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ABSTRACT

Objective: The purpose of this study was to measure the association between neighborhood deprivation and

cesarean delivery following labor induction among people delivering at term (�37 weeks of gestation).

Materials and Methods: We conducted a retrospective cohort study of people �37 weeks of gestation, with a

live, singleton gestation, who underwent labor induction from 2010 to 2017 at Penn Medicine. We excluded peo-

ple with a prior cesarean delivery and those with missing geocoding information. Our primary exposure was a

nationally validated Area Deprivation Index with scores ranging from 1 to 100 (least to most deprived). We used

a generalized linear mixed model to calculate the odds of postinduction cesarean delivery among people in 4

equally-spaced levels of neighborhood deprivation. We also conducted a sensitivity analysis with residential

mobility.

Results: Our cohort contained 8672 people receiving an induction at Penn Medicine. After adjustment for con-

founders, we found that people living in the most deprived neighborhoods were at a 29% increased risk of

post–induction cesarean delivery (adjusted odds ratio¼1.29, 95% confidence interval, 1.05–1.57) compared to

the least deprived. In a sensitivity analysis, including residential mobility seemed to magnify the effect sizes of

the association between neighborhood deprivation and postinduction cesarean delivery, but this information

was only available for a subset of people.

Conclusions: People living in neighborhoods with higher deprivation had higher odds of postinduction cesar-

ean delivery compared to people living in less deprived neighborhoods. This work represents an important first

step in understanding the impact of disadvantaged neighborhoods on adverse delivery outcomes.
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INTRODUCTION

Among the over 3.7 million pregnant people who give birth in the

United States annually, more than 20% of them will experience a la-

bor induction, making induction one of the most common proce-

dures done during pregnancy.1–3 Of these inductions, about one-

third will end in a cesarean delivery.4,5 While the definition of a

“failed induction” is not as simple as a cesarean delivery after labor

induction,6 a vaginal delivery is often the preferred outcome by

pregnant people. We use ‘pregnant people’ to be inclusive of all gen-

ders identified by delivering people. There are many identifiable risk

factors for cesarean delivery such as hypertension, obesity, parity,

and gestational age, however, 1 plausible systemic risk factor with

limited evaluation to date is neighborhood deprivation. Neighbor-

hood deprivation is a measure of a neighborhood’s overall access to

resources, with high levels of deprivation indicating low access to in-

come, education, and other resources. Additionally, neighborhood

deprivation has been associated with poor health outcomes such as

cancer7 and Alzheimer’s disease8 and has been associated with ad-

verse pregnancy outcomes including pregnancy-induced hyperten-

sion and preterm birth.9 Therefore we sought to evaluate the link

between neighborhood deprivation and postinduction cesarean de-

livery.

People of color disproportionately undergo cesarean delivery in

the United States. Even when controlling for sociodemographic fac-

tors and medical comorbidities, Black people have a 50% increased

odds of cesarean delivery when compared to White people.10,11 We

know that these persistent disparities are not genetic in nature, but

rather arise from a complex system of elements that include pro-

vider-, hospital-, and geographic-level factors that lead to large var-

iations in cesarean delivery rates by race. Longstanding racial

residential segregation leads to large differences in neighborhood

exposures by race in the United States.12,13 Indeed, a recent paper by

Nardone et al14 illustrates the deleterious effect of redlining on birth

outcomes. Given the interaction of environmental stressors with

hormonal pathways,13,15–18 it is biologically plausible that people

from areas of neighborhood deprivation may respond more or less

favorably to labor induction. Because differences in cesarean deliv-

ery outcomes cannot be attributed to sociodemographic factors and

patient comorbidities alone, we must evaluate novel systemic risk

factors for increased cesarean risk, such as neighborhood depriva-

tion.

While approximately one-third of labor inductions do end in ce-

sarean deliveries, the ability to predict who will have a vaginal deliv-

ery after labor induction has been limited.5,19,20 An exception is the

work of Hamm et al, whose team was able to create a successful risk

prediction model for cesarean delivery after induction.21 While they,

and others, have investigated patient-level risk factors such as

height, Body Mass Index (BMI), parity, cervical examination find-

ings, and gestational age to estimate risk of cesarean after labor in-

duction,21,22 studies of the role of neighborhood-level exposures,

such as neighborhood deprivation, on labor induction outcome are

lacking.

The aim of this study is to evaluate the contribution of neighbor-

hood deprivation on risk of cesarean delivery after labor induction.

MATERIALS AND METHODS

Our study population included people who had a pregnancy-related

delivery diagnosis and procedure codes in their University of Penn-

sylvania Health System (UPHS) EPIC Electronic Health Record

(EHR) system23,24 from 2010 to 2017 as well as an International

Classification of Diseases versions 9 and 10 codes (ICD-9 and ICD-

10) for labor induction validated by the American College of Obstet-

rics and Gynecologists (Supplementary Appendix S1).25 We then

linked our data with detailed birth logs obtained from 2 hospitals

within UPHS, the Hospital of the University of Pennsylvania (Phila-

delphia, PA) and Pennsylvania Hospital (Philadelphia, PA).26 We in-

cluded all people who delivered at term (�37 weeks) with a live,

singleton gestation. We excluded people with a prior cesarean cap-

tured in the EHR and people lacking address information precluding

geocoding (Figure 1). All individual covariates, such as pregnancy-

related hypertension and diabetes, used in this study were defined

using ICD-9 and ICD-10 codes. We also identified clinically recog-

nized obesity as those with obesity-related ICD-9 and ICD-10 codes.

For people with more than 1 delivery within our health system dur-

ing the study period, we randomly chose 1 pregnancy in order to

achieve independence between deliveries.

The primary outcome for this study was postinduction cesarean

delivery for any indication, which was determined using ICD-9 and

Figure 1. Flow diagram showing final cohort composition, including exclu-

sions and percentage of cesarean deliveries and vaginal deliveries after labor

induction.
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ICD-10 codes for cesarean delivery. The primary exposure of inter-

est was neighborhood deprivation. We chose to utilize the University

of Wisconsin’s Neighborhood Atlas Area Deprivation Index (ADI),

composed of 17 education, employment, housing-quality, and pov-

erty measures from long-form Census data and American Commu-

nity Survey data. We used the ADI national rank score for the

United States, which ranges from 1 to 100, with a score of 100 being

the highest level of deprivation in the United States and a score of 1

being the lowest.27 We assigned an ADI score for each of the geo-

coded, block group geoids based on the latitudes and longitude of

address at delivery. For each delivery, we binned the change in dep-

rivation score into 4 levels: lowest deprivation (ADI score of 0–24),

moderate deprivation (ADI score of 25–49), high deprivation (an

ADI score of 50–74), and highest deprivation (an ADI score of 75–

100) using evenly spaced deprivation score categories. Binning of

neighborhood deprivation into high versus low categories is com-

monly done in the literature as it increases interpretability of the

results.7,8

We utilized a generalized linear mixed model for univariable and

multivariable modeling. We first modeled the univariable associa-

tion between the neighborhood deprivation levels and postinduction

cesarean delivery. Based on clinical knowledge and plausibility, ges-

tational age and parity were chosen a priori to be included in the

multivariable model, regardless of their significance. We then sought

to assess the level of confounding for the additional remaining

individual-level covariates, including: pregnancy-related hyperten-

sion, diabetes, obesity, marital status, race/ethnicity, and patient age

at time of delivery. We evaluated whether these variables con-

founded the association of neighborhood deprivation and cesarean

delivery by adding them individually into the univariable model of

neighborhood deprivation and postinduction cesarean delivery and

assessing whether the most significant effect size for the association

between ADI categories and postinduction cesarean delivery

changed by about 10%. Based upon these determinations for con-

founding we built a parsimonious multivariable model. We then

added back in the other variables to check to see if they further con-

founded the association. Those that did were then added into the

multivariable model.

Our multivariable mixed-level model included a random effect

for neighborhood to account for neighborhood clustering. As a sec-

ondary analysis, we also modeled neighborhood deprivation as a

nonlinear spline, allowing for greater flexibility of the variable in

modeling the association with postinduction cesarean, and to show

the rationale behind the cutoffs we chose for the neighborhood dep-

rivation categories in the mixed-level analysis.

We used R version 3.6.1 for all analysis. Major packages utilized

for analysis include: tidyverse,28 dplyr,29 stats,30 mgcv,31 cowplot,32

and ggplot2.33 The University of Pennsylvania’s Institutional Review

Board approved this study.

RESULTS

We derived a cohort of 63 334 pregnant people from the UPHS

health system.24 We linked this with a birth log cohort obtained

from the Hospital of the University of Pennsylvania and Pennsylva-

nia Hospital from 2010 to 2017 resulting in a cohort of 35 787 peo-

ple. After applying our inclusion and exclusion criteria, 24% of

these people remained in our final cohort of 8672 inductions. The

postinduction delivery outcomes included 2,027 cesarean deliveries

(23%) and 6645 vaginal deliveries (77%). The average patient age

at time of delivery was 28.4 6 6.2 years. The predominant race self-

designations were Black or African American, comprising 58% of

people, and White, 30% of people. The majority of people reported

their marital status as single (64%). In this cohort, 5% of people

had diabetes, 18% had pregnancy-related hypertension, and 22%

were clinically coded as obese (Table 1).

We found that living in neighborhoods with moderate, high, and

highest levels of neighborhood deprivation resulted in elevated ad-

justed odds ratios (ORs) for postinduction cesarean delivery com-

pared to the lowest level of neighborhood deprivation. The odds of

postinduction cesarean delivery were elevated by 29% for the high-

est level of deprivation (95% confidence interval [CI], 1.05–1.57),

28% for the second highest-level (95% CI, 1.04–1.57), and 20% for

the third highest or moderate level (1.00–1.44) (Table 2). The ran-

dom effect for neighborhood clustering was not significant at an al-

pha level of 0.05 (P-value¼ .64). Unadjusted or crude ORs are also

presented in Table 2, but are less clinically meaningful. Our models

adjusted for individual-level confounders for postinduction cesarean

delivery including parity, gestational age, disease status (obesity, di-

abetes, and pregnancy-related hypertension), patient age, race/eth-

nicity, and marital status.

We included race/ethnicity at the individual level in our full ad-

justed model of neighborhood deprivation on postinduction cesar-

ean delivery. We included this important individual-level factor not

because we believe that race/ethnicity plays a biological role in the

association but to account for other factors of racism that are not

captured via neighborhood deprivation. Race/ethnicity did change

the most significant effect size by greater than 10%, and thus we in-

cluded it in the model despite our belief that race/ethnicity’s influ-

ence on postinduction cesarean delivery is not biological in nature,

but rather due to systemic racism.

Our secondary analysis modeling neighborhood deprivation as a

nonlinear spline also showed an increase in odds of postinduction

cesarean delivery with increased neighborhood deprivation (Fig-

ure 2). We include this analysis to show that neighborhood depriva-

tion and postinduction cesarean delivery are largely linearly related

and not purely dependent on how we binned neighborhood depriva-

tion levels in 4 categories. Lastly, we conducted a sensitivity analysis

by running this multivariable model on a sub-population for whom

we have residential mobility data, as defined by an address change

within 1-year prior of delivery. By including residential mobility in

the model in this subgroup, the effect sizes for neighborhood depri-

vation are increased across all levels (Supplementary Appendix S2).

A table with the results from each of the 3 models is included in the

Supplementary Appendix S3.

DISCUSSION

We studied the effect of neighborhood deprivation on postinduction

cesarean delivery, accounting for individual level characteristics. We

found that people living in neighborhoods with the highest depriva-

tion scores (75–100) had the highest odds of postinduction cesarean

delivery versus those living in areas experiencing the lowest levels of

deprivation (0–24). Importantly, our work expands to risk factors

beyond the traditional demographic and clinical factors normally

considered when considering risk of postinduction cesarean deliv-

ery.19,20,22

This study illustrates that there is an association between levels

of residential deprivation where one lives, even when adjusting for

individual-level covariates. The idea that chronic and acute stress

has physical implications for people is not new, a phenomenon that

particularly affects people of color. Therefore, it is plausible that liv-
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ing in a stressful neighborhood, for example, one with high levels of

neighborhood deprivation might impact delivery outcomes. Re-

search by Krieger et al has demonstrated the effect of neighborhood

deprivation on other health outcomes such as cancer,34,35 assaults,36

and excess mortality.37 Work has also been done demonstrating the

effect of neighborhood deprivation on pregnancy-related outcomes,

such as preterm birth and low birth rate.9 We add to the literature

by evaluating the role of neighborhood deprivation in postinduction

outcomes. Additionally, the result of our sensitivity analysis assess-

ing the role of residential mobility on adverse postinduction out-

comes suggests that mobility during pregnancy amplifies the effect

of neighborhood deprivation.38

A major strength of our study is our large sample size of induc-

tions (almost 9000 labor inductions) and our cohort comes from a

diverse spectrum of neighborhood deprivation levels with some

areas surrounding Philadelphia having very low levels of deprivation

and some areas in inner city Philadelphia experiencing very high lev-

els of neighborhood deprivation. This large spread of deprivation

levels in terms of our exposure of interest was crucial for our mod-

els. In addition, the majority are people of color. Therefore, in addi-

tion to the diversity in terms of neighborhood deprivation

exposures, there was also significant racial/ethnic diversity in our co-

hort. Our diverse cohort was made possible in part due to our utili-

zation of a validated algorithm to identify deliveries within our

Table 1. Demographics for peoplea who underwent a labor induction between 2010 and 2017

Demographic Total labor inductions

(n¼ 8672) n (%)

Cesarean (n¼ 2027) n (%) Vaginal (n¼ 6645) n (%) P-values

Neighborhood deprivation

Highest (75–100) 3863 (45) 865 (43) 2988 (45) .05

High (50–74) 1637 (19) 399 (20) 1238 (19)

Moderate (25–49) 1508 (17) 387 (19) 1121 (17)

Lowest (0–24) 1664 (19) 376 (19) 1288 (20)

Marital status

Single 5534 (64) 1301 (64) 4233 (64) .71

Married 3138 (36) 726 (36) 2414 (36)

Age at time of delivery (years) Mean 28.4 (SD: 6.2) Mean 28.8 (SD: 6.5) Mean 28.4 (SD: 6.1) .01

Ethnicity

Hispanic (vs non-Hispanic) 547 (6) 128 (6) 419 (6) 1.00

Race

American Indian or Alaskan native 8 (0) 2 (0) 6 (0) .51

Asian 567 (7) 145 (7) 422 (6)

Black or African American 5023 (58) 1165 (58) 3858 (58)

Native Hawaiian or other Pacific Islander 9 (0) 4 (0) 5 (0)

White 2626 (30) 606 (30) 2020 (30)

Unknown 164 (2) 44 (2) 120 (2)

Other 275 (3) 61 (3) 214 (3)

Diabetes (vs no diabetes) 439 (5) 122 (6) 317 (5) .03

Pregnancy-related hypertensions (vs not) 1528 (18) 470 (23) 1058 (16) <.001

Obesity (vs not obese) 1969 (22) 626 (31) 1343 (20) <.001

Data presented as n (column %) unless otherwise specified.
aFor people with multiple pregnancies, a pregnancy was chosen at random to ensure that each woman is represented only once in the model.

SD: standard deviation.

Table 2. Associations between neighborhood deprivation and cesarean delivery following labor induction

Covariate Cesarean

rate (%)

Crude

OR

95% CI Adjusted

ORa

95% CI

Neighborhood deprivation

Highest (75–100) 22.39 0.90 0.78–1.03 1.29 1.05–1.57

High (50–74) 24.37 1.07 0.91–1.26 1.28 1.04–1.57

Moderate (25–49) 25.66 0.91 0.77–1.06 1.20 1.00–1.44

Lowest (0–24) 22.60 1.00 Reference 1.00 Reference

Comorbidities

Diabetes (vs no diabetes) 27.79 1.30 1.03–1.58 1.10 0.85–1.43

Pregnancy-related hyperten-

sions (vs not)

30.76 1.59 1.41–1.80 1.70 1.47–1.97

Obesity (vs not obese) 31.79 1.76 1.58–1.97 1.95 1.70–2.23

aAdditionally adjusted for maternal age (continuous), race/ethnicity, parity, gestational age, and marital status.

CI: confidence interval; OR: odds ratio.
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health system’s EHR, ensuring that we captured all people, allowing

for our large cohort size with which to evaluate outcomes of induc-

tion.

Importantly, our study assesses the role of neighborhood depri-

vation on postinduction cesarean delivery as an adverse outcome of

induction. We found that people from more deprived neighborhoods

were at greater risk of postinduction cesarean delivery after adjust-

ing for a multitude of confounders already known to increase risk,

including race/ethnicity. We included race/ethnicity in our models,

understanding that race/ethnicity and its role on postinduction ce-

sarean delivery is not due to biological differences. Rather, in this

case, race/ethnicity at the individual-level serves as a proxy for so-

cioeconomic disparities, namely racism (both structural and direct

against the individual), and other factors of living as a person of

color that are not directly captured in our neighborhood deprivation

score. Disparities among postinduction outcomes exist for a multi-

tude of reasons. We explore one such potential mechanism underly-

ing this difference—namely, neighborhood deprivation. Our

exposure, neighborhood deprivation, is a product of structural rac-

ism, and explains only part of the racial disparities that exist in

healthcare.39 It is critical to note that neighborhood disparities are

largely driven by inequitable policy, which is a systemic and social

problem, not one over which the individual has control. We retained

race/ethnicity in our fully adjusted model to address the racism that

individuals may experience at the individual level, which may differ

from the neighborhood-level deprivation that exists due to structural

racism.

Limitations of utilizing EHR data include our reliance on coding

for billing purposes and therefore our study is subject to misclassifi-

cation due to coding biases. Additionally, important clinical factors

that have been demonstrated to be predictors of cesarean (eg, cervi-

cal exam) were not available to us for the purposes of this study and

therefore it is unclear how results may have been changed with in-

clusion of these parameters. We use the term, “pregnant people” in

this paper to be inclusive of all delivering people. It is critical as the

space of maternal health changes, that those who do research in this

area can adapt their language to correctly reflect the identities of

those who comprise the space. Thus, while most delivering people

might identify as a ‘woman’, some will not, therefore the term

“delivering people” or “pregnant people” is more apt. This is espe-

cially true due to the limitations of the EHR to capture accurate sex

and gender data. Therefore, we are unable at this point to determine

whether individuals’ are transgender, cis-gender, nonbinary, and so

forth. We do not want to make any assumptions of an individual

with this regard, focusing rather on pregnant people who delivered

at our health system. Future work could investigate the role of inter-

sectionality between neighborhood deprivation and various margin-

alized sex and gender, and racial and ethnic groups. These groups

may experience greater amounts of disparities overall.

Finally, residential mobility amplifies the association between

neighborhood deprivation and cesarean delivery after induction;

however, we did not have this data for the full cohort, and therefore

this analysis exists only for a subset of our cohort as a sensitivity

analysis.38 In the future, we think that a qualitative, or multiple-

methods study, would be well-suited to understanding further the

nuances of this complicated and important topic of outcomes of la-

bor induction.

In conclusion, this study assesses the role of structural neighbor-

hood deprivation on labor induction outcomes. In finding that neigh-

borhood deprivation is associated with postinduction cesarean

delivery, we are able to illustrate that neighborhood context may be

important to the health of those delivering. Given that labor induc-

tions are one of the most commonly performed procedures during

pregnancy, and that cesarean deliveries are associated with increased

morbidity, it is important that research continues to better identify

individual and neighborhood-level risk factors of postinduction ce-

sarean delivery.39 Importantly, the finding of a clear association with

neighborhood deprivation and increased postinduction cesarean risk

can inform public health practitioners and policy makers about the

importance of evaluating risks among those from less-advantaged

neighborhoods and improving neighborhood conditions through the

remediation of antiquated inequitable policy, respectively.
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