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Because of the strong correlations among neighborhoods’ characteristics, it is not clear whether the associations of
specific environmental exposures (e.g., densities of physical features and services) with obesity can be disentangled.
Using data from the RECORD (Residential Environment and Coronary Heart Disease) Cohort Study (Paris, France,
2007-2008), the authors investigated whether neighborhood characteristics related to the sociodemographic, physical,
service-related, and social-interactional environments were associated with body mass index and waist circumference.
The authors developed an original neighborhood characteristic-matching technique (analyses within pairs of participants
similarly exposed to an environmental variable) to assess whether or not these associations could be disentangled. After
adjustment for individual/neighborhood socioeconomic variables, body mass index/waist circumference was negatively
associated with characteristics of the physical/service environments reflecting higher densities (e.g., proportion of built
surface, densities of shops selling fruits/vegetables, and restaurants). Multiple adjustment models and the neighborhood
characteristic-matching technique were unable to identify which of these neighborhood variables were driving the
associations because of high correlations between the environmental variables. Overall, beyond the socioeconomic
environment, the physical and service environments may be associated with weight status, but it is difficult to disentangle
the effects of strongly correlated environmental dimensions, even if they imply different causal mechanisms and
interventions.

body mass index; environment; epidemiologic methods; matching; residence characteristics; waist circumference

Abbreviations: BMI, body mass index; HDI, Human Development Index; RECORD, Residential Environment and Coronary Heart
Disease; TRIRIS, trois llots Regroupés pour I'Information Statistique.

Numerous studies have investigated relations between resi-
dential environmental characteristics and obesity (1). However,
only a few studies have simultaneously explored the effects of
various dimensions related to the sociodemographic, physical,
service-related, and social-interactional environments (2-6).

To develop efficient public health interventions address-
ing the obesity epidemic, it is important to identify exactly
which aspects of the environment influence obesity risk (7).
For example, demonstrating that the density of fast-food
restaurants was associated with obesity risk and demonstrat-
ing that the density of sports facilities was associated with
obesity risk would lead to different interventions. However,
many neighborhood characteristics, especially those related

to the densities of physical features and services, are strongly
correlated with each other. Therefore, it is not clear whether it
is even possible to disentangle the effects of these different
environmental dimensions, even if they are hypothesized to
influence obesity risk through distinct causal pathways. An
important methodological concern is that regression models
provide estimates of environmental effects adjusted for each
other even if these associations are not grounded on sufficient
data allowing separation of the effects (8, 9).

Our empirical objective was to study relations between
numerous correlated neighborhood characteristics related to
the sociodemographic, physical, service-related, and social-
interactional environments and body mass index (BMI) or
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waist circumference after adjustment for individual and neigh-
borhood socioeconomic characteristics. Our methodological
objective was to assess whether or not it is possible to disen-
tangle the associations among these neighborhood variables,
which are strongly correlated with each other, using both
classical multiple adjustment and an original neighborhood
characteristic-matching technique based on analysis of each
environmental effect within pairs of individuals similarly
exposed to another environmental variable.

MATERIALS AND METHODS
Population

Data from the first wave of the RECORD (Residential
Environment and Coronary Heart Disease) Cohort Study
(www.record-study.org) were used for the analyses. As de-
scribed elsewhere (9—14), 7,230 participants aged 30-79 years
were recruited without a priori sampling in 2007-2008 during
free preventive medical checkups conducted by the Centre
d’Investigations Préventives et Cliniques in the Paris, France,
metropolitan area. As an eligibility criterion, participants were
residing in one of 10 (out of 20) administrative districts of Paris
or one of 111 other municipalities in the metropolitan area
selected a priori. Of the persons selected for participation,
83.6% agreed to participate and completed the data collection
protocol. All participants underwent a physical examination,
completed questionnaires, and were geocoded on the basis of
their residential address in 2007—2008. The study protocol was
approved by the French Data Protection Authority. After we
excluded persons with missing anthropometric values, 7,230
participants were included in the analyses for BMI and 7,076
were included in the analyses for waist circumference, all
of them living in 646 neighborhoods (a TRIRIS (trois Ilots
Regroupés pour I’Information Statistique) geographic unit (15)
comprising, on average, 11 participants (interdecile range
(10th-90th percentiles), 4—19)).

Measures

Outcomes. Data related to height, weight, and waist
circumference were obtained from medical examinations.
Height (using a wall-mounted stadiometer) and weight
(using calibrated scales) were recorded by a nurse, allowing
for the calculation of BMI (weight (kg) divided by height (m)
squared) (16, 17). Waist circumference was measured in centi-
meters using an inelastic tape placed midway between the lower
ribs and the iliac crests on the midaxillary line (18). BMI and
waist circumference were analyzed as continuous variables.

Individual variables. The following sociodemographic
characteristics of participants were considered in our analyses:
age, sex, education, mother’s and father’s education, occupa-
tion, household income, and Human Development Index (HDI)
of the participant’s country of birth. Age was divided into
3 classes: 30—44, 45-59, and 60-79 years. Education was
divided into 4 classes: no education, primary education or lower
secondary education, higher secondary education or lower
tertiary education, and upper tertiary education. Mother’s
and father’s educational levels were divided into 3 classes:
primary school or less, secondary school, and tertiary school.

Household income adjusted for household size was divided into
4 categories. Occupation was coded in 4 categories: high white-
collar, intermediate, low white-collar, and blue-collar. We
followed the approach of Beckman et al. (19) in attributing to
each individual the 2004 HDI of his/her country of birth, as
a proxy for the country’s social development level. Following
the United Nations Development Programme (20), binary
variables were used to distinguish among people born in
low-development countries (HDI <0.5), medium-develop-
ment countries (HDI 0.5-0.8), and high-development coun-
tries (HDI >0.8). Five individual variables related to physical
activity and dietary habits were considered in our analyses:
total walking time over the previous 7 days, energy expendi-
ture at work over the previous 7 days, energy expenditure in
recreational and sports activities over the previous 7 days,
average number of fruits and vegetables consumed daily,
and frequency of consumption of fast-food meals.
Neighborhood variables. Details on the neighborhood
sociodemographic, physical, service-related, and social-
interactional variables considered in this study are reported
in Table 1. Most variables were defined within 500-m radius
circular buffers centered on each participant’s residence. Other
neighborhood variables were defined using the ecometric
method, through which individuals’ perceptions were aggre-
gated at the neighborhood level (TRIRIS geographic unit) based
on 3-level (perception items, individuals, area units) hierarchi-
cal modeling (21). Neighborhood variables were analyzed as
standardized continuous variables and as 4 categories.

Statistical analysis

To account for within-neighborhood correlation in BMI/
waist circumference, we used multilevel linear regression
models with random effects estimated at the TRIRIS level.

Statistical analyses took place in 3 steps:

1. Considering all of the individual sociodemographic vari-
ables, only those that were associated with BMI/waist
circumference were retained in the models.

2. We estimated associations between the different neighbor-
hood characteristics and BMI/waist circumference, adjusted
for individual sociodemographic covariates (each environ-
mental variable in a separate model). Then we examined
whether associations persisted after adjustment for neigh-
borhood socioeconomic level. As additional analyses, first
we tested whether sex modified the relations between
environmental characteristics and BMI/waist circumfer-
ence. Second, we examined whether variables related to
physical activity and dietary behavior mediated some of the
relations between environmental characteristics and
BMI/waist circumference.

3. Considering the environmental variables that were as-
sociated with the outcomes in step 2, we conducted
additional analyses to attempt to disentangle the differ-
ent associations (strong correlations existed among the
environmental variables).

First, we fitted models adjusted for individual sociodemo-
graphic characteristics that simultaneously included 2 environ-
mental variables beyond neighborhood socioeconomic status,
to assess whether the associations could be separated through
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multiple adjustment. Second, we developed an original neigh-
borhood characteristic-matching technique that was applied to
the environmental variables that were most strongly associated
with BMI/waist circumference.

The principle of this matching technique is to estimate the
effect of a neighborhood variable X; within pairs of individuals
similarly exposed to another environmental variable X, that is
correlated with X;. A possible strategy if the outcome were
binary would be to use conditional logistic regression to assess
whether a given environmental variable X; was associated with
the outcome within pairs of individuals having comparable
values for X, (22). In order to apply a similar strategy to our
continuous outcomes, we determined a risk score for BMI/waist
circumference based on the individual/neighborhood socioeco-
nomic variables retained in the model. We constructed pairs of
participants with comparable values (see details below) for
aneighborhood variable X,. We then fitted nonmultilevel linear
models in which the difference in BMI/waist circumference
between the 2 individuals of the pair was used as the outcome
and in which the explanatory variables were the difference in
variable X; and the difference in risk score between the individ-
uals of the pair. Statistical units in these analyses were not the
individuals themselves but pairs of individuals. We standardized
the difference in exposure to X; within pairs of participants to
obtain comparable results across analyses matched on neighbor-
hood characteristics. The final models were fitted as follows:

ABMI in pairs (defined according to factor X,) =
o + B;AX; + B,A risk score.

Regarding assessment of uncertainty in these estimates, we
randomly generated 500 different combinations of pairs of
participants having comparable values for the environmental
variable X, (the participants were ranked by blocks of 10
observations according to the value of X5, and the pairs were
generated within each block). Fitting the model in these 500
different samples, we report the median value of coefficients
as the effect estimates and the 2.5th and 97.5th percentile
ranges as 95% credible intervals.

As a validation of the approach, we expected that an associ-
ation observed in a classical regression analysis between an
environmental variable X; and BMI/waist circumference would
also be observed within pairs of participants constructed on the
basis of a random variable (rather than on the basis of a corre-
lated environmental variable X,). Moreover, with these neigh-
borhood characteristic-matched analyses, we expected that the
stronger the correlation between environmental variables X,
and X, the larger would be the decrease in the difference of
exposure to environmental variable X; within pairs of partici-
pants exposed to a comparable value of X, and the less likely we
would be to observe any effect of X; within such pairs.

All of the analyses were conducted using SAS 9.2 (SAS
Institute Inc., Cary, North Carolina).

RESULTS

Descriptive information about the RECORD participants
is presented in Web Table 1, which is posted on the Journal’s
website (http://aje.oxfordjournals.org/). Mean BMI and waist

circumference were 25.4 (25th—75th percentile range, 22.6—
27.7) and 85.1 cm (25th—75th percentile range, 76-93),
respectively.

In a model adjusting for individual/neighborhood covariates,
higher BMIs and waist circumferences were observed among
older participants, males, people born in low-HDI countries,
those with a low educational level, those with less educated
mothers, and those living in less educated neighborhoods
(Web Table 2).

After we accounted for neighborhood educational level,
the other neighborhood socioeconomic variables were not
associated with BMI/waist circumference. Accordingly, only
neighborhood education was retained as an indication of
neighborhood socioeconomic level in the following analyses.

The interaction tests showed that the associations between
neighborhood education and BMI/waist circumference were
modified by sex and were stronger for women (Web Table 2).
Thus, the term for interaction between neighborhood education
and sex was introduced in all subsequent analyses (multiple
adjustment models and matched analyses).

After adjustment for neighborhood education and its
interaction with sex, only a few environmental variables
remained associated with BMI/waist circumference (Table 2).
Population density was negatively associated with waist
circumference but not with BMI. The proportion of built
surface and (contrary to expectation) the level of neighbor-
hood physical deterioration were negatively associated with
both outcomes.

Regarding the food environment, the total number of
restaurants, the number of fast-food restaurants, the number
of traditional restaurants, and the number of shops selling
fruits/vegetables were negatively associated with BMI/waist
circumference after adjustment for individual/neighborhood
socioeconomic covariates. As is shown in Web Table 3 with
environmental variables divided into quartiles, of these 4
environmental variables, only the number of shops selling
fruits/vegetables showed a dose-response pattern of association
with BMI/waist circumference.

Apart from food services, the availability of basic services
in the neighborhood (e.g., banks, post offices) was negatively
associated with BMI/waist circumference. Variables of the
social-interactional environment were not associated with
BMI/waist circumference.

None of the associations between these specific environ-
mental variables and BMI/waist circumference interacted with
sex after adjustment for the interaction between neighborhood
education and sex (results not reported).

Regarding mediation analyses, as shown in Web Table 2,
lower energy expenditure related to sports and recreational
activities was associated with higher BMI and greater waist
circumference, while more frequent consumption of fast-food
meals was associated only with higher BMI. Accounting for
these behavioral mediators did not substantially change the
associations between environmental exposures and BMI/waist
circumference (Web Table 4).

As Table 3 shows, the environmental variables that were
associated with BMI/waist circumference were generally
strongly correlated with each other: Among the 36 Pearson
correlations estimated, the median correlation was 0.72, and
the interdecile range was 0.39-0.97.
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Table 1. Operational Definitions of Neighborhood Variables Considered in Analyses of Neighborhood Characteristics and Body Mass Index/

Waist Circumference, Paris, France, 2007-2008

Environmental Dimension and Neighborhood Variable

Definition

Data Source (Year)

Sociodemographic characteristics
Educational level®

Household income?

Real estate prices?

Population density®
Physical characteristics

Proportion of built surface®

Mean building height®

Alpha index?®

Gamma index?®

Connected node ratio®

Density of street intersections®

Street density®

No. of monuments?®
Proportion of the area covered by water®

Proportion of the area with parks or
green spaces?®

Proportion of residents aged >15 years
with an upper tertiary education

Median household income per consumption
unit

Mean value of dwellings sold in 2003—-2007
Population density in the neighborhood

Proportion of the neighborhood
covered with buildings

Mean building height weighted
by each building’s ground size

Ratio of the number of actual circuits
(closed paths) to the maximum
number of circuits

Ratio of the number of links between
nodes in the network to the
maximum possible number of links

No. of street intersections with at
least 3 ways (streets) divided by
the number of intersections
plus cul-de-sacs

Density of intersections with at least
4 ways

Density of streets

Count of monuments (historical or other)
Proportion of the area covered by water

Proportion of the area covered by parks or
green spaces

Ecometric variable

French national census (2006)

Tax registry of the General
Directorate of Taxation (2006)

Paris-Notaries (2007)
French national census (2006)

3-dimensional data from IGN on
buildings’ ground shape
and height (2008)

3-dimensional data from IGN on
buildings’ ground shape
and height (2008)

Data on road network from
IGN (2008)

Data on road network from
IGN (2008)

Data on road network from
IGN (2008)

Data on road network from
IGN (2008)

Data on road network from
IGN (2008)

Data from IAU-IdF (2005)

Linear and polygonal data from
IAU-IdF (2008)

Linear and polygonal data from
IAU-IdF (2008)

4 jitems from the RECORD

Level of neighborhood physical
deterioration®

Active living potential®

Ecometric variable

questionnaire (2007—-2008)

3 items from the RECORD
questionnaire (2007—-2008)

As Web Tables 5 and 6 demonstrate, most of the associations
observed between environmental variables and BMI/waist cir-
cumference after adjustment for neighborhood education and
its interaction with sex did not persist when we included a third
environmental variable in the model (neighborhood education,
however, remained associated in all models). As the only asso-
ciation that persisted in such models with 3 environmental vari-
ables, the number of shops selling fruits/vegetables remained
associated with waist circumference after adjustment for pop-
ulation density, but the association with fruit/vegetable shops
disappeared after adjustment for other variables, such as the
total number of restaurants or the number of basic services.

As Table 4 shows, the associations between environmental
variables and waist circumference observed with classical
regression models after adjustment for neighborhood educa-
tion were retrieved with matched analyses using pairs of
participants as the statistical units of analysis when pairs of

Table continues

participants were generated on the basis of a random variable
(similar results for BMI are reported in Web Table 7). Table 4
shows analyses of these environmental effects of interest suc-
cessively estimated within pairs generated on the basis of the
following environmental variables: the variable with the low-
est level of correlation with the environmental exposure of
interest that was not independently associated with the out-
come and variables associated with the outcome that showed
the lowest level, median level, and highest level of correlation
with the exposure of interest.

The difference in environmental exposure X; within pairs of
participants similarly exposed to environmental variable X,
decreased with increasing degree of correlation between X,
and X, (Table 4). The environmental effects of interest tended
to persist when estimated within pairs of participants with
similar values of an environmental variable X, that was not
associated with the outcome and only modestly correlated with
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Table 1. Continued

Environmental Dimension and Neighborhood Variable

Definition

Data Source (Year)

Service-related characteristics
No. of supermarkets®

No. of shops selling fruits/vegetables
(including street markets)?

Total no. of restaurants®

No. of traditional restaurants®

No. of fast-food restaurants®

Proportion of fast-food restaurants®

No. of sports facilities®

No. of transportation lines®

No. of basic services®

No. of health-care resources?®

Count of services
Count of services
Count of services
Count of services
Count of services
No. of fast-food restaurants divided by the

total no. of restaurants
Count of sports facilities

Count of different transit lines
(buses, metros, and trains)

Count of destinations (administrative
agencies, shops, entertainment
facilities, etc.)

Count of health-care resources

Data from INSEE’s Permanent
Database of Facilities (2008)

Data from INSEE’s SIRENE
database (2007)

Data from INSEE’s SIRENE
database (2007)

Data from INSEE’s SIRENE
database (2007)

Data from INSEE’s SIRENE
database (2007)

Data from INSEE’s SIRENE
database (2007)

Data from the Census of Sport
Facilities from the Paris region
of the Regional Directorate of
Youth, Sports, and Social
Cohesion (2008)

Data from the Syndicate of
Transports of the Paris
Region (2008)

Data from INSEE’s Permanent
Database of Facilities (2008)

Data from the Geographic

Social-interactional characteristics
Deteriorated social interactions®

Social cohesion®

Collective feeling of insecurity®

Ecometric variable

Ecometric variable

Ecometric variable

Database for Health-Related
Practices (Regional Union of
Health Insurance Offices
lle-de-France database)

5 items from the RECORD
questionnaire (2007—-2008)

4 items from the RECORD
questionnaire (2007—-2008)

1 item from the RECORD
questionnaire (2007—-2008)

Abbreviations: IAU-IdF, Institute of Urban Planning-lle-de-France; IGN, National Geographic Institute; INSEE, National Institute of Statistics and
Economic Studies; RECORD, Residential Environment and Coronary Heart Disease; SIRENE, Database for a Register of Companies and Their
Establishments; TRIRIS, trois llots Regroupés pour I'Information Statistique.

& The variable was measured in a 500-m radius circular area centered on each participant’s residence.

® The variable was measured at the census block-group level (fixed boundaries not centered on participants’ residences).

¢ The variable was measured at the TRIRIS (census tract) neighborhood level (fixed boundaries not centered on participants’ residences).

the exposure. However, as is shown in Table 4 and in Web
Tables 7 and 8, when pairs of participants were generated with
environmental variables that were associated with the out-
come, all of the observed associations between environmental
variables and BMI/waist circumference disappeared.

DISCUSSION

We observed that specific demographic, physical, and
service-related characteristics of the residential neighbor-
hood were associated with BMI/waist circumference, even
after adjustment for individual, maternal, and neighborhood
socioeconomic variables. Numerous studies have investi-
gated relations between neighborhood characteristics related
to the physical environment/service availability and weight

status or abdominal fat (27 articles published through De-
cember 2009, based on our recent literature review (1)), but
only 8 of them examined environmental variables of these 2
dimensions together after also controlling for the socioeco-
nomic characteristics of the environment as we did (6, 23, 24).

Strengths and limitations

Regarding study strengths, BMI and waist circumference
were measured by trained nurses, ensuring the quality of the
data, while approximately 60% of the studies in the field have
relied on self-reported height and weight (1). Furthermore, none
of the studies on the effects of the physical, service-related, and
social-interactional environments have considered a measure of
abdominal fat beyond BMI (1). Additional study strengths
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Table 2. Associations Between Neighborhood Characteristics (Standardized Continuous Variables) and Body Mass Index or Waist
Circumference (Separate Models), Paris, France, 2007-2008

Body Mass Index?® Waist Circumference, cm
Environmental Dimension b < b P
and Neighborhood Variable Model 1 Model 2 Model 3 Model 4
B 95% CI B 95% CI [ 95% Cl B 95% CI
Sociodemographic
characteristics
Population density —-0.21#+ -0.32, —-0.11  —-0.08 -0.19, 0.02 —-0.56%* —-0.84, —0.29 —0.28* —0.56, —0.01
Physical characteristics
Proportion of built —-0.31#*  -0.42, -0.21 -0.12% -0.24, -0.01 -0.79** —-1.07, -0.51 -0.38* —0.69, —0.08
surface
Mean building height -0.27#* -0.38, -0.16 —-0.07 —0.18, 0.05 —0.58** —-0.86, —0.30 -0.13 —0.44,0.18
Alpha index —-0.21** —-0.32, -0.11 —0.06 —0.17,0.04 —0.59** —-0.86, —0.32 -0.27 —0.55, 0.01
Gamma index -0.21** -0.32, -0.11 -0.07 —0.17,0.04 —-0.59** —-0.86, —0.32 -0.27 —0.56, 0.01
Connectivity node ratio -0.16** —-0.27, —0.06 —0.04 —0.14, 0.07 —0.50**+  —-0.77, -0.23 —-0.22 —0.50, 0.05
Density of intersections -0.23** -0.33, -0.12 -0.08 —0.18, 0.03 —-0.47+ -0.74,-020 -0.13 —-0.42,0.15
Street density —0.08#*  —0.18, 0.02 —0.01 —-0.10, 0.09 -0.20 -0.47,0.06 —0.03 —0.30, 0.23
No. of monuments -0.04 —0.14, 0.07 0.02 —0.08, 0.12 -0.05 -0.32, 0.21 0.08 -0.18, 0.34
Proportion of the area 0.02 —0.08, 0.12 0.05 —-0.05,0.14 0.07 -0.19,0.34 0.14 -0.12, 0.40
covered by water
Proportion of the area 0.01 —0.09, 0.11 0.001 -0.10, 0.10 —0.01 —-0.27, 0.26 0.003 —0.26, 0.26
with parks
Level of neighborhood —0.01 -0.12,0.10 —0.12% -0.23, -0.01 -0.10 —0.38, 0.19 —0.35% —0.64, —0.07
physical deterioration
Active living potential -0.05 —0.16, 0.06 0.03 -0.07,0.14 -0.07 —0.35, 0.21 0.13 —0.15, 0.41
Service-related
characteristics
No. of supermarkets —0.22%%  -0.32, -0.11 —-0.07 -0.17, 0.04 —0.58#* —-0.85, -0.30 -0.25 —0.58, 0.04
No. of shops selling -0.26%* -0.37, -0.16 —-0.15** —-0.25, -0.04 —0.65** —-0.93, -0.38 —0.40** —0.68, —0.12

fruits/vegetables
Total no. of restaurants ~ —0.30** —-0.41, -0.20 —-0.14** —-0.25, -0.03 —-0.70** —0.98, —0.42 —0.35*% —0.64, —0.05

No. of traditional —0.31#  —-0.41, -0.20 —0.14* -0.25, -0.02 —-0.71** —-0.99, -0.44 —0.34* —0.63, —0.04
restaurants

No. of fast-food —0.27#% -0.38, -0.17 —0.14* -0.24, -0.03 -0.65** —-0.92, -0.37 —0.35* -0.63, —0.07
restaurants

Proportion of fast-food 0.18** 0.08, 0.29 0.03 -0.08, 0.14 0.35% 0.06, 0.63 -0.03 -0.32, 0.27
restaurants

No. of sports facilities -0.01 -0.11, 0.10 0.06 —0.04, 0.16 0.001 -0.27,0.27 0.16 -0.11, 0.43

No. of transportation -0.17#+  -0.27, —-0.07 -0.07 -0.17,0.03 -0.38#* —-0.64, —0.11 -0.15 -0.42,0.12
lines

No. of basic services —-0.32#*  -0.43,-0.21 —-0.13* -0.25, -0.02 -0.75** —-1.02, -0.47 —0.34* -0.65, —0.04

No. of health-care —-0.30** —-0.41,-0.20 -0.08 —0.20, 0.04 —0.74%%  —-1.02, —-0.46 —-0.27 —0.58, 0.05
resources

Social-interactional

characteristics

Deteriorated social 0.09 -0.02, 0.20 —0.09 —0.20, 0.02 0.15 —0.13, 0.44 -0.26 —0.56, 0.04
interactions

Social cohesion 0.08 —0.03, 0.18 0.09 —-0.01, 0.20 0.06 -0.22,0.34 0.09 —0.18, 0.36

Collective feeling of 0.18** 0.07, 0.29 -0.07 -0.19, 0.05 0.37* 0.08, 0.66 -0.20 —0.53, 0.12
insecurity

Abbreviation: Cl, confidence interval.
* P < 0.05; **P < 0.01.
2 Weight (kg)/height (m)>2.

® In models 1 and 3, results were adjusted for age, sex, Human Development Index of the participant’s country of birth, and individual and

maternal educational levels.
¢ In models 2 and 4, results were further adjusted for neighborhood educational level and its interaction with sex.
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Table 3. Correlations Between Environmental Variables Associated With Body Mass Index or Waist Circumference (n = 7,234), Paris, France,

2007-2008
. Level of No. of
. Proportion . . No. of No. of No. of
. Population " Neighborhood  Shops Selling  Total No. of L g ;
Deterioration Vegetables
Population density 0.72 0.43 0.67 0.66 0.66 0.63 0.68
Proportion of built 0.42 0.73 0.86 0.87 0.82 0.89
surface
Level of neighborhood 0.44 0.40 0.39 0.32 0.36
physical deterioration
No. of shops selling 0.81 0.80 0.82 0.82
fruits/vegetables
Total no. of 1.00 0.98 0.97
restaurants
No. of traditional 0.95 0.97
restaurants
No. of fast-food 0.94

restaurants
No. of basic services

pertain to the large number of environmental variables included
in the analysis, to the fact that most of the neighborhood vari-
ables were measured within areas centered on participants’
residences, to the investigation of modification and mediation
effects for the associations between environmental variables
and BMI/waist circumference, and to the careful attempt to
examine whether or not it is possible to disentangle the relations
of the different environmental characteristics with weight status
and abdominal fat. However, a major study limitation is that the
RECORD population is not strictly representative of the Paris
metropolitan region, even if we a priori selected a panel of
municipalities from the region to ensure the presence of people
from all socioeconomic backgrounds (neighborhood-related
selective participation in the sample has been investigated else-
where (11)). Another limitation is that the results were based
on cross-sectional data and were therefore susceptible to
reverse causation (weight status’ influencing residential
migration to specific neighborhoods) or confounding biases
related to selective migration processes (a common charac-
teristic’s influencing both residential neighborhood choice
and obesity risk), which might have distorted our estimates
(7, 11). It is important to emphasize, however, that it would
be similarly difficult with longitudinal data to separate the
associations of different correlated variables of the physical
and service environment with changes in weight status over
time.

Study findings and methodological implications

The most consistent association at the neighborhood level
was the one between neighborhood education and body weight
and abdominal fat. Independently of individual education, the
educational level and related values of neighborhood residents
may influence personal attitudes and behavior related to weight
gain and control. More indirect effects of neighborhood educa-
tion include its causal influence on several aspects of the neigh-

borhood (e.g., maintenance of the neighborhood, provision of
health-enhancing services).

Only a few environmental variables were associated with
BMlI/waist circumference after adjustment for individual and
neighborhood socioeconomic level (and interaction of the latter
with sex), in coherence with other recent studies (25). Neigh-
borhood socioeconomic characteristics have been suggested
as possible confounders of the relations between physical
environment characteristics/service availability and obesity
(1,7,11,26). Had neighborhood socioeconomic status been
removed from our regression models as is commonly done,
more environmental factors would have been (spuriously)
associated with BMI/waist circumference.

The crucial issue of whether or not it is possible to sep-
arate the effects of highly correlated factors pertaining to the
physical or service environment has not been addressed in
previous literature. To our knowledge, our study was the
first in our domain to focus on the ability of statistical
analyses of observational data to disentangle the effects
of correlated environmental exposures. A concern is that
regression models would provide estimates of environmen-
tal effects adjusted for each other even if these associations
were not grounded on sufficient data to allow the effects to
be separated (27, 28).

In addition to the common strategy based on multiple
adjustment, our analyses performed within pairs of individ-
uals similarly exposed to a given environmental dimension
(neighborhood characteristic-matched analyses) allowed us
to examine whether neighborhood characteristics remained
associated with BMI/waist circumference after fixing values
of another environmental characteristic. This matching tech-
nique is a methodological innovation that allowed us to per-
form analyses among participants who were exchangeable
between neighborhood exposure groups on the basis of
a specific environmental exposure. In our analyses, match-
ing was not used in itself as an alternative to adjustment. In
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Table 4. Associations (With 95% Credible Intervals®) Between Environmental Variables and Waist Circumference, Determined Using the Neighborhood Characteristic-Matching
Techniqueb, Paris, France, 2007-2008

No. of Shops Selling Fruits/Vegetables® Level of Neighborhood Physical Deterioration® Proportion of Built Surface®
Variable of Interest Difference in  2.5th-97.5th Difference  2.5th-97.5th Difference  2.5th-97.5th
Exposure Percentiles B 95% Crl in Exposure Percentiles B 95% Crl in Exposure Percentiles B 95% Crl
Pairs based on a 3.11 3.04,3.17 -0.46 -0.82,-0.13 1.24 122,126 -0.38 -0.77,-0.06 0.15 0.14,0.15 -0.32 -0.70, —0.01
random variable
Pairs based on the 2.96 2.90,3.02 -0.43 -0.75,-0.08 1.20 117,122 -0.31 -0.68, 0.03 0.11 0.11,0.11  -0.40 -0.73, —0.03

least correlated
variable unassociated
with waist circumference

Pairs based on the least 2.03 1.97,2.09 -0.24 -0.55,0.07 1.038 1.01,1.05 -0.20 -0.53,0.14 0.09 0.09,0.09 -0.26 -0.62,0.08
correlated variable
associated with waist
circumference

Pairs based on the variable 1.73 1.68,1.77 —-0.41 -0.75, —0.06 1.07 1.05,1.08 -0.33 -0.66, —0.01 0.06 0.06, 0.06 0.07 -0.28, 0.42
with the median correlation
level associated with waist
circumference

Pairs based on the most 1.63 1.59,1.67 -0.21 -0.53,0.13 1.07 1.05,1.09 -0.19 -0.51,0.18 0.05 0.05,0.05 -0.01 -0.35,0.34
correlated variable
associated with waist
circumference

Abbreviation: Crl, credible interval.

2 The credible intervals for the associations correspond to the 2.5th and 97.5th percentiles of the coefficients estimated in the different samples.

® In all models, results were adjusted for a composite score including individual and neighborhood socioeconomic variables.

¢ The variables used for matching were: for the least correlated variable unassociated with waist circumference, the number of monuments (r = —0.06); for the least correlated variable
associated with waist circumference, the level of neighborhood physical deterioration (r = 0.44); for the variable with the median correlation level associated with waist circumference, the
number of traditional restaurants (r = 0.80); and for the most correlated variable associated with waist circumference, the number of fast-food restaurants (r = 0.82).

9 The variables used for matching were: for the least correlated variable unassociated with waist circumference, the proportion of the area covered by water (r = —0.10); for the least
correlated variable associated with waist circumference, the number of fast-food restaurants (r = 0.32); for the variable with the median correlation level associated with waist circumference,
the total number of restaurants (r = 0.40); and for the most correlated variable associated with waist circumference, the number of shops selling fruits/vegetables (r = 0.44).

¢ The variables used for matching were: for the least correlated variable unassociated with waist circumference, the level of insecurity (r = 0.04); for the least correlated variable associated
with waist circumference, the level of neighborhood physical deterioration (r= —0.42); for the variable with the median correlation level associated with waist circumference, the number of fast-
food restaurants (r = 0.82); and for the most correlated variable associated with waist circumference, the number of basic services (r = 0.89).
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the literature, matching is typically employed to reduce
model dependence and estimate associations in a more empir-
ical way than would be necessary without matching (29-32).
In line with this practice, matching was employed as a diag-
nostic tool to verify whether the effects of environmental
variables that are highly correlated with each other could
be disentangled.

The results from matched analyses almost systematically
concurred with those from the multiple adjustment approach,
with few exceptions. As an exception, the number of shops
selling fruits/vegetables remained associated with waist cir-
cumference after adjustment for population density (beyond
individual/neighborhood socioeconomic covariates) in a mul-
tiple adjustment model; however, the effect of the number of
shops selling fruits/vegetables on waist circumference among
pairs of participants living in neighborhoods with similar pop-
ulation densities disappeared (result not shown). A possible
explanation for this divergence is related to the excessive
extrapolations made by multiple adjustment models. The
absence of association with our neighborhood characteristic-
matched design may have been due to the fact that this
approach suppresses such excessive extrapolations: Within
pairs of participants similarly exposed to population density,
the contrast between participants in the availability of shops
selling fruits/vegetables was not sufficient to demonstrate any
association with BMI/waist circumference.

Regarding the interpretation of our neighborhood
characteristic-matched analyses, given 2 environmental var-
iables X; and X, that are associated with the outcome when
examined separately, it is always possible to find a variable X,
that is sufficiently correlated and redundant with X; that no
effect of X can be detected within pairs of X,. Therefore, an
inability to document an effect of X; within pairs of X, should be
interpreted not as evidence of the absence of an effect of X; but
rather as evidence of the impossibility of separating its effects
from those of X,. Overall, our neighborhood characteristic-
matched approach is proposed as a diagnostic tool with which
to assess the separability of associations with environmental
characteristics that epidemiologists are willing to introduce
simultaneously in regression models.

Our findings based on matched analyses indicated that
among variables related to the density of physical features of
the environment and services, we could not identify a specific
environmental variable that remained particularly associated
with BMI/waist circumference after adjustment for the other
environmental variables, even if the different environmental
factors examined were hypothesized to operate through differ-
ent mechanisms.

Our analyses indicated that the number of shops selling fruits/
vegetables and the proportion of built surface were perhaps
more particularly associated with BMI/waist circumference.
On the one hand, the negative associations observed between
the number of shops selling fruits/vegetables and weight status/
abdominal fat might be explained by the fact that the density
of such shops serves as a proxy of the healthiness of the food
environment or the healthiness of the environment in general.
On the other hand, the negative relations between the proportion
of built surface and BMI/waist circumference may be attribut-
able to the demonstrated positive effect of high densities on
utilitarian walking (33). However, our analyses, which could

not disentangle the effects of these different environmental
exposures, do not provide firm support for these hypotheses.

For future research, cluster analyses that integrate several
environmental characteristics to create neighborhood typolo-
gies (34) might be a promising perspective for dealing with
the methodological challenge of investigating the influence of
highly correlated environmental variables on weight status/
abdominal fat.

Preliminary analyses using a data reduction method
(principal component analysis) for neighborhood variables
provided results comparable to those reported here. For
example, applying data reduction to variables related to
street connectivity, the 2 axes created (which accounted
for more than 70% of the variance) were not associated with
BMI/waist circumference, in accordance with the results
observed when street connectivity variables were analyzed
separately. Applying the same method to food environment
variables, the first axis was negatively associated BMI/waist
circumference, in agreement with the findings documented
here (Web Table 9). It is important to note, however, that
data reduction for neighborhood variables does not allow
for identification of any specific environmental effects on
weight status that would be useful for the elaboration of
definite public health intervention strategies.

Regarding neighborhood social interactions, our hypothesis
was that they may encourage or discourage individuals to prac-
tice leisure-time physical activities or to walk in their neighbor-
hoods. Contrary to this hypothesis, we did not find associations
between any neighborhood social-interactional characteristic
and BMI/waist circumference. If it is not attributable to mea-
surement error in the neighborhood ecometric variables, the
absence of associations may be due to the fact that decreased
leisure-time activity in neighborhoods with deteriorated social
interactions is counterbalanced by increased transportation-
related activity in these neighborhoods.

In conclusion, physical and service-related neighborhood
characteristics reflecting higher densities were negatively as-
sociated with BMI/waist circumference after adjustment for
individual/neighborhood socioeconomic covariates. However,
because these environmental characteristics are highly corre-
lated with each other, it is impossible to firmly conclude that
one of them has a truly independent causal effect on BMI/
waist circumference. On the basis of our data, it is reasonable
to conclude only that there is an overall protective effect of
high densities. Assessing the possibility of disentangling the
associations of different environmental characteristics with
health, for which distinct causal mechanisms are hypothe-
sized, is an important methodological challenge for future
studies aiming to provide specific guidance in the fight against
the obesity epidemic.
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