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Introduction: This study investigates the associations between built environment features and
3-year BMI trajectories in children and adolescents.

Methods: This retrospective cohort study utilized electronic health records of individuals aged
5−18 years living in King County, Washington, from 2005 to 2017. Built environment features
such as residential density; counts of supermarkets, fast-food restaurants, and parks; and park area
were measured using SmartMaps at 1,600-meter buffers. Linear mixed-effects models performed in
2022 tested whether built environment variables at baseline were associated with BMI change
within age cohorts (5, 9, and 13 years), adjusting for sex, age, race/ethnicity, Medicaid, BMI, and
residential property values (SES measure).

Results: At 3-year follow-up, higher residential density was associated with lower BMI increase for
girls across all age cohorts and for boys in age cohorts of 5 and 13 years but not for the age cohort of
9 years. Presence of fast food was associated with higher BMI increase for boys in the age cohort of
5 years and for girls in the age cohort of 9 years. There were no significant associations between
BMI change and counts of parks, and park area was only significantly associated with BMI change
among boys in the age cohort of 5 years.

Conclusions: Higher residential density was associated with lower BMI increase in children and
adolescents. The effect was small but may accumulate over the life course. Built environment factors
have limited independent impact on 3-year BMI trajectories in children and adolescents.
AJPM Focus 2024;3(3):100225. © 2024 The Authors. Published by Elsevier Inc. on behalf of The American Jour-
nal of Preventive Medicine Board of Governors. This is an open access article under the CC BY-NC-ND license
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INTRODUCTION

Elevated BMI is associated with health risks for children
and adolescents globally. In the U.S., age-specific BMI
and obesity prevalence in individuals aged <18 years has
increased over several decades.1 Built environment (BE)
features have been proposed as drivers of weight gain
and obesity risk in children and adolescents—and have
been considered as intervention targets. Cross-sectional
studies have found associations between lower BMI or
obesity prevalence and a range of BE characteristics;
negative associations between residential density2,3 and
obesity have consistently been identified, whereas evi-
dence is mixed regarding availability of healthy foods—
supermarkets, fast-food4—and recreational facilities.3,5

Longitudinal studies have found modest associations
between residential density6,7 and lower child and ado-
lescent BMI; findings have been inconsistent for food
environment8 and null for count of parks.9 Methodo-
logic challenges such as the diversity of methods used to
characterize individual BE exposures,10 variable spatial
approaches, and lack of large longitudinal pediatric data-
sets may have led to mixed findings and limited the
extent to which these studies can inform policy.
Moving to Health11 (M2H) is a 12-year retrospective

cohort formed by linking Kaiser Permanente Washing-
ton (KPW) electronic health records (EHRs) with geo-
graphic administrative data. Analyses of adults in M2H
found that residential density was strongly associated
with body weight and obesity prevalence at baseline but
had relatively small associations with weight gain over
time. Associations between BE and changes in BMI ear-
lier in life could potentially contribute to cross-sectional
associations among adults. This study sought to deter-
mine whether BE features at baseline were associated
with BMI trajectories of children and adolescents at 1, 2,
and 3 years of follow-up, adjusting for individual-level
demographics and residential property values. BE fea-
tures of interest, including physical aspects such as resi-
dential density (as a proxy for walkability), proximity to
supermarkets, fast food, and parks, were examined using
a single analytic approach, allowing comparison of their
respective associations with BMI trajectory.
METHODS

Study Population
The authors identified children and adolescents aged 5
−18 years living in King County (KC), Washington,
who had ≥273 days of continuous enrollment at KPW
and at least 1 weight measurement between January 1,
2005 and April 30, 2017, parallel to the development of
the M2H adult cohort11 (Figure 1). BMI was computed
using weight and height (within ≤3 months of the
weight) measures. The authors excluded individuals
with the following conditions strongly related to BMI:
pro-opiomelanocortin processing disorders, Asperger’s
syndrome, Albright hereditary osteodystrophy, Down
syndrome, Prader−Willi syndrome, Bardet−Biedl syn-
drome, and Alstr€om syndrome. They limited the cohort
to children with known sex (female, male) and race and
ethnicity (non-Hispanic White, non-Hispanic Black,
Hispanic, non-Hispanic Asian, non-Hispanic Native
Hawai’ian/Pacific Islander, non-Hispanic American
Indian/Alaskan Native, other) and to those living at a
geocodable home address within KC with a valid parcel-
level residential property value (≥$10,000) for
≥182 days, nonmissing insurance status, and no history
of cancer or bariatric surgery at baseline. The authors
use boy and girl to refer to EHR-defined sex. The ability
to account for more diverse sex, race, and ethnic identi-
ties was limited by data available in the EHR. The
authors excluded observations when patients were preg-
nant or within 3 months after delivery as well as biologi-
cally implausible values of weight, height, or BMI for age
and sex (i.e., observations with extreme modified z-
scores relative to 2000 Centers for Disease Control and
Prevention growth charts).12

The authors used change in BMI as the outcome for
longitudinal analyses (instead of BMI z-scores or percen-
tiles) because it better reflects within-child growth and
changes in adiposity,13−15 especially for children and
adolescents with very high BMI.16,17 Because interpreta-
tion of change in BMI differs depending on age (and the
authors hypothesized that effects could be different in
these different cohorts), they authors created 3 age-spe-
cific cohorts, starting at ages 5, 9, and 13 years (Figure 1).
For each age cohort, they identified patients with an eli-
gible BMI during a 2-year period around the age defin-
ing the beginning of the cohort (4.5−6.5 years, 8.5
−10.5 years, and 12.5−14.5 years). Patients’ baseline
BMI was defined as the eligible BMI closest to age (5, 9,
13) years and 0 days. Patients could be in multiple
cohorts. After baseline, patients contributed follow-up
BMIs to a given age-specific cohort for up to 3.5 years.
Individuals without any follow-up BMIs were excluded.
Patients were censored if they moved residence, had a
bariatric surgery or cancer, disenrolled from KPW or
had a gap in residential address history (≥13 months),
or were at the end of the study period.

Measures
Home addresses were geocoded to determine each per-
son’s baseline BE exposures18 (details in Appendix A,
available online). All BE exposure variables—selected
because they are closely related to energy balance
www.ajpmfocus.org



Figure 1. CONSORT diagram and creation of age cohorts.
KPW, Kaiser Permanente Washington; WA, Washington.
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related behaviors—were captured within 1,600-meter
Euclidean buffers of the home address (representing a
20-minute walking distance or a short drive). Residen-
tial density, a walkability proxy associated with obesity
prevalence,19−25 was computed as units per hectare (from
KC tax assessor) and, given its highly skewed distribution,
were categorized into tertiles. The authors also dichoto-
mized residential density at 18 units per hectare, the den-
sity considered necessary for efficient provision of public
transit.22,26,27 They created variables indicating proximity
to supermarkets and fast-food restaurants (defined as
establishments where one pays before eating) and neigh-
borhood parks (measured using the count of unique parks
and total park area with slope below 5%, the maximum
running slope in accessible routes by 2010 Americans with
Disabilities Act standards,28 categorized in tertiles). Prop-
erty values from KC assessor’s tax parcel data were used as
a measure of SES (on the basis of known correlation
between KC residential property values and income)29−31

and categorized into calendar year−specific tertiles because
children entered the cohort at different times.

Statistical Analysis
Within age-specific cohorts, the authors calculated
median BMI and IQR, proportion of children and ado-
lescents by BMI percentile categories, and percentage
with BMI ≥95th percentile for age and sex overall and
by BE levels at 1, 2, and 3 years after baseline. Statistical
modeling followed an analogous framework as devel-
oped for the authors’s prior analyses among the adult
cohort.11,18 The authors fit separate linear mixed-effects
models of the change in BMI over time for each age-spe-
cific cohort and each BE variable. Models included a per-
son-specific random intercept to account for correlation
of repeated measures within children, modeled using an
exponential correlation structure to account for irregu-
larly spaced follow-up (in prior modeling work, this cor-
relation structure achieved the best fit to the
longitudinal data—compared with the conditional
autoregressive structure—and was therefore selected for
the current analysis). Interaction terms between sex, the
categorical BE exposure variable, and time since baseline
were included to allow the association between BE and
BMI change to vary smoothly by sex over time; time was
flexibly modeled using natural cubic splines with 5
degrees of freedom and knots at quantiles. This func-
tional form was found to adequately allow for nonlinear
temporal trends. The authors estimated the (adjusted)
mean change in BMI from baseline to 1, 2, and 3 years
at each BE level separately for boys and girls and con-
ducted Wald tests of the difference in mean BMI change
comparing the highest with the lowest BE level (e.g.,
third versus first tertile or any versus none for
dichotomous variables). Conditional on correct specifi-
cation of the model, use of mixed models ensures that
estimates are unbiased if data are missing at random.
Models adjusted for race and ethnicity (non-Hispanic

White, non-Hispanic Black, Hispanic, non-Hispanic
Asian, non-Hispanic Native Hawai’ian/Pacific Islander,
non-Hispanic American Indian/Alaskan Native, and
other), Medicaid insured (binary), property value dec-
iles, and baseline BMI (allowing the association to differ
by sex) and adjusted for the difference between baseline
age and the start of the age cohort (through spline terms
with 3 degrees of freedom). Because residential density
could plausibly influence both change in BMI and pres-
ence of fast-food restaurants, supermarkets, and parks,
the authors adjusted for residential density in models
where food environment and neighborhood parks were
the main exposure and did not adjust for food environ-
ment and parks in models where residential density was
the main exposure. Mixed models were fit using the
nlme R package with R, version 4.0.232,33 (Vienna, Aus-
tria). Analyses were conducted in 2022.
Human Subjects
The KPW IRB approved this study.
RESULTS

This study identified 15,920 individuals for the overall
sample (Table 1). The proportion contributing data to
the age cohorts of 5, 9, and 13 years was 44%, 34%, and
50%, respectively (Figure 1). Demographics are shown
in Table 1 and Appendix B (available online). Twelve
percent of individuals had a BMI at or above the 95th
percentile. All age-specific cohorts had a median of 4
observations per individual. Median follow-up time was
2.0, 2.3, and 2.3 years for age cohorts of 5, 9, and 13 years,
respectively. Patients insured by Medicaid had fewer
BMI measurements, as did those reporting either non-
Hispanic Black or non-Hispanic Hawai’ian/Pacific
Islander race and ethnicities and participants residing in
homes in the lowest property value tertile. Patients with
asthma had slightly more BMI measures.
Table 2 describes the cross-sectional relationships

between baseline BE characteristics and baseline BMI,
BMI percentile, and obesity prevalence for each age
cohort. Median BMI was 15.8, 17.3, and 20.1 for the age
cohorts of 5, 9, and 13 years, respectively. Median BMI
percentile was 63.3, 65.1, and 66.6 for the 3 cohorts,
respectively. Baseline obesity prevalence was slightly
lower in children and adolescents living in denser neigh-
borhoods (all age cohorts) when residential density was
dichotomized at the transit threshold, but the relation-
ship appeared inverse U-shaped when residential density
www.ajpmfocus.org



Table 1. Baseline Characteristics, Number of BMI Measurements and Years Between Measurements (All Age Cohorts,
Combined)

Number of BMI measures Years between BMI measures

Characteristic1 n % Median 25% 75% Median 25% 75%

Total 15,920 100 6.0 3.0 10.0 3.9 1.8 6.2

Sex

Female 7,756 48.7 6.0 4.0 10.0 4.0 1.8 6.3

Male 8,164 51.3 6.0 3.0 10.0 3.9 1.8 6.2

Race and ethnicity

Non-Hispanic White 8,544 53.7 6.0 4.0 10.0 4.0 1.9 6.3

Non-Hispanic Black 1,679 10.5 5.0 3.0 9.0 3.8 1.7 6.1

Hispanic 1,232 7.7 6.0 3.0 9.0 3.4 1.2 5.9

Non-Hispanic Asian 3,629 22.8 6.0 3.0 9.0 4.0 1.9 6.4

Non-Hispanic Native Hawai’ian/Pacific
Islander

307 1.9 5.0 3.0 9.0 3.6 1.7 5.8

Non-Hispanic American Indian/Alaskan
Native

215 1.4 6.0 3.0 11.0 3.5 1.3 6.0

Other 314 2.0 6.0 3.0 10.0 3.9 1.8 6.4

Insurance

Commercial 14,749 92.6 6.0 4.0 10.0 4.0 2.0 6.4

Medicaid 1,048 6.6 4.0 2.0 7.0 2.4 0.7 4.9

Other 123 0.8 3.0 2.0 4.5 1.1 0.3 2.3

CDC BMI percentile, category

(0, 25) 2,485 15.6 6.0 4.0 9.0 3.8 1.5 6.1

(25, 50) 3,161 19.9 6.0 3.0 10.0 4.0 1.9 6.3

(50, 75) 3,988 25.1 6.0 3.0 10.0 3.9 1.8 6.3

(75, 95) 4,365 27.4 6.0 3.0 10.0 3.9 1.8 6.3

(95, 99) 1,468 9.2 6.0 4.0 10.0 4.0 1.9 6.2

(99, 100) 453 2.8 7.0 3.0 11.0 4.0 1.7 6.3

Property value, tertile2

1 5,586 35.1 6.0 3.0 9.0 3.4 1.3 5.9

2 5,350 33.6 6.0 4.0 10.0 4.0 2.0 6.3

3 4,984 31.3 6.0 4.0 10.0 4.2 2.1 6.5

Comorbidities3

Asthma 1,178 7.4 7.0 4.0 12.0 3.5 1.5 6.0

Anxiety 316 2.0 6.0 3.0 11.0 3.3 1.6 4.9

Depression 118 0.7 6.0 3.0 10.0 2.7 1.0 4.4
1Smoking self-report is not shown is the table owing to high proportion of missing data in electronic health record (43.6%). Of the analytic sample,
0.1% reported smoking currently, 0.2% reported smoking in the past, and 56% reported never smoking.
2Property value tertiles varied from year to year. For 2017, the tertiles were ≤$337,405; $337,406−$530,965; and ≥$530,966.
3Other comorbidities that occurred in 0.3% or fewer patients were psychoses, sleep apnea, eating disorders, diabetes, and kidney disease.
Appendix B (available online) shows the above data, by age cohort.
CDC, Center for Disease Control and Prevention
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was categorized in tertiles. Figure 2 shows baseline BMI
by age and residential density. Children and adolescents
living within 1,600 meters of a fast-food restaurant had
slightly higher median BMI percentile and greater obe-
sity prevalence (all ages). Those living near more parks
had lower obesity prevalence at baseline (all ages). How-
ever, overall, the relationship between parks and obesity
prevalence was inverse U-shaped, with middle tertile
having the highest obesity prevalence. Property value
had the strongest cross-sectional association with BMI,
BMI percentile, and obesity prevalence than any of the
June 2024
BE variables examined. Children in the age cohort of
5 years living in homes in the lowest residential property
value tertile had 2.6 times the obesity prevalence of those
in the highest property value tertile (14.4% vs 5.5%).
This obesity prevalence difference was 2.7-fold and 3.2-
fold for age cohorts of 9 and 13 years, respectively.
Table 3 shows the adjusted point estimates and 95% CIs

for BMI change associated with BE exposures for each age
cohort, at years 2 and 3. Overall, girls’mean BMI at 3 years
increased from baseline by 1.0 unit in the age cohort of
5 years (95% CI=1.0, 1.1), 2.5 units in the age cohort of



Table 2. BE Characteristics in Relation to Baseline BMI, BMI Percentile, and Obesity Prevalence, by Age Cohort

BMI BMI percentile1
Obesity

prevalence1

Characteristic n % Median 25% 75% Median 25% 75% n %

Age cohort of 5 years, total 6,969 100 15.8 14.9 16.8 63.3 36.2 84.3 691 9.9

BE2

Residential density (tertiles)

(0.0637, 5.3788) 1,971 28.3 15.8 14.8 16.9 63 34.5 85.1 211 10.7

(5.3788, 8.9721) 2,181 31.3 15.8 14.9 16.9 64.9 37 85.2 254 11.6

(8.9721, 86.0201) 2,817 40.4 15.7 14.9 16.7 62.6 36.7 83.1 226 8.0

Residential density (dichotomized at transit threshold)

(0.0637, 18.0000) 6,315 90.6 15.8 14.9 16.8 63.3 36.1 84.4 635 10.1

(18.0000, 86.0201) 654 9.4 15.8 15.0 16.6 64.8 38.9 82.0 56 8.6

Supermarket (binary)

None 3,255 46.7 15.7 14.8 16.7 62.7 34.7 83.8 320 9.8

Any 3,714 53.3 15.8 14.9 16.8 64.3 37.4 84.6 371 10.0

Fast food (binary)

None 2,773 39.8 15.7 14.9 16.7 62.7 35.9 83.4 260 9.4

Any 4,196 60.2 15.8 14.9 16.9 63.9 36.3 84.8 431 10.3

Park count (tertiles)

(0, 7) 1,852 26.6 15.8 14.9 16.8 63.3 35.5 84.5 199 10.7

(7, 11) 2,192 31.5 15.8 14.9 16.9 64.3 37.1 86.0 254 11.6

(11, 45) 2,925 42.0 15.8 14.9 16.7 62.7 36.0 82.7 238 8.1

Park area (hectares) with <5% slope (tertiles)

(0.0, 10.5) 2,355 33.8 15.8 14.9 16.8 63.6 36.7 84.5 232 9.9

(10.5, 23.1) 2,386 34.2 15.8 14.9 16.8 63.8 36.7 84.4 238 10.0

(23.1, 342.0) 2,228 32.0 15.7 14.8 16.7 62.5 35.6 83.5 221 9.9

SES

Property value (tertiles3)

1 2,474 35.5 15.9 14.9 17.1 66.7 38.6 88.1 357 14.4

2 2,452 35.2 15.7 14.8 16.7 62.2 33.9 83.3 221 9.0

3 2,043 29.3 15.7 14.9 16.5 62.1 36.3 80.1 113 5.5

Age cohort of 9 year, total 5,494 100 17.3 15.8 19.8 65.1 35.7 88.1 779 14.2

BE

Residential density (tertiles)

(0.0637, 5.3788) 1,788 32.5 17.4 15.8 20 67.1 36.4 89.6 283 15.8

(5.3788, 8.9721) 1,765 32.1 17.7 15.9 20.4 69.5 39.3 91.0 297 16.8

(8.9721, 86.0201) 1,941 35.3 17.0 15.6 18.9 60.5 32.4 83.0 199 10.3

Residential density (dichotomized at transit threshold)

(0.0637, 18.0000) 5,047 91.9 17.4 15.8 19.9 66.0 36.5 88.7 743 14.7

(18.0000, 86.0201) 447 8.1 16.7 15.4 18.7 54.9 26.5 81.5 36 8.1

Supermarket (binary)

None 2,796 50.9 17.4 15.8 20 66.7 36.0 89.2 422 15.1

Any 2,698 49.1 17.2 15.7 19.6 63.6 35.3 87.0 357 13.2

Fast-food (binary)

None 2,421 44.1 17.3 15.7 19.7 64.9 35.4 87.8 342 14.1

Any 3,073 55.9 17.3 15.8 19.9 65.4 36.1 88.3 437 14.2

Park count (tertiles)

(0, 7) 1,616 29.4 17.4 15.8 19.9 66.4 36.0 88.5 244 15.1

(7, 11) 1,701 31.0 17.5 15.8 20.4 67.1 37.0 90.3 277 16.3

(11, 45) 2,177 39.6 17.1 15.7 19.3 63.1 34.4 85.6 258 11.9

(continued on next page )
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Table 2. BE Characteristics in Relation to Baseline BMI, BMI Percentile, and Obesity Prevalence, by Age Cohort
(continued)

BMI BMI percentile1
Obesity

prevalence1

Characteristic n % Median 25% 75% Median 25% 75% n %

Park area (hectares) with <5% slope (tertiles)

(0.0, 10.5) 1,804 32.8 17.3 15.7 19.8 65.5 35.0 88.0 241 13.4

(10.5, 23.1) 1,842 33.5 17.3 15.8 19.6 64.7 36.3 87.8 256 13.9

(23.1, 342.0) 1,848 33.6 17.3 15.8 19.9 65.2 35.5 88.5 282 15.3

SES

Property value (tertiles)

1 1,873 34.1 17.9 16.0 21.0 72.9 42.0 93.2 390 20.8

2 1,859 33.8 17.2 15.7 19.6 63.1 35.0 87.5 253 13.6

3 1,762 32.1 16.9 15.5 18.8 59.3 30.9 82.2 136 7.7

Age cohort of 13 years, total 7,980 100 20.1 18.1 23.1 66.6 40.3 87.8 1,065 13.3

BE

Residential density (tertiles)

(0.0637, 5.3788) 2,667 33.4 20.2 18.2 23.3 67.0 41.0 88.3 389 14.6

(5.3788, 8.9721) 2,752 34.5 20.5 18.4 23.7 70.5 43.6 90.3 425 15.4

(8.9721, 86.0201) 2,561 32.1 19.7 17.8 22.4 62.4 35.4 84.8 251 9.8

Residential density (dichotomized at transit threshold)

(0.0637, 18.0000) 7,442 93.3 20.2 18.2 23.2 67.4 40.8 88.2 1,022 13.7

(18.0000, 86.0201) 538 6.7 19.3 17.6 21.6 58.2 32.2 80.3 43 8.0

Supermarket (binary)

None 4,196 52.6 20.1 18.2 23.2 66.7 40.6 88.2 578 13.8

Any 3,784 47.4 20.1 18.1 23.0 66.2 39.7 87.4 487 12.9

Fast-food (binary)

None 3,709 46.5 20.0 18.1 22.9 65.4 39.7 86.9 453 12.2

Any 4,271 53.5 20.2 18.2 23.2 67.7 40.9 88.7 612 14.3

Park count (tertiles)

(0, 7) 2,416 30.3 20.2 18.1 23.4 68.2 40.3 88.8 336 13.9

(7, 11) 2,487 31.2 20.3 18.3 23.5 68.5 42.7 89.2 371 14.9

(11, 45) 3,077 38.6 19.8 18.0 22.6 64.1 38.4 85.9 358 11.6

Park area with <5% slope (tertiles)

(0.0, 10.5) 2,676 33.5 20.0 18.1 22.8 65.4 39.5 86.8 336 12.6

(10.5, 23.1) 2,700 33.8 20.1 18.2 23.2 66.7 41.1 88.3 379 14.0

(23.1, 342.0) 2,604 32.6 20.2 18.1 23.3 67.6 40.1 88.5 350 13.4

SES

Property value (tertiles)

1 2,537 31.8 21.3 18.8 25.2 77.7 49.7 93.6 539 21.2

2 2,591 32.5 20.0 18.2 22.9 65.9 41.5 87.2 339 13.1

3 2,852 35.7 19.4 17.6 21.8 57.6 32.2 80.9 187 6.6

Note: Three quarters (75.5%) of 15,920 children in the overall sample contributed data to only 1 age cohort, 20.5% contributed to 2, and 3.9% con-
tributed to all 3 cohorts.
1CDC BMI charts can be found at https://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm#values.
2All BE characteristics are measured at a 1,600-meter buffer.
3Property value tertiles varied from year to year. For 2017, the tertiles were ≤$337,405; $337,406−$530,965; and ≥$530,966.
BE, built environment; CDC, Center for Disease Control and Prevention.
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9 years (95% CI=2.4, 2.6), and 2.0 units in the age cohort of
13 years (95% CI=1.9, 2.0). Overall, boys’ mean BMI at
3 years increased by 1.0 unit in the age cohort of 5 years
(95% CI=0.9, 1.1), 2.1 units in the age cohort of 9 years
(95% CI=2.0, 2.1), and 2.2 units in the age cohort of
13 years (95% CI=2.1, 2.3). No statistically significant
June 2024
associations between BMI change and BE were seen at
Year 1 (data not shown). Across all BE variables, somewhat
larger associations were seen at Year 3 than at Year 2.
Higher residential density was associated with lower

BMI increases for girls at Year 3 across all age cohorts.
The 3-year association between residential density

https://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm#values


Figure 2. Baseline BMI overlaid on CDC BMI percentiles, for boys and girls, by age and age and residential density. (A) By age. (B) By
age and residential density.
CDC, Center for Disease Control and Prevention
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(comparing third with first tertile) for girls amounts to a
decrement of 0.2 (95% CI=0.1, 0.3; p=0.004), 0.3 (95%
CI=0.1, 0.5; p=0.002), and 0.3 BMI units (95% CI=0.2,
0.5; p<0.0001) in the age cohorts of 5, 9, and 13 years,
respectively. Higher residential density was also signifi-
cantly associated with less BMI gain for boys at Year 3
in the age cohorts of 5 and 13 years. There was a similar
pattern at Year 3 for boys in the age cohort of 9 years,
but estimates were imprecise and crossed the null value.
The 3-year association between residential density (com-
paring third with first tertile) for boys amounts to a 0.3
BMI unit decrement for the age cohort of 5 years (95%
CI=0.2, 0.5; p<0.0001) and 0.3 BMI units for the age
cohort of 13 years (95% CI=0.1, 0.5; p=0.002). Similar
findings were observed for residential density dichoto-
mized at the transit threshold.
Fast-food presence was associated with a 0.2 BMI unit

larger increase for boys in the age cohort of 5 years at
Years 2 (95% CI=0.1, 0.3; p=0.005) and 3 (95% CI=0.1,
0.4; p=0.0003) and at Year 3 for girls in the age cohort of
9 years (95% CI=0.0, 0.4; p=0.02). The authors observed
no associations for fast food for adolescents. Supermar-
ket presence was associated with a significant difference
in BMI for girls in the age cohort of 5 years at Year 2.
There were no significant associations between BMI

change and counts of parks. There were no significant
associations between BMI change and park area with a
<5% grade, except for boys in the age cohort of 5 years
www.ajpmfocus.org



Table 3. BE Characteristics and Their Relationship With Change in BMI at 2 and 3 Years From Baseline (Mean Difference) in the 3 Age Cohorts, After Adjusting for Baseline
Demographics, BMI, and Year-Specific Residential Property Values

Female Male

Year 2 Year 3 Year 2 Year 3

BE characteristic1 Level Estimate p-value2 Estimate p-value Estimate p-value Estimate p-value

Age cohort of 5 years, overall 0.5 (0.5, 0.6) 1.0 (1.0, 1.1) 0.5 (0.4, 0.5) 1.0 (0.9, 1.1)

Residential density (tertiles)

1 (0.0637, 5.3788) 0.6 (0.5, 0.7) 1.1 (1.0, 1.2) 0.6 (0.5, 0.7) 1.2 (1.1, 1.3)

2 (5.3788, 8.9721) 0.6 (0.5, 0.7) 1.1 (1.0, 1.2) 0.5 (0.4, 0.6) 1.1 (0.9, 1.2)

3 (8.9721, 86.0201) 0.5 (0.4, 0.6) 0.074 0.9 (0.8, 1.0) 0.004 0.3 (0.2, 0.4) <0.0001 0.8 (0.7, 0.9) <0.0001
Residential density (dichotomized at transit threshold)

1 (0.0637, 18.0000) 0.6 (0.5, 0.6) 1.1 (1.0, 1.1) 0.5 (0.4, 0.6) 1.0 (1.0, 1.1)

2 (18.0000, 86.0201) 0.4 (0.2, 0.6) 0.21 0.9 (0.7, 1.1) 0.078 0.3 (0.1, 0.5) 0.063 0.7 (0.5, 0.9) 0.0003

Supermarket (binary)

0 None 0.6 (0.5, 0.7) 1.1 (1.0, 1.2) 0.4 (0.3, 0.5) 1.0 (0.9, 1.1)

1 Any 0.5 (0.4, 0.5) 0.009 1.0 (0.9, 1.1) 0.12 0.5 (0.4, 0.6) 0.11 1.0 (1.0, 1.1) 0.2

Fast food (binary)

0 None 0.6 (0.5, 0.7) 1.1 (1.0, 1.2) 0.4 (0.3, 0.5) 0.9 (0.8, 1.0)

1 Any 0.5 (0.5, 0.6) 0.62 1.0 (0.9, 1.1) 0.49 0.6 (0.5, 0.6) 0.005 1.1 (1.0, 1.2) 0.0003

Park count (tertiles)

1 (0, 7) 0.6 (0.4, 0.7) 1.0 (0.9, 1.1) 0.4 (0.3, 0.6) 0.9 (0.8, 1.1)

2 (7, 11) 0.5 (0.4, 0.6) 1.0 (0.9, 1.1) 0.5 (0.4, 0.6) 1.1 (1.0, 1.2)

3 (11, 45) 0.6 (0.5, 0.7) 0.88 1.1 (1.0, 1.2) 0.55 0.5 (0.4, 0.6) 0.91 1.0 (0.9, 1.1) 0.35

Park area (hectares) with <5% slope (tertiles)

1 (0.0, 10.5) 0.5 (0.4, 0.6) 1.0 (0.9, 1.1) 0.5 (0.4, 0.6) 0.9 (0.8, 1.0)

2 (10.5, 23.1) 0.6 (0.5, 0.7) 1.1 (1.0, 1.2) 0.4 (0.3, 0.5) 1.1 (1.0, 1.1)

3 (23.1, 342.0) 0.6 (0.5, 0.7) 0.37 1.1 (1.0, 1.2) 0.34 0.5 (0.4, 0.6) 0.24 1.1 (1.0, 1.2) 0.045

Age cohort of 9 years, overall 1.6 (1.5, 1.7) 2.5 (2.4, 2.6) 1.4 (1.3, 1.5) 2.1 (2.0, 2.1)

Residential density (tertiles)

1 (0.0637, 5.3788) 1.6 (1.5, 1.8) 2.7 (2.5, 2.8) 1.4 (1.3, 1.6) 2.1 (2.0, 2.2)

2 (5.3788, 8.9721) 1.7 (1.5, 1.8) 2.6 (2.4, 2.7) 1.4 (1.3, 1.5) 2.1 (2.0, 2.3)

3 (8.9721, 86.0201) 1.5 (1.4, 1.6) 0.16 2.4 (2.2, 2.5) 0.002 1.4 (1.2, 1.5) 0.34 2.0 (1.8, 2.1) 0.16

Residential density (dichotomized at transit threshold)

1 (0.0637, 18.0000) 1.6 (1.5, 1.7) 2.5 (2.5, 2.6) 1.4 (1.3, 1.5) 2.1 (2.0, 2.1)

2 (18.0000, 86.0201) 1.6 (1.3, 1.8) 0.7 2.3 (2.1, 2.6) 0.2 1.2 (1.0, 1.5) 0.12 2.0 (1.7, 2.2) 0.4

Supermarket (binary)

0 None 1.5 (1.4, 1.6) 2.5 (2.4, 2.6) 1.4 (1.3, 1.5) 2.1 (2.0, 2.2)

1 Any 1.7 (1.6, 1.8) 0.052 2.6 (2.4, 2.7) 0.48 1.4 (1.3, 1.5) 0.58 2.0 (1.9, 2.2) 0.56

(continued on next page)
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Table 3. BE Characteristics and Their Relationship With Change in BMI at 2 and 3 Years From Baseline (Mean Difference) in the 3 Age Cohorts, After Adjusting for
Baseline Demographics, BMI, and Year-Specific Residential Property Values (continued)

Female Male

Year 2 Year 3 Year 2 Year 3

BE characteristic1 Level Estimate p-value2 Estimate p-value Estimate p-value Estimate p-value

Fast food (binary)

1 None 1.5 (1.4, 1.6) 2.4 (2.3, 2.5) 1.4 (1.3, 1.5) 2.0 (1.9, 2.2)

2 Any 1.7 (1.6, 1.8) 0.075 2.6 (2.5, 2.7) 0.024 1.4 (1.3, 1.5) 0.39 2.1 (2.0, 2.2) 0.75

Park count (tertiles)

1 (0, 7) 1.5 (1.4, 1.6) 2.4 (2.3, 2.6) 1.4 (1.3, 1.5) 2.1 (2.0, 2.3)

2 (7,11) 1.6 (1.5, 1.8) 2.5 (2.4, 2.7) 1.4 (1.3, 1.5) 2.1 (1.9, 2.2)

3 (11, 45) 1.7 (1.6, 1.8) 0.065 2.6 (2.5, 2.7) 0.12 1.4 (1.3, 1.5) 0.93 2.0 (1.9, 2.1) 0.34

Park area (hectares) with <5% slope (tertiles)

1 (0.0, 10.5) 1.5 (1.4, 1.6) 2.5 (2.4, 2.6) 1.4 (1.3, 1.5) 2.1 (1.9, 2.2)

2 (10.5, 23.1) 1.7 (1.6, 1.8) 2.6 (2.5, 2.7) 1.5 (1.4, 1.6) 2.2 (2.1, 2.4)

3 (23.1, 342.0) 1.6 (1.5, 1.7) 0.45 2.5 (2.3, 2.6) 0.75 1.3 (1.2, 1.4) 0.38 1.9 (1.8, 2.0) 0.077

Age cohort of 13 years, overall 1.5 (1.4, 1.5) 2.0 (1.9, 2.0) 1.6 (1.5, 1.6) 2.2 (2.1, 2.3)

Residential density (tertiles)

1 (0.0637, 5.3788) 1.6 (1.5, 1.7) 2.2 (2.1, 2.3) 1.6 (1.5, 1.7) 2.4 (2.2, 2.5)

2 (5.3788, 8.9721) 1.4 (1.2, 1.5) 1.9 (1.7, 2.0) 1.5 (1.4, 1.6) 2.2 (2.1, 2.3)

3 (8.9721, 86.0201) 1.4 (1.3, 1.6) 0.047 1.8 (1.7, 2.0) <0.0001 1.6 (1.5, 1.7) 0.89 2.1 (1.9, 2.2) 0.002

Residential density (dichotomized at transit threshold)

1 (0.0637, 18.0000) 1.5 (1.4, 1.5) 2.0 (1.9, 2.0) 1.6 (1.5, 1.7) 2.2 (2.2, 2.3)

2 (18.0000, 86.0201) 1.5 (1.2, 1.8) 0.74 1.9 (1.6, 2.2) 0.7 1.5 (1.2, 1.7) 0.39 1.8 (1.5, 2.1) 0.003

Supermarket (binary)

1 None 1.4 (1.3, 1.5) 2.0 (1.9, 2.1) 1.5 (1.4, 1.6) 2.2 (2.1, 2.3)

2 Any 1.5 (1.4, 1.6) 0.25 2.0 (1.9, 2.1) 0.72 1.6 (1.5, 1.7) 0.3 2.3 (2.1, 2.4) 0.44

Fast-food (binary)

1 None 1.5 (1.4, 1.6) 2.0 (1.9, 2.1) 1.6 (1.4, 1.7) 2.2 (2.1, 2.3)

2 Any 1.4 (1.3, 1.5) 0.69 2.0 (1.9, 2.1) 0.93 1.6 (1.5, 1.7) 0.55 2.2 (2.1, 2.3) 0.92

Park count (tertiles)

1 (0, 7) 1.4 (1.3, 1.6) 1.9 (1.7, 2.0) 1.6 (1.4, 1.7) 2.2 (2.1, 2.3)

2 (7, 11) 1.5 (1.3, 1.6) 2.0 (1.8, 2.1) 1.6 (1.4, 1.7) 2.2 (2.0, 2.3)

3 (11, 45) 1.5 (1.4, 1.6) 0.57 2.0 (1.9, 2.2) 0.071 1.6 (1.5, 1.7) 0.89 2.3 (2.1, 2.4) 0.52

Park area (hectares) with <5% slope (tertiles)

1 (0.0, 10.5) 1.4 (1.3, 1.6) 2.1 (1.9, 2.2) 1.6 (1.5, 1.7) 2.2 (2.1, 2.4)

2 (10.5, 23.1) 1.5 (1.4, 1.6) 1.9 (1.8, 2.1) 1.5 (1.4, 1.7) 2.2 (2.0, 2.3)

3 (23.1, 342.0) 1.5 (1.4, 1.6) 0.64 1.9 (1.8, 2.0) 0.057 1.6 (1.5, 1.7) 0.73 2.3 (2.1, 2.4) 0.94

1All BE characteristics are measured at a 1,600-meter buffer.
2p-values compare the third with the first tertile (or any vs none) at Years 2 and 3 of follow-up, separately by sex.
BE, built environment.
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at Year 3, where those in the highest tertile of park area
had greater BMI increases. Appendix A (available
online) provides the exploratory analyses to inform
operationalization of parks area and slope variables.
DISCUSSION

The M2H study is one of the largest pediatric cohorts to
examine cross-sectional and longitudinal associations of
neighborhood residential density, food environment,
and parks with BMI change in children and adolescents.
This study linked clinical data and home addresses to
county BE data and affords comparison with adult find-
ings from the same population. Among these 15,920
insured children and adolescents in KC, those who live
in denser neighborhoods, without fast-food restaurants,
and near more parks have lower BMI and less likely to
have obesity.
These cross-sectional findings align with prior studies

that found associations between residential density and
lower BMI in children and adolescents. This relationship
could be mediated by physical activity (PA),34−37

although residential density could also be a proxy for
residual confounding by SES (because the authors did
not have access to measures of SES besides property val-
ues, such as household income or parental education).
Others have found cross-sectional associations between
proximity to fast food and adult BMI.38 This study’s
findings did not reveal cross-sectional associations
between supermarket count and BMI; indeed, the litera-
ture on this association in children has been mixed.39

The cross-sectional association between parks and lower
BMI is consistent with findings of several cross-sectional
studies reporting the presence of (and proximity to)
neighborhood parks and green spaces to be associated
with PA,37,40−43 although others have yielded mixed
findings.44 Baseline BMI was strongly associated with
residential property value, even in the youngest age
cohort, and these associations were stronger than associ-
ations with BE measures. This is consistent with prior
work45,46 suggesting that household socioeconomic roots
of childhood obesity are not primarily explained by envi-
ronmental factors and suggests that future work should
focus on economic determinants of childhood energy
balance behaviors beyond residential BE.
Longitudinally, greater residential density was inde-

pendently associated with smaller BMI increase for girls
(all age groups) and boys (youngest and oldest age
groups) over 2−3 years. The lack of significant associa-
tions at Year 1 may be because BE exerts influence over
a longer period of time. For illustrative purposes, the
results suggest that a girl aged 13 years who is 1.6 m tall
(5 feet 3 inches) and weighs 55.4 kg (BMI=21.6 kg/m2)
June 2024
who lives in a high-density neighborhood would be
expected to weigh 62.9 kg (BMI=23.4 kg/m2) at age
16 years, whereas another girl of the same height and
weight at age 13 years living in a low-density neighbor-
hood would be expected to weigh 64.0 kg (23.8 kg/m2)
at age 16 years. For girls aged 13 years, the average 3-
year difference in BMI change comparing highest with
lowest residential density (0.4 kg/m2) is one fifth of the
3-year difference in BMI change in the overall sample
(2.0 kg/m2). Compared with findings18 in the adult
M2H cohort, the 1.1 kg difference at 3 years for average
girls aged 13 years is almost quadruple the difference in
3-year weight change (0.28 kg) for adults, between low-
est and highest residential density tertiles,18 suggesting
that walkability (or other correlates of density) has
greater impact on children and adolescents than on
adults.
In a national sample of U.S. kindergarteners,6 resi-

dential density was associated with lower prevalence
of obesity at 9 years. A Massachusetts study7 also
found an inverse relationship between residential den-
sity and BMI z-score. Taken together, these findings
support the importance of urban form in shaping
BMI; in denser neighborhoods, the shorter distances
between origins and destinations support walking,19

an important source of PA for children and adoles-
cents, which in turn is associated with lower weight
status. Over the life course, these associations may
contribute to the cross-sectional associations observed
among adults.
Longitudinal associations of fast food and supermar-

kets with BMI change in children and adolescents in the
M2H cohort were weak and mixed. Analyses of the
M2H adult cohort similarly did not find a consistent
association between food environment and weight
change.18 This study’s results differ from those of a
recent New York City study47 that used randomly
assigned public housing as a natural experiment and
found that childhood obesity increased with proximity
to fast food, with larger effects for younger children who
attended nearby schools. Differences in study findings
may be driven by differences in the SES of the 2 samples.
Presence of neighborhood parks and park area with

<5% slope were not associated with change in BMI in
most of the main comparisons. Steeper slopes (and
smaller <5% slope area) in the Seattle area are often
associated with views and may be a proxy for higher SES
in ways not captured by property values, resulting in
residual confounding by SES that attenuates the associa-
tions of interest. In the Massachusetts longitudinal
cohort,7 recreational open spaces were similarly not
associated with BMI z-score change in a similar age
range. These findings in 2 different geographic regions
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call for further consideration of the mechanisms by
which recreational environment support PA in children
and adolescents.

Limitations
This study has several limitations, including various
potential uncontrolled confounders. Duration of resi-
dence at baseline is unknown, so it is not possible to
adjust for varying periods of BE exposure. Although
1,600-meter Euclidean buffers have been widely used to
define the physical and social neighborhood, the extent to
which they capture use of resources may vary by individ-
ual, social, cultural, economic, and other factors. Family
behaviors play an important role in determining how
children and adolescents interact with their BE. Simply
residing in a neighborhood does not mean one is uni-
formly engaging with its BE characteristics—for example,
eating at a nearby fast-food restaurant, shopping at a local
grocery store, visiting parks, or walking around the neigh-
borhood. Data on access to a car—which strongly affects
access to BE resources—were not available. Using EHR-
derived addresses does not account for children who split
time between multiple homes or time spent in school,
resulting in measurement error. Analyses were adjusted
for residential property values, which only capture 1
dimension of individual SES. The findings’ generalizabil-
ity may be limited by the stringent inclusion criteria and
the fact that all individuals in the cohort had commercial
or public health insurance.
Future research should integrate behavioral data that

reflect how young residents of a neighborhood engage
with the BE. Accelerometry, tracking devices, mobile
phones, and survey data could be used for a more holis-
tic view of actual behaviors related to PA and nutri-
tion,29 both to understand the roots of childhood and
adolescent obesity and to improve conceptual frame-
works regarding BE measurement.
CONCLUSIONS

In the M2H study, lower residential density, presence of
fast food, and lower property values were cross-section-
ally associated with BMI and obesity prevalence in chil-
dren and adolescents. Longitudinal associations between
residential density and changes in BMI exceed those
seen in the adults in the same population and may have
a cumulative life course effect.
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