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BACKGROUND: Striking geographic variations in prostate cancer incidence suggest an aetiological role for spatially-distributed
factors. We assessed whether neighbourhood social deprivation, which can reflect limited social contacts, unfavourable lifestyle and

environmental exposures, is associated with prostate cancer risk.

METHODS: In 2005-2012, we recruited 1931 incident prostate cancer cases and 1994 controls in a case-control study in Montreal,
Canada. Lifetime residential addresses were linked to an area-based social deprivation index around recruitment (2006) and about
10 years earlier (1996). Logistic regression estimated adjusted odds ratios (ORs) and 95% confidence intervals (Cls).

RESULTS: Men residing in areas characterised by greater social deprivation had elevated prostate cancer risks (ORs of 1.54 and 1.60
for recent and past exposures, respectively; highest vs lowest quintiles), independently from area- and individual-level confounders
and screening patterns. The increase in risk with recent high social deprivation was particularly elevated for high-grade prostate
cancer at diagnosis (OR 1.87, 95% Cl 1.32-2.64). Associations were more pronounced for neighbourhoods with higher proportions
of separated/divorced or widowed individuals in the past, and with higher percentages of residents living alone recently.
CONCLUSIONS: These novel findings, suggesting that neighbourhood-level social deprivation increases the risk of prostate cancer,

point out to potential targeted public health interventions.

British Journal of Cancer (2023) 129:335-345; https://doi.org/10.1038/s41416-023-02299-7

INTRODUCTION

Over 1.4 million men are diagnosed with prostate cancer annually
[1]. It is the most common solid-tumour malignancy among men
in Canada, representing about 10% of all male cancer deaths in
this country [2]. Despite extensive research, elucidating the causes
of prostate cancer has proven to be a major challenge. The only
established risk factors, none of which are modifiable, are age,
first-degree family history of this cancer and African ancestry, with
genetic factors explaining over 30% of the familial risk [3, 4]. There
is an urgent need to identify factors that can lead to public health
interventions. Striking geographic variations in prostate cancer
incidence, observed at international, national and local scales,
which cannot be fully explained by detection patterns, suggest
that spatially-distributed factors may play an aetiological role [5].
This is further supported by observations that men of Asian and
Hispanic heritage who migrate to the United States tend to
acquire the prostate cancer risks of their host countries [6, 71.

These unexplained spatial variations point out to a promising
research avenue.

Townsend [8] distinguishes two forms of deprivation: material
and social, which could be independently associated with prostate
cancer. While the former refers to the concept of poverty and
material resources, the latter refers to social disadvantage, including
isolation, which could reflect restricted social networking, from the
family to the community. There is mounting evidence that material
deprivation, from childhood through adulthood, is associated with
prostate cancer incidence and aggressiveness [9, 10]. In particular, it
has been found that high educational attainment and high income
were associated with an increased risk of this cancer [11-15]. At the
neighbourhood level, material deprivation has also been recently
linked to prostate cancer disparities, with men living in highly
materially-deprived neighbourhoods being at lower risks of
prostate cancer [15-18]. This was attributed, in part, to differential
access to health care, including screening.
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At the individual level, social isolation and limited social ties
have been previously linked to greater prostate cancer incidence
and/or poorer prognosis [19-21], as the presence of close ones
can promote and facilitate medical follow-ups and a healthier
lifestyle [22, 23]. To our knowledge, whether neighbourhood social
deprivation relates to prostate cancer incidence has never been
investigated.

We assessed here whether living in a socially-deprived
environment, recently and in the prior decade, was associated
with prostate cancer risk, independently from material depriva-
tion. Findings could help clarify geographic variations in prostate
cancer incidence and identify populations who could benefit from
targeted community-based public health interventions.

METHODS

Study design and population

We used data from the Prostate Cancer and Environment Study (PROtEuS),
a population-based case-control study conducted in Montreal, Canada, in
2005-2012. Study details have been published elsewhere [24, 25]. Briefly,
eligible subjects were males, aged less than 76 years at diagnosis or
selection, Montreal residents, registered on Quebec’s electoral list and
Canadian citizens. Cases were patients diagnosed with incident, histolo-
gically confirmed prostate cancer across French-language hospitals in
Montreal between 2005 and 2009, covering 80% of all cases diagnosed in
the Montreal area. Concurrently, controls were randomly selected from the
electoral list of French-speaking men residing in an area of 39 electoral
districts, corresponding to those of cases. These lists are continuously
updated and are thought to include almost all Canadian citizens residing in
Quebec. Controls were frequency-matched to cases by 5-year age groups,
and those with a history of prostate cancer were excluded. Participation
rates were 79% and 56% among cases and controls, respectively. Overall,
1931 cases and 1994 controls were included in the analyses. We had
carried out sample size calculations a priori, before launching the study,
under a range of hypothetical conditions. Fixing the alpha level at 5%, the
statistical power to detect an odds ratio (OR) of 1.2 with our full study
sample was expected to correspond to 80% for a prevalence of exposure
of 20% (quintiles).

PROtEUS was approved by the ethics committees of all participating
institutions: Institut national de la recherche scientifique, Centre de
Recherche du Centre Hospitalier de I'Université de Montréal, Hopital Jean-
Talon, Hoépital Maisonneuve-Rosemont, Hopital Charles-LeMoyne, and
Hopital Fleury. All subjects provided written informed consent.

Data collection

Face-to-face interviews were conducted between 2005 and 2012. For 3%
of cases and 4% of controls, respondents were proxies, usually spouses.
Information was collected on sociodemographic, lifestyle, environmental
and medical factors. Lifetime residential addresses were elicited during in-
person interviews or during a follow-up by telephone (73.9%). Addresses
were geocoded using the ArcGIS 9.3 geographic information system (GIS)
(ESRI, Redlands, CA) [26] and linked to geographical dissemination areas
(DA) using a spatial join method. Prostate cancer aggressiveness, defined
by the Gleason score (tumour grade), was extracted from diagnostic biopsy
pathology reports. Information was elicited about prostate-specific antigen
(PSA) and digital rectal examination (DRE) testing in the 5 years before
diagnosis or interview (index date). We did not have information on the
reason motivating these tests (routine screening, symptoms, confirmatory
tests, etc.) and are referring to these here as screening tests, while some
might in fact have been diagnostic tests.

Neighbourhood deprivation

To characterise neighbourhood-level deprivation, we used the Canadian
Material and Social Deprivation Indices [27], shown to have good validity
and reliability and to perform well in the identification of multiple health
issues and social inequalities [28]. These indices are based on the smallest
geographical unit at which census data are available (i.e, DA),
corresponding to neighbouring blocks inhabited by approximately 400-
700 individuals. Because the time elapsed between initiation and detection
of prostate cancer can be as long as 10 years in men over 55 years old [29],
we investigated the role of deprivation in 1996, which preceded
recruitment date by about a decade. We also focused on the census year

closest to diagnoses/interviews, i.e., 2006, to reflect exposure that could
relate to tumour growth, and screening patterns, and thus prostate cancer
diagnosis. This allowed us to consider changes in addresses and exposure
over the ten-year period.

The two deprivation indices were constructed by the Institut national de
la santé publique du Québec using principal component analysis. They
incorporate six indicators extracted from the censuses of a corresponding
year and standardised for the age and sex structure of the Canadian
population. For the social deprivation index, these indicators are (1) the %
of individuals aged >15 years living alone, (2) the % of individuals aged
>15 years who are separated, divorced or widowed, and (3) the % of
single-parent families. The material deprivation index was based on (1) the
% of people aged =15 years without high school diploma, (2) the
employment/population ratio of people aged =15 years, and (3) the
average income of people aged >15 years.

For both types of deprivation (social and material), we classified census
units into quintiles based on the distribution of deprivation scores among
our controls’ population, ranging from the least deprived neighbourhood
(quintile 1) to the most deprived one (quintile 5). The material and social
components vary largely independently, as confirmed by the low
correlation observed in our population (Pearson’s correlation coefficients
were 0.12 at recruitment and 0.21 in 1996).

In addition, we examined patterns of change in neighbourhood social
deprivation between 1996 and year of recruitment. For each of the two
times points, a score below the median deprivation score among controls
represented low deprivation, and high deprivation otherwise. Four
patterns were investigated: subjects who lived in a neighbourhood with
low deprivation at both time points were classified in the “low-low”
category, those who changed from high to low deprivation or low to high
deprivation were in the “high-low” or “low-high”, respectively, and those
who stayed in a neighbourhood characterised by high deprivation were
classified in the “high-high” category.

Statistical analysis

No sampling strategy across levels was performed for the PROtEuS study.
As the number of individuals per geographic unit (median=1), and the
intraclass correlation coefficients (<1%) were very low, we used uncondi-
tional logistic regression to estimate odds ratios (ORs) and 95% confidence
intervals (Cls) for the association between neighbourhood social depriva-
tion and prostate cancer risk. We also applied generalised estimating
equations models with exchangeable matrices, thereby accounting for
participants clustering within geographic units, and results were virtually
the same as those based on the classical logistic model (data not shown).

Polytomous models were applied to assess associations by cancer
aggressiveness. A Gleason score <7 or 7 with a primary grade of 3 and a
secondary grade of 4 (7 [3+4]) defined low-grade prostate cancer,
whereas a score >7 or 7 [4 4+ 3] indicated high-grade cancer [30].

Exposure to neighbourhood social deprivation was assessed (1) in 1996,
(2) around the time of recruitment (2006), and (3) by using social deprivation
patterns between 1996 and recruitment. For the latter, subjects who resided
in a neighbourhood characterised by low deprivation at both time points
constituted the reference category. We also investigated whether some of
the individual census-based components used to construct the social
deprivation index had a stronger influence than others on findings by
studying them separately (one model for each indicator).

For each exposure, three models were developed. Model 1 was age-
adjusted only. For model 2, we identified potential confounders using a
directed acyclic graph (DAG) (Supplementary Fig. 1). These included
personal factors such as age (continuous), ancestry (European, African,
Asian, Other), family income at index date (<$20,000, $20,000-29,999,
$30,000-49,999, $50,000-79,999, =$80,000 Canadian dollars), educational
level (Elementary, High School, College, University), to which we added the
neighbourhood material deprivation index (quintiles) to single out the role
of neighbourhood social deprivation. The DAG was constructed based on
the current knowledge and expert hypotheses concerning the causal
relationships of the various factors investigated.

To investigate neighbourhood-level deprivation independently from
individual social isolation, model 3 added to the previous model the
following personal covariates: marital status (Married or common law,
Separated or Divorced, Single, Widower, Religious order), number of
children, number of siblings, and number of persons living with the subject
2 years before the index date (continuous). Potential cross-level interac-
tions were investigated between neighbourhood social deprivation and
the aforementioned individual measures of social isolation.
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The Prostate Cancer & Environment Study (PROtEuS)

3925 subjects

included

Lifetime residential addresses
(in-person or follow-up interviews by telephone)

990 subjects (25.2%) withou
because of :

- refusal:

P . .
- wrong contact information
- Impossible to join:

- death of subject:

Addresses in 1996

35 subjects (0.9%) without
————— available recorded address
for 1996

2900 subjects (73.9%) with
addresses collected

238 subjects (8.2%) without
geocoded addresses
(unprecise addresses)

2662 subjects (91.8%) with geocoded
addresses at the following level:

2323 (87.3%)
286 (10.7%)

- street number:
- street intersection:

- street®: 41 (1.5%)
- landmark: 10 (0.4%)
- postal code centroid: 2 (0.1%)

2662 subjects (100%) in 1671
dissemination areas

Fig. 1

Continuous covariates were included in the models as linear terms when
linearity was confirmed and as polynomial functions if non-linearity was
detected. Departure from linearity was investigated using likelihood ratio
tests comparing linear models with second-order polynomial models.

Linear trend for neighbourhood social deprivation was tested by
including the ordinal variable as continuous in the model.

The proportion of missing data for the covariates varied between 0.02%
for the number of persons living with the subject two years before the index
date to 8.8% for family income. Overall, 13.5% of subjects had at least one
variable with missing data. Under the assumption that missing data were
missing at random, we performed multiple imputations by the Markov chain
Monte Carlo method [31] using 14 imputed data sets. The relationship
between the presence of missing data in a variable and the observed data on
other variables can be found in Supplementary Tables 1-5.

To provide insight into the potential mechanisms involved in the
observed associations, we described personal lifestyle and medical
characteristics of our study population according to the quintiles of
neighbourhood social deprivation they belonged to around the period of
recruitment. In addition, we described area-level characteristics of socially-
deprived neighbourhood.

British Journal of Cancer (2023) 129:335-345

t addresses

533 (13.5%)

- 375 (9.5%)
36 (0.9%)
46 (1%)

Addresses at diagnosis or
recruitment
(hospital records or electoral list)

3925 subjects (100%) with
addresses collected

3925 subjects (100%) with geocoded
addresses at the following level:

- street number: 3918 (99.8%)

- street intersection: 4 (0.1%)
- street®: 2 (0.05%)
- postal code centroid: 1 (0.03%)

3925 subjects (100%) in 2378
dissemination areas

Collection and geocoding of residential addresses. PROtEUS, Montreal, Canada, 2005-2012. ®Centre of the street when <500 m long.

Finally, several sensitivity analyses were conducted: (1) restricting
analyses to subjects who had been screened for prostate cancer within
the 2 years preceding the date of diagnosis/interview, in order to reduce
the likelihood of latent prostate cancers among controls and to assess the
impact of screening history in our results; (2) using E-values, assessing how
strongly an unmeasured confounder would have to be related to both
exposures and outcome to fully explain the observed associations [32]; (3)
using an alternative definition of aggressive cancers (Gleason scores >8)
[33]; and (4) stratifying analyses on social deprivation patterns according to
address changes between 1996 and recruitment, which can reflect a
change in neighbourhood deprivation level and/or a lower (or greater)
proximity to acquaintances.

RESULTS

Study population and linkage to geographic areas

The PROtEUS study included 3925 subjects (Fig. 1). Addresses at
diagnosis or recruitment were available for all and linked to 2378
DA. For 1996, 2662 addresses could be geocoded and linked to
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Table 1. Individual-level characteristics of cases and controls at
recruitment.
Characteristics Controls Cases
n % n %
Ancestry
European 1686 84.6 1691 87.6
African 89 4.5 129 6.7
Asian 72 3.6 24 1.2
Other 133 6.7 75 3.9
Missing 14 0.7 12 0.6
First degree relative with history of prostate cancer
No 1738 87.2 1411 73.1
Yes 196 9.8 449 233
Missing 60 3.0 71 37
Timing of past prostate cancer screening (PSA and/or DRE)
In the past 2 years 1511 75.8 1911 99.0
More than 2 years ago 235 11.8 1 0.1
Never screened 191 9.6 3 0.2
Do not know 57 29 16 0.7
Education
Elementary 431 216 451 234
High School 576 289 573 29.7
College 375 18.8 313 16.2
University 610 30.6 589 30.5
Missing 2 0.1 5 0.3
Annual family income at index date (Canadian dollars)
<20,000% 245 12.3 225 11.7
20,000-29,999% 252 12.6 264 13.7
30,000-49,9995 462 23.2 448 23.2
50,000-79,9995% 410 20.6 423 21.9
80,000$ and more 428 21.5 424 22.0
Missing 197 9.9 147 7.6
Marital status
Married or common law 1503 754 1426 739
Separated or divorced 249 12.5 256 133
Single 151 7.6 164 8.5
Widower 83 4.2 73 3.8
Religious order 7 0.4 12 0.6
Missing 1 0.1 0 0.0
Number of children
0 327 16.4 347 18.0
1 296 14.8 303 15.7
2 712 357 674 34.9
>3 658 33.0 607 314
Missing 1 0.1 0 0.0
Number of siblings
0 79 4.0 64 33
1-2 495 24.8 459 23.8
34 497 24.9 506 26.2
25 890 44.6 876 454
Missing 33 1.7 26 1.4

Table 1. continued

Characteristics Controls Cases

n % n %

Number of persons living with the subject 2 years before the index
date

0 320 16.1 316 16.4

1 1108 55.6 1143 59.2

2 258 129 237 123

23 306 153 233 12.1
Missing 2 0.1 2 0.1
Mean SD Mean sD

Age at index date (years) 64.8 6.9 63.6 6.8

Body mass index (kg/mz) 27.2 4.4 26.8 4.0

Smoking (pack-years) 18.8 219 17.6 214

Alcohol intake (drink-years) 734 136.2 729 119.8

Daily frequency of fruits and 45 2.1 44 2.1

vegetables consumption
PROtEUS, Montreal, Canada, 2005-2012.

1671 DA. Overall, 896 (33.7%) subjects had changed addresses
between 1996 and recruitment.

Characteristics of the study population

Selected characteristics of study participants at recruitment are
displayed in Table 1. Controls were older, on average, than cases
(64.8 vs 63.6 years), due to a longer recruitment time for controls. As
expected, a greater proportion of cases than controls had a first-
degree relative with history of prostate cancer. A higher proportion
of cases than controls were of African ancestry, while a lower
proportion were of Asian or other ancestry. Almost all cases (99%)
and 76% of controls had been screened for prostate cancer in the
2-year period before the index date. Cases had a mean body mass
index (BMI) of 26.8kg/m? vs 27.2 kg/m? for controls. A higher
proportion of controls lived with more than 3 people in the 2 years
before the index date. Marginal differences between groups were
observed in terms of education, family income, marital status,
number of children and siblings, smoking and alcohol intake and
daily frequency of fruits and vegetables consumption.

Table 2 presents the personal characteristics of controls and cases
based on interview information according to the quintiles of
neighbourhood social deprivation. Overall patterns, based on a
comparison of characteristics in the upper two deprivation quintiles
(Q4/Q5), with those in the lowest quintile (Q1), are as follows.
Compared to those living in a neighbourhood with the lowest social
deprivation quintile, controls and cases who resided in the 4™ or 5
deprivation quintiles tended to be heavier smokers and drinkers, to
be more physically active, to report more often a history of
depression treated with medication, to have had more often at least
four physician visits five years earlier. In addition, controls living in
areas characterised by greater levels of social deprivation tended to
eat slightly fewer fruits or vegetables daily, were more likely to not
have received a PSA test in the previous 5 years, to have a normal
BMI, and they were less likely to be overweight/obese.

Spatial distributions of the social deprivation index in Montreal
were generally similar around the time of recruitment and in 1996
(Supplementary Figs. 2 and 3, respectively), with the most socially
deprived areas located within the central area of the Island (city
centre) and in the close periphery.

Table 3 presents the characteristics of the dissemination areas
according to the quintiles of social deprivation at recruitment.
Areas with high social deprivation tended to have higher

British Journal of Cancer (2023) 129:335-345
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Table 3.
recruitment.

Characteristics of the DA, median
(IQR) L.
1 (Low deprivation) 2

Population density per square 3547.2 (1776.3)

3994.4 (4438.6)

Selected characteristics of the dissemination areas according to the quintiles of neighbourhood social deprivation around the period of

Social deprivation at recruitment

3 4
5865.6 (6963.5) 8317.5 (7837.0)

5 (High deprivation)
9924.5 (8610.2)

kilometre
Density of dwellings per square 665.8 (340.3) 864.9 (950.8) 1489.5 (1811.0) 2227.4 (2264.8) 2926.4 (3008.0)
kilometre
% of immigrants 23.6 (21.7) 23.8 (26.2) 24.0 (23.9) 21.0 (20.9) 19.2 (19.4)
% of movers in the previous 1 year 5.6 (6.3) 85 (7.7) 11.3 (9.1) 12.4 (10.4) 17.2 (10.5)
% of persons aged >65 12.5 (9.5) 144 (9.3) 14.2 (8.1) 14.3 (8.1) 12.5 (8.9)
% of dwellings by period of construction
Before 1970 34.5 (82.3) 61.0 (71.3) 66.0 (56.3) 73.8 (34.8) 72.0 (35.2)
Between 1970 and 1990 40.5 (68.9) 24.4 (44.9) 23.0 (39.8) 17.6 (28.5) 19.5 (29.4)
After 1990 0.0 (8.5) 0.0 (11.8) 2.7 (8.9) 3.0 (7.1) 3.6 (10.5)
% of dwellings by structural type
House 97.6 (11.5) 65.6 (68.9) 21.2 (51.9) 8.5 (22.7) 2.9 (11.3)
Apartment in building with <five 0.0 (10.3) 29.9 (58.2) 66.7 (61.2) 86.7 (40.2) 91.5 (25.8)
storeys
Apartment in building with >five 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (10.2)
storeys
Movable dwelling 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

PROtEuUS, Montreal, Canada, 2005-2012.
DA dissemination area, IQR interquartile range.

population and dwellings density, a greater proportion of recent
movers and a lower proportion of immigrants compared to low
social deprivation areas. They were characterised by a higher
proportion of multiple-unit buildings than houses and dwellings
tended to be older. A similar proportion of persons aged > 65
were found in the 5™ quintile of deprivation compared to the 1.

Associations between neighbourhood social deprivation and
prostate cancer

Results for the association between neighbourhood social
deprivation and prostate cancer risk in 1996 (approximately one
decade prior to diagnosis) and around the time of recruitment are
presented in Table 4. For 1996, based on the age-adjusted model,
we observed that men residing in areas characterised by greater
levels of social deprivation had higher odds of prostate cancer (p
value for trend <0.0001). In model 2 (adjusted for potential
confounders selected from the DAG describing our understanding
of causal relationships, including neighbourhood material depri-
vation) and model 3 (further adjusted for individual indicators of
social isolation), similar associations were found, albeit slightly
attenuated. The OR for overall prostate cancer was 1.60 (95% Cl
1.23-2.07) in model 3 for men living in areas in the upper quintile
of social deprivation, compared to those in the lowest quintile.
When investigating the three census-based indicators in model 3,
we found positive associations for the proportion of population
who were separated, divorced or widowed (OR 1.25, 95% Cl
1.10-1.43), and for the proportion of population living alone (OR
1.14, 95% Cl 1.05-1.25). Risk estimates were similar across models
for overall and low-grade prostate cancers, and attenuated in
models 2 and 3 for high-grade cancers. Nevertheless, for the latter,
which included fewer cases, elevated risks persisted in the quintile
characterised by greatest social deprivation.

Around the time of recruitment, findings for overall prostate
cancer were similar to those in 1996. For a 10% increase of the
population living alone in the neighbourhood, the odds increased
by 16% (95% Cl1.09-1.24), after adjustment for potential
confounders and individual indicators of social isolation. Associa-
tions were elevated for high-grade cancers. Based on model 3,

men living in neighbourhoods with the highest level of social
deprivation had an 87% increase in odds of being diagnosed with
an aggressive tumour, compared to those living in the lowest one
(95% ClI 1.32-2.64).

No cross-level interactions between neighbourhood social
deprivation and individual measures of social isolation were
found, neither for 1996 nor around the recruitment period (data
not shown).

Table 5 presents associations for patterns of neighbourhood
social deprivation between 1996 and recruitment. In total, 35% of
subjects (N =924) resided in a low-deprivation neighbourhood,
and 39% (N=1036) in a high-deprivation one in 1996 and at
recruitment. Approximately 15% subjects (N =388) moved from
high- to low-deprivation neighbourhoods while 12% (N =314)
moved in the opposite direction.

Overall, no clear association with prostate cancer was found for
the “low-high”, compared to the “low-low” social deprivation
pattern. By contrast, men in the “high-low” and “high-high”
deprivation patterns had a higher risk of prostate cancer,
compared to those in the low deprivation category at both time
points. For low-grade prostate cancer, a higher risk was found for
the “high-low” pattern while for high-grade prostate cancer,
similar increases in odds, by about 40%, were found for patterns
involving high deprivation at one or both time points.

Sensitivity analyses

Restricting analyses to subjects who had been screened for
prostate cancer within the two years preceding the diagnosis/
interview resulted in stronger associations between social
deprivation and prostate cancer than those observed in the main
analyses (Supplementary Tables 6 and 7).

Through the E-value, we found that a factor would have to be
associated with both the exposure and the outcome and yield an
OR of 2.58 or more (lower limit 95% Cl 1.74) to explain the OR of
1.60 (95% Cl 1.22-2.07) for men in the upper quintiles of social
deprivation in 1996. The corresponding E-value was 2.45 (lower
limit 95% Cl 1.79) for the risk estimate around the time of
recruitment.

British Journal of Cancer (2023) 129:335-345



C. Salmon et al.

341

60000
vo'e-zel
69'1-08°0
60C-L0°L
€.°1-180

ESIEIETEN]

ST'L-60°L

L1'1-96°0

¢T’'1-66'0

SL000

L8 L=LL°L
'l-16'0
0t'L-06'0
8€'1-680
9dURJ9J9Y

vT'1-60'L

71'l-66'0

0T’L-66'0

€000°0
L6'L-vC'L
L7'1-16°0
9°'1-96°0
6€'L-06'0
ERIVEIETEN]

1D %S6

8L
9Ll
o'l
8Ll

aL’L

€0'L

oLl

oL

Ll

4N}
LL'L

9Ll

90°L

60°L

Sl

4N

8Ll
4N}

[0}

uone|os! |eos
30 siojoey Jeuossad
+ paisnfpe £jjny
4f 19PON

€000°0
(8'T-0F'L
8/°'1-€8°0
LTC-90°L
SL'1-180
duIRPRY

¥T'1-80°L

LL'1-96°0

vTL-L0'L

61000
L9l
vr'1-160
€V'1-160
8¢'L-88°0
ERVEIETEN]

vTL-0l'L

1°1-00'L

-l

L000'0>
€6'L-LEL
EV'1-€6°0
0S°'L-86°0
8€'L-06'0

ERIIEYETEN]

1D %S6

L0
(Y4l
€5°L
6Ll

49

oL
SL'L
vl
oLl

L1l

L0°'L

LL'L

LS°L

9Ll

Lzl
491

[0}

paisnfpe £jjny
<C [3POW

1000°0>
8TEVIL [4 X4
86'L-16'0 LEL
6€£C-9L°L 99'L
G8'L-98°0 9C'L
ERVEYETEN] L
vTL-60'L 9Ll
LL'L=£60 0'L
9T L-€0'L vl

8000°0
8'L-8L°L YL
o' L-¥6'0 LLL
S'L-€6'0 9lL'L
6£'1-680 L
ERVEIETEN] l
sTL-oLL LL'L
SLL-€0'L 60°L
STL-¥0'L L'l

1000'0>
66'L-€E’L €9l
8t'L-86'0 Ll
S 1-20'L STl
ov'L-¢6'0 L'l
ERVEYETEN] L
1D %56 4o
Kjuo aby
L PO

(9002) 3usawiinaI 3y

6CL
LL
€6
0L
SS

087l

08¥7L

/L8PL

0S€
8¢
18T
L8C
yAZ4

Slel

Slel

Seel

08t
9€
vLE
LSE
€0€

eyu

88¢
8¢
€8€
98¢

861

861

8861

8¢
88¢
8¢
€8¢
98¢

861

861

8861

oyu

L€80°0
£0'T-S6'0
LV'1-€9°0
LI'L-EL0
r'1-09'0

ESIEYETEN

9T'1-90°L

81°L-660

LyL-LLL

90000
vLe-=LTL
S/'L-eo'L
99'L-L6'0
09°L-€6°0

ElVEIEITN]

STL-S0°L

L1'1-86'0

ev'L-0oL’L

#0000
L0C-€ETL
€9'1-£60
65°L-56°0
6t'L-68°0

ERIEYETEN

1D %S6

o'l
96'0
oLl
260

9L'L

80°L

8T’L

So'L

el

LTl
(44!

vl

L0l

STl

09°'L

9Tl

€Tl
SLL

40

uoie|os! |eos
30 sio3dey jeuossad
+ paisnfpe Ajng
€ 19POW

92e00
¥T'c-00'L
£5°1-99°0
SL'1-9L0
9'L-19'0
ERIIEIETEN]

€CL-€E0°L

61°1-660

o L-LL'L

L1000
80C-LC’L
€°1-00°L
89'L-L6'0
85°'L-16°0

90UD49J9Y

L0l

81'L-66'0

EVL-0L'L

0000
[doraraalt
<9'L-L60

L9'L-£60
L7'1-88'0
ERIVEIETEN]

1D %S6

6v'L
€0'L
SL'L
6'0

€Ll

60°L

[zl

89°L

'L

8L
oc'L

[4N)

60°L

oaC'l

85°L

9C’L

ST'L
vl

4o

paisnfpe £jjnj
<C [3POW

€€00°0
9sT-LL'L €L'L
0L'L=-€L0 LLL
68'L-€8°0 STl
7S'1-99°0 00'L
EREIETEN L
cL-€oL 49
6L'L-10°L 60°L
oar'L-cCl'L 8L

S000°0
L0T-€T L 09°'L
v/L1-T0'L €L
¢L'1-00°L LEL
LS'1-T60 0z'L
EREIETEN] 1
L-SoL €L
0T’L-€0'L Ll
SYL-€EL’L 8C’L

1000°0>
80C-8C'L €9°L
S9'1-00'L 6C'L
£9°1-10°L o€l
61'1L-06'0 SL'L
EREIETEN] L
1D %S6 4o
Kjuo aby
L I3POn
9661

S8
SS
9
(94
(94

7901

7901

9901

°T4
0ce
61T
00¢
£L91

£L9€L

£9¢l

0LelL

0s€
LT
LLT
(944
el

eyu

8S¢C

6SC

98¢
95T

8/TL

LLTL

6.CL

8S¢C
8S¢C
65T

9S¢

8/CL

LLTl

(744"

98¢
SSC
14
98¢

ou

pua.n-d

(uoneaudsp yb1y) sO

0

€0

[4¢]

(uoneaudsp moj) LD
Xapul uoieAldap |eos
apeib ybiH

(9seasdul 9 L 49d) auoje Buin
190 pue G| pabe uonejndod ayy Jo 9%

(eseasnul
% 0L 49d) saljiwey yuaised-s|buls Jo 9,

(9sea.dul 9, o1 42d) pamopim
10 PaDIOAIP ‘pajeiedas die oym
19A0 pue G| pabe uonendod ay3 Jo %

s101eDIpUl SNSUD
puan-d

(uoneaudap ybiy) sO

YO

€0

0

(uoneaudsp moj) LD
Xapul uonealdap |eos
apelb moT

(9seasdul 9 oL 49d) auoje Buia
J9n0 pue G| pabe uonejndod ayy Jo 9%

(@seanul
% 0L 49d) saljiwey yuased-s|buls Jo 9,

(9seasdul 9 0L 49d) pamopim
10 padioAlp ‘pajesedss ale oym
J9n0 pue G| pabe uonejndod ayy Jo 9%

s101ed1pul SNSUSD
pua.n-d
(uoneaudsp yb1y) SO
YO
€0
[4o]
(uoneaudsp moj) LD
Xapul uoneaudap |epos

JIDI2AQ

'SSOUDAISSIB6E JaduUed AQ puR ||eISA0 ‘JUSWIINIDBL PUNOIE PUR 966 Ul XSl J9dued d)elsoid pue uoleAudap [e1os pooyinoqybiau USaMISq SUOIIRIDOSSY b d|qel

335-345

British Journal of Cancer (2023) 129



C. Salmon et al.

342

continued

Table 4.

At recruitment (2006)

1996

Model 2° Model 3°

Model 1

Model 2° Model 3°

Model 1

Fully adjusted +

Fully adjusted

Age only

Fully adjusted Fully adjusted +

Age only

personal factors of
social isolation

personal factors of
social isolation

95% ClI OR 95% ClI OR 95% CI

OR

n Ca

95% ClI OR 95% CI OR 95% ClI

n Ca OR

n Co

Census indicators

1.04 0.89-1.22

1.06 0.91-1.24

0.97-1.30

2

435 1.1

1988

0.93-1.44

1.15

0.95-1.46

1.18

1.04-1.56

28

301 1.

1279

% of the population aged 15 and over
who are separated, divorced or
widowed (per 10 % increase)

1.07 0.94-1.23 1.05 0.91-1.21 1982 432 1.26 1.15-1.38 117 1.05-1.30 1.16 0.99-1.29

1.02-1.31

6

300 1.1

1277

% of single-parent families (per 10 %

increase)

1.04-1.29

1.16

1.08-1.32

20

1.

1.10-1.34

22

432 1.

1982

0.96-1.26

1.10

0.99-1.28

1.12

1.03-1.32

6

300 1.1

1278

% of the population aged 15 and over

living alone (per 10 % increase)
PROtEuUS, Montreal, Canada, 2005-2012.

#Model 2: adjusted for age, ancestry, family income at index date, highest level of education and neighbourhood material deprivation.

PModel 3: Model 2 + adjusted for marital status, number of children, number of siblings, number of persons living with the subject 2 years before the index date.

Complete-case analyses (data not shown) generated estimates
analogous to those from our main analyses based on imputed
data. Results were also similar when using a Gleason score of 8 or
more to characterise aggressive cancers (Supplementary Table 8).

Supplementary Table 9 presents associations between levels of
social deprivation over time and prostate cancer risk, separately
for those who moved between 1996 and recruitment and those
who did not. For those who had not moved, a higher risk of
prostate cancer was found for all three patterns investigated
compared to the “low-low” group. Associations for high-grade
prostate cancer were particularly high for the “low-high” pattern.
For those who moved, no clear associations emerged between the
different patterns and prostate cancer risk, based on few subjects.

DISCUSSION

We observed that men living in neighbourhoods characterised by
high social deprivation had greater risks of prostate cancer, with
evidence of dose-response patterns. Odds of the cancer were
especially pronounced for individuals living in the top quintile of
socially deprived areas. This held true for both exposure time
points investigated. The area-based indicators most strongly
related to cancer risk were the proportions of individuals who
were separated, divorced or widowed in the neighbourhood (10
years earlier), and of individuals living alone (around recruitment).
Men living in the most socially deprived neighbourhoods had a
nearly twofold increase in odds of being diagnosed with
aggressive tumours, compared to those living in the least socially
deprived areas. Associations were independent from
neighbourhood-level material deprivation and personal factors,
including measures of social isolation. Findings persisted among
subjects recently tested with PSA and/or DRE.

Literature

Previous studies addressing neighbourhood deprivation focused
exclusively on socioeconomic circumstances, including area-based
household income, education, housing, unemployment or occu-
pation. According to these, men living in privileged socio-
economic areas had elevated prostate cancer risks [15-18], and
cancers were more likely to be of low grade and stage at diagnosis
[34, 35], possibly reflecting differences in cancer detection. This is
in line with studies observing higher testing rates among men
with higher socioeconomic status [18, 36]. Behaviours, such as
eating habits, physical activity, or alcohol consumption, have also
been invoked to partly explain differences in health risks across
areas with varying socioeconomic deprivation levels [37-39],
although this has yet to be explored with respect to prostate
cancer specifically.

Material and social deprivation scores capture different
concepts, as confirmed by the weak correlation observed here
and previously [27, 40]. To the best of our knowledge, our study is
the first to specifically investigate social deprivation of neighbour-
hoods in prostate cancer risk. Nevertheless, a recent study has
assessed whether social capital, measured as the proportions of
residents who voted in local government elections, is related to
prostate cancer incidence [41]. The authors found that compared
to men living in neighbourhoods with high linking social capital,
those living in neighbourhoods with low and intermediate linking
social capital presented lower odds of being diagnosed with
aggressive tumours. Some aspects of social environment have also
been investigated in relation with prostate cancer aggressiveness
more specifically in a US study [42]. The authors identified two
factors related to neighbourhood social deprivation that increased
the risk of being diagnosed with high grade/stage prostate cancer
(Surveillance, Epidemiology, and End Results (SEER) > 3 or Gleason
>7) when compared to low grade/stage. These were the
proportion of male householders living alone (OR1.06, 95%
C11.01-1.11) and the proportion of male householders over age

British Journal of Cancer (2023) 129:335-345
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Table 5. Patterns of neighbourhood social deprivation between 1996 and recruitment and prostate cancer risk, overall and by cancer aggressiveness.
Model 1 Model 2° Model 3°
Age only Fully adjusted Fully adjusted +
personal factors of
social isolation
n Co n Ca OR 95% ClI OR 95% ClI OR 95% ClI
Overall
Social deprivation index patterns
Low-Low 484 426 1 Reference 1 Reference 1 Reference
High-Low 161 206 1.44 1.13-1.83 1.42 1.11-1.81 1.41 1.10-1.80
Low-High 136 161 1.28 0.99-1.67 1.23 0.94-1.60 117 0.89-1.53
High-High 455 532 1.37 1.14-1.64 1.32 1.09-1.59 1.31 1.08-1.59
Low grade
Social deprivation index patterns
Low-Low 484 343 1 Reference Reference 1 Reference
High-Low 161 165 1.42 1.10-1.84 1.40 1.08-1.82 1.39 1.07-1.79
Low-High 136 122 1.21 0.92-1.60 1.17 0.88-1.55 1.1 0.84-1.47
High-High 455 398 1.28 1.06-1.55 1.26 1.03-1.54 1.27 1.05-1.54
High grade
Social deprivation index patterns
Low-Low 484 83 1 Reference 1 Reference 1 Reference
High-Low 161 40 1.46 0.97-2.20 1.44 0.95-2.18 1.44 0.96-2.18
Low-High 136 39 1.57 1.03-2.40 1.46 0.95-2.24 1.40 0.92-2.14
High-High 455 132 1.70 1.26-2.30 1.52 1.11-2.08 1.43 1.06-1.92

PROtEuS, Montreal, Canada, 2005-2012.

*Model 2: adjusted for age, ancestry, family income at index date, highest level of education and neighbourhood material deprivation.
PModel 3: Model 2 + adjusted for marital status, number of children, number of siblings, number of persons living with the subject 2 years before the index date.

65 living alone (OR1.07, 95% ClI 1.02-1.13). We also found an
excess risk of high-grade cancer for the proportion of residents
living alone in the neighbourhood, in accordance with this prior
research. Individual-level exposures were not measured in the US
study, precluding the estimation of potential composition effects.

Mechanisms

Contextual social deprivation may play a role in prostate cancer
risk, either directly or indirectly through other factors [43].
Associations with neighbourhood social deprivation differed to
some extent between low- and high-grade cancers. The prostate
cancer grade describes cell differentiation and does not necessa-
rily reflect disease progression [44, 45]. Previous observations
suggest that low- and high-grade prostate cancers can have
different risk factor sets [46] and it may be that social deprivation
would act through different mechanisms with respect to cancer
grades.

The effect of social deprivation is likely to be the result of
complex relationships between multi-level factors. One possible
pathway could be through lifestyle factors such as alcohol
consumption, or diet which are suspected causes of prostate
cancer [3]. This is supported by a recent study of a large cohort of
Canadian adults indicating that individuals who live in areas
characterised by higher social deprivation have lower mean diet
quality [47]. In addition, socially deprived areas may have greater
availability of alcohol outlets. A study conducted in the province of
Quebec found indeed that accessibility to alcohol outlets
increases in high socially deprived neighbourhoods [48]. Neigh-
bourhood social deprivation has also been associated with certain
environmental exposures [49, 50] which have previously been
linked to prostate cancer risk, such as air pollution [24].

In a recent Canadian study, Short et al. investigated neighbour-
hood material and social deprivation associations with health-related

British Journal of Cancer (2023) 129:335-345

quality of life [51]. They found that individuals living in a highly
socially deprived area were more likely to report difficulties in doing
usual activities, taking care of themselves, and mobility, after
adjustment for age, sex, and number of comorbidities. Of particular
relevance here, they found that higher social deprivation, but not
material deprivation, was associated with higher levels of anxiety and
depression. Stress could lead to the chronic activation of neuroendo-
crine pathways [52], including the hypothalamic—pituitary—adrenal
and sympathetic-adrenal-medullary axes, with consequences on
cellular immune response, inflammatory processes, and thus on
tumour pathogenesis [53]. In turn, stress can directly influence
individual lifestyle behaviours, including alcohol consumption and
diet [54, 55].

In the province of Quebec, where the present study was
conducted, there is universal and free access to health care,
including prostate cancer detection testing. Associations with
social deprivation persisted in the subset of subjects recently
tested with PSA and/or DRE suggesting that the deleterious effect
of neighbourhood social deprivation might be independent from
screening behaviour.

Strengths and limitations

Our study presents some limitations. First, census boundaries were
used to represent neighbourhoods, and they may not accurately
represent the boundaries of relevance here. We used the smallest
geographic units for which census data were available (DA), which
were found to be relatively homogeneous in terms of socio-
economic characteristics of residents [56]. Nevertheless, the use of
the smallest and most homogeneous census area for a better
approximation of neighbourhoods, when the information about
the actual neighbourhood boundaries is unavailable, has been
recommended elsewhere [57], and its utilisation is likely to lead to
an underestimation of associations.
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Recall errors in residential addresses in 1996 may have led to a
misclassification of neighbourhood social deprivation, although
most likely in a non-differential manner, thereby attenuating risk
estimates. We did not consider places other than residential
neighbourhoods, such as workplace neighbourhoods. However,
Canadian adults living in urban areas similarly to ours reportedly
spend over 65% of their time at home [58].

For analyses of social deprivation index in 1996 we excluded
1263 subjects having no addresses available for that year or
having an address which could not be geocoded. In order to verify
the presence of a potential selection bias, we evaluated whether
the characteristics of this group differed from those with an
available and geocodable address (Supplementary Table 10). Men
with geocoded address tended to have a higher socioeconomic
status and healthier lifestyles. These observations limit the
generalisation of our findings for 1996. However, the compar-
ability of the results obtained for both exposure time points
investigated (1996 and 2006) reassures against the presence of a
strong selection bias.

Finally, residual confounding by unmeasured factors related to
neighbourhood social deprivation and prostate cancer risk, either
at the contextual or individual level, remains possible, although
few risk factors have been confirmed for this cancer. In order to
investigate the robustness of our findings to residual confounding,
E-values were calculated [32]. A single strong confounder or
multiple unknown confounders would be necessary to explain our
findings, which seems unlikely, although this cannot be com-
pletely excluded.

The main strengths of this study relate to its population-based
design, large sample size and information on prostate cancer
aggressiveness. Participation rates were comparable to studies of
similar design, and comparisons of participants and non-
participants yielded similar proportions in terms of contextual
variables (education level, family income, proportion of recent
immigrants, and proportion of unemployment), alleviating con-
cerns about potential selection bias.

Lack of consideration of screening patterns can bias associations
in studies of prostate cancer [59]. A notable strength of our work is
that it was based on a largely screened population and information
was available on prostate cancer screening practices. In the years
that the study was conducted, screening for prostate cancer was
commonly part of the men'’s annual medical examinations, resulting
in high screening rates; this allowed us to largely rule out the role of
screening in the observed associations with neighbourhood social
deprivation. We were also able to investigate exposures for
neighbourhood deprivation 10 years before the recruitment. Past
exposures are important to consider, especially for cancer with a
long latency period, and to provide insights about possible long-
term effects of neighbourhood deprivation.

CONCLUSION

Our study suggests that neighbourhood social deprivation is
associated with an elevated risk of prostate cancer. Future studies
should apply life course analyses to investigate potential
cumulative effects of social deprivation and evaluate if there are
critical periods, during childhood, young adulthood or late
adulthood. Mediation analyses helping to better understand the
underlying mechanisms involved are indicated. Our findings,
largely novel, highlight the importance of considering neighbour-
hood characteristics for the implementation of public health
policies and interventions.
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