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ABSTRACT
Objective:Maternal health and wellness during pregnancy are associated with long-term health outcomes in children. The current study
examined whether infants of women who participated in a mindfulness-based intervention during pregnancy that reduced levels of stress
and depression, increased physical activity, and improved glucose tolerance differed on biobehavioral markers of psychopathological and
physical health risk compared with infants of women who did not.
Methods: Participants were 135 mother-infant dyads drawn from a racially and ethnically diverse, low-income sample experiencing high
stress. The women participated in an intervention trial during pregnancy that involved assignment to either mindfulness-based intervention
or treatment-as-usual (TAU). Infants of women from both groups were assessed at 6 months of age on sympathetic (preejection period),
parasympathetic (respiratory sinus arrhythmia), and observed behavioral (negativity and object engagement) reactivity and regulation dur-
ing the still face paradigm. Linear mixed-effects and generalized linear mixed-effects models were used to examine treatment group dif-
ferences in infant outcomes.
Results: Relative to those in the intervention group, infants in the TAU group showed a delay in sympathetic activation and subsequent
recovery across the still face paradigm. In addition, infants in the intervention group engaged in higher proportions of self-regulatory be-
havior during the paradigm, compared with the TAU group. No significant effect of intervention was found for parasympathetic response
or for behavioral negativity during the still face paradigm.
Conclusions: Findings provide evidence that maternal participation in a short-term, group mindfulness-based intervention during preg-
nancy is associated with the early development of salutary profiles of biobehavioral reactivity and regulation in their infants. Because these
systems are relevant for psychopathology and physical health, prenatal behavioral interventions may benefit two generations.
Key words: intervention, mindfulness, prenatal programming, stress reactivity, infant.
ANS = autonomic nervous system, OR = odds ratio,
PEP = preejection period, PNS = parasympathetic nervous system,
RSA = respiratory sinus arrhythmia, SNS = sympathetic nervous
system, TAU = treatment-as-usual
INTRODUCTION

The developmental origins of health and disease (DOHaD) frame-
work posits that maternal-placental-fetal interactions underlie

long-term risk for many complex, common, and economically
burdensome health problems (1), such as cardiovascular disease,
diabetes, and an array of psychiatric disorders (2,3). Early DOHaD
science revealed a range of maternal health and behavior factors
during pregnancy, including nutrition, smoking, and alcohol con-
sumption, that can program offspring health and development
(4). More recently, maternal distress has received empirical atten-
tion as an intrauterine environment factor that impacts offspring
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developmental trajectories (5). Across these various types of ma-
ternal factors that can adversely program offspring disease risk,
putative mechanisms involve endocrine, immune/inflammatory,
and metabolic processes (1), although additional, multilevel (e.g.,
behavior, physiology) research is needed to fully understand the var-
ious pathways. There is also a notable need for inquiry into protec-
tive factors that buffer the deleterious effects of prenatal distress on
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poor offspring health, as not all exposed individuals develop psychi-
atric conditions or health problems. Such empirical gaps hinder the
identification of potential avenues of prevention and intervention.

Recent summaries of this literature highlight the need for research
that couples examination of how maternal distress and health behav-
iors affect child healthwith tests of prenatal intervention programs (6).
Such a two-pronged approach affords the ability to make inferences
about causality and identify factors promoting maternal and child
health. The current study heeds this call by examining stress reactivity
and regulation, established early phenotypes for health outcomes, in
infants of women who received a mindfulness-based stress reduction
and health promotion intervention during their pregnancy, relative
to a matched control group.

It is biologically plausible that stress response systems, specif-
ically the autonomic nervous system (ANS) and hypothalamic-
pituitary-adrenal axis, contribute to developmental origins of child
health (7). These systems develop rapidly in gestation and are vul-
nerable to established teratogens such as tobacco and opiates (8,9).
Animal models (10) and emerging human studies (11,12) have
provided evidence that maternal distress also affects fetal develop-
ment of stress response systems. Postnatally, a common ANS re-
sponse to a significant stressor (ANS “reactivity”) involves with-
drawal (decrease) of the parasympathetic nervous system (PNS)
and activation (increase) of the sympathetic nervous system (SNS).
A response that includes the hyperreactivity or hyporeactivity of these
systems to a stressor during infancy may have long-term conse-
quences for physical and mental health (13).

Most examinations of prenatal programming of offspring stress
response systems focus on the PNS and the hypothalamic-pituitary-
adrenal axis, and findings generally show atypical stress system
functioning after prenatal distress exposure. For example, exposure
to high levels of prenatal distress has been associated with greater
parasympathetic reactivity (PNS withdrawal) and weaker parasym-
pathetic recovery (return to pre-stress level through increases in PNS
activation) after a stressor in infancy (11,14). Among the emerging
work examining sympathetic response in early childhood, prenatal
distress has been related to dampened sympathetic reactivity to a
stressor (12,15). These physiological findings are corroborated
by studies of observed behavior that show infants exposed to
higher levels of maternal prenatal distress exhibit a slower rate
of behavioral recovery (16) and higher levels of negative reactivity
(17) and fearfulness (18). Thus, young children’s autonomic stress
responses have a demonstrated association with prenatal distress
exposure, but because of the early stage of this body of work, more
empirical inquiry is needed. Particularly, next steps should involve
examination of autonomic stress response in early developmental
stages (e.g., infancy), use of multiple indices of stress response
(e.g., PNS, SNS, behavior), and identification of protective factors
along the pathway.

These next steps are critical, considering the link between atyp-
ical ANS function (hyperresponsiveness, hyporesponsiveness, de-
layed recovery) and childhood mental and physical health prob-
lems. In cross-sectional examination, lower sympathetic reactivity
has been associated with externalizing problems in childhood,
such as antisocial behaviors and substance use (19,20). In addition,
sympathetic hyperreactivity, parasympathetic hyporeactivity, and
delayed parasympathetic recovery have been implicated in child-
hood internalizing problems, particularly anxiety (21–23). These re-
lationsmay have early developmental origins, as atypical autonomic
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function in infancy is concurrently related to temperamental risk fac-
tors for psychopathology such as increased fearfulness (24) and neg-
ative affectivity (25). An additional body of work highlights the role
of early childhood ANSmoderating the association between the en-
vironment and child developmental outcomes, emphasizing that
those with greater reactivity seem to be most susceptible to effects
from both risky and promotive environments (26,27). Lastly, the im-
portance of identifying early life factors associatedwith the develop-
ment of ANS function is underscored by findings linking ANS dys-
function with physical health concerns, such as obesity and elevated
systolic blood pressure in childhood (28,29), and cardiovascular dis-
ease, cancer, and obesity in adulthood (13,30,31).

The current study leverages a quasi-experimental design com-
paring an intervention demonstrated to improvemental and physical
health with treatment-as-usual (TAU) (32). This approach allows for
prospective examination of the effects of a protective, resilience-
enhancing intervention on infant stress reactivity and recovery. In
addition, the majority of evidence in this area has been drawn from
outside of the United States (12,20,33), conducted with predomi-
nantly advantaged, White samples. Research on low-income, ra-
cially and ethnically diverse populations experiencing substantial
exposure to stressors is needed to advance our understanding of risk
and protective mechanisms underlying child physical and mental
health outcomes and to design equitable solutions.

Prenatal mindfulness interventions, which aim to cultivate
moment-to-moment, nonjudgmental awareness of the present mo-
ment (34), have been shown to have a wide range of mental health
benefits during pregnancy and postpartum, such as reductions in
depression (32,35), perceived stress (32,36), anxiety and negative
affect (34), and pregnancy-specific anxiety (37). Emerging evi-
dence has also shown benefits of mindfulness interventions on
physical health, including improved glucose control (32,38) and re-
duced pain (36). Furthermore, findings from emerging experimental,
correlational, and longitudinal investigations spanning pregnancy and
early childhood support the possibility of two generations of benefit
for prenatal interventions. First, real-time changes in fetal heart
rate, heart rate variability, and motor activity have been observed
in response to experimental inductions of maternal relaxation
and stress (39). In addition, correlational approaches have found
that higher levels of mother’s self-reported use of mindfulness dur-
ing pregnancy are associated with maternal report of lower levels
of infant self-regulation problems and negative affectivity (40).
Thus, it seems likely that infant stress physiology and temperament
are associated with maternal prenatal mood and behavior. Direct ex-
amination of ANS reactivity and regulation and observed infant be-
havior after a prenatal mindfulness-based intervention would fill the
gaps in knowledge about early disease risk.

The aim of the current study was to examine whether infants of
women who participated in a mindfulness-based intervention that
significantly reduced levels of stress and depression, increased
physical activity, and improved glucose tolerance during preg-
nancy (32) differed on biobehavioral markers of psychopathology
and health risk compared with infants of women who received
TAU. Our approach addresses critical gaps in this area through ex-
amination of prospective effects of maternal intervention during
pregnancy on infant functioning, objective measurement of infant
stress reactivity and regulation, both physiologically and behavior-
ally, and recruitment of a low-income, racially and ethnically di-
verse sample of families.
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METHODS

Participants
Participants were mother-infant dyads in which the mothers (N = 215) were
recruited during pregnancy to participate in an intervention study testing the
effects of an 8-week mindfulness-based group program on stress, depres-
sion, healthy eating, and gestational weight gain (ClinicalTrials.gov identi-
fier NCT01307683). Pregnant individuals were recruited from hospital-
based clinics, community health centers, Supplemental Nutrition Assis-
tance Program, and Women, Infants, and Children offices, organizations
providing services to pregnant women, and through online advertisements
(e.g., Craigslist). Inclusion criteria included English-speaking women with
singleton pregnancies, aged 18 to 45 years, with a self-reported prepreg-
nancy body mass index between 25 and 41 kg/m2, and with a household
income less than 500% of the federal poverty level. Women had to be 12
to 19 weeks’ gestation at the start of the intervention, and those assigned
to the intervention had to be able to attend eight weekly 2-hour classes at
set times. Exclusion criteria included inability to complete forms in English,
needle phobia or fainting response, substance abuse, medical conditions that
might affect gestational weight gain (including known diabetes, HIV, hyper-
tension, and eating disorders), polycystic ovarian syndrome treated with met-
formin, a regularmeditation practice (20 ormoreminutes two times ormore a
week), recent weight loss (>5% within 6 months), chronic use of corticoste-
roids, or a history of gastric bypass surgery.

A subset of participants in the intervention study (n = 162) agreed to enroll
in a subsequent study examining the effects of prenatal factors on offspring be-
havioral, physiological, and anthropometric development (see Ref. (11) for de-
tails on the sample and protocol). Of these dyads, 137 completed the standard
protocol of the 6-month in-person visits, although 2 were excluded from anal-
yses because the infant was beyond the intended age of visit, resulting in 135
mother-infant dyads with usable longitudinal data for the current study. In addi-
tion, because of delays in governmental processing of funding for equipment,
ANS data were collected on 66 infants; of those, 1 was excluded for providing
only one epoch of ANS data. Thus 65 infants were included in the subset of
ANS analyses. The participants who enrolled in the current study did not differ
from participants in the original intervention study on baseline (preintervention)
self-reported depression, perceived stress, maternal age, race, or ethnicity
( p > .6 for all).

Infants were approximately 6 months of age (mean [standard deviation
{SD}] = 6.5 [0.60]months, range = 5.8–8.9months; 49% female) at the time of
the assessment. The sample represents an ethnically/racially diverse population,
with 36% Black, 17% White, 1% Asian, 1% American Indian or Alaska Na-
tive, 46% mixed race or other, and 40% Hispanic. The majority (68%) of
mothers were married/partnered, overweight/obese (body mass index: mean
[SD] = 31.3 [4.99] kg/m2; range = 23–53 kg/m2), andmultiparous (53%). Fam-
ily annual income ranged from $0 to $86,000 (median = $18,000), with about
half falling below the federal poverty guideline (41). The intervention group did
not differ from the TAU group on key demographic variables at baseline, in-
cluding maternal age, household income, or partnership status (Table 1). The
groups did differ on gestational age at study enrollment, which was covaried
in analyses, consistent with prior intervention tests in this study (32).

Procedures

Intervention
Mindful Moms Training was adapted from three interventions: The Mind-
ful Motherhood Training (34), Supporting Health by Integrating Nutrition
and Exercise (42), and Mindfulness-Based Eating Awareness Training (43).
In eight weekly, 2-hour, group sessions with 8 to 14 participants each, the in-
tervention aimed to reduce stress and prevent excessive gestational weight
gain using three experiential training components: a) nutrition and eating behav-
ior, didactics onwhat to eat, howmuch to eat, and how andwhen to eat; b)mind-
ful eating, discussion of hunger and satiety cues, taste satisfaction, and food
choices; c)mindfulness for stress reduction, formal (e.g., sittingmeditation,
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mindful movement) and informal (e.g., mindfulness of daily activities) prac-
tices to promote nonreactivity to and nonjudgmental acceptance of experi-
ences. See Refs. (32,44,45) for more information onMindful Moms Training.

At study enrollment, womenwere nonrandomly assigned to eitherMindful
Moms Training or TAU. Random assignment, although ideal, was not feasible
for the current study, given the intervention requirement to enroll about 10
women at the same stage of pregnancy in each group. Therefore, gestational
age and ability to attend the scheduled group classes affected randomization;
women unable to attend intervention classes because of their schedules, or
womenwith gestational age of 20 to 23weekswho otherwisemet the eligibility
criteria, were assigned to the comparison group. Women in the comparison
group proceeded with TAU. Notably, this assignment protocol resulted in bal-
anced groups across demographics, other than the one difference in gestational
weeks.No restrictionswere placed on themental health care that intervention or
TAU participants received during the study period, and participants with ele-
vated depressive symptom severity scores were provided a list of local mental
health providers.

Initial examinations showed that participants in Mindful Moms Training
reported pre-post intervention increases in mindfulness practice, acceptance
of negative emotions, and emotion regulation (44). Primary outcome analy-
ses from the intervention efficacy trial revealed that Mindful Moms Training
was associated with significantly greater preintervention to postintervention
improvements in several of the treatment targets. Specifically, women in
the intervention group demonstrated significant declines in self-reported de-
pressive symptom severity and perceived stress, increases in physical activity,
and improved glucose control, comparedwith TAU (32). Furthermore, longi-
tudinal examinations of depressive symptoms revealed lasting intervention
effects ofMindfulMoms Training on depression through 18months postpar-
tum (46).

For the present analysis, we compared the intervention group to the
TAU group on a variety of health and behavior characteristics (Table 1).
Consistent with prior publications in terms of balance of key factors at base-
line (32), we found that women who participated in the intervention did not
differ from women in TAU on these variables, including baseline stress and
depression ( p = .55 and p = .93, respectively).

Mother-Infant Research Visit
The 6-month mother-infant visits were completed in-person, at a research
office (25%; n = 34) or in participants’ homes (75%; n = 101), depending
on family preference. All assessors were unaware of treatment group as-
signment of the mothers. All procedures were reviewed and approved by
the University of California, San Francisco Institutional Review Board.
Each mother provided written, informed consent for herself and her infant.

Double Still Face Paradigm
Infants were exposed to the still face paradigm, a widely used experimental
paradigm for evaluating infant physiological, behavioral, and emotional
regulation (47) for approximately 10 minutes. A variation of the standard
still face, the “double still face,”was used here, as it has been demonstrated
to produce enhanced infant stress responses (47). This approach involves
five 2-minute episodes: a) play (baseline), b) still face 1, c) reunion 1, d) still
face 2, and e) reunion 2. During the play episode, mothers were instructed
to interact with their seated infant as they usually would. During the still
face episodes, mothers were instructed to stop playing with, touching, or
responding to the infant and to hold a neutral facial expression. During
the reunion episodes, mothers were instructed to resume interacting and
playing with the then often-distressed child.

Measures

Autonomic Nervous System
ANS activity was collected continuously using BioNex hardware and
BioLab acquisition software version 3.0 (Mindware Technologies, Ltd.,
www.mindwaretech.com) via spot electrodes placed on the infants at least
June 2022
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TABLE 1. Demographics by Intervention and Treatment-as-Usual Group

Characteristic Intervention (n = 71)a TAU (n = 64)a pb

Maternal age, y 27.9 (5.3) 28.2 (6.3) .77

Gestational weeks at enrollment 15.1 (2.9) 19.7 (4.2) <.001

Maternal prepregnancy BMI, kg/m2 30.8 (4.5) 31.7 (5.5) .31

Multiparous 38 (54%) 33 (52%) .96

Household income, $ 16,800 [9000–35,000] 18,500 [10,000–34,250] .60

Missing 4 2

Family poverty 104 [62–230] 101 [54–196] .47

Missing 4 2

Maternal gestational diabetes 5 (7.0%) 8 (13%) .38

Missing 0 1

Maternal hypertension 13 (18%) 6 (9.5%) .21

Missing 0 1

Maternal prenatal smoking .26

Current smoker 2 (3.0%) 5 (7.9%)

Former smoker or never smoked 65 (97%) 58 (92%)

Missing 4 1

Child gestational age at birth, d 279 [274–282] 278 [274–282] .86

Child preterm birth .67

GA < 37 wk 2 (2.8%) 3 (4.7%)

GA 37+ wk 69 (97%) 61 (95%)

Breastfeeding 64 (91%) 59 (92%) 1.00

Missing 1 0

Maternal depression (PHQ-9): prenatal 7.2 (5.0) 7.3 (4.8) .93

Missing 3 1

Maternal depression (PHQ-9): postnatal 3.8 (4.0) 5.2 (4.0) .061

Missing 9 4

Maternal perceived stress (PSS): prenatal 19.0 (5.8) 18.4 (5.9) .55

Missing 2 1

Maternal perceived stress (PSS): postnatal 15 (7) 16 (7) .46

Missing 10 4

PSI total (PSI-SF) 62 (18) 63 (17) .82

Missing 12 11

Child ethnicity (Latinx/Hispanic) 32 (45%) 22 (34%) .28

Child age, mo 6.56 (0.60) 6.42 (0.59) .17

Child biological sex .68

Female 33 (46%) 33 (52%)

Male 38 (54%) 31 (48%)

Maternal partnership status .92

Married, in committed relationship, or engaged 49 (69%) 42 (67%)

Single, separated, or divorced 22 (31%) 21 (33%)

Missing 0 1

TAU = treatment-as-usual; GA = gestational age; PHQ = Patient Health Questionnaire-9; PSS = Perceived Stress Scale; PSI-SF = Parenting Stress Index—Short Form; IQR =
interquartile range .
aMean (SD), n (%), median [IQR].
bWelch two-sample t test, Pearson χ2 test, Fisher exact test.
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5minutes before the first play period, which precedes the still face task. See
Refs. (11,48) for the full ANS collection and scoring methods protocol.

Parasympathetic activity was assessed with respiratory sinus arrhyth-
mia (RSA; the naturally occurring variation in heart rate as a function of
respiration). The RSA index was calculated using the interbeat intervals
detected from electrocardiogram readings, respiration rates detected from
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impedance waveforms (e.g., dZ/dt), and a bandwidth range of 0.15 to 1.04 Hz
(49); decreases in RSA reflect withdrawal of the PNS. Sympathetic activity
was assessed using preejection period (PEP), a systolic time interval repre-
senting the elapsed duration from the beginning of electrical stimulation
until the ejection of blood from the left ventricle (50). PEP was measured
in milliseconds as the time interval between the onset of ventricular
June 2022
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Prenatal Mindfulness and Infant Outcomes
depolarization (Q point on the electrocardiogram wave) and the onset of left
ventricular ejection (B point on the dZ/dt wave); decreases in PEP (shorten-
ing) reflect activation of the SNS. The Mindware setting for the B-point cal-
culation was 55% dZ/dt time + 4 ms. RSA and PEP data were filtered, ex-
tracted, and scored in 30-second epochs using Mindware software. Cleaning
procedures involved examining for artifacts, deleting individual data files if
more than 25% of the 30-second epochs were unscorable, and checking out-
liers (>3 SD) by task and summary scores. After data cleaning, participants
provided a mean of 15.2 epochs of PEP data (SD = 5.8, median = 20) and
15.3 epochs of RSA data (SD = 5.8, median = 20).

Observed Infant Behavior
During the assessments, two cameras were strategically placed to record
both mothers’ and infants’ responses during the still face paradigm for later
behavioral coding. Videos of the infant’s responses were objectively coded
by two trained research assistants, uninformed of treatment group, using a
behavioral coding scheme adapted from Tronick’s Infant and Caregiver En-
gagement Phases (51). Codes weremutually exclusive and combined infor-
mation from the infant’s face, direction of gaze, vocalizations, and body
movements across the duration of the task. Three infant phases from the In-
fant and Caregiver Engagement Phases were used. Negative behavior was
derived from the standardized composite of two codes: negative protest,
characterized by active fussing, facial expressions of anger, or pulling away,
and negative withdrawal, characterized by disengagement from the caregiver,
sad facial expressions, whimpering/fussy vocalizations, or listless demeanor.
Our measure of self-regulation, object engagement, was characterized by
looking at proximal or distal objects with neutral, interested, or positive affect.
Coders characterized behavior based on the aforementioned standards on a
second-by-second scale across the entire task, with high interrater reliability
(κ = 0.86). Time-standardized aggregate scores were computed for negative
behavior and object engagement, representing the percent of time spent in that
state during nonoverlapping 120-second episodes across the paradigm.

Data Analytic Plan
Obtaining up to 20 observations from participant episodes during the dou-
ble still face (four 30-second epochs for each of up to five episodes), we
used linear mixed-effects models to describe changes in ANS regulation
(PEP, RSA) and examine whether differences in autonomic response pat-
terns and behavior were moderated by maternal intervention group. Also,
we examined changes in infant behavior (negativity, self-regulation) using
generalized linear mixed-effects models and logit link function to model
behavior observed as the percent of time during each of the five episodes.
For each of the four outcomes, model 1 examined change over episodes
of the still face task (main effects only), and model 2 examined treatment
group effects (main effects and interaction effects).

In model 1 for each outcome, play is treated as a baseline intercept, and
changes during each subsequent episode are examined. Eachmodel 1 included
the still face episode-type as sample fixed effect and allowed for random inter-
cept, which allows for examination of episode-to-episode change. Fixed ef-
fects provide intercept as overall sample level during baseline episode and co-
efficient of change-from-baseline for each subsequent still face episode.

In model 2 for each outcome, we examined whether infant physiological
activation or behavior during the still face task was moderated by maternal as-
signment to the treatment group (0 =TAU, 1 = intervention). Gestational weeks
at enrollment (centered to the TAU group mean) was included as a covariate to
account for this one postassignment group difference. Main fixed effects pro-
vide intercept as theTAUgroup level during baseline and coefficients of change
for the TAU group. Interaction effects provide baseline difference between the
TAU and intervention groups and change-from-baseline difference between the
TAU and intervention groups for each still face episode. For ANS regulation,
follow-up tests were performed to examine pairwise changes for sequential
episode-to-episode changes within the repeated-measures framework (de-
creases in PEP and RSA indicate reactivity or activation of the stress response,
whereas increases indicate a calming response [recovery postchallenge]). Infant
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behavior data modeled as log odds were transformed back to their original
proportion response scale for interpretation. Odds ratios (ORs) were used
to compare the TAU and intervention groups.

All ANS regulation multilevel models were fit to available participant
data (3–20 repeated measurements of 30 seconds each) including a fixed ef-
fect for episode change and random intercept and slope and an autoregressive
(lag 1) correlation error structure for subject-dependent epoch measurements
using the nlme package in R (52). Infant behavior models were fit to obser-
vation data as proportion (no. of seconds displayed/no. of seconds total), with
up to five episodes per participant, including a random intercept using the
glmmTMB package in R (53). Incomplete or partial data were treated using
standard missing-at-random structures. Overall level and interaction model
statistical significance were evaluated at α = .05; p values for pairwise differ-
ences were adjusted using false discovery rate for 10 tests.

RESULTS

ANS Regulation
Results for ANS activity are shown in Table 2 and Figures 1 and 2.
For PEP model 1 (main effects only), significant shortening (SNS
activation) was observed after the still face 1 episode (B = −1.61,
p < .001) and persisted through the final episode (reunion 2;
B = −1.02, p < .05). For PEPmodel 2 (main effects + interactions),
a significant treatment group interaction showed children of inter-
vention participants demonstrated shortening earlier during the still
face 1 episode, relative to children of TAU participants (B = −1.39,
p < .05). Follow-up pairwise contrasts (Figure 1) showed that the
TAU group in general followed the pattern of PEP shortening after
still face 1 that persisted to task completion. Furthermore, the signifi-
cant play-to-reunion 2 contrast for the TAU group, but not the inter-
vention group, suggests PEP recovery only for the intervention group.

For RSAmodel 1, suppression was observed linearly from base-
line to still face 1 (B = −0.23, p = .06) to reunion 1 (B = −0.35,
p < .05), with the greatest RSAwithdrawal during the still face 2 ep-
isode (B = −0.72, p < .001), and recovery at reunion 2 (B = −0.28,
p= .06). In RSAmodel 2, effectmodification of this pattern by treat-
ment group was not significant. Follow-up pairwise comparisons
(Figure 2) show that the change pattern in RSA is more demonstra-
ble in the TAU group, with some episode differences within the in-
tervention group being smaller, although these became nonsignifi-
cant after false discovery rate adjustment.

Infant Behavior
Results for coded behavior are shown in Table 2 and Figure 3. In
negativity model 1, both TAU and intervention group infants showed
significant increases in negative behavior from baseline, most notably
during still face 2 and reunion 2 episodes (B values = 2.84–5.29, p
values < .001). For model 2, although significant interactions indi-
cated differences in group changes from baseline, these were not very
meaningful because of the low prevalence of observed negative be-
havior during baseline. Comparison of negative behavior during each
episode slice revealed ORs between 1.99 and 4.37 ( p values =
.06–.38), with the TAU group displaying marginally higher rates
of negative behavior across all episodes.

For self-regulation model 1, both groups demonstrated an over-
all significant decrease from baseline, with relatively more self-
regulation observed during both still face episodes compared with
reunion episodes. Model 2 revealed that intervention group infants
demonstrated more self-regulatory behavior after still face 1 and a
relatively smaller decrease in self-regulatory behavior from baseline.
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TABLE 2. Regression Model Results

Infant Outcome

PEP RSA Object Engagement Negativity

Model Type

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Intercept/Play B 75.872 *** 75.452 *** 4.245 *** 4.352 *** −0.282 * −0.554 ** −5.757 *** −5.000 ***

SE 0.66 0.81 0.13 0.15 0.12 0.17 0.33 0.48

SF 1 B −0.181 0.260 −0.231 −0.222 0.361 *** 0.296 *** 3.203 *** 3.079 ***

SE 0.27 0.33 0.12 0.15 0.03 0.04 0.06 0.08

Reunion 1 B −1.161 *** −1.066 ** −0.345 * −0.398 * −0.473 *** −0.753 *** 2.840 *** 2.693 ***

SE 0.31 0.37 0.15 0.18 0.03 0.04 0.07 0.08

SF 2 B −1.102 ** −1.161 * −0.722 *** −0.905 *** −0.173 *** −0.446 *** 5.286 *** 5.132 ***

SE 0.40 0.48 0.18 0.22 0.03 0.04 0.07 0.09

Reunion 2 B −1.021 * −1.220 * −0.278 −0.295 −1.073 *** −1.357 *** 4.766 *** 4.439 ***

SE 0.42 0.51 0.15 0.18 0.03 0.05 0.07 0.09

Group B — −0.194 — −0.441 — 0.420 — −1.474
SE — 1.66 — 0.31 — 0.28 — 0.79

GW (covariate) B — −0.294 — −0.026 — −0.018 — 0.011

SE — 0.19 — 0.04 — 0.03 — 0.09

SF1 by group B — −1.391 * — −0.042 — 0.115 * — 0.328 **

SE — 0.58 — 0.27 — 0.05 — 0.12

Reunion 1 by group B — −0.242 — 0.173 — 0.510 *** — 0.403 **

SE — 0.67 — −0.32 — 0.06 — 0.14

SF2 by group B — 0.208 — 0.460 — 0.493 *** — 0.417 **

SE — 0.86 — 0.39 — 0.06 — 0.14

Reunion 2 by group B — 0.653 — 0.059 — 0.496 *** — 0.784 ***

SE — 0.91 — 0.32 — 0.07 — 0.14

Model 1: main effects only; model 2: main effects and interaction effects. Group: 0 = treatment-as-usual, 1 = intervention/Mindful Moms Training. For model 1 columns, B
coefficients provide intercept as overall sample level during baseline episode and coefficient of change-from-baseline for each subsequent still face episode. For model 2 columns,
interaction effects provide baseline difference between treatment-as-usual and intervention groups and intervention group difference-in-difference for each still face episode.

PEP = preejection period; RSA= respiratory sinus arrhythmia; SF = still face; SE= standard error; GW= gestational weeks at enrollment, centered around treatment-as-usual group
mean.

* p < .05.

** p < .01.

*** p < .001.
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Specifically, the intervention group displayed significantly
more self-regulatory behavior during reunion 1, still face 2,
and reunion 2 (ORs = 2.49–2.53, p values < .01) compared with
TAU. Both groups demonstrated a significant decline in self-
regulation from baseline play to reunion 2. Comparing the two
groups, the intervention group pattern suggests more persistent
level of regulatory behavior between play and still face 2
(OR = 1.05, p = 1.00), whereas the TAU group pattern suggests
a decline (OR = 0.64, p < .01).

DISCUSSION
We tested whether improvingmaternal health andwell-being during
pregnancy might promote salutary infant stress responses. Maternal
participation in an evidence-based prenatal mindfulness interven-
tion, which led to reduced perceptions of stress and depression, in-
creased physical activity, and improved glucose tolerance relative
to a TAU group (32), was associated with differing patterns of phys-
iological and behavioral reactivity and regulation in their 6-month-
old infants. Specifically, infants of women who participated in a
Psychosomatic Medicine, V 84 • 525-535 530
prenatal mindfulness-based intervention exhibited patterns of SNS
activation and regulation after a stressor that are consistent with
lower risk for psychopathology and health problems (54,55). In con-
trast, infants of TAUmothers showed more delayed SNS activation
and a lack of recovery. In addition, intervention group infants en-
gaged in higher proportions of self-regulatory behavior during the
stressful task, compared with TAU group infants. No significant
effect of intervention was found for either infant parasympathetic
response or observed negative behavior.

Overall, the current findings contribute to the literature through
novel use of an intervention study design with longitudinal follow-
up in an understudied population of low-income, racially and eth-
nically diverse women experiencing substantial levels of prenatal
distress. The vast majority of prior work demonstrating prenatal
DOHaD is correlational, which limits causal inference. Further-
more, most DOHaD studies have involved advantaged, White,
non-US samples. Thus, the population studied here represents
those at potentially greatest risk for intergenerational transmis-
sion of adversity effects and therefore warrants close study and
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FIGURE 1. Maternal prenatal intervention effects on sympathetic nervous system activity at 6 months of age. A, Upper left panel shows
group-level PEP means across the still face paradigm. B, Bottom left panel is a pictorial representation of PEP model 2 (main effects +
interaction), where “B” shows the estimates for the control group (rows 2–5 of Table 2), and “Bgroup” shows the estimates for the
intervention group (rows 8–11 of Table 2). Filled-in circles represent model coefficient significantly different (p < .05) from zero. C,
Rightmost panel depicts episode-level contrasts between the intervention and control groups. Filled-in circles represent model coefficient
significantly different (p < .05) from zero. PEP = preejection period. Color version of this figure is available online only with this article at
www.psychosomaticmedicine.org.
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pursuit of supportive solutions. In addition, the current findings
provide evidence for the prenatal period as a particularly sensi-
tive developmental window for both the mother and fetus, as
FIGURE 2. Maternal prenatal intervention effects on parasympathetic n
group-level RSA means across the still face paradigm. B, Bottom left
interaction), where “B” shows the estimates for the control group (r
intervention group (rows 8–11 of Table 2). Filled-in circles represent
Rightmost panel depicts episode-level contrasts between the interventio
significantly different (p < .05) from zero. RSA = respiratory sinus arr
this article at www.psychosomaticmedicine.org.
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maternal intervention during pregnancy improved maternal
wellness and affected offspring’s physiology and behavior, early
precursors for mental and physical health across the life span (56).
ervous system activity at 6 months of age. A, Upper left panel shows
panel is a pictorial representation of RSA model 2 (main effects +
ows 2–5 of Table 2), and “Bgroup” shows the estimates for the
model coefficient significantly different (p < .05) from zero. C,
n and control groups. Filled-in circles represent model coefficient
hythmia. Color version of this figure is available online only with
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FIGURE 3. Maternal prenatal intervention effects on observed infant behavior at 6 months of age. A, Upper panels show group-level means for
observed self-regulation (object engagement) and negativity across the still face paradigm. B, Bottom panels depict model 2 (main effects +
interaction) odds ratios for both behavioral domains. Odds ratios greater than 1 indicate greater levels in the intervention group, whereas
odds ratios less than 1 indicate greater levels in the control group. Filled-in circles represent model coefficient significantly different (p < .05)
from zero. TAU = treatment-as-usual. Color version of this figure is available online only with this article at www.psychosomaticmedicine.org.

ORIGINAL ARTICLE
More importantly, the results shift the focus from the role of poor
maternal health in this programming to the role of improving well-
ness during pregnancy to optimize health outcomes for children.

Current behavioral findings are consistent with prior correla-
tional work on prenatal stress and infant behavior (16,18,57), and
a prior finding that mothers’ self-reported use of mindfulness during
pregnancy is associated with maternal report of lower levels of in-
fant self-regulation problems and negative affectivity (40). Further-
more, a previous randomized controlled trial using a meditation in-
tervention during pregnancy found that infants of treatment group
mothers received higher maternal-report ratings of approach be-
haviors and positive affect, compared with infants of control group
mothers (58). Given the use of objective, observed measurement
of infant behavior, the results in the current study add strong sup-
port to this area of inquiry that has relied on parent report. Further-
more, sample demographics of the present study are unique in this
area in terms of income and associated exposures to stress.

Although the feasibility and reliability of collecting SNS data
from infants have been established (59,60), very few studies have
examined maternal health and behaviors during the prenatal period
and infant sympathetic response (see, for exception, Refs. (12,15)).
Alkon et al. (15) examined whether maternal prenatal adversities
were related to infant ANS reactivity trajectories from 6 months to
5 years of age, in a predominantly low-income, Spanish-speaking
sample. They found that children of mothers who experienced so-
cioeconomic adversity during pregnancy showed dampened sympa-
thetic reactivity to laboratory stressors over early childhood, whereas
children of mothers who experienced no socioeconomic adversity
during pregnancy showed heightened SNS sensitivity to stressors as
they grew older. Because the current findings focus solely on
6-month sympathetic reactivity and regulation, they represent the
first snapshot of the trajectories found by Alkon and colleagues;
the intervention group children may continue to show reactivity
Psychosomatic Medicine, V 84 • 525-535 532
and regulation, whereas the TAU group children may be expected
to shift from delayed responsivity to dampened responsivity. Further lon-
gitudinal investigation is needed to determine the effects of prenatal stress
on the developmental trajectories of sympathetic reactivity and regulation.

The current results indicated that infants of the TAUgroup, com-
pared with the intervention group, showed delayed sympathetic ac-
tivation and lack of recovery during the intended recovery period.
Specifically, TAU group infants did not, on average, exhibit sympa-
thetic reactivity during the first still face episode (the stressor). In-
stead, sympathetic reactivity emerged during the first reunion
episode—an expected time for recovery. A return to baseline
levels of sympathetic activity was not captured among TAU group
infants within our measurement time frame of 10 minutes. This
lack of observed PEP recovery is consistent with a prior study in
which infants exposed to higher levels of early adversity (e.g., pre-
natal substance exposure, parent mental illness, family financial
stress) showed increasing PEP activation during the recovery
phase of the still face task (12). Conversely, similar to intervention
group infants in the current study, infants with no exposure to
these early adversities demonstrated both reactivity to the stressor
and recovery during the reunion phase. In addition, it is possible
that the observed group differences in PEP reactivity and regula-
tion reflect postnatal parenting differences between the groups,
as infants’ stress responses to the still face task are likely influenced
by their history of prior interactions with the caregiver (61). For ex-
ample, elevated or extended stress reactions to the still face para-
digm have been correlated with exposure to insensitive caregiving
(60). Furthermore, attenuated sympathetic response has been gener-
ally associated with externalizing problems and cardiovascular risk
factors (e.g., obesity, high blood pressure) in children and adoles-
cents (19,20,28,29), although risk is best predicted by considering
the interactions between reactivity and a child’s social contexts, such
as family, school, and community environments (27).
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Analyses did not reveal significant treatment group differences
in parasympathetic reactivity and regulation. This null finding sug-
gests that the PNS, relative to the SNS, may be less sensitive to
programming by prenatal intervention, or the effects may be more
nuanced involving untested moderated associations. The PNS plays
a broader role in homeostasis and social engagement and regulation
(62), whereas the SNS is more specific to threat response. As previ-
ously published, the sample studied here experienced, on average,
2.6 types of major stressful life events during pregnancy (11); thus,
the prenatal intervention may have been particularly salient for SNS
development.More investigation is needed to clarify the relation be-
tween prenatal stress and parasympathetic function, with careful
consideration for the level of stress exposure across samples.

Several mechanisms may underlie the associations between in-
tervention participation and the infant outcomes found here. Nota-
bly, groups did not differ in gestational age at birth, breastfeeding,
or maternal parenting stress, suggesting that those are unlikely me-
diators in this study. As previous work reported treatment group
differences in postnatal depression in this sample (46), preliminary
descriptive analyses were conducted to explore the potential role
of postnatal depression in the observed relations. Its weak, nonsig-
nificant associations with the infant outcomes suggest that mater-
nal postnatal depression does not mediate the intervention associ-
ations reported here. Although these specific possible mediators
were ruled out in this sample, the DOHaD framework indicates
that endocrinological, metabolic, and inflammatory processes may
have been impacted by the intervention. It is possible that group dif-
ferences in experiences of stress and depression led to differing group
levels of circulating maternal stress hormones, such as cortisol and
corticotropin-releasing hormone (63,64), and subsequent differences
in the development of infant sympathetic function and behavior. In
addition, because gestational diabetes has long-term impacts on fetal
heart development (65), glucose tolerance improvements associated
with the interventionmay also underlie the observed autonomic group
differences. Lastly, participation in the interventionmay have affected
maternal parenting behaviors. Previous work has demonstrated an as-
sociation betweenmindfulness andmore attuned and responsive par-
enting behaviors (66); thus, it is possible that the still face task involv-
ing maternal behavior was experienced differently by infants across
groups. Examining this range of prenatal and postnatal, and biological
and behavioral, potential mechanisms in future research is important
for illuminating the pathways underlying DOHaD processes.

These results suggest that effects of prenatal interventions are
not limited to maternal wellness, but also extend to child develop-
ment. Notably, the intervention in the present study was a short-
term (8 weeks), group program, and participants were predomi-
nantly low-income women, a group that typically endures barriers
to care due to insurance, access, costs, and stigma (67,68). The cur-
rent intervention sample achieved excellent retention, attendance,
and reporting of home practice outside of the class setting, and par-
ticipants reported high satisfaction with the program’s content and
logistics (44). It may be helpful to note, however, that many re-
sources were used to recruit women early in pregnancy and help
them attend a weekly meeting. This and similar pregnancy inter-
ventions may be more easily administered and successfully imple-
mented if they are offered as part of group prenatal care, coordinat-
ing with medical visits to reduce travel burden. The current results
suggest that such investments during pregnancy will facilitate ma-
ternal and child well-being in low-income populations.
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The current findings should be interpreted in the context of sev-
eral limitations. First, the maternal sample in this study comprised
overweight and obese women, which may limit the generalizabil-
ity of our findings. Considering the high prevalence of overweight
and obesity among American women of childbearing age, particu-
larly among women of color (69), the current sample may be more
representative of this domain than typical research samples. Next,
because of challenges of cohort-based recruitment and a short re-
cruitment window (between 8 and 12 weeks’ gestational age), a
comparison group was used rather than a fully randomized design.
However, the two groups did not differ on key sociodemographic
factors and demonstrated no baseline differences in stressful life
events, perceived stress, or depressive symptoms. The sole signif-
icant difference between the groups was gestational weeks at study
enrollment, which was covaried in all analyses here and was not
associated with the infant outcomes tested. An additional limita-
tion is modest sample size, particularly for the ANS outcomes. Al-
though the analytic approaches used leveraged a multilevel design
to increase statistical power to detect significant effects, larger sam-
ples are likely needed to optimally examine mediators and modera-
tors of associations found.

Several methodological strengths should also be considered. In
addition to the previously noted strength of providing much-needed
data on diverse, low-income samples experiencing high stress, this
study’s measurement of infant reactivity and regulation occurred
at multiple levels: physiology and behavior. Our study leveraged a
criterion standard measure of SNS activity, PEP, which is difficult
to collect from infants because of procedural complexity and move-
ment artifact. Thus, the current study provides some of the first data
in the field for infant PEP activity (12,15), although a few prior stud-
ies have used other SNS indices such as skin conductance (70) and
T-wave amplitude (71). In addition, to capture infant behavior, the
current study used an intensive second-by-second coding scheme,
which bolsters previous findings using parent reports of infant be-
havior that are subject to reporter bias. Lastly, the use of a quasi-
experimental intervention design, as opposed to the more common
cross-sectional/correlational design, enhances confidence in our
interpretation that participation in the prenatal intervention led to
differential outcomes for children.

Taken together, our findings provide evidence that participa-
tion in a short-term mindfulness-based intervention group during
pregnancy was associated with the development of physiological
and behavioral systems that manage stress and confer risk for men-
tal and physical health problems in the offspring. These findings
highlight the promise of prenatal intervention and the need for
work illuminating mechanisms of change to enhance the efficacy
and efficaciousness of such programs for the benefit of mothers
and their children and the health of communities (72).
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