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Abstract

High levels of stress during pregnancy can have lasting effects on maternal and offspring health, which disproportion-
ately impacts families facing financial strain, systemic racism, and other forms of social oppression. Developing ways
to monitor daily life stress during pregnancy is important for reducing stress-related health disparities. We evaluated the
feasibility and acceptability of using mobile health (mHealth) technology (i.e., wearable biosensors, smartphone-based
ecological momentary assessment) to measure prenatal stress in daily life. Fifty pregnant women (67% receiving public
assistance; 70% Black, 6% Multiracial, 24% White) completed 10 days of ambulatory assessment, in which they answered
smartphone-based surveys six times a day and wore a chest-band device (movisens EcgMove4) to monitor their heart
rate, heart rate variability, and activity level. Feasibility and acceptability were evaluated using behavioral meta-data and
participant feedback. Findings supported the feasibility and acceptability of mHealth methods: Participants answered
approximately 75% of the surveys per day and wore the device for approximately 10 hours per day. Perceived burden
was low. Notably, participants with higher reported stressors and financial strain reported lower burden associated with
the protocol than participants with fewer life stressors, highlighting the feasibility of mHealth technology for monitoring
prenatal stress among pregnant populations living with higher levels of contextual stressors. Findings support the use
of mHealth technology to measure prenatal stress in real-world, daily life settings, which shows promise for informing
scalable, technology-assisted interventions that may help to reduce health disparities by enabling more accessible and
comprehensive care during pregnancy.

Keywords Pregnancy - Prenatal health - Mobile health technology - Ecological momentary assessment - Wearable
sensors - Feasibility

Exposure to life stressors and stress-related mental health
problems during pregnancy are known risk factors for a
wide range of negative offspring outcomes, ranging from
adverse birth outcomes to risk for child psychopathology
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(Gelaye & Koenen, 2018; Glover, 2011; Tung et al., 2023).
These factors disproportionately impact pregnant people
of color and families living in under-resourced communi-
ties (Alhusen et al., 2016; Bloom et al., 2013; Robinson et
al., 2016; Thayer & Kuzawa, 2015), who often experience
unique stressors related to their experiences of marginaliza-
tion (e.g., discrimination, structural challenges to access-
ing support and healthcare; Almeida, 2005; Bloom et al.,
2013; Rosenthal et al., 2015). Exposure and response to
daily psychosocial stressors during pregnancy may be a key
pathway through which stress-related health disparities are
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perpetuated across generations (Entringer et al., 2015; Lef-
mann & Combs-Orme, 2014; Lu & Halfon, 2003). Indeed,
life stress during pregnancy has been linked to heightened
maternal symptoms of emotional distress and alterations in
stress physiology (e.g., autonomic/neuroendocrine regula-
tion; Dunkel Schetter, 2011; Latendresse, 2009; Sandman
et al., 2012). These emotional and physiological health indi-
cators during pregnancy, in turn, have direct implications
for fetal development and birth outcomes (Glover, 2015;
Kim et al., 2015). From a prevention science perspective,
the pregnancy period represents a unique window of oppor-
tunity to address health inequities by identifying ways to
buffer prenatal stress and interrupt the transmission of stress
to the next generation (Gelaye & Koenen, 2018). To this
end, there is a critical need to develop ways to accurately
monitor prenatal stress in naturalistic settings, particularly
for individuals facing daily, systemically rooted stressors
during pregnancy.

To date, most prenatal stress studies have been conducted
in the laboratory setting and have relied on retrospective
questionnaires of life stress and/or single-assessment lab-
based measures of stress physiology. Although experimen-
tal stress paradigms have many strengths, single responses
evoked from a mild-moderate stressor (e.g., speech task)
in a controlled setting may not represent patterns of stress
regulation in daily life. In other words, it is unclear how well
these measures generalize to the way pregnant people expe-
rience stress and emotions in the real-world context. Accu-
mulating evidence shows that emotional distress and stress
physiology vary significantly day-to-day depending on both
stressful and positive experiences (Bernstein et al., 2018;
Sliwinski et al., 2009; Zawadzki et al., 2019). For example,
one study of pregnant women collected salivary cortisol
samples across four days and then compared them to single
timepoint measures collected in the lab; higher salivary cor-
tisol collected in the real-world context predicted shorter
offspring gestational age, whereas cortisol measured at a
single timepoint in the lab setting was unrelated to offspring
outcomes (Entringer et al., 2011). These preliminary data
support the utility of investigating prenatal stress regulation
in the context of daily real-world stressors. Furthermore,
studies using intensive sampling methods in the real-world
context are needed to better understand the impact of daily
life experiences on day-to-day changes in emotional health
and stress physiology during pregnancy.

Recent advances in mobile health (mHealth) technol-
ogy, including smartphone applications (apps) and wearable
biosensors, provide an opportunity to measure real-world
changes in stress in near real-time. These cutting-edge
methods are making significant advances in other fields of
mental health (Lecomte et al., 2020; Luxton et al., 2011;
Melia et al., 2020), yet relatively few studies have applied
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this technology to the study of prenatal stress (Collins et
al., 2023; Gyselaers et al., 2019; Omowale et al., 2021).
The ability to monitor prenatal stress in a more continuous
fashion and with high ecological validity offers significant
advantages to traditional lab-based approaches. For exam-
ple, smartphone-based ecological momentary assessment
(EMA) protocols often include multiple data collection
points per day, reducing retrospective bias and improving
the accuracy of measuring prenatal stress experiences in
daily life (Smyth et al., 2017). The intensive longitudinal
data collected from these methods also enable statistical
modeling of more complex dynamic associations between
day-to-day variability in social experiences and stress dur-
ing pregnancy, which is important given the central role
of social and environmental factors on pregnancy health
(Runkle et al., 2019). Similarly, many wearable biosensing
devices can now be synced to smartphone-based EMA apps
to characterize the dynamic associations between psycho-
social experiences and stress physiology during pregnancy,
including changes in sympathetic and parasympathetic
regulation of stress responses. Despite the promise of these
methods, however, it is not yet clear how feasible it is to
use these devices to monitor or investigate daily prenatal
stress, particularly for pregnant individuals already facing
high levels of contextual stressors.

Establishing the feasibility and acceptability of mHealth
technology for measuring prenatal stress also has impor-
tant clinical translational implications for reducing prena-
tal health disparities. The ability to monitor experiences
of stress in real-time may help to inform the development
of person-centered and technology-assisted interventions
that can target specific daily experiences and behaviors to
improve prenatal stress regulation. Indeed, national sur-
veys indicate that 96% of young adults in the United States
own a smartphone (Pew Research Center, 2021). Wearable
biosensing technology is also rapidly becoming a common
tool for personalized health management, with positive per-
ceptions of its usefulness particularly when combined with
smartphones or other mHealth tools (Materia & Smyth,
2021). Thus, mobile technology utilized to investigate pre-
natal stress regulation is also one of the most scalable and
translatable platforms for the development of technology-
assisted prenatal interventions delivered in daily life.

A few studies have surveyed pregnant patients and
healthcare providers about their perceptions of mHealth
technology. These studies suggest that the use of smart-
phone and wearable sensors to monitor health during
pregnancy is desirable by pregnant individuals and their
physicians (Runkle et al., 2019). One population-based
study surveyed 507 women in the U.S. and found that 91%
of women expecting to become pregnant in the next 5 years
found wearable electrocardiogram (ECG) devices to be an
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acceptable way to increase monitoring of maternal and fetal
health (Wakefield et al., 2023). Although this survey study
did not directly assess the feasibility and acceptability of
these mHealth tools, the results emphasize that there are
generally positive attitudes towards the use and benefits
of mHealth tools during pregnancy. Similarly, another sur-
vey study found that both clinicians and pregnant patients
expressed openness in using wearables and health monitor-
ing devices during pregnancy, particularly if the data are
being monitored by a clinician and lead to tailored informa-
tion (Li et al., 2021).

However, emerging research has also highlighted impor-
tant considerations when using mHealth tools to monitor pre-
natal stress. A systematic review by Sakamoto et al. (2022)
found mixed evidence on the effectiveness of mHealth
interventions for improving psychosocial health outcomes
like anxiety, stress, and depression among pregnant women.
Other studies surveying clinicians and pregnant patients
report that both groups expressed concerns about the con-
venience of using these tools, highlighting the importance
of gathering data on the acceptability of using wearable bio-
sensors in daily life settings (Li et al., 2021), including the
amount of perceived burden that mHealth tools may add for
participants already experiencing high levels of life stress.
Additional factors such as technical issues, digital literacy,
and cultural beliefs and norms may also influence engage-
ment with mHealth tools (Tumuhimbise et al., 2020). Taken
together, these findings emphasize the need to carefully con-
sider contextual factors when implementing mHealth tools
to measure prenatal stress, especially among families living
in under-resourced communities who often face more fre-
quent and persistent contextual stressors in daily life.

The Present Study

The goal of this study was to evaluate the feasibility and
acceptability of using smartphone-based EMA and a wear-
able heart rate sensor to measure prenatal stress in daily life
for a predominantly low-income sample of pregnant individ-
uals recruited from an urban community. First, we hypoth-
esized that the ambulatory protocol would demonstrate
strong feasibility as evidenced by high levels of participant
adherence and engagement (i.e., completing > 70% of EMA
prompts and wearing the heart rate sensor for >70% of the
assessment days). Second, we hypothesized that the ambu-
latory protocol would be perceived as acceptable to partici-
pants as evidenced by quantitative ratings and qualitative
feedback during an exit interview. Finally, we hypothesized
that these methods would be suitable for assessing daily life
experiences during pregnancy as evidenced by high per-
ceived representativeness of the assessment period relative

to participants’ daily lives during pregnancy. In addition,
we explored potential predictors of these outcomes, includ-
ing demographic factors (e.g., age, socioeconomic status),
contextual factors (e.g., number of life stressors, work sta-
tus), and pregnancy-related factors (e.g., trimester, pain and
fatigue related to pregnancy). Given the lack of studies that
have examined these factors in relation to the acceptability
and feasibility of ambulatory assessment methods, we did
not make any directional hypotheses for this final research
aim.

Method
Participants

Data were drawn from the first 50 participants from an ongo-
ing sub-study of pregnant individuals who were recruited
from a larger longitudinal study of prenatal health and child
development (ECHO-Pittsburgh Girls Study). Inclusion cri-
teria included: ability to read English, willingness to answer
surveys on a study smartphone multiple times a day for 10
days, and willingness to wear a biosensing device to moni-
tor their heart rate during a 10-day ambulatory assessment
period.

All study procedures were approved by the university’s
institutional review board. We approached participants with
a flyer about the sub-study during their first prenatal lab visit
as part of the larger longitudinal study of prenatal health and
child neurodevelopment (ECHO-Pittsburgh Girls Study),
which included 3 total prenatal visits (approximately one
per trimester). Those who were interested in participating in
the new sub-study (74% of the original N=68 approached)
completed a phone screener for eligibility; all interested
participants were eligible to participate. Interested and eli-
gible participants completed written informed consent to
participate in the sub-study during their second ECHO pre-
natal lab visit scheduled as part of the larger study. Due to
the spacing of the visits for the larger longitudinal study,
participants were all in their second or third trimester by the
time they enrolled in the current sub-study. Participants who
declined to participate did not differ from participants who
enrolled on any demographic characteristics (i.e., age, race,
income, public assistance status, marital status, number
of children; all p’s>0.05), with the exception that partici-
pants who declined to participate in the new sub-study were
more likely to report that they were not currently working
(X(1)=4.77, p=.03).

Demographic characteristics of the final study sample
are shown in Table 1. Participants ranged between 25 and
30 years of age and were in their second or third trimes-
ter of pregnancy at the time of assessment (range: 16-39
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Table 1 Demographic characteristics of the study sample (N =50)
Mean (SD) %

Age in years 27.92
(1.42)
Week of Pregnancy 25.82
(6.48)
Second trimester (week 13-26) 60%
Third trimester (week 27-delivery) 40%
Race (and Hispanic ethnicity)
Black (non-Hispanic) 70%
White (non-Hispanic) 24%
Multiracial (non-Hispanic) 6%
Marital status
Single, never married 40%
Married or living with partner 56%
Divorced or separated 4%
Number of children in home 1.22 (1.08)
Occupational Status
Working full-time (30 h/week or more) 53%
Working part-time (29 h/week or less) 25%
Unemployed or laid off 14%
Homemaker, not working outside the home 8%
On paid or unpaid leave 0%

Household Income (past year)

Less than $4,999 17.1%
$5,000-$9,999 12.2%
$10,000-$19,999 4.9%
$20,000-$29,999 17.1%
$30,000-$39,999 9.8%
$40,000-$49,999 7.3%
$50,000-$74,999 9.8%
$75,000-$99,999 7.3%
$100,000-$199,999 14.6%
Receiving Public Assistance 67.3%
Food stamps/SNAP 51.0%
Woman, Infants, and Children (WIC) 34.7%
Program
Cash assistance from government welfare 12.2%

weeks pregnant). Most participants (70%) self-identified as
Black or African American, with the remainder identifying
as White or Multiracial. Regarding household composition,
most participants had at least one child in the home (range
between 0 and 4 children), and approximately half of the
participants self-identified as single (vs. married or living
with a partner). Most participants reported a total combined
household income of less than $50,000 per year, including
over half of the sample reporting less than $30,000 per year.
Over half of the participants reported receiving some form
of public assistance, including food stamps or support from
the Supplemental Nutrition Assistance Program (SNAP),
the Woman, Infants, and Children (WIC) Program, or cash
assistance from government welfare. Most participants
were full- or part-time employed; among those employed,
over 20% reported currently working two jobs during their
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pregnancy. Types of occupation varied across industries,
with about 61% reporting that they work in health care or
social assistance. None of the participants reported that they
were currently on leave (paid or unpaid).

Data collection procedures

Data collection included (1) a prenatal lab visit, (2) 10 days
of ambulatory data collection using a study smartphone and
heart rate sensor (described below), and (3) an exit inter-
view. Participants received monetary compensation for
completing each component of the study, as well as an addi-
tional monetary bonus for (1) responding to at least 70% of
the surveys during the ambulatory assessment period and
(2) wearing the charged sensor for more than half of the day
for at least 7 out of the 10 days.

Lab visit: baseline measures and ambulatory assessment
training

After providing consent during their lab visit, participants
completed baseline questionnaires about demographic
characteristics and pregnancy health as part of the larger
longitudinal pregnancy study. The questionnaire included
questions about age, race and ethnicity, income level, receipt
of public assistance, number of children currently living in
the home, marital status, work status, and type of employ-
ment. Participants also completed the Difficult Life Circum-
stances Scale (DLC; Barnard, 1988), a 28-item self-reported
questionnaire developed to measure the number of current
stressors in an individual’s life, with a focus on stressors
that impact families living in under-resourced environ-
ments, such as financial problems, inadequate housing,
exposure to violence, and interpersonal conflict. Each item
is scored as 1=Yes or 0=No, and items are summed for a
total score representing number of life stressors. Most par-
ticipants (90%) were experiencing at least one life stressor,
with 58% reporting two or more (range 0—10). Participants
also completed questionnaires about their pregnancy status
and health, including questions about the participant’s cur-
rent gestational week, ratings of their current experiences of
fatigue and pain on a 5-point Likert scale, and ratings on the
impact of their pregnancy on everyday physical activities
(e.g., walking, climbing stairs, carrying groceries). Most
participants (75%) reported at least some diminishing of
everyday physical activities from pregnancy, and partici-
pants typically reported experiencing mild-moderate fatigue
and mild pain.

At the end of the baseline visit, participants completed a
tutorial led by a research assistant on how to answer surveys
on the study smartphone and how to wear and take care of
the heart rate sensor. Prior research shows that participant
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training improves adherence in EMA studies (Wen et al.,
2021). We also provided participants an information packet
with the instructions to take home for reference. Partici-
pants were then asked to complete 10 days of ambulatory
assessment, in which they answered surveys six times a day
on a study smartphone and wore a chest band sensor for
measuring heart rate, heart rate variability, and activity level
(described below).

Ambulatory daily life assessment (10-days)

Ecological momentary assessment. Starting the day after
the baseline lab visit, participants responded to EMA ques-
tions about their mood and daily life experiences through the
movisensXS app (Movisens GmbH, Karlsruhe, Germany)
on a study smartphone for 10 days. Participants received
EMA prompts six times a day: (1) a “morning survey” after
specified waketime (varying by weekday and weekends as
indicated by participant), (2) four semi-random “mid-day
surveys” approximately every 2—4 h apart, and (3) a “end-
of-day survey” at a self-specified bedtime. Each EMA sur-
vey was estimated to take 3—5 min to complete and included
items adapted from validated measures of perceived stress
and mood (e.g., Perceived Stress Scale [Watson et al., 1988],
Positive and Negative Affect Schedule [Cohen et al., 1983])
and daily stressful and positive events (e.g., Daily Inven-
tory of Stressful Events [Almeida et al., 2002], Daily Uplifts
Scale [Kanner et al., 1981], Pregnancy Experience Scale
[DiPietro et al., 2008]). For all six surveys, participants
were prompted by a scheduled “It’s time for your survey”
notification from the movisensXS app. For the morning and
end-of-day surveys, participants had the additional option
to press a button in the app to initiate the survey before the
specified wake or sleep time, which allowed participants to
complete the morning and end-of-day surveys earlier than
the programmed notification time (e.g., if waking up or
planning to sleep earlier than usual). Upon receiving a noti-
fication from the movisensXS app that a survey was ready
to complete, participants could either complete the survey
immediately or press a button to “delay” the survey up to the
end of the response window (see below). If the participant
missed the notification, the movisensXS app would send a
repeated alarm reminder after 90 s and another reminder
after three minutes. Participants could delay the mid-day
surveys up to 45 min after initial notification. The delay
period allowed was longer for the morning and end-of-day
surveys: up to 90 min for the morning survey and up to 5 h
for the end-of-day survey, which allowed for additional
flexibility in wake and sleep time.

Heart rate sensor. During the 10-day ambulatory assess-
ment, participants were asked to wear a chest band device
(movisens EcgMove4) during waking hours to collect

data on their heart rate, heart rate variability, and activity
level. The Movisens EcgMove4 is a research-grade wear-
able device that captures ECG using a fast sampling rate
(1024 Hz) that is comparable to gold-standard ECG devices.
The sensor is small (62.3 mm x 38.6 mm x 11.5 mm) and
is used with an elastic dry electrode chest belt or two dis-
posable adhesive electrodes. The device requires minimal
charging (every 2-3 days) and holds up to two weeks of
continuously collected ambulatory data. The device is con-
nected to the movisensXS smartphone app via Bluetooth,
which enables the heart rate data to be synced with the EMA
data. Participants received automated alerts from the movi-
sensXS app notifying them when the device is disconnected,
low in battery, or having issues collecting valid HRV data,
as well as troubleshooting tips to address these issues. The
device uses Bluetooth to transmit the HRV data collection
status every minute (“HrvIsLive”: 1 =collecting valid HRV
data, 0 =no valid HRV data collected), allowing the investi-
gative team to monitor HRV data collection quality in near
real-time and to contact the participant to provide trouble-
shooting support as needed. The data collection status vari-
able transmitted via Bluetooth from the device was used to
quantify the number of hours and minutes per day that the
participant wore the device while providing valid HRV data
for the present feasibility and acceptability analyses.

Phone check-ins. To maximize engagement during the
10-day ambulatory assessment period, a research assistant
provided a check-in text or call after the first day of the
ambulatory assessment protocol during a time and preferred
mode of contact selected by the participant. A follow-up
check-in text was provided every 2—-3 days during a time
selected by the participant until completion of the 10-day
protocol. During the check-in texts, the research assistant
asked about any issues the participant may be experienc-
ing and provided instructional feedback when needed or
requested. During the Day 5 check-in, the research assistant
provided feedback on the participant’s survey completion
progress so far, including whether the participant was cur-
rently on track for the monetary bonus (for completing at
least 70% of the surveys and wearing the sensor for more
than half of the day for at least 7 out of 10 days). In between
the scheduled check-ins, the study staff were available to
answer questions by text, phone call, or through the movi-
sensXS app messaging system.

Exit interview

After the 10-day period, participants came back to the lab
to return the study phone and sensor and complete an exit
interview to provide feedback on their experience in the
study. The exit interview included quantitative and qualita-
tive questions regarding the participant’s experience during
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the ambulatory portion of the study, including perceived
burden and suggestions for improvement. Specifically, par-
ticipants rated three quantitative questions to evaluate the
acceptability of the protocol, including a general question
about quality of experience (“How was your experience
completing the Daily Life Assessment for this study on a
0-10 scale, from 0=Very Negative, 10=Very Positive?”),
two questions about burden of protocol (“How much of a
burden was it to [answer the daily surveys/wear the heart
rate sensor] over the past 10 days?”; both rated on a 0-10
scale from 0=Not at all Burdensome to 10=Extremely
Burdensome). To assess the suitability of using data from a
10-day ambulatory assessment to generalize to experiences
during pregnancy, participants answered “How much do
you think the past 10 days represents your daily life experi-
ences since becoming pregnant?” (from 0=Not at all Rep-
resentative to 10=Extremely Representative). Participants
also responded to open-ended questions, including: (1)
What did you LIKE about the experience? (2) What did you
NOT LIKE about the experience? Any suggestions for areas
to improve? (3) Any other comments for our research team?

Data analysis plan
To evaluate the protocol, we examined descriptive statis-
tics of the behavioral meta-data variables for feasibility

(i.e., percentage of EMA surveys completed and number
of days and hours per day the heart rate sensor was worn),

j

o 1
[ 80 —
£ L T 7T
o L
E 110
o
Q
o n
¢ 60
[}
2
5 50
(2]
)
P 40
o
5
S 30
(8]
s 5
m ;I:'
10

acceptability (i.e., ratings about the quality of the experi-
ence and the burden of the surveys and sensor), and suit-
ability (i.e., ratings about the perceived representativeness
of the protocol relative to daily life during pregnancy). We
examined bivariate correlations to explore potential demo-
graphic and pregnancy-related correlates of feasibility,
acceptability, and suitability variables.

Results
Feasibility

Participants answered an average of 74.54% of the total
number of surveys sent to them (SD=18.15, Range: 26.67—
98.33). Survey completion decreased across the 10 days
(F(9)=2.31, p=.02), from an average of 82% surveys com-
pleted on Day 1 to 69% completed on Day 10 (Fig. 1). On
average, participants wore the heart rate sensor for nearly 9
out of the 10 days (M =8.86 days; Mdn =10 days; SD=2.14,
range=0-10 days). On days that they wore the sensor,
participants wore it for an average of 10.49 h (SD=2.68,
range =4.85-17.17). The average number of hours per day
of sensor wearing did not change significantly across the
10-day ambulatory period (F(9)=1.54, p=.16) (Fig. 2).
Table 2 shows the bivariate correlations between study
variables. Survey completion rates and number of hours
the participant wore the sensor per day were unrelated to
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Day (10-day Daily Life Ambulatory Assessment)

Fig. 1 Percentage of surveys completed per day (mean with 95% CI) during the 10-day Ambulatory Assessment
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Number of hours sensor worn
o

[oe]

Day (10-day Daily Life Ambulatory Assessment)

Fig. 2 Number of hours per day (mean with 95% CI) that participants wore the heart rate sensor

income, receipt of public assistance, employment status, or
self-reported life stressors. Some differences by household
composition were observed: Participants living with chil-
dren wore the heart rate sensor for more hours per day, and
participants living with a partner (e.g., married, domestic
partner) completed a greater percentage of the EMA sur-
veys. Participants reporting greater pregnancy-related dif-
ficulties with physical activity tended to wear the sensor for
fewer number of hours per day; however, pregnancy-related
fatigue and pain were unrelated to survey completion rates
or sensor wearing patterns.

Acceptability

Participants generally liked the experience and rated it posi-
tively (8.18 out of 10). Examples of participant comments
include: “It was easy to coordinate into my daily life” and
“The surveys were like short and it didn't take too long to
complete them. And then I liked how they ask if we were like
experiencing any stress throughout the day and stuff like
that. That was really helpful because memory can change.”
On average, participants perceived the EMA surveys to be
low in burden (2.57 out of 10), and the sensor to be rela-
tively low in burden (3.39 out of 10). As expected, positive
experience ratings were inversely correlated with perceived
burden of EMA and burden of sensor (Table 2).

Income and life stress were significantly correlated with
the acceptability of the protocol (Table 2). Specifically,
income was inversely related to the overall quality of expe-
rience and positively correlated with perceived burden of
the surveys and heart rate sensor. That is, lower income was
related to lower perceived burden. Consistent with this pat-
tern, participants reporting more life stressors (i.e., difficult
life circumstances) reported lower perceived burden of the
heart rate sensor. Similarly, participants with children per-
ceived both the surveys and heart rate sensor to be lower in
burden than participants without children.

Acceptability of the protocol was unrelated to participant
age, week of pregnancy, or pregnancy-related fatigue and
pain. However, participants who felt that pregnancy was
restricting their normal physical activities reported higher
perceived burden of wearing the heart rate sensor.

Representativeness

On average, participants felt that the 10 days of ambulatory
assessment were relatively well representative of their daily
life experiences since becoming pregnant (mean="7.68 out
of 10). The extent to which the sampling window was per-
ceived as accurately capturing their daily life experiences
since becoming pregnant was unrelated to age, week of
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pregnancy, household composition, income, employment
status, or self-reported life stressors.

Discussion

Overall, findings from this study support the feasibility and
acceptability of using smartphone-based EMA and wear-
able physiological monitors to measure daily prenatal stress
responses in a predominantly low-income sample of preg-
nant individuals living in an urban setting. Consistent with
hypotheses, the 10-day ambulatory protocol demonstrated
strong feasibility as evidenced by high levels of participant
engagement and adherence. Participants also perceived the
protocol positively as evidenced by quantitative ratings and
qualitative feedback during the exit interview, which sup-
ports the acceptability of using these methods to measure
prenatal stress. Furthermore, these ambulatory methods
appear suitable for measuring daily life experiences dur-
ing pregnancy given that participants reported that their
responses were thought to closely reflect their daily lives
since becoming pregnant. Thus, our findings support the
use of smartphone-based EMA and wearable physiologi-
cal monitors to measure stress and health during pregnancy,
particularly for pregnant individuals who are reporting high
levels of contextual stress (e.g., financial strain, difficult life
circumstances).

Notably, participants reporting more contextual stressors
tended to rate the ambulatory protocol as less burdensome
compared to participants with higher incomes and fewer dif-
ficult life circumstances. Similarly, participants who were
caring for children in the home during pregnancy rated the
protocol as less burdensome and wore the sensor for more
hours per day compared to primiparous individuals. These
findings were somewhat surprising: individuals who were
living with multiple overlapping stressors appeared to per-
ceive the study protocol as less invasive and burdensome
on their life despite needing to balance the study protocol
with a greater number of objective stressors in their daily
life (e.g., childcare, multiple jobs, housing difficulties). It
is possible that individuals who are experienced in manag-
ing multiple stressors perceive new responsibilities, such as
completing an intensive 10-day ambulatory study protocol,
as minimally arduous relative to the stress of their other life
experiences, thus leading to lower ratings of perceived bur-
den. Alternatively, perhaps individuals with more daily life
stressors found the survey questions more relevant to their
daily life experiences or experienced more benefits (e.g.,
increased insight about daily mood and stressors) from
monitoring these experiences. More studies that examine
predictors of perceived stress and burden may be needed
to further elucidate this pattern of findings. Overall, these

findings suggest that the use of mobile health technology
and ambulatory sampling methods are not only feasible but
perceived positively among communities that experience
high levels of daily life stress. This is important to know
when designing studies to investigate prenatal health dispar-
ities, as there may be assumptions that intensive longitudinal
methods are too burdensome to use among lower-income
and higher-stress samples, which can lead to the exclusion
of these communities from such research.

Findings also suggest that data collected during the
ambulatory sampling was relatively generalizable to daily
life experiences during pregnancy, indicating that these
methods are suitable for studying prenatal health. Partici-
pants generally rated their experiences during the 10-day
assessment as well-representative of their experiences since
becoming pregnant. The implications of these results are
important given that most studies of prenatal stress rely on
single timepoint measures of prenatal stress collected in
the lab setting, which may have limited ecological valid-
ity. Indeed, there is emerging evidence that measures of
prenatal stress (i.c., salivary cortisol) collected in the home
using a daily life assessment protocol are better predictors
of birth outcomes compared to measures collected during
a single lab visit (Entringer et al., 2011). Building on the
current findings, an important future direction is to evaluate
the predictive utility of self-report and psychophysiologi-
cal measures of prenatal stress collected using smartphone-
based EMA and wearable biosensors.

Findings from the current study also have implications
for the types of research questions that can be asked in stud-
ies of prenatal stress. Overall, there is a need to better under-
stand how experiences such as stressors in daily life relate to
physical and mental health during pregnancy. Use of EMA
and mHealth devices expands the types of constructs that
can be measured using single timepoint methods, improv-
ing the ability to measure fluctuations and changes in stress-
ful experiences during pregnancy across days, weeks, and
months. Survey studies indicate that pregnant people are
interested in better understanding the impacts of these daily
life experiences on pregnancy health, an area of research
that is often undervalued by health care professionals
despite the relevance of this work for psychosocial prenatal
interventions (Runkle et al., 2019).

Establishing the feasibility and acceptability of mHealth
tools for measuring experiences during pregnancy is an
important step to informing person-centered and technol-
ogy-assisted prenatal care. Advancing this knowledge is
timely given that 96% of young adults now regularly use
smartphones, and the number of health monitoring wear-
able devices are rapidly increasing (Pew Research Center,
2021). One of the strengths of mHealth technology is its
potential to improve access to personalized prenatal care.
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For example, mHealth apps and wearables could help with
promoting psychological and physical wellbeing during
pregnancy by helping individuals gain insight into their
daily stress and behavioral patterns and providing immedi-
ate feedback to clients that can supplement in-person visits
to healthcare providers. For example in a survey study of
103 pregnant individuals from a rural health clinic, most
participants (70%) indicated that they would be willing to
change their health behaviors in response to personalized
recommendations from a smartphone, which suggests that
this technology is likely to be translatable to personalized
interventions (Runkle et al., 2019). Of note, it was interest-
ing that the smartphone-based EMA component of the study
was seen as slightly less burdensome than the wearable
biosensor, given that EMA requires more frequent activ-
ity (engaging in reporting) than the passive sensing of the
device. It is possible these results are specific to the chest-
band sensor device used in this study; follow up studies that
use other types of wearables are needed to further assess the
perceived burden of various biosensor devices for monitor-
ing health and physiology during pregnancy.

The implications of this research are particularly relevant
for pregnant people of color, who often experience higher
levels of psychosocial stress during pregnancy including rac-
ism-based stressors that impact prenatal health (Giurgescu
et al., 2016). Racial disparities in stress exposure during
pregnancy are further compounded by unique barriers that
pregnant people of color face in accessing safe, respectful,
and culturally sensitive care in hospitals and other primary
healthcare settings (Mehra et al., 2020; Silva et al., 2022).
In particular, in the United States, Black women receive the
lowest rates of prenatal services in the first trimester of preg-
nancy (Silva et al., 2022) and experience the highest rates
of adverse birth outcomes (e.g., low birthweight, preterm
birth) compared to other racial-ethnic groups (Vilda et al.,
2019). Establishing the utility of mHealth technology for
monitoring prenatal health among Black women and other
marginalized populations may help to inform the develop-
ment of tools for relevant, tailored prenatal care that is also
accessible to individuals facing barriers to high-quality care
in primary healthcare settings.

There are several methodological limitations that should
be considered when interpreting the current findings. First,
data were drawn from a relatively small sample, which may
have limited the ability to investigate predictors or modera-
tors of variability in the findings. Although participants who
enrolled in the study did not differ from participants who
declined the study on almost all demographic factors, the
recruitment pool consisted of participants who had already
agreed to participate in a prior research study, which may
have introduced selection bias regarding positive perception
of research studies. In addition, participants were recruited

@ Springer

from a single urban city in the United States, with most par-
ticipants identifying as Black or African American. Thus,
findings may not generalize to other racial-ethnic groups
or populations in other geographic regions. For example, a
study that interviewed 40 women living in rural communi-
ties about preferences surrounding use of smartphones for
behavior change found that women perceived the potential
annoyances with constant phone notifications as a disad-
vantage of using smartphones for health behavior change
(Materia et al., 2018). Given that phone usage patterns and
norms may differ between rural vs. urban and suburban pop-
ulations, more research is needed to examine the extent to
which these findings generalize to other geographic regions.
Finally, the current study involved frequent contact with
participants via phone check-ins to maximize data yield;
studies that do not involve this level of participant contact
may result in lower levels of participant engagement.

In conclusion, findings from this study provide support
for the feasibility and acceptability of using smartphone-
based EMA and wearable physiological monitors to measure
prenatal stress in real-world, daily life settings, particularly
for pregnant people living in under-resourced communi-
ties. This line of work has high relevance to social, health,
and policy issues regarding disparities in prenatal stress
transmission, with potential to inform scalable, technology-
assisted interventions that can be delivered in real-time dur-
ing the pregnancy period.
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