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Abstract

Nearly 14% of American children aged 2-5 have obesity, with higher rates in children from lower-
income and Black families. While evidence connects neighborhood socioeconomic environment
(SEE) and obesity in adults and adolescents, little is known of this relationship in young children.
We compared measures of SEE and family-level socio-demographic factors as predictors of
obesity at age two. Methods: Family-level data from the PREVAIL Cohort, a CDC-funded birth
cohort in Cincinnati, Ohio, were collected prenatally from the mothers. Residential addresses
were geocoded and assigned validated measures of census tract-level SEE, including USDA food
desert indicators and the Deprivation Index. Family-level and ecological SEE were compared as
predictors of obesity (BMIz=1.65) at age two in terms of proportional differences, relative risk,
and model fit statistics. Results: Residing outside of Deprivation Index High SEE neighborhoods
was significantly associated with higher proportion (20.0% v55.9%; XZ =4.36, p=0.037) and
increased risk of obesity in univariable (RR = 3.4, 95%CI: 1.26-13.86) and multivariable models
(RR = 3.5, 95%CI: 1.06-11.71). There were no differences in proportion or risk of obesity by
USDA food desert indicators or family-level factors. Models using categorical Deprivation Index
performed better than the family-level and the USDA food desert variables in terms of model
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fit. Conclusion: In the PREVAIL Cohort, only category of Deprivation Index was a significant
predictor of obesity in two-year-old children. Future studies are needed to evaluate the Deprivation
Index as a generalizable tool to identify neighborhoods at higher risk for obesity.
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Introduction

Childhood obesity is a growing epidemic in the United States (US) and increases risks for a
wide range of metabolic, vascular, and endocrine disorders throughout life (1, 2). Although
children aged 12-19 years have the highest obesity rates in childhood (20.7%), nearly 14%
of children 2 — 5 years of age meet obesity criteria, a rate that has more than doubled in

the last five decades, with significant differences by income category, family education level,
race, and ethnicity (3-5). This is especially important, as early childhood obesity is a strong
predictor of obesity and obesity-related comorbidities in adolescence and adulthood and can
contribute to health disparities in low income and minority populations throughout life (1, 2,
6).

Evidence shows that weight status and obesity in older children and adults is intimately
connected to a network of social, structural, racial, and economic differences in family
and neighborhood environments (7-12). While this relationship in younger children is
understudied, factors that influence parent and sibling weight status are shown to affect
the weight status of younger children in the household (13, 14) and socio-demographic
measures associated with differences in child obesity risk are correlated with residential
neighborhood (15, 16).

However, most studies in the US linking environmental indicators and childhood obesity
have focused on the food access environment (i.e., food deserts) rather than socio-economic
environment (SEE) and have reported inconsistent results. Two recent systematic reviews
found that, while results were generally supportive of a connection between neighborhood
food environments and child obesity, results were inconsistent (17, 18). Mei et al. (18)
hypothesized that the inconsistency in findings could be due to contextual factors such as
individual family characteristics, including race, income, and education; Cobb et al. (17)
identified a differential effect between food access and obesity when stratifying children

by aggregate neighborhood income, suggesting that food access alone is not a sufficient
measure of neighborhood environment.

A validated, national source of ecological socioeconomic and food access data is the US
Census Bureau’s annual American Community Survey (ACS) (19). The ACS includes
detailed questions regarding social and economic status, such as education level, use of
social services, family income, and vehicle ownership. Data are compiled by US census
tract, which is generally aligned with neighborhoods in urban environments, and has been
used to create two validated sources of census tract-level measures of SEE, the USDA Food
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Access Research Atlas (formerly the Food Desert Locator) (20) and the Deprivation Index
(21).

The Food Access Research Atlas contains multiple measures of food and socio-economic
environment, including several binary indicators of census tract fresh food access and
availability. Food Access Research Atlas variables are used widely to designate food deserts
and have been correlated to higher rates of obesity in adults and school-aged children

(22, 23). However, these binary variables have been inconsistently associated with earlier
childhood obesity, may not fully reflect community socio-economic environment, and have
been shown to more accurately reflect issues of access in rural than in urban neighborhoods
(18, 24-28).

The Deprivation Index is a more granular measure of SEE that standardizes census tract
aggregate material deprivation (19, 21). Although similar material deprivation indices have
been shown to predict child weight status in other Western countries (29), and differences
in other child health outcomes have been found by Deprivation Index score (21,30,31), the
Deprivation Index has not, to our knowledge, been used in studies of childhood obesity in
the US.

Here, we apply these validated measures of fresh food access and neighborhood material
deprivation compared with individual family-level factors as potential predictors of risk of
early childhood obesity. While both of these indices have been used previously to quantify
neighborhood environment, validating USDA and Deprivation Index measures as predictors
for obesity in young children could provide a powerful tool to guide public health initiatives
by identifying regions of early disparities in weight status, potentially breaking the cycle of
obesity and obesity-related health disparities in low-income and minority populations (see
Figure 1).

The Pediatric Respiratory and Enteric Virus Acquisition and Immunogenesis Longitudinal
Cohort (PREVAIL), a prospective two-year birth cohort study in Cincinnati, Ohio, was
approved by the Institutional Review Boards at the US Centers for Disease Control

and Prevention (CDC) and Cincinnati Children’s Hospital Medical Center. Participant
enrollment began in April of 2017, and data collection was completed in October 2020.
Study methods, including recruitment, enrollment, and data collection have previously been
described (32); methods relevant to this work are described here. Inclusion criteria for the
study were maternal age =18 years and delivery of a healthy, live-born, singleton infant at
one of two urban study hospitals. Exclusion criteria included living more than 20 miles from
the birth hospital, illicit drug use, major congenital anomaly in the infant, gestational age
under 35 weeks, or HIV infection. Provisional enroliment occurred in the third trimester

of pregnancy, and final eligibility and study enrollment was determined at a two-week
postpartum home visit. Mother-infant dyads were followed from birth until age two through
weekly text surveillance and periodic in-clinic study visits. This analysis is a subset of the
PREVAIL Cohort, including only those subjects who completed the end-of-study (month 24)
visit.
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Family-level data

Family-level socio-demographic data were collected in-person at baseline (third trimester
of pregnancy). Maternal race was categorized as White, Black, or other (biracial, Asian,
Native American, Pacific Islander, or unknown). Due to the small number of participants
who identified as Hispanic, ethnicity was not included as a covariate in this analysis;
subjects who identified as ethnically Hispanic were included in their self-identified racial
group. Maternal education level was defined as completion of any post-secondary education
or training (>HS) or less (<HS). Maternal marital status was defined as married or not,
independent of cohabitation status, while living with a partner was defined as cohabitation
with a significant other, independent of marital status. Insurance status was categorized as
public or private, with the few families reporting either no insurance or use of both public
and private insurance classified as publicly insured. Family income level was grouped in
line with the Federal Poverty Level for a family of four (< $25,000/year), between 100%
and 200% of Federal Poverty Level ($25,000-$50,000/year) and above (>$50,000/year).
Maternal age was calculated based on the mother’s age at the time of the child’s birth.

Maternal weight and height from the first trimester of pregnancy were abstracted from

the obstetrics medical record for nearly all (94.7%) mothers. When this time point was
not available, the maternal-recalled height and pre-pregnancy weight was used. Maternal
BMI was calculated as kg/m? and presence of obesity was defined as a BMI of =30 (33).
Sensitivity analysis found no significant differences when excluding mothers with recalled
weight and height from analysis.

Neighborhood data

Family residential address was reported at the baseline visit and updated, if changed, in
REDCap data management software (34). All PREVAIL subject addresses were geocoded
to the census tract-level using DeGAUSS software (35). To quantify neighborhood fresh
food access, we assigned corresponding 2015 USDA Food Access Research Atlas variables:
Low Income (a high percentage of the population at or below the federal poverty level

or median income of the region), Low Access (=100 residents of the tract live more than
one-half mile (urban) or 10 miles (rural) from a grocery store and do not own a vehicle) and
Low Income/Low Access (LILA, census tracts that meet both Low Income and Low Access
criteria) (20). The USDA variables that corresponded to the month 24 visit were used for all
analyses.

To quantify neighborhood material deprivation, we assigned Deprivation Index scores (21).
The Deprivation Index combines six ACS census tract-level variables: 1) percentage of
vacant homes, 2) median home value; and the percentage of the population who 3) are
without a high school diploma, 4) have used any government social-services or income
support within 12 months, 5) lack health insurance, and 6) meet the federal definition of
poverty, using a principal components analysis (19, 21). The score was then standardized
into a continuous variable between 0 and 1, with increasing score representing increasing
neighborhood deprivation (21).
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Deprivation Index category was calculated by first averaging each family’s Deprivation
Index scores from all visits, then calculating quartiles of scores from the averages. Census
tracts were grouped by quartile of score into High SEE (least deprived quartile), High-Mid
and Low-Mid (intermediate quartiles) and Low SEE (most deprived quartile). As children
in middle- and low-income families have been shown to have significantly different obesity
rates than those in the highest income bracket (5), a binary variable indicating residence

in the High SEE quartile or the remaining cohort (Not High SEE) was also assessed. The
Deprivation Index score and category that corresponded to the month 24 study visit were
used for all analyses. A map of Deprivation Index and LILA census tracts included in this
analysis can be found in Figure 2.

Child obesity status

Age and sex normative body mass index zscores (BMI2) from the 24-month study visit
were calculated using the parameters provided by the CDC National Center for Health
Statistics (36). Presence of obesity was defined as a BMIz score =1.65 at age two (37).
Imputation for erroneous entries (< 0.5% of all entries) was performed by averaging
the BMIzscore from the two proximal visits. Sensitivity analysis found no significant
differences in obesity rates due to these imputations.

Statistical analysis

Power was calculated post-hoc, based on the number that completed the month 24 study
visit. All analytic methods had at least 80% power to detect a minimum of 1.75-fold increase
in obesity risk at a significance level of 0.05.

Fisher’s exact test was used to identify differences in proportions for categorical and
Kruskal-Wallis identified differences in medians of continuous family-level factors by SEE
categories. Spearman correlations were calculated between each family socio-demographic
factor and neighborhood SEE indicator. Differences in obesity proportions were tested
using a Pearson X2 test with Yates continuity corrections. Log binomial regression assessed
risk of obesity at 24 months of age, first in univariable models with each measure, then

as multivariable models with Deprivation Index score, category, or LILA designation and
family measures that met non-multi-collinearity criteria and produced converged models.
Model fit was assessed by comparing each model’s Akaike Information Criteria (AIC), the
percent of variance explained by the model (R2), and the Area Under the Receiver Operator
Characteristic Curve (AUROC), with higher AUROC and R2 and lower AIC associated with
better model fit and an AUROC = 0.70 considered adequate predictive value. Models were
compared to each other using DeLong’s test for correlated AUROC, with a significant test
indicating a significant difference in predictive accuracy between models.

Comparisons were made with the highest SEE category as the reference group unless
otherwise specified. The continuous Deprivation Index score was base 10 log-transformed
for all analyses. Results are reported as estimate and 95% confidence interval, except where
indicated. All analysis was performed using the R Environment for Statistical Computing
(38).
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PREVAIL enrolled a total of 245 participants, of which 171 (69.8%) completed the month
24 visit and were included in this analysis (see Table 1).

The cohort was racially and economically diverse, with 40.9% of mothers self-reporting

as Black, 45.0% reporting incomes at or below $50,000 per year, and public and private
insurance status equally distributed. Only six subjects (2.4%) identified as Hispanic
ethnicity; three identified their race as Black, two as other, and one as White. Over one-
third of the mothers (38.6%) completed no post-secondary training or education. Over half
(57.3%) were married, while 70.1% reported living with a partner. The overall rate of
maternal obesity (41.5%) was modestly higher than the NHANES-reported obesity rates for
female adult (20-39 years) in the US (39.7%) (33).

Significant differences were found by SEE in the proportion of all family-level demographic
factors, with increasing material deprivation and low income and LILA designation
corresponding with increasing proportion of Black race, public insurance, unmarried status,
lower maternal education, and lower income level (Table 1, all p< 0.01). The proportion of
mothers with obesity differed only by Low Income status (p = 0.030).

Correlations were moderate to high between all family-level factors and Deprivation Index
score, category, Low Income, and LILA (see Table 2). Low Access designation, however,
was only modestly associated with family socio-demographic factors, and negatively
associated with the lower socio-demographic category. For example, residence in Low
Access census tracts was negatively correlated to unmarried status, lower education level,
Deprivation Index score and category, and income < $25,000/year (all p< 0.05).

Overall, 15.8% of the children in the cohort had obesity (27/171). Proportion of obesity
differed by SEE only in comparing the binary Deprivation Index High SEE (3/51, 5.9%) to
the remaining cohort (24/120, 20.0%; XZ =4.36, p=0.037). In univariable log binomial
models (see Table 3), only High Mid (RR 3.48 (95%Cl: 1.12, 14.97)) and Low Mid

(RR 3.40 (95%Cl: 1.06, 14.79)) in the Deprivation Index categorical model and Not High
SEE (RR 3.40 (95%CI: 1.26-13.86)) in the binary model were associated with significant
increases in obesity risk. In terms of model fit, both categorical and binary Deprivation
Index explained the highest percentage of variance (Table 3, R? = 0.062), and the binary Not
High SEE model had the second-lowest AIC (Table 3, 146.92). However, none of the models
met adequate prediction criteria (all AUROC < 0.70), and none of the AUROC significantly
differed per DeLong’s test.

Due to issues of model convergence, multivariable log binomial models were limited

to the SEE variables of Deprivation Index score, Deprivation Index category, Not SEE,
and LILA, and the family-level variables of race, maternal education level, and maternal
obesity. Increased risk of child obesity was associated with residence in High Mid (RR
3.63 (95%CI 1.04-12.68)) in the categorical Deprivation Index model and residing outside
of the High SEE census tracts (RR 3.52 (95%CI 1.06-11.71) in the binary Deprivation
Index model. In terms of model fit, multivariable models using the Deprivation Index,
including the log(10) of Deprivation index score, category, and Not High SEE, had higher
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R2 than any of the univariable models. In comparing all model AUROC (Figure 3, A & B),
the Deprivation Index category and Not High SEE multivariable models had significantly
greater AUROC than the univariable model for Low Access. No other model, whether
univariable or multivariable, significantly differed in AUROC; no model explained over
10% of the variance, and none of the models met adequate prediction criteria (Figure 3, all
AUROC < 0.70).

Discussion

In the PREVAIL Cohort, 15.8% of children had obesity at age two. Significant differences
in the proportion of obesity at age two were identified only when comparing the Deprivation
Index High SEE census tracts to the remaining cohort; we found no differences in obesity
rates among individual Deprivation Index categories, any of the USDA Food Access
Research Atlas variables, or any of the family-level socio-demographic factors. In regression
models, residing in either of the Deprivation Index intermediate SEE categories or in any
neighborhood outside of the High SEE neighborhoods was associated with = 3.4 times the
risk of obesity, a relationship that did not significantly change when controlling for subject
race, maternal education level, and presence of maternal obesity. When analyzing obesity
risk in relation to the binary USDA Low Income, Low Access, or LILA designations,

no differences were identified. When comparing model performance, all univariable and
multivariable models were similar in model fit, and there were few differences in terms of
predictive accuracy. Despite significant associations with obesity risk, none of the models
met criteria for adequate model prediction and none explained more than 10% of the
variance.

Previous studies using NHANES data have identified family-level socio-demographic
indicators as risk factors for increased obesity in children as young as two years (3,

4). None of our family-level variables were significant in univariable or multivariable
analysis of obesity risk, and no differences in obesity proportions were identified by any
of these factors. However, we did find moderate to high correlations between all of these
factors and our ecological measures of SEE and significant differences in the proportional
distribution of family demographic factors by most SEE measures. Further examination of
the distribution by Deprivation Index category found that these differences were mostly
between the High SEE group and the remaining cohort. The High SEE group was 11.8%
Black, 7.8% reported a family income below $25,000/year, and 91.2% had completed at
least 2 years of post-secondary education or training. The remaining cohort, in contrast,
was 53.3% Black, 34.2% were at the lowest income level, and 49.2% were in the higher
education category (all p<0.001). Importantly, these differences align with family-level
factors previously associated with child obesity risk (3, 4, 37).

That obesity differences were found using the Deprivation Index to categorize neighborhood
SEE and not by the more commonly used USDA food desert variables in our study is
unsurprising, given the inconsistency of findings surrounding child obesity and food deserts
(17, 18). The Deprivation Index’s inclusion of aggregated socio-demographic variables, such
as education level and use of public assistance, provides more granularity compared to the
binary USDA measures, and includes variables shown on an individual level to be associated
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with increased obesity. This was especially true with the frequently used Low Access
variable, which had the lowest R2 and AUROC and the highest AIC of all of the ecological
univariable models and was the only model to have a significantly lower AUROC compared
to any other model. While not significantly different in terms of predictive value from the
Deprivation Index models, the models including Low Income and LILA also failed to find
significant risk of obesity in our population and had inferior model fit statistics compared to
all permutations of the Deprivation Index. The lack of significance in the USDA measures
as predictors of child obesity suggests that the associations between neighborhood SEE and
child weight are more complex than simply neighborhood average income level or access to
a grocery store.

That neighborhoods can be best categorized by multiple indicators of material deprivation
is illustrative of the socio-demographic segregation found at either end of the affluence
spectrum in the U.S. While lending policies of the early to mid-20™ century resulted in

the segregation of Black Americans into increasingly impoverished urban centers, higher-
income, White residents moved from the urban core into newer, wealthier exurbs and
suburbs (16). We detected this pattern in Deprivation Index and LILA maps of PREVAIL
census tracts (see Figure 2). Clear clustering of increasing neighborhood deprivation is seen
in the urban center, with lower deprivation radiating to the exurban and suburban areas.

In 1993, Massey and Denton found that race and neighborhood were so collinear as to
make it “impossible to precisely estimate their separate effects” (16). More recent studies,
however, have found that multiplicative levels of segregation, including inter- and intra-
racial income segregation, can be used to examine health disparities including obesity (11,
15, 39). This segregation, along lines associated with obesity risk, explains why differences
in these factors are significantly different by neighborhood SEE and why the more granular
Deprivation Index outperforms the binary USDA variables.

Consistent with the above, we found a high level of racial and income segregation, with
low-income Black mothers over five times as likely to live in the Low SEE neighborhoods
than low-income White mothers. We also found that adding additional socio-demographic
variables, outside of race and maternal education, to our neighborhood models of obesity
risk resulted in a failure in our models to converge, suggesting an overfitting of the models,
possibly due to insufficient sample size and high multicollinearity between our subjects’
family demographics and neighborhood of residence.

Our analysis has some limitations. Domestic stressors, such as neighborhood crime,
financial hardship and food security, as well as structural elements, such as green space

and walkability, have been significantly associated with increased risk of obesity in older
children (7, 8, 40, 41). We did not account for these factors, and the only structural variable
that we included, Low Access, was shown to have limited validity in this context. However,
given the strong association with individual family-level factors and neighborhood SEE,

the possibility that these other measures of neighborhood environment contributed to our
outcomes cannot be discounted. As we were primarily interested in comparing the predictive
power of our measures, testing the multiplicative effects of segregation was outside of the
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scope of this project. Future work should include measures of segregation, and interaction
by race or education level, which may better clarify causality and improve the models’
predictive value. While ethnicity has been shown to be a risk factor for childhood obesity
(3), due to limited numbers of subjects who identified as Hispanic (7= 6, 2.4%), we were
unable to include ethnicity in our analysis. However, our population was representative of
Cincinnati and the birth hospitals from which we recruited (32). Future studies are needed
with larger, more geographically and ethnically diverse, populations.

Finally, these data were drawn only from the last visit (month 24) of a birth cohort, while
allocation of Deprivation Index categories was based on quartiles of score at each study
point from birth to age two. We did find significant differences in those lost-to-follow

up (n = 74) compared to those who completed the study at two years (h = 171). Those
lost-to-follow up were more likely to be publicly insured, in the lowest income group,
younger, unmarried, and in the lower education group (all p < 0.01). Of the ecological
predictors, those lost to follow up lived in more deprived neighborhoods when comparing
median Deprivation Index scores (p = 0.015).

This differential drop-out may, in part, explain our finding that High SEE census tracts

had decreased risk of obesity compared to the remaining cohort rather than when
comparing across categories. Sensitivity analysis did not find any significant differences
when allocating categories based on the 24 month visit alone and there was no significant
difference in terms of obesity prevalence in those lost to follow up compared to those
included in this analysis. However, the differential change in sample size, rather than a lack
of effect, may have limited detection of differences in the Low SEE group in the categorical
model, as evidenced by the similarity in effect sizes for the three categories outside of High
SEE, and no significant difference in risk was found among the High Mid, Low Mid, and
Low SEE categories.

Thus, given the correlations between Deprivation Index category and socio-demographic
factors and the lack of significant differences in predictive value from both family-level
demographics and USDA food desert indicators, we conclude that level of neighborhood
deprivation, measured by the Deprivation Index, functions as a summary of multiple
measures of family socio-demographic and economic factors and may be useful to identify
neighborhoods at higher risk for early childhood obesity - a critical first step to breaking
the cycle of obesity and obesity-related health disparities attributable to neighborhood
environment. However, due to the small sample size, geographic restriction, and low ethnic
diversity of this study population, further research is needed to consider neighborhood
material deprivation, as measured by the Deprivation Index, a generalizable risk factor for
child obesity in the US.

Conclusion

While it has been inconsistently shown that factors associated with the built environment
such as food desert status, walkability, and recreational space, are associated with increased
rates of childhood obesity, our approach showed that areas of increased obesity risk can be
identified by examining a more granular measure of SEE of the neighborhood, which is
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best summarized by the neighborhood’s level of deprivation. We found that the Deprivation
Index efficiently identified areas of increased risk of obesity in very young children in our
population and appeared to perform better or on par with more commonly used measures,
such as USDA food desert status and family-level socio-demographic factors. Future studies
including more geographic and ethnic diversity and larger sample size are needed to to
validate this measure as a generalizable predictor of child obesity.
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Figure 1.

1

RESIDENTIAL REALITIES

« Increased household crowding

» Structural differences: walkability

« Lack of transportation

« Lower housing values, reduced equity

The environmental influences on childhood obesity. Childhood obesity is intimately linked
to social, racial and economic differences in neighborhood environments (12). These
differences contribute in myriad ways to a cycle of obesity and obesity-related comorbidities
in low income and minority populations. While evidence of food access as a contributor to
early childhood obesity has been mixed (17, 18) environmental factors, such as green space,
neighborhood safety, and access to health care, are shown to predict obesity status in older
children and adults (7, 8), while individual factors, such as race and income, are associated

with both one’s residential neighborhood and obesity risk (11, 15).
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A. Deprivation Index Category B. USDA LILA status
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Figure2.
Maps of the PREVAIL Cohort catchment area categorized by measures of census tract socio-

economic environment. Maps of census tracts included in the PREVAIL Cohort, a CDC-
funded birth cohort in Cincinnati, OH, color-coded by Deprivation Index Category (A) and
USDA Low Income/Low Access (LILA, B) status. Residential addresses were geocoded to
the census tract level and assigned Deprivation Index (21) and USDA Food Access Research
Atlas (20) indicators of socio-economic environment (SEE). Deprivation Index category was
assigned based on quartile of score, with the lowest quartile of scores indicating the least
deprived census tracts (High SEE) and highest quartile of scores designated as the most
deprived census tracts (Low SEE). LILA designation was used to identify census tracts

that met both USDA Low Income and Low Access criteria, a frequently used food desert
indicator.
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(B) Multivariable child obesity models (includes SEE + race, maternal education, maternal obesity)

Figure 3.
Area under the receiver operator characteristic curves for log binomial obesity models in the

PREVAIL Cohort. Visualizations of areas under the receiver characteristic curves (AUROC)
for log binomial models of obesity risk in two-year-old children enrolled in the PREVAIL
Cohort. Residential addresses were geocoded and assigned two validated measures of census
tract socio-economic environment (SEE), the Deprivation Index (21) and the USDA Food
Access Research Atlas variables Low Income, Low Access, and Low Income/Low Access
(LILA) (20). Deprivation Index categories were assigned based on quartile of Deprivation
Index score. A binary comparison of the Least Deprived quartile compared to the remaining
cohort was also included. Family-level factors were collected at the baseline study visit

from the mother. Univariable models assessed risk of obesity at age two by each variable.
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Multivariable models included measures of SEE and the family-level variables of maternal
race, education level, and presence of obesity. Model fit was compared for univariable

(A) and multivariable (B) models using Akaike Information criteria (AlIC) and area under
the receiver operator characteristic curve (AUROC), with lower AIC and higher AUROC
indicating better model fit, and an AUROC =0.70 considered adequate predictive accuracy.
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