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The association between food 
desert severity, socioeconomic 
status, and metabolic state 
during pregnancy in a prospective 
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Poor metabolic health during pregnancy is associated with health concerns for pregnant individuals 
and their offspring. Lower socioeconomic status (SES) is one risk factor for poor metabolic health, 
and may be related to limited access to healthful and affordable foods (e.g., living in a food desert). 
This study evaluates the respective contributions of SES and food desert severity on metabolic health 
during pregnancy. The food desert severity of 302 pregnant individuals was determined using the 
United States Department of Agriculture Food Access Research Atlas. SES was measured using total 
household income adjusted for household size, years of education, and amount of reserve savings. 
Information about participants’ glucose concentrations one hour following an oral glucose tolerance 
test during the second trimester was extracted from medical records and percent adiposity during 
the second trimester was assessed using air displacement plethysmography. Information about 
participants’ nutritional intake during the second trimester was obtained by trained nutritionists 
via three unannounced 24-h dietary recalls. Structural equation models showed that lower SES 
predicted higher food desert severity (β = − 0.20, p = 0.008) and higher adiposity (β = − 0.27, p = 0.016) 
and consumption of a more pro-inflammatory diet (β = − 0.25, p = 0.003) during the second trimester 
of pregnancy. Higher food desert severity also predicted higher percent adiposity during the second 
trimester (β = 0.17, p = 0.013). Food desert severity significantly mediated the relationship between 
lower SES and higher percent adiposity during the second trimester (βindirect = − 0.03, 95% CI [− 0.079, 
− 0.004]). These findings indicate that access to healthful and affordable foods is a mechanism by 
which SES contributes to adiposity during pregnancy and may inform interventions intended to 
improve metabolic health during pregnancy.

Metabolic health in pregnancy. Metabolic disorders during pregnancy are associated with serious long-
term health complications to the pregnant individual, including cardiometabolic  disorders1,2, renal  disease3, and 
urological  conditions4. They also predict a host of birth and long-term complications for offspring, including pre-
term  birth5, stillbirth and neonatal  death6, altered birthweights (higher, in the case of gestational  diabetes7,8 and 
lower, in the case of pre-eclampsia9), and  macrosomia10, poor metabolic health at  birth11, long-term  obesity12,13, 
metabolic  conditions14,15, and an increased risk for neurodevelopmental  disorders16,17. Defining the determi-
nants of metabolic health during pregnancy is critical to improving perinatal and long-term health for pregnant 
people and their children.

The impact of nutrition and living in a food desert on metabolic health. Data from non-obstetric 
populations suggest that access to healthy and affordable foods is associated with metabolic health. Those living 
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in low-income areas with limited access to healthful foods (termed “food deserts”) are more likely to consume 
foods with poorer nutritional quality, when compared to those living in higher-income, higher-access  areas18. 
Studies show that living in a food desert is associated with risk for  obesity19 and nutritional  deficiencies20. Few 
studies have assessed the relationship between food deserts and metabolic health during pregnancy; however, 
one study showed that living in a food desert was associated with increased likelihood of morbidity during 
 pregnancy21, including metabolic disorders and another suggested decreased risk for gestational diabetes mel-
litus (GDM) in areas with more grocery  stores22.

Food desert-mediated differences in dietary quality may be responsible for these associations. Among preg-
nant populations, some studies show that consumption of a more pro-inflammatory diet is associated with 
increased risk for  GDM23,24. However, another study observed that a more pro-inflammatory diet is associ-
ated with decreased risk for  GDM25. This heterogeneity may be related to differences in dietary data collection 
methods, with one study using self-administered food frequency questionnaires (FFQs) in the United  States25, 
while the others utilized FFQs completed with the assistance of trained dietitians/interviewers among people 
in Iran and  China23,24. While living in a food desert likely informs dietary quality, whether the inflammatory 
quality of the prenatal diet is related to living in a food desert during pregnancy has not, to our knowledge, been 
previously examined.

The influence of socioeconomic status on metabolic health in pregnancy. Lower socioeconomic 
status (SES), an important correlate of health  inequalities26, is associated with poorer health outcomes for preg-
nant people. Compared to those with higher SES, pregnant people with lower SES show an increased risk for 
gestational  diabetes27, gestational weight  gain28,  obesity29, and metabolic  syndrome30. The mechanisms by which 
low SES influences metabolic health are complex and multi-faceted  (see31). Lower SES is associated with both 
reduced access to affordable, healthy  foods32 and more pro-inflammatory  diets33,34, which have been linked to 
metabolic health in non-obstetric populations, including increased risk for  obesity35,  hyperglycemia36, and met-
abolic  syndrome37. Low SES is also associated with inadequate prenatal  care38 and chronic  stress39, as well as 
insufficient access to specific nutritive  foods40 or food  altogether41. Whether living in a food desert mediates the 
association between SES and metabolic health for pregnant people has not yet been articulated.

Socioeconomic status, food desert severity, and their interactive impact on metabolic health 
in pregnancy. Identifying contributing factors that help explain the relationship between SES and metabolic 
health during pregnancy is important for optimizing intervention strategies for pregnant people with lower SES, 
as well as for reducing the burden of poor metabolic health during pregnancy on offspring. Living in a food 
desert may be one mechanism underlying the relationship between variation in SES and metabolic health dur-
ing pregnancy. We seek to extend studies showing that lower SES is associated with reduced access to affordable, 
healthy  foods18,32 and with increased pregnancy  morbidity27–30,42 by examining food desert severity as a potential 
mediator of the relationship between SES and metabolic health outcomes during pregnancy. For example, access 
to fewer financial resources may lead to reduced access to a healthful diet, which may, in turn, impact metabolic 
health by increasing adiposity, promoting peripheral inflammation, and/or disrupting glucose regulation.

Current study. We propose that, in addition to being mechanistically linked, both SES and food desert 
severity may play a role in metabolic health and nutrition during pregnancy, an association that has not, to our 
knowledge, been formally tested. While many other studies of food deserts utilize a dichotomous assessment of 
food desert status (living in a food desert vs. not living in a food desert)43, the use of a categorical variable does 
not capture the degree to which healthful and affordable foods are accessible and may limit the ability to detect 
meaningful differences. Thus, in the current study, we calculate the degree of food desert severity for each partic-
ipant relative to others in their neighborhoods, allowing us to draw inferences about pregnancy metabolic health 
according to the spectrum of resource accessibility. We examine three outcomes related to metabolic health and 
nutritional quality in pregnancy: adiposity, glucose regulation, and the inflammatory nature of the prenatal diet. 
As these outcomes are linked to one  another44, and provide complimentary, but distinct information, unlike 
previous work, we control for their interdependence using structural equation modeling (SEM). Furthermore, 
as there is a graded, positive linear association between maternal hyperglycemia and risk for adverse perinatal 
 outcomes45, we examine a continuous measure of glucose regulation. As both low SES and living in a food desert 
are associated with consumption of a less healthful  diet46,47, we also examine the effects of low SES and food 
desert severity on nutrition during pregnancy.

While the relationship between food desert severity and SES is complex and likely interrelated, elucidating 
the interacting role of each of these is critical for both practitioners and policy-makers as we work together to 
address disparate access to resources among pregnant individuals. Our analytic strategy is key to disentangling 
the unique role of SES and food desert severity on the metabolic and nutrition variables, as SEM allows us to 
simultaneously estimate the effects of SES and food desert severity on the metabolic and nutrition variables of 
interest, while controlling for their interdependence. Thus, we are able to examine the significance and strength 
of the different relationships in the context of the complete model (one in which SES and food desert severity are 
both present). Our use of SEM also limits the risk of multicollinearity impacting our results, as SEM is known to 
be robust to  multicollinearity48. SEM also allows us to reduce measurement error by explicitly modeling shared 
variance, thus more valid coefficients are obtained. Importantly, SEM also allows us to examine how SES may 
impact metabolic health and dietary intake during pregnancy by assessing the mediating and mechanistic role 
of food desert severity.

In the current study, we examined whether food desert severity mediates the relationship between SES and 
metabolic health during pregnancy. This study had three hypotheses:
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1. SES will have a negative relationship with metabolic health during pregnancy, with lower SES associated with 
increased adiposity, higher glucose concentrations during a routine glucose tolerance test (an indication of 
poorer glucose regulation), and consumption of a more pro-inflammatory diet during pregnancy.

2. Food desert severity will have a positive relationship with adverse metabolic health, with higher food desert 
severity associated with increased adiposity, higher glucose concentrations in response to a routine glucose 
tolerance testing, and consumption of a more pro-inflammatory diet during pregnancy.

3. Food desert severity will mediate the relationship between SES and metabolic health and diet during preg-
nancy, such that lower SES will lead to a higher degree of food desert severity, which in turn, leads to worse 
metabolic health during pregnancy.

Methods
Procedure. Data came from an ongoing, prospective longitudinal study examining the influence of perinatal 
nutrition, adiposity, and metabolic state during pregnancy on offspring outcomes. Recruitment for the study 
began in 2018 and all pregnancies occurred between 2018 and 2021. Participant addresses and demographic 
information were self-reported at study enrollment and at 37 weeks’ gestation. At 22 ± 2 weeks gestation, partici-
pants completed questionnaires, reported on their dietary intake, and completed in-laboratory body composi-
tion assessments. Information about maternal health and metabolic state was extracted from medical records.

Participants. Participants (N = 302), ages 18–40 (Mage = 31.94, SD = 4.23) were recruited through Oregon 
Health & Science University (OHSU), a major academic medical center located in Portland, Oregon. The major-
ity of participants identified as non-Hispanic White (n = 221; 73.20%). For details about recruitment and exclu-
sionary criteria, including a flow chart, see Supplementary Fig. S1.

Measures. Glucose regulation. As part of their routine prenatal care, participants were screened for GDM 
via an oral glucose tolerance test (GTT). One-hour plasma glucose concentrations (mg/dL) were utilized in 
analyses as they are a common metric for predicting health  outcomes49, including whether further GTT testing 
is necessary. As participants were assessed at varying times during pregnancy (8.14–32.57 weeks), the number 
of weeks’ gestation at the time of assessment was included as a covariate in all analyses that included GTT data. 
See Supplementary Materials for more information.

Adiposity. To measure body composition, at 22 weeks’ gestation (M = 22.53, SD = 1.41), air displacement ple-
thysmography was utilized via the BOD  POD© Body Composition tracking system (Life Measurement, Inc.)50,51. 
As an excess of body fluid is typically observed during  pregnancy52, estimates of fat and lean mass in the body 
were adjusted using previously-described  equations53 and second trimester pregnancy-adjusted percent fat mass 
was utilized in analyses. See Supplementary Materials for more information.

Nutrition. Second trimester dietary intake was measured by three, non-consecutive 24-h diet recalls con-
ducted by trained dietitians, using the multi-pass  method54 and the Nutrition Data System for Research software 
(versions 2018–2020; University of Minnesota, Minneapolis, Minnesota). See Supplementary Materials for more 
information.

To capture the inflammatory nature of participants’ diets, Dietary Inflammatory Index (DII) scores, a met-
ric of dietary quality that may be particularly relevant for metabolic  health55, were calculated from the 24-h 
diet recalls. Positive values indicate a more pro-inflammatory  diet56. See Supplementary Materials for more 
information.

Socioeconomic status. Self-reported information, including years of education completed, total annual com-
bined household income adjusted for number of people in the household, and amount of savings after adjusting 
for debt was utilized to capture information about SES. See Supplementary Materials for more information.

Food desert severity score. Geographic information system mapping was utilized to identify food deserts. This 
method offers advantages over others (e.g., those that enumerate the number of healthy vs. unhealthy food ven-
dors in the neighborhood) because it provides a more comprehensive characterization of community resources 
when determining if an individual lives in a food desert.

Participant addresses obtained at study enrollment were converted to latitude and longitude coordinates and 
mapped onto census tracts using data from the 2010 Census of the Population. Using the Food Access Research 
Atlas (FARA), published by the Economic Research Service of the United States Department of Agriculture 
 (USDA57) and census data, low-income (at least 20% of the population of the census tract has a median family 
income at or below 80% of the metropolitan area or state median income) and low-access (at least 33% of the 
census tract or at least 500 individuals reside far from a supermarket) census tracts were identified. Detailed 
information about the sources of the data used to characterize census tracts as food deserts can be found online 
(https:// www. ers. usda. gov/ data- produ cts/ food- access- resea rch- atlas/ docum entat ion/# data). Briefly, income data 
came from the 2014–2018 American Community Survey, urban or rural designation was from the 2019 urban-
ized area geographies, and two 2019 lists of stores (one including stores authorized to receive SNAP benefits 
and another list from Trade Dimensions TDLinx) were combined to produce a list of stores with affordable and 
nutritious food.

Approximately one-quarter of participants in this study met criteria for living in a food desert (n = 70, 23.18%), 
a higher percentage than the US population (12.8%)58. In order to capture the range of access to healthy and 

https://www.ers.usda.gov/data-products/food-access-research-atlas/documentation/#data
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affordable foods, we calculated the degree of food desert severity for each participant relative to others in their 
census tract by dividing the number of individuals in a tract living more than 0.5 mile (urban areas) or 10 miles 
(rural areas) from the nearest supermarket, supercenter, or large grocery store) by the total number of individuals 
living within the tract. Food desert severity index was used as our primary analysis variable.

Covariates. As advanced age of birthing parent (defined by age at last menstrual period), increasing parity, and 
minoritized race or ethnicity are risk factors for poor metabolic health during  pregnancy59,60, these variables 
were considered as covariates in analyses. Due to their relationships with SES and metabolic  health61–63, we also 
examined alcohol use during pregnancy, as well as the use of prenatal vitamins. See Supplementary Materials 
for more information.

Analytic plan. Structural equation modeling (SEM) was conducted in Mplus (v. 8; Muthen & Muthen, 1998–
2021). SEM was selected because it allows us to simultaneously model the complex associations between multi-
ple predictors and multiple outcomes, while controlling for their interdependence. Furthermore, this approach 
allows us to test for mediation. All data utilized in analyses were first screened by qualified experts, including 
a trained nutritionist, to assess normality and plausibility. With the exception of percent adiposity during the 
second trimester, nearly all variables of interest were non-normally distributed (Kolmogorov–Smirnov tests; 
ps < 0.05). Thus, a robust maximum likelihood estimator was utilized to accommodate for non-normal data dis-
tributions using a sandwich estimator. Mediation was tested using the model indirect command in Mplus. As the 
use of conventional tests of significance are unreliable when testing indirect effects, we utilized the recommended 
asymmetric confidence intervals based on bootstrapping  methods64 to incorporate the non-normality of the 
data into the model test statistics. Estimates and accompanying confidence intervals were calculated based on 
10,000 bootstrapped samples. Missing data were handled using full information maximum  likelihood65. Model 
fit was assessed by examining the comparative fit index (CFI; adequate fit was considered at CFI ≥ 0.90), the 
Tucker Lewis index (TLI; adequate fit was considered at TLI ≥ 0.90), the standardized root mean square residual 
(SRMR; adequate fit was considered at SRMR ≤ 0.05), and the root mean squared error of the approximation 
(RMSEA; adequate fit was considered at RMSEA ≤ 0.08)66,67. Non-independent observations (i.e., participants 
who were followed across multiple pregnancies; n = 5) were accounted for using the Mplus cluster command. See 
Supplementary Materials for more information.

A stepwise approach to increasing model complexity was utilized:

1. Data reduction Prior to hypothesis testing, a confirmatory factor analysis was used to assess the appropriate-
ness of considering our indicators of SES as a latent variable.

2. Covariate selection Covariates were examined and any that were significantly correlated (p < 0.05) with the 
indicators of SES, maternal metabolic variables, or food desert severity were included in the more complex 
models, as described below.

3. Hypotheses 1 and 2: Regression Analyses. To test Hypotheses 1 and 2, a series of regression models were run 
where: (a) food desert severity was regressed on SES; (b) pregnancy adiposity, glucose concentrations, and 
DII values were regressed on SES (each pregnancy metabolic variable was considered in its own model); 
and (c) pregnancy adiposity, glucose concentrations, and DII values were regressed on food desert severity 
(each pregnancy metabolic variable was considered in its own model).

4. Hypothesis 3: Structural Equation Mediation Model. To test whether food desert severity significantly medi-
ated the relationship between SES and each of the pregnancy metabolic variables, an SEM was estimated in 
which each of the pregnancy metabolic variables were simultaneously regressed on SES and on food desert 
severity. In the same model, food desert severity was also regressed on SES. Pregnancy metabolic variables 
were allowed to covary, allowing for control of their interdependence. Each metabolic variable and food 
desert severity were regressed on each covariate and SES and each covariate were allowed to covary. To 
preserve model parsimony, non-significant paths from covariates were removed from the final model. Beta 
weights and p-values are reported for each of the paths, as well as bootstrapped confidence intervals for the 
indirect paths.

Institutional review board statement. The study was conducted according to the guidelines of the Dec-
laration of Helsinki, and approved by the Institutional Review Board of Oregon Health & Science University 
(IRB #18579; Date of approval: 06/05/2018).

Informed consent statement. Informed consent was obtained from all subjects involved in the study.

Results
Sample description. Table 1 provides sample descriptive information, including means, standard devia-
tions, and ranges for focal study variables. Figure 1 displays the food desert severity index of the different census 
tracts in which participant addresses at study enrollment were located.

Bivariate correlations. Bivariate correlations among the focal variables (Table 2) suggest that higher food 
desert severity scores were associated with greater adiposity (r = 0.17; p = 0.02) and lower SES (years of educa-
tion: r = − 0.15, p = 0.01). Variables related to lower SES were associated with greater adiposity (total household 
income: r = − 0.20, p = 0.01; reserve savings after debts are paid: r = − 0.17, p = 0.04) and with pro-inflammatory 
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dietary intake (total household income: r = − 0.15, p = 0.02), but not with glucose concentrations. Adiposity, glu-
cose concentrations, and DII scores were all positively correlated (rs > 0.21; ps < 0.001).

Age of birthing parent was positively correlated with variables associated with SES (total household income: 
r = 0.14; p = 0.02; years of education: r = 0.34; p < 0.001; reserve savings after debts are paid: r = 0.25; p < 0.001) 
and negatively correlated with DII scores (r = − 0.16; p = 0.01). Minoritized racial/ethnicity status was positively 
correlated with glucose concentrations (r = 0.25; p < 0.001). Multiparity was significantly correlated with total 
household income (r = − 0.53, p < 0.001), pro-inflammatory dietary intake (r = 0.13, p = 0.04), and age (r = 0.16, 
p = 0.01). Endorsement of alcohol use after pregnancy was known was positively correlated with food desert 
severity (r = 0.12, p = 0.04), and using prenatal vitamins was positively correlated with years of education (r = 
.13, p = .03).

Table 1.  Descriptive statistics for study variables. GTT  Oral Glucose Tolerance Test (higher scores indicate 
poorer glucose regulation), DII Dietary Inflammatory Index (higher scores indicate consumption of a more 
pro-inflammatory diet), LMP last menstrual period. Higher food desert severity scores indicate that a greater 
percentage of individuals living in a census tract characterized by lower income and lower access to healthy 
and affordable foods. a Pregravid weight status is based on pregravid body mass index scores (Underweight: 
below 18.5, Healthy Weight: 18.5–24.9, Overweight: 25.0–29.9, Obese: 30 and greater). b Percent of census tract 
living in a food desert. c 0 = Primiparous and 1 = Multiparous. d 0 = White, non-Hispanic and 1 = Racial/ethnic 
minority. Participants self-identified as Asian (n = 24), Black (n = 4), Multiracial (n = 32), Native American 
(n = 2), Pacific Islander (n = 1), White (n = 234), Other (n = 3), or Prefer not to answer (n = 2). Participants also 
self-identified as Hispanic (n = 25), non-Hispanic (n = 276), or Prefer not to answer (n = 1). e 0 = Did not use 
alcohol after pregnancy was known and 1 = Used alcohol after pregnancy was known. f 0 = Did not use prenatal 
vitamins and 1 = Used prenatal vitamins. g 1 = Less than $5000, 2 = $5000 to $11,999, 3 = $12,000 to $15,999, 
4 = $16,000 to $24,999, 5 = $25,000 to $34,999, 6 = $35,000 to $49,999, 7 = $50,000 to $74,999, 8 = $75,000 to 
$99,999, 9 = $100,000 to $199,999, 10 = $200,000 to $299,999, 11 = $300,000 and greater. h 1 = Less than $500, 
2 = $500 to $4999, 3 = $5000 to $9999, 4 = $10,000 to $19,999, 5 = $20,000 to $49,999, 6 = $50,000 to $99,999, 
7 = $100,000 to $199,999, 8 = $200,000 to $499,999, 9 = $500,000 and greater.

Variables

Total sample Pregravid body  compositiona

N
Mean (SD) 
or % Range or n

Underweight (n = 7) Healthy weight (n = 181) Overweight (n = 70) Obese (n = 34)

Mean (SD) 
or % Range

Mean (SD) 
or % Range

Mean (SD) 
or % Range

Mean (SD) 
or % Range

Pregnancy 
adiposity (% 
body fat)

191 0.34 (0.07) 0.15–0.54 0.25 (0.06) 0.15–0.31 0.31 (0.04) 0.19–0.41 0.37 (0.05) 0.25–0.47 0.45 (0.05) 0.36–0.54

Pregnancy 
glucose con-
centrations 
(one-hour 
post-GTT 
(mg/dL)

269 124.46 (30.88) 52.00–244.00 131.71 (31.62) 92.00–177.00 118.69 (27.07) 66.00–186.00 126.00 (32.36) 52.00–227.00 149.42 (33.75) 96.0–244.00

Gestational 
age at GTT 
(weeks)

269 26.80 (2.56) 8.14–32.57 28.37 (1.94) 24.71–30.29 26.82 (1.59) 23.14–32.14 26.56 (3.68) 8.14–32.57 26.72 (3.55) 16.57–31.86

Pregnancy 
DII 276 − 1.40 (1.65) − 4.94–3.88 − 1.08 (2.03) − 3.13–3.04 − 1.70 (1.49) − 4.94–2.41 -1.07 (1.69) − 3.98–3.88 -0.57 (1.98) − 3.70–3.14

Food desert 
 severityb 296 0.13 (0.11) 0.00–0.43 0.15 (0.10) 0.05–0.32 0.12 (0.11) 0.00–0.43 0.15 (0.10) 0.00–0.42 0.17 (0.12) 0.00–0.43

Age (years) 302 31.94 (4.23) 17.84–40.28 33.66 (3.54) 28.20–38.21 32.21 (4.19) 17.84–40.20 31.50 (3.97) 24.13–40.28 31.41 (5.13) 20.54–39.81

Multiparousc 282 41.8% n = 118 50.0% 40.8% 39.4% 48.5%

Racial/ethnic 
minority 
 statusd

302 26.8% n = 81 14.3% 24.3% 31.4% 35.3%

Alcohol use 
after preg-
nancy was 
 knowne

302 9.3% n = 28 0.0% 9.9% 8.6% 8.8%

Prenatal 
vitamin  usef 270 97.0% n = 262 100.0% 97.6% 93.1% 100.0%

Total house-
hold  incomeg 272 8.31 (1.93) 1.00–11.00 9.00 (1.63) 6.00–11.00 8.61 (1.79) 1.00–11.00 7.78 (1.97) 2.00–11.00 7.80 (2.12) 2.00–11.00

Household 
size 282 2.81 (1.13) 1.00–8.00 2.57 (0.79) 2.00–4.00 2.81 (1.19) 1.00–8.00 2.73 (1.05) 2.00–7.00 2.93 (1.02) 2.00–5.00

Years of 
completed 
education

284 15.99 (2.56) 9.00–20.00 17.14 (2.73) 13.00–20.00 16.47 (2.50) 9.00–20.00 15.32 (2.48) 9.00–20.00 14.41 (2.14) 9.00–19.00

Reserve 
savings after 
debts are 
 paidh

243 4.11 (2.85) 1.00–9.00 4.75 (3.30) 1.00–9.00 4.58 (2.81) 1.00–9.00 3.15 (2.57) 1.00–9.00 3.31 (2.95) 1.00–9.00
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Figure 1.  Food desert severity of participants in study. Figure displays food desert severity index for the 
participants in the study. Panel (A) displays a choropleth map representing the food desert severity index of 
census tracts within the metropolitan Portland, Oregon area. Panel (B) provides geographical orientation. Panel 
(C) displays a histogram of food desert severity index where values closer to zero indicate a lower food desert 
severity index. This figure was generated using R software (version 4.2.2; https:// www.R- proje ct. org/)75. The 
shape file was obtained from the City of Portland (https:// gis- pdx. opend ata. arcgis. com/) and based on 2010 
Census boundaries. Integral R packages included  tidyverse76,  sf77, and  ggmaps78.

Table 2.  Bivariate correlations for study variables. GTT  Oral Glucose Tolerance Test (higher scores indicate 
poorer glucose regulation), DII Dietary Inflammatory Index (higher scores indicate consumption of a more 
pro-inflammatory diet). Higher food desert severity scores indicate that a greater percentage of individuals 
living in a census tract have lower income and lower access to healthy and affordable foods. a Total household 
income adjusted for household size. b 1 = Less than $500, 2 = $500 to $4999, 3 = $5000 to $9999, 4 = $10,000 to 
$19,999, 5 = $20,000 to $49,999, 6 = $50,000 to $99,999, 7 = $100,000 to $199,999, 8 = $200,000 to $499,999, 
9 = $500,000 and greater. c Percent of census tract living in a food desert. d 0 = Primiparous and 1 = Multiparous. 
e 0 = White, non-Hispanic and 1 = Racial/ethnic minority. f 0 = Did not use alcohol after pregnancy was known 
and 1 = Used alcohol after pregnancy was known. g 0 = Did not use prenatal vitamins and 1 = Used prenatal 
vitamins. Bolded values indicate significance, p < 0.05.

Variable 1 2 3 4 5 6 7 8 9 10 11 12

Total household  incomea –

Years of completed education 0.185 –

Reserve savings after debts are  paidb 0.323 0.295 –

Food desert  severityc − 0.019 − 0.152 − 0.121 –

Pregnancy adiposity (% body fat) − 0.196 − 0.132 − 0.165 0.174 –

Pregnancy glucose concentrations (one-hour post-
GTT [mg/dL]) − 0.008 − 0.034 − 0.066 0.096 0.432 –

Gestational age at GTT (weeks) − 0.066 − 0.069 − 0.009 0.058 − 0.078 − 0.111 –

Pregnancy DII − 0.149 − 0.097 − 0.068 0.034 0.258 0.210 0.055 –

Age (years) 0.138 0.343 0.251 − 0.069 − 0.041 0.015 0.040 − 0.159 –

Multiparousd − 0.531 − 0.001 0.010 − 0.021 0.086 − 0.080 0.079 0.129 0.155 –

Racial/ethnic minority  statuse − 0.059 0.006 0.061 0.024 0.129 0.251 − 0.088 0.031 − 0.004 − 0.052 –

Used alcohol after pregnancy was  knownf 0.072 0.030 0.087 0.122 − 0.008 0.013 − 0.038 0.097 0.003 − 0.022 − 0.090 –

Used prenatal  vitaminsg 0.107 0.131 0.084 − 0.040 0.073 − 0.081 − 0.012 − 0.069 0.094 0.015 0.102 0.057

https://www.R-project.org/
https://gis-pdx.opendata.arcgis.com/
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SES measurement model. A latent variable for SES was created using the measures described above. 
All factor loadings were significant (p < 0.0001) and greater than 0.40 in magnitude, confirming that this is an 
appropriate way to consider these data. The variance of the latent variable was significant (p = 0.02), suggesting 
inter-individual variability in SES scores. See Table 3 for detailed results of the measurement model.

Regressions used to test hypotheses 1 and 2. Table 4 reports the results of the regressions used to 
test Hypotheses 1 and 2. Consistent with the results of the bivariate correlations, lower SES was associated with 
greater adiposity (β = − 0.27, p = 0.016), greater dietary inflammation (β = − 0.25, p = 0.005), and greater food 
desert severity scores (β = − 0.20, p = 0.008). Greater food desert severity scores were associated with greater 
adiposity (β = 0.17, p = 0.013) and glucose concentrations (β = 0.10, p = 0.045).

SEM used to test hypothesis 3. Figure 2 displays the results of the SEM used to test Hypothesis 3. Lower 
SES was associated with higher food desert severity scores (β = − 0.20, p = 0.007), increased adiposity (β = − 0.23, 
p = 0.030), and higher DII scores (β = −  0.25, p = 0.003). SES was not associated with glucose concentrations 
(p = 0.765).

Higher food desert severity scores were associated with greater adiposity (β = 0.16, p = 0.036), but not with 
higher glucose concentrations (p = 0.090) or with DII scores (p = 0.848). Food desert severity scores signifi-
cantly mediated the relationship between the latent SES variable and adiposity (βindirect = -0.03, 95% CI [− 0.079, 
− 0.004]); however, they did not mediate the effect of SES on glucose concentrations (95% CI − 0.053, 0.001) 
or DII scores (95% CI = − 0.021, 0.037). This model simultaneously tested the relationships between SES and 
food desert severity and each metabolic variable, adjusting for their interdependence. SES was also associated 
with age of birthing parent (β = 0.48, p = 0.0001), such that higher SES was associated with older ages. Using 
alcohol after pregnancy was known was positively associated with food desert severity (β = 0.13, p = 0.026) and 
prenatal vitamin use predicted higher adiposity (β = 0.15, p = 0.001) and higher SES (β = 0.17, p = 0.048). Racial/
ethnic minority status significantly predicted glucose concentrations (β = 0.22, p = 0.0001), such that individuals 
from minoritized backgrounds had higher glucose concentrations. Adiposity significantly covaried with glucose 
concentrations (β = 0.45, p = 0.0001) and DII scores (β = 0.25, p = 0.0001). Glucose concentrations significantly 
covaried with DII scores (β = 0.22, p = 0.0001). Sensitivity analyses are described in Supplementary Materials.

Table 3.  Measurement model for SES latent variable. The measurement model for SES was just-identified, 
meaning that no fit indices were produced, but that model estimates are reliable. a Total household income 
adjusted for household size. b 1 = Less than $500, 2 = $500 to $4999, 3 = $5000 to $9999, 4 = $10,000 to $19,999, 
5 = $20,000 to $49,999, 6 = $50,000 to $99,999, 7 = $100,000 to $199,999, 8 = $200,000 to $499,999, 9 = $500,000 
and greater.

Latent SES variable

Indicator β ± SE 95% CI p

Total household  incomea 0.45 ± 0.09 0.28–0.63 0.0001

Years of completed education 0.41 ± 0.09 0.23–0.59 0.0001

Reserve savings after debts are  paidb 0.72 ± 0.12 0.47–0.96 0.0001

Table 4.  Effect sizes and significance of the main effects regression models. GTT  oral Glucose Tolerance Test 
(higher scores indicate poorer glucose regulation), DII Dietary Inflammatory Index (higher scores indicate 
consumption of a more pro-inflammatory diet). Birthing parent age, parity status, racial/ethnic minority 
status, use of alcohol after pregnancy was known, and use of prenatal vitamins were initially included as 
covariates in all models. Gestational age at GTT (in weeks) was also included as a covariate in models that 
included values from the GTT. Covariates that were not significantly associated with pregnancy metabolic 
variables were dropped from final models to preserve model parsimony. The relationship between SES and 
food desert severity was only assessed unidirectionally (SES predicting food desert severity).

Dependent variable

Latent SES variable Food desert severity

β ± SE 95% CI p β ± SE 95% CI p

Pregnancy adiposity (% body fat) − 0.27 ± 0.11 − 0.49 to − 0.05 0.016 0.17 ± 0.07 0.04–0.31 0.013

Pregnancy glucose concentrations (one-hour post GTT 
[mg/dL]) − 0.04 ± 0.10 − 0.24 to 0.12 0.674 0.10 ± 0.05 0.002–0.20 0.045

Pregnancy DII − 0.25 ± 0.08 − 0.41 to − 0.08 0.003 0.02 ± 0.06 − 0.09–0.14 0.705

Food desert severity − 0.20 ± 0.07 − 0.34 to − 0.05 0.008 – – –
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Discussion
Metabolic health during pregnancy is an important determinant of health for pregnant people and their 
 infants1–6,8,10–17. Low SES is one risk factor for impaired metabolic health during  pregnancy27,28,30, but the mecha-
nisms through which SES influences metabolic health and nutrition during pregnancy remain relatively under-
explored. Here, we assessed whether food desert severity mediated the relationship between SES and adiposity, 
glucose regulation, and inflammatory level of diet during pregnancy. The findings of this study provide overall 
support for a relationship of both SES and food desert severity on metabolic health during pregnancy. Results 
suggest that food desert severity is a mechanism by which SES influences adiposity during pregnancy, such that 
individuals with lower SES tend to experience more food desert severity, which leads to increasing adiposity 
during pregnancy.

Consistent with earlier  work28,32–34, results from main effects models (Table 4) indicated that lower SES 
was significantly associated with greater adiposity, greater food desert severity, and consumption of a more 
pro-inflammatory diet. As adiposity, glucose concentrations, and the pro-inflammatory nature of participants’ 
prenatal diets were all positively and significantly correlated, we account for their interdependence through 
our model design. It is interesting to note that the pro-inflammatory nature of participants’ prenatal diets was 
significantly correlated with glucose concentrations. While dietary quality likely impacts glucose regulation and 
adiposity during pregnancy, it is also possible that overall metabolic state, informed by GTT results and body 
composition, may impact diet. For example, an individual at-risk for GDM may alter their diets in response to 
their GTT results or at the instruction of their physician, particularly if their physician recommends trying to 
limit pregnancy weight gain (as is often the case for individuals with overweight or obesity)68. After adjusting for 
adiposity, glucose concentrations, and dietary inflammation, as well as the interdependence of these variables 
and for relevant covariates, the effect of SES on food desert severity survived.

We also found that higher food desert severity was associated with higher adiposity and poorer glucose regu-
lation during pregnancy (Table 4). The effect of higher food desert severity associated with increasing adiposity 
during pregnancy survived accounting for the effect of SES, the interdependence of metabolic health measures, 
and relevant covariates (Fig. 2). These findings are consistent with work in non-obstetric samples showing that 
living in a food desert is associated with  obesity19. While living in a food desert is certainly related to SES, our 
results indicate that they are not equivalent constructs or metrics. For example, it is possible that some indi-
viduals living in a food desert may have the financial resources necessary to access healthful foods or vice versa. 
Results from our study suggest that, after accounting for food desert severity, SES is not independently related 

Figure 2.  Food Desert Significantly Mediates the Relationship between SES and Adiposity. Food desert severity 
scores significantly mediated the relationship between latent SES and adiposity (ßindirect = − 0.03, 95% CI [−0.079, 
−0.004]); after adjusting for age of birthing parent, parity status, and racial/ethnic minority status, as well as for 
weeks’ gestation at GTT, use of alcohol after pregnancy was known, and use of prenatal vitamins. Food desert 
severity did not mediate the effect of SES on glucose (95% CI − 0.053, 0.001) or DII scores (95% CI − 0.021, 
0.037). *p < 0.05, **p < 0.01, ***p < 0.001. CFI = 0.965; TLI = 0.947; SRMR = 0.039; RMSEA = 0.024, 90% CI [0.000, 
0.049], p = 0.95751.
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to glucose concentrations during pregnancy (Fig. 2). Our findings also suggest that living in a food desert is not 
associated with increased circulating glucose concentrations in response to the GTT, which is consistent with 
other work suggesting that living in a food desert is not associated with increased GDM  risk69, but in contrast 
to work suggesting reduced GDM risk in areas with more grocery  stores22. We posit that these discrepancies 
may be due, in part, because past work has not simultaneously accounted for the interdependent effects of SES 
and food desert severity.

Food desert severity scores significantly mediated the relationship between lower SES and greater adiposity, 
even after accounting for the pro-inflammatory quality of the participants’ diet, their glucose concentrations 
during pregnancy, and relevant covariates (Fig. 2). This important finding offers a mechanistic explanation of 
how SES impacts metabolic health during pregnancy. Consistent with our initial hypotheses, lower SES was 
associated with greater food desert severity scores (likely because SES may influence the types of neighborhoods 
in which one can afford to live), and food desert severity, in turn, was associated with increased adiposity during 
pregnancy. This is the first study to our knowledge to simultaneously assess the effects of food desert severity 
and SES on adiposity, glucose concentrations, and dietary inflammation during pregnancy. Notably, the effect 
of SES on adiposity via food desert severity was independent of the inflammatory nature of diet, which was not 
associated with food desert severity in this model. This is in contrast to other work in non-obstetric samples 
showing that living in a food desert is associated with an unhealthy diet (i.e., typically measured by lower fruit and 
vegetable consumption)46. Future research should consider other mechanisms through which food desert severity 
may impact pregnancy adiposity. For example, individuals living in food deserts may experience chronic stress 
associated with poverty, which may be independently associated with dysregulated gestational weight  gain39.

It is possible that measuring specific micro- or macro- nutrients in the dietary intake of pregnant individuals 
living food deserts, rather than the overall pro-inflammatory quality of their diets, may be more informative; 
however, we did not find that either total caloric intake or percent of total calories from fat during the second 
trimester had a significant relationship with SES or food desert severity (see Supplementary Figs. S5–S6). It is 
also possible that physical activity contributes to this relationship; however, we did not find that self-reported 
physical activity during pregnancy (as measured by the Active Living Index, calculated from the Kaiser Physical 
Activity  questionnaire70) explained our findings (See Supplementary Fig. S7). Thus, future work may benefit from 
targeting other differences in specific nutrient consumption by pregnant populations, as well as from exploring 
the influence of physical activity on pregnancy adiposity further. We note that our physical activity measure was 
self-reported physical activity during pregnancy, rather than a more robust objective measurement of physical 
activity during pregnancy, such as via accelerometry.

This study had a number of strengths. To our knowledge, this is the first study to examine whether food 
desert severity mediates the relationship between low SES and poor metabolic health during pregnancy. Whereas 
most other studies of food deserts utilize a dichotomous assessment of food desert  status43, in this study, we 
utilize a continuous measure of food desert severity. The continuous measure of food desert severity allowed for 
quantification of the linear association between food desert severity and metabolic health and may be useful for 
drawing inferences relevant to individuals in low-income, low access areas, but who do not meet the threshold 
for living in a food desert, as well as for individuals who do not reside in food deserts, but have lower access to 
healthy food. This study was also strengthened by the detailed characterization of participants’ diets via repeated 
24-h recalls conducted by registered nutritionists (vs. participant report, as has been utilized in most previous 
research), which may have increased the reliability of the dietary information. Moreover, rather than using self-
reported weight gain, we utilized air displacement plethysmography to assess body composition, allowing us to 
distinguish between the percent of fat and lean mass during pregnancy.

Limitations and suggestions for future research. This study also suggests several directions for future 
study. Results suggest that factors beyond the pro-inflammatory quality of the diet may be responsible for the 
relationship between higher food desert severity and greater adiposity during pregnancy. Future studies should 
assess other factors relevant to the metabolic health of those living in food deserts. For example, neighborhoods 
with low access to healthful and affordable foods may also have poor incorporation of features that encourage 
physical activity such as sidewalks and  greenspaces71. Neighborhoods with higher crime rates may also be asso-
ciated with lower physical activity due to safety  concerns72. Physical activity during pregnancy alone is unlikely 
to explain these findings, however, as analyses conducted with self-reported physical activity as an outcome 
measure did not show a relationship between physical activity during pregnancy and SES or food desert severity 
(See Supplementary Fig. S7). Furthermore, food deserts may have more pollution, which can contribute to poor 
cardiometabolic  health73. Due to our specific interest in mechanisms associated with metabolic health during 
pregnancy, we focused on adiposity during pregnancy in our primary models (rather than utilizing a measure of 
pre-gravid BMI, which may also be related to SES and food desert severity as well as health complications before, 
during, and after  pregnancy74). This focus allowed us to temporally align our various measures of metabolic 
health and to control for their interdependence, an approach that strengthened our ability to make inferences 
relevant to this unique developmental period. However, it is important to note that the effects of SES and food 
desert severity are not likely to be specific to pregnancy and may predate pregnancy and/or persist after birth. It 
remains clear that, while variation in SES and food desert severity may not be specific to understanding meta-
bolic health only during pregnancy, SES and food desert severity contribute unique importance to identifying 
risk for poor metabolic health during pregnancy, a developmental period with long-term significance for the 
parent and child. Furthermore, while geospatial coding is a novel means of collecting objective data about the 
food desert severity, there are some limitations associated with this technique. For example, individuals within 
the same census tract may have different access to healthful foods, depending on where in the tract they reside. 
Although food desert severity provides a sense of proximity to healthful foods (and thus potential difficulty in 
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obtaining these foods), this is, of course, not deterministic. Future research should explore other factors related 
to food access. For example, individuals may live in a food desert, but have access to healthful foods via grocery 
delivery or other means. Future studies may benefit from triangulating access to healthy and affordable foods 
via multi-modal data collection, including geospatial coding and surveys concerning accessibility to healthful 
and affordable foods. Given the growing literature on “food swamps”, areas where convenience stores and fast-
food restaurants outnumber retailers with healthier options (e.g., grocery stores), the relationship between food 
swamp severity and pregnancy metabolic health should also be assessed. An additional and important limitation 
of this study is that the USDA Food Access Research Atlas data from which the food desert measures were calcu-
lated utilized data from the 2010 Census of the Population. The pregnancies in our study occurred between 2018 
and 2021. It is possible that census tracts may have changed since 2010. Additionally, average incomes in particu-
lar census tracts may have changed between 2014 and 2019 and new supermarkets may have been constructed 
between 2018 and 2019. Thus, areas that were considered food deserts based off of these earlier data sources may 
no longer be considered food deserts. While these were the most up-to-date UDSA FARA data available at the 
time of this study, future studies should utilize updated USDA FARA data when it is released. Finally, while our 
sample characteristics are consistent with the demographics of the Portland, Oregon metropolis, the majority of 
our participants were white, non-Hispanic, and of higher SES. Future research should validate these findings in 
a larger more diverse sample that is more representative of the United States population.

Conclusions
The finding that food desert severity significantly mediates the association between low SES and adiposity during 
pregnancy is an important step toward identifying targets for interventions aimed at improving metabolic health 
during pregnancy, and, by extension, offspring birth outcomes and long-term health. Identifying food desert 
severity as a mechanism by which SES impacts adiposity during pregnancy lends important credence for sup-
porting certain interventions aimed at improving metabolic health during pregnancy over others. For example, 
improving access to healthful and nutritious foods may be a step toward improving metabolic health during 
pregnancy for groups at increased risk for adiposity (i.e., low SES individuals), which may, in turn, improve 
offspring outcomes. As individuals with higher percent adiposity during pregnancy may not have exceeded clini-
cal cutoffs for unhealthy pre-gravid  BMIs68, understanding the mechanisms responsible for increased body fat 
during pregnancy may be a useful means of identifying which individuals may be most liable for metabolic risk 
during pregnancy. Results indicate a critical need to focus on making healthful and affordable foods accessible 
in all communities. This can be implemented via micro-, mezzo-, and macro-interventions, which may include 
providing community gardens or encouraging healthful dietary habits via training/education on food prepara-
tion and nutrition (micro), enrolling eligible residents into federal supplemental nutrition assistance programs 
or encouraging participation in food system planning (mezzo), or enacting legislation and policies to incentivize 
the addition of full-service grocery stores and supermarkets to underserved communities and improving the 
quality of food available at existing convenience stores (macro).

Data availability
The data set described in this manuscript will be publicly available on the National Institute of Mental Health 
(NIMH) Data Archive (https:// nda. nih. gov/) under study #2069, DOI: https:// doi. org/ 10. 15154/ 15287 86. The 
study page provides instructions on locating the data.

Received: 8 December 2022; Accepted: 2 April 2023

References
 1. Valizadeh, M., Alavi, N., Mazloomzadeh, S., Piri, Z. & Amirmoghadami, H. The risk factors and incidence of type 2 diabetes mel-

litus and metabolic syndrome in women with previous gestational diabetes. Int. J. Endocrinol. Metab. 13, e21696. https:// doi. org/ 
10. 5812/ ijem. 21696 (2015).

 2. Kessous, R., Shoham-Vardi, I., Pariente, G., Sherf, M. & Sheiner, E. An association between gestational diabetes mellitus and long-
term maternal cardiovascular morbidity. Heart 99, 1118–1121 (2013).

 3. Beharier, O. et al. Gestational diabetes mellitus is a significant risk factor for long-term maternal renal disease. J. Clin. Endocrinol. 
Metab. 100, 1412–1416 (2015).

 4. Chuang, C. M. et al. The impact of gestational diabetes mellitus on postpartum urinary incontinence: A longitudinal cohort study 
on singleton pregnancies. BJOG Int. J. Obstet. Gynaecol. 119, 1334–1343. https:// doi. org/ 10. 1111/j. 1471- 0528. 2012. 03468.x (2012).

 5. Torloni, M. R. et al. Maternal BMI and preterm birth: A systematic review of the literature with meta-analysis. J. Matern. Fetal 
Neonatal Med. 22, 957–970. https:// doi. org/ 10. 3109/ 14767 05090 30425 61 (2009).

 6. Aune, D., Saugstad, O. D., Henriksen, T. & Tonstad, S. Maternal body mass index and the risk of fetal death, stillbirth, and infant 
death: A systematic review and meta-analysis. JAMA 311, 1536–1546. https:// doi. org/ 10. 1001/ jama. 2014. 2269 (2014).

 7. Kong, L., Nilsson, I. A., Gissler, M. & Lavebratt, C. Associations of maternal diabetes and body mass index with offspring birth 
weight and prematurity. JAMA Pediatr. 173, 371–378. https:// doi. org/ 10. 1001/ jamap ediat rics. 2018. 5541 (2019).

 8. Crowther, C. A. et al. Effect of treatment of gestational diabetes mellitus on pregnancy outcomes. N. Engl. J. Med. 352, 2477–2486. 
https:// doi. org/ 10. 1056/ NEJMo a0429 73 (2005).

 9. Ødegård, R. A., Vatten, L. J., Nilsen, S. T., Salvesen, K. Å. & Austgulen, R. Preeclampsia and fetal growth. Obstet. Gynecol. 96, 
950–955 (2000).

 10. Ehrenberg, H. M., Mercer, B. M. & Catalano, P. M. The influence of obesity and diabetes on the prevalence of macrosomia. Am. J. 
Obstet. Gynecol. 191, 964–968. https:// doi. org/ 10. 1016/j. ajog. 2004. 05. 052 (2004).

 11. Modi, N. et al. The influence of maternal body mass index on infant adiposity and hepatic lipid content. Pediatr. Res. 70, 287–291. 
https:// doi. org/ 10. 1203/ PDR. 0b013 e3182 25f9b1 (2011).

 12. Fraser, A. et al. Association of maternal weight gain in pregnancy with offspring obesity and metabolic and vascular traits in child-
hood. Circulation 121, 2557–2564. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 109. 906081 (2010).

https://nda.nih.gov/
https://doi.org/10.15154/1528786
https://doi.org/10.5812/ijem.21696
https://doi.org/10.5812/ijem.21696
https://doi.org/10.1111/j.1471-0528.2012.03468.x
https://doi.org/10.3109/14767050903042561
https://doi.org/10.1001/jama.2014.2269
https://doi.org/10.1001/jamapediatrics.2018.5541
https://doi.org/10.1056/NEJMoa042973
https://doi.org/10.1016/j.ajog.2004.05.052
https://doi.org/10.1203/PDR.0b013e318225f9b1
https://doi.org/10.1161/CIRCULATIONAHA.109.906081


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7197  | https://doi.org/10.1038/s41598-023-32783-2

www.nature.com/scientificreports/

 13. Montazeri, P. et al. Maternal metabolic health parameters during pregnancy in relation to early childhood BMI trajectories. Obesity 
26, 588–596. https:// doi. org/ 10. 1002/ oby. 22095 (2018).

 14. Clausen, T. D. et al. High prevalence of type 2 diabetes and pre-diabetes in adult offspring of women with gestational diabetes 
mellitus or type 1 diabetes: The role of intrauterine hyperglycemia. Diabetes Care 31, 340–346. https:// doi. org/ 10. 2337/ dc07- 1596 
(2008).

 15. Boney, C. M., Verma, A., Tucker, R. & Vohr, B. R. Metabolic syndrome in childhood: Association with birth weight, maternal 
obesity, and gestational diabetes mellitus. Pediatrics 115, e290–e296. https:// doi. org/ 10. 1542/ peds. 2004- 1808 (2005).

 16. Krakowiak, P. et al. Maternal metabolic conditions and risk for autism and other neurodevelopmental disorders. Pediatrics 129, 
e1121–e1128. https:// doi. org/ 10. 1542/ peds. 2011- 2583 (2012).

 17. Rivera, H. M., Christiansen, K. J. & Sullivan, E. L. The role of maternal obesity in the risk of neuropsychiatric disorders. Front. 
Neurosci. 9, 194. https:// doi. org/ 10. 3389/ fnins. 2015. 00194 (2015).

 18. Ford, P. B. & Dzewaltowski, D. A. Disparities in obesity prevalence due to variation in the retail food environment: Three testable 
hypotheses. Nutr. Rev. 66, 216–228 (2008).

 19. Chen, D., Jaenicke, E. C. & Volpe, R. J. Food environments and obesity: Household diet expenditure versus food deserts. Am. J. 
Public Health 106, 881–888. https:// doi. org/ 10. 2105/ AJPH. 2016. 303048 (2016).

 20. Vaughan, C. A., Collins, R., Ghosh-Dastidar, M., Beckman, R. & Dubowitz, T. Does where you shop or who you are predict what 
you eat? The role of stores and individual characteristics in dietary intake. Prev. Med. 100, 10–16 (2017).

 21. Tipton, M. J. et al. Association of living in a food desert with pregnancy morbidity. Obstet. Gynecol. 136, 140–145. https:// doi. org/ 
10. 1097/ AOG. 00000 00000 003868 (2020).

 22. Young, C., Laurent, O., Chung, J. H. & Wu, J. Geographic distribution of healthy resources and adverse pregnancy outcomes. 
Matern. Child Health J. 20, 1673–1679. https:// doi. org/ 10. 1007/ s10995- 016- 1966-4 (2016).

 23. Shivappa, N., Hébert, J. R., Akhoundan, M., Mirmiran, P. & Rashidkhani, B. Association between inflammatory potential of diet 
and odds of gestational diabetes mellitus among Iranian women. J. Matern. Fetal Neonatal Med. 32, 3552–3558 (2019).

 24. Zhang, Z. et al. Association between dietary inflammatory index and gestational diabetes mellitus risk in a prospective birth cohort 
study. Nutrition 87, 111193 (2021).

 25. Sen, S. et al. Dietary inflammatory potential during pregnancy is associated with lower fetal growth and breastfeeding failure: 
Results from project viva. J. Nutr. 146, 728–736 (2015).

 26. World Health Organization. Closing the Gap in a Generation: Health Equity Through Action on the Social Determinants of Health: 
Commission on Social Determinants of Health final Report (World Health Organization, 2008).

 27. Bo, S. et al. Low socioeconomic status as a risk factor for gestational diabetes. Diabetes Metab. 1, 139–140 (2002).
 28. O’Brien, E., Alberdi, G. & McAuliffe, F. The influence of socioeconomic status on gestational weight gain: A systematic review. J. 

Public Health 40, 41–55. https:// doi. org/ 10. 1093/ pubmed/ fdx038 (2018).
 29. Heslehurst, N., Rankin, J., Wilkinson, J. R. & Summerbell, C. D. A nationally representative study of maternal obesity in England, 

UK: Trends in incidence and demographic inequalities in 619 323 births, 1989–2007. Int. J. Obes. 34, 420–428. https:// doi. org/ 10. 
1038/ ijo. 2009. 250 (2010).

 30. Grieger, J. A. et al. Metabolic syndrome in pregnancy and risk for adverse pregnancy outcomes: A prospective cohort of nulliparous 
women. PLoS Med. 15, e1002710. https:// doi. org/ 10. 1371/ journ al. pmed. 10027 10 (2018).

 31. McLaren, L. Socioeconomic status and obesity. Epidemiol. Rev. 29, 29–48. https:// doi. org/ 10. 1093/ epirev/ mxm001 (2007).
 32. Powell, L. M., Slater, S., Mirtcheva, D., Bao, Y. & Chaloupka, F. J. Food store availability and neighborhood characteristics in the 

United States. Prev. Med. 44, 189–195. https:// doi. org/ 10. 1016/j. ypmed. 2006. 08. 008 (2007).
 33. Akbaraly, T. N. et al. Dietary inflammatory index and recurrence of depressive symptoms: Results from the Whitehall II Study. 

Clin. Psychol. Sci. 4, 1125–1134. https:// doi. org/ 10. 1177/ 21677 02616 645777 (2016).
 34. Carvalho, C. A. et al. The dietary inflammatory index and insulin resistance or metabolic syndrome in young adults. Nutrition 58, 

187–193. https:// doi. org/ 10. 1016/j. nut. 2018. 07. 014 (2019).
 35. Farhangi, M. A. & Vajdi, M. The association between dietary inflammatory index and risk of central obesity in adults: An updated 

systematic review and meta-analysis. Int. J. Vitamin Nutr. Res. (2020).
 36. Farhangi, M. A., Nikniaz, L., Nikniaz, Z. & Dehghan, P. Dietary inflammatory index potentially increases blood pressure and 

markers of glucose homeostasis among adults: Findings from an updated systematic review and meta-analysis. Public Health Nutr. 
23, 1362–1380 (2020).

 37. Namazi, N., Larijani, B. & Azadbakht, L. Dietary inflammatory index and its association with the risk of cardiovascular diseases, 
metabolic syndrome, and mortality: A systematic review and meta-analysis. Horm. Metab. Res. 50, 345–358. https:// doi. org/ 10. 
1055/a- 0596- 8204 (2018).

 38. Green, T. L. Unpacking racial/ethnic disparities in prenatal care use: The role of individual-, household-, and area-level charac-
teristics. J. Womens Health 27, 1124–1134. https:// doi. org/ 10. 1089/ jwh. 2017. 6807 (2018).

 39. Lindsay, K. L., Buss, C., Wadhwa, P. D. & Entringer, S. The interplay between maternal nutrition and stress during pregnancy: 
Issues and considerations. Ann. Nutr. Metab. 70, 191–200 (2017).

 40. Herbert, V. et al. Folic acid deficiency in the United States: Folate assays in a prenatal clinic. Am. J. Obstet. Gynecol. 123, 175–179. 
https:// doi. org/ 10. 1016/ 0002- 9378(75) 90523-2 (1975).

 41. Laraia, B. A., Siega-Riz, A. M. & Gundersen, C. Household food insecurity is associated with self-reported pregravid weight status, 
gestational weight gain, and pregnancy complications. J. Am. Diet. Assoc. 110, 692–701 (2010).

 42. Heslehurst, N. et al. Trends in maternal obesity incidence rates, demographic predictors, and health inequalities in 36 821 women 
over a 15-year period. BJOG Int. J. Obstet. Gynaecol. 114, 187–194. https:// doi. org/ 10. 1111/j. 1471- 0528. 2006. 01180.x (2007).

 43. Ver Ploeg, M., Dutko, P. & Breneman, V. Measuring food access and food deserts for policy purposes. Appl. Econ. Perspect. Policy 
37, 205–225 (2015).

 44. Yogev, Y. & Catalano, P. M. Pregnancy and obesity. Obstet. Gynecol. Clin. 36, 285–300 (2009).
 45. Metzger, B. E. et al. Hyperglycemia and adverse pregnancy outcome (HAPO) study: Associations with neonatal anthropometrics. 

Diabetes 58, 453–459 (2008).
 46. Caspi, C. E., Sorensen, G., Subramanian, S. & Kawachi, I. The local food environment and diet: A systematic review. Health Place 

18, 1172–1187. https:// doi. org/ 10. 1016/j. healt hplace. 2012. 05. 006 (2012).
 47. Leung, C. W. et al. Dietary intake and dietary quality of low-income adults in the supplemental nutrition assistance program. Am. 

J. Clin. Nutr. 96, 977–988. https:// doi. org/ 10. 3945/ ajcn. 112. 040014 (2012).
 48. Grewal, R., Cote, J. A. & Baumgartner, H. Multicollinearity and measurement error in structural equation models: Implications 

for theory testing. Mark. Sci. 23, 519–529 (2004).
 49. Nishikawa, T. et al. One-hour oral glucose tolerance test plasma glucose at gestational diabetes diagnosis is a common predictor 

of the need for insulin therapy in pregnancy and postpartum impaired glucose tolerance. J. Diabetes Investig. 9, 1370–1377 (2018).
 50. Fields, D. A., Hunter, G. & Goran, M. I. Validation of the BOD POD with hydrostatic weighing: Influence of body clothing. Int. J. 

Obes. 24, 200–205 (2000).
 51. Fields, D. A., Higgins, P. B. & Radley, D. Air-displacement plethysmography: Here to stay. Curr. Opin. Clin. Nutr. Metab. Care 8, 

624–629 (2005).
 52. Marshall, N. E. et al. Comparison of multiple methods to measure maternal fat mass in late gestation. Am. J. Clin. Nutr. 103, 

1055–1063. https:// doi. org/ 10. 3945/ ajcn. 115. 113464 (2016).

https://doi.org/10.1002/oby.22095
https://doi.org/10.2337/dc07-1596
https://doi.org/10.1542/peds.2004-1808
https://doi.org/10.1542/peds.2011-2583
https://doi.org/10.3389/fnins.2015.00194
https://doi.org/10.2105/AJPH.2016.303048
https://doi.org/10.1097/AOG.0000000000003868
https://doi.org/10.1097/AOG.0000000000003868
https://doi.org/10.1007/s10995-016-1966-4
https://doi.org/10.1093/pubmed/fdx038
https://doi.org/10.1038/ijo.2009.250
https://doi.org/10.1038/ijo.2009.250
https://doi.org/10.1371/journal.pmed.1002710
https://doi.org/10.1093/epirev/mxm001
https://doi.org/10.1016/j.ypmed.2006.08.008
https://doi.org/10.1177/2167702616645777
https://doi.org/10.1016/j.nut.2018.07.014
https://doi.org/10.1055/a-0596-8204
https://doi.org/10.1055/a-0596-8204
https://doi.org/10.1089/jwh.2017.6807
https://doi.org/10.1016/0002-9378(75)90523-2
https://doi.org/10.1111/j.1471-0528.2006.01180.x
https://doi.org/10.1016/j.healthplace.2012.05.006
https://doi.org/10.3945/ajcn.112.040014
https://doi.org/10.3945/ajcn.115.113464


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7197  | https://doi.org/10.1038/s41598-023-32783-2

www.nature.com/scientificreports/

 53. Van Raaij, J., Peek, M., Vermaat-Miedema, S. H., Schonk, C. M. & Hautvast, J. New equations for estimating body fat mass in 
pregnancy from body density or total body water. Am. J. Clin. Nutr. 48, 24–29. https:// doi. org/ 10. 1093/ ajcn/ 48.1. 24 (1988).

 54. Conway, J., Ingwersen, L. & Moshfegh, A. Acurracy of dietary recal using the USDA 5-step multiple pass method in a multi-ethnic 
populaiton: An observational validation study. Exp. Biol.(2003).

 55. Abdurahman, A. A. et al. Association of dietary inflammatory index with metabolic profile in metabolically healthy and unhealthy 
obese people. Nutr. Diet. 76, 192–198. https:// doi. org/ 10. 1111/ 1747- 0080. 12482 (2019).

 56. Shivappa, N., Steck, S. E., Hurley, T. G., Hussey, J. R. & Hébert, J. R. Designing and developing a literature-derived, population-
based dietary inflammatory index. Public Health Nutr. 17, 1689–1696. https:// doi. org/ 10. 1017/ S1368 98001 30021 15 (2014).

 57. US Department of Agriculture. Food Access Research Atlas (Economic Research Service, 2021).
 58. Rhone, A., Ver Ploeg, M., Dicken, C., Williams, R. & Breneman, V. Low-Income and Low-Supermarket-Access Census Tracts, 

2010–2015 (United States Department of Agriculture Economic Research Service, 2017).
 59. Schimmel, M. S. et al. The effects of maternal age and parity on maternal and neonatal outcome. Arch. Gynecol. Obstet. 291, 

793–798. https:// doi. org/ 10. 1007/ s00404- 014- 3469-0 (2015).
 60. Schwartz, N., Nachum, Z. & Green, M. S. The prevalence of gestational diabetes mellitus recurrence—effect of ethnicity and parity: 

A meta-analysis. Am. J. Obstet. Gynecol. 213, 310–317. https:// doi. org/ 10. 1016/j. ajog. 2015. 03. 011 (2015).
 61. Paek, K.-W., Chun, K.-H., Jin, K.-N. & Lee, K.-S. Do health behaviors moderate the effect of socioeconomic status on metabolic 

syndrome?. Ann. Epidemiol. 16, 756–762 (2006).
 62. Qu, Y. et al. Maternal folic acid supplementation mediates the associations between maternal socioeconomic status and congenital 

heart diseases in offspring. Prev. Med. 143, 106319 (2021).
 63. Walsh, J. M., McGowan, C. A., Kilbane, M., McKenna, M. J. & McAuliffe, F. M. The relationship between maternal and fetal vitamin 

D, insulin resistance, and fetal growth. Reprod. Sci. 20, 536–541 (2013).
 64. MacKinnon, D. P., Lockwood, C. M. & Williams, J. Confidence limits for the indirect effect: Distribution of the product and 

resampling methods. Multivar. Behav. Res. 39, 99–128. https:// doi. org/ 10. 1207/ s1532 7906m br3901_4 (2004).
 65. Graham, J. W. Missing data analysis: Making it work in the real world. Annu. Rev. Psychol. 60, 549–576. https:// doi. org/ 10. 1146/ 

annur ev. psych. 58. 110405. 085530 (2009).
 66. Browne, M. W. & Cudeck, R. Alternative ways of assessing model fit. Sociol. Methods Res. 21, 230–258 (1992).
 67. Hu, L. T. & Bentler, P. M. Cutoff criteria for fit indexes in covariance structure analysis: Conventional criteria versus new alterna-

tives. Struct. Equ. Model. Multidiscipl. J. 6, 1–55 (1999).
 68. ACOG. ACOG Committee opinion no. 548: Weight gain during pregnancy. Obstet. Gynecol. 121, 210–212 (2013).
 69. Banner, G. C., Weaver, K. N., Rushovich, T., York, S. L. & Yee, L. M. Association between food deserts and gestational diabetes 

mellitus in a large metropolitan area. Am. J. Perinatol. 38, e39–e45 (2021).
 70. Ainsworth, B. E., Sternfeld, B., Richardson, M. T. & Jackson, K. Evaluation of the Kaiser physical activity survey in women. Med. 

Sci Sports Exercise 32, 1327. https:// doi. org/ 10. 1097/ 00005 768- 20000 7000- 00022 (2000).
 71. Crowe, J., Lacy, C. & Columbus, Y. Barriers to food security and community stress in an urban food desert. Urban Sci. 2, 46 (2018).
 72. Bader, M. D., Purciel, M., Yousefzadeh, P. & Neckerman, K. M. Disparities in neighborhood food environments: Implications of 

measurement strategies. Econ. Geogr. 86, 409–430. https:// doi. org/ 10. 1111/j. 1944- 8287. 2010. 01084.x (2010).
 73. Hoffmann, B. et al. Residential traffic exposure and coronary heart disease: Results from the Heinz Nixdorf Recall Study. Biomarkers 

14, 74–78. https:// doi. org/ 10. 1080/ 13547 50090 29650 96 (2009).
 74. Sirimi, N. & Goulis, D. G. Obesity in pregnancy. Hormones 9, 299–306. https:// doi. org/ 10. 14310/ horm. 2002. 1280 (2010).
 75. R Core Team. R: A Language and Environment for Statistical Computing v. 4.2.2 (2022-10-31 ucrt) (R Foundation for Statistical 

Computing, 2022).
 76. Wickham, H. et al. Welcome to the Tidyverse. J. Open Source Softw. 4, 1686 (2019).
 77. Pebesma, E. J. Simple features for R: Standardized support for spatial vector data. R J. 10, 439–446 (2018).
 78. Kahle, D. J. & Wickham, H. ggmap: Spatial visualization with ggplot2. R J. 5, 144–161 (2013).

Acknowledgements
The authors would like to acknowledge the many research assistants that collected the data represented in this 
study. The authors would also like to express our utmost appreciation to the participants in this study.

Author contributions
E.K.W., G.S., H.C.G., and E.L.S. conceptualized the study. R.G. provided software expertise and data extraction. 
A.M.H. supervised the collection of dietary data. J.T.N., H.C.G., and E.L.S. supervised the collection of all other 
data. E.K.W., H.C.G., and E.L.S. conducted formal analyses. E.K.W. wrote the initial draft. G.S., A.J.M., R.G., 
A.M.H., O.N., A.Y., J.T.N., H.C.G., and E.L.S. provided edits to subsequent drafts. E.K.W. and A.J.M. created 
figures for data visualization. J.T.N., H.C.G., and E.L.S., provided project supervision and administration, as well 
as acquired funding for the project.

Funding
This work was supported by the National Institutes of Health/National Institute of Mental Health under Grant 
Numbers R01MH117177 (Sullivan and Nigg), R01MH124824 (Nigg and Sullivan), and K01MH120507 (Gustafs-
son). The project described was also supported by UL1TR002369 and TL1TR002371 from the National Center 
for Advancing Translational Sciences and by T32AA007468 from the National Institute on Alcohol Abuse and 
Alcoholism. The funders played no role in the writing of this manuscript, or in the decision to submit the article 
for publication. The content is solely the responsibility of the authors and does not necessarily represent the 
official views of the NIH. None of the data have been previously published.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 32783-2.

Correspondence and requests for materials should be addressed to E.L.S.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1093/ajcn/48.1.24
https://doi.org/10.1111/1747-0080.12482
https://doi.org/10.1017/S1368980013002115
https://doi.org/10.1007/s00404-014-3469-0
https://doi.org/10.1016/j.ajog.2015.03.011
https://doi.org/10.1207/s15327906mbr3901_4
https://doi.org/10.1146/annurev.psych.58.110405.085530
https://doi.org/10.1146/annurev.psych.58.110405.085530
https://doi.org/10.1097/00005768-200007000-00022
https://doi.org/10.1111/j.1944-8287.2010.01084.x
https://doi.org/10.1080/13547500902965096
https://doi.org/10.14310/horm.2002.1280
https://doi.org/10.1038/s41598-023-32783-2
https://doi.org/10.1038/s41598-023-32783-2
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7197  | https://doi.org/10.1038/s41598-023-32783-2

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	The association between food desert severity, socioeconomic status, and metabolic state during pregnancy in a prospective longitudinal cohort
	Metabolic health in pregnancy. 
	The impact of nutrition and living in a food desert on metabolic health. 
	The influence of socioeconomic status on metabolic health in pregnancy. 
	Socioeconomic status, food desert severity, and their interactive impact on metabolic health in pregnancy. 
	Current study. 
	Methods
	Procedure. 
	Participants. 
	Measures. 
	Glucose regulation. 
	Adiposity. 
	Nutrition. 
	Socioeconomic status. 
	Food desert severity score. 
	Covariates. 
	Analytic plan. 

	Institutional review board statement. 
	Informed consent statement. 

	Results
	Sample description. 
	Bivariate correlations. 
	SES measurement model. 
	Regressions used to test hypotheses 1 and 2. 
	SEM used to test hypothesis 3. 

	Discussion
	Limitations and suggestions for future research. 

	Conclusions
	References
	Acknowledgements


