.

8.

Gu, W.; Wang, X.; McGregor, S.E. Optimization of preventive health care facility
locations. Int. J. Health Geogr. 2010, 9, 1–16, doi:10.1186/1476-072X-9-17.
Vidyarthi, N.; Kuzgunkaya, O. The impact of directed choice on the design of
preventive healthcare facility network under congestion. Health Care Manag. Sci.
2015, 18, 459–474, doi:10.1007/s10729-014-9274-2.
Verter, V.; Lapierre, S.D. Location of preventive health care facilities. Ann. Oper. Res.
2002, 110, 123–132, doi:10.1023/A:1020767501233.
Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424,
doi:10.3322/caac.21492.
Australian Institute of Health and Welfare BreastScreen Australia monitoring report
2018; Australian Institute of Health and Welfare: Canberra, Australia, 2018.
Australian Institute of Health and Welfare. BreastScreen Australia monitoring report
2019; Australian Institute of Health and Welfare: Canberra, Australia, 2019.
Maheswaran, R.; Pearson, T.; Jordan, H.; Black, D. Socioeconomic deprivation, travel
distance, location of service, and uptake of breast cancer screening in North
Derbyshire, UK. J. Epidemiol. Community Health 2006, 60, 208–212,
doi:10.1136/jech.200X.038398.
Jensen, L.F.; Pedersen, A.F.; Andersen, B.; Fenger-Gron, M.; Vedsted, P. Distance to
screening site and non-participation in screening for breast cancer: a populationbased
study.
J.
Public
Health
(Bangkok).
2014,
36,
292–299,
doi:10.1093/pubmed/fdt068.
144

9.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.

21.

22.

23.
24.

Hurley, S.F.; Huggins, R.M.; Jolley, D.J.; Reading, D. Recruitment activities and
sociodemographic factors that predict attendance at a mammographic screening
program. Am. J. Public Health 1994, 84, 1655–1658, doi:10.2105/AJPH.84.10.1655.
Hyndman, J.C.G.; Holman, C.D.J.; Dawes, V.P. Effect of distance and social
disadvantage on the response to invitations to attend mammography screening. J.
Med. Screen. 2000, 7, 141–145, doi:10.1136/jms.7.3.141.
Rahman, S.; Price, J.H.; Dignan, M.; Rahman, S.; Lindquist, P.S.; Jordan, T.R. Access to
mammography facilities and detection of breast cancer by screening mammography:
a GIS approach. Int. J. Canc. Prev. 2009, 2, 403–413.
Wang, L.; Rosenberg, M.; Lo, L. Ethnicity and utilization of family physicians: a case
study of Mainland Chinese immigrants in Toronto, Canada. Soc. Sci. Med. 2008, 67,
1410–1422, doi:10.1016/j.socscimed.2008.06.012.
Alford-Teaster, J.; Lange, J.M.; Hubbard, R.A.; Lee, C.I.; Haas, J.S.; Shi, X.; Carlos, H.A.;
Henderson, L.; Hill, D.; Tosteson, A.N.A.; et al. Is the closest facility the one actually
used? An assessment of travel time estimation based on mammography facilities. Int.
J. Health Geogr. 2016, 15, 8, doi:10.1186/s12942-016-0039-7.
Linsell, L.; Forbes, L.J.L.; Patnick, J.; Wardle, J.; Austoker, J.; Ramirez, A.J. Women’s
preferences for the delivery of the national health service breast screening
programme: a cross-sectional survey. J. Med. Screen. 2010, 17, 176–180,
doi:10.1258/jms.2010.010037.
Stark, C.R.; Reay, L.; Shiroyama, C. The effect of access factors on breast screening
attendance on two Scottish islands. Health Bull. (Raleigh). 1997, 55, 316–21.
Hamilton, E.L.; Wallis, M.G.; Barlow, J.; Cullen, L.; Wright, C. Women’s views of a
breast screening service. Health Care Women Int. 2003, 24, 40–48,
doi:10.1080/07399330390170015.
Australian Bureau of Statistics. 2011 Census quickStats: Greater Sydney Available
online:
https://quickstats.censusdata.abs.gov.au/census_services/getproduct/census/2011/q
uickstat/1GSYD?opendocument (accessed on Nov 6, 2020).
PHIDU. Data - Social health atlases of Australia. Available online:
https://phidu.torrens.edu.au/social-health-atlases/data#social-health-atlases-ofaustralia-local-government-areas (accessed on Mar 20, 2021).
Australian Bureau of Statistics. Census of population and housing - 2011 census
products; ABS: Canberra, Australia, 2011.
Hulse, K.; Reynolds, M. Investification: financialisation of housing markets and
persistence of suburban socio-economic disadvantage. Urban Stud. 2018, 55, 1655–
1671, doi:10.1177/0042098017734995.
Khan, J.R.; Carroll, S.J.; Warner-Smith, M.; Roder, D.; Daniel, M. Residential area and
screening venue location features associated with spatial variation in breast cancer
screening invitation response rates: an observational study in Greater Sydney,
Australia. BMJ Open 2021, 11, e043853, doi:10.1136/bmjopen-2020-043853.
NSW Department of Health. Healthy urban development checklist: a guide for health
services when commenting on development policies, plans and proposals; NSW
Department of Health: Sydney, Australia, 2009;
GTFS Data Exchange Greater Sydney GTFS – OpenMobilityData Available online:
https://transitfeeds.com/p/transport-for-nsw/237?p=31 (accessed on Jan 30, 2020).
Getis, A.; Ord, J.K. The analysis of spatial association by use of distance statistics.
145

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.
35.

36.

37.

Geogr. Anal. 1992, 24, 189–206, doi:10.1111/j.1538-4632.1992.tb00261.x.
Environmental Systems Research Institute (ESRI). ArcGIS Pro; ESRI: Redlands, CA, USA,
2019.
Snijders, T.A.B.; Bosker, R.J. Multilevel analysis : an introduction to basic and
advanced multilevel modeling; 2nd ed.; SAGE: London, UK, 1999; ISBN
9781446254332.
Nakagawa, S.; Johnson, P.C.D.; Schielzeth, H. The coefficient of determination R2 and
intra-class correlation coefficient from generalized linear mixed-effects models
revisited and expanded. J. R. Soc. Interface 2017, 14, doi:10.1098/rsif.2017.0213.
Merlo, J. A brief conceptual tutorial of multilevel analysis in social epidemiology:
using measures of clustering in multilevel logistic regression to investigate contextual
phenomena.
J.
Epidemiol.
Community
Heal.
2006,
60,
290–297,
doi:10.1136/jech.2004.029454.
R Core Team. R: A language and environment for statistical computing; R Core Team:
Vienna, Austria, 2019.
Alzubaidi, H.; Mc Namara, K.; Browning, C.; Marriott, J. Barriers and enablers to
healthcare access and use among Arabic-speaking and Caucasian English-speaking
patients with type 2 diabetes mellitus: a qualitative comparative study. BMJ Open
2015, 5, e008687–e008687, doi:10.1136/bmjopen-2015-008687.
Sabates, R.; Feinstein, L. The role of education in the uptake of preventative health
care: The case of cervical screening in Britain. Soc. Sci. Med. 2006, 62, 2998–3010,
doi:10.1016/j.socscimed.2005.11.032.
Von Wagner, C.; Good, A.; Whitaker, K.L.; Wardle, J. Psychosocial determinants of
socioeconomic inequalities in cancer screening participation: A conceptual
framework. Epidemiol. Rev. 2011, 33, 135–147, doi:10.1093/epirev/mxq018.
Smith, H.; Currie, C.; Chaiwuttisak, P.; Kyprianou, A. Patient choice modelling: how do
patients choose their hospitals? Health Care Manag. Sci. 2018, 21, 259–268,
doi:10.1007/s10729-017-9399-1.
Sydney Local Health District. BreastScreen mobile van visits Balmain [Media release]
2014.
Australian Health Ministers’ Advisory Council (Breast Cancer Screening Evaluation;
Committee). Breast cancer screening in Australia: future directions; Australian
Institute of Health: Canberra, Australia, 1990;
Rosenkrantz, A.B.; Liang, Y.; Duszak, R.; Recht, M.P. Travel times for screening
mammography: impact of geographic expansion by a large academic health system.
Acad. Radiol. 2017, 24, 1125–1131, doi:10.1016/j.acra.2017.03.010.
Cancer Institute NSW. Attitudes, beliefs and behaviours to breast cancer and
mammography
Available
online:
https://www.cancer.nsw.gov.au/what-wedo/news/attitudes-beliefs-and-behaviours-to-breast-cancer-#fn9 (accessed on Sep
28, 2021).

146

Chapter 7
Discussion

147

7 Discussion
This research assessed social and built environmental features in relation to breast cancer
screening service utilisation. Breast cancer is one of the primary causes of cancer-related
mortality among Australian women. Early detection via breast screening, followed by
improved treatment, has the potential to reduce mortality. Despite the potential benefits of
screening, in Australia, breast screening service utilisation is suboptimal and varies
according to geographic region. Environmental features may impact screening behaviour,
but only very limited research has been conducted in this research area in Australia. This
dissertation addresses this research gap in the hopes of facilitating improved breast
screening service utilisation in Greater Sydney, Australia.
The three studies included in this dissertation (Chapters 4, 5, and 6) attend to six research
Aims and eight Research Questions. This Discussion weighs and considers the main findings
from this overall body of work, interpreting them within the wider context of strategies and
policies aimed at optimising breast screening service utilisation.
This chapter is structured as follows: Section 7.1 recaps study findings according to Aim and
Research Question; Section 7.2 presents findings by geospatial variation and predictors;
Implications of these findings and their contribution to health service policy and practice are
presented in Section 7.3; Section 7.4 considers the strengths and limitations of the overall
research; Section 7.5 suggests future research opportunities; and Section 7.6 provides
concluding remarks.

7.1 Summary of findings according to Aim and Research Question
The primary goal of this dissertation was to assess residential sociodemographic features,
and venue location built environmental features in relation to breast screening service
utilisation, specifically, invitation response rate (IRR), individual uptake, and attendance at
closest or other venue. This dissertation also aimed to assess the geospatial variation in
each of the service utilisation outcomes. A synopsis of the findings is provided below
presented according to each aim and its associated research questions.
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7.1.1 Aim i: Assess small geographic area variation in breast cancer screening
uptake.
RQ 1. What is the small area variation in breast cancer screening invitation response rates
(IRR)?
Study 1 (Chapter 4) addressed RQ 1, finding substantial variation in BCS uptake (i.e., IRR)
across small areas (i.e., SA1) in Greater Sydney (mean 59.8%, SD 23.4, range 0-100%).

7.1.2 Aim ii: Investigate associations between breast cancer screening
uptake and small-area sociodemographic features, breast screening
venue distance, and venue location features.
RQ 2. What are the associations between the socioeconomic composition of breast cancer
screening invitees’ residential areas and breast cancer screening IRRs?
Study 1 (Chapter 4) addressed RQ 2. The study found residential area sociodemographic
features such as proportion of English-speaking women, educated women, and dwellings
with motor vehicles were each positively associated with breast screening IRR, while
proportion of fulltime employed women was inversely associated with IRR.
RQ 3. Which built environmental features of breast cancer screening venue locations are
associated with the IRRs, whilst accounting for residential area sociodemographic features?
Study 1 (Chapter 4) also addressed RQ 3. Breast screening IRR was positively related to
greater area-level distance to the closest venue(s), and venue co-location with shops. IRR
was inversely related to venues co-located with a train station and hospital. There were no
statistically significant relationships between IRR and venue co-location with bus stop or GP.

7.1.3 Aim iii: Explore patterns of spatial clustering of breast cancer screening
participation.
RQ 4. What is the extent of spatial clustering in the pattern of individuals’ participation in
screening within 6 months of receipt of an invitation to screen?
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Study 2 (Chapter 5) addressed RQ 4, finding breast screening participation within Greater
Sydney was spatially clustered. Geographic hot spots and cold spots highlighted areas with
higher densities of screening participants (hot spots) and non-participants (cold spots).

7.1.4 Aim iv: Assess associations between individual-level breast cancer
screening participation and residential area sociodemographic
features, distance to screening venue, and venue location features.
RQ 5. Do breast cancer screening invitees’ residential area sociodemographic features
predict screening participation within 6 months of receipt of an invitation to screen?
Study 2 (Chapter 5) addressed RQ 5. The study found that residential area
sociodemographic features such as median age for women, proportion of English-speaking
women, educated women, and proportion of dwellings with motor vehicles were positively
related to individuals’ participation in breast screening. Area-level proportion of fulltime
employed women was not significantly related to individuals’ screening participation.
RQ 6. Do distance from invitees’ residence to closest breast cancer screening venue, and built
environmental features of venue locations predict screening participation within 6 months of
receipt of an invitation to screen, whilst accounting for residential area sociodemographic
features (and distance for venue location features)?
Study 2 (Chapter 5) also addressed RQ 6. The study found that, greater distance to closest
venue, and venue co-location with bus-stop, train-station, hospital, and shop were inversely
related to individuals’ breast screening participation, and venue co-location with GP was
positively related to individuals’ participation in breast screening.

7.1.5 Aim v: Assess the associations between residential area
sociodemographic features and women’s use of their closest versus
other breast cancer screening venue.
RQ 7. Do the sociodemographic features of screeners’ residential areas predict attendance
at the closest, compared to other breast cancer screening venues?
Study 3 (Chapter 6) addressed RQ 7, finding a substantial proportion (41%) of women did
not attend their closest breast cancer screening venue. The proportion of women speaking
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English at home was positively associated with attendance at the closest venue from
residence. The proportion of women university-educated, full-time employed, and
proportion of dwellings with motor vehicles were inversely related to closest venue
attendance.

7.1.6 Aim vi: Assess the associations between closest venue location
features and women’s use of their closest venue, and differences in
these associations for mobile and fixed venues.
RQ 8. Do the closest venue location built environmental features predict attendance at the
closest screening venues, and are there any differences in these associations for mobile and
fixed venues?
Study 3 (Chapter 6) addressed RQ 8. The study found closest venue attendance was
associated with venue location built environmental features and the patterns of
associations varied according to venue type (except co-location with bus-stop). Closest
venue attendance was inversely related to venue co-location with bus stops, regardless of
venue type. Screening attendance at closest venues was positively linked to fixed venues
co-located with train stations but not significantly related to mobile venues co-located with
train stations. Closest fixed venue co-location with hospital was positively related to closest
venue attendance, but mobile venue co-location with hospital was negatively related. For
fixed venues, closest venue attendance was inversely related to venue co-location with GP
and shop, but positively related to mobile venue co-location with GP and shop.

7.2 Summary of findings by geospatial variation and by predictor
Studies undertaken for this dissertation revealed geospatial variation in each of the breast
screening service utilisation outcomes (IRR, individual uptake, and attendance at closest
versus other venues). Environmental predictors (residential area sociodemographic and
venue location features) were also found to be related to each of the service utilisation
outcomes. This section presents the findings from the three studies organised as follows –
‘geospatial variation’, ‘residential area sociodemographic features’, ‘distance to screening
venue’, and ‘venue location built-environmental features’ (Table 7.2). Discussion of study
specific findings, including how the findings fit within the broader literature, has already
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been provided in Chapters 4–6 and is therefore not being repeated here. The implications of
these findings, both to the literature and to policy and practice, are presented in Section
7.3.
Overall, associations between some area-level sociodemographic and venue location built
environmental features, and breast screening behaviour are consistent with findings from
other studies (according to Hill’s criteria, “consistency” [163]), having been observed in a
variety of settings, at various times, using a variety of analytical methods, and by a variety of
researchers. It means that specific social and built environmental features have been
consistently linked to breast screening behaviour. All three studies indicate there is
geospatial variation in screening behaviour (IRR, screening uptake, and attendance at
closest versus other venues), and highlight the potential importance of environmental
features. The implications of the influence of these features on breast screening service
utilisation are discussed in the following section.

152

Table 7.2. Summary of findings by geospatial variation and by predictor
Results and directions of associations (+/-/Null)
Outcome measures
Small area variation in IRR Invitees’ participation in
Screeners’ uses of closest
screening
versus other venues
Geospatial variation
Screening rate varied
Invitees were spatially clustered Screeners were spatially
significantly across small
in terms screening participation clustered in terms use of closest
areas.
or non-participation.
screening venue to their
residence.
Residential area sociodemographic features
Women speaking English at
+
+
+
home
Education for women
+
+
Full-time employed women
Null
-

Motor vehicle ownership
Median age for women
Distance to screening venue

+
+
-

Not assessed
Not applicable

Venue location built-environmental features (co-location)
Bus stop
Null

-

Train station

-

-

Hospital

-

-

Null

+

+

-

- (Mobile)
- (Fixed)
- (Mobile)
+ (Fixed)
- (Mobile)
+ (Fixed)
+ (Mobile)
- (Fixed)
+ (Mobile)
- (Fixed)

GP
Shop

+
Not assessed
+

Notes

Patterns of geographic variation in
IRR and spatial clustering of
screening participation aligned

Aligns with previous literature
Aligns with previous literature
Does not align with previous
literature (see discussions within
Chapters 4-6)
Aligns with previous literature
Aligns with previous literature
Aligns with previous literature

No previous research
No previous research
Aligns with previous literature
No previous research
No previous research
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7.3 Implications of findings
7.3.1 Contributions to literature
The findings of this research contribute to a better understanding of geospatial variation in
screening service utilisation (IRR, individual screening participation, and attendance at
closest versus other venues), as well as investigating how individuals’ residential-area
sociodemographic characteristics, geographic accessibility to screening venues (i.e., distance
to screening venue), and screening venue location built-environmental features shape
breast screening service utilisation in the Greater Sydney region of Australia. This research
makes a unique contribution to the field of Australian breast screening service optimisation
by examining the geospatial variation in service utilisation and associated environmental
features. Contributions are unique because, to date, no or limited research has evaluated
the geospatial variation in breast screening service utilisation and social and built
environmental characteristics, which might help in the development of policies and
intervention strategies. The following paragraphs review these matters in further depth.

7.3.1.1 Geospatial variation in breast screening service utilisation
Geospatial variation in screening uptake was assessed at both the small area level (Study 1)
and individual level (Study 2), with both studies reporting screening uptake participation
varied across Greater Sydney. Screeners’ use of closest venues versus other venues was also
spatially patterned (individual-level data, Study 3). These findings are interesting because
geospatial variation in screening uptake (i.e., IRR and invitees’ screening participation) and
screeners’ venue attendance have rarely been studied in previous research worldwide.
Area-level data (i.e., as used in Study 1) represent average area screening behaviour and
depict geographical variation, but they do not provide information about the spatial pattern
of screening behaviour within an area (Studies 2 and 3), which is important for identifying
spatial groupings of individuals within an area. These different methods accomplish
different goals and complement one another. This dissertation used both methods to assess
screening uptake and individual-level data to assess screening venue attendance at closest
versus other venues, thus providing a comprehensive picture of screening behaviour within
Greater Sydney. This information is critical to inform screening service utilisation by
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identifying areas with suboptimal breast screening service utilisation that may be targeted
for additional effort to improve service utilisation.

7.3.1.2 Breast screening service utilisation measures
The optimisation of screening services in any breast screening program should consider
both screening uptake (i.e., IRR, invitees’ participation in screening) and screening venue
selection (i.e., screeners’ use of the closest screening venue). The IRR and individual
screening participation assist in determining screening coverage as well as potential
overdue screening (i.e., women who were screened two years ago), both of which are
important in informing intervention strategies to ensure timely participation. One of the
fundamental strategies that any breast screening program considers in service provision to
enhance timely participation is to remove geographic accessibility barriers (i.e., distance to
screening venue). This is usually accomplished by providing a screening venue near the
clients’ place of residence. Even though the distance to the closest screening venue was
important in terms of participation in the screening (Study 2), it was not the only factor as
Study 3 showed that 41% of women who screened (i.e., screeners) did not attend their
closest venue. Distance may be a barrier for certain populations or areas (e.g., invitees
residing in areas with a greater proportion of dwellings without motor vehicles), but not a
barrier for others (e.g., screeners residing in areas with greater proportion of dwellings with
motor vehicles). Therefore, screeners’ venue usage behaviour (i.e., closest venue to their
residence versus other venues) is critical for screening venue placement.

7.3.1.3 Area-level sociodemographic features
Residential area sociodemographic features predicted breast screening service utilisation
outcomes. These findings are novel because no previous research (particularly in Australia)
has examined a specific set of residential area sociodemographic features in relation to both
screening uptake (i.e., IRR, invitees’ screening participation) and screening venue selection
(i.e., screeners’ use of the closest venue). They are important because areas identified as
having inadequate screening service utilisation may have a variety of factors that impede
service utilisation that can be targeted for additional support.
This study makes an important contribution by evaluating a set of residential area
sociodemographic features rather than a composite social disadvantage index in relation to
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breast screening service utilisation. Previous research in Australia has largely relied on
composite indices (e.g., SEIFA-IRSD) in relation to area-level breast screening uptake and
individual-level screening participation [79,84,98,104]. Area-level sociodemographic
characteristics may impact health behaviour (e.g., breast screening) via numerous pathways,
resulting in varying degrees of association. In line with this hypothesis, this research has
found that different residential area sociodemographic features are differently associated
with breast screening service utilisation. For example, greater breast screening uptake (i.e.,
IRR) is positively related to greater area-level women speaking English at home, but it is
inversely associated with greater area-level employment (Study 1). Findings imply that
various underlying processes may be responsible for these associations and that a diverse
intervention strategy may be necessary to enhance screening uptake and minimise social
inequalities. In contrast to specific, non-composite sociodemographic measures, an arealevel composite index cannot quantify the independent effects of specific area-level
sociodemographic features.
In this research, small geographic area units such as SA1s and SSCs were used to
operationalise residential area sociodemographic features (see Section 3.5). Small area units
are useful for elucidating fine-scale environmental features. Small area units (Studies 1 and
2) were also used to operationalise screening rates (i.e., IRR). Even though some few studies
in Australia have operationalised sociodemographic features at the small area level, no
studies have used this small area unit to operationalise screening rate. These are unique
contributions to the literature on breast screening service utilisation and its environmental
predictors, because no previous research, particularly in Australia, has examined this.

7.3.1.4 Distance to screening venue
Geographic access to the screening venue (i.e., distance) has long been recognised as a
critical component in screening participation [22,28,78,104,116,164]. Greater distance to
the venue is identified as a barrier to screening in different countries, including Australia
[22,28,78,104,116,164]. However, earlier Australian studies assessed population-based data
and sample data from an organised screening program [104,116]. One study looked at the
area-level distance to the venue in Victoria, Australia [104], while another study looked at
the individual-level road distance between residence and fixed venues in Perth, Australia
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[116]. There is a lack of comprehensive research on the association between distance and
screening participation using road network distance from residential addresses to all
available fixed and mobile screening venues in Greater Sydney, Australia. Notably, the
Greater Sydney region is primarily recognised as a metropolitan area, yet there is still a
geographic access barrier that needs to be considered during the development and
implementation of policy.
Even though the individual-level distance to venue was a barrier to screening participation
(Study 2), area-level distance to venue did not appear to have a negative effect on arealevel screening uptake (Study 1). It is also worth mentioning that a long distance to the
nearest screening site may not be a barrier for all women to participate in screening, as one
analysis of screeners revealed that 41% of screeners bypassed their closest screening venue
(Study 3). These insights could be useful to service planners when formulating screening
venue placement policies.

7.3.1.5 Built environmental features of screening venue locations
Screening venue location built-environmental features, which can act as enabling factors,
may be important in predicting individuals’ breast screening utilisation behaviour. However,
previous breast screening research has not thoroughly assessed such effects. The findings of
this research highlight the significance of screening venue location features in predicting
screening service utilisation. For example, the likelihood of screening participation was
lesser when the venue was co-located with a hospital or public transit stops but greater
when a venue was co-located with a GP (Study 2). Furthermore, screeners were more likely
to use the closest fixed venue to their home if it was co-located with a hospital. In contrast,
screeners use of the nearest mobile venue was less probable if it was co-located with a
hospital (Study 3). These findings may help to plan the siting of screening venues based on
predisposing or enabling built environmental features.

7.3.2 Contribution to policy and practice
The findings from this research have important practical implications for evaluators, service
providers, and policymakers intending to optimise breast screening service utilisation in
Greater Sydney and elsewhere. All studies show that residential area sociodemographic and
venue location built environmental features are related to breast screening service
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utilisation. Therefore, to optimise service utilisation, multilevel interventions focusing on
multiple environmental features should be considered.

7.3.2.1 Policies related to area-level social-environmental features
Residential area sociodemographic features can be utilised to identify areas with a higher
risk of breast screening service underutilisation.
7.3.2.1.1 Area-level proportion of women speaking English at home
Areas with greater proportions of women who do not speak English at home have a lower
screening uptake rate, a lower likelihood of participation, and a greater likelihood of
bypassing closest screening venue, making these areas ideal targets for intervention. Such
areas are culturally and linguistically diverse, and culturally and linguistically diverse people
may face complex challenges in accessing breast screening services. These challenges may
include a lack of awareness about cancer and screening, a language barrier to accessing
screening services, and a lack of recommendations to get screened from health
professionals. Interventions targeting these barriers within such areas may assist culturally
and linguistically diverse people to overcome these barriers and thus improve service
utilisation.
One practical strategy would be to increase breast cancer awareness through culturally and
linguistically sensitive educational interventions, which has been shown to be effective on
intention to screen in a previous study [165]. The results of another intervention study,
which targeted knowledge and language barriers among women from minority ethnic
groups, resulted in a significant increase in screening participation [166]. Intervention
strategies in that study included group health education sessions on cancer and screening in
formal and informal settings (e.g., community centres, women’s groups, clinics, health
centres, factories, and schools) in the women’s preferred languages [166]. A recent metaanalysis of seven RCTs reported that culturally tailored educational interventions increased
breast screening uptake among ethnic minority women by 18% [167]. Screening rates
among ethnic minorities are boosted with multifaceted interventions [168,169]. Such
interventions might include translated material (e.g., screening invitation), a letter of
recommendation from a GP, language support, and mobile screening units available for
longer periods of time [168,169]. Moreover, women from a specific cultural group may
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prioritise information from within their cultural group and attend a less convenient
screening venue based on recommendations from culturally similar women (e.g., a friend,
family member) who said a specific venue had staff from their own cultural group for
providing screening service. As a result, strategies such as culturally appropriate services at
all screening venues and adequate advertising of this fact may help to increase service
utilisation.
Overall, service provision will not ensure equitable access to screening services for women if
their culture, language, or ethnicity are not considered. Therefore, multiple strategies and
interventions are needed to enhance utilisation, such as educational materials tailored to
specific ethnic and linguistic groups, culturally and linguistically competent staff, active
participation of physicians who encourage women to participate, and the provision of
mobile vans. The mobile screening van itself can serve as a promotional attraction.
According to a study on Aboriginal women in Australia, a mobile van’s appearance in the
community may create a talking point and stimulate attention [170].
7.3.2.1.2 Area-level women’s education
The research within this dissertation also found that areas with a lesser proportion of
educated women have lesser area screening rates and lesser likelihood of individual-level
participation in screening. Screeners in these areas were more likely to use the nearest
venue. These findings show that invitees from socially disadvantaged areas (in terms of
education) are less likely to participate in screening; however, if they do participate, they
are more likely to use the closest venue (as expected). This indicates that placement of
screening venues near socially disadvantaged areas (in terms of education) may reduce
geographic accessibility challenges and improve screening uptake.
Screening uptake may also be improved by targeting these areas with lesser proportions of
educated women, focusing on improving knowledge and awareness about breast cancer
and the importance of screening. Educational interventions have demonstrated promising
effects in terms of improving knowledge and awareness and empowering women about
screening. These interventions can take a variety of forms and can be directed at both
individuals and communities. Individual-directed strategies may include individual and
group education (e.g., 30-60 minutes educational sessions every two weeks in a small group,
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presentation of educational content through documentary or short films, group discussions
and information exchange), telephone counselling, one-on-one discussions with health
professionals, and the provision of educational materials (e.g., brochures or flyers,
informational or reminders letters). One study reported that educational intervention
through eight educational sessions significantly increased knowledge, attitude, perceived
behavioural control, and subjective norms (e.g., mammography screening is deemed
essential for women by health professionals) in the intervention group compared to the
control group [171]. The educational intervention increased women’s intentions to get
screened [172], and that intention was a strong predictor of screening participation [173]. A
significant increase in screening uptake was seen after community health workers offered
one-on-one health education through follow-up phone calls and a web-based intervention
[174,175]. Along with individual-directed strategies, community-directed strategies are
needed because they offer a variety of potential targets for prevention and can reach
diversified groups of people.
Community-directed strategies may include educational sessions in the community, medialed community education campaigns, and culture-specific educational campaigns.
Community-based education intervention (i.e., 35–40 minutes presentations focused on
descriptive epidemiology, disease biology, and risk factors) effectively enhanced women’s
breast cancer knowledge [176]. The intention to have a mammogram increased as a result
of a media-led education intervention [177]. Another study suggested that a combination of
interventions (i.e., community‐directed mammography education and access to
mammography appointments) encourages women to have mammograms [178]. A metaanalysis based on 26 RCTs found that educational interventions boosted breast screening
behaviour, i.e., the probability of screening behaviour in the intervention group was 1.4
times greater than in the control group [179]. Overall, educational interventions can raise
women’s awareness, knowledge of breast cancer, the need for screening and help them
schedule screening appointments. Thus, educational interventions may increase the
likelihood of breast screening among eligible women.
7.3.2.1.3 Area-level women’s employment
Areas with a greater proportion of full-time employed women had lesser area-level breast
screening uptake (but this measure was unrelated to individual-level screening
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participation), and screeners residing in these areas were less likely to use their closest
screening venue. Therefore, women living in areas with greater employed women may
require specific intervention strategies to increase the use of screening services, such as
service provider recommendations, screening services conveniently located near
workplaces, and extended and convenient screening service hours. Research shows that
provider recommendation was a strong predictor of regular screening among employed
women [180]. Working women may also find it challenging to take time off work; thus,
workplace and extended-hour screening services may help to increase screening service
utilisation. Other initiatives aimed at working women could include placing awareness and
promotional materials in refreshment rooms or on bulletin boards, sending company-wide
emails, launching worksite-wide campaigns, and hosting educational sessions led by peer
health advisors. Research on working women reveals that co-workers strongly influenced
the older group, whereas friends and family strongly influenced the younger group [181].
Overall, better communication and information about the screening program’s coverage
and availability may contribute to greater service utilisation among working women.
7.3.2.1.4 Area-level proportion of household motor vehicle ownership
Areas with a lesser proportion of dwellings without motor vehicles had lesser area-level
screening uptake and lesser likelihood of individuals’ participation in screening, and
screeners living in these areas were more likely to use closest screening venue. Therefore,
these areas can be targeted for interventions. The provision of additional mobile screening
vans and the promotion of alternative modes of transportation, such as Uber with discount
vouchers or shuttle bus services without a fixed route/timetable, may help meet the needs
of women living in areas with a high proportion of households without a vehicle. Shuttle bus
services could allow passengers to book trips via phone call or mobile Apps negotiating
pickup and drop off times and locations that are mutually convenient. This is similar to the
concept of demand-responsive transport service [182], where passengers do not have to
rely on a fixed schedule in accessing bus service. In addition, some women with driving
difficulties may benefit from community transportation support services. A qualitative study
reported that some women of a specific ethnic group (i.e., Indian heritage) have trouble
participating in screening since they do not drive and rely on someone else to take them to
the service [183]. Policies should take these features into account because access to
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screening locations depends not only on distance and travel time but also on the mode of
transportation.

7.3.2.2 Policies related to built environmental features
Distance to screening venue and various venue location built environmental features are
associated with breast screening service utilisation. These findings lead to important policy
recommendations for program planners.
7.3.2.2.1 Geographic accessibility
As has previously been discussed (Section 7.2), greater distance was inversely related to
individuals’ participation in screening (Study 2); however, greater area-level distance was
positively associated with area-level screening uptake (Study 1). Among screeners, 59%
used the closest screening venue to their residence (Study 3). Individual-level distance to
screening venue (the most commonly used measure of geographic accessibility) makes an
essential contribution to policy in this scenario.
In this research (i.e., Study 2), the average distance from invitees’ residence to a screening
service was just over 6 km (SD 5.3 km), which is greater than the concept of a ‘20-minute
city’ (e.g., area with a 5 km radius defined by a 20-minute public transport or bike trip)
[184]. Research shows that 91.8% and 98.2% of the population in Australia live within a 10minute and 30-minute drive of a hospital or clinic, respectively [185]. A healthcare facility is
within a 10-minute and 30-minute walk for only 19.2% and 60.4% of people, respectively
[185]. As a result, geographic coverage of healthcare facilities (including breast screening
services) is likely optimal in most places for people who have access to motorised
transportation. Distance, however, may be an issue for certain population groups or specific
regions; for example, women with poor transport access and living in socially disadvantaged
areas. Women without access to private transportation may be more likely to attend a
screening in the city centre because it is easy to reach by public transit given the standard
transport structure. However, public transportation users may face additional difficulties
such as inconvenient schedules, the need to coordinate transit and screening appointments,
and infrequent service.
The distance effect may be complicated by screening facility type and availability. Some
women may miss screening appointments due to the limited availability of mobile screening
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vans in the community and thus must attend a more distant venue (e.g., one-hour driving
distance). Thus, screening may be considered inconvenient, leading to lesser screening
participation. So, the distance decay effect cannot be ruled out. This research finding can
inform targeted initiatives that may reduce geographic accessibility barriers and screening
service utilisation.
Individuals who face geographic access barriers can be targeted for access-enhancing
interventions that may act as a bridge between healthcare settings and women’s residential
environments. Access-enhancing interventions may include the provision of mobile vans,
transportation services, and help with scheduling. An intervention study among older-aged
(≥65) women found that women in the experimental group (cost subsidy, mammography
van, and tailored health education) had significantly greater odds of using mammography
than women in the control group (cost subsidy alone)[186]. According to the findings of
another intervention study, mammography use was significantly higher in the programme
area (community education and low-cost mobile van service) than in the comparison area
(mobile van service) [187]. One study reported that multifaceted intervention, including
access enhancing strategy, increased women mammography use in the intervention group
compared to the control group [188]. Intervention strategies in this study included physician
education, provider prompts, patient education materials, transportation assistance (i.e.,
bus passes), pre-appointment telephone or postcard reminders, and rescheduling assistance
[188]. Another study found that a multifaceted community-based intervention that included
access-enhancing strategies (e.g., transportation, facilitated scheduling) significantly
increased mammography use among women [189]. A meta-analysis reported that accessenhancing interventions (e.g., vouchers, facilitated scheduling, mobile vans, and
transportation) increased breast screening uptake in women by 18.9% [190].
It is worth noting that, in Greater Sydney, distance to nearest screening venues is shorter,
and women only need to be screened every two years. Thus, any distance barrier may be
better understood by evaluating its relationship with mammography frequency. It is beyond
the scope of this research, but a study found that greater distance was inversely related to
mammography frequency [191]. While the distance from home to nearest venue seemed a
barrier to screening, all women did not attend the venue near their home (i.e., 41% of
screeners attended a venue other than the closest to their home, Study 3). This means that
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some women may travel to a screening venue from their workplace (e.g., working women)
or other places where they frequently travel. The likelihood of bypassing the closest venue
was greater among women who lived in socially privileged areas (i.e., greater education,
employment, and access to motor vehicles). In addition to the distance between residence
and the closest screening location, it is necessary to consider other features. Therefore,
future research is necessary to explore the relationship between distance and screening
behaviour when considering women’s activity space (e.g., workplace, shopping centres).
7.3.2.2.2 Co-location of screening venue with public transit stops
The findings from this research can inform on the future placement of mobile and fixed
venue services, noting that different co-location features may be important for each venue
type. As described earlier (Section 7.2), screening venue co-location with a bus stop
(regardless of venue type) was inversely related to screening service utilisation outcomes
(invitees’ screening participation (Study 2) and screeners’ use of closest venue (Study 3)). In
addition, co-location of screening venue with a train station was inversely related to
screening service utilisation outcomes (screening uptake (Study 1), invitees’ screening
participation (Study 2), and closet venue attendance (for mobile venue only, Study 3)).
Potential reasons for these relationships have been discussed in Chapters 4–6.
Venue co-location with public transit stops is negatively associated with screening service
utilisation outcomes, which has important policy implications. While venue co-location near
public transportation stations can increase visibility, it seems unlikely to increase the use of
screening services. Policymakers may use the findings of this study as a baseline when
making venue placement decisions and assessing the relationship between venue colocation with public transportation stations and screening service utilisation. Furthermore,
when the closest fixed venue was co-located with a train station (Study 3), attendance was
greater, implying that the relationship between venue co-location with public transit stops
and screening service use varies by venue type. This research does not propose that the
screening facility should not be placed near public transit stations since this study did not
evaluate some important aspects of public transport access-health behaviour relationships
such as women’s access to public transit stops close to home and use of public transport.
However, a study in metropolitan Sydney suggests that train stations are appropriately
located in high population density and low SES areas [192]. Therefore, venue co-location
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with transportation stops necessitates additional research considering women’s
sociodemographic status (e.g., car ownership) and mode of transportation.
7.3.2.2.3 Co-location of screening venue with hospital
Another important co-location feature that relates to screening service utilisation is colocation with hospital. Venue co-location with a hospital had inverse relationships with
screening service utilisation outcomes (i.e., screening uptake (Study 1), invitees’ screening
participation (Study 2), and screeners’ closest venue attendance (for mobile venue only,
Study 3). An earlier study found that women were less likely to participate in screening if
the screening venue was co-located with a health facility [28]. From a policy perspective,
these findings support the placement of screening venues (particularly mobile screening
van) not adjacent to a hospital to boost breast screening service utilisation. However, in this
research, fixed venue co-location with hospital was far more common than mobile van colocation, and closest venue attendance was greater when the closest fixed venue was colocated with a hospital (Study 3). Therefore, this research does not recommend relocating
fixed screening venues currently co-located with hospitals to improve the use of screening
services because it would be expensive and take a long time and prior to such a change
further research would be recommended. For example, research could include a focus on
other built-environmental features of fixed venue locations, such as available car parking
facilities and proper signposting, which may be inadequate at hospitals. These are important
for developing policies on where to locate fixed and mobile screening sites and which
aspects need to be investigated in future research.
7.3.2.2.4 Co-location of screening venue with GP clinic
Co-location of screening venue with GP clinic is important for predicting screening service
utilisation. Venue co-location with GP (regardless of venue type) had positive relationships
with screening service utilisation outcomes (i.e., screening uptake (Study 1) and invitees’
screening participation (Study 2), and screeners’ closest venue attendance (for mobile
venue only, Study 3)). From a policy standpoint, these findings suggest that co-locating a
screening venue (particularly a mobile van) with a GP clinic may increase exposure to
screening venues and improve screening service utilisation. The placement of a mobile van
near a GP clinic may increase exposure to screening venues among women who visit the GP
clinic frequently. For example, people in socioeconomically disadvantaged metropolitan
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regions use GPs at a higher rate [193]. This indicates that screening venues co-located with
GP clinics are likely to benefit women living in socioeconomically disadvantaged areas,
which is an important policy recommendation. However, it is worth noting that the
distribution of GPs is uneven and inequitable between and within Australian States and
Territories [194], and screeners’ attendance at their closest venue was less likely if the
closest fixed venue was co-located with a GP clinic. Thus, this information should be
considered when making venue placement decisions and conducting future research.
7.3.2.2.5 Co-location of screening venue with shop
Another policy consideration based on venue location features would be to locate screening
venues near shops or shopping centres, which may increase screening service utilisation.
Shopping centres are locations where people of all ages engage in a variety of activities, and
there is a dynamic link between all aspects of the social and physical environments [195].
The shopping centre is regarded as more than just a place of consumption, as it also serves
as a social gathering place and a place of entertainment and communication [195]. The
findings of this research show that screening venue co-location with shop was positively
related to area-level screening uptake (Study 1), and screeners’ closest venue attendance
was higher for mobile venues co-located with shops (Study 3). Thus, the shopping centre is
an enabling factor for the utilisation of screening services. However, the relationships
between venue co-location with shops and screening service utilisation outcomes are
inconsistent across studies and vary by venue type. Screening venue co-location with shop
was inversely related to individual-level screening participation (Study 1), and screeners’
closest venue attendance was lesser for fixed venues co-located with shops (Study 3). There
is a need for further research on the impact of screening venues being located in shopping
centres on the use of breast screening services.

7.3.2.3 Multilevel, multisector intervention to enhance breast screening
service utilisation
The previous sections discussed potential strategies to enhance breast screening service
utilisation based on area sociodemographic features, distance to screening venue, and
venue location built environmental features. This discussion highlighted the necessity of
multiple strategies to enhance screening service utilisation. Under-served communities
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likely need programs that incorporate multiple strategies intending to address the
numerous challenges such communities may face in relation to breast screening
participation. For example, a community education intervention may motivate women to
screen by increasing their knowledge and awareness (an issue identified in study [196]);
however, other barriers (e.g., lack of transportation) may still prevent screening
participation, as women who lived further from screening locations were less likely to
participate (Study 2). This could be minimised by providing a mobile screening van near
their home in conjunction with education. But location, beyond just distance, is critical
when it comes to placing screening facilities (i.e., mobile vans), and placing venues near
concentrations of other services or resources (e.g., shopping outlets, GP clinics) that are
likely to overlap with daily activity space may increase utilisation (supported by the findings
from Studies 1-3). Moreover, some motivated women (e.g., of culturally and linguistically
diverse background) may choose not to participate in screening or bypass the nearest
screening facility (per Study 3 findings) potentially because the facility lacks staff who speak
their language. Consequently, interventions should be designed to target multiple local
environmental features that support screening behaviour simultaneously to achieve the
best outcome.
Evidence suggests that multilevel strategies are more likely than single intervention
strategies to improve screening service utilisation. According to a meta-analysis, the
combination of access-enhancing (e.g., vouchers, facilitated scheduling, mobile vans, and
transportation) and individual-directed (e.g., one-on-one counselling, telephone counselling,
tailored letters and reminders) intervention strategies has the strongest effect (26.9%,
increase in mammography use) compared to access-enhancing interventions (18.9%) and
individual-directed interventions (17.6%, in health care settings) alone [190]. Therefore, to
increase breast screening uptake, access-enhancing strategies operate as a valuable
complement to individual-directed strategies, implying that multilevel interventions have a
significant impact. According to another meta-analysis, compared to active controls,
multilevel interventions have an average effect of 13% increase in mammography use,
whereas single interventions have an effect of 5.6% [197]. Meissner et al. stated that
“successful strategies to enhance adherence to cancer screening have been directed toward
multiple levels, including individuals, health care providers, health care and other
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organisations (e.g., worksites, churches, etc.), and communities.” (page 1113) [198]. The
socioecological framework and the PRECEDE-PROCEED model (Chapter 2) both frame the
need to use multilevel strategies in breast cancer screening interventions.
In Greater Sydney, breast screening service utilisation is below the target rate with notable
variation across small geographic areas. This variation in service utilisation is linked to
differences in residential area sociodemographic and venue location built-environmental
features. Furthermore, a geographic access barrier to using screening services persists.
Evidence-based multilevel interventions are needed to optimise the utilisation of screening
services and reduce geographic inequality in Greater Sydney.

7.4 Strengths and limitations
7.4.1 Strengths
In addition to addressing research gaps identified above (see Chapter 2), this dissertation
exhibits several strengths, including data sources, screening service utilisation outcomes,
visualisation of the geospatial variation in service utilisation outcomes, social and built
environmental measures, and analytical approaches. The following paragraphs address
these matters in greater detail.
First, all studies in this thesis used population-based breast cancer screening data (described
in each study, Chapters 4–6). Second, the outcome measures assessed in this research are
important for optimising screening service utilisation. Study 1 looked at the small area level
variation in screening rate, whereas Study 2 looked at individual-level screening
participation. These two outcome measures are closely linked, but they were
operationalised at two different levels and addressed two goals. In Study 2, distance to the
closest screening venue appears to be a barrier to screening participation, but not all
women have used the closest venue to their home, as evidenced by Study 3. This research
has assessed invitees’ and screeners’ breast screening service utilisation behaviour (see
Section 2.6).
Third, the visualisation of breast screening behaviour is essential for program planners to
understand regional disparities in service utilisation. These are often based on two forms of
spatial data: point data (e.g., individual’s residential location) and area data (e.g.,
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individual’s residential area). This research employed area data maps (i.e., geographical
variation) of screening rate (Study 1), and point data maps (i.e., spatial pattern) of screening
participation (Study 2) and use of the closest screening venue (Study 3). Clusters of events
(i.e., screening participants or non-participants, closest screening venue users or distant
venue users) were visible on maps made with point data. These maps show the spatial
pattern of service use and reveal clusters of women who use services similarly. Area data
maps of screening rates can distinguish between high use and low use areas. Each of these
maps has its distinct benefit (see Chapter 3), and they can be used in conjunction with one
another (e.g., Study 2). They have rarely been used in breast screening research, which
could be due to limited access to individual-level geocoded data.
Fourth, the research examined not only breast screening service utilisation measures and
their geospatial variation but also their environmental correlates (residential areas
sociodemographic and venue location built-environmental features). There is a paucity of
research that examines the role of social and built environmental features in predicting
breast screening service utilisation outcomes. Fifth, there are two types of strategies that
have been used in the literature to investigate how environmental features are related to
health or health behaviour: ecological studies and multilevel studies. This research has used
a combination of ecological (Study 1) and multilevel studies (Studies 2 and 3).
Environmental features related to small area variation in screening rate (Study 1) and
individual screening participation and closest venue attendance (Studies 2 and 3) have been
investigated in this research. Lastly, to estimate associations between environmental
features and breast screening service utilisation outcomes, both spatial and non-spatial
models, as well as single-level and multilevel models, have been widely used. However,
these analytical models have rarely been used in previous Australian breast screening
service utilisation research. In this research, spatial models were used in the ecological
study (Study 1), and multilevel models were used in the multilevel studies (Studies 2 and 3).
The investigation of these outcome measures and their environmental predictors would aid
in ensuring timely screening participation and planning the location of screening sites to
maximise utilisation.
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7.4.2 Limitations
This

research

has

limitations,

including

a

limited

number

of

individual-level

sociodemographic characteristics, a lack of information about activity space, venue features,
private screening, issues relating to the MAUP, and a restricted basis for causal inference.
Recognising these constraints can aid in better understanding and interpretation of findings.
It should be noted that study-specific limitations have already been presented in Chapters
4-6; this section will discuss the broader limitations of this research rather than studyspecific limitations. They are discussed in detail in the following paragraphs.
The BreastScreen NSW program data provided by the CINSW unfortunately did not include
sociodemographic characteristics of invitees and screeners (see Chapters 4–6). This
research instead incorporated Census-based sociodemographic features at the residential
small area level. These area-level sociodemographic measures can compensate for the lack
of individual-level sociodemographic data. Research suggests that census-based small-area
sociodemographic measures could considerably improve the analysis of social disparities in
health by overcoming the lack of individual-level sociodemographic data in public health
registries and medical records [199–201]. Women’s activity spaces may include different
locations (e.g., residence and workplace), but this research only had data on place of
residence, so that geographic access from workplace could not be measured and its possible
impact on the use of the screening services assessed (see Chapter 6). This research also
lacked some screening venue or venue location features (see Chapters 4–6).
There were no data on private breast screening, which may affect the overall estimate of
breast screening service utilisation measures (see Chapters 2, 4-6). For example, some
women may screen for breast cancer privately (i.e., not through BreastScreen Australia) and
so appear to have not attended screening within a specified time period (e.g., six months)
after being invited (i.e., be classified as non-attendance based on BreastScreen data). This is
likely to result in an underestimation of the screening rate. It may also impact on the
estimates of model parameters and consequently should be considered when interpreting
findings. A study conducted in NSW, Australia, reported women who are currently screened
elsewhere (via Medicare, outside of the BreastScreen Australia program) have higher levels
of education and income [61]. Thus, the screening participation of women from affluent
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classes may be underrepresented in BreastScreen data, potentially leading to an
underestimation of the true association between socioeconomic status and screening
participation.
The Modifiable Areal Unit Problem (MAUP) is an issue in spatial epidemiology. The spatial
unit size and how the study region is partitioned can lead to analytical discrepancies (see
Chapter 2). Another problem in spatial epidemiology is aggregation error, which may arise
because of the discretisation of a continuous space into a set of spatial objects. It is often
assumed that the study region can be represented as a set of discrete spatial objects, like
points (e.g., area centroids) and polygons (e.g., areal units), particularly when researching
locational effects on health. This error can be seen in studies of geographic access to health
facilities (e.g., distance from the area centroid to the screening venue) and healthcare
utilisation (e.g., breast screening) because individuals’ residential locations within highly
aggregated areal units can vary significantly. As a result, some degree of error may exist in
the distance measure, influencing the analytical results and interpretation.
This research investigated associations, and findings cannot be interpreted as causative
based on established criteria [163]. Prior to inferring that an estimated association
represents a causal effect, several key issues (e.g., confounding, internal validity,
temporality, construct validity of causes and effects, statistical conclusion validity) need to
be considered. The establishment of temporal precedence of the exposure and outcome
does not alone ensure that a given association is causal. This research could not avoid
difficulties with the temporal sequence between an exposure and the outcome because
individuals were not monitored over time (i.e., longitudinally). Furthermore, all exposure
measures (e.g., residential area sociodemographic and venue location built environmental
aspects) were not evaluated simultaneously, though they are unlikely to alter frequently.
Therefore, the research findings do not meet established criteria for causal inference.
However, reverse causation is unlikely given the research questions and measures assessed.
For instance, co-location of screening venues with a train station or hospital was found to be
inversely related to area-level screening rate or individual participation. It seems unlikely
that women’s participation in screening every two years would cause co-location of venues
with public transportation stops and health facilities. Future research on this topic will help
to elucidate the potential pathways.
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7.5 Future research
The investigation of environmental influences on breast screening services in this research
yields novel results by addressing important research gaps and opens the way for future
research. These points will be discussed briefly in the following paragraphs.
This research found patterns of relationships between screening service outcomes and local
environmental features in Greater Sydney, as well as some counterintuitive and null results.
For example, area-level distance to venue was positively associated with area-level
screening rate (Study 1), but individual-level distance to venue was inversely related to
individuals’ participation in screening (Study 2). However, Study 1 and Study 2 have
different study designs, and the different directions of associations are not directly
comparable. Study 1 was an ecological study that used area units (i.e., SA1s) as the unit of
analysis, whereas Study 2 was a multilevel study that used the individual as the unit of
analysis.
An ecological study is a type of observational study in which analysis is performed on
aggregated (e.g., area-level variables) rather than on individual data [202]. It aims to
compare geographical areas in terms of aggregated area health indicators and/or to
investigate the relationship between environmental features and a specific health indicator.
A commonly mentioned issue in ecological study is “ecological fallacy” [203,204]. It is a
mistake in interpreting the ecological study results in which conclusions about individuals
are inferred incorrectly from aggregated data results [202]. For example, in the classic study
conducted by Robinson, the relationship between nativity (foreign versus native born) and
illiteracy was investigated [204]. This study calculated the correlation between the
proportion of foreign-born people (i.e., immigrants) and the proportion of illiterate people
in each of the 48 states in the USA and found it to be -0.526 [204]. Based on this inverse
correlation, it was concluded that states with a greater proportion of immigrants were less
likely to have a greater proportion of illiterates. However, inferring based on this finding,
that immigrants are more literate than native citizens would be an example of the
"ecological fallacy" (i.e., a logically flawed extrapolation beyond the units of analysis used).
When these variables were expressed at an individual level, this study found a positive
relationship (i.e., a correlation of 0.118) rather than the negative association apparent in the
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ecological analyses [204]. The individual-level analyses found immigrants were more likely
to be illiterate than non-immigrants. State-level and individual-level correlations are
completely reversed. Thus, extrapolating individual-level relationships from area-level
relationships may result in incorrect inference.
In this research, at the area-level, greater distance to venue is associated with greater
screening rate. This should not be interpreted to imply that the likelihood of an individual
participating in screening increases with increasing distance to venue. Future research
assessing the impact of distance at area-level and individual-level on screening behaviours is
recommended. For example, there is, the possibility of aggregation error in the area-level
distance to the screening venue, calculated from the area centroid, i.e., geometric centroid
(see Section 7.4.2). Use of the population-weighted mean centroid instead of the geometric
centroid when calculating distance may improve the measure; however, this does not solve
the problem of all individuals receiving the same distance value. Future research could
improve the calculation of area-level distance to venue and assess its relationship with
screening rate.
Still considering distance, though at the individual-level, research may include a focus on for
whom distance most matters in terms of impact on screening, that is, assessing interaction
effects by individual-level factors such as employment, education, income, ethnicity, and car
ownership. It would also be useful to calculate distance to screening venue from residence
and workplace (for working women) during the evaluation of geographic access to venue in
relation to screening service utilisation. When assessing the associations with area
sociodemographic factors and venue co-location features, future research would benefit
from inclusion of other relevant factors. For example, this research looked at the impact of
area-level women’s education on breast screening service use but did not adjust for
individual-level education status. As a result, it is unclear how area-level education affects
service utilisation beyond individual-level education (independently). This entails
investigating the independent effects of area-level sociodemographic features on screening
service

utilisation,

which

can

be

accomplished

by

including

individual-level

sociodemographic characteristics where possible. Similarly, public transportation use may
confound the relationship between screening venue co-location of public transportation
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stops and screening service utilisation. As a result, including information about women’s use
of public transportation and access to and availability of key transit services near their place
of residence could improve our understanding of this relationship. It is crucial to highlight
that collecting all relevant information from administrative cancer screening record data
may not be practicable, but it may be possible to conduct such research by selecting a
representative sample from a large population database.
This research examined a specific set of venue location built environmental features
extracted from various data sources. These features could, in the future, be included in
administrative screening venue data. Such measures would be useful in assessing changes in
relationships with these features over time, as some locations may change due to city
expansion. For instance, in some areas, the venue co-location with public transport stops
may change over time. Future research into the relationship between venue location
features and screening service utilisation needs to consider the spatiotemporal variability of
site location features.
Other venue site features, such as car parking availability, signposting, and co-location with
places of worship, need to be investigated in future research, as these features have been
discussed frequently in various cancer screening service literature. In addition to venue
location features, inside screening venue features such as the number of machines and
staff, appointment availability, waiting time, and interpreter services availability may all be
important in screening service utilisation. Information about these features can be included
in breast screening program data. These features and their potential impact on screening
service utilisation should be considered in future studies.
The location of the screening is critical to the success of the screening service. Further
research in this area could involve looking into women’s preferences for screening locations.
For example, some women may prefer a screening location that is easily accessible, has free
parking, and has a non-clinical environment. Culturally and linguistically diverse women may
prefer a screening place with mammographers who speak their language. These factors may
have an impact on women’s decisions regarding whether to visit their local screening
facility; thus, further research is needed in the future. It may not be possible to obtain
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information on women’s preferences in administrative cancer screening data, but it can be
done by drawing a representative sample from the population database.
The multilevel model has the benefit of estimating the impact of individual and area-level
features on the use of breast screening services and area clustering. However, this model
does not consider the spatial relationships between areas (e.g., SSCs); instead, it focuses on
the correlation of outcomes within areas. This model ignores potential between-area
correlation due to underlying spatial processes and thus is subject to biased statistical
inference [205]. Furthermore, if the presence of spatial correlation (i.e., between-area
correlation due to, for example, spatial spillover effects) is not considered, the variance of
area-level random effects in classical multilevel models can be overestimated [205]. The
multilevel spatial model can solve these issues, but this model is complex and
computationally

intensive.

Given

the

availability

of

appropriate

computational

environments (i.e., high-performance computers), future research should use this model to
assess the relationship between area-level environmental features and individuals’
screening behaviour based on big population-level screening data.

7.6 Conclusion
In Greater Sydney, breast cancer screening service utilisation is suboptimal and varies across
small geographic areas. Residential area sociodemographic, distance to screening venue,
and venue location built-environmental features are associated with breast screening
service utilisation outcomes. Therefore, characteristics of residential areas combined with
screening venue location features may support further targeted intervention strategies to
enhance screening uptake in groups at risk of not participating in screening. Insights into the
influence of environmental features on women’s closest venue attendance to their
residence may provide an opportunity to improve screening service provision and venue
placement to increase utilisation. Further work needs to be done on the influence of local
area features on screening service utilisation considering other related features.
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1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide licence to reproduce the Licensed

Material for the purpose specified in your order only. Licences are granted for the specific use requested in the order and
for no other use, subject to the conditions below.
1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse of the Licensed Material.

However, you should ensure that the material you are requesting is original to the Licensor and does not carry the
copyright of another entity (as credited in the published version).
1. 3. If the credit line on any part of the material you have requested indicates that it was reprinted or adapted with

permission from another source, then you should also seek permission from that source to reuse the material.
2. Scope of Licence
2. 1. You may only use the Licensed Content in the manner and to the extent permitted by these Ts&Cs and any
applicable laws.
2. 2. A separate licence may be required for any additional use of the Licensed Material, e.g. where a licence has been
purchased for print only use, separate permission must be obtained for electronic re-use. Similarly, a licence is only valid
in the language selected and does not apply for editions in other languages unless additional translation rights have been
granted separately in the licence. Any content owned by third parties are expressly excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives require additional permission and
may be subject to an additional fee. Please apply to
Journalpermissions@.§Rringernature.com/bookpermissions@.§pringernature.com for these rights.
2. 4. Where permission has been granted free of charge for material in print, permission may also be granted for any
electronic version of that work, provided that the material is incidental to your work as a whole and that the electronic
version is essentially equ ivalent to, or substitutes for, the print version .
2. 5. An alternative scope of licence may apply to signatories of the STM Permissions Guidelines, as amended from time
to time.
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5. Restrictions on use

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor editing privileges e.g. minor

adaptations of single figures, changes of format, colour and/or style where the adaptation is credited as set out in Appendix 1
below. Any other changes including but not limited to, cropping, adapting, omitting material that affect the meaning, intention
or moral rights of the author are strictly prohibited.
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5. 2. You must not use any Licensed Material as part of any design or trademark.
5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by Springer Nature, but any
Licensed Material must be removed from OAP sites prior to final publication.

6. Ownership of Rights

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and any rights not explicitly granted
herein are expressly reserved.

7. Warranty

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR
OTHERWISE (INCLUDING, WITHOUT LIM ITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES}, AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
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8. Limitations

8. 1. BOOKS ONL Y:Where 'reuse in a dissertation/thesis' has been selected the following terms apply: Print rights of the
final author's accepted manuscript (for clarity, NOT the published version) for up to 100 copies, electronic rights for use only
on a personal website or institutional repository as defined by the Sherpa guideline (www.sherRa.ac.uk/romeo/).

8. 2. For content reuse requests that qualify for permission under the STM Permissions Guidelines , which may be updated
from time to time, the STM Permissions Guidelines supersede the terms and conditions contained in this licence.

9. Termination and Cancellation

9. 1. Licences will expire after the period shown in Clause 3 (above).
9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not received in full or if there has been
a breach of this agreement by you.
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For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance online
publication, day month year (doi: 10.1 038/sj.[JOURNAL ACRONYM].)
For Ad aptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication)
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Note : For any re11ublication from the British Journal of Cancer, the following credit line styk..i!.1111lies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer Research UK: : [Journal Publisher
(e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name, Author(s) Name),
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For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave Macmillan, Springer etc) [Book
Title] by [Book author(s)] [COPYRIGHT] (year of publication)
Other Conditions:

Version 1.3
Questions? customercare@£Ql1Y.!!Qht.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.
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Dear Mr. Jahidur Rahman Khan,
We hereby grant you permission to reprint the material below at no charge in your thesis subject to the following
conditions:

1. If any part of the material to be used (for example, figures) has appeared in our publication with credit or
acknowledgment to another source, permission must also be sought from that source. If such permission is not
obtained then that material may not be included in your publication/copies.
2. Suitable acknowledgment to the source must be made, either as a footnote or in a reference list at the end of
your publication, as follows:
"This article was published in Publication title, Vol number, Author(s), Title of article, Page Nos, Copyright
Elsevier (or appropriate Society name) (Year)."
3. Your thesis may be submitted to your institution in either print or electronic form.
4. Reproduction of this material is confined to the purpose for which permission is hereby given.
5. This permission is granted for non-exclusive world English rights only. For other languages please reapply
separately for each one required. Permission excludes use in an electronic form other than submission. Should
you have a specific electronic project in mind please reapply for permission.
6. As long as the article is embedded in your thesis, you can post/share your thesis in the University repository.
7. Should your thesis be published commercially, please reapply for permission.
8. Posting of the full article/ chapter online is not permitted. You may post an abstract with a link to the Elsevier
website www.elsevier.com. or to the article on ScienceDirect if it is available on that platform.
Kind regards,
Roopa Lingayath
Senior Copyrights Coordinator
ELSEVIER I HCM - Health Content Management
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