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INTRODUCTION
Maternal and infant morbidity and mortal-
ity is higher in the United States than other 
developed countries.1 Additionally, there 
are significant disparities noted by race and 
ethnicity. This discrepancy is of particu-
lar importance in the state of Wisconsin, 
where the highest mortality rates in the 
country have been seen in non-Hispanic 
Black women at 14.28 per 1000 births, 
which is 3 times higher than rates quoted 
for White infants.2-4 Looking at health dis-
parities with a particular focus on modifi-
able risk factors for neonatal morbidity, a 
birth person’s location of residence during 
pregnancy matters. The adverse effects of 
neighborhood socioeconomic status and 
geographical distance to obstetrical care 
outcomes have been demonstrated in pre-
vious literature.2,5-6 Poor neighborhood 
socioeconomic status has been linked to 
higher rates of preterm births and low 
birth weight infants, both outcomes which 
increase the risk of neonatal morbidity and 
mortality.5,7 

Though previous studies have pointed to both individual-level 
factors8 and area-level factors,9 birth and obstetric outcomes have 
not been explored previously at fine spatial resolution using the 
Area Deprivation Index (ADI).10 ADI ranks census block groups 
by socioeconomic disadvantage at the state or national level. 
The index is a composite measure comprised of factors across 
the domains of income, education, employment, and housing 
quality. The objective of this study was to investigate the associa-
tion between birth weight and ADI after accounting for known 
individual-level covariates. 

ABSTRACT
Introduction: There are significant disparities in the rates of maternal and infant morbidity and 
mortality in the United States – a discrepancy of particular importance in Wisconsin, where Non-
Hispanic Black women experience the highest mortality rates in the country. The adverse effects of 
neighborhood socioeconomic status and geographical distance to obstetrical care outcomes have 
been demonstrated previously, with poor neighborhood socioeconomic status having been linked 
to higher rates of preterm births and low birth weight infants, which both increase the risk of neona-
tal morbidity and mortality. The objective of this study was to investigate the contributions of Area 
Deprivation Index and geographic location on age-matched birth weight z-scores.

Methods: We conducted a retrospective cohort study of all singleton births >22 weeks’ gestation 
in Dane County, Wisconsin, from January 2016 through June 2018. Generalized additive models 
were adjusted for race/ethnicity, cigarette use, delivery route, pregnancy-related or chronic 
hypertension, pregestational and gestational diabetes, number of prenatal visits, maternal age, 
total weight gain, and pre-pregnancy body mass index.

Results: There is evidence of an association between birth weight z-score and spatial location 
(median P value 0.006). With area deprivation, we found no evidence of an association with birth 
weight z-score (-0.01; 95% CI, -0.03 to 0.01; P = 0.109). Mean birth weight z-scores were lowest 
(-0.72) in the urban center of Madison, while mean birth weight z-score was highest (0.18) in rural 
areas near the northeast, southeast, and southwest county borders. We found an effect of race/
ethnicity on birth weight. 

Conclusions: We identified geographic variations in birth weight at a granular level using census 
block groups and a holistic measure of deprivation, which can inform targeted public health 
interventions. The lack of evidence of area deprivation on birth outcomes but significant spatial 
trends demonstrated continued geographic disparities in our health care systems.
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Table 1. Analytic Sample Demographics

		  Mean (SD) or %	 Missing (%)

Birth place facility (%)		  0.00%

	 St Mary’s Hospital Medical Center	 4927 (37.1)	

	 Meriter 	 8345 (62.9)	

ADI-State rank (mean [SD])	 3.16 (2.42)	 0.13%

Mother’s age (mean [SD])	 31.13 (5.00)	 0.00%

Pre-pregnancy BMI (mean [SD])	 26.60 (8.46)	 0.00%

Total weight gain (mean [SD])	 30.48 (14.19)	 1.88%

Gestational age (mean [SD])	 39.15 (1.86)	 0.00%

Infant sex (%)		  8.79%
	 Female	 5945 (44.8)	
	 Male 	 6161 (46.4)	

Birth weight (g) (mean [SD])	 3366.83 (557.80)	 0.05%

Race/ethnicity (%)		  0.00%

	 White	 9337 (70.4)	

	 Black 	 1245 (9.4)	

	 Latinx	 1108 (8.3)	

	 Asian/Pacific Islander	 1250 (9.4)	

	 Multiracial/other races	 139 (1.0)	

	 Unknown	 193 (1.45)	

Mother’s education (%)		  1.48%

	 No high school diploma	 762 (5.7)	

	 High school diploma	 1849 (13.9)	

	 Some college or associate degree 	 2678 (20.2)	

	 Bachelor’s degree	 4547 (34.3)	

	 Master’s degree or higher	 3239 (24.4)	

Cigarette use (%)		  0.85%

	 No	 12 386 (93.3)	

	 Yes	 773 (5.8)	

Insurance		  0.04%

	 Private/government insurance	 10 129 (76.3)	

	 Medicaid	 3119 (23.5)	

	 Self pay	 19 (0.1)	

Number of prenatal visits (mean [SD])	 12.68 (3.26)	 3.16%

Pregnancy-related hypertension (%)		  0.01%

	 No	 12 304 (92.7)	

	 Yes	 967 (7.3)	

Chronic hypertension (%)		  0.01%

	 No	 13 120 (98.9)	

	 Yes	 151 (1.1)	

Gestational diabetes (%)		  0.01%

	 No	 12 818 (96.6)	

	 Yes	 453 (3.4)	

Pregestational diabetes (%)		  0.01%

	 No	 12 673 (95.5)	

	 Yes	 598 (4.5)	

Delivery route (%)		  0.05%

	 Vaginal spontaneous	 9280 (69.92)	

	 Cesarean	 3312 (24.95)	

	 Operative vaginal	 673 (5.07)	

Abbreviation: ADI, area deprivation index.

We sought to identify and map spatial differences in Dane 
County, Wisconsin associated with poorer neonatal outcomes. 
We hypothesized that there would be an association between birth 
weight and ADI after accounting for known individual-level con-
founders. We use a generalized additive model with tensor product 
smooths to account for spatial dependence and adjust for individ-
ual-level covariates. We show that while area deprivation is not 
related to birth weight, we do still identify a significant spatial 
trend that is not explained by area-level factors.

METHODS
Study Population
Dane County is the second most populous county in Wisconsin 
and is where the state capitol of Madison is located. It has an area 
of 3100.84 km2 and has an estimated population of 56 8203 as 
of 2022. Residents in the county are mostly White (84.1%), over 
half (53%) have a bachelor’s degree or higher, and approximately 
11.3% of the county population is estimated to be living in pov-
erty.11 According to the 2017 Wisconsin Public Health Profiles, 
Dane County had a crude live birth rate of 11.3 per 1000, and 
approximately 7% of infants were born as low birth weight 
(< 2499 gm) regardless of gestational age.12

Peridata, a web-based prospective database available to hos-
pitals in Wisconsin, was used to obtain birth record data and 
birth outcomes from the 2 delivering hospitals in Dane County, 
Wisconsin. Patients giving birth at 2 tertiary care centers, St 
Mary’s Hospital Medical Center (n = 4927) and UnityPoint 
Health - Meriter Hospital (n = 8345), from January 2016 to 
June 2018 were included. These hospitals are the only 2 des-
ignated birthing centers in the county. For inclusion into our 
study, patients must have been (1) pregnant people > 15 years 
old and (2) carrying a singleton pregnancy. Analysis was limited 
to singletons because the etiology of preterm birth is different 
in multiple pregnancies. Exclusion criteria included (1) multiple 
gestations, (2) gestational age at delivery < 22 weeks, (3) resi-
dence outside of Dane County, and (4) maternal age < 15 years. 
The populations were pooled for the remaining data analysis, 
with a goal of capturing data from deliveries in Dane County, 
rather than comparing outcomes at the 2 locations. This study 
was approved by the Institutional Review Board at UnityPoint 
Hospital (IRB # 2018-017). 

Primary Outcome and Covariates
The primary outcome was birth weight, which was adjusted for 
by infant sex and gestational age based on Fenton growth charts 
(in grams) and converted to z-scores (standardized units).13 The 
primary exposure is ADI. For analysis, the ADI was operational-
ized as the rank of the census block group at the state level (higher 
ranks indicate greater socioeconomic disadvantage). We also 
included the following covariates: cigarette use (yes/no [referent]), 
delivery route (spontaneous vaginal [referent], operative vaginal, 
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Figure 1. County-level Map of Wisconsin (A) and Map of the Predicted Spatial Trend in Birth Weight (B)

A. Black indicates study region of Dane County B. Spacial Trend
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cesarean), pregestational diabetes (yes/no [referent]), gestational 
diabetes (yes/no [referent]), total weight gain (continuous), race/
ethnicity (White [referent], Black, Latinx, Asian/Pacific Islander, 
multiracial/other), patient’s education (no high school diploma, 
high school diploma, some college or associate degree, bachelor’s 
degree [referent], master’s degree or higher), and payment type 
(private/government insurance [referent], Medicaid/BadgerCare, 
self-pay). 

Statistical Analysis
Patients were geocoded and aggregated to a census block group, 
then linked to the neighborhood ADI. Multiple imputation using 
additive regression, bootstrapping, and predictive mean matching 
as implemented in the aregImpute function in the Hmisc14 package 
in R was used to account for potential biases due to missing data 
and is valid under a missing-at-random assumption. Associations 
between ADI and birth weight adjusted for spatial location and 
other covariates were assessed using generalized additive regression 
models (GAM),15 which allow for parsimonious representations of 
potentially nonlinear effects of quantitative predictors, including 
spatial trends and/or autocorrelation. 

Quantitative predictors (number of prenatal care visits, 
maternal age at birth, total weight gain during pregnancy, and 
pre-pregnancy body mass index [BMI]) were modeled using 
penalized cubic regression spline smooths. The effect of spa-
tial location was modeled using a tensor product smooth of the 
census block group centroid coordinates (using the Wisconsin 
Transverse Mercator [WTM] coordinate system16). Point esti-
mates and standard errors were pooled across analyses of the 38 
imputed datasets using Rubin’s method.17 Median P values across 
imputations were used for multiparameter hypothesis tests.18 

Statistical analysis was performed using the mgcv19 package in R 
version 4.0.2.20

RESULTS
A total of 13 272 patients were included in this study. Both mean 
and median state-ranked ADI did not differ across the 2 hospi-
tals, nor did all other demographic variables (Table 1). Individual 
socioeconomic and prenatal factors were then explored for our 
outcomes. In the sample (Table 1), patients were, on average, 
in their early thirties, slightly overweight (BMI 26.60 m2), had 
gained about 30 pounds throughout their pregnancy, and had 
birthed infants at approximately 39 weeks. Most patients were 
White (70.4%), had attained a bachelor’s degree (34.3%), were on 
private or government insurance (76.3%), and had spontaneous 
vaginal births (69.92%).

Though we found no evidence of an association between 
birth weight and ADI (adjusted estimate [adj est] -0.01; 95% 
CI, -0.01 to 0.00), we did find evidence of a statistically signifi-
cant spatial trend (P = 0.006) indicating other spatial informa-
tion not captured by ADI or covariates. The smoothness of the 
spatial trend indicates spatial dependence in birth weight not 
captured by any of the factors explored in our model (Figure 
1). The spatial trend was lowest near the center of the county 
and along the isthmus (between the 2 lakes) near the capitol. 
Further from the county center, the spatial trend was increas-
ing and highest in the top right corner along the border with 
the neighboring county (Dodge County), indicating stronger 
spatial dependence in this area. Interestingly, the top left cor-
ner had some of the lowest trend values near the border with 
Sauk County, indicating lower spatial dependence. Overall, we 
observed less spatial dependence in birth weight in the more 
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Figure 2. Predicted Percentiles for Birth Weight in Dane County (top); 
Zoomed-in View of Predicted Percentiles Along the Downtown Area (bottom)
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urban county center and stronger dependence along the county 
border in the more rural cities. 

We used our model to predict birth weight in standardized 
units for each participant. We then aggregated those predicted val-
ues by taking the mean birth weight in each census block group. 
For ease of interpretation, we converted the predicted mean birth 
weights from z-scores to percentiles (Figure 2). The predicted 
birth weight percentiles ranged from 24th to 57th percentile 
(mean 45th percentile, SD 5). The spatial trend from Figure 1B 
can be seen in the predicted birth weight percentiles. Most of the 
lower percentile birth weights were found in the center of the 
county near the downtown area and state capitol between the 2 
lakes (0%-42% range). Higher predicted mean birth weight per-
centiles were found further outside the center of the county nearer 
the county border. 

We also found that Black (adj est -0.31; 95% CI, -0.37 to 
-0.25) and Asian/Pacific Islander (adj est -0.26; 95% CI, -0.32 
to -0.21) patients had lower birth weights compared to White 
patients after adjusting for known covariates (Supplemental 
Table 1). Nonlinear relationships with maternal age, number of 
prenatal care visits, pre-pregnancy BMI, and total weight gain 
are visualized in Supplemental Figure 2.

DISCUSSION
In our study, we found no association between ADI and birth 
weight. Dane County is an overall affluent county (mean ADI of 
3.16) with variability within census blocks, so it is possible that we 
are not able to detect the effect of area deprivation. Given the rela-
tionship between low socioeconomic status and adverse neonatal 
outcomes demonstrated in previous literature,21-24 we hypothesize 
that investigating ADI in a larger population would possibly high-
light a relationship between ADI and these maternal and neonatal 
outcomes. We found a statistically significant spatial trend in birth 
weight. This may be driven by other socioeconomic factors not 
encompassed in the ADI index or other spatially dependent vari-
ables that we did not have available in our data. We also found a 
consistent association between these birth outcomes and patients’ 
race, despite the relative affluence of the county. This may be 
driven by racial disparities at the individual level that are inde-
pendent of socioeconomic status. This speaks to the need for con-
tinued investigation into the systemic drivers of these disparities.

This study has several limitations. Our ADI measure is at the 
census block group level which, though very small, may still be 
masking some spatial effects due to data aggregation. This may 
be why we observed spatial trends in birth weight but no associa-
tion with ADI. There also may be other aspects of socioeconomic 
disadvantage not captured by the ADI that we did not explore. 
Though our sample size is large, our data are limited to a window 
of 2016 to 2018, so it may be possible that we need a longer time 
period and larger sample size to identify effects of ADI. Finally, 
our analysis is limited to Dane County, Wisconsin, which has a 

relatively high socioeconomic status and may not be generalizable 
to other counties that differ in their populations, demographics, 
and health care services. 

Despite these limitations, this study has several strengths. 
First, the 2 hospitals explored are the only birthing hospitals in 
the county. Aside from home births or other alternative births, 
we captured the population of Dane County birthing patients 
from January 2016 to June 2018. Second, we use a flexible mod-
eling strategy that allowed for nonlinearity in certain continuous 
covariates and, importantly, allowed for flexibility in capturing 
the spatial patterns in the data. Finally, we used multiple imputa-
tion to impute missing data instead of deleting those individu-
als from the data, reducing bias and improving precision in our 
estimates.

CONCLUSIONS
This exploratory study identified the feasibility of using a spatial 
model to examine neonatal outcomes. Assessments such as this 
could be used on a larger spectrum to identify areas in need of 
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improved access to high quality obstetrics care and to create a 
model for reallocation of prenatal services. Furthermore, we found 
a consistent association between race and birth outcomes even after 
adjustment for area deprivation and other individual-level factors. 
This indicates a continued need to investigate health disparities 
as well as promote the education of health care providers regard-
ing bias to improve maternal and neonatal outcomes. In future 
work, this approach could be taken across a larger geographic area, 
such as multiple neighboring counties. This could help highlight 
locations that would benefit most from targeted public health 
interventions or even targeted physician recruitment, ultimately 
improving neonatal outcomes.
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Figure S1: State-ranked area deprivation (ADI) by census block in Dane County, Wisconsin 
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Table S1: Model results  

Birth weight (Standard Units) 

 Estimate (95% CI) P-Value 

ADI-State Rank -0.01 (-0.01, 0.00) 0.109 

-- 

< 0.001 

0.341 

<0.001 

0.465 

0.514 

0.006 

<0.001 

0.005 

<0.001 

<0.001 

White [referent] -- 

Black -0.31 (-0.37, -0.25) 

Latinx 0.03 (-0.03, 0.09) 

Asian/Pacific Islander -0.26 (-0.32, -0.21) 

Multiracial/Other  -0.06 (-0.20, 0.09) 

Unknown -0.04 (-0.17, 0.09) 

Spatial Trend -- 

Mother’s Age -- 

Number of prenatal    care visits -- 

Pre-pregnancy BMI -- 

Total weight gain -- 

CI=confidence interval, SD = standard deviation. Model was adjusted for cigarette use, delivery 

route, insurance type, mother’s education, chronic and gestational diabetes, and pregnancy-

related hypertension.  
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Figure S2: Smooth terms in birth weight model. A) non-linear relationship between the number 
of prenatal care visits and birth weight in standard deviation units; B) non-linear relationship 
between patient age and birth weight in standard deviation; C) non-linear relationship between 
total weight gain during pregnancy and birth weight in standard deviation; D) non-linear 
relationship between pre-pregnancy BMI and birth weight in standard deviation. 
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