
Advancing Evidence-Based Maternity

Care: Empirical Studies of

Technologies, Policies, and Clinical

Practices in the U.S. and Abroad

Citation
Vatsa, Rajet. 2025. Advancing Evidence-Based Maternity Care: Empirical Studies of
Technologies, Policies, and Clinical Practices in the U.S. and Abroad. Doctoral Dissertation,
Harvard University Graduate School of Arts and Sciences.

Link
https://dash.harvard.edu/handle/1/42719399

Terms of use
This article was downloaded from Harvard University’s DASH repository, and is made
available under the terms and conditions applicable to Other Posted Material (LAA), as set
forth at
https://harvardwiki.atlassian.net/wiki/external/NGY5NDE4ZjgzNTc5NDQzMGIzZWZhMGFlOWI2M2EwYTg

Accessibility
https://accessibility.huit.harvard.edu/digital-accessibility-policy

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story

https://dash.harvard.edu/submit-story?publicationId=b43f90fc-aca8-41c2-9566-c720095c5021


HARVARD 
Kenneth C. Griffin 

;, 
GRADUATE SCHOOL 

OF ARTS AND SCIENCES 

THESIS ACCEPTANCE CERTIFICATE 

The undersigned, appointed by the 

Committee on Higher Degrees in Health Policy 

have examined a dissertation entitled 

Advancing Evidence-Based Maternity Care: Empirical Studies of Technologies, Policies, 
and Clinical Practices in the U.S. and Abroad 

presented by Rajet Vatsa 

candidate for the degree of Doctor of Philosophy and hereby 
certify that it is w01thy of acceptance. 

Signature -�OJ_'.___,,(/_J:_::::::==:========::::===,=-
._,..

­

Typed name· 

Signature- --�--------�--------­

Typed name: Prof. Rose Molina 

Signature ____________ ___ _ _ _  _ 

Typed name: Prof. Ziad Obermeyer 

Signature ----1(:;h�. �'-----.P
�

--'F-- - -M__--=--------­

Typed name: Prof. Benjamin Sommers 

Date: August 8, 2024 



 
 
 
 
 
 
 
 
 
 
 

Advancing Evidence-Based Maternity Care:  
 

Empirical Studies of Technologies, Policies, and Clinical Practices in the U.S. and Abroad 
 
 
 

A dissertation presented 
 

by 
 

Rajet Vatsa 
 

to 
 

The Committee on Higher Degrees in Health Policy 
 

in partial fulfillment of the requirements 
 

for the degree of 
 

Doctor of Philosophy 
 

in the subject of 
 

Health Policy 
 
 
 

Harvard University 
 

Cambridge, Massachusetts 
 
 
 

August 8, 2024 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2024 Rajet Vatsa 
 

All rights reserved. 
  



 iii 

Dissertation Advisor: Jessica Cohen, Ph.D. Rajet Vatsa 

 

Advancing Evidence-Based Maternity Care: Empirical Studies of Technologies, Policies, and 

Clinical Practices in the U.S. and Abroad 

 

ABSTRACT 

While maternal and newborn health (MNH) outcomes have improved globally over the past 

couple decades, progress has been slow or stagnant in many low- and lower-middle-income settings. In 

Kenya, the maternal mortality rate remains well over five times the United Nations’ Sustainable 

Development Goal and high rates of severe maternal and neonatal morbidity persist. Meanwhile, the 

United States trails almost all high-income nations with respect to MNH care, including variable family 

planning support across states and minimal recent declines, if not increases, in rates of adverse 

outcomes like maternal and perinatal mortality. Amidst this backdrop, global maternity care utilization has 

been on the rise, with growing use of services ranging from patient support tools to contraception to 

advanced imaging. Accordingly, this dissertation expands the evidence base on 1) a patient-facing digital 

health tool implemented in health facilities across Kenya; 2) recent Medicaid payment policies regarding 

provision of immediate postpartum long-acting reversible contraception (LARC); and 3) the utility of 

electronic-health-record- (EHR) and machine-learning- (ML)-based risk stratification models to identify 

and guide management for individuals at high risk of adverse outcomes like late stillbirth. 

In Chapter 1, jointly conducted with Wei Chang, Sharon Akinyi, Sarah Little, Catherine Gakii, 

John Mungai, Cynthia Kahumbura, Anneka Wickramanayake, Sathyanath Rajasekharan, Jessica Cohen, 

and Margaret McConnell, I describe a parallel arm cluster randomized controlled trial carried out in 40 

health facilities in Kenya to evaluate the impact of a low-cost, digital health platform called PROMPTS. 

Developed by Jacaranda Health, a leading MNH nonprofit, PROMPTS consists of informational 

messages, appointment reminders, and a two-way clinical helpdesk. Using longitudinal surveys of 

participants, we find that individuals recruited from facilities offering PROMPTS exhibited modest but 

consistent improvements across the pregnancy-postpartum care continuum, including in knowledge, 

preparedness, routine and danger sign care seeking, newborn care, and postpartum care content. We 
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identify notable advances in the postpartum setting, for both mothers and newborns, which has important 

implications for efforts to improve postpartum care quality in Kenya. 

In Chapter 2, jointly conducted with Maria Steenland, Benjamin Sommers, and Jessica Cohen, I 

evaluate Medicaid payment policies in Georgia and New York aimed at expanding contraceptive choice 

through separate reimbursement of immediate postpartum LARC. Using statewide hospital discharge 

data from the Healthcare Cost and Utilization Project and an interrupted time series design, we find 

significant, post-policy increases in the provision of immediate postpartum LARC, with accompanying 

reductions in the rate of subsequent, short-interval birth. We also find coincident decreases in rates of 

immediate postpartum sterilization, suggesting some amount of substitution between highly effective 

contraceptive methods. In subgroup analyses of adolescent individuals, Hispanic individuals, and non-

Hispanic Black individuals – all of whom have higher rates of unintended pregnancy – we identify larger 

than average increases in immediate postpartum LARC provision and more pronounced reductions in the 

rate of subsequent birth within 21 months. Ultimately, our findings suggest that the payment policies led to 

new use of LARC and likely some reduction in the rate of unintended pregnancy. 

In Chapter 3, jointly conducted with Jessica Cohen and Mark Clapp, I describe the development 

of an ML-based risk stratification model to prospectively identify individuals at high risk of adverse 

perinatal outcomes. Using features readily available in the EHR of a large, Massachusetts-based health 

care system, we first demonstrate the improvement in risk stratification from supplementing traditional, 

clinical risk factors with additional clinical, geographic, and sociodemographic features. We then leverage 

model predictions to generate insights about utilization of outpatient antenatal fetal surveillance (AFS) 

and its association with rates of late stillbirth, across risk groups. We find that rates of AFS use increased 

with predicted risk, suggesting that providers conducted surveillance at least in part based on similar 

factors to our model. Finally, we prospectively identified a predictably high-risk set of pregnancies for 

which AFS was associated with a nearly 80% lower rate of late stillbirth, though – given our observational 

approach – we could not causally attribute the lower outcome rate to AFS. Descriptively, we find that high-

predicted-risk individuals who did not receive AFS lived further from the hospital and got less prenatal 

care but had lower rates of nearly all traditional clinical risk factors, including at the end of pregnancy.  
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INTRODUCTION 

While maternal and newborn health (MNH) outcomes have improved globally, progress over the 

past decade has been slow or stagnant in many low- and lower-middle-income settings. In Kenya, for 

example, the maternal mortality rate remains well over five times the United Nations’ Sustainable 

Development Goal.1 Stillbirth and neonatal mortality rates in Kenya have also been stagnant for much of 

the 21st century, though declines in neonatal mortality have been reported in recent years.2,3 In addition, 

high rates of severe maternal and neonatal morbidity persist across sub-Saharan Africa, including in 

Kenya.4,5,6,7 

Accelerating improvements in MNH care to reduce mortality and morbidity is a major public health 

priority in Kenya. In recent decades, there have been substantial shifts in utilization of formal maternity 

care: 90% of pregnant women in Kenya receive some form of prenatal care from a medical professional 

and over 80% of births occur at health facilities, nearly double the rate from 2003.8,9,10 Nevertheless, 40% 

of pregnant women do not receive the recommended number of antenatal care (ANC) visits, and just over 

50% receive any postpartum care, rates that have remained stable over the past two decades.10,11,12 In 

some regions of Kenya, it has also been noted that the content of postpartum care focuses on the needs 

of the newborn exclusively, rather than on those of both the mother and newborn as recommended by 

national guidelines.12,13 Moreover, when visits do happen, studies from low- and-middle-income settings 

have revealed that time spent with providers is often short, frequently lasting less than five minutes.14 A 

recent multi-country survey with respondents from Kenya relatedly found that approximately 1/3 of 

patients reported inadequate time with their providers.15 

Amidst this backdrop of mixed advances towards adequate formal care utilization, research 

increasingly highlights the need for improvements in the quality of care.15,16,17 However, existing evidence 

from Kenya suggests that the majority of women do not receive a minimally adequate standard of 

antenatal and postpartum care.18 For example, many patients are not offered a host of essential care 

components, with systematic patient assessments revealing that – across poverty levels – fewer than 

60% of individuals were comprehensively examined or counseled on critical topics like pregnancy 

complications and birth preparation.15,18 Thus, many pregnant and postpartum women remain ill-informed 

about key aspects of their health and are not empowered to seek recommended care – for both routine 
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and acute cases – at the right place and time.10,19,20,21 When patients are underequipped with such 

knowledge, it can result in delays in the decision to seek care. These delayed care decisions are often 

referred to as the “first delay” in the Three Delays Model of MNH care and are associated with increased 

maternal and neonatal morbidity and mortality.19,22,23,24 

Historically, such challenges have been addressed at both the health system level and patient 

level. Health system level strategies predominantly entail some form of provider training; however, these 

approaches can be costly and have demonstrated mixed success, with modest effect sizes and issues 

with sustainability at scale.15,25,26,27,28 Patient level strategies, on the other hand, include programs that 

mitigate barriers to care seeking (e.g., support groups, transport vouchers, insurance) and informational 

tools that promote health literacy and receipt of recommended care.27,28 Such approaches have 

demonstrated success in improving care utilization but can be challenging to integrate with the formal 

MNH care system. Moreover, to date, they have underemphasized outcomes for mothers in the 

postpartum period.27,29,30 

Digital health tools, however, offer unique promise as a patient level strategy to complement care 

provided in the formal sector and close the gaps described previously across the pregnancy-postpartum 

continuum. With high rates of mobile phone penetration across low-income countries, the prevalence of 

such interventions has increased in recent decades.31 To date, digital health tools targeting MNH care 

have primarily sought to promote recommended health behaviors and care seeking through SMS- or 

voice-based education and nudges.30,32,33 Other tools aim to connect patients with care providers via 

digital communication platforms (e.g., digital helpdesks).32 In multiple systematic reviews, existing tools 

have been associated with improvements in utilization of antenatal care, facility-based birth, skilled birth 

attendance, and newborn vaccination, though few studies have examined or identified an impact on 

knowledge, preparedness, or content of care, particularly for mothers in the postpartum setting.30,31,32 

With the recent rise of artificial intelligence (AI) as well, such tools can be layered with AI to 

efficiently triage problems and deliver targeted education to patients.34 Thus, if integrated effectively, 

digital health tools have the potential to reduce strain on the formal healthcare system, enhance access to 

critical information, and empower patients to receive the right care and the right place and time. 

Ultimately, well-powered, randomized evidence from low- and middle-income settings on the impact of 
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digital health tools on a broad set of MNH outcomes is critical to understand how these programs could 

scale in implementation settings.31,32,35 

In this paper, we describe a parallel arm cluster randomized controlled trial (RCT) carried out in 

40 health facilities across Kenya to test the impact of a digital health platform for targeted patient 

communication. The platform, PROMPTS (Promoting Mothers in Pregnancy and Postpartum Through 

SMS), was developed by Jacaranda Health, a leading MNH nonprofit in Kenya, to “empower women to 

seek care at the right time and place and give them greater agency in the health system.”36 Through 

collaborations with regional and national government officials, over 1,200 health facilities across Kenya 

have begun enrolling pregnant and postpartum women onto the platform, with over two million individuals 

having enrolled as of November 2023. Accordingly, our study contributes to the literature by rigorously 

evaluating the impact of a patient level solution for MNH care that has been implemented at scale. In 

addition, we expand beyond the narrow focus on guideline-recommended antenatal and postnatal care 

seeking and examine the effect of PROMPTS on knowledge, preparedness, and content of care, for both 

pregnant and postpartum women and their newborns. 

METHODS 

We conducted an unmasked, 1:1 parallel arm cluster RCT in 40 health facilities across eight 

counties in Kenya (Figure 1.1). Treatment facilities received two different interventions, one “patient-

facing” and the other “provider-facing”. The first was that women attending antenatal care at treatment 

facilities were invited to enroll in PROMPTS. The second was a nurse mentorship program designed to 

increase and sustain providers’ knowledge and skills in basic and emergency obstetric and newborn care 

during the childbirth hospitalization. We evaluated these components separately, focusing here on the 

impact of facilities’ offering PROMPTS on pregnant and postpartum women’s knowledge, preparedness, 

care utilization, health behaviors, and content of care, using longitudinal surveys of participants across 

the prenatal and postpartum settings. The nurse mentorship program was focused largely on quality of 

emergency care during childbirth and was not intended to influence the outcomes analyzed here. Further, 

97% of the PROMPTS sample giving birth in study facilities did so before rollout of the nurse training was 

complete.  
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Figure 1.1: Map of Study Facilities 

 
This figure displays the location of the 40 health facilities in the study. The study facilities are distributed 
across eight counties (Kajiado [four facilities], Kilifi [six], Kirinyaga [two], Kisii [eight], Meru [eight], Narok 
[four], Nyeri [four], and Siaya [four]). Facilities are color-coded by treatment vs. control status. For 33 of 
the 40 study facilities, the closest facility is 10+ kilometers away. For the remaining seven facilities, the 
nearest facility belongs to the same study arm. The distance between each facility and the nearest facility 
of the opposite arm is, on average, 32 kilometers. Map data courtesy of https://open.africa/dataset/kenya-
counties-shapefile/resource/0b78f25e-494e-4258-96b8-a3ab2b35b121; available under a Creative 
Commons Attribution license 
 

Patients receiving prenatal care at treatment facilities were invited to enroll in PROMPTS during 

in-person interactions with onsite enumerators. In control facilities, PROMPTS was not systematically 

introduced to participants, either during interactions with study enumerators or through standard 

processes of care. However, women enrolled from control facilities were unrestricted from independently 

enrolling in PROMPTS and may have done so through other channels, such as learning about the 

platform from personal contacts or providers exposed to it. Evaluation outcomes were measured through 

longitudinal surveys with women during the prenatal and postpartum period.  

https://open.africa/dataset/kenya-counties-shapefile/resource/0b78f25e-494e-4258-96b8-a3ab2b35b121
https://open.africa/dataset/kenya-counties-shapefile/resource/0b78f25e-494e-4258-96b8-a3ab2b35b121
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We pre-registered our evaluation of the complete intervention package on the United States 

Clinical Trials Registry (NCT05110521) and the American Economic Association’s RCT Registry 

(AEARCTR-0008449). 

Intervention 

PROMPTS consists of informational messages, appointment reminders, and a two-way clinical 

helpdesk. SMS messages in English or Swahili – determined based on language preferences solicited at 

enrollment – are sent to enrollees based on their gestational age and are designed to influence relevant 

health behaviors. The content that participants receive has been rigorously tested with intended 

beneficiaries by Jacaranda Health and accordingly adapted to ensure broad accessibility. Depending on 

the timing of enrollment, participants are sent roughly 10-40 messages per month during pregnancy and 

roughly 10 messages per month during the first year postpartum. The PROMPTS platform also includes 

an AI-enabled helpdesk that assesses, triages, and responds to questions. The helpdesk first runs 

messages through a natural language processing pipeline to assign each message an intent and priority 

level. Accordingly, the helpdesk sends automated guidance (roughly 86% of cases) or escalates 

messages to trained clinical agents who staff the helpdesk 24/7 and respond within one minute for high-

priority cases.36,37 Finally, PROMPTS users are queried about their maternal care content and experience 

and the aggregated data is shared with facilities and health system managers to build accountability and 

target system improvements. PROMPTS is free for participants, runs via SMS on both basic and 

smartphones, and is primarily rolled out through public health facilities. 

Procedures 

Health Facility Eligibility: Health facilities were eligible for study inclusion if they were owned by 

the government or a faith-based organization and had an average of 50-400 normal (i.e., unassisted) 

vaginal births per month, based on records from the Kenya Health Management Information System. 

Facilities were also eligible based on having no known ongoing mobile health or quality-improvement 

research initiatives. 37 of the 40 included study facilities were owned by the Ministry of Health of Kenya, 

and three were owned by faith-based organizations. The facilities were primarily Level 4 hospitals (32 

facilities), though five were Level 3 health centers and three were Level 5 county referral hospitals. 

Facilities assigned to different study arms had a minimum distance of 10 kilometers between them to 
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avoid spillovers, with an average minimum distance of 32 kilometers between facilities of opposite arms 

(Figure 1.1). 

Randomization: Randomization was conducted at the facility level given that enrollment into 

PROMPTS is designed to take place at health facilities. Facility-level randomization was stratified by 

tertile of monthly volume of normal vaginal births (see Supplemental Text 1.1). 

Recruitment and Eligibility: Pregnant women were recruited by onsite enumerators at health 

facilities during antenatal care and were followed up by phone during pregnancy and postpartum. To be 

eligible, participants had to have access to a mobile phone (basic phone or smartphone), be at least 15 

years old, and be at least 16 weeks pregnant or in month 5-9 of pregnancy.  

Data Collection: All participants completed an in-person informed consent process followed by a 

baseline survey. A subsample of women (those who were enrolled prior to their 36th week of gestation) 

were contacted by mobile phone for a follow-up antenatal survey in the final weeks of pregnancy (i.e., 

around 36-42 weeks of gestation). All women surveyed at baseline were contacted by mobile phone for a 

follow-up postpartum survey, 7-8 weeks after childbirth. Participants received an SMS credit of 100 

Kenyan shillings per survey completed. 

Baseline and follow-up surveys asked questions about demographic and health information, 

healthcare seeking, knowledge of maternal and newborn danger signs, health practices and 

preparedness, and types of services received. In cases of stillbirth, miscarriage, or infant loss at antenatal 

or postpartum follow-up, participants were offered resources to connect with trained psychological 

counselors and to abstain from being interviewed. In cases where participants elected to continue being 

interviewed, a shortened survey was administered. Baseline data collection lasted from November to 

December 2021, antenatal follow-up data collection lasted from November 2021 to May 2022, and 

postpartum follow-up data collection lasted from January to August 2022 (Figure 1.2).  
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Figure 1.2: Retention at Antenatal and Postpartum Follow-Up of the Cohort of Pregnant Women 
Recruited at Baseline 

 
This figure synthesizes the baseline recruitment of pregnant women who visited health facilities for 
antenatal care and tracks their retention at antenatal and postpartum follow-up, which occurred in the final 
weeks of pregnancy (i.e., around 36-42 weeks of gestation) and 7-8 weeks post-childbirth, respectively. 
Women recruited at or beyond 36 weeks of gestation at baseline were not approached for antenatal 
follow-up, while participants whose pregnancy had ended with birth of a living newborn were approached 
but ineligible. Meanwhile, for postpartum follow-up, all eligible and consented participants at baseline 
were approached and only a handful were ineligible due to being fewer than seven weeks postpartum. 
 

Enrollment in PROMPTS: Immediately following the baseline survey, women in treatment 

facilities were invited to enroll in PROMPTS by study enumerators. At the time of consent and enrollment, 

women were provided with high-level information about the platform, an overview of the program’s goals 

to mitigate delays in care seeking, and an assurance of the study team’s commitment to data protection 

and privacy. Those who agreed to participate started receiving messages as soon as their contact 

information was shared with Jacaranda Health, typically within 24 hours of enrollment. 

Outcomes 

We organized individual-level pre-registered primary and secondary outcomes into six domains: 

knowledge, preparedness, routine care seeking, danger sign care seeking, newborn care, and 

Study facilities randomized (n = 40) 

Allocated to treated arm (n = 20) Allocated to control arm (n = 20)

Assessed for participation (n = 3,662)
• Ineligible (n = 448)
• Consent withheld (n = 74) 

Eligible and consented (n = 3,140)

Approached (n = 2,555) 
• Ineligible (n = 690)
• Declined due to birth loss (n = 10)

• Not reached (n = 146)

Completed follow-up (n = 1,709)

Assessed for participation (n = 3,622)
• Ineligible (n = 554)
• Consent withheld (n = 69) 

Eligible and consented (n = 2,999)

Approached (n = 2,458) 
• Ineligible (n = 645)
• Declined due to birth loss (n = 10)

• Not reached (n = 113)

Completed follow-up (n = 1,690)

Baseline Recruitment
November-December 2021

Antenatal Follow-Up
November 2021-May 2022

Approached (n = 3,140) 
• Ineligible (n = 9)
• Declined due to birth loss (n = 26)

• Not reached (n = 272)

Completed follow-up (n = 2,833)

• Also completed antenatal follow-up 
(n = 1,586)

Approached (n = 2,999) 
• Ineligible (n = 2)
• Declined due to birth loss (n = 25)

• Not reached (n = 296)

Completed follow-up (n = 2,676)

• Also completed antenatal follow-up 
(n = 1,542)

Postpartum Follow-Up
January-August 2022
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postpartum care content. Figure 1.3 offers a conceptual framework motivating the assessment of 

outcomes in these domains. For domains with more than two outcomes, we generated summary indices 

to account for multiple hypothesis testing, à la Anderson (2008).38 Specifically, for each index, we ensured 

directional consistency of the component outcomes and calculated inverse-covariance-weighted 

averages of normalized versions of each component. In a few instances, we included exploratory 

outcomes that were not pre-registered but were strongly connected to the program’s theory of change; 

pre-registered vs. exploratory outcomes are clearly denoted throughout. In addition, Table 1.1 presents a 

detailed set of PROMPTS messages that correspond to each outcome. 

Figure 1.3: PROMPTS’s Potential Impacts on the Pregnancy-Postpartum Care Continuum

 
This figure offers a conceptual framework of the potential impacts PROMPTS could have across the 
pregnancy-postpartum care continuum. During both the antenatal and postpartum periods, improvements 
in patient knowledge (e.g., through informational messages) could lead to improvements in routine care 
seeking and danger sign recognition/care seeking. During the antenatal period, messages containing 
preparatory nudges may enhance preparation for childbirth, while during the postpartum period, 
messages containing care recommendations and content of care reminders may enhance newborn care 
and postpartum care content. PROMPTS is also comprised of automated appointment reminders and a 
two-way clinical helpdesk, which may influence routine and danger sign care seeking. 
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Table 1.1: Outcome-Related Summary of SMS Content Delivered to PROMPTS Enrollees 

Outcome  Pertinent PROMPTS Message 

A. Knowledge 

Labor signs 

“Do you know the signs of labor? This will feel like lower 
abdominal pain that is rhythmic and increasing in intensity, low 
back pain or a change in discharge to brownish or a mucus-like 
discharge with blood. If you experience these or heavy bleeding, 
or breaking of water, go to the hospital immediately…” 

Knowledge of normal symptoms 
vs. danger signs 

“Nausea and vomiting are common in pregnancy… It is important 
to distinguish if your vomiting is due to normal morning sickness… 
or something more serious... Reasons you should contact your 
healthcare provider are if the vomiting is persistent & leading to 
weight loss, if it is bloody or associated with fever or diarrhea.” 

B. Preparedness 

Items done in preparation for 
childbirth 

“Delivering in a hospital is the safest option for you and your baby. 
Have a packed bag for you and your baby before your due date. 
Ensure you have someone who can give you support in case you 
go into labour unexpectedly. Save some money to cater for 
transport in case you go into labor unexpectedly. Ensure you 
already have a choice of hospital where you will deliver.” 

Plan to breastfeed within 1 hour 
of childbirth 

“Breastfeeding your baby is one of the best things you can do for 
your newborn! You should start breastfeeding within 1 hour after 
you deliver…” 

Late facility arrival for childbirth No messages directly pertaining to timing of facility arrival 

C. Routine Care Seeking 

Number of ANC visits attended / 
guideline-recommended ANC 
receipt  

“Did you know that you should visit the clinic at least 4 times 
during your pregnancy? The visits will help ensure your baby is 
growing well and that you will have a safe delivery.” 

PNC visit within 6 weeks of 
childbirth during which mother’s 
own health discussed  

“It is very important that you return to the hospital two weeks after 
delivery or on your appointment date for postnatal care… You and 
your baby will be examined to ensure you are healthy after 
delivery…” 

Guideline-recommended PNC 
receipt 

No messages specifically called out the recommended number of 
PNC visits, though messages emphasized the importance of 
attending scheduled PNC appointments. 

D. Danger Sign Care Seeking 

Care seeking in response to 
antenatal danger signs 

“Watch for danger signs in pregnancy. Are you experiencing 
vaginal bleeding, severe nausea and vomiting, fever (>37.8°C), 
other flu-like symptoms or severe abdominal pain? If you are 
seeing any of these danger signs… go to the nearest hospital 
immediately.” 

Care seeking in response to 
postpartum danger signs 

“Are you feeling dizzy, faint, having difficulty breathing, a 
headache that won’t go away, severe upper abdominal pain, or 
difficulty seeing? If you are seeing any of these danger signs… go 
to the nearest hospital immediately.” 

Care seeking in response to 
neonatal danger signs 

“If your baby is not breastfeeding every 2-3 hours, is having 
convulsions, is not passing urine every 8 hours, is not able to be 
woken up to feed, is breathing with the chest going in instead of 
out, or has a fever, she/he is showing a danger sign. Are you 
seeing any of these danger signs? If yes… go to the nearest 
hospital immediately.” 

E. Newborn Care 

Exclusive breastfeeding 
“Breast milk is so good for your baby! You should breastfeed 
without introducing other foods for 6 complete months of your 
baby’s life…” 
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Table 1.1 (Continued)  

Safe sleep positioning 
“Put your baby to sleep on her/his back. This is the safest way for 
your baby to sleep through the night.” 

Frequent engagement via 
singing/talking 

“No matter how many other children you have and whether you 
have a girl or a boy, talk and sing to your baby often, and give 
plenty of hugs. All babies need equal attention.” 

F. Postpartum Care Content 

Physical exam for mother 
conducted 

“Hi Mum, please remember that you have a postnatal checkup 
today. During your visit, the provider should examine you and your 
baby, ask about your breastfeeding progress, and discuss family 
planning options with you.” 

Physical exam for baby 
conducted 

Family planning discussed 

Immunizations for baby 
administered 

“Hi mum… At the 6 weeks visit, your baby should have received 2 
oral vaccines: Polio and Rota Virus… Your baby should also 
receive 2 injections: DTP/Pentavalent and Pneumonia vaccine…” 

Cervical cancer screening offered 
No messages pertaining to cervical cancer screening but inquired 
about in the same section of the postpartum follow-up survey as 
the preceding outcomes. 

 
Within the domain of patient knowledge, we constructed an index composed of four pre-

registered outcomes: the shares of antenatal, postpartum, and neonatal danger sign knowledge 

questions answered correctly and the number of signs of labor listed, without prompting (see 

Supplemental Text 1.2).  

In terms of patient preparedness, we constructed an index composed of two pre-registered 

outcomes and one exploratory outcome. The first pre-registered outcome was the total number of items 

reported to have been completed, without prompting, in preparation for childbirth (see Supplemental 

Text 1.2). The second was whether a participant had a plan to breastfeed within one hour of childbirth. 

Given PROMPTS’s objective to mitigate delays in care seeking, we also explored timeliness of facility 

arrival for childbirth, specifically whether a participant arrived late (i.e., within two hours of childbirth). We 

posited that this outcome may shift as a reflection of changes in preparedness. 

Within the domain of routine care seeking, we constructed an index composed of two pre-

registered outcomes and two exploratory outcomes. The pre-registered outcomes included the total 

number of antenatal care (ANC) visits attended and a binary indicator denoting receipt of postnatal care 

(PNC), within six weeks of childbirth, where one’s own health was discussed. In exploratory analyses of 

guideline-based care, we generated binary indicators denoting receipt of the guideline-recommended 

number of ANC and PNC visits, with guidelines recommending at least four ANC visits for women with 

uncomplicated pregnancies and at least two PNC visits following the first postpartum week.39,40 
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Within the domain of care seeking for danger signs, we constructed an index composed of three 

pre-registered outcomes, corresponding to each of three categories of severe danger signs: antenatal, 

postpartum, and neonatal. For each category, we assessed whether participants reported seeking 

medical advice or treatment from a healthcare provider in response to at least a single danger sign (see 

Supplemental Text 1.2). 

Within the domain of newborn care, we constructed an index composed of three pre-registered 

outcomes, namely binary indicators denoting whether participants reported exclusively breastfeeding, 

always putting their newborn to sleep through the night on their back, and singing or talking to their 

newborn many times during the preceding day. 

Finally, within the domain of postpartum care content, we constructed an index composed of six 

exploratory outcomes: whether participants, during at least one PNC visit, reported that their health was 

discussed with a provider, that their provider conducted a physical exam for them, that their provider 

discussed family planning with them, that their provider offered them cervical cancer screening, that their 

provider conducted a physical exam for their newborn, and that their provider offered immunizations to 

their newborn. 

Statistical Analysis 

Statistical analyses were conducted using Stata/MP 17.0 and R 4.2.3. The impacts of the 

intervention are presented as intention-to-treat (ITT) analyses, representing the impact of the offer of 

PROMPTS on outcomes. Impacts on individual-level binary and continuous outcome variables were 

estimated via ordinary least squares using linear (probability) models. With respect to the summary 

indices, the magnitudes of the impacts estimated can be interpreted as standard deviation changes in the 

respective domain in the treatment group compared to the control group. In our unadjusted regression 

specification, outcomes were regressed on a treatment indicator denoting whether an individual was 

recruited from a treatment facility and a stratification variable denoting the recruitment facility’s baseline 

normal vaginal birth volume tertile. We also estimated adjusted models in which we added a set of 

baseline individual- and facility-level covariates, including maternal age, gestational age, an indicator for 

first pregnancy, an indicator for secondary school attainment, an indicator for adequate prenatal care, an 
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indicator for previous receipt of SMS messages from one’s county offering pregnancy advice, the 

recruitment facility level, and the recruitment facility county. 

The addition of individual- and facility-level covariates was intended to improve precision of our 

average treatment effect estimates. Accordingly, covariates were chosen that we hypothesized would best 

account for residual variation in our outcomes of interest. Standard errors were clustered by enrollment 

facility, given the facility level randomization, and all results are presented as point estimates with 95% 

confidence intervals. Adjusted effect estimates are highlighted and discussed in the main text. 

Sample Size and Power: The sample size of women who consented at baseline and the 

retention rate at postpartum follow-up (see RESULTS) both exceeded targets of 4,800 women and 75%, 

respectively. These targets were set to detect a minimum 6.5 percentage point (ppt) increase (11% 

relative increase) in the rate of postnatal care receipt within six weeks of childbirth, assuming a reference 

rate of 61% (based on internal data from Jacaranda Health), intracluster correlation of 0.01, type 1 error 

rate of 5%, and power of 80%. They were also set to detect a minimum 0.2 visit increase (5% relative 

increase) in the total number of ANC visits, assuming a reference mean of 4.12 and standard deviation 

(SD) of 1.73 (based on the 2014 Kenya Demographic and Health Survey).41 

Ethics and Safety Statement 

This study was licensed by the National Commission for Science, Technology, and Innovation in 

Kenya (NACOSTI/P/21/13369) and approved by the institutional review board and ethics and scientific 

review committee of the Harvard T.H. Chan School of Public Health (IRB21-1013) and Amref Health Africa 

(P1047/2021). Written, electronic, or thumbprint-based informed consent was obtained from all 

participants. An emphasis on voluntary participation, participant confidentiality, and freedom to withdraw 

consent at any time was upheld throughout.  

RESULTS 

Sample Attrition and Characteristics 

At baseline, 7,284 women were approached across the 40 study facilities, 6,139 of whom (3,140 

in the treatment arm; 2,999 in the control arm) were eligible and consented to participate in the study 

(Figure 1.2). Only participants who were enrolled into the study prior to their 36th week of gestation (N = 

5,013) were contacted for the antenatal follow-up survey. Of those 5,013 women, 1,335 were ineligible 
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due to their current pregnancy having already ended (with a live birth) when contacted. In these cases, 

these women were recontacted 7-8 weeks post-childbirth for the postpartum follow-up survey, unless their 

pregnancy had ended over six weeks ago, in which case they were immediately eligible for postpartum 

follow-up. 3,399 women (1,709 in the treatment arm; 1,690 in the control arm) ultimately completed the 

antenatal follow-up survey, representing an 8% loss to follow-up among those eligible (Figure 1.2). At 

postpartum follow-up, all 6,139 women who consented at baseline were contacted, and only 11 were 

ineligible due to being less than seven weeks postpartum. 5,509 women (2,833 in the treatment arm; 

2,676 in the control arm) completed the survey, representing a 10% loss to follow-up among the eligible 

sample (Figure 1.2). At both antepartum and postpartum follow-up, the attrition rate did not significantly 

differ between study arms (see Supplemental Table 1.3). 

Baseline characteristics of the study sample overall and by study arm are presented in Table 1.2. 

The average age of participants was 26 years, with 82% of the sample married or cohabitating and 65% 

having completed secondary school or higher. Study participants were at varying stages of pregnancy, 

with an average gestational age of 30 weeks and around 80% having received some form of prior 

antenatal care. Almost 90% of the participants had their own mobile phone, and 95% could read English 

or Kiswahili without difficulty. Approximately 22% reported having at least one high-risk condition (e.g., 

diabetes, pre-eclampsia, placenta previa) during the current pregnancy, as informed by a health provider, 

and among those with a prior pregnancy (66%), 43% reported history of either hypertension, pre-

eclampsia, postpartum hemorrhage, preterm birth, stillbirth, neonatal death, or caesarean section. Finally, 

on average, participants correctly answered 68% of questions on a baseline knowledge assessment 

testing whether respondents would seek immediate medical care or watchfully wait in response to several 

potentially severe pregnancy symptoms. Sample characteristics were similar between study arms at 

baseline, as were the characteristics of those who completed the antenatal and postpartum follow-up 

surveys (see Table 1.2, Supplemental Table 1.4, and Supplemental Table 1.5). 
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Table 1.2: Baseline Characteristics of Eligible and Consented Cohort 

Baseline Characteristic 
Overall 

(N = 6,139) 
Control Arm 
(N = 2,999) 

Treated Arm 
(N = 3,140) 

Age (years) 26.15 (5.89) 25.95 (5.94) 26.35 (5.84) 

Secondary school education or higher 64.8% 63.6% 66.1% 

Read Kiswahili or English without difficulty 95.2% 94.8% 95.6% 

Married or living together 82.1% 81.3% 82.9% 

Size of household 3.81 (1.99) 4.01 (2.13) 3.62 (1.84) 

Own land 42.4% 47.1% 37.8% 

Improved source of drinking water 70.1% 69.3% 70.8% 

Improved sanitation facility 97.7% 97.2% 98.3% 

Mode of travel to hospital: motor vehicle 69.3% 69.6% 69.0% 

Time to travel from home to health facility 
(minutes) 

23.92 (18.54) 24.64 (18.64) 23.23 (18.43) 

Work for pay in last week 22.6% 22.3% 23.0% 

Easy access to Ksh 2000 if treatment for 
illness needed in household 

27.5% 27.3% 27.6% 

Own mobile phone 89.6% 88.0% 91.1% 

Use mobile phone to send text messages 
frequently/daily 

36.7% 33.5% 39.8% 

Previous receipt of text message offering 
pregnancy advice from county 

5.0% 4.0% 6.0% 

Gestational age (weeks) 29.69 (6.14) 29.61 (6.16) 29.76 (6.12) 

Any prior prenatal care visit 80.9% 80.7% 81.1% 

# prenatal care visits for current pregnancy 1.93 (1.52) 1.90 (1.48) 1.97 (1.55) 

Fraction of knowledge questions answered 
correctly 

0.68 (0.18) 0.67 (0.18) 0.69 (0.18) 

High-risk pregnancy 21.8% 23.6% 20.0% 

# of total pregnancies, including current 
pregnancy 

2.37 (1.47) 2.42 (1.51) 2.32 (1.42) 

Previous high-risk pregnancy 42.6% 41.1% 44.1% 

PHQ-2 score 1.57 (1.60) 1.51 (1.58) 1.63 (1.61) 

Abbreviations: ANC, antenatal care; PHQ-2, Patient Health Questionnaire-2 
Notes: Continuous variables summarized by sample mean and standard deviation: mean (SD); binary 
variables summarized by sample mean as a %. 
 
Intervention Fidelity 

Fidelity and uptake of the PROMPTS platform are summarized in Table 1.3, which reveals that 

among participants from treatment facilities, over 85% reported receipt of messages offering pregnancy 

advice, while less than 10% of participants from control facilities reported such receipt. Thus, recruitment 

from treatment facilities was associated with an approximately 75ppt increase in the take-up of 

PROMPTS. 
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Table 1.3: Intervention Fidelity, Ascertained at Antenatal Follow-Up  

 
Control 
Mean 

Treatment 
Mean 

Unadjusted Treatment 
Effect a 

Adjusted Treatment 
Effect b 

Share of participants 
who reported receipt of 

any messages from their 
county offering 

pregnancy advice c 

0.09 0.85 
0.76 ** 

95% CI: (0.73, 0.79) 
P < 0.01 

0.76 ** 
95% CI: (0.73, 0.78) 

P < 0.01 

* p < 0.05          ** p < 0.01 
a The unadjusted model only includes covariates pertinent to the randomization procedure (e.g., 
recruitment facility’s baseline normal vaginal birth volume tertile). 
b The adjusted model adds baseline individual- and recruitment-facility-level covariates, including 
maternal age, gestational age, an indicator for first pregnancy, an indicator for secondary school 
attainment, an indicator for adequate prenatal care, an indicator for previous receipt of SMS messages 
from one’s county offering pregnancy advice, facility level, and facility county. 
c Ascertained via phone surveys administered by study enumerators at antenatal follow-up. 

Intervention Impact 

Women in the treatment arm had a 0.08 SD (95% CI: 0.03, 0.12) higher knowledge index 

compared to those in the control arm, with impacts concentrated in the antenatal period (Table 1.4). 

Specifically, those in the treatment arm had a 3.6ppt (95% CI: 1.9, 5.4) higher antenatal danger sign 

knowledge score and could list 0.24 (95% CI: 0.16, 0.32) more signs of labor than participants in the 

control arm. No statistically significant differences in the postpartum or neonatal danger sign knowledge 

indices were found.  

  



 17 

Table 1.4: Intervention Impact on Knowledge and Preparedness 

 
Control 
Mean 

Unadjusted Treatment 
Effect a 

Adjusted Treatment 
Effect b 

A. Knowledge 

Summary index c 0.00 
0.08 ** 

95% CI: (0.03, 0.13) 
P < 0.01 

0.08 ** 
95% CI: (0.03, 0.12) 

P < 0.01 

# of actual signs of labor listed 
without prompting d 

1.81 
0.22 ** 

95% CI: (0.08, 0.37) 
P < 0.01 

0.24 ** 
95% CI: (0.16, 0.32) 

P < 0.01 

Share of antenatal danger sign 
knowledge questions correctly 
answered e 

0.67 
0.04 * 

95% CI: (0.01, 0.07) 
P = 0.02 

0.04 ** 
95% CI: (0.02, 0.05) 

P < 0.01 

Share of postpartum danger sign 
knowledge questions correctly 
answered f 

0.68 
0.00 

95% CI: (-0.01, 0.01) 
P = 0.58 

0.00 
95% CI: (-0.01, 0.01) 

P = 0.74 

Share of neonatal danger sign 
knowledge questions correctly 
answered g 

0.64 
0.00 

95% CI: (-0.01, 0.01) 
P = 0.51 

0.01 
95% CI: (0.00, 0.01) 

P = 0.15 

B. Preparedness 

Summary index h -0.02 
0.09 * 

95% CI: (0.02, 0.16) 
P = 0.01 

0.08 ** 
95% CI: (0.02, 0.13) 

P < 0.01 

Total # of items done in 
preparation for childbirth i 1.33 

0.15 
95% CI: (-0.01, 0.30) 

P = 0.06 

0.13 ** 
95% CI: (0.04, 0.21) 

P < 0.01 

Mother had plan to breastfeed 
within 1 hour of childbirth 

0.86 
0.00 

95% CI: (-0.03, 0.03) 
P = 0.95 

0.01 
95% CI: (-0.02, 0.03) 

P = 0.67 

Late arrival at facility for 
childbirth j 

0.26 
-0.04 * 

95% CI: (-0.07, 0.00) 
P = 0.04 

-0.03 * 
95% CI: (-0.05, 0.00) 

P = 0.04 

* p < 0.05          ** p < 0.01 
a The unadjusted model only includes covariates pertinent to the randomization procedure (e.g., 
recruitment facility’s baseline normal vaginal birth volume tertile). 
b The adjusted model adds baseline individual- and recruitment-facility-level covariates, including 
maternal age, gestational age, an indicator for first pregnancy, an indicator for secondary school 
attainment, an indicator for adequate prenatal care, an indicator for previous receipt of SMS messages 
from one’s county offering pregnancy advice, facility level, and facility county. 
c Knowledge index composed of four pre-registered outcomes, namely the shares of antenatal, 
postpartum, and neonatal danger sign knowledge questions answered correctly and the number of signs 
of labor listed, without prompting. 
d See Supplemental Text 1.2 for signs of labor assessed. 
e See Supplemental Text 1.2 for antenatal danger signs assessed. 
f See Supplemental Text 1.2 for postpartum danger signs assessed. 
g See Supplemental Text 1.2 for neonatal danger signs. 
h Patient preparedness index composed of two pre-registered outcomes, namely the total number of 
items completed in preparation for childbirth and whether a participant had a plan to breastfeed within one 
hour of childbirth, and one exploratory outcome pertaining to the timeliness of facility arrival for childbirth. 
i See Supplemental Text 1.2 for assessed items to be done in preparation for childbirth. 
j Late facility arrival defined as arrival within two hours of childbirth. 

Women in the treatment arm also had a 0.08 SD (95% CI: 0.02, 0.13) higher preparedness index 

compared to those in the control arm (Table 1.4). This included completing 0.13 (95% CI: 0.04, 0.21) 
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more items in preparation for childbirth, with an over two-fold (1.9ppt; 95% CI: 0.7, 3.1) increase in the 

share of women purchasing health insurance. No statistically significant difference in women’s plans to 

breastfeed within one hour of childbirth was found. Meanwhile, women in the treatment arm were 2.8ppt 

(95% CI: -5.4, -0.2) less likely to arrive at a facility within two hours of childbirth than women in the control 

arm (Figure 1.4). 

Figure 1.4: Utilization and Timing of Care, by Treatment Arm 

 
This figure displays the increase in volume of antenatal and postnatal care visits among participants 
recruited from treatment facilities just at or above the guideline-based thresholds of ≥4 ANC visits 
throughout pregnancy and ≥2 PNC visits during the first six weeks postpartum, following the first 
postpartum week. It also displays visual evidence of an increase in the timing between facility arrival and 
childbirth (i.e., reduction in late facility arrival) for participants recruited from treatment facilities. 
 

With respect to routine care seeking, women in the treatment arm had a 0.10 SD (95% CI: 0.05, 

0.16) higher summary index compared to those in the control arm (Table 1.5). For antenatal care, the 

share of women attending at least the guideline-recommended number of four ANC visits was 3.1ppt 

(95% CI: 0.4, 5.7) higher in the treatment arm, though no statistically significant difference in the total 

number of ANC visits was found. As for postnatal care, there was a 4.8ppt (95% CI: 0.7, 9.0) increase in 
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the share of women who attended at least one PNC visit within six weeks of childbirth during which their 

own health was discussed, as well as a 7.4ppt (95% CI: 3.5, 11.3) increase in the share of women 

attending at least the guideline-recommended number of PNC visits. The latter corresponded to an 18% 

relative increase in the treatment arm. Of note, increases in ANC and PNC utilization appeared to be 

concentrated around guideline-based thresholds for minimum antenatal and postnatal care (Figure 1.4). 

Table 1.5: Intervention Impact on Care Seeking, Behavior, and Content 

 
Control 
Mean 

Unadjusted Treatment 
Effect a 

Adjusted Treatment 
Effect b 

A. Routine Care Seeking 

Summary index c 0.00 
0.10 

95% CI: (-0.01, 0.21) 
P = 0.08 

0.10 ** 
95% CI: (0.05, 0.16) 

P < 0.01 

Total # of ANC visits attended  4.65 
0.08 

95% CI: (-0.18, 0.34) 
P = 0.55 

0.10 
95% CI: (-0.04, 0.23) 

P = 0.16 

At least 1 PNC visit attended by 
mother within 6 weeks of 
childbirth during which her own 
health was discussed  

0.64 
0.05 

95% CI: (-0.02, 0.12) 
P = 0.20 

0.05 * 
95% CI: (0.01, 0.09) 

P = 0.02 

Received at least the guideline-
recommended # of ANC visits d 

0.78 
0.04 

95% CI: (-0.01, 0.08) 
P = 0.15 

0.03 * 
95% CI: (0.00, 0.06) 

P = 0.02 

Received at least the guideline-
recommended # of PNC visits e 

0.41 
0.07 

95% CI: (-0.01, 0.14) 
P = 0.08 

0.07 ** 
95% CI: (0.04, 0.11) 

P < 0.01 

B. Danger Sign Care Seeking 

Summary index f 0.02 
0.03 

95% CI: (-0.02, 0.09) 
P = 0.27 

0.04 
95% CI: (-0.01, 0.08) 

P = 0.10 

Medical care sought for mother 
in response to ≥1 antenatal 
danger sign g 

0.54 
0.02 

95% CI: (-0.03, 0.07) 
P = 0.34 

0.03 
95% CI: (0.00, 0.06) 

P = 0.08 

Medical care sought for mother 
in response to ≥1 postpartum 
danger sign g 

0.14 
0.02 

95% CI: (0.00, 0.04) 
P = 0.08 

0.02 * 
95% CI: (0.00, 0.04) 

P = 0.02 

Medical care sought for newborn 
in response to ≥1 neonatal 
danger sign g 

0.22 
0.01 

95% CI: (-0.02, 0.03) 
P = 0.54 

0.01 
95% CI: (-0.01, 0.03) 

P = 0.36 

C. Newborn Care 

Summary index h 0.00 
0.10 ** 

95% CI: (0.06, 0.14) 
P < 0.01 

0.09 ** 
95% CI: (0.07, 0.12) 

P < 0.01 

Newborn exclusively breastfed 
by mother 

0.93 
0.01 

95% CI: (-0.01, 0.03) 
P = 0.26 

0.01 
95% CI: (0.00, 0.02) 

P = 0.14 

Newborn always put to sleep 
through the night on their back 

0.03 
0.02 * 

95% CI: (0.00, 0.03) 
P = 0.04 

0.02 ** 
95% CI: (0.01, 0.03) 

P < 0.01 
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Table 1.5 (Continued)    

Newborn sung/talked to by 
mother many times over past 24 
hours 

0.82 
0.06 ** 

95% CI: (0.03, 0.09) 
P < 0.01 

0.05 ** 
95% CI: (0.03, 0.07) 

P < 0.01 

D. Postpartum Care Content 

Summary index i 0.00 
0.06 

95% CI: (-0.01, 0.14) 
P = 0.11 

0.06 * 
95% CI: (0.01, 0.12) 

P = 0.02 

Mother’s health discussed with a 
provider during at least one PNC 
visit 

0.63 
0.05 

95% CI: (-0.03, 0.12) 
P = 0.21 

0.05 * 
95% CI: (0.00, 0.09) 

P = 0.03 

Provider conducted physical 
exam for mother during at least 
one PNC visit 

0.54 
0.07 

95% CI: (-0.01, 0.15) 
P = 0.10 

0.06 * 
95% CI: (0.01, 0.11) 

P = 0.01 

Provider discussed family 
planning with mother during at 
least one PNC visit 

0.53 
0.08 

95% CI: (-0.01, 0.16) 
P = 0.07 

0.07 * 
95% CI: (0.01, 0.14) 

P = 0.02 

Provider offered mother cervical 
cancer screening during at least 
one PNC visit 

0.11 
0.00 

95% CI: (-0.03, 0.02) 
P = 0.90 

0.00 
95% CI: (-0.02, 0.03) 

P = 0.72 

Provider conducted physical 
exam for newborn during at least 
one PNC visit 

0.95 
0.01 

95% CI: (0.00, 0.03) 
P = 0.08 

0.01 * 
95% CI: (0.00, 0.02) 

P = 0.02 

Provider provided immunization 
for newborn during at least one 
PNC visit 

0.98 
0.00 

95% CI: (-0.01, 0.01) 
P = 0.72 

0.00 
95% CI: (-0.01, 0.00) 

P = 0.48 

* p < 0.05          ** p < 0.01 
Abbreviations: ANC, antenatal care; PNC, postnatal/postpartum care  
a The unadjusted model only includes covariates pertinent to the randomization procedure (e.g., 
recruitment facility’s baseline normal vaginal birth volume tertile). 
b The adjusted model adds baseline individual- and recruitment-facility-level covariates, including 
maternal age, gestational age, an indicator for first pregnancy, an indicator for secondary school 
attainment, an indicator for adequate prenatal care, an indicator for previous receipt of SMS messages 
from one’s county offering pregnancy advice, facility level, and facility county. 
c Routine care seeking index composed of two pre-registered outcomes, namely the total number of ANC 
visits attended and whether a participant received postnatal care with their own health discussed at least 
once within six weeks of childbirth, and two exploratory outcomes pertaining to receipt of the guideline-
recommended quantity of routine antenatal and postnatal care. 
d Guidelines recommend at least four ANC visits across pregnancy for women with uncomplicated 
pregnancies and more otherwise. 
e Following the first postpartum week, WHO guidelines recommend at least two additional PNC visits, 
between weeks 1-2 and during week 6 postpartum. 
f Danger sign care seeking index composed of three pre-registered outcomes, corresponding to each of 
three categories of severe danger signs: antenatal, postpartum, and neonatal. For each category, we 
assessed whether participants reported seeking medical advice or treatment from a healthcare provider in 
response to at least a single danger sign. 
g See Supplemental Text 1.2 for antenatal, postpartum, and neonatal danger signs assessed. 
h Newborn care index composed of three pre-registered outcomes, namely indicators denoting whether 
participants reported exclusively breastfeeding, always putting their newborn to sleep through the night on 
their back, and singing or talking to their newborn many times during the preceding day. 
i Postpartum care content index composed of six exploratory outcomes, namely indicators denoting 
whether, during at least once PNC visit, participants reported that their health was discussed with a 
provider, that their provider examined them, that their provider discussed family planning with them, that 
their provider offered cervical cancer screening, that their provider conducted a physical exam for their 
newborn, and that their provider offered immunizations to their newborn. 
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Turning to care seeking in response to danger signs, no statistically significant difference across 

the treatment and control groups was found in the summary index (Table 1.5). However, the treatment 

group did have a 2.1ppt (95% CI: 0.4, 3.7) higher rate of care seeking for postpartum maternal danger 

signs than the control group.  

The intervention led to a 0.09 SD (95% CI: 0.07, 0.12) higher newborn care index (Table 1.5), 

driven by improvements in newborn sleep positioning and engagement. Specifically, the share of mothers 

in the treatment group who reported always putting their newborn to sleep at night on their back was 

1.9ppt (95% CI: 1.0, 2.8) higher than in the control group and the share of mothers who reported 

frequently engaging with their newborn through singing and talking was 5.2ppt (95% CI: 3.2, 7.2) higher. 

No statistically significant difference in the rate of exclusive breastfeeding was found, though the control 

group rate was already quite high at 93%. 

Finally, the intervention led to a 0.06 SD (95% CI: 0.01, 0.12) higher postpartum care content 

index (Table 1.5). As depicted in Figure 1.5, improvements in the overall domain were driven by impacts 

on the content of care that mothers – as opposed to their newborns – received during at least one 

postpartum checkup. These chiefly included discussions of mothers’ own health, counseling on family 

planning, and receipt of a physical examination, which had relative increases of 8%, 11%, and 13%, 

respectively, in the treatment arm compared to the control arm. On the other hand, no meaningful 

differences were found in the frequency of providers conducting newborn physical exams or administering 

newborn vaccines, with rates of these practices already quite high (over 94%) in the control group. No 

difference across groups was found in the rate of mothers being offered cervical cancer screening either.  
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Figure 1.5: Impacts on the Content of Postnatal Care Received by Mothers and Their Newborns 

  
This figure depicts adjusted and unadjusted treatment effects for the six component measures 
incorporated in the postpartum care content index. The figure reveals that overall improvements in the 
domain were driven by improvements in care that mothers received (e.g., more frequent discussions of 
their own health and discussions of family planning). 
 
DISCUSSION 

We found that the PROMPTS digital health platform led to a range of improvements across the 

pregnancy-postpartum care continuum, including in participants’ knowledge, preparedness, routine and 

danger sign care seeking, newborn care, and postpartum care content. Although the standardized effect 

sizes that we identify for each index are, in isolation, modest, we find directionally consistent 

improvements across all domains. Moreover, given the real-world scale of the intervention, even such 

modest changes can be clinically significant. 

Our results revealed particular gains in the postpartum setting, with an emphasis on mothers in 

addition to their newborns. Rates of postpartum care increased, both for routine checkups and maternal 

danger signs, with a nearly 20% rise in the share of women receiving at least the guideline-recommended 

number of PNC visits. Moreover, the content of postpartum checkups featured a renewed focus on 

mothers, with an over 10% increase in rates of family planning counseling and receipt of a physical 

examination. Of note, maternal care content measures were substantially lower than neonatal measures 

Care for 
Mother

Care for 
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in the control group, offering an increased opportunity for PROMPTS to influence care for mothers. While 

other effects pertaining to knowledge, preparedness, and care seeking were more modest, the increases 

may still be meaningful. For one, Jacaranda Health estimates that PROMPTS costs a mere 74 cents per 

participant for their lifetime on the platform, and PROMPTS has been implemented at remarkable scale, 

with over two million individuals enrolled as of November 2023.36 

It is also worth noting that our estimates may constitute a lower bound of PROMPTS’s potential 

impact. Specifically, our ITT estimates capture the impact of the offer of PROMPTS and do not account 

for take-up of the platform. Accounting for relative take-up (i.e., scaling our estimates by 1 / [treatment 

group take-up – control group take-up] ≈ 1/0.76 ≈ 31%) may better isolate the impact of adopting the 

platform. On the other hand, imperfect adoption is to be expected with any intervention, and perhaps the 

76ppt higher platform take-up that we identify is a reasonable indication of real-world adoption. In fact, 

routinely collected administrative data from Jacaranda Health suggest that only 3/4 of enrollees actively 

engage with PROMPTS (e.g., by responding to questions administered on the platform or submitting 

questions of their own). 

 With respect to our estimated effects, the improvements in knowledge we identified were 

concentrated in the prenatal as opposed to postnatal period, with a 5% increase in antenatal danger sign 

knowledge scores and 13% increase in the number of labor signs listed. This could be attributed to 

participants’ increased attention to PROMPTS message content in the initial phases of enrollment and 

decreased attention amidst the heightened demands of postpartum life. Moreover, the ostensible fact that 

improvements in antenatal knowledge did not translate to as substantia of gains in care seeking could be 

explained by already high levels of antenatal care in the control group. Consistent with Kenya’s historic 

emphasis on maternal care during this period, nearly 80% of women in the control group attended at least 

four ANC visits, with over 50% seeking care for at least one antenatal danger sign.8,10,11 Nevertheless, our 

findings are consistent with previous studies, which have highlighted the role of mobile health in patient 

education, including a study in India that found that SMS messages led to improvements in knowledge, 

particularly for mothers in the antenatal setting.30,42 Moreover, though PROMPTS may overcome a 

number of hurdles that health system level approaches to improving knowledge have faced (e.g., loss of 
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in-person follow-up postpartum, inadequate CHW coverage), neither have been as successful at 

knowledge improvement in the postpartum period.43,44,45  

 Prior qualitative work has also suggested a role for SMS messages in promoting increased 

patient engagement, healthy behaviors, and timely care seeking during pregnancy.46 Relatedly, we 

observed a nearly 10% increase in the number of items that women in the treatment arm completed in 

preparation for childbirth. To the extent that such improvements translated to enhanced timeliness of 

delivery care, we also observed a potentially associated decrease in the rate of late facility arrival for 

childbirth. Our results on preparedness behaviors align with literature on a specific class of interventions 

geared towards improving birth preparedness and complication readiness (BPCR). Such interventions are 

premised on the notion that improvements in preparedness (e.g., saving money, arranging transportation) 

will facilitate timely use of care. While successful, BPCR interventions have historically operated at the 

health system level, through in-person counseling, or via community mobilization efforts.47 

 With respect to antenatal and postpartum care seeking, our results are situated in an extensive 

literature demonstrating the effectiveness of mobile health tools and other patient level interventions, 

particularly for increasing antenatal care attendance.30,31,32 While prior studies across sub-Saharan Africa 

have identified larger effect sizes than what we estimate (10ppt increases in ANC attendance, 20ppt 

increase in PNC attendance), those studies were either smaller in scale, conducted in a single site, 

and/or based in settings over a decade ago where baseline rates of formal care seeking were lower.48,49,50 

Moreover, though prior work on the cost-effectiveness of such strategies is limited, our findings align in 

magnitude with prior health system level initiatives that have been deemed cost-effective in increasing 

rates of guideline-recommended antenatal care.28,51 PROMPTS also impacts a broader array of domains 

in a more targeted fashion than initiatives with a lower cost profile (e.g., national media campaigns).52 

 As for danger signs, prior work has suggested difficulty in improving care seeking for maternal 

illnesses in the absence of comprehensive health system level support, including CHW home visits, 

counseling, and danger sign recognition.27 By contrast, we found that PROMPTS led to elevated care 

seeking for maternal danger signs, particularly in the postpartum period. However, we found no such 

effect on care seeking for neonatal danger signs, which prior health system level approaches have 

demonstrated modest success in improving.  
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 Our results on postpartum care content and newborn care are also situated in an emerging 

literature focused on the postnatal setting. Prior work in sub-Saharan Africa on facility-based provider 

trainings found similar increases in the rate of family planning counseling as our study.43 While 

encouraging, other work highlights limitations in the extent of content covered through such health system 

level strategies, particularly in overburdened delivery settings, and acknowledges the potential of post-

discharge SMS outreach.43,45 Accordingly, prior evaluations of mobile health interventions have 

demonstrated sizable improvements in rates of exclusive breastfeeding.32 While we identify no such 

effect, rates of exclusive breastfeeding were quite high in our control sample (93%), unlike in the other 

settings evaluated. Indeed, for behaviors with lower baseline adoption in our study (e.g., newborn sleep 

positioning and engagement), we find notable improvements. While the cost-effectiveness of interventions 

to improve postnatal care in lower-income settings remains a gap in the literature, our findings suggest a 

role for low-cost mobile health tools like PROMPTS to advance both postpartum and newborn care.28 

Strengths and Limitations 

 The key strengths of our study were its size and breadth: we recruited and followed over 6,000 

individuals across 40 health facilities in eight Kenyan counties, and rather than focus on a narrow set of 

metrics, we examined several domains across the pregnancy-postpartum care continuum. Moreover, we 

evaluated a cluster RCT to obtain causal impact estimates.    

 Nonetheless, our study also had limitations. First, we examined a substantial number of 

outcomes, which increased the risk of false positive conclusions. However, we mitigated this risk by 

organizing our outcomes into domains and generating summary indices. Second, all outcomes were self-

reported, raising the risk of recall bias or social-desirability bias. Third, the interaction of PROMPTS with 

Jacaranda Health’s complementary mentorship program could have plausibly influenced outcomes in the 

childbirth and postpartum settings. Specifically, provider-facing trainings could have influenced patients’ 

childbirth experiences and the extent to which they felt empowered to return for postpartum care. 

However, it is important to note that provider trainings emphasized care for relatively rare emergencies, 

potentially alleviating this concern. Fourth, the COVID-19 pandemic may have dampened the impact of 

PROMPTS on care seeking behavior. Nonetheless, by March 2021, over half a year before baseline data 

collection, 96% of households in Kenya were able to access health services as before the pandemic, and 
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by May 2021, major lockdowns had been lifted.53 Finally, our study was not sufficiently powered to detect 

effects on major health outcomes, such as maternal and perinatal mortality. 

Implications and Future Directions 

To our knowledge, our paper is the first to demonstrate the impact of an at-scale digital health 

platform across the pregnancy-postpartum care continuum in sub-Saharan Africa. While we identified 

several effects across the continuum, we found notable advances in the postpartum setting, for both 

mothers and newborns. In almost all cases, the estimated effects were for outcomes evaluated based on 

PROMPTS content sent to enrollees (see Table 1.1), with null effects for those without corresponding 

messages (e.g., postpartum cervical cancer screening). The results have important implications for efforts 

to improve postpartum care, considering historical underemphasis on the postnatal setting and the failure 

of existing systems to adequately deliver important aspects of care. PROMPTS was developed with this 

context in mind. It is not a standalone tool or substitute for formal healthcare; rather, it is intended to be a 

complement to the established healthcare infrastructure of Kenya, empowering patients as informed 

agents in their care and overcoming the limitations of often short and hurried clinical visits.  

The impacts identified are also notable given the platform’s low cost. Considering the lifetime cost 

per enrollee estimated by Jacaranda Health, our results suggest that a mere 74 cents per patient can 

lead to a 17% relative increase (0.07/0.41; see Table 1.5) in the share of individuals receiving the 

guideline-recommended quantity of postnatal care and a 13% relative increase (0.07/0.53; see Table 1.5) 

in the share receiving postpartum family planning counseling.36 

Further research is warranted in several areas. Given plans to scale up PROMPTS in settings 

outside of Kenya, it will be valuable to see how our findings generalize to contexts with different patterns 

of mobile phone penetration, health literacy, and MNH care seeking behavior. Future research would also 

be useful to identify subgroups that maximally benefit from the platform and to disentangle the extent to 

which the impacts we identify are driven by PROMPTS’ informational messages vs. appointment 

reminders vs. AI-enabled clinical helpdesk. Ongoing research is also examining potential synergies of 

patient-facing platforms like PROMPTS with health system level strategies to improve MNH outcomes. 
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INTRODUCTION 

The goal of family planning policy in the United States (U.S.) is to promote access to equitable, 

high-quality, and patient-centered contraceptive services.1 Access to contraception is a core component 

of reproductive health care and enables people to choose whether and when to become pregnant.2,3 

Efforts to promote family planning access have become increasingly focused on promoting contraceptive 

autonomy, the ability to choose freely and with full information from the full range of contraceptive 

methods.4,5 As return to fertility can occur as soon as six weeks after childbirth, the postpartum period is 

an important window for contraceptive provision.6 However, several barriers have limited access to 

contraception in the postpartum period. Though many contraceptive methods are safe to use immediately 

postpartum (i.e., before departure from the hospital after childbirth), prior to 2010, the range of options 

available in inpatient settings was narrow; notably limited were long-acting, reversible methods, such as 

contraceptive implants and intrauterine devices (IUDs).7 While a more comprehensive range of methods 

was often available in outpatient settings, individuals may prefer to initiate contraception before hospital 

discharge, since attending healthcare visits in the early postpartum period can be challenging.8 Given 

barriers in the outpatient setting, policymakers have placed significant focus on increasing access to 

immediate postpartum contraception, available during an individual’s inpatient admission for childbirth.9  

Starting in 2012, state Medicaid programs began to offer reimbursement for immediate 

postpartum provision of long-acting reversible contraception (LARC), separate from the standard bundled 

payment that hospitals receive for covering most prenatal care, labor and delivery, and postpartum care.10 

Since then, over 40 state Medicaid programs have implemented similar policies.11,12 LARC methods are 

highly effective, preventing pregnancy for between 4-10 years with rapid return of fertility following 

removal.13 They are also convenient, requiring one-time procedures for insertion and removal, without the 

need for repeated pharmacy or clinic visits. However, given the high cost of implants and IUDs, ranging 

from $500-$800, the lack of separate Medicaid reimbursement likely limited hospitals’ ability to offer these 

methods.9,11,14 Previous research has found that changes in Medicaid reimbursement increased 

immediate postpartum LARC provision among Medicaid-paid births in a number of 

states.15,16,17,18,19,20,21,22,23,24,25,26 In certain states, increases in provision were greater for adolescent 

individuals compared to non-adolescent individuals and for Black and Hispanic individuals compared to 
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White individuals.16,17,18,23,25,26 Across settings, state-level increases were driven by high take-up in just a 

small number of hospitals.17,19,21,25 

There has been less research examining the impact of immediate postpartum LARC 

reimbursement on short birth spacing, the onset of a subsequent pregnancy within a short interval after 

childbirth. This is an important outcome because short-interval pregnancies, especially those within 12 

months of childbirth, are associated with adverse perinatal outcomes, including preterm birth, low 

birthweight, and infant mortality, as well as certain adverse maternal outcomes.27,28,29 Moreover, short-

interval pregnancies are often unintended, with over 75% of pregnancies within 12 months of childbirth for 

adolescent individuals either unwanted or mistimed.30 Accordingly, reductions in short-interval 

pregnancies could improve population health and help postpartum individuals achieve their desired birth 

spacing. Evidence from South Carolina, the first state to separately reimburse for immediate postpartum 

LARC, suggests that the policy change led to a reduction in the rate of short-interval birth among 

adolescents, with mixed evidence of reductions for adults.15,17 Other work comparing South Carolina 

hospitals that did vs. did not exhibit increases in immediate postpartum LARC provision identified 

reductions in short-interval births among non-Hispanic Black individuals.18 However, the extent to which 

such findings generalize to other states remains unknown. 

This paper seeks to add to the evidence base by using statewide hospital discharge data from 

two additional early-policy-adopting states: Georgia and New York. Our objective was to evaluate 

statewide impacts of Medicaid reimbursement changes on take-up of immediate postpartum LARC, rates 

of permanent forms of immediate postpartum contraception like tubal sterilization, and rates of short-

interval births. In addition to assessing overall effects, we examined several subgroups, such as 

adolescent individuals, who are more likely to have unintended pregnancies and for whom the policy may 

have been particularly beneficial. 

METHODS 

Data and Study Population 

This study used data from State Inpatient Databases (SID) for Georgia and New York over the 

years 2011-2019, which are available from the Agency for Healthcare Research and Quality’s Healthcare 

Cost and Utilization Project (HCUP).31 We focused our analyses on these states for the following two 
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reasons. First, the two states’ Medicaid policy changes regarding separate reimbursement for immediate 

postpartum LARC occurred early enough for us to observe several years of post-policy date. Second, to 

measure birth spacing, it is necessary to identify individuals over time, and among other early-policy-

adopting states, only Georgia and New York’s SID provided reliable patient identifiers to do so (between 

2013-2019 in Georgia and 2011-2019 in New York).32 An important caveat is that while patient linkage 

was reliable across all facilities in Georgia, it was only so for a subset of facilities in New York. Thus, in 

our analyses of rates of short-interval birth, we excluded index (i.e., pre-interval) births from the ~55% of 

facilities with Medicaid-paid births in New York that had unreliable linkage (Supplemental Text 2.1).  

Using International Classification of Diseases and diagnosis-related group codes outlined in 

previous literature, we identified all hospitalizations for childbirth in both states. (Supplemental Table 

2.2).33,34,35,36 We excluded hospitalizations involving abortion, miscarriage, ectopic pregnancy, molar 

pregnancy, other abnormal products of conception, and stillbirth (~2.5% of the total sample), given sparse 

evidence on optimal birth spacing following such outcomes.37 Our final dataset included inpatient 

discharge records for over one million births in Georgia and over two million births in New York, though 

we focused on the roughly 50% of index births that were paid for by Medicaid. In New York, we linked 

individual-level data to facility characteristics via the American Hospital Association’s (AHA) Annual 

Survey, and in both Georgia and New York, we merged zip-code-level characteristics (e.g., rate of high 

school completion, median household income) via the American Community Survey.38,39 

The study was deemed not human subjects research by the Harvard T.H. Chan School of Public 

Health and Brown University Institutional Review Boards. 

Additional Policy Context 

Immediate postpartum LARC reimbursement changes were introduced in both Georgia and New 

York in April 2014.11,40,41,42 At the outset, New York’s Medicaid program instituted separate payments for 

both the physical device and insertion procedure.11 Georgia’s Medicaid program, on the other hand, only 

implemented separate payments for the device.11,40 Due to slower-than-anticipated growth in postpartum 

LARC provision, with a host of billing hurdles reported for separate device payments and only a few 

facilities even having devices available for placement through the end of 2015, Georgia’s Medicaid 

program added separate payments for LARC insertion in 2016.21,40,43 Thus, with respect to the time at 
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which we evaluated the impact of reimbursement policy changes, we considered January 2016 and April 

2014 as the full policy start dates in Georgia and New York, respectively. Given the similarly timed 

introduction of initial reimbursement changes in both states, unless otherwise noted, we defined the pre-

policy period consistently as prior to April 2014. 

Outcomes 

Our primary study outcome was the rate of subsequent, short-interval birth, defined as a birth 

within 21 months of an index birth. Assuming the average pregnancy lasts nine months, this definition 

corresponds to an interpregnancy interval (IPI) less than 12 months. We utilized a 21-month interbirth 

interval as a proxy for a 12-month IPI given that our dataset only included inpatient records, such that we 

know when pregnancies end but not when they begin. For each Medicaid-paid birth in our dataset, we 

generated an indicator equal to one if the corresponding individual had a subsequent birth within 21 

months. We did not restrict the payer or facility for subsequent births. 

Secondary outcomes included rates of immediate postpartum LARC provision and immediate 

postpartum sterilization in our Medicaid-insured sample. We utilized billing codes from the U.S. 

Department of Health and Human Services Office of Population Affairs to generate an indicator for receipt 

of a contraceptive implant or IUD and an indicator for bilateral tubal sterilization during one’s 

hospitalization for childbirth (Supplemental Tables 2.3-2.4).44 

Statistical Analysis 

For our statewide analyses, we used an interrupted time series (ITS) design to estimate the 

extent to which Medicaid reimbursement changes in Georgia and New York impacted the level and trend 

of our outcomes of interest. Given the clustering of births within health facilities, the models we estimated 

were at the hospital-quarter level, with observations weighted by the number of Medicaid-paid births to 

obtain individual-level treatment effects (Supplemental Text 2.5). We estimated the net impact of the 

policy for each outcome via a linear combination including its estimated level change at the onset of the 

full policy and its estimated relative quarterly change post-policy (Supplemental Text 2.5). 

In addition to evaluating impacts among Medicaid-paid index births overall, we assessed for 

heterogeneity across maternal age groups (under 20, also referred to as adolescent; 20-34; 35 or above) 

and racial and ethnic groups (Hispanic; non-Hispanic Black; non-Hispanic White; non-Hispanic Other). 
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We especially honed in on adolescent individuals as well as Hispanic and non-Hispanic Black individuals 

to evaluate changes in desired birth spacing, given the high rates of unintended pregnancy documented 

among such groups.30,45 These groups have also been shown to more frequently use lesser-effective 

contraceptive methods, offering an opportunity to evaluate potential new use of long-acting reversible 

options.45,46 Finally, to the extent that changes in rates of short-interval birth may be blunted by switching 

from contraceptive methods with comparable efficacy (e.g., tubal sterilization), studying adolescent 

individuals enabled us to control for this effect, given their practically non-existent rates of sterilization.   

To integrate the impacts that we identified on rates of immediate postpartum LARC provision and 

subsequent, short-interval birth, we also calculated “number-needed-to-treat” (NNT) estimates. 

Specifically, we divided the net change in the rate of LARC provision by the net change in the rate of 

subsequent short-interval birth to estimate the number of immediate postpartum LARC placements 

needed to avert a single short-interval birth. 

In addition, we conducted several sensitivity checks to assess robustness of our main results. 

First, we compared high-adopting facilities in each state to matched, non-adopting facilities to reduce 

potential confounding from other state-level changes related to our outcomes of interest. High-adopting 

facilities were defined as facilities with over 10% immediate postpartum LARC provision, among 

Medicaid-paid births in the final year of our analytical window; meanwhile, non-adopting facilities were 

defined as facilities with no post-policy provision. We employed profile matching to identify the largest 

subset of non-adopting facilities that demonstrated balance on individual- and facility-level characteristics 

with high-adopting facilities.47 In both Georgia and New York, we matched on patient characteristics 

related to short-interval pregnancy, such as maternal age, race, ethnicity, and educational attainment, as 

well as the facility-level share of Medicaid-paid births.48 In New York, we also matched on additional 

facility-level characteristics (provided via the AHA Annual Survey) related to policy adoption, including 

Catholic Church affiliation, metropolitan status, obstetric care level, and teaching status.15,19,21,25 Within 

the matched facility subset, we used a difference-in-differences (DiD) approach (Supplemental Text 2.5). 

Second, we evaluated the rate of subsequent birth within a range of additional interbirth intervals: 

15 months, corresponding to a 6-month IPI, which is especially associated with unintended pregnancy; 

and 36 months, corresponding to a 27-month IPI, the U.S. median.48 We also assessed a continuous 
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measure of birth spacing among individuals with a subsequent birth within 36 months. Finally, given the 

missingness in patient identifiers described previously in New York, we conducted a simulation study to 

benchmark changes in rates of short-interval birth and avoid falsely attributing changes to the policy 

(Supplemental Text 2.1). All analyses were performed using R version 4.2.3. 

Limitations 

Our study had several limitations. The data we used lacked information on pregnancy intention, 

outpatient contraceptive use, or patient experience, preventing a formal assessment of whether the policy 

reduced unintended pregnancies, impacted method switching (other than from sterilization), or improved 

patient-centered counseling. In addition, in our state-level analyses, we could not exclude the possibility 

that other secular or policy changes influenced our study outcomes during the same period as the 

Medicaid reimbursement changes. In 2015, for example, Georgia’s Medicaid program introduced 

separate reimbursement of LARCs provided in federally qualified health centers (FQHC) and rural health 

centers (RHC).40 Though we cannot discount the role of this policy in influencing the results we estimated, 

prior evaluations found only modest post-policy increases in LARC provision in FQHCs and RHCs.49 

Meanwhile, in the early 2010s, the Affordable Care Act (ACA) was introduced, including a federal 

mandate that all new health insurance plans cover female contraception without copayment.50 However, 

our analyses focused on the Medicaid-insured population, and both Georgia’s and New York’s Medicaid 

programs covered all forms of birth control at no cost prior to the ACA, with income-based eligibility 

expansions for family planning in place before our study period.40,51,52,53,54 

RESULTS 

Our overall sample included 1,117,948 hospitalizations for childbirth in Georgia and 2,006,702 

hospitalizations for childbirth in New York between 2011 and 2019. We focused on the subsample of 

544,210 Medicaid-paid index births in Georgia and 951,090 Medicaid-paid index births in New York. In the 

pre-policy period, 14% of births in Georgia and 8% of births in New York were to adolescent individuals, 

while 8% of births in Georgia and 13% of births in New York were to individuals aged 35 or above (Table 

2.1). With respect to race and ethnicity, the largest share of births in Georgia was to non-Hispanic Black 

individuals (46%), followed by non-Hispanic White individuals (33%). In New York, there were roughly 

equal shares of births to Hispanic, non-Hispanic Black, non-Hispanic White, and other non-Hispanic 
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individuals. 55% of individuals in Georgia and 88% of individuals in New York resided in zip codes in 

which the rate of high school completion was below the respective state median. Meanwhile, 56% of 

individuals in Georgia and 73% of individuals in New York resided in zip codes in which the median 

household income was below the respective state median. Finally, in both states, immediate postpartum 

LARC utilization was essentially nonexistent prior to April 2014, and rates of immediate postpartum 

sterilization and subsequent birth within 21 months were 9% and 11%, respectively, in Georgia, and 6% 

and 9%, respectively, in New York. 

In Georgia, nearly 75% of facilities cared predominantly for individuals whose births were paid for 

by Medicaid (Table 2.1). In contrast, fewer than half (42%) of facilities in New York cared predominantly 

for Medicaid-paid births. In New York, fewer than 20% of facilities were Catholic-Church-operated, 

approximately 40% offered the highest level of obstetric care, approximately 80% were metropolitan, and 

approximately 50% were teaching hospitals. Of note, the 67 facilities to which we restricted index births in 

our analyses of short-interval birth rates in New York (due to high rates of missing patient identifiers in 

excluded facilities) were similar to the full sample of facilities. Compared to individuals in the overall New 

York sample, individuals in the facilities with reliable patient linkage were slightly younger and more likely 

to be non-Hispanic White. 

Table 2.1: Facility- and Individual-Level Sample Characteristics a 

 Georgia 
New York: 

All Facilities 

New York: 
Reliable Patient 
Linkage Subset 

Facility-Level Characteristics 
% Facilities 

n = 91 
% Facilities 

n = 150 
% Facilities 

n = 67 

Catholic Church Operated -- 11.4 18.2 

Highest Level of Obstetric Care -- 40.3 41.8 

Metropolitan Status -- 80.7 76.1 

Teaching Hospital -- 55.7 48.5 

>50% Share of Medicaid-Paid Births 73.6 42.0 31.3 

Individual-Level Characteristics 
% Births 

n = 211,149 
% Births 

n = 348,350 
% Births 

n = 113,197 

Age      

<20 years 14.0 8.3 10.4 

[20-35) years 77.7 78.6 79.4 

≥35 years 8.3 13.1 10.2 
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Table 2.1 (Continued) 

Race      

Hispanic 14.6 26.5 15.9 

Non-Hispanic Black 45.7 20.6 19.8 

Non-Hispanic White 33.3 27.5 46.8 

Non-Hispanic Other 6.5 25.4 17.4 

Resident of Zip Code with Below 
State Median High School Completion  

55.2 87.5 80.8 

Resident of Zip Code with Below 
State Median Household Income 

55.7 73.1 76.2 

IPP LARC Provision b 0.2 0.2 0.1 

IPP Sterilization c 8.9 5.4 5.8 

Subsequent Short-Interval Birth d 10.8 --- 9.1 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a Sample characteristics are based on pre-policy Medicaid-paid births (i.e., prior to April 2014) 
b IPP LARC provision refers to the share of births accompanied by an inpatient LARC insertion in the 
immediate postpartum period. 
c Immediate postpartum sterilization refers to the share of births accompanied by inpatient sterilization 
(e.g., bilateral tubal ligation) in the immediate postpartum period. 
d Subsequent short-interval birth refers to the share of births with a subsequent birth within 21 months. 

Statewide changes in rates of immediate postpartum LARC provision and sterilization are 

presented visually in Figure 2.1, with ITS regression estimates presented in Table 2.2. Overall, after 

effectively no pre-policy provision of immediate postpartum LARC in both states, the policy was 

associated with a significant, net 1.2 percentage point (ppt) increase (95% CI: 0.7, 1.6) in provision in 

Georgia and a significant, net 4.0ppt increase (95% CI: 3.7, 4.3) in New York. Meanwhile, the policy was 

associated with a 1.1ppt decrease (95% CI: -2.4, 0.3) in the rate of immediate postpartum sterilization in 

Georgia and a 1.0ppt decrease (95% CI: -1.5, -0.5) in New York. Table 2.2 also highlights heterogeneity 

in rates of immediate postpartum LARC and sterilization among our primary subgroups of interest: 

adolescent individuals (both states), Hispanic individuals (New York), and non-Hispanic Black individuals 

(Georgia). These subgroups are emphasized given their especially pronounced increases in immediate 

postpartum LARC provision. In Georgia, relative to the overall state sample of Medicaid-paid births, net 

increases in provision were roughly 60% higher among adolescent individuals and 50% higher among 

non-Hispanic Black individuals. In New York, net increases in provision were roughly 45% higher among 

adolescent individuals and 100% higher among Hispanic individuals. Meanwhile, there were no significant 

contemporaneous changes in subgroup rates of immediate postpartum sterilization. Additional LARC and 
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sterilization subgroup estimates, as well as estimates within the subset of facilities with reliable patient in 

linkage in New York, are provided in Supplemental Tables 2.6-2.7. Further heterogeneity analyses 

revealed that post-policy increases in immediate postpartum LARC provision were uneven across 

facilities, with over 50% of facilities in both states exhibiting no post-policy provision, and fewer than 5% 

of facilities having provision rates above 10% (Supplemental Figure 2.8). 

Figure 2.1: Quarterly Shares of Medicaid-Paid Births with IPP LARC Placement and Sterilization 
 

 
 
Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
 
This figure displays the quarterly percentage of Medicaid-paid births with an associated inpatient LARC 
placement (Panels A, B) and sterilization procedure (Panels C, D) [gray dots]. Panels A and C are based 
on the full sample of Medicaid-paid births in Georgia between 2011 and 2019; Panels B and D are based 
on the full sample of Medicaid-paid births in New York during that period. The dashed red lines 
correspond to the timing of each state’s full Medicaid reimbursement policy change (January 2016 in 
Georgia; April 2014 in New York). Separate trend lines [blue] were estimated before and after the 
respective policy start date. The dashed green lines are post-policy extensions of pre-policy trends and 
represent counterfactual post-policy trends. 
  

Georgia

A) C)

New York

B) D)
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Table 2.2: Estimated Changes in the Shares of Medicaid-Paid Births with IPP LARC Placement, 
Sterilization, and Subsequent, Short-Interval Birth: Overall and in Key Subgroups a, b 

 
Georgia New York 

Overall 
Adolescent 
(Age < 20) 

Non-Hispanic 
Black  

Overall 
Adolescent 
(Age < 20) 

Hispanic  

Immediate Postpartum LARC 

Quarterly pre-
policy change 

0.00 
(-0.01, 0.02) 

P = 0.63 

0.01 
(-0.01, 0.03) 

P = 0.35 

0.01 
(-0.02, 0.03) 

P = 0.73 

0.00 
(0.00, 0.01) 

P = 0.36 

0.01 
(-0.02, 0.03) 

P = 0.72 

0.00 
(-0.04, 0.04) 

P = 0.96 

Level change at 
time of full policy 
onset c 

1.23 
(0.99, 1.48) 

P < 0.01 

1.92 
(1.52, 2.33) 

P < 0.01 

2.28 
(1.83, 2.73) 

P < 0.01 

-0.14 
(-0.33, 0.05) 

P = 0.14 

-0.03 
(-0.62, 0.55) 

P = 0.91 

-0.60 
(-1.17, -0.03) 

P = 0.04 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.01 
(-0.02, 0.01) 

P = 0.52 

-0.01 
(-0.04, 0.03) 

P = 0.71 

-0.04 
(-0.07, -0.01) 

P = 0.02 

0.19 
(0.17, 0.20) 

P < 0.01 

0.26 
(0.22, 0.31) 

P < 0.01 

0.38 
(0.32, 0.44) 

P < 0.01 

Net impact relative 
to estimated 
counterfactual d 

1.15 
(0.65, 1.64) 

P < 0.01 

1.81 
(1.09, 2.54) 

P < 0.01 

1.71 
(0.84, 2.57) 

P < 0.01 

3.97 
(3.70, 4.25) 

P < 0.01 

5.73 
(4.73, 6.72) 

P < 0.01 

7.80 
(6.43, 9.17) 

P < 0.01 

Immediate Postpartum Sterilization 

Quarterly pre-
policy change 

0.00 
(-0.05, 0.05) 

P = 0.91 

0.00 
(-0.01, 0.00) 

P = 0.03 

-0.03 
(-0.06, 0.01) 

P = 0.11 

0.02 
(0.00, 0.03) 

P = 0.06 

0.00 
(0.00, 0.00) 

P = 0.05 

0.02 
(-0.03, 0.06) 

P = 0.49 

Level change at 
time of full policy 
onset c 

-0.54 
(-1.17, 0.09) 

P = 0.09 

0.06 
(0.01, 0.11) 

P = 0.03 

-0.49 
(-1.15, 0.17) 

P = 0.15 

-0.09 
(-0.28, 0.10) 

P = 0.36 

0.02 
(-0.01, 0.05) 

P = 0.16 

0.38 
(-0.12, 0.88) 

P = 0.14 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.03 
(-0.09, 0.02) 

P = 0.22 

0.00 
(0.00, 0.00) 

P = 0.16 

0.00 
(-0.04, 0.05) 

P = 0.84 

-0.04 
(-0.06, -0.02) 

P < 0.01 

0.00 
(0.00, 0.00) 

P = 0.88 

-0.07 
(-0.12, -0.01) 

P = 0.01 

Net impact relative 
to estimated 
counterfactual d 

-1.07 
(-2.44, 0.30) 

P = 0.13 

0.03 
(-0.04, 0.10) 

P = 0.41 

-0.42 
(-1.33, 0.50) 

P = 0.37 

-1.00 
(-1.54, -0.45) 

P < 0.01 

0.03 
(-0.03, 0.09) 

P = 0.40 

-1.09 
(-2.58, 0.40) 

P = 0.15 

Subsequent Birth Within 21 Months 

Quarterly pre-
policy change 

0.11 
(0.07, 0.14) 

P < 0.01 

0.17 
(0.05, 0.28) 

P < 0.01 

0.08 
(0.05, 0.10) 

P < 0.01 

0.00 
(-0.02, 0.02) 

P = 0.89 

0.05 
(-0.02, 0.12) 

P = 0.17 

0.03 
(-0.06, 0.12) 

P = 0.51 

Level change at 
time of full policy 
onset c 

-0.67 
(-0.96, -0.38) 

P < 0.01 

-0.34 
(-1.13, 0.46) 

P = 0.40 

-0.66 
(-1.11, -0.20) 

P < 0.01 

-0.80 
(-1.07, -0.53) 

P < 0.01 

-1.69 
(-2.67, -0.70) 

P < 0.01 

-0.71 
(-1.53, 0.11) 

P = 0.09 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.15 
(-0.19, -0.10) 

P < 0.01 

-0.32 
(-0.47, -0.17) 

P < 0.01 

-0.14 
(-0.21, -0.08) 

P < 0.01 

-0.06 
(-0.09, -0.03) 

P < 0.01 

-0.11 
(-0.21, -0.01) 

P = 0.04 

-0.14 
(-0.22, -0.05) 

P < 0.01 

Net impact relative 
to estimated 
counterfactual d 

-1.84 
(-2.38, -1.31) 

P < 0.01 

-2.90 
(-4.40, -1.39) 

P < 0.01 

-1.81 
(-2.31, -1.31) 

P < 0.01 

-1.69 
(-2.21, -1.16) 

P < 0.01 

-3.29 
(-4.87, -1.72) 

P < 0.01 

-2.75 
(-4.65, -0.85) 

P < 0.01 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a All estimates were adjusted for seasonality with quarter fixed effects and for clustering of observations 
by facility with hospital fixed effects. Driscoll-Kraay standard errors account for temporal autocorrelation, 
heteroskedasticity, and cross-sectional dependence of observations. 
b In New York, results pertaining to immediate postpartum LARC and sterilization were estimated in the 
full state sample of Medicaid-paid births, while results pertaining to rates of subsequent birth were 
estimated among Medicaid-paid index births in the subset of facilities with reliable patient linkage.  
c Full reimbursement policy changes were introduced in Georgia in Jan 2016 and New York in Apr 2014. 
d Net impact estimates were evaluated at the end of the analytical window for each outcome. Given that 
we had data through 2019, net changes in the rates of IPP LARC and IPP sterilization were estimated 
through December 2019, while net changes in the rate of subsequent birth within 21 months were 
estimated through March 2018. 
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Statewide changes in the rate of subsequent, short-interval birth are presented visually in Figure 

2.2, with ITS regression estimates presented in Table 2.2. Overall, in both states, the policy was 

associated with a significant, net decrease in the share of Medicaid-paid index births with a subsequent 

birth within 21 months. Specifically, the rate of short-interval birth decreased by 1.8ppt (95% CI: -2.4, -1.3) 

in Georgia and by 1.7ppt (95% CI: -2.2, -1.2) in New York. In the subgroups with pronounced increases in 

immediate postpartum LARC provision, net decreases in the rate of short-interval birth were over 50% 

higher among adolescent individuals in Georgia, nearly 100% higher among adolescent individuals in 

New York, and over 60% higher among Hispanic individuals in New York, relative to the respective overall 

state samples. Integrating the changes in LARC provision and rates of short-interval birth, we obtained 

NNT estimates of 0.5-0.8 in Georgia and 1.3-2.2 in New York (Supplemental Table 2.9). 

Figure 2.2: Quarterly Shares of Medicaid-Paid Births with Subsequent, Short-Interval Birth 
 

 
 
This figure displays the quarterly percentage of Medicaid-paid births with a subsequent birth within 21 
months [gray dots] in Georgia (Panel A) and New York (Panel B). The dashed red lines correspond to the 
timing of each state’s full Medicaid reimbursement policy change (January 2016 in Georgia; April 2014 in 
New York). Separate trend lines [blue] were estimated before and after the respective policy start date. 
The dashed green lines are post-policy extensions of pre-policy trends and represent counterfactual post-
policy trends. Given that we had data through December 2019, Panels A and B feature index births 
through March 2018. In New York, rates of subsequent birth were estimated among Medicaid-paid index 
births in the subset of facilities with reliable patient linkage. 
 

Leveraging the uneven post-policy provision of immediate postpartum LARC across facilities in 

both states, we compared high-adopting facilities (i.e., facilities with over 10% immediate postpartum 

LARC provision, among Medicaid-paid births in the final year of our analytical window) to matched, non-

adopting facilities. Supplemental Tables 2.10-2.11 display the results of the profile matching procedure 

in both states, while Supplemental Tables 2.12-2.13 provide DiD estimates for our primary and 

Georgia

A)

New York

B)
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secondary outcomes. In Georgia, where we identified a well-matched set of facilities (standardized mean 

differences between groups below 0.5 across characteristics), unlike in New York (SMDs as high as 2.0), 

we found that the policy was associated with a 2.0ppt decrease (95% CI: -2.7, -1.3) in the rate of 

subsequent, short-interval birth overall; a 4.3ppt decrease (95% CI: -5.8, -2.9) for adolescent individuals; 

and a 3.3ppt decrease (95% CI: -4.9, -1.7) for non-Hispanic Black individuals. Integrating changes in the 

rate of short-interval birth with increases in LARC provision, we obtained NNT estimates of 6.3-9.7. 

Despite the poor facility match in New York, we found that net decreases in the rate of short-interval birth 

were elevated among high-adopting facilities, relative to the state average, as was the case in Georgia, 

too (Supplemental Figure 2.14). 

In additional sensitivity analyses, we found that the policy was associated with significant, net 

decreases in the share of Medicaid-paid births with subsequent births within 36 months and 15 months, 

as well as a significant, net increase in interbirth intervals, on the order of 10-15 days, among individuals 

with a subsequent birth within 36 months (Supplemental Figure 2.15, Supplemental Table 2.16). 

Finally, our simulation study in New York revealed that pending missingness of patient identifiers in the 

subset of facilities with reliable linkage could not explain the magnitude of decreases in short-interval birth 

rates that we observed (Supplemental Text 2.1). 

DISCUSSION 

This study revealed significant, statewide increases in the provision of immediate postpartum 

LARC, with accompanying reductions in short-interval births, following changes in Medicaid 

reimbursement policy in Georgia and New York. In Georgia, increases in LARC provision appear to have 

coincided with similarly sized decreases in rates of sterilization, suggesting at least some degree of 

substitution between highly effective contraceptive methods; nevertheless, substitution appeared not to 

have been complete so as to blunt changes in rates of short-interval birth. In New York, increases in 

LARC provision outweighed declines in sterilization rates.  

In both states, subgroups that typically have higher rates of unintended pregnancy demonstrated 

larger than average increases in LARC provision, with no corresponding declines in sterilization. In the 

case of adolescent individuals, for example, given that approximately 75% of short-interval pregnancies 

are unintended, and that rates of highly effective contraception are low, the extent to which increases in 
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immediate postpartum LARC provision impacted rates of short-interval birth may reflect both new uses of 

LARC and desired declines in unwanted or mistimed pregnancy.30,46 Indeed, we found higher statewide 

reductions in the rate of subsequent birth within 21 months among adolescent individuals in both states, 

as well as among Hispanic individuals in New York. We also found state-level reductions in the rate of 

subsequent birth within 15 months, overall as well as among non-Hispanic Black individuals in Georgia 

and Hispanic individuals in New York, with such births especially likely to have been unintended.48 

While the NNT estimates that we report from the state-level analyses suggest an efficient impact 

of the reimbursement policy in averting short-interval births, the fact that any are less than one, namely in 

Georgia, indicates that increases in LARC provision cannot be the only contributory factor. Our analyses 

of high-adopting facilities and matched, non-adopting facilities within each state help to control for other 

potential factors and underscore relative declines in rates of short-interval birth among facilities with 

meaningful post-policy provision of immediate postpartum LARC. In Georgia, where we identified a well-

matched set of facilities, our estimates suggest that placing as few as 6-10 additional immediate 

postpartum LARCs could translate to one fewer subsequent, short-interval birth. 

Similar to prior work examining separate Medicaid reimbursement for immediate postpartum 

LARC, we found that such policies led to pronounced increases in inpatient LARC provision for 

adolescent individuals compared to non-adolescent individuals and for Hispanic and non-Hispanic Black 

individuals compared to White individuals.16,17,18,23,25,26 We also observed that increased provision of 

immediate postpartum LARC across facilities was uneven, resulting in non-uniform access for individuals 

in both states.17,19,21,25 From an implementation perspective, this finding suggests that merely amending 

payment policy is not enough, with a growing literature highlighting the importance of internal project 

champions, partnerships with relevant stakeholders, facility-level pilot evaluations, and improvements in 

the level and scope of reimbursement.20,21,42,55,56 Of note, our analyses extended the post-policy time 

horizon of prior studies, showing evidence of sustained trends through 2019. We also advanced the 

literature by connecting changes in LARC provision with changes in short-interval births, building on prior 

work from South Carolina to provide evidence on two additional, early adopting states.16,18  

 Ultimately, our findings have important implications for equity with respect to contraceptive access 

and reproductive autonomy. Given that the policy we study aims to increase patient choice, it is crucial to 
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assess whether patients obtain comprehensive and unbiased counseling and whether their choices and 

the services they receive align with their reproductive goals. Recently, concerns have been raised 

regarding the potential overemphasis on LARC in contraceptive counseling, particularly among 

communities of color, which may perpetuate reproductive coercion and, in the worst case, prevent 

intended pregnancies.57,58 Encouragingly, recent work from Georgia found that over 90% of women felt 

empowered to make an informed decision regarding immediate postpartum LARC, and that the majority 

who opted for it were satisfied with their decision.58 

CONCLUSION 

Medicaid reimbursement changes separating payment for LARCs placed in the immediate 

postpartum setting were associated with increased provision of inpatient LARC and decreased rates of 

short-interval birth in Georgia and New York. However, reductions in short-interval births, as well as 

increases in post-policy provision of inpatient LARC, were uneven, with more pronounced findings among 

adolescent individuals (in both states), Hispanic individuals (in New York), and non-Hispanic Black 

individuals (in Georgia), for whom rates of unintended and short-interval pregnancy tend to be elevated. 

Moving forward, as policy-adopting states accelerate efforts to expand contraceptive options in a greater 

number of facilities and additional states consider whether to adopt such policies at all, it will be important 

to clarify the extent to which increases in immediate postpartum LARC and associated reductions in 

short-interval births reflect patient preferences, align with desired reductions in unintended pregnancy, 

and promote reproductive autonomy. 
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INTRODUCTION 

Perinatal deaths, composed of third-trimester stillbirths (i.e., fetal deaths at 28 or more weeks of 

gestation) and early newborn deaths (i.e., deaths within 7 days of a live birth) are catastrophic outcomes 

of pregnancy. Impacting approximately 20,000 U.S. families each year, such outcomes have exhibited 

only modest declines in recent years, with persistent disparities across racial and ethnic groups.1,2,3,4,5 To 

put numbers in context, a recent UNICEF report ranked the U.S.’s annual rate of stillbirth reduction – a 

mere 0.9%, from 3.3 stillbirths per 1,000 total births in 2000 to 2.7 stillbirths per 1,000 total births in 2021 

– 152nd out of 195 peer countries.6 

The causes of perinatal death are multifactorial. Though the underlying pathways conferring 

increased risk are not fully understood, prior research has identified a wide range of associated 

factors.1,7,8,9 Most are clinical, such as current pregnancy characteristics, prior obstetric history, and 

chronic health conditions, yet others highlight the potential role of social and environmental factors (e.g., 

racism, low educational attainment, pollution). Altogether, such factors account for only a small fraction of 

the variance in outcomes like stillbirth, suggesting a role for further efforts to improve risk stratification.1,9  

Effective risk assessment is important, considering that over a quarter of third-trimester stillbirths, 

a major component of perinatal mortality, are thought to be potentially preventable.10 The primary tool to 

evaluate fetal wellbeing and prevent stillbirth is antenatal fetal surveillance (AFS). AFS comprises fetal-

heart-rate- and ultrasound-based modalities that detect downstream manifestations of fetal acidosis and 

hypoxemia before they lead to adverse perinatal outcomes.7 Techniques include the nonstress test (NST), 

biophysical profile (BPP), and umbilical artery Doppler velocimetry, all of which share the following 

characteristics: high sensitivity, low specificity, and low positive predictive value.8,11,12,13,14 Professional 

guidance regarding AFS has been historically limited due to the dearth of high-quality evidence tying AFS 

to improved perinatal outcomes across high-risk conditions.7,8,12,13,15,16 

In 2021, the American College of Obstetricians and Gynecologists (ACOG) released the first such 

professional guidance regarding the indications, timing, and frequency of AFS.8 The ACOG opinion offers 

suggestions for a number of fetal, maternal, obstetric, and placental factors associated with an elevated 

risk of stillbirth, with substantial discretion left to providers. Apart from maternal age, the present focus of 
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these guidelines is on clinical factors, with no guidance on how to identify and support individuals with 

socio-demographic, environmental, or structural risk factors associated with adverse pregnancy 

outcomes. ACOG and other groups acknowledge the importance of better understanding such factors 

and incorporating them in risk stratification efforts.6,8,17 

Electronic health records (EHRs) offer a promising strategy to integrate such factors and a large-

scale, high-frequency source of data to enhance clinical risk prediction.18 Information available in EHRs is 

often more robust than administrative or claims-based sources and reflective of real-world populations. 

The volume of data, including clinical, demographic, environmental, and social information, is also well-

suited for analytic methods like ML.19 Unlike previously implemented statistical approaches to risk 

stratification (e.g., logistic regression), EHR-based ML methods can learn more complex relationships 

between and harmonize information from clinical, geographic, and sociodemographic risk factors to 

generate a holistic, patient-specific summary of risk.1,20,21,22 

The primary objective of this study was to develop a machine-learning- (ML)-based risk prediction 

model that incorporated traditional clinical risk factors and additional clinical, geographic, and 

sociodemographic features derived from the EHR to identify individuals at high risk for perinatal outcomes 

like stillbirth. We hypothesized that such a model would outperform one that only considered the 

traditional clinical factors described in societal guidelines. Our secondary objective was to assess 

utilization of outpatient AFS and its association with adverse pregnancy outcomes among low- vs. high-

predicted-risk groups. We hypothesized that provision of AFS would be associated with a reduction in 

adverse outcomes among high-risk individuals, with a more equivocal relationship for low-risk individuals.  

METHODS 

Data and Study Sample 

Data for this study were obtained from six facilities across a large, Massachusetts-based 

integrated health care system. Together these facilities account for approximately 16,000 births annually. 

Two facilities are tertiary care urban academic medical centers (Hospitals A-B), while four are community 

hospitals located in relatively affluent regions (Hospitals C-F). Eligible patients were identified based on 

the following inclusion criteria: 1) an associated International Classification of Diseases (ICD)-10 

diagnosis code denoting an outcome of childbirth, either live birth or stillbirth, between April 1, 2017 and 
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June 30, 2023; 2) observable information on prenatal care receipt within the health system; and 3) non-

international country of residence. Next, given our focus on perinatal deaths that are potentially avertable 

by AFS, which is typically not initiated until the third trimester, we restricted our sample to individuals who 

gave birth at or after 28 weeks of gestation. We excluded pregnancies with diagnosis codes denoting 

termination of pregnancy, ectopic pregnancy, miscarriage, elective termination, or induced abortion, 

though few, if any, of these outcomes would be expected to occur in the third trimester. 

Maternal labor and delivery records were linked to antenatal care records and newborn records 

using unique patient identifiers. Our final, deidentified dataset was composed of patient-level information, 

including maternal sociodemographic characteristics (e.g., age, race, ethnicity, insurance status, preferred 

language), geographic characteristics (e.g., distance to birthing hospital, zip-code-level high school 

completion rate), encounter-based diagnosis and procedure codes, medical and obstetric history, and site 

of care. With respect to data completeness, the most common sources of missing data were pre-

pregnancy BMI (9%) and Hispanic ethnicity (7%). Rather than impute missing values, we removed 

observations with missing clinical or sociodemographic features required for risk stratification. 

Within the overall cohort, which we used for risk stratification, we defined an AFS utilization 

subsample. Among the constituent study facilities, only Hospital A is a “closed system” in which patients 

receive antenatal care, including AFS, internally. To ensure completeness of our assessment of AFS and 

avoid potential aberrations in utilization due to the start of the COVID-19 pandemic, the AFS utilization 

subsample included all eligible births at Hospital A, other than those between March 15, 2020 and 

December 31, 2020. Our sample construction is summarized in Supplemental Figure 3.1. 

This study was approved with exemption by the Mass General Brigham Institutional Review 

Board and determined to constitute secondary research for which patient consent was not required. 

Outcome, Predictors, and Exposure 

 Given the primary objective of our study, we constructed a composite adverse outcome including 

third-trimester stillbirth, early newborn death, and low five-minute Apgar score (<7). Apgar scores were 

included based on prior work revealing a strong association between low five-minute Apgar scores and 

neonatal death.23 We also drew inspiration from prior studies using Apgar scores and perinatal death in 
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evaluations of the efficacy of AFS.13,15 To generate our composite outcome, stillbirths were identified using 

ICD-10 diagnosis codes, and newborn deaths were identified using dates of birth and death in the EHR. 

 Next, we generated a series of clinical and sociodemographic risk predictors known prior to the 

28th week of gestation based on guidelines for offering AFS and prior literature examining risk factors for 

stillbirth.1,8,9 For models based on traditional clinical risk factors (e.g., multiple gestation, diabetes, 

hypertension, pre-pregnancy BMI, placental abnormalities), features were either obtained from structured 

data fields in the EHR or generated using corresponding ICD-10 diagnosis codes from the start of 

pregnancy through the end of the second trimester (i.e., before 28 weeks of gestation). In more 

comprehensive risk stratification models, we added additional clinical features from the EHR (e.g., parity, 

history of prior C-section, history of preterm birth), variables related to healthcare access, and 

sociodemographic factors, also informed by prior literature.6,8,17,24 Healthcare access variables included 

the number of prenatal care visits attended before 28 weeks of gestation, generated using Current 

Procedural Terminology (CPT) codes, and a measure of distance from one’s residential zip code to one’s 

birthing hospital. Distances were calculated using the geosphere package in R (version 4.2.3) and 

population-weighted zip code centroids via the U.S. Department of Housing and Urban Development; 

observations with distances above the 97.5th percentile of the distribution were deemed as outliers and 

filtered out.25,26 Sociodemographic factors were included at both the individual level (e.g., race, ethnicity, 

payer, preferred language, marital status), as provided in structured data fields in the EHR, and the zip-

code-level (e.g., high school completion, median household income), via the American Community 

Survey.27 Of note, following related work, we included social factors like race and ethnicity in our model as 

proxies for systemic disadvantage, not as intrinsic sources of risk.28 

 Finally, given the secondary objective of our study, we generated an exposure variable denoting 

receipt of any outpatient AFS. We focused our analyses on antenatal CPT codes corresponding to NSTs 

and BPPs with an outpatient designation conducted no later than one’s date of admission for childbirth. 

Machine Learning Models 

 For our primary study objective, we trained two sets of risk stratification models: “clinical” models 

that only incorporated traditional clinical risk factors and “clinical+” models that added additional clinical, 

access-related, and sociodemographic features. For each set, we implemented the following five models: 
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1) classic statistical logistic regression, 2) lasso (i.e., L1-penalized) regression, 3) stochastic gradient 

boosting machine (GBM), 4) random forest (RF), and 5) a GBM-based ensemble. The latter three are 

decision-tree-based models capable of learning more complex, nonlinear relationships between predictive 

features. We performed complete case analyses, one-hot encoded categorical variables, and in the case 

of lasso regression, standardized features through mean centering and standard deviation scaling. 

Standardization was not done for the tree-based methods, as decision-tree-splitting is not sensitive to 

feature magnitude. Given the rarity of our outcome, we explored several methods to address class 

imbalance (e.g., weighting, resampling) and ultimately implemented unweighted logistic regression, 

unweighted lasso regression, unweighted GBM, down-sampled RF, and an unweighted GBM ensemble. 

Each model was trained to predict our binary, composite outcome including third-trimester 

stillbirth, early newborn death, and five-minute Apgar <7. Models 1-4 were trained on a random, 70% split 

of the overall, risk prediction sample, from which predictions were generated for a separate 10% 

ensembling split to train Model 5. Model hyperparameters were tuned with 10-fold cross validation (CV) in 

the case of lasso regression to minimize deviance-based error and with 10-fold CV repeated five times in 

the case of GBM, RF, and the GBM-based ensemble to maximize the area under the receiver operating 

characteristic curve (AUC). We tested each model’s performance in the held out 20% of the overall 

sample and obtained AUC confidence intervals using the DeLong method.29 We defined the best clinical 

and clinical+ models as the ML-based models with the highest test AUC. Finally, as in prior studies, we 

calculated true positive rates corresponding to a 10% false positive rate for each model and identified the 

10 most important features for top-performing models.30,31 

ML models were implemented in RStudio (version 2023.06.0+421) using the following R 

packages: caret for GBM- and RF-based models; glmnet for lasso regression; pROC for AUC and 

sensitivity calculations; and tidyverse for data manipulation.32,33,34,35,36 

Statistical Analysis 

 Sample characteristics were calculated for both the overall sample and the AFS utilization 

subsample, disaggregated by composite adverse outcome status. Differences in sample means between 

those with and without the primary outcome were evaluated using two-sided, unpaired t-tests, with 

significance determined at the 5% level. 
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Once we identified the top-performing ML-based risk stratification models, we utilized predicted 

risk scores in the AFS utilization subsample to generate insights about the association between AFS use 

and adverse pregnancy outcomes, by risk. We first stratified pregnancies into risk quartiles based on 

predicted risk scores and examined rates of our composite adverse outcome. Next, we assessed 

heterogeneity in rates of AFS utilization by quartile and compared adverse outcome rates, particularly 

third-trimester stillbirth, between tested (i.e., received any outpatient AFS) and untested (i.e., received no 

outpatient AFS) pregnancies. Point estimates for each quartile are reported with 95% confidence 

intervals. We further explored the association between AFS use, interacted with predicted risk, and third-

trimester stillbirth using linear regression. Estimates were tested for significance based on 2-tailed 

hypothesis tests at the 5% level. Finally, we assessed characteristics of high-predicted-risk pregnancies 

with vs. without AFS receipt. To address the concern that group differences in features generated before 

the third trimester could be a function of differential care seeking, we included in our assessment features 

generated through the end of pregnancy, at which point one might expect fewer characteristics to go 

undetected or be mismeasured. 

RESULTS 

Sample Description 

 Our final study sample was composed of 29,602 births, of which 13,223 comprised the AFS 

utilization subsample. Sample characteristics comparing pregnancies with and without the composite 

adverse outcome (a combination of third-trimester stillbirth, early newborn death, and low five-minute 

Apgar) are presented in Table 3.1. The outcome occurred in 2.0% of births in the overall cohort and in 

2.1% of births in the AFS utilization subsample. Within the overall cohort, relative to the group without the 

composite adverse outcome, the group with the outcome had a higher average pre-pregnancy BMI 

(p<0.01); a higher share of Black individuals (p<0.01); a higher share of publicly insured individuals 

(p=0.03); a lower average parity (p<0.01); a lower zip-code-level median household income (p<0.01); a 

lower share of married individuals (p=0.02), and a lower share of individuals living within 10 kilometers of 

their birthing facility (p=0.04). Other sociodemographic (e.g., age, ethnicity, education) and obstetric 

characteristics (e.g., gravidity) were balanced between those with and without the composite outcome.  
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Table 3.1: Study Sample Characteristics by Composite Adverse Outcome Status a, b 

 Overall, Risk Prediction Cohort c AFS Utilization Subsample d 

Characteristic 

Composite 
Adverse 

Outcome: 
Yes 

(N=594) 

Composite 
Adverse 

Outcome: 
No 

(N=29,008) 

P-Value of 
Difference 

Composite 
Adverse 

Outcome: 
Yes 

(N=275) 

Composite 
Adverse 

Outcome: 
No 

(N=12,948) 

P-Value of 
Difference 

Unique Birthing Individuals 593 23,771 --- 274 10,834 --- 

Maternal Age 32.6 (5.3) 32.5 (5.1) 0.73 33.1 (5.1) 32.9 (4.8) 0.56 

Gravidity 2.4 (1.8) 2.5 (1.6) 0.34 2.4 (1.8) 2.4 (1.5) 0.47 

Parity 0.7 (1.1) 0.8 (1.0) <0.01 0.6 (1.0) 0.8 (1.0) <0.01 

Pre-pregnancy BMI 27.4 (7.3) 26.2 (6.2) <0.01 26.6 (6.6) 25.7 (5.8) 0.02 

Hispanic Ethnicity 7.2% 7.3% 0.96 4.7% 3.8% 0.47 

Asian Race 9.1% 11.1% 0.10 9.5% 12.1% 0.14 

Black Race 16.2% 11.6% <0.01 10.5% 7.2% 0.07 

White Race 57.6% 60.4% 0.17 64.0% 64.2% 0.95 

Multi-Racial/Other Race 17.2% 17.0% 0.88 16.0% 16.6% 0.80 

Publicly Insured 25.6% 21.6% 0.03 22.2% 20.4% 0.47 

Non-English Preferred 
Language 

8.1% 9.9% 0.11 9.8% 11.3% 0.43 

Married 68.7% 73.3% 0.02 71.6% 75.5% 0.16 

<10km from Birthing Hospital 36.9% 40.9% 0.04 36.4% 41.9% 0.06 

Zip-Code-Level High School 
Completion e 89.1% 89.7% 0.11 88.8% 89.3% 0.34 

Zip-Code-Level Median 
Household Income, $ e 

75,785 
(26,911) 

78,788 
(29,886) 

<0.01 
76,026 

(25,865) 
80,833 

(29,773) 
<0.01 

a Adverse outcome is a composite of third-trimester stillbirth, early newborn death (i.e., within seven days 
of childbirth), and a low (i.e., <7) five-minute Apgar score, among third-trimester births (i.e., at least 28 
weeks of gestation). 
b The composite adverse outcome occurred in 2.0% of births in the overall cohort and 2.1% of births in 
the AFS utilization subsample. Of the 594 cases in the overall cohort, 78 were third-trimester stillbirths 
and eight were early newborn deaths. As for the 275 cases in the AFS utilization subsample, 37 were 
third-trimester stillbirths and six were early newborn deaths. 
c Risk prediction sample included third-trimester births between April 1, 2017 and June 30, 2023 at six 
facilities across a large, Massachusetts-based integrated health care system. 
d AFS utilization subsample included third-trimester births between April 1, 2017 and June 30, 2023 at 
Hospital A, excluding births between March 15, 2020 and December 31, 2020 during the start of the 
COVID-19 pandemic. 
e Zip-code-level data obtained via the U.S. Census Bureau’s American Community Survey. 

Primary Aim: Comparing Clinical and Clinical+ Risk Stratification Models 

 Supplemental Table 3.2 summarizes the test AUCs for each of the statistical and ML-based risk 

stratification models. The top-performing clinical model, based on only traditional clinical risk factors, was 

unweighted GBM, with an AUC of 0.58 (95% CI: 0.53-0.64); meanwhile, the top-performing ML-based 



 58 

clinical+ model, incorporating additional clinical, healthcare access-related, and sociodemographic 

features, was the unweighted GBM-based ensemble learner, with an AUC of 0.63 (95% CI: 0.59-0.69). 

Figure 3.1 visually displays receiver operating characteristic curves for the top-performing models (Panel 

A), as well as calibration curves demonstrating that model-predicted rates of the composite adverse 

outcome roughly corresponded with observed rates (Panel B). Optimal hyperparameters for both models 

are reported in Supplement Tables 3.3-3.4, and the 10 most contributory features for each model are 

provided in Supplemental Table 3.5. 

Figure 3.1: Performance of Top-Performing ML-Based Clinical and Clinical+ Models 

 
Abbreviations: AUC, area under the receiver operating characteristic curve 
 
This figure offers two assessments of model performance, comparing the top-performing clinical (black) 
and clinical+ (blue-grey) risk stratification models in the AFS utilization subsample. Panel A displays 
receiver operating characteristic curves for both models, plotting the true positive rate as a function of the 
false positive rate for a range of stratification thresholds. Panel B displays calibration plots for both 
models, plotting observed composite adverse outcome rates as a function of model-predicted 
probabilities, binned into deciles. Decile point estimates are depicted with 95% confidence intervals. 

A)

B)
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While both models’ AUCs suggest limited predictive ability, the clinical+ model demonstrated 

superior risk stratification performance, including in the AFS utilization subsample. Figure 3.2 displays an 

appreciably higher composite adverse outcome rate among pregnancies in the highest predicted risk 

quartile (4.6%) compared to those in lower risk quartiles (0.6%-1.9%), based on predicted risk scores 

from the top-performing clinical+ model. In contrast, the top-performing traditional clinical risk factor-

based model had lower discriminatory ability, with an observed outcome rate of 2.8% in the highest risk 

quartile and rates of 1.6%-2.1% in lower risk quartiles. Figure 3.2 also displays the within-quartile share 

of observed adverse outcomes attributable to third-trimester stillbirth. Using clinical+ model-predicted risk 

scores, we observed a higher, though not statistically significant, rate of third-trimester stillbirth among 

pregnancies in the highest predicted risk quartile compared to those in the lowest risk quartile (0.4% [95% 

CI: 0.2-0.6] vs. 0.2% [95% CI: 0.1-0.4]; p=0.18). 

Figure 3.2: Observed Composite Adverse Outcome Rate by Predicted Risk, Based on Top-Performing 
ML-Based Clinical and Clinical+ Risk Stratification Models 

 
 
This figure demonstrates the top-performing machine-learning- (ML)-based clinical (Panel A) and clinical+ 
(Panel B) models’ ability to stratify risk in the AFS utilization subsample, plotting observed composite 
adverse outcome rates across model-predicted risk quartiles. The composite outcome is disaggregated 
into component measures within each quartile. Quartile means for the composite outcome are depicted 
with 95% confidence intervals. 
 
Secondary Aim: Use of Outpatient AFS and Association with Third-Trimester Stillbirth by Predicted Risk 

 Supplemental Table 3.6 offers a descriptive summary of outpatient AFS utilization across the 

AFS utilization subsample. Overall, over 3/4 of pregnancies were found to have had at least one day of 

outpatient AFS (either an NST or BPP), with an average onset of testing at 33.8 weeks of gestation and a 

median of three days of testing. Leveraging our top-performing clinical+ model to generate individual risk 
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scores and stratify pregnancies in the AFS utilization subsample into risk quartiles, we found that AFS use 

increased with model-predicted risk (Figure 3.3). Utilization rates ranged from 66% for pregnancies in the 

lowest risk quartile to 85% in the highest risk quartile, revealing substantial levels of surveillance across 

all predicted risk groups. 

Figure 3.3: Antenatal Fetal Surveillance Use and Association with Stillbirth by Predicted Risk  

 
This figure displays rates of AFS (blue-grey), as well as observed rates of third-trimester stillbirth by AFS 
status (red: not surveilled; black: surveilled) across model-predicted risk quartiles. Risk groups are based 
on the top-performing machine-learning-based clinical+ risk stratification model, applied to the AFS 
utilization subsample. Quartile point estimates are depicted with 95% confidence intervals. 
 
 Figure 3.3 also compares rates of third-trimester stillbirth by risk quartile between pregnancies 

that did vs. did not receive outpatient AFS. Figure 3.3 suggests that there was no association between 

AFS receipt and third-trimester stillbirth among lower-predicted-risk pregnancies but a negative 

association among pregnancies in the highest predicted risk quartile: 1.2% (95% CI: 0.2-2.1) stillbirth rate 
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among un-surveilled pregnancies vs. 0.3% (95% CI: 0.1-0.4) stillbirth rate among surveilled pregnancies 

(p=0.06). Supplementary Table 3.7 provides corresponding regression-based estimates, identifying a 

significant negative association at the 1% level between third-trimester stillbirth and an interaction term 

involving outpatient AFS receipt and an indicator for the highest predicted risk quartile. 

 Finally, Table 3.2 summarizes descriptive characteristics of high-predicted-risk pregnancies with 

vs. without receipt of outpatient AFS, based on predicted risk scores in the AFS utilization subsample 

from the top-performing clinical+ model. We found significant differences between the two samples, 

suggesting that high-predicted-risk pregnancies that received outpatient AFS had different factors 

conferring risk than those that did not receive outpatient AFS. While patients receiving AFS had higher 

rates of traditional clinical risk factors (e.g., multifetal gestation, diabetes, and hypertensive disorders of 

pregnancy) through the second trimester, as well as at the time of childbirth, patients without AFS had a 

greater average distance between their residential zip code and their birthing hospital and a lower 

average volume of prenatal care. 

Table 3.2: Characteristics of High-Predicted-Risk Cohort, by AFS Status a 

Characteristic 
Received AFS 

(N = 2,797) 
No AFS 

(N = 508) 
P-Value of 
Difference 

Unique Birthing Individuals 2,696 507 --- 

Composite Adverse Outcome % b 4.3% 6.3% 0.07 

Stillbirth % 0.3% 1.2% 0.06 

Gestational Age Upon Childbirth, Weeks 38.4 (2.1) 37.7 (3.0) <0.01 

# of Prenatal Care Visits * 5.3 (1.9) 4.9 (1.6) <0.01 

# of Prenatal Care Visits 11.6 (2.8) 9.9 (2.9) <0.01 

Maternal Age * 33.5 (5.5) 32.8 (4.1) <0.01 

Gravidity * 2.2 (1.6) 1.8 (1.2) <0.01 

Parity * 0.4 (0.8) 0.2 (0.6) <0.01 

Pre-pregnancy BMI * 29.1 (7.3) 25.3 (4.5) <0.01 

Multifetal Gestation % * 8.9% 6.3% 0.03 

Diabetes (Pregestational or Gestational) % 
* 

10.7% 5.1% <0.01 

Diabetes (Pregestational or Gestational) % 18.4% 9.8% <0.01 

Hypertensive Disorder in Pregnancy 
(Pregestational or Gestational) % * 

17.3% 7.7% <0.01 

Hypertensive Disorder in Pregnancy 
(Pregestational or Gestational) % 

36.2% 23.6% <0.01 

Placental Abnormality % * 2.3% 2.8% 0.58 

Placental Abnormality % 12.3% 8.3% <0.01 

Sickle Cell Disease or Related 
Hemoglobinopathy % * 

2.5% 1.4% 0.06 
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Table 3.2 (Continued) 

Sickle Cell Disease or Related 
Hemoglobinopathy % 

2.5% 1.6% 0.13 

Antiphospholipid Syndrome or Systemic 
Lupus Erythematosus % * 

3.4% 1.6% <0.01 

Antiphospholipid Syndrome or Systemic 
Lupus Erythematosus % 

8.4% 6.3% 0.08 

Substance Use (Pregestational or 
Gestational) % * 

10.9% 8.3% 0.06 

Substance Use (Pregestational or 
Gestational) % 

11.6% 10.2% 0.35 

Hispanic Ethnicity * 4.6% 3.5% 0.24 

Asian Race * 7.8% 9.8% 0.15 

Black Race * 12.2% 9.4% 0.05 

White Race * 63.0% 66.1% 0.18 

Multi-Racial/Other Race * 16.9% 14.6% 0.17 

Publicly Insured * 22.6% 16.1% <0.01 

Non-English Preferred Language * 6.8% 4.7% 0.05 

Married * 62.3% 63.0% 0.76 

Distance to Birthing Hospital, km * 28.1 (33.1) 31.8 (36.9) 0.04 

<10km from Birthing Hospital * 34.0% 28.7% 0.02 

Zip-Code-Level High School Completion c, * 88.8% 90.5% <0.01 

Zip-Code-Level Median Household Income, 
$ c, * 

75,521 (26,640) 81,594 (27,084) <0.01 

Abbreviations: AFS; antenatal fetal surveillance 
* Variable ascertained before start of third trimester (i.e., before 28 weeks of gestation). 
a Statistics based on the AFS utilization subsample, and risk determined based on the top-performing 
machine-learning-based clinical+ risk stratification model. 
b Adverse outcome is a composite of stillbirth, early newborn death (i.e., within seven days of childbirth), 
and a low (i.e., <7) five-minute Apgar score, among third-trimester births. 
c Zip-code-level data obtained via the U.S. Census Bureau’s American Community Survey. 

DISCUSSION 

Principal Findings 

 Our study found that EHR- and ML-based risk prediction models that stratified pregnancies by 

risk of adverse birth outcomes were enhanced through the inclusion of geographic and sociodemographic 

features, compared to models that relied exclusively on traditional clinical risk factors that guide current 

management. Though both groups of models had relatively low AUCs, using our top-performing clinical+ 

model, we were able to stratify patients and achieve a nearly eight-fold difference in composite adverse 

outcome rates between high and low risk quartiles. We also found that outpatient AFS utilization 

increased with predicted risk, suggesting that providers at least in part conducted testing based on similar 

risk factors to our model. Finally, we identified a predictably high-risk set of pregnancies for which AFS 
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was significantly associated (at the 10% level) with a lower rate of third-trimester stillbirth, the very 

outcome that AFS is intended to avert. Of note, we cannot conclude that the lower outcome rate was an 

effect of AFS, given the possibility of unmeasured confounding and differences in antenatal care seeking 

or AFS adherence between the two groups. However, the differences that we observed between high-

predicted-risk tested and untested individuals suggest that while untested individuals lived further away 

from the hospital and received less prenatal care, they had lower rates of nearly all traditional clinical risk 

factors, both at the time of risk prediction (28 weeks of gestation) and at the end of pregnancy, when 

fewer characteristics may be expected to go undetected. 

Results in the Context of What is Known 

 Our primary study objective complements a growing literature leveraging classic statistical 

approaches and, more recently, methods in ML to predict stillbirth and other adverse pregnancy 

outcomes. Our findings are closely aligned with work by Trudell et al., Koivu and Sairanen, Malacova et 

al., and Cersonsky et al.21,28,30,31 Trudell et al. utilized maternal features known before 32 weeks of 

gestation to predict later stillbirths, revealing the importance of both clinical and sociodemographic 

features.21 Koivu and Sairanen, Malacova et al., and Cersonsky et al. also highlighted the value of 

combining such features in more sophisticated, ML-based models.28,30,31 Malacova et al. and Cersonsky 

et al. tested an extensive range of variable combinations, with our results most closely relating to those 

using predictors known a priori (e.g., prior pregnancy characteristics, maternal characteristics ascertained 

at early antenatal visits).28,31 The AUC and sensitivity that we report for our top-performing clinical+ model 

are similar – and in some cases superior – to those reported for comparable, prospective models, 

underscoring the potential of EHR-based risk stratification tools.21,30,31 

 A number of recent studies trained prediction models with higher AUCs (0.80-0.90) than the ones 

we report.22,28,31,37,38 However, these studies differed from ours in several important ways. First, work by 

Thompson et al., Cersonsky et al., and Lokhande et al. leveraged case-control data, which, by 

oversampling higher-risk, earlier-gestation live births, may not translate as effectively out-of-sample.22,28,38 

Second, in their top-performing models, Malacova et al. and Khatibi et al. included (proxy) predictors 

known well into pregnancy, some even at the time of childbirth.31,37 Third, Cersonsky et al., Malacova et 
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al., and Lokhande et al. included early stillbirths as part of their prediction target.28,31,38 These stillbirths are 

less avertable by interventions like AFS and thus less relevant for our study objectives.  

A relative advantage of each of these studies was their use of more granular and robust 

predictive features (e.g., fetal genetic, movement, and ultrasound-based measures; individual-level 

educational attainment) compared to our models.22,28,31,37,38 Future iterations our model should consider 

incorporating such features, many of which can be ascertained from the EHR. 

 Finally, while prior studies have stopped at risk stratification, we took an additional step and 

employed model predictions to gain insight into the use of AFS and its association with third-trimester 

stillbirth, by predicted risk. In this regard, our study was inspired by work by Mullainathan and Obermeyer, 

which first developed an ML-based risk stratification tool and then leveraged that tool to characterize the 

benefit of testing across risk groups.39 

Clinical Implications 

 Our study introduces an EHR-based risk stratification approach to prospectively identify 

pregnancies at high risk of adverse pregnancy outcomes and thereby inform data-driven decision-making 

for interventions like AFS. Moreover, our head-to-head comparison of clinical and clinical+ models 

suggests the importance of stratifying risk by both traditional risk factors, as well as geographic and 

sociodemographic factors.  

With respect to existing surveillance patterns, we found higher rates of AFS among higher-

predicted-risk pregnancies but substantial testing even among lower-predicted-risk pregnancies. Further 

research may seek to clarify whether rates of AFS among lower-risk groups are aligned with patient 

preferences vs. potentially wasteful, and whether further testing is warranted among the 15% of highest-

risk-quartile pregnancies that received no AFS. 

 Finally, in comparisons of high-predicted-risk tested and untested pregnancies, we found that the 

untested group was lower risk by traditional clinical factors but more likely to live further away from the 

hospital and attend fewer prenatal care visits. Though further studies are required to causally identify the 

effect of AFS by risk status, our findings suggest a potential role for policies to better target testing to such 

individuals and address barriers that may prevent them from accessing antenatal care. 

Research Implications 
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 Several future steps are warranted before translating our findings into clinical practice. First, it is 

important to validate our model in an external sample, particularly with respect to third-trimester stillbirth 

detection. Our clinical+ risk prediction model also has significant room for improvement and may benefit 

from incorporating more granular features described in related literature (e.g., fetal-heart-rate- and 

ultrasound-based biomarkers, genetic test results, richer assessments of social determinants of 

health).28,38,40,41 Moreover, to be sure that additional testing is warranted for high-predicted-risk 

individuals, future studies should explore potentially exogenous sources of variation in AFS use (e.g., 

changes in testing surrounding guideline changes or clinical thresholds, distance to the nearest AFS 

provider) to causally identify the effect of surveillance in different risk groups. 

Strengths and Limitations 

 Our study has several strengths. First, we showcased the potential of EHR-based risk prediction 

models, which is meaningful given the widespread prevalence of EHRs. Second, to our knowledge, our 

study is the first to offer a head-to-head comparison of models based on traditional clinical factors and 

models that incorporate additional clinical, geographic, and sociodemographic features. Third, in addition 

to training risk stratification models, we leveraged model predictions to generate preliminary insights 

about patterns of AFS utilization and associated rates of third-trimester stillbirth. 

Our study also has several limitations. First, while the purpose of AFS is to prevent stillbirth, we 

trained our models to predict a composite outcome that also included early newborn death and low Apgar 

scores. While these other outcomes have been used in prior evaluations of AFS, they may have different 

etiologies than that of third-trimester stillbirth and including them may overstate the predictive ability of our 

models. Second, regarding the performance of even our top risk stratification models, the AUCs that we 

report are modest. Third, like peer studies, our models are subject to confounding by indication: to yield a 

larger sample size for prediction we included both individuals who received and did not receive outpatient 

AFS. Thus, we cannot draw any causal inference from the features that our models deem important. 

Fourth, we cannot rule out the threat of unobserved confounding driving the results we saw 

among tested and untested individuals in the highest-predicted-risk quartile. For example, nonadherence 

to recommended AFS or other antenatal care, if more common among patients at high clinical and social 

risk, could lead to the observed pattern of AFS receipt being correlated with improved outcomes, separate 
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from any actual benefit of AFS. Our data, however, do not allow us to identify scheduled and missed AFS 

appointments, only AFS that was completed.  

Finally, our results are based on a single healthcare system, and the extent to which our findings 

generalize to other settings is unknown. 

CONCLUSION 

In summary, we leveraged routinely collected EHR data and ML-based risk stratification methods 

to identify pregnancies at high risk of adverse outcomes, including third-trimester perinatal death, using 

predictors known by 28 weeks of gestation. Our comparison of prediction approaches suggests the value 

of models that incorporate clinical, geographic, and sociodemographic factors and the potential for using 

such models to improve targeting of interventions – like AFS – to avert catastrophic outcomes. 
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APPENDIX 1: Supplemental Materials for Chapter 1, “Empowering Patients Across the Maternal-
Newborn Care Continuum: A Cluster Randomized Controlled Trial Testing a Digital Health Platform in 
Kenya” 
 
Supplemental Text 1.1: Technical Overview of Facility Level Randomization 
 
Using the randomize command in Stata, we iterated through 1:1 treatment-to-control randomization 
assignments until the corresponding balance p-value exceeded 0.7, with a maximum of 2,000 iterations 
permitted. The balance p-value accounted for facility-level caesarean birth frequency (i.e., proportion of 
total births conducted by caesarean section) and perinatal mortality (i.e., proportion of total stillbirths and 
live births ending in stillbirth or neonatal death within one week). 
 
Supplemental Text 1.2: Detailed Description Of Knowledge, Preparedness, And Danger Sign Care 
Seeking Outcome Measures 
 
Knowledge Domain 

• Knowledge of labor signs was compared against a list of 7 actual labor signs, including changes 
in discharge, contractions, heavy bleeding, lower abdominal pain, lower back pain, urgency to go 
to the toilet, and water breaking. 

• Danger sign knowledge questions inquired whether a respondent would seek immediate medical 
care or watchfully wait in response to several potentially severe symptoms. Specifically, 6 
antenatal symptoms (back pain, blurred vision, decreased fetal movement, heartburn, 
nausea/vomiting, and vaginal bleeding), 3 postpartum symptoms (blurred vision, chest pain, and 
vaginal bleeding), and 3 neonatal symptoms (fever, yellow eyes, and yellow/thin stool) were 
assessed. 

 
Preparedness Domain 

• The total number of items reported to have been completed in preparation for childbirth was 
compared against a list of eight items, including asking family or friends to help with childcare, 
buying baby clothes, choosing a hospital, discussing a birth plan, packing a bag, planning 
transportation, purchasing insurance, and saving money. 

 
Danger Sign Care Seeking Domain 

• Participants were asked whether they experienced any of: 
o 10 antenatal danger signs: blurred vision, breathing difficulty, contractions before 37 

weeks, convulsions/loss of consciousness, decreased/absent fetal movements, fever, 
leaking of fluid before 37 weeks, severe abdominal pain, severe headache, and vaginal 
bleeding/discharge with foul odor. 

o 9 postpartum danger signs: blurred vision, breathing difficulty, calf pain/redness/swelling, 
chest pain, convulsions/loss of consciousness, fever, heavy/suddenly increased vaginal 
bleeding, severe abdominal pain, and severe headache. 

o 9 neonatal danger signs: convulsions/fits, fast or difficult breathing, fever, hypothermia, 
inability to feed/poor feeding, regurgitating with each feeding, umbilical redness/drainage, 
weakness/lethargy, and yellow eyes/soles of extremities.  
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Supplemental Table 1.3: Attrition in Baseline Study Sample During Antenatal and Postpartum Follow-Up 

Attrition Variable Control Treated 
p-value of 

Difference a 

Attrition from Baseline to Antenatal 
Follow-Up b 

123 / 1813 
(6.8%) 

156 / 1865 
(8.4%) 

0.19 

Attrition from Baseline to Postpartum 
Follow-Up c 

321 / 2997 
(10.7%) 

298 / 3131 
(9.5%) 

0.24 

a p-values from individual-level regressions adjusted for a treatment indicator and recruitment-facility-level 
normal vaginal birth volume tertile at baseline; cluster robust standard errors clustered by recruitment 
facility. 
b Attrition among targeted and eligible participants at antenatal follow-up. 
c Attrition among targeted and eligible participants at postpartum follow-up.  
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Supplemental Table 1.4: Baseline Characteristics of Eligible and Consented Cohort that Completed 
Antenatal Follow-Up 

Baseline Characteristic 
Control 

(N = 1,690) 
Treated 

(N = 1,709) 

Age (years) 26.05 (5.87) 26.24 (5.77) 

Secondary school education or higher 65.9% 68.5% 

Read Kiswahili or English without difficulty 94.4% 96.1% 

Married or living together 82.6% 83.7% 

Size of household 3.93 (2.03) 3.58 (1.83) 

Own land 47.9% 38.2% 

Improved source of drinking water 68.7% 71.8% 

Improved sanitation facility 97.6% 98.2% 

Mode of travel to hospital: motor vehicle 69.8% 68.1% 

Time to travel from home to health facility (minutes) 24.30 (18.80) 23.10 (18.49) 

Work for pay in last week 24.6% 25.4% 

Easy access to Ksh 2000 if treatment for illness needed 
in household 

27.8% 28.9% 

Own mobile phone 90.0% 93.3% 

Use mobile phone to send text messages 
frequently/daily 

34.2% 40.1% 

Previous receipt of text message offering pregnancy 
advice from county 

3.5% 4.9% 

Gestational age (weeks) 27.18 (5.19) 27.09 (5.12) 

Any prior prenatal care visit 75.1% 74.3% 

# prenatal care visits for current pregnancy 1.54 (1.32) 1.49 (1.29) 

Fraction of knowledge questions answered correctly 0.67 (0.18) 0.69 (0.18) 

High-risk pregnancy 22.1% 17.5% 

# of total pregnancies, including current pregnancy 2.42 (1.46) 2.28 (1.41) 

Previous high-risk pregnancy 39.9% 44.5% 

PHQ-2 score 1.56 (1.60) 1.61 (1.60) 

Abbreviations: ANC, antenatal care; PHQ-2, Patient Health Questionnaire-2 
Notes: Continuous variables summarized by sample mean and standard deviation: mean (SD); binary 
variables summarized by sample mean as a %.   
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Supplemental Table 1.5: Baseline Characteristics of Eligible and Consented Cohort that Completed 
Postpartum Follow-Up 

Baseline Characteristic 
Control 

(N = 2,676) 
Treated 

(N = 2,833) 

Age (years) 26.08 (5.91) 26.37 (5.80) 

Secondary school education or higher 64.6% 67.6% 

Read Kiswahili or English without difficulty 95.1% 96.5% 

Married or living together 81.9% 82.9% 

Size of household 3.99 (2.05) 3.61 (1.84) 

Own land 47.8% 37.4% 

Improved source of drinking water 68.8% 70.8% 

Improved sanitation facility 97.1% 98.3% 

Mode of travel to hospital: motor vehicle 70.1% 69.3% 

Time to travel from home to health facility (minutes) 24.33 (18.26) 22.94 (17.57) 

Work for pay in last week 22.3% 22.9% 

Easy access to Ksh 2000 if treatment for illness 
needed in household 

27.6% 28.2% 

Own mobile phone 89.3% 92.1% 

Use mobile phone to send text messages 
frequently/daily 

33.6% 40.7% 

Previous receipt of text message offering pregnancy 
advice from county 

4.2% 6.3% 

Gestational age (weeks) 29.75 (6.17) 29.83 (6.14) 

Any prior prenatal care visit 81.7% 81.4% 

# prenatal care visits for current pregnancy 1.93 (1.47) 2.00 (1.56) 

Fraction of knowledge questions answered correctly 0.67 (0.18) 0.69 (0.18) 

High-risk pregnancy 23.7% 19.7% 

# of total pregnancies, including current pregnancy 2.43 (1.48) 2.30 (1.39) 

Previous high-risk pregnancy 40.5% 44.0% 

PHQ-2 score 1.50 (1.57) 1.62 (1.60) 

Abbreviations: ANC, antenatal care; PHQ-2, Patient Health Questionnaire-2 
Notes: Continuous variables summarized by sample mean and standard deviation: mean (SD); binary 
variables summarized by sample mean as a %
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APPENDIX 2: Supplemental Materials for Chapter 2, “Impact of Medicaid Reimbursement Changes for 
Immediate Postpartum LARC on Contraceptive Utilization and Short-Interval Births in Two Early-Adopting 
States” 
 
Supplemental Text 2.1: Simulation Study to Benchmark Short-Interval Birth Rate Estimates in New York 
 
Several facilities in New York exhibited unreliable patient linkage due to increasing missingness of unique 
patient identifiers over time. Given that these increases coincide with the timing of state reimbursement 
changes, retaining such facilities in our state-level analyses might have falsely characterized the 
magnitude of changes in short-interval births due to the policy. To minimize the influence of missing 
identifiers on our results in New York, we restricted our sample to facilities that satisfied the following 
constraints: 1) fewer than 3% of observations had a missing patient identifier; and 2) greater than 85% of 
subsequent births occurred in facilities with a missingness rate below 5%. Our final sample included index 
births from ~45% of facilities with Medicaid-paid births in New York. 
 
We conducted a simulation study to characterize the extent to which residual patient identifier 
missingness in the included facilities could have mechanically affected our outcomes of interest. Given a 
baseline outcome rate and the parameters above, the model simulated changes in rates of short-interval 
birth that could occur due to missing identifiers – for index and/or post-interval births – alone. For 
example, the model revealed that for a baseline rate of subsequent, short-interval birth within 21 months 
of 9.3%, residual identifier missingness could reduce the outcome by 0.5 percentage points (95% CI: 0.3, 
0.7). Similarly, for a baseline rate of subsequent, short-interval birth within 15 months of 3.4%, residual 
missingness could mechanically reduce the outcome by 0.2 percentage points (95% CI: 0.1, 0.3). We 
evaluated our study estimates with these findings in mind.  
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Supplemental Table 2.2: Diagnosis and Procedure Codes for Identification of Hospitalizations for 
Childbirth 

Codes Description 

ICD-9-CM 
V27 
650 
72.0-72.9 
73.22, 73.59, 73.6 
74.0-74.99 
  
ICD-10-CM 
Z37 
O80 
  
ICD-10-PCS 
10E0XZZ 
10D00Z0-10D00Z2 
10D07Z3-10D07Z8 
  
DRG 
370-375 
765-775 

  
Outcome of delivery (e.g., singleton, live; twins, one live one stillborn) 
Normal delivery 
Selected procedures for forceps, vacuum, and breech deliveries 
Other procedures inducing or assisting delivery 
Cesarean section and removal of fetus 
  
  
Outcome of delivery (e.g., single live; quadruplets, some liveborn) 
Encounter for delivery 
  
  
Spontaneous delivery 
Cesarean delivery 
Operative delivery 
  
  
Complicated cesarean section, complicated vaginal delivery, etc. 
Cesarean delivery, vaginal delivery, etc. 

Excluded Codes Description 

ICD-9-CM 
V27.1, V27.4, V27.7 
63.0-63.9 
69.01, 69.51 
74.91, 75.0 
  
ICD-10-CM 
Z37.1, Z37.4, Z37.7 
O00, O01, O02, O08 
O03, O04, O07, Z33.2 
  
ICD-10-PCS 
10A07Z6, 10A07ZW, 
10A07ZX, 10A07ZZ, 
10A03ZZ, 10A04ZZ, 
10A07ZX 

  
Outcome of delivery: singleton, stillborn; multiples, all stillborn 
Hydatidiform mole, ectopic pregnancy, abortion, etc. 
Various procedures for termination of pregnancy 
Various procedures for termination of pregnancy 
  
  
Outcome of delivery: singleton, stillborn; multiples, all stillborn 
Abnormal products of conception 
Abortion 
  
  
Abortion 
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Supplemental Table 2.3: Diagnosis and Procedure Codes for LARC Identification 

Codes Description 

ICD-9 Diagnosis 
V25.11, V25.5 
  
ICD-9 Procedure 
69.7 
  
ICD-10 Diagnosis 
Z30.014, Z30.017 
Z30.430 
  
ICD-10 Procedure 
0UH97HZ, 0UH98HZ 
0UHC7HZ, 0UHC8HZ 
0UH90HZ 
0JH60HZ, 0JH63HZ 
0JH80HZ, 0JH83HZ 
0JHD0HZ, 0JHD3HZ 
0JHF0HZ, 0JHF3HZ 
0JHG0HZ, 0JHG3HZ 
0JHH0HZ, 0JHH3HZ 
0JHL0HZ, 0JHL3HZ 
0JHM0HZ, 0JHM3HZ 
0JHN0HZ, 0JHN3HZ 
0JHP0HZ, 0JHP3HZ 
  
CPT/HCPCS 
11981 
58300 
Q0090 
J7297-J7307 
S4981-S4989  

  
Encounter for insertion: IU or implantable subdermal contraceptive 
 
 
Insertion of IU contraceptive device 
  
  
Encounter for initial prescription: IU/implantable contraceptive 
Encounter for insertion of IU contraceptive device 
  
  
Insertion of contraceptive device into uterus 
Insertion of contraceptive device into cervix 
Insertion of contraceptive device into uterus 
Insertion of contraceptive device in chest SQ tissue/fascia 
Insertion of contraceptive device in abdominal SQ tissue/fascia 
Insertion of contraceptive device in right upper arm SQ tissue/fascia 
Insertion of contraceptive device in left upper arm SQ tissue/fascia 
Insertion of contraceptive device in right lower arm SQ tissue/fascia 
Insertion of contraceptive device in left lower arm SQ tissue/fascia 
Insertion of contraceptive device in right upper leg SQ tissue/fascia 
Insertion of contraceptive device in left upper leg SQ tissue/fascia 
Insertion of contraceptive device in right lower leg SQ tissue/fascia 
Insertion of contraceptive device in left lower leg SQ tissue/fascia 
  
  
Insertion, non-biodegradable drug delivery implant (e.g., Nexplanon) 
Insertion of IUD 
Levonorgestrel-releasing IU contraceptive system, (Skyla), 13.5 mg 
Contraceptive devices (e.g., levonorgestrel-releasing IU/implant) 
Insertion of levonorgestrel-releasing IU system; IU contraceptive, implantable 
subdermal contraceptive 

Abbreviations: IU, intrauterine; LARC, long-acting reversible contraception; SQ, subcutaneous 
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Supplemental Table 2.4: Diagnosis and Procedure Codes for Identification of Bilateral Sterilization 

Codes Description 

ICD-9-CM 
V25.2 
  
ICD-10-CM 
Z30.2, Z40.03 
  
ICD-9-PCS 
6621, 6622, 6629 
6631, 6632, 6639 
6651, 6652 
6663 
  
ICD-10-PCS 
0U570ZZ, 0U573ZZ, 0U574ZZ, 
0U577ZZ, 0U578ZZ 
0UB70ZZ, 0UB73ZZ, 0UB74ZZ, 
0UB77ZZ, 0UB78ZZ 
0UL70CZ, 0UL70DZ, 0UL70ZZ, 
0UL73CZ, 0UL73DZ, 0UL73ZZ, 
0UL74CZ, 0UL74DZ, 0UL74ZZ, 
0UL77DZ, 0UL77ZZ, 0UL78DZ, 
0UL78ZZ 
  
CPT 
58565, 58600, 58605, 58611, 58615, 
58670, 58671 
A4264  

 
Sterilization 
  
 
Encounter for sterilization or prophylactic removal of FT 
  
  
Bilateral endoscopic destruction or occlusion of FT 
Bilateral destruction or occlusion of FT 
Removal of both or remaining FT 
Bilateral partial salpingectomy 
 
 
Destruction of bilateral FT with various approaches 
 
Excision of bilateral FT with various approaches 
 
Occlusion of bilateral FT with various approaches 
 
 
 
 
 
 
Sterilization with various approaches 
Permanent implantable contraceptive intratubal occlusion 
device 

Abbreviations: FT, fallopian tube(s) 
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Supplemental Text 2.5: Interrupted Time Series and Difference-in-Differences Regression Models 
 
For our state level analyses, we leveraged an interrupted time series design to estimate the extent to 
which Medicaid reimbursement changes in Georgia and New York impacted the level and trend of our 
outcomes of interest. Given the clustering of births within health facilities, the models we estimated were 
at the hospital-quarter level, according to the following specification: 
 

𝑌ℎ𝑡 = 𝛼 + 𝛽 ∗ 𝑇𝑖𝑚𝑒𝑃𝑟𝑒ℎ𝑡 + 𝛿 ∗ 𝑇𝑖𝑚𝑒𝑃𝑜𝑙𝑖𝑐𝑦ℎ𝑡 + 𝜔 ∗ 𝑇𝑖𝑚𝑒𝑃𝑜𝑠𝑡ℎ𝑡 + 𝜏ℎ + 𝛾𝑡 + 𝜖ℎ𝑡     (𝟏) 
 
In Equation 1, 𝑌ℎ𝑡 denotes the outcome of interest, 𝛼 denotes the level of the outcome at the start of the 
study period, 𝛽 denotes the quarterly change in the outcome prior to the policy change, 𝛿 denotes the 
level change in the outcome at the time of the policy change, 𝜔 denotes the quarterly change in the 

outcome following the policy change relative to the pre-policy period, 𝜏ℎ and 𝛾𝑡 denote hospital and 
quarter fixed effects to adjust for time-invariant hospital characteristics and seasonality, and 𝜖ℎ𝑡 
represents Driscoll-Kraay standard errors that account for autocorrelation, heteroskedasticity, and cross-
sectional dependence.* Observations were weighted by the volume of Medicaid-paid births in each 
hospital-quarter to estimate an individual-level, rather than facility-level, treatment effect. 
 
We estimated the net impact of the policy for each outcome at the end of its analytical window via the 
following linear combination:  𝛿 + (# quarters in the post-policy period) ∗ 𝜔. 
 
For our matched, facility-level analyses, we leveraged a difference-in-differences (DiD) design to estimate 
the extent to which Medicaid reimbursement changes in Georgia and New York impacted our outcomes of 
interest in high-adopting facilities relative to matched, non-adopting facilities. The models we estimated 
were at the individual level, according to the following specification: 
 

𝑌𝑖ℎ𝑡 = 𝛼 + 𝛽 ∗ 𝐻𝑖𝑔ℎ𝐴𝑑𝑜𝑝𝑡𝑒𝑟ℎ + 𝛿 ∗ 𝑃𝑜𝑠𝑡𝑃𝑜𝑙𝑖𝑐𝑦𝑡 + 𝜔 ∗ 𝐻𝑖𝑔ℎ𝐴𝑑𝑜𝑝𝑡𝑒𝑟𝑃𝑜𝑠𝑡𝑃𝑜𝑙𝑖𝑐𝑦ℎ𝑡 + 𝜏ℎ + 𝛾𝑡 + 𝜖ℎ     (𝟐) 
 
In Equation 2, 𝑌𝑖ℎ𝑡 denotes the individual-level outcome of interest, 𝛼 denotes the pre-policy outcome 

level among matched, non-adopting facilities; 𝛽 denotes the relative pre-policy difference among high-
adopting facilities; 𝛿 denotes the relative post-policy difference among matched, non-adopting facilities; 
and 𝜔 denotes the desired DiD estimate, namely the relative post-policy difference among high-adopting 
facilities, accounting for pre-policy levels in the two sets of facilities. Here, pre- and post-policy are 
defined relative to the time at which full reimbursement policy changes were implemented in each state 
(January 2016 in Georgia; April 2014 in New York). 
 
In addition, 𝜏ℎ and 𝛾𝑡 denote hospital and quarter fixed effects to adjust for time-invariant hospital 

characteristics and seasonality, and 𝜖ℎ represents clustered standard errors that account for 
heteroskedasticity and the clustering of births within health facilities. Finally, observations were weighted 
by facility-level profile matching weights. 
 
* Citation: Driscoll JC, Kraay AC. Consistent covariance matrix estimation with spatially dependent panel 
data. Review of economics and statistics. 1998; 80(4):549-560. 
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Supplemental Table 2.6: Estimated Changes in the Shares of Medicaid-Paid Births with IPP LARC 
Placement and Sterilization: Additional Subgroups a, b 

Georgia 
Immediate Postpartum LARC Immediate Postpartum Sterilization 

Age [20-35) Age 35+ Hispanic  

Non-
Hispanic 

White 

Non-
Hispanic 

Other 
Age [20-35) Age 35+ Hispanic 

Non-
Hispanic 

White 

Non-
Hispanic 

Other 

Quarterly pre-policy 
change 

0.00 
(-0.01, 0.02) 

P = 0.66 

0.00 
(-0.02, 0.03) 

P = 0.67 

-0.01 
(-0.02, 0.00) 

P = 0.03 

0.00 
(0.00, 0.01) 

P = 0.52 

0.01 
(0.00, 0.02) 

P = 0.01 

-0.03 
(-0.07, 0.02) 

P = 0.28 

-0.14 
(-0.27, -0.01) 

P = 0.03 

0.07 
(-0.01, 0.16) 

P = 0.10 

0.02 
(-0.04, 0.08) 

P = 0.56 

0.07 
(0.03, 0.12) 

P < 0.01 

Level change at time 
of full policy onset c 

1.20 
(0.97, 1.43) 

P < 0.01 

0.72 
(0.38, 1.07) 

P < 0.01 

0.24 
(0.14, 0.33) 

P < 0.01 

0.37 
(0.28, 0.46) 

P < 0.01 

0.19 
(-0.08, 0.46) 

P = 0.17 

-0.59 
(-1.19, 0.00) 

P = 0.05 

-0.48 
(-2.20, 1.25) 

P = 0.59 

-0.58 
(-1.76, 0.59) 

P = 0.33 

-0.53 
(-1.20, 0.15) 

P = 0.13 

0.24 
(-0.64, 1.13) 

P = 0.59 

Quarterly post-policy 
change relative to pre-
policy change 

-0.01 
(-0.02, 0.01) 

P = 0.38 

0.02 
(-0.01, 0.05) 

P = 0.30 

0.03 
(0.02, 0.05) 

P < 0.01 

0.01 
(0.00, 0.03) 

P = 0.01 

0.05 
(0.03, 0.08) 

P < 0.01 

-0.02 
(-0.08, 0.03) 

P = 0.39 

0.06 
(-0.10, 0.22) 

P = 0.48 

-0.18 
(-0.31, -0.05) 

P = 0.01 

-0.01 
(-0.11, 0.08) 

P = 0.78 

-0.20 
(-0.29, -0.11) 

P < 0.01 

Net impact relative to 
estimated 
counterfactual d 

1.09 
(0.62, 1.55) 

P < 0.01 

0.97 
(0.38, 1.56) 

P < 0.01 

0.71 
(0.45, 0.97) 

P < 0.01 

0.59 
(0.40, 0.78) 

P < 0.01 

1.00 
(0.73, 1.28) 

P < 0.01 

-0.94 
(-2.22, 0.34) 

P = 0.15 

0.38 
(-3.37, 4.13) 

P = 0.84 

-3.24 
(-5.72, -0.75) 

P = 0.01 

-0.73 
(-2.57, 1.12) 

P = 0.44 

-2.77 
(-4.21, -1.34) 

P < 0.01 

New York Age [20-35) Age 35+ 
Non-

Hispanic 
Black 

Non-
Hispanic 

White 

Non-
Hispanic 

Other 
Age [20-35) Age 35+ 

Non-
Hispanic 

Black 

Non-
Hispanic 

White 

Non-
Hispanic 

Other 

Quarterly pre-policy 
change 

0.00 
(0.00, 0.01) 

P = 0.30 

0.00 
(-0.01, 0.01) 

P = 0.52 

0.01 
(0.00, 0.03) 

P = 0.14 

0.00 
(0.00, 0.01) 

P = 0.66 

0.00 
(-0.03, 0.02) 

P = 0.67 

0.00 
(-0.01, 0.01) 

P = 0.89 

-0.06 
(-0.13, 0.00) 

P = 0.05 

0.00 
(-0.01, 0.02) 

P = 0.76 

0.04 
(0.01, 0.07) 

P < 0.01 

-0.03 
(-0.07, 0.01) 

P = 0.11 

Level change at time 
of full policy onset c 

-0.16 
(-0.35, 0.03) 

P = 0.10 

-0.10 
(-0.21, 0.01) 

P = 0.07 

0.08 
(-0.17, 0.33) 

P = 0.53 

-0.08 
(-0.16, 0.00) 

P = 0.05 

-0.01 
(-0.19, 0.17) 

P = 0.91 

-0.16 
(-0.30, -0.02) 

P = 0.02 

0.06 
(-0.89, 1.01) 

P = 0.91 

0.01 
(-0.23, 0.25) 

P = 0.93 

-0.38 
(-0.58, -0.18) 

P < 0.01 

0.22 
(-0.10, 0.53) 

P = 0.17 

Quarterly post-policy 
change relative to pre-
policy change 

0.19 
(0.17, 0.20) 

P < 0.01 

0.17 
(0.16, 0.18) 

P < 0.01 

0.18 
(0.15, 0.20) 

P < 0.01 

0.05 
(0.04, 0.06) 

P < 0.01 

0.16 
(0.14, 0.18) 

P < 0.01 

-0.03 
(-0.05, -0.02) 

P < 0.01 

-0.06 
(-0.14, 0.02) 

P = 0.14 

-0.01 
(-0.04, 0.01) 

P = 0.23 

-0.05 
(-0.07, -0.02) 

P < 0.01 

-0.02 
(-0.06, 0.03) 

P = 0.46 

Net impact relative to 
estimated 
counterfactual d 

3.95 
(3.67, 4.23) 

P < 0.01 

3.61 
(3.35, 3.87) 

P < 0.01 

3.95 
(3.28, 4.61) 

P < 0.01 

1.00 
(0.82, 1.18) 

P < 0.01 

3.48 
(2.96, 4.00) 

P < 0.01 

-0.90 
(-1.29, -0.51) 

P < 0.01 

-1.29 
(-3.28, 0.71) 

P = 0.21 

-0.30 
(-0.80, 0.20) 

P = 0.24 

-1.38 
(-2.13, -0.62) 

P < 0.01 

-0.16 
(-1.28, 0.97) 

P = 0.78 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a All estimates were adjusted for seasonality with quarter fixed effects and for clustering of observations 
by facility with hospital fixed effects. Driscoll-Kraay standard errors account for temporal autocorrelation, 
heteroskedasticity, and cross-sectional dependence of observations. 
b All estimates are based on the full sample of Medicaid-paid births in Georgia and New York between 
2011 and 2019. 
c Full reimbursement policy changes were introduced in Georgia in Jan 2016 and New York in Apr 2014. 
d Given that we had data through 2019, net impact estimates were evaluated through December 2019. 
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Supplemental Table 2.7: Estimated Changes in the Shares of Medicaid-Paid Births with IPP LARC 
Placement and Sterilization Among Individuals Delivering in New York Facilities with Reliable Patient 
Linkage a 

 Overall 
Adolescent 
(Age < 20) 

Age [20-35) Age 35+ Hispanic 
Non-Hispanic 

Black 
Non-Hispanic 

White 
Non-Hispanic 

Other 

Immediate Postpartum LARC 

Quarterly pre-policy 
change 

0.02 
(0.00, 0.04) 

P = 0.10 

0.03 
(-0.01, 0.07) 

P = 0.15 

0.02 
(0.00, 0.04) 

P = 0.11 

0.02 
(0.00, 0.05) 

P = 0.09 

0.06 
(0.00, 0.13) 

P = 0.05 

0.05 
(-0.01, 0.11) 

P = 0.08 

0.00 
(-0.01, 0.01) 

P = 0.86 

0.05 
(0.00, 0.10) 

P = 0.06 

Level change at 
time of full policy 
onset b 

0.61 
(0.25, 0.96) 

P < 0.01 

0.81 
(0.11, 1.50) 

P = 0.02 

0.59 
(0.26, 0.92) 

P < 0.01 

0.61 
(0.06, 1.15) 

P = 0.03 

2.10 
(0.57, 3.62) 

P = 0.01 

1.08 
(0.37, 1.79) 

P < 0.01 

-0.05 
(-0.17, 0.07) 

P = 0.39 

0.62 
(-0.08, 1.31) 

P = 0.08 

Quarterly post-
policy change 
relative to pre-
policy change 

0.19 
(0.15, 0.23) 

P < 0.01 

0.25 
(0.17, 0.34) 

P < 0.01 

0.19 
(0.15, 0.23) 

P < 0.01 

0.17 
(0.12, 0.22) 

P < 0.01 

0.48 
(0.35, 0.61) 

P < 0.01 

0.19 
(0.11, 0.28) 

P < 0.01 

0.05 
(0.04, 0.07) 

P < 0.01 

0.17 
(0.09, 0.25) 

P < 0.01 

Net impact relative 
to estimated 
counterfactual c 

4.78 
(3.90, 5.66) 

P < 0.01 

6.41 
(4.69, 8.13) 

P < 0.01 

4.74 
(3.92, 5.56) 

P < 0.01 

4.39 
(3.41, 5.37) 

P < 0.01 

12.60 
(10.05, 
15.15) 

P < 0.01 

5.36 
(3.37, 7.36) 

P < 0.01 

1.10 
(0.74, 1.47) 

P < 0.01 

4.35 
(2.63, 6.08) 

P < 0.01 

Immediate Postpartum Sterilization 

Quarterly pre-policy 
change 

0.06 
(0.03, 0.08) 

P < 0.01 

0.00 
(0.00, 0.01) 

P = 0.16 

0.04 
(0.02, 0.06) 

P < 0.01 

-0.02 
(-0.08, 0.04) 

P = 0.47 

0.06 
(-0.01, 0.13) 

P = 0.08 

0.04 
(0.01, 0.07) 

P = 0.02 

0.06 
(0.03, 0.10) 

P < 0.01 

0.01 
(-0.03, 0.05) 

P = 0.59 

Level change at 
time of full policy 
onset b 

-0.07 
(-0.33, 0.18) 

P = 0.57 

0.02 
(-0.04, 0.08) 

P = 0.54 

-0.21 
(-0.46, 0.05) 

P = 0.11 

-0.11 
(-1.33, 1.12) 

P = 0.86 

0.67 
(-0.05, 1.38) 

P = 0.07 

-0.22 
(-0.77, 0.32) 

P = 0.43 

-0.44 
(-0.76, -0.12) 

P = 0.01 

0.22 
(-0.26, 0.70) 

P = 0.38 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.07 
(-0.10, -0.05) 

P < 0.01 

0.00 
(-0.01, 0.00) 

P = 0.74 

-0.07 
(-0.10, -0.04) 

P < 0.01 

-0.08 
(-0.15, 0.00) 

P = 0.05 

-0.12 
(-0.20, -0.03) 

P = 0.01 

-0.06 
(-0.10, -0.02) 

P = 0.01 

-0.07 
(-0.11, -0.03) 

P < 0.01 

-0.07 
(-0.13, -0.02) 

P = 0.01 

Net impact relative 
to estimated 
counterfactual c 

-1.71 
(-2.37, -1.04) 

P < 0.01 

0.00 
(-0.14, 0.13) 

P = 0.98 

-1.73 
(-2.39, -1.08) 

P < 0.01 

-1.80 
(-3.52, -0.08) 

P = 0.04 

-1.87 
(-3.89, 0.15) 

P = 0.07 

-1.45 
(-2.45, -0.45) 

P < 0.01 

-1.93 
(-2.99, -0.87) 

P < 0.01 

-1.38 
(-2.70, -0.06) 

P = 0.04 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a All estimates were adjusted for seasonality with quarter fixed effects and for clustering of observations 
by facility with hospital fixed effects. Driscoll-Kraay standard errors account for temporal autocorrelation, 
heteroskedasticity, and cross-sectional dependence of observations. 
b Full reimbursement policy changes were implemented in New York in April 2014. 
c Given that we had data through 2019, net impact estimates were evaluated through December 2019. 
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Supplemental Figure 2.8: Facility-Level Post-Policy Rate of IPP LARC Provision Among Medicaid-Paid 
Births 
 

 
 
Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
Notes: Estimates are based on the full sample of Medicaid-paid births in Georgia (Panel A) and New York 
(Panel B), following each state’s full policy start date (January 2016 in Georgia; April 2014 in New York). 
Facilities are grouped based on their share of birth with an associated inpatient LARC placement.  

Georgia

A)

New York

B)
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Supplemental Table 2.9: Number of IPP LARCs Needed to Avert a Single Short-Interval Birth a, b 

 Overall Adolescent (Age < 20) 
Non-Hispanic Black (GA) 

Hispanic (NY) 

Georgia 
0.5 

(0.3, 0.7) 
0.5 

(0.0, 0.9) 
0.8 

(0.3, 1.4) 

New York 
2.2 

(1.4, 3.1) 
1.6 

(0.6, 2.6) 
3.4 

(0.9, 5.9) 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a Estimates provided are the ratio of the net increase in the rate of IPP LARC provision and the net 
decline in the rate of subsequent birth within 21 months of an index birth. Given that our data were 
through December 2019, we calculated this ratio in March 2018. Estimates are provided with 95% 
confidence intervals. Standard errors were calculated using the delta method. 
b In New York, changes in IPP LARC provision and the rate of short-interval birth were estimated among 
Medicaid-paid index births in the subset of facilities with reliable patient linkage. 
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Supplemental Table 2.10: Facility Characteristics in Georgia Before and After Profile Matching a, b 

  Pre-PM Post-PM 

 
High-Adopting 

Facilities 
(N = 2) 

Non-Adopting 
Facilities 
(N = 54) 

Non-Adopting 
Facilities 
(N = 9) 

Individual-Level Characteristics    

Mean Age 26.1 years 25.3 years 26.0 years 

Age < 20 Share 13.1% 13.6% 12.7% 

Age ≥ 35 Share 10.5% 7.5% 9.6% 

Non-White Share 86.8% 55.3% 79.7% 

Mean High School Completion Rate c 81.3% 81.4% 81.3% 

Facility-Level Characteristics    

Medicaid-Paid Birth Share 77.3% 58.4% 67.1% 

Abbreviations: PM, profile matching 
a Profile matching was conducted based on individual-level characteristics of pre-policy Medicaid-paid 
births and facility-level shares of Medicaid-paid births. The variables that were matched on are 
summarized in the table above. We utilized the MatchIt package in R with a Gurobi optimizer.* All 
variables were permitted to have a standardized mean difference of 0.5 between matched groups. 
b We defined high-adopting facilities as facilities with over 10% immediate postpartum LARC provision, 
among Medicaid-paid births in the final year of our analytical window (April 2017 – March 2018). We 
defined non-adopting facilities as facilities with no immediate postpartum LARC provision, among 
Medicaid-paid births between April 2014 (time of initial policy changes) and March 2018. We considered 
all facilities with an average of 10 or more Medicaid-paid births per month. 
c Median high school completion rate available at the zip-code-level, via the U.S. Census Bureau’s 
American Community Survey. 
 
* Citations: Ho D, Imai K, King G, Stuart EA. MatchIt: Nonparametric Preprocessing for Parametric Causal 
Inference. Journal of Statistical Software. 2011; 42(8):1–28 | https://www.gurobi.com/ 
  

https://www.gurobi.com/
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Supplemental Table 2.11: Facility Characteristics in New York Before and After Profile Matching a, b 

  Pre-PM Post-PM 

 
High-Adopting 

Facilities 
(N = 4) 

Non-Adopting 
Facilities 
(N = 34) 

Non-Adopting 
Facilities 
(N = 4) 

Individual-Level Characteristics    

Mean Age 26.6 years 25.7 years 26.4 years 

Age < 20 Share 11.4% 11.3% 10.0% 

Age ≥ 35 Share 11.5% 7.6% 10.0% 

Non-White Share 84.9% 26.4% 41.6% 

Mean High School Completion Rate c 71.6% 86.6% 82.6% 

Facility-Level Characteristics    

Medicaid-Paid Birth Share 65.4% 35.3% 30.1% 

Catholic Church Operated 0.0% 20.6% 0.0% 

Highest Obstetric Level of Care 100.0% 20.6% 25.0% 

Metropolitan 100.0% 70.6% 100.0% 

Teaching Facility 100.0% 35.3% 100.0% 

Abbreviations: PM, profile matching 
a Profile matching was conducted based on individual-level characteristics of pre-policy Medicaid-paid 
births and facility-level shares of Medicaid-paid births, in addition to facility characteristics provided via the 
AHA Annual Survey. The variables that were matched on are summarized in the table above. We utilized 
the MatchIt package in R with a Gurobi optimizer.* All variables were permitted to have a standardized 
mean difference of two between matched groups, except for Catholic Church affiliation, metropolitan 
status, and teaching status, for which we enforced an exact match. 
b We defined high-adopting facilities as facilities with over 10% immediate postpartum LARC provision, 
among Medicaid-paid births in the final year of our analytical window (April 2017 – March 2018). We 
defined non-adopting facilities as facilities with no post-policy (i.e., April 2014 onwards) immediate 
postpartum LARC provision. We considered all facilities with reliable patient linkage, an average of 10 or 
more Medicaid-paid births per month, and non-missing data for AHA-derived facility characteristics. 
c Median high school completion rate available at the zip-code-level, via the U.S. Census Bureau’s 
American Community Survey. 
 
* Citations: Ho D, Imai K, King G, Stuart EA. MatchIt: Nonparametric Preprocessing for Parametric Causal 
Inference. Journal of Statistical Software. 2011; 42(8):1–28 | https://www.gurobi.com/ 
  

https://www.gurobi.com/
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Supplemental Table 2.12: Difference-in-Differences Estimates for IPP LARC Placement, IPP 
Sterilization, and Subsequent, Short-Interval Birth in High-Adopting vs. Matched, Non-Adopting Facilities 
in Georgia a, b 

 Pre-Policy Post-Policy 

Difference-
in-

Differences 
Estimate 

NNT c 
Outcome 

High-
Adopting 
Facility 
Mean 

Matched, 
Non-

Adopting 
Facility 
Mean 

High-
Adopting 
Facility 
Mean 

Matched, 
Non-

Adopting 
Facility 
Mean 

Immediate Postpartum LARC Uptake  

Overall 3.6% 0.0% 23.2% 0.0% 
19.6 

(18.0, 21.1) 
P < 0.01 

--- 

Age < 20 5.5% 0.0% 35.1% 0.0% 
29.4 

(29.2, 29.6) 
P < 0.01 

--- 

Non-Hispanic 
Black 

3.8% 0.0% 28.9% 0.0% 
25.1 

(21.5, 28.7) 
P < 0.01 

--- 

Immediate Postpartum Sterilization  

Overall 11.1% 8.9% 8.2% 8.4% 
-2.1 

(-3.3, -0.9) 
P < 0.01 

--- 

Age < 20 0.0% 0.0% 0.0% 0.0% --- --- 

Non-Hispanic 
Black 

8.8% 7.3% 7.9% 6.6% 
0.0 

(-2.0, 2.0) 
P = 0.99 

--- 

Subsequent Birth Within 21 Months  

Overall 11.8% 10.7% 9.8% 10.8% 
-2.0 

(-2.7, -1.3) 
P < 0.01 

9.7 
(6.8, 12.5) 

Age < 20 16.2% 15.3% 12.0% 15.7% 
-4.3 

(-5.8, -2.9) 
P < 0.01 

6.3 
(4.3, 8.4) 

Non-Hispanic 
Black 

14.5% 12.2% 11.2% 12.3% 
-3.3 

(-4.9, -1.7) 
P < 0.01 

7.5 
(4.5, 10.5) 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception; NNT, number 
needed to treat 
a Difference-in-differences (DiD) estimates were adjusted for seasonality with quarter fixed effects and for 
clustering of observations by facility with hospitals fixed effects. Observations were weighted based on 
facility-level profile matching weights. Clustered standard errors additionally account for 
heteroskedasticity. Sample means are based on the subsample of Medicaid-paid births in Georgia from 
high-adopting or matched, non-adopting facilities. 
b Full reimbursement policy changes were implemented in Georgia in January 2016. Pre- and post-policy 
are defined here accordingly. 
c NNT estimates capture the number of IPP LARC placements needed to avert a single short-interval birth 
within 21 months of an index birth. Estimates provided are the ratio of the DiD estimates for the rate of 
IPP LARC provision and the rate of subsequent birth within 21 months of an index birth. Estimates are 
provided with 95% confidence intervals. Standard errors were calculated using the delta method. 
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Supplemental Table 2.13: Difference-in-Differences Estimates for IPP LARC Placement, IPP 
Sterilization, and Subsequent, Short-Interval Birth in High-Adopting vs. Matched, Non-Adopting Facilities 
in New York a, b 

 Pre-Policy Post-Policy 

Difference-in-
Differences 

Estimate 
Outcome 

High-
Adopting 
Facility 
Mean 

Matched, 
Non-

Adopting 
Facility 
Mean 

High-
Adopting 
Facility 
Mean 

Matched, 
Non-

Adopting 
Facility 
Mean 

Immediate Postpartum LARC Uptake 

Overall 0.1% 0.0% 11.2% 0.0% 
11.2 

(7.3, 15.0) 
P < 0.01 

Age < 20 0.0% 0.0% 14.4% 0.0% 
14.5 

(9.0, 20.0) 
P < 0.01 

Hispanic 0.1% 0.0% 14.2% 0.0% 
14.0 

(12.9, 15.1) 
P < 0.01 

Immediate Postpartum Sterilization 

Overall 6.0% 5.7% 6.6% 5.4% 
0.8 

(-0.1, 1.7) 
P = 0.07 

Age < 20 0.0% 0.0% 0.2% 0.0% 
0.2 

(0.0, 0.5) 
P = 0.07 

Hispanic 7.4% 7.0% 8.7% 6.4% 
1.6 

(0.2, 3.0) 
P = 0.03 

Subsequent Birth Within 21 Months 

Overall 7.1% 10.2% 5.6% 9.2% 
-0.8 

(-1.8, 0.2) 
P = 0.13 

Age < 20 8.7% 16.9% 7.5% 10.7% 
4.6 

(3.3, 5.9) 
P < 0.01 

Hispanic 6.0% 7.0% 4.4% 7.6% 
-0.8 

(-1.6, 0.1) 
P = 0.08 

Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
a Difference-in-differences (DiD) estimates were adjusted for seasonality with quarter fixed effects and for 
clustering of observations by facility with hospitals fixed effects. Observations were weighted based on 
facility-level profile matching weights. Clustered standard errors additionally account for 
heteroskedasticity. Sample means are based on the subsample of Medicaid-paid births in Georgia from 
high-adopting or matched, non-adopting facilities. 
b Full reimbursement policy changes were implemented in New York in April 2014. 
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Supplemental Figure 2.14: Quarterly Shares of Medicaid-Paid Births with IPP LARC Placement and 
Subsequent, Short-Interval Birth Among Individuals Delivering in High-Adopting Facilities 
 

 
 
Abbreviations: IPP, immediate postpartum; LARC, long-acting reversible contraception 
 
This figure displays the quarterly percentage of Medicaid-paid births with an associated inpatient LARC 
placement (Panels A, B) and subsequent, short-interval birth (Panels C, D) [gray dots]. Panels A and C 
are based on Medicaid-paid births in two high-adopting facilities in Georgia; Panels B and D are based on 
Medicaid-paid births in four high-adopting facilities in New York. We defined high-adopting facilities as 
facilities with over 10% immediate postpartum LARC provision, among Medicaid-paid births in the final 
year of our analytical window. The dashed red lines correspond to the timing of each state’s full Medicaid 
reimbursement policy change (January 2016 in Georgia; April 2014 in New York). Separate trend lines 
[blue] were estimated before and after the respective policy start date. The dashed green lines are post-
policy extensions of pre-policy trends and represent counterfactual post-policy trends. Net impact 
estimates are provided at the end of the analytical window for each outcome and reflect the difference 
between the observed and counterfactual trends. Given that we had data through 2019, net changes in 
the rate of IPP LARC provision were estimated through December 2019, while net changes in the rate of 
subsequent, short-interval birth within 21 months were estimated through March 2018.  
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Supplemental Figure 2.15: Additional Trends in Birth Spacing and Rates of Subsequent Birth Among 
Medicaid-Paid Index Births 
 

 
 
This figure displays the quarterly mean birth interval (in months) among Medicaid-paid births with a 
subsequent birth within 36 months (Panels A and D) and the quarterly percentage of Medicaid-paid births 
with a subsequent birth within 36 months (Panels B and E) and within 15 months (Panels C and F) [gray 
dots]. Panels A-C are based on the full sample of Medicaid-paid births in Georgia. while Panels D-F are 
based on the full sample of Medicaid-paid births in New York. The dashed red lines correspond to the 
timing of each state’s full Medicaid reimbursement policy change (January 2016 in Georgia; April 2014 in 
New York). Separate trend lines [blue] were estimated before and after the respective policy start date. 
The dashed green lines are post-policy extensions of pre-policy trends and represent counterfactual post-
policy trends. Given that we had data through December 2019, Panels A, B, D, and E feature index births 
through December 2016, while Panels C and F feature index births through September 2018. In New 
York, trends were estimated among Medicaid-paid index births in the subset of facilities with reliable 
patient linkage. 
 

Georgia

A)

B)

C)

New York

D)
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Supplemental Table 2.16: Estimated Changes in Birth Intervals and in the Shares of Medicaid-Paid 
Births with Subsequent Birth: Overall and in Key Subgroups a, b 

 

Georgia New York 

Overall 
Adolescent 
(Age < 20) 

Non-
Hispanic 

Black 
Overall 

Adolescent 
(Age < 20) 

Hispanic 

Birth Interval (in Months), Conditional on Subsequent Birth Within 36 Months 

Quarterly pre-
policy change 

-0.04 
(-0.05, -0.02) 

P < 0.01 

-0.01 
(-0.05, 0.03) 

P = 0.56 

-0.03 
(-0.06, 0.01) 

P = 0.13 

-0.01 
(-0.02, 0.00) 

P = 0.12 

-0.01 
(-0.06, 0.04) 

P = 0.62 

-0.06 
(-0.12, 0.00) 

P = 0.07 

Level change at 
time of full policy 
onset c 

0.34 
(0.19, 0.49) 

P < 0.01 

0.08 
(-0.43, 0.59) 

P = 0.76 

0.18 
(-0.23, 0.58) 

P = 0.40 

0.16 
(0.00, 0.31) 

P = 0.05 

-0.07 
(-0.60, 0.47) 

P = 0.81 

0.51 
(-0.07, 1.09) 

P = 0.08 

Quarterly post-
policy change 
relative to pre-
policy change 

0.02 
(-0.06, 0.09) 

P = 0.68 

0.00 
(-0.21, 0.22) 

P = 0.97 

0.04 
(-0.16, 0.24) 

P = 0.70 

0.04 
(0.02, 0.06) 

P < 0.01 

0.05 
(-0.03, 0.14) 

P = 0.22 

0.03 
(-0.05, 0.01) 

P = 0.53 

Net impact relative 
to estimated 
counterfactual d 

0.39 
(0.22, 0.56) 

P < 0.01 

0.09 
(-0.27, 0.45) 

P = 0.62 

0.29 
(-0.13, 0.72) 

P = 0.18 

0.53 
(0.35, 0.70) 

P < 0.01 

0.47 
(-0.52, 1.46) 

P = 0.35 

0.76 
(-0.34, 1.87) 

P = 0.17 

Subsequent Birth Within 36 Months 

Quarterly pre-
policy change 

0.07 
(0.02, 0.11) 

P < 0.01 

0.08 
(0.03, 0.12) 

P < 0.01 

0.02 
(-0.06, 0.10) 

P = 0.69 

-0.04 
(-0.10, 0.02) 

P = 0.17 

0.05 
(-0.09, 0.19) 

P = 0.46 

-0.06 
(-0.19, 0.07) 

P = 0.38 

Level change at 
time of full policy 
onset c 

-0.34 
(-0.67, -0.02) 

P = 0.04 

1.59 
(1.09, 2.09) 

P < 0.01 

-0.88 
(-1.59, -0.16) 

P = 0.02 

-0.98 
(-1.63, -0.32) 

P < 0.01 

-1.78 
(-2.78, -0.78) 

P < 0.01 

-0.61 
(-1.83, 0.61) 

P = 0.33 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.10 
(-0.25, 0.05) 

P = 0.19 

-1.06 
(-1.34, -0.78) 

P < 0.01 

0.18 
(-0.05, 0.42) 

P = 0.12 

-0.09 
(-0.17, 0.02) 

P = 0.01 

-0.44 
(-0.61, -0.27) 

P < 0.01 

-0.19 
(-0.32, -0.05) 

P = 0.01 

Net impact relative 
to estimated 
counterfactual d 

-0.65 
(-1.13, -0.16) 

P = 0.01 

-1.59 
(-2.26, -0.91) 

P < 0.01 

-0.33 
(-1.12, 0.45) 

P = 0.41 

-1.89 
(-2.93, -0.86) 

P < 0.01 

-6.19 
(-8.28, -4.11) 

P < 0.01 

-2.46 
(-4.80, -0.13) 

P = 0.04 

Subsequent Birth Within 15 Months 

Quarterly pre-
policy change 

0.03 
(0.02, 0.04) 

P < 0.01 

0.02 
(-0.02, 0.07) 

P = 0.28 

0.03 
(-0.01, 0.06) 

P = 0.14 

0.01 
(-0.02, 0.04) 

P = 0.42 

-0.01 
(-0.11, 0.08) 

P = 0.80 

0.05 
(0.00, 0.10) 

P = 0.05 

Level change at 
time of full policy 
onset c 

-0.36 
(-0.46, -0.26) 

P < 0.01 

-0.11 
(-0.63, 0.41) 

P = 0.69 

-0.48 
(-0.84, -0.13) 

P = 0.01 

-0.49 
(-0.71, -0.27) 

P < 0.01 

-0.29 
(-1.27, 0.69) 

P = 0.56 

-0.45 
(-0.95, 0.04) 

P = 0.07 

Quarterly post-
policy change 
relative to pre-
policy change 

-0.02 
(-0.04, 0.00) 

P = 0.10 

0.03 
(-0.12, 0.18) 

P = 0.67 

-0.01 
(-0.06, 0.03) 

P = 0.53 

-0.02 
(-0.05, 0.01) 

P = 0.23 

0.01 
(-0.11, 0.12) 

P = 0.92 

-0.08 
(-0.13, -0.03) 

P < 0.01 

Net impact relative 
to estimated 
counterfactual d 

-0.54 
(-0.76, -0.32) 

P < 0.01 

0.21 
(-1.07, 1.50) 

P = 0.74 

-0.62 
(-1.32, 0.08) 

P = 0.08 

-0.81 
(-1.46, -0.17) 

P = 0.01 

-0.19 
(-2.65, 2.26) 

P = 0.88 

-1.83 
(-3.09, -0.57) 

P < 0.01 
a All estimates were adjusted for seasonality with quarter fixed effects and for clustering of observations 
by facility with hospital fixed effects. Driscoll-Kraay standard errors account for temporal autocorrelation, 
heteroskedasticity, and cross-sectional dependence of observations. 
b In New York, results were estimated among Medicaid-paid index births in the subset of facilities with 
reliable patient linkage. 
c Full reimbursement policy changes were introduced in Georgia in Jan 2016 and New York in Apr 2014. 
d Net impact estimates were evaluated at the end of the analytical window for each outcome. Given that 
we have data through 2019, net changes in birth intervals and in the rate of subsequent birth within 36 
months were estimated through December 2016, while net changes in the rate of subsequent birth within 
15 months were estimated through September 2018. 
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APPENDIX 3: Supplemental Materials for Chapter 3, “Enhancing Perinatal Mortality Risk Prediction 
Models to Assess Care and Outcomes for High-Risk Pregnancies” 
 
Supplemental Figure 3.1: Study Sample Flow Diagram 
 

 
 
Note: We considered births at six facilities across a large, Massachusetts-based integrated health care 
system, between April 1, 2017 and June 30, 2023.  

Births between April 1, 2017 
and June 30, 2023 with 
observed prenatal care: 37,255

End of pregnancy prior to 28 
weeks of gestation or unknown 
gestational age: 220

Missing clinical or socio-
demographic features needed 
for risk stratification: 5,433

Overall, Risk Prediction 
Sample: 29,602

AFS Utilization Subsample: 
(Births at Hospital A, excluding 
ones between March 15, 2020 

and December 31, 2020 during 
the start of the COVID-19 

pandemic): 13,223
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Supplemental Table 3.2: Risk Stratification Performance of All Tested Clinical and Clinical+ Models a 

Risk Stratification Model 
AUC 

(95% CI) 
TPR at 10% FPR, % 

Clinical Models b   

Unweighted Logistic Regression 
0.57 

(0.52, 0.63) 
20.7 

Unweighted Lasso Regression 
0.58 

(0.53, 0.63) 
20.3 

Unweighted GBM 
0.58 

(0.53, 0.64) 
20.3 

Down-Sampled Random Forest 
0.53 

(0.48, 0.59) 
18.6 

Unweighted GBM-Based Ensemble 
0.57 

(0.52, 0.63) 
16.1 

Clinical+ Models c   

Unweighted Logistic Regression 
0.64 

(0.59, 0.69) 
22.9 

Unweighted Lasso Regression 
0.63 

(0.58, 0.68) 
22.0 

Unweighted GBM 
0.62 

(0.57, 0.67) 
24.6 

Down-Sampled Random Forest 
0.62 

(0.56, 0.67) 
21.2 

Unweighted GBM-Based Ensemble 
0.63 

(0.59, 0.69) 
22.9 

Abbreviations: AUC, area under the receiver operating characteristic curve; FPR, false positive rate; 
GBM, stochastic gradient boosting machine; TPR, true positive rate 
a All models trained to predict a composite adverse outcome including third-trimester stillbirth, early 
newborn death (i.e., within seven days of childbirth), and a low (i.e., <7) five-minute Apgar score. All 
models trained on a random subset of the overall sample and tested on a held-out test sample, with test 
AUCs reported. 
b Clinical models included traditional, morbidity-based risk factors ascertained before the start of the third 
trimester. 
b Clinical+ models included both traditional, morbidity-based risk factors as well as structural and 
sociodemographic features ascertained before the start of the third trimester. 
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Supplemental Table 3.3: Optimal Hyperparameters and Coefficients for Top-Performing ML-Based 
Clinical Risk Stratification Model a 

Shrinkage 
Maximum Tree 

Depth 

Minimum 
Terminal Node 

Size 

Number of 
Boosting 
Iterations 

AUC 

0.1 1 10 50 0.582 

0.1 2 10 50 0.576 

0.1 3 10 50 0.579 

0.1 1 10 100 0.580 

0.1 2 10 100 0.580 

0.1 3 10 100 0.578 

0.1 1 10 150 0.579 

0.1 2 10 150 0.582 

0.1 3 10 150 0.575 

Abbreviations: AUC, area under the receiver operating characteristic curve; ML, machine learning 
a The top clinical risk stratification model was an unweighted stochastic gradient boosting machine. 
Optimal (selected) hyperparameters are bolded.  
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Supplemental Table 3.4: Optimal Hyperparameters for Top-Performing ML-Based Clinical+ Risk 
Stratification Model a 

Shrinkage 
Maximum Tree 

Depth 

Minimum 
Terminal Node 

Size 

Number of 
Boosting 
Iterations 

AUC 

0.1 1 10 50 0.64 

0.1 2 10 50 0.63 

0.1 3 10 50 0.59 

0.1 1 10 100 0.63 

0.1 2 10 100 0.59 

0.1 3 10 100 0.56 

0.1 1 10 150 0.62 

0.1 2 10 150 0.58 

0.1 3 10 150 0.56 

Abbreviations: AUC, area under the receiver operating characteristic curve; ML, machine learning 
a The top clinical+ risk stratification model was an unweighted gradient boosted machine-based ensemble 
learner, incorporating predictions from a logistic-regression-based model, a lasso-regression-based 
model, a stochastic gradient boosting machine, and a random forest. Optimal (selected) hyperparameters 
are bolded. 
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Supplemental Table 3.5: Most Important Features in Top-Performing ML-Based Clinical and Clinical+ 
Risk Stratification Models a 

Feature 
Importance 

Rank 
Clinical Model Clinical+ Model 

1 Multifetal gestation Multifetal gestation 

2 Substance use Prenatal care utilization 

3 Pre-pregnancy BMI Pre-pregnancy BMI 

4 

Hypertensive disorders in pregnancy 
(hypertension [pregestational or 

gestational], gestational edema, pre-
eclampsia, eclampsia 

Distance from home zip code to birthing 
facility 

5 
Placental abnormalities (placental 

abruption, velamentous cord insertion, 
polyhydramnios) 

Maternal age 

6 Diabetes (pregestational or gestational) Substance use 

7 
Sickle cell disease (including related 

hemoglobinopathies) 
# of prior births (term or preterm) 

8 Systemic lupus erythematosus Zip-code-level median household income 

9 
History of prior complications during 

pregnancy or childbirth 
Zip-code-level high school completion 

10 Maternal age 
Placental abnormalities (placental 

abruption, velamentous cord insertion, 
polyhydramnios) 

a Clinical model feature importance assessed via the top-performing machine-learning-based clinical 
(unweighted GBM) stratification model. Clinical+ model feature importance assessed via the highest-
importance component model of the top-performing unweighted GBM-based ensemble learner: 
unweighted GBM. The 10 most important features for each model are presented. All features were 
ascertained before the start of the third trimester (i.e., before 28 weeks of gestation). 
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Supplemental Table 3.6: Descriptive Summary of Outpatient AFS Utilization a 

% of Pregnancies with Any Outpatient AFS 75.4% 

Average # of Days of Testing Among Those Receiving AFS 3.4 

Median # of Days of Testing Among Those Receiving AFS 3 

Maximum # of Days of Testing Among Those Receiving AFS 22 

Average Timing of First Test Among Those Receiving AFS 33.8 weeks of gestation 

Abbreviations: AFS; antenatal fetal surveillance 
a Statistics based on AFS utilization subsample. Outpatient AFS included outpatient biophysical profiles 
and nonstress tests conducted on or before one’s day of admission for childbirth. 
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Supplemental Table 3.7: Association Between Antenatal Fetal Surveillance and Third-Trimester Stillbirth, 
Stratified by Predicted Risk a 

Variable Coefficient Estimate b 

Intercept 
0.003 

(0.000, 0.006) 
P = 0.09 

2nd Risk Quartile 
0.001 

(-0.004, 0.006) 
P = 0.70 

3rd Risk Quartile 
0.000 

(-0.005, 0.005) 
P = 0.95 

4th (Highest) Risk Quartile 
0.009 

(0.004, 0.015) 
P < 0.01 

Indicator for AFS Receipt 
-0.001 

(-0.005, 0.003) 
P = 0.68 

Indicator for AFS Receipt * 2nd Risk Quartile 
0.000 

(-0.006, 0.005) 
P = 0.91 

Indicator for AFS Receipt * 3rd Risk Quartile 
0.001 

(-0.005, 0.006) 
P = 0.81 

Indicator for AFS Receipt * 4th (Highest) Risk Quartile 
-0.009 

(-0.015, -0.002) 
P < 0.01 

Abbreviations: AFS; antenatal fetal surveillance 
a Risk quartiles based on the top-performing ML-based clinical+ risk stratification model. 
b Coefficients estimated via ordinary least squares and provided with 95% confidence intervals and 
corresponding p-values. 


