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Abstract

We examined whether Research Domain Criteria (RDoC)-informed measures of prenatal stress predicted newborn neurobehavior and
whether these effects differed by newborn sex. Multilevel, prenatal markers of prenatal stress were obtained from 162 pregnant women.
Markers of the Negative Valence System included physiological functioning (respiratory sinus arrhythmia [RSA] and electrodermal
[EDA] reactivity to a speech task, hair cortisol), self-reported stress (state anxiety, pregnancy-specific anxiety, daily stress, childhood trauma,
economic hardship, and family resources), and interviewer-rated stress (episodic stress, chronic stress). Markers of the Arousal/Regulatory
System included physiological functioning (baseline RSA, RSA, and EDA responses to infant cries) and self-reported affect intensity,
urgency, emotion regulation strategies, and dispositional mindfulness. Newborns’ arousal and attention were assessed via the Neonatal
Intensive Care Unit (NICU) Network Neurobehavioral Scale. Path analyses showed that high maternal episodic and daily stress, low eco-
nomic hardship, few emotion regulation strategies, and high baseline RSA predicted female newborns’ low attention; maternal mindfulness
predicted female newborns’ high arousal. As for male newborns, high episodic stress predicted low arousal, and high pregnancy-specific
anxiety predicted high attention. Findings suggest that RDoC-informed markers of prenatal stress could aid detection of variance in new-
born neurobehavioral outcomes within hours after birth. Implications for intergenerational transmission of risk for psychopathology are
discussed.
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Identifying prenatal factors that may confer susceptibility for
problematic offspring outcomes has far-reaching health and social
implications. However, a significant challenge for research in this
area is capturing the complexity of prenatal risk factors. Focusing
on a single vulnerability factor fails to appreciate the full range of
pregnant women’s emotional, cognitive, and physiological experi-
ences (Doyle & Cicchetti, 2018). The National Institute of Mental
Health’s Research Domain Criteria (RDoC) initiative was intro-
duced to advance understanding of psychopathology based on
dimensions that transcend diagnostic boundaries (Insel et al.,
2010), which can be contrasted with the highly specified catego-
ries in the fifth edition of Diagnostic and Statistical Manual of
Mental Disorders (DSM-5). By encompassing multiple domains
of functioning, the RDoC may provide a more comprehensive
framework to begin unraveling the complexity of prenatal mater-
nal stress (Doyle & Cicchetti, 2018).

The RDoC approach is well suited for studies of the intergener-
ational consequences of prenatal stress for two reasons. First,
RDoC’s hallmark feature of multiple units of analysis (e.g., mole-
cules, cells, circuits, physiology, and behavior; Insel et al., 2010)
can guide studies of the potentially multiple pathways by which pre-
natal risk impact children’s outcomes. Second, RDoC’s central goal
of understanding neurodevelopmental origins of psychopathology
necessarily requires a focus on early development, which in turn
may help inform targeted preventive intervention efforts (Insel
et al., 2010; Mittal & Wakschlag, 2017).Prenatal stress is a multi-
faceted concept and may be characterized as an emergent property
of multiple RDoC domains. In the current study, we focused on two
RDoC domains – the Negative Valence and Arousal/Regulatory
Systems. We examined whether markers of susceptibility under
each domain predicted individual differences in newborn neuro-
behavior and whether there were differences by newborn sex.

Prenatal stress in RDoC: The negative valence systems

In a large-scale community study, an estimated 30% of pregnant
women reported some type of stress in their daily lives, including
anxiety and depressive symptoms (Loomans et al., 2013). High
levels of sadness and anxiety experienced prenatally are predictive
of impaired newborn neurobehavior, dysregulated infant
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behavior, and higher risk for adolescent mental disorder
(Goodman & Gotlib, 1999; O’Donnell, Glover, Barker, &
O’Connor, 2014). Therefore, anxiety, depression, and fear in preg-
nant women are particularly relevant for studies of the effects of
prenatal stress on offspring outcomes. Within the RDoC frame-
work, the Negative Valence Systems include constructs such as
sustained threat, potential threat (“anxiety”), and acute threat
(“fear”). Consistent with RDoC’s approach of multiple levels of
analysis, we identified multiple indicators of prenatal stress for
each Negative Valence Systems construct (see Table 1).

Sustained threat
Pregnant women experienced different levels of preexisting, pro-
longed exposure to a wide range of stressors. Stress associated

with socioeconomic disadvantages, for instance, can affect fetal
development and has been linked to low birth weight (Bryant
Borders, Grobman, Amsden, & Holl, 2007). In addition to ongo-
ing life stress, early life adversity may negatively affect fetal and
newborn health (Buss et al., 2017). A possible biomarker of pre-
natal chronic stress is maternal hair cortisol, which has been asso-
ciated with prenatal stress and anxiety (Orta et al., 2019) as well as
alterations in infants’ neurobiological functioning (Wachman
et al., 2019).

Potential threat
Sustained and generalized stress across the life span may be com-
pounded by the uncertainty that is unique to pregnancy. For
some women, the anticipated birth of a child may incur unknown,

Table 1. Summary of Research Domain Criteria (RDoC)-informed predictors under each domain, with corresponding measures and hypothesized effect

RDoC
domains Proposed RDoC-informed predictors Measures

Hypothesized effect– Newborn’s high arousal
and low attention will be predicted by:

Negative valence system

– Acute threat

1. EDA reactivity to acute threat a1) EDA reactivity (to TSST speech task) • high EDA reactivity

2. RSA reactivity to acute threat b1) RSA reactivity (to TSST speech task) • low RSA reactivity

3. Number of episodic stress
experienced in the last 6 months

c) UCLA Life Stress Interview • more episodic stress

– Potential threat

4. EDA reactivity to potential threat a2) EDA reactivity (during TSST preparation) • high EDA reactivity

5. RSA reactivity to potential threat b2) RSA reactivity (during TSST preparation) • low RSA reactivity

6. State anxiety d) State-Trait Anxiety Inventory – State • high state anxiety

7. Pregnancy-specific anxiety e) Pregnancy-Specific Anxiety • high pregnancy-specific anxiety

– Sustained threat

8. Maltreatment history f) Childhood Trauma Quest ionnaire • high levels of childhood trauma

9. Dysregulated HPA axis g) Hair cortisol • high levels of hair cortisol concentrations

10. Economic hardship h) Economic Hardship • high economic hardship

11. Chronic stress experienced in the
past 6 months

c) UCLA Life Stress Interview • high levels of chronic stress

12. Family resources i) Family Resources • low family resources

13. Day-to-day stress j) Everyday Stress Index • high levels of everyday stress

Arousal/regulatory system

– Arousal

14. EDA reactivity to infant cry a3) EDA reactivity (to infant cry) • High EDA reactivity

15. RSA reactivity to infant cry b3) RSA reactivity (to infant cry) • Low RSA reactivity

16. Affect intensity k) Affect Intensity Measure • High affect intensity

17. Impulsivity l) Urgency, Premeditation, Perseverance,
Sensation seeking, Impulsive behavior scale

• High levels of impulsivity

– Regulation

18. RSA activity at rest (baseline) b4) RSA activity (TSST baseline) • Low baseline RSA

19. Mindfulness m) The Mindful Attention and Awareness
Scale

• Low levels of mindfulness

20. Difficulties in accessing effective
emotion regulation strategies

n) DERS- strategy subscale • High difficulty of accessing strategies

DERS = Difficulties in Emotion Dysregulation Scale; EDA = electrodermal reactivity; HPA = hypothalamus–pituitary–adrenal; RSA = respiratory sinus arrhythmia; TSST = Trier Social Stress Test
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potential threats, including concerns about the health of the fetus,
uncertainty surrounding labor and delivery, and fear of medical
complications (Dunkel Schetter, 2011). Pregnancy-specific anxi-
eties may prepare an expectant mother for forthcoming, unknown
risks associated with birth and childrearing, thereby serving as an
adaptive alert response system to potential threat. An exaggerated
threat state, however, may confer vulnerability to the developing
fetus by modulating uteroplacental hormonal concentrations and
blood flow (Dipietro, Ghera, & Costigan, 2008).

Markers of potential threat during pregnancy also exist on the
physiological level. Respiratory sinus arrhythmia (RSA) and elec-
trodermal activity (EDA), respective measures of the parasympa-
thetic and sympathetic nervous systems, work in concert to
prepare an expectant woman’s body for environmental demands.
RSA – a measure of heart rate variability across respiration – is
thought to index parasympathetic (i.e., inhibitory) influences on
cardiac output (Beauchaine, 2015). In the face of environmental
challenges, the parasympathetic nervous system withdraws its
inhibitory influence on the heart, resulting in faster heart rate
and less beat-to-beat variability (i.e., decreased RSA) to help the
body shift attentional and behavioral resources. Although modest
reductions in RSA reflect a healthy and appropriate response to
challenge, exaggerated or blunted RSA reactivity may indicate
problematic attempts at physiological regulation (Beauchaine,
2015). Sympathetic nervous system reactivity can be measured
by activation of eccrine sweat glands, which yields increased
sweat production (i.e., increased EDA). EDA has been theorized
to underlie emotions, stress, and coping, and reduced EDA in
anticipation of adverse events is related to risk for psychopathol-
ogy (Sarchiapone et al., 2018).

Acute threat
Another aspect of prenatal stress may be captured by how preg-
nant women respond to acute threats (i.e., threat stimuli to
which individuals are acutely exposed). Physiological and behav-
ioral responses to acute environmental challenges, such as epi-
sodic life events, may provide a glimpse into individuals’
regulatory abilities and portend psychopathology (Beauchaine,
2015). Women who experience high levels of anxiety exhibit
smaller decreases in RSA in response to acute stressors compared
to those who are less anxious (Braeken et al., 2015). These smaller
decreases in RSA may reflect diminished control of the parasym-
pathetic nervous system, which confers risk for problematic par-
enting behaviors and newborn neurobehaviors (Ostlund et al.,
2019). The number of stressful life events experienced during
pregnancy is also a critical component of prenatal stress; the num-
ber of stressful life events during pregnancy predicts child out-
comes, even with stringent statistical controls (Robinson et al.,
2011).

Prenatal stress in RDoC: The arousal/regulatory systems

Within the RDoC framework, the Arousal/Regulatory Systems
involve the activation of neural systems for context-appropriate
responses and the regulation of these neural systems by energy
balance and sleep (Kozak & Cuthbert, 2016). A range of markers,
such as RSA and impulsivity/hyperactivity, are employed to mea-
sure the Arousal/Regulatory Systems among nonpregnant adults
(Arns, Swatzyna, Gunkelman, & Olbrich, 2015).Arousal and reg-
ulation are two useful constructs in this domain to better under-
stand prenatal maternal stress (see Table 1).

Arousal
Arousal is thought to reflect individual differences in sensitivity to
external and internal stimuli. Women high in arousal are more
likely to experience intense affect and exhibit impulsive and dys-
regulated behaviors than women who are low in arousal. For
instance, among a sample of pregnant women assessed during
their third trimester, emotion dysregulation differentiated
women who endorsed a prior lifetime history of self-injury
from those who did not (Lin et al., 2019). Another marker of
arousal among pregnant women is their RSA and EDA reactivity
to infant cries. Although a highly aroused state is often regarded
as a sign of poor regulation (Porges, 2007), it may be adaptive in
the formation stages of caregiver–offspring relationships, because
it may facilitate caregivers’ behavioral responses to infants’ needs,
such as increased parental sensitivity (Ablow, Marks, Feldman, &
Huffman, 2013).

Regulation
Although enhanced arousal may increase alertness to potential
environmental threats, dampened arousal may benefit mainte-
nance of homeostasis. Appropriate and flexible levels of arousal
allow individuals to interact with the environment in a context-
specific manner (Kozak & Cuthbert, 2016).In the current study,
we expanded upon the existing definition of the Arousal/
Regulatory System-informed construct regulation to capture
how individuals modulate arousal levels to cope with environ-
mental stress. Although regulation is not specified in the current
RDoC matrix as a distinct construct, regulatory abilities are fun-
damental for modulating neural and physiological systems to
meet environmental demands. In addition to endogenous physi-
ological oscillations, such as sleep, individuals can modulate
arousal by exogenous behavioral processes, such as affect regula-
tion (Kozak & Cuthbert, 2016). In this study, we identified two
behavioral markers of regulation (see Table 1). First, women
with limited access to emotion regulation strategies are more likely
to experience difficulties in regulating emotions (Gratz & Roemer,
2004).Second, greater maternal mindfulness is related to less peri-
natal anxiety, less negative affectivity, and more self-regulatory
behaviors in infants (van den Heuvel, Johannes, Henrichs, &
Van den Bergh, 2015). Finally, baseline RSA is a marker of indi-
viduals’ capacity for physiological regulation, and low baseline
RSA has been linked to various measures of mental health in
pregnant women, such as self-injurious thoughts and behaviors
and depression (Lin et al., 2019).

Newborn neurobehavior

Establishing early signs of problematic development using the
RDoC framework could facilitate early identification of popula-
tions that are vulnerable to the development of psychopathology.
Evident from the first hours after birth, newborn neurobehavioral
competencies are a set of observable behavioral outcomes that
emerge as a result of the dynamic interplay between neurophysi-
ological, cognitive, and motor processes (Monk & Hane, 2014).
Newborn neurobehavior is thought to be sensitive to a range of
prenatal influences and may lay the foundation for later emotional
and behavioral development (Lester & Tronick, 2004; Monk &
Hane, 2014). These competencies can be measured via the
Neonatal Intensive Care Unit (NICU) Network Neurobehavioral
Scale (NNNS), a standardized protocol for reliable assessment
of low- and high-risk neonates (Lester & Tronick, 2004). The
NNNS captures a variety of functional domains in newborns,
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such as responses to stimuli (i.e., gaze, sustained alertness), irrita-
bility and fussiness, and ability to be soothed. A recent study on
newborn neurobehavior identified two factors, attention and
arousal, from the various NNNS dimension scores (Ostlund
et al., 2019). Low attention and high arousal may be early signs
of newborn difficulties, although findings have been mixed.
Specifically, infants who scored low on attention exhibited diffi-
culty with attention deployment, such as lack of engagement
with the environment, inability to engage with auditory and visual
stimulation while regulating their behavioral state, and inter-
rupted alertness and discordant visual tracking. Infants who
scored high on arousal were highly sensitive to the environment,
exhibiting low thresholds for stimulation and high proneness to
excitability (i.e., fussiness; Lester, Tronick, & Brazelton, 2004;
Ostlund et al., 2019).

The factor names, attention and arousal, reflected their respec-
tive resemblance to the “attention” and “arousal” constructs in
RDoC. These two factors were predicted by prenatal exposure
to maternal emotion dysregulation (Ostlund et al., 2019), a trans-
diagnostic marker of psychopathology that lies at the intersection
of RDoC domains (Fernandez, Jazaieri, & Gross, 2016).
Therefore, the NNNS lends itself to studying the effect of
RDoC-informed prenatal stress as a critical marker of newborn
neurobehavioral functioning.

Sex differences
Male fetuses may be more susceptible to prenatal insults than
female fetuses; however, mechanisms underlying male vulnerabil-
ity are largely unclear (Dipietro & Voegtline, 2017; Spinillo et al.,
2009; Willoughby, Greenberg, Blair, & Stifter, 2007). Further, little
is known about whether prenatal maternal predictors of newborn
neurobehavior differ as a function of newborn sex. Without
assessment of neurobehavior at birth, it is unclear whether male
vulnerability to prenatal influences that have been observed in
infancy and early childhood reflects the persistent effect of prena-
tal risk on male offspring or as the result of an interplay between
prenatal and postnatal experiences.

Current study

The present study had two aims. First, we examined whether
constructs related to prenatal stress that are from two RDoC
domains – Negative Valence Systems and Arousal/Regulatory
Systems – predicted newborn neurobehavior. For the Negative
Valence Systems, we hypothesized that markers of greater mater-
nal acute, potential, and sustained threat would predict high new-
born arousal and low attention. For the Arousal/Regulatory
Systems, we hypothesized that markers of high arousal and low
regulation would predict high newborn arousal and low attention.
Our second aim was to examine whether these associations would
differ as a function of newborn sex. We hypothesized that the
associations between the markers of prenatal stress and poor new-
born functioning would be stronger for male than for female new-
borns. Aims, hypotheses, and the analytic plan were preregistered
on the Open Science Framework (osf.io/m745d).

Method

Participants

Pregnant women were recruited from obstetrics and gynecology
clinics affiliated with the University of Utah and local

communities through flyers, brochures, advertisements, and post-
ings on social media. Eligibility criteria included: fluent in English
or Spanish, 18–40 years of age, 25 weeks or more into pregnancy,
no pregnancy complications at the time of recruitment (e.g., pre-
eclampsia, gestational diabetes), no substance use during preg-
nancy, anticipated singleton delivery, and planned delivery at a
participating hospital. We oversampled women with high and
low levels of emotion dysregulation in an attempt to achieve a
uniform distribution of scores on the Difficulties in Emotion
Regulation Scale (DERS; Gratz & Roemer, 2004). See Lin et al.
(2019) for additional recruitment information.

The final sample included 162 pregnant women who were on
average 29 years old (range 18–40). The majority of women (79%)
self-identified as White (25.3% Hispanic White), 9.3% as Asian,
6.1% as multiracial, and the rest (5.5%) as American Indian/
Alaskan Native, Hawaiian Native/Pacific Islander, or Black/
African American. Most participants had high levels of formal
education (63% attended college, 19.1% attended graduate school,
13% were high school graduate or equivalent, and 3.1% did not
finish 12th grade). Most women were married or lived with a
romantic partner (91.4% cohabitating; 75.9% married). The
median annual household income was in the $50,000– $79,999
range.

Newborn neurobehavior was assessed between 1 day and 20
days after delivery (Mdays = 2.3, Mdndays = 1.0, SD = 3.2, range:
1–20 days). Six newborns were assessed outside of above time
window (range = 28–59 days) due to scheduling difficulties. One
hundred fifty-five newborn infants were examined (77 males,
47.5%). Among the seven newborns whose data were not avail-
able, three mothers declined the assessment at the hospital, one
mother withdrew from the study, one mother experienced a
fetal demise, one mother was incarcerated, and one mother was
unable to be reached. Most deliveries were vaginal (72.8%).
Average gestational age at time of delivery was 275 days (range =
239–290 days). Based on mothers’ reports, 73.5% of the infants
were White (24.1% Hispanic White), 21% were multiracial (5.6%
Hispanic multiracial), 2.5% were Asian, and the remainder were
Black/African American, American Indian/Alaskan Native, or
Hawaiian/Pacific Islander.

Procedures

After completing online questionnaires, participants visited our
research laboratory between the 26th and 40th weeks of preg-
nancy to complete a series of tasks, including the Trier Social
Stress Test (TSST; Kirschbaum, Pirke, & Hellhammer, 1993)
and a recorded infant cry task. Research assistants placed sensors
on participants to record their autonomic functioning. Following
a 10-min baseline period, participants were given 3 min to pre-
pare a speech for a hypothetical interview. They were then
instructed to deliver the speech in front of a camera for 5 min
while experimenters pretended to evaluate their performances.
Following a 10-min recovery period, the infant cry task was
administered during which participants watched a series of 60-s
video clips. A clip of a baby playing, followed by a clip of a
baby crying, was presented in between two clips of neutral land-
scapes. After this task, participants completed a series of semi-
structured interviews, including the UCLA Life Stress Interview
(Hammen et al., 1987). At the end of the prenatal visit, partici-
pants were debriefed and compensated. Participants and their
newborn infants were visited at the hospital post-delivery when
possible. A trained examiner administered the NNNS, which
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was scored upon conclusion of the exam. All participants pro-
vided written consent before each phase of the study. Our proto-
col was approved by the University’s Institutional Review Board.

Measures

EDA reactivity (Table 1, a1, a2, a3)
Mothers’ EDA was recorded during TSST task and during infant
cry task at the prenatal visit. EDA signals were recorded with two
rectangular spot electrodes on the plantar surface of hand(van
Dooren, de Vries, & Janssen, 2012), using BioLab acquisition soft-
ware (version 3.1) and MindWare wireless mobile devices
(MindWare Technologies Ltd., Gahanna, OH). An impedance
cardiograph signal was simultaneously recorded and was later
used to derive participants’ respiration pattern. Both signal
sources were examined, along with synchronized video footage
of the data collection session, by trained research assistants for
scoring EDA data. Specifically, the number of fluctuations in
the skin conductance greater or equal to 0.05 microsiemens was
identified and recorded (Dawson, Schell, & Filion, 2007) in 30-s
epochs. Research assistants watched for and removed responses
corresponding to situations that might lead to artifacts (e.g.,
equipment failure). A senior researcher reviewed data for ambig-
uous cases, and outliers were examined using box and whisker
plots upon completion of all scoring.

Three sets of EDA reactivity scores were calculated. EDA reac-
tivity to TSST speech task was calculated by subtracting the mean
number of EDA responses during 10-min baseline (EDAbaseline)
from the 5-min speech task of TSST. Similarly, EDA reactivity
during TSST preparation was calculated by subtracting
EDAbaseline from participants’ mean EDA during the preparation
phase of the TSST. Lastly, mothers’ EDA reactivity to infant cry
was calculated by subtracting the mean number of responses dur-
ing the first 60-s of neutral landscape (EDAfirst_landscape) from
their EDA responses during infant cry task. Higher EDA reactiv-
ity scores indicated greater sympathetic system arousal.

RSA baseline and reactivity (Table 1, b1, b2, b3, b4)
Mothers’ RSA was recorded during TSST task and during infant
cry task at the prenatal visit. Trained research assistants screened
and scored the data in 30-s epochs. A senior investigator reviewed,
rescored, and finally determined whether unusually high/low
values (i.e., values below 2 or above 10) should be retained.
RSA reactivity scores were derived similarly as the EDA scores.

Episodic and chronic stress (Table 1, c)
UCLA Life Stress Interview (Hammen et al., 1987) – a semistruc-
tured interview – was used to assess participants’ episodic and
chronic stress in the past 6 months. Trained interviewers evalu-
ated multiple domains of the participants’ life (including close
friendships, relationship with partner, co-parenting with baby’s
father, dating, relationship with family, finances, work status,
neighborhood environment, school, and health) on a 5-point
scale (1 – low stress to 5 – high stress). An average score from
all life domains was derived for each participant to indicate
chronic stress. Participants also reported acute life events (or epi-
sodic stressors) and were asked to rate how severe the threat or
impact each event was on a 5-point scale (1 – no/minimal impact
to 5 – severe/catastrophic impact). Total number of events that
received subjective rating of at least 3 was used to indicate partic-
ipants’ episodic stress.

State anxiety (Table 1, d)
The State-Trait Anxiety Inventory – State (STAI-S; Spielberger,
Gorsuch, Lushene, Vagg, & Jacobs, 1983) was used to measure
pregnant women’s state anxiety. The STAI-S is a 20-item self-
report questionnaire that assesses emotional, physiological, and
cognitive symptoms of anxiety (1 – not at all to 4 – very much
so). Sample items included “I am worried” and “I feel steady
(reverse coded)”. A total score was calculated by summing all
items. Higher scores indicated greater state-anxiety (Cronbach’s
α = .95).

Pregnancy-specific anxiety (Table 1, e)
Pregnant mothers reported on a 4-point scale (1 – never or not at
all to 4 – a lot of the time or very much) about her worries and
concerns about her health, her baby’ health, and upcoming
labor and delivery over the previous week (Rini, Dunkel-
Schetter, Wadhwa, & Sandman, 1999). Sample items included
“I have a lot of fear regarding the health of my baby”. A total
score was calculated by summing all 10 items, with higher scores
indicating greater state-anxiety (α = .95).

Maltreatment history (Table 1, f )
The Childhood Trauma Questionnaire-Short Form (CTQ-SF;
Bernstein et al., 2003) was used to assess possibility of maltreat-
ment from birth to age 18. Participants reported on a 5-point
scale (1 – never true to 5 – very often true) for 28 items.
Sample items included “I felt that someone in my family hated
me” and “I was punished with a belt, a board, or a cord (or
some other hard object)”. A total score was calculated by sum-
ming all items, with higher scores indicating more severe experi-
ences (α = .87). Due to the high skewness (skewness = 1.54) of the
raw total score, a log-transformed total score was used in final
analysis.

Hair cortisol (Table 1, g)
Following established procedures (D’Anna-Hernandez, Ross,
Natvig, & Laudenslager, 2011), women’s hair samples were col-
lected from the posterior vertex region and as close to the scalp
as possible by trained experimenters from a 1 cm2 patch using
hair cutting shears. The scalp end was marked, and the hair sam-
ples were wrapped in aluminum foil and stored in a small plastic
tube at room temperature until shipment to the laboratory in
Dresden, Germany, for analysis. Cortisol was extracted from
whole, nonpulverized hair and analyzed by a Shimadzu
HPLC-tandem mass spectrometry system (Shimadzu, Canby,
OR) coupled to an ABSciex API 5000 Turbio-ion-spray triple
quadrupole tandem mass spectrometer (AB Sciex, Foster City,
CA; Gao et al., 2013).

In our study, a 6 cm length of hair was sampled to approxi-
mate hair cortisol concentrations during the previous 6 months
of pregnancy, which was also the length of time during which
women reported on their chronic and episodic life stress levels.
The sensitivity, specificity, and reliability are well established
(intra and inter-assay CVs between 3.7 and 8.8%; Gao et al.,
2013).

Economic hardship (Table 1, h)
The Economic Hardship Questionnaire (EHQ; Barrera, Caples, &
Tein, 2001) was used to assess four areas of economic hardship,
including how much financial strain they felt, their ability to
make ends meet, having enough money for necessities, and
whether they had to make any lifestyle adjustments due to
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financial needs. A total score was calculated by averaging all four
subscales’ weighted z scores (Barrera et al., 2001), with higher
scores indicating greater economic hardship (α = .93).

Family resources (Table 1, i)
The Family Resource Scale (Dunst & Leet, 1987) was used.
Participants rated on a 5-point scale (1 – not at all adequate to
5 – almost always adequate) about family concerns and priorities
regarding family needs, such as growth/support, health/necessi-
ties, physical necessities, physical shelter, intra-family support,
communication/employment, childcare, and personal resources.
A total score was calculated by averaging all 30 items, with a
higher score indicating more adequate family resources (α = .94).

Day-to-day stress (Table 1, j)
The Everyday Stress Index (ESI; Hall, 1990) was used to assesses
the extent to which participants were bothered by daily problems
from different areas of life. These areas included role overload,
financial concerns, parenting worries, employment problems,
and interpersonal conflict. Participants rated on a 4-point scale
(0 –not at all bothered to 3 – bothered a great deal) for 30
items. A total score was calculated by summing all 30 items,
with a higher score indicating more everyday stress (α = .89).

Affect intensity (Table 1, k)
The magnitude or intensity of participants’ emotions were
measured with the Affect Intensity Measure (AIM; Larsen &
Diener, 1987). A shortened 20-item version of the questionnaire
was used; sample items included “When I’m happy, I feel like
I’m bursting with joy”. A total score was calculated by averaging
all items, with a higher score indicating more intense affect (α
= .76).

Impulsivity (Table 1, l)
The urgency subscale of the Urgency, Premeditation, Perseverance,
Sensation seeking, Impulsive behavior scale (UPPS; Whiteside &
Lynam, 2001) was used. Participants rated on a 4-point scale (1
– agree strongly to 4 – disagree strongly) for 12 items. Sample
items included “I have trouble controlling my impulses”. A total
score was calculated by averaging all items, with a higher score indi-
cating more impulsive tendency (α = .91).

Mindfulness (Table 1, m)
The Mindful Attention and Awareness Scale (MAAS; Brown &
Ryan, 2003) was used to assess the level of mindfulness.
Participants rated on a 6-point (1 – almost always to 6 – almost
never) scale about how often each statement applied to them.
Sample items included “I tend not to notice feelings of physical
tension or discomfort until they really grab my attention”.
A total score was calculated by averaging all items, with a higher
score indicating higher levels of mindfulness (α = .90).

Difficulties in accessing effective emotion regulation strategies
(Table 1, n)
The strategy subscale of Difficulties in Emotion Regulation Scale
(DERS; Gratz & Roemer, 2004) was used to assess participants’
lack of emotion regulation strategies. Participants rated on a
5-point scale (1 – almost never, 5 – almost always) about how
often each of the 8 items applied to them. Sample item included
“When I’m upset, I feel like there is nothing I can do to make
myself feel better”. A total score was calculated by averaging all

items, with a higher score indicating more limited access to emo-
tion regulation strategies (α = .93).

Newborn neurobehavior
The NICU NNNS (Lester et al., 2004) was used to assess newborn
neurobehavior. Infant behavior was assessed shortly after birth
with 13 summary scales, including self-regulation, amount of
handling, habituation, stress signs, arousal, excitability, lethargy,
nonoptimal reflexes, asymmetrical reflexes, hyper and hypotonic-
ity, and quality of movement in the newborn. Two factor scores –
Arousal and Attention – were derived from the summary scales.
Arousal comprised a higher handling score, decreased self-
regulation, and more stress, arousal, and excitability signs (α =
0.84). Attention comprised high attention scores and low lethargy
scores (α = 0.85). Our NNNS assessment, procedures, and factor
analyses were described elsewhere (Ostlund et al., 2019).

Data analyses

We conducted multigroup path analyses, which allowed simulta-
neous estimation of path coefficients for male and female new-
borns in one model and tests of sex differences in these path
coefficients. For each RDoC construct, we fit two multigroup
path models (an a model and a b model) sequentially. In a
models, we allowed all paths to vary across the two sex groups;
in b models, we constrained the paths to be equal across groups.
A significantly better model fit for a model than its corresponding
b model would indicate that the paths differ between males and
females. The comparison was achieved by comparing changes
in χ2 values and degrees of freedom. Five sets of multigroup
path models were examined: Model 1a and 1b for acute threat,
Model 2a and 2b for potential threat, Model 3a and 3b for sus-
tained threat, Model 4a and 4b for arousal, and Model 5a and
5b for regulation. All models were conducted using Mplus
Version 7 (Muthén & Muthén, 1998–2015). Missing data were
handled with robust maximum likelihood estimation with stan-
dard errors. Model fit was evaluated with multiple fit indices,
including χ2, root mean square error of approximation
(RMSEA), comparative fit index (CFI), and standardized root
mean square residual (SRMR). Nonsignificant χ2, RMSEA <
0.06, CFI > 0.95, and SRMR < 0.08 would indicate good model
fit (Hu & Bentler, 1999).

Results

Means and standard deviations for the measures included in the
models are displayed in Table 2, organized by infant sex. A bivari-
ate correlation matrix among all study variables for infant boys
and girls are provided in Supplementary Table S1 (supplementary
material). Following our preregistered analytical approach, multi-
group path models were applied. Household income was con-
trolled in all path models for its association with newborn
attention. As shown in Table 3, the models that allowed all
paths to vary between male and female groups (Models 1a–4a)
were not statistically different from the models that constrained
the paths to be equal across males and females (Models 1b–4b),
with the exception of nested Model 5a and 5b. According to
the parsimonious principle of model selection, we would select
the constrained models (see Supplementary Figure S1, available
online, for results from these models). However, we chose the
free-to-vary models for three reasons.
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First, as presented in Table 3, although χ2 statistics of the con-
strained models indicated good fit (i.e., nonsignificant χ2), other
fit indices indicated otherwise. Specifically, all constrained models
had poor CFI (i.e., CFIs < .95) and most of them had poor
RMSEA and SRMR (Hu & Bentler, 1999). Second, males and
females exhibited distinct patterns of results, as indicated by the
different magnitude, sometimes even signs, of the standardized
coefficients in the free-to-vary models (see Figure 1). We specu-
lated that our relatively small sample may have limited power in
detecting meaningful sex differences in these models. Finally,
our decision was rooted in a well-established, theoretically
informed, and continuously growing body of literature document-
ing sex differences in prenatal programming (Sandman, Glynn, &
Davis, 2013). Taken together, we decided to report results
obtained from models where effects were allowed to differ for
male and female newborns.

Negative valence systems and newborn neurobehavior

Figures 1a, 1b, and 1c present estimated path coefficients for the
three models that examined Negative Valence Systems constructs.
In general, as hypothesized, markers of prenatal stress had different
effects on female and male newborns’ neurobehavioral outcomes.
For the acute threat model (Figure 1a), women who experienced
more episodic stress during pregnancy tended to have male, but

not female, infants who were less aroused during the NNNS
exam (β =−.31, p < .01). In contrast, more episodic stress experi-
ences during pregnancy predicted low NNNS attention scores for
female, but not male, newborns’ (β =−.30, p < .05). In the potential
threat model (Figure 1b), women who reported high levels of
pregnancy-specific anxiety had male newborns with high NNNS
attention (β = .31, p < .05). In the sustained threat model
(Figure 1c), high levels of economic hardship (β = .47, p < .01)
and low levels of perceived everyday stress (β =−.36, p < .05) pre-
dicted high NNNS attention for female newborns.

Arousal/regulatory systems and newborn neurobehavior

None of the indicators we identified for arousal predicted new-
born neurobehavior (see Figure 1d). In the regulation model
(Figure 1e), high levels of maternal mindfulness predicted high
NNNS arousal among female newborns (β = .31, p < .05). In addi-
tion, high prenatal baseline RSA (β = .19, p < .05) and greater dif-
ficulty accessing emotion regulation strategies (β = .44, p < .001)
predicted low NNNS attention among only female newborns.

Discussion

This study characterized the complex construct of prenatal stress
across physiological, psychological, and behavioral levels within

Table 2. Descriptive statistics for all study variables by infant sex

Male Female

M SD M SD

1. RSA reactivity to the speech task 0.2 0.83 0.16 1.13

2. EDA reactivity to the speech task 4.73 1.93 4.70 1.76

3. Number of episodic stress experience during pregnancy 2.87 1.9 2.75 1.88

4. EDA reactivity to preparation 3.39 1.85 2.99 1.86

5. RSA reactivity to preparation −0.06 0.73 0.04 1.03

6. State anxiety 39.98 13.6 36.64 13.58

7. Pregnancy-related anxiety 19.94 5.21 18.64 5.02

8. Childhood traumatic experience 3.7 0.38 3.52 0.30

9. Hair cortisol 1.31 0.68 1.31 0.73

10. Economic hardship −0.18 2.44 0.06 2.95

11. Chronic stress experience 2.37 0.47 2.36 0.42

12. Family resources 120.78 19.56 122.23 20.90

13. Day-to-day stress 13.81 10.51 11.32 9.88

14. Affect intensity 3.83 0.48 3.91 0.51

15. Impulsiveness 2.19 0.62 2.12 0.67

16. EDA reactivity to infant cry 1.33 1.79 0.85 1.58

17. RSA reactivity to infant cry −0.51 0.74 −0.54 0.83

18. Difficulties in accessing and employing emotion regulation strategies 18.02 7.19 16.63 7.81

19. Baseline RSA 5.28 1.27 5.24 1.01

20. Mindfulness 4.01 0.78 4.10 0.85

21. Arousal score in NNNS test −0.03 0.77 0.03 0.81

22. Attention score in NNNS test −0.01 0.92 0.04 0.95

EDA = electrodermal reactivity; NNNS = NICU Network Neurobehavioral Scale; RSA = respiratory sinus arrhythmia
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the RDoC framework (Doyle & Cicchetti, 2018). We identified
several RDoC-informed indices of prenatal stress that predicted
distinct patterns of newborn neurobehavior, particularly attention
in female newborns. Our findings add specificity to the influences
of prenatal stress indicators on newborn neurobehavior and may
inform understanding of the neurodevelopmental origins of
psychopathology.

Within the RDoC-Negative Valence Systems domain, we
found that high maternal episodic stress and perceived daily
stress, but lower economic hardship, were related to low attention
in female newborns. As for male newborns, high episodic stress
was related to low arousal and high pregnancy-specific anxiety
was related to high attention. These results replicate previous find-
ings of altered fetal and newborn outcomes, suggestive of a pro-
gramming effect among infants with high prenatal maternal
stress (Bryant Borders et al., 2007; Ostlund et al., 2019).
Surprisingly, no physiological marker under this domain pre-
dicted newborn attention or arousal. Rather, expectant mothers’
subjective experience (e.g., episodic stress experiences) seemed
to have a more pronounced influences on newborn neurobehavior
relative to indicators of their peripheral physiology, highlighting
the importance of women’s perceptions of prenatal stress.
Another possible explanation for the lack of an association
between physiological marker and newborn neurobehavior may
be the task that was used to elicit physiological reactivity. RSA
reactivity induced by the highly structured TSST may not have
accurately captured pregnant women’s physiological response to
the stressful events in their everyday lives. On the other hand,
baseline RSA, which is more reflective of women’s general regula-
tory capacities, was associated with female newborns’ attention.
Altogether, these findings highlight the need for future studies

to incorporate both subjective and physiological indices when
studying prenatal stress under the RDoC framework (Cicchetti,
2008; Doyle & Cicchetti, 2018).

Different risk markers within the Negative Valence Systems
domain seemed to have distinct implications for neonatal atten-
tion. Although high maternal episodic stress and perceived daily
stress predicted low neonatal attention in female newborns, high
economic stress predicted high attention in female newborns
and high pregnancy-specific anxiety predicted high attention
in male newborns. We speculate that these distinct associations
may reflect unique patterns of fetal adaptation based on varied
maternal experiences. Prenatal programming theories posit that
intrauterine experiences shape fetal neurodevelopmental systems,
with implications for mental and physical health across the life
span (Van den Bergh, 2011). Mothers’ experiences of stress dur-
ing pregnancy are thought to provide ongoing signals to the
developing fetus about postnatal conditions, which affects the
fetus’ neurobehavioral development in a manner that best pro-
motes newborn survival in the immediate extrauterine environ-
ment, potentially at the expense of long-term health. On one
hand, newborns whose mothers had high pregnancy-specific
anxiety and economic stress may be more vigilant and attentive,
such that they would better engage with the environment to
obtain resources (i.e., greater attention). On the other hand,
when maternal distress is characterized by episodic and daily
perceived stress, infants may show blunted neurobehavior (i.e.,
inattention) as a means of adapting to a potentially chaotic
and risky environment. To fully address and interpret the influ-
ence of each prenatal maternal stress and newborn neurobehav-
ior, future research assessing infant long-term developmental
outcomes is essential.

Table 3. Fit indices for nested sequences of model tests

Model χ2 df c RMSEA CFI SRMR cd χ2 diff Δdf

Aim 1

Acute Threat

Model 1a 0.1 2 1.16 0 1 0.005

Model 1b 14.03 10 0.88 0.077 0.72 0.057 0.81 15.06 8

Potential Threat

Model 2a 2.14 2 1.02 0.035 0.983 0.022

Model 2b 17.2 12 1.00 0.089 0.372 0.067 1.00 15.08 10

Sustained Threat

Model 3a 0.06 2 0.99 0 1 0.002

Model 3b 16.2 16 1.03 0.015 0 0.042 1.04 16.05 14

Aim 2

Arousal

Model 4a 0.08 2 1.34 0 1 0.005

Model 4b 13.19 12 1.05 0.038 0.63 0.054 0.99 13.86 10

Regulatory

Model 5a 0.07 2 1.48 0 1 0.005

Model 5b 19.50* 10 1.06 0.114 0.618 0.082 0.96 21.51* 8

Note. * p < .05.
c = weighting constant for computing the χ2 statistic using robust estimation method; cd = weighting constant for the difference between two χ2 values using robust estimation. RMSEA = root
mean square error of approximation; CFI = comparative fit index; SRMR = standardized root mean square residual. χ2 difference value (χ2 diff) is computed by incorporating the difference test
scaling correction, following Satorra–Bentler scaled χ2 difference test.

Development and Psychopathology 1561

https://doi.org/10.1017/S0954579420002266 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579420002266


Within the Arousal/Regulatory Systems domain, mothers who
reported more difficulties with emotion regulation strategies had
female infants with lower attention, showing less alertness to the
environment. In addition, female newborns whose mothers
reported less dispositional mindfulness exhibited lower arousal –
rather than higher arousal as we had hypothesized – indicated by
less sensitivity to the environment, higher threshold for stimula-
tion, and a lower proneness to excitability. Taken together, in our
sample, signs of maternal regulatory difficulties during pregnancy
were related to a blunted pattern of reactivity to the environment
in female newborns. However, whether this blunted pattern confers
risk for later child outcomes or reflects adaptivity to the environ-
ment remains to be empirically examined. Although high newborn
arousal has been linked to childhood psychopathology, it could also
be adaptive because highly aroused neonates may be more effective
in obtaining resources from the caregiver or the environment. In
this case, promoting prenatal maternal regulatory abilities, such
as effective emotion regulation strategies and mindfulness, could
foster newborns’ engagement with the environment and subse-
quently lead to beneficial developmental outcome.

Contrary to these self-report measures, physiological regula-
tion (indexed by baseline RSA) was associated with female new-
borns’ attention in the opposite direction: high maternal
baseline RSA predicted female newborns’ low attention scores,
which was inconsistent with our hypothesis. This finding is par-
ticularly interesting, considering that maternal baseline RSA did
associate with other self-report measures of maternal regulation
in expected directions, such that low maternal baseline RSA was
related to difficulty in accessing emotion regulation strategies
and low mindfulness. We speculate that physiological and behav-
ioral markers of maternal regulation prenatally may program dif-
ferent neurobehavioral profiles. High baseline RSA, indicating
greater inhibitory influence on cardiac output (Beauchaine,
2015), may send a signal to the fetus that an extrauterine environ-
ment is safe and does not demand an alerted state. Resultantly,
newborns of mothers with high RSA tend to show less attention
than those of low-RSA mothers. High levels of behavioral regula-
tion, on the other hand, may signal an extrauterine environment
that requires more regulatory efforts; therefore, newborns of more
mindful mothers may show high levels of attention, possibly as a

Figure 1. Multigroup path models testing the role of acute threat (1a), potential threat (1b), sustained threat (1c), arousal (1d), and regulatory (1e) Research Domain
Criteria (RDoC) domains in predicting newborn neurobehavior. Path coefficients and covariations before the slash (/) reflect estimates for male infants, whereas
italicized figures after the slash (/) reflect estimates for female infants. RSAspeech = respiratory sinus arrhythmia (RSA) reactivity to the speech task; EDAspeech =
and electrodermal (EDA) reactivity to the speech task; EpiStrs = number of episodic stress experience during pregnancy; EDAprep = EDA reactivity to preparation;
RSAprep = RSA reactivity to preparation; StateAnx = state anxiety; PrgnAnx = Pregnancy-related anxiety; ChildTrauma = childhood traumatic experience; HairCort =
hair cortisol; EcoHard = economic hardship; ChrStrs = chronic stress experience; FamRsrc = family resources; DailyStr = day-to-day stress; AffctInt = affect intensity;
Impulsive = impulsiveness; EDAcry = EDA reactivity to baby’s cry; RSAcry = RSA reactivity to babies’ cry; DERSstrtgy = difficulties in accessing and employing emotion
regulation strategies; bslnRSA = baseline RSA; Mindful = mindfulness; NNNS = NICU Network Neurobehavioral Scale (NNNS) arousal = arousal score in NNNS test;
NNNS attention = attention score in NNNS test. * p < .05, ** p < .01, * p < .001.
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way to stay alert. This speculation remains to be further evaluated
by future research.

In our study, female appeared to be more vulnerable than male
newborns to RDoC-informed prenatal stress, manifested by more
significant predictive associations between prenatal maternal
stress and newborn neurobehavior for females than for males.
This finding was contrary to our hypothesis built upon accumu-
lating evidence that male fetuses exposed to prenatal adversities
tended to endure more impaired developmental outcomes
(Dipietro & Voegtline, 2017). However, this is not the first
study to report evidence of female vulnerability. For example,
after reanalyzing numerous studies on sex differences from their
team, Sandman and colleagues found that female offspring were
more influenced by exposure to early adversities, especially with
regard to affective outcomes (Sandman et al., 2013). In addition,
the focal newborn outcome in our study – neurobehavior – is dif-
ferent from medical outcomes (e.g., preterm birth and perinatal
morbidities) in the existing literature that supports the male vul-
nerability hypothesis. Therefore, we could not discern whether the
female vulnerability found in our study was specific to neurobe-
havioral functions. Future studies that assess multiple domains
of newborn functions are needed in order to make firmer inter-
pretations of our current findings.

This study has numerous strengths. First, the aims and
hypotheses were preregistered prior to study analyses. By partici-
pating in open and transparent science, we hope to contribute to
replicability and reproducibility of findings. Second, we employed
a standardized protocol to assess newborn neurobehavior within
hours after birth for most participants, which allowed us to
limit potential confounders of parent–child interactions and
detect the direct influence of prenatal maternal RDoC-informed
risk on the offspring. Given that NNNS scores are considered a
tool for identifying high-risk newborns, linking prenatal RDoC
markers to the NNNS further facilitates early identification of
psychopathology and informs early intervention efforts. Third,
we collected extensive data on prenatal stress that ranged from
contextual, behavioral, emotional, and physiological levels. This
rich information not only facilitated a comprehensive characteri-
zation of women’s experiences during pregnancy, but advanced
identification of multiple markers of prenatal maternal risk
under the RDoC framework.

Our study was not without limitations. First, some markers of
prenatal stress in our study included stressors in women’s early
life, such as maltreatment history, and in different stages of preg-
nancy, such as episodic stress experienced in the past 6 months.
Therefore, we could not examine whether the timing of exposure
to prenatal stress was related to infant neurobehavioral outcomes
(Liu et al., 2010). In addition, because the mother–child dyads
were biologically related, we could not rule out potential genetic
effects that may account for intergenerational risk transmission.
Lastly, despite our efforts to recruit women from minority racial
and ethnic groups, our current sample was mostly White, which
suggests caution when generalizing our findings.

By extending the RDoC framework to the perinatal periods, this
study provided initial support that the RDoC is a useful framework
for investigating the complexities of prenatal stress and its heterog-
enous effects on neonatal neurobehavioral competencies. Because
newborn neurobehavior has been found to predict elevated psycho-
pathology risk in childhood (Liu et al., 2010), early identification
may facilitate targeted preventive interventions to avert children
from developmental trajectories of psychopathology. Furthermore,
by identifying specific RDoC-informed, prenatal stress indicators

newborn neurobehavior, our findings suggest that interventions
may be implemented even earlier in life – during pregnancy – to
ameliorate risk for childhood psychopathology.

Supplementary Material. The Supplementary Material for this article can
be found at https://doi.org/10.1017/S0954579420002266.
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