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Abstract

Objective—To examine the autonomic nervous system and neurobehavioral response to a
sustained visual attention challenge among 1-month old infants with prenatal substance exposure.

Study design—We measured heart rate (HR), respiratory sinus arrhythmia (RSA), and
neurobehavior during sustained visual orientation tasks included in the NICU Network
Neurobehavioral Scale (NNNS) in 1,129, 1-month infants with prenatal substance exposure. Four
groups were compared: infants with prenatal cocaine and opiate exposure, infants with cocaine
exposure, infants with opiate exposure, and infants with exposure to other substances (i.e. alcohol,
marijuana, and tobacco).

Results—Infants with prenatal cocaine and opiate exposure had the highest HRs and lowest
levels of RSA during a sustained visual attention procedure compared with the other three groups.
Infants with prenatal cocaine and opiate exposure had poorer quality of movement and more
hypertonicity during the NNNS exam compared with the other three exposure groups. Infants with
prenatal cocaine and opiate exposure had more nonoptimal reflexes and stress/abstinence signs
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compared with infants with prenatal cocaine exposure only and infants with prenatal exposure to
alcohol, tobacco, and marijuana.

Conclusions—Problems with arousal regulation were identified among infants with prenatal
substance exposure. Autonomic dysregulation has been implicated as a mechanism by which these
difficulties occur. Our results suggest that infants with both prenatal cocaine and opiate exposure
have the greatest autonomic response to the challenge of a sustained visual attention task, which
may place these infants at risk for developing problems associated with physiological and
behavioral regulation, a necessary prerequisite for early learning.
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in utero drug exposure; physiology; neurobehavioral

Methods

Infants with prenatal cocaine exposure are more likely to exhibit difficulties with the
regulation of arousal and attention at behavioral and physiological levels! which may
require repeated, or “hypervigilant” activation of the autonomic nervous system?. One
measure of autonomic nervous system functioning is respiratory sinus arrhythmia (RSA).
RSA is a measure of heart rate (HR) variability that coincides with breathing that reflects
parasympathetic control of engagement with the environment3-2. Moderate decreases in
RSA from baseline (termed RSA reactivity) occur during the stimulation that facilitates the
ability to coordinate cognitive, behavioral, and emotional systems to flexibly respond to
environmental demands®. A better understanding of how infants with prenatal substance
exposure respond physiologically to challenge may elucidate possible mechanisms involved
in the development of difficulties with regulation and attention in this high risk group of
children. Here, we measured RSA in infants with prenatal substance exposure in response to
a visual attention challenge from the NICU Network Neurobehavioral Scale, NNNS”.

In previous work, we reported neurobehavioral effects of prenatal cocaine or opiate
exposure at 1 month using the NNNS8. Infants with cocaine exposure were less aroused, had
poorer self-regulation, and were more excitable than non cocaine-exposed infants. Infants
with opiate exposure only did not differ from cocaine exposed infants or non-exposed
infants on the NNNS. However, infants with both cocaine and opiate exposure may be at
greater risk for difficulties with arousal modulation at both the behavioral and physiological
level than infants exposed to either substance alone. We examined NNNS scores and HR
and RSA during visual orientation in infants with prenatal cocaine and opiate exposure to
determine if these infants are at increased risk for difficulties with behavioral and
physiological regulation in response to mild challenge.

This report is from the Maternal Lifestyle Study (MLS) multisite longitudinal cohort study
on the evaluation of the long-term outcomes of children exposed to cocaine /n utero.
Enrollment and exclusion criteria for the MLS have been described in detail®. In brief,
mothers with informed consent were enrolled at birth of an infant, at which time meconium
and maternal report of drug use was obtained. The study had approval from the institutional
review board at each site. Each site also had a certificate of confidentiality from the National
Institute on Drug Abuse. Infants in the longitudinal study were selected to be in the exposed
group (maternal report of cocaine or opiate use during pregnancy or gas chromatography—
mass spectrometry confirmation of presumptive positive meconium screens for cocaine or
opiate metabolites) or the comparison group (maternal denial of cocaine or opiate use during
the pregnancy and a negative enzyme multiplied immunoassay meconium screen for cocaine
and opiate metabolites). Because women who use cocaine and opiates frequently use other
substances as well (ie, alcohol, tobacco, and marijuana), these substances were included in
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the exposed and comparison groups. Infants were also matched for race, sex, and gestational
age. Mother-infant dyads (h =1388), 658 in the exposed group and 730 in the comparison
group, were enrolled between 42-44 weeks post-menstrual age (PMA). For the present
study the sample was further divided into 4 groups; cocaine exposed (7= 546), opiate
exposed (n=57), other substance exposed (7= 466) and cocaine and opiate exposed (/7=
60) infants.

The NNNS was administered between 42-44 weeks PMA. The NNNS is a standardized
comprehensive evaluation of the neurobehavioral performance of high-risk term and preterm
infants that includes neurological and behavioral measures and signs of stress’.
Psychometric properties of the exam have been established’. The NNNS was administered
by certified psychometrists blinded to exposure status. Summary scores using the NNNS
include: Attention, handling, self-regulation, arousal, excitability, lethargy, hypertonicity,
hypotonicity, non-optimal reflexes, asymmetrical reflexes, quality of movement, and stress
abstinence signs.

HR and RSA were measured for specific episodes during the administration of the NNNS
and derived from the R-R time-series collected from digitized ECG recordings using Porges
algorithm from MXEdit, Delta-Biometrics Inc, 1988-1993%10, ECG was recorded via three
electrodes placed on the infant’s chest and abdomen. The ECG signal was sampled at 1kHz
and stored on a computer for later analysis. Interbeat intervals were defined by detection of
R-waves to the nearest ms.

Postprocessing of the data was conducted using a series of automated algorithms. R-R
intervals outside of expected values were identified. Missed or spurious R-waves were
flagged and corrected by linear interpolation. A 21-point moving polynomial was then
applied to remove low frequency trends in the HR signal. A bandpass filter extracted the
variance in heart period within the frequency band of spontaneous respiration in infants
(0.24-1.04 Hz) by removing periodicities in the ECG signal that are outside the frequency
range of the respiratory cycle. The resulting measure of RSA is within the frequency range
of respiration. RSA was computed as the natural logarithm of heart period variance and
reported in units of milliseconds squared, In(ms)2. RSA data were calculated in 30 second
overlapping windows and then averaged within each episode (baseline and attention task).
The RSA data for an individual were used as long as there was a 30-s segment with less than
20% of segments identified with artifact!l. Small amounts of artifact can be expected to
have a minimal effect on measures of heart rate variability such as RSAS3.

For the baseline period the infant was in a quiet awake state (state 4 on the NNNS) for at
least 2 minutes (M= 2.23 minutes). HR and RSA were measured during the NNNS visual
attention procedure. This procedure lasted, on average, 6.8 minutes (x 2.43 minutes) and
includes infant visual tracking to animate and inanimate stimuli. This segment was chosen
because tasks which challenge the infant’s attention are commonly used to assess HR and
RSA12-14 During a mild challenge such as a visual orientation task, faster and shallower
breathing gaits cardiac activity, typically resulting in increases in HR and decreases in RSA,
reflecting decreased parasympathetic activity. Moderate decreases in RSA are considered
functional, and reflect the infants” ability to coordinate attention and behavior to “optimally”
engage with the environment. On the other hand, large decreases of RSA to attention
challenge may be indicative of behavioral dysregulation and risk for maladaptive fight/flight
responding®15. Estimates of HR and RSA were averaged across the attention episode.
Higher values of HR and lower values of RSA indicate a greater physiological response to
the visual orientation task.
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Statistical Analyses

Results

To evaluate whether infants in the different exposure groups varied with respect to behavior
on the NNNS and HR and RSA during the orientation task we ran a general linear model
univariate analysis of co-variance, controlling for the covariates listed below as well as
baseline HR and RSA (in separate models). We used an ANCOVA to assess physiological
response to visual orientation (e.g. including baseline levels as a covariate) as controlling for
baseline physiology, which is more reliable than using a change score in which the
unreliability of each variable is compounded. A four-level variable consisting of infants with
cocaine exposure only, opiate exposure only, other substance exposure (alcohol, tobacco,
marijuana), and cocaine and opiate exposure was entered as a predictor of HR and RSA (in
separate models) during the attention procedure.

Covariates were included if correlated (p<.05) with HR during baseline, HR during the
attention procedure or with exposure status. Variables that met these criteria for HR analysis
and included as covariates were sex, birth weight, race, site, PMA, and maternal age.
Variables that met these criteria for RSA analysis and included as covariates were SES, birth
weight, race, site, PMA, and maternal age.

Complete NNNS and exposure status data were available for 1,129 participants. Complete
demographic and HR data were available for 886 of the original sample, and complete
demographic and RSA data were available for 825 participants. Comparison of the
characteristics between the included infants and those not included showed differences in
maternal age, low SES and race (Table I; available at www.jpeds.com). The four study
groups (Table I) differed in maternal age, birth weight, race, PMA, and prenatal exposure to
alcohol, tobacco and marijuana.

Bivariate correlations revealed strong, significant negative correlations between HR and
RSA, and small, though significant positive correlations between baseline HR and HR
during orientation and arousal and excitability scores on the NNNS (Table II). Examination
of scatterplots of HR/RSA during baseline and during the NNNS orientation task revealed
linear associations. We also examined the possibility of suppressor effects of PMA and birth
weight and no support was found; results were consistent regardless of whether PMA and
birth weight were entered separately or in combination.

Prenatal substance exposure was a significant predictor of HR during the attention
procedure, controlling for baseline HR and the other covariates, ~ (3, 874) = 2.83, p=.04
(Table I11). Planned contrasts (Figure) showed that infants with prenatal cocaine and opiate
exposure had higher HRs than infants with cocaine exposure only (o =.004), infants with
opiate exposure only (p=.05), and infants with exposure to other substances (o= .02).
There were no statistically significant differences in HR between infants in the other three
groups.

Prenatal substance exposure was also a significant predictor of RSA during the attention
procedure, controlling for baseline RSA and the other covariates, A3, 814) = 3.11, p=.03
(Table I11). Planned contrasts (Figure) showed that infants with prenatal cocaine and opiate
exposure had lower RSA compared with infants with cocaine exposure only (p = .01),
infants with opiate exposure only (p=.004), and infants with exposure to other substances
(p=.04). There were no statistically significant differences in RSA between infants in the
other three groups.
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On the NNNS (Table 1V), infants with prenatal cocaine and opiate exposure had lower
quality of movement, (A3, 1069) = 2.64, p = 0.05), and more hypertonicity (A3, 1076) =
2.92, p = 0.03), than infants in the other three exposure groups. Infants with prenatal cocaine
and opiate exposure had more nonoptimal reflexes (A3, 1079) = 2.61, p = 0.05), and stress/
abstinence signs (A3, 1079) = 6.60, p <.001) than infants with prenatal cocaine exposure
only and prenatal exposure to alcohol, tobacco, and marijuana (but not compared with
infants with prenatal opiate exposure only).

Discussion

Infants with prenatal cocaine and opiate exposure exhibited the most neurobiological
dysregulation in the NNNS assessment at both the behavioral (NNNS) and physiological
(HR and RSA) levels compared with infants with prenatal cocaine or opiate exposure alone
or infants with prenatal exposure to other substances. The majority of research on substance-
exposed infants has been limited to the effects of a single substance, such as cocaine, or
opiates, while controlling for the effects of other substances®. A small body of research,
however, suggests that infants with cocaine and opiate exposure may be at greater risk for
poor developmental outcomes®17. Infants with prenatal cocainel8 and opiatel8 exposure are
at risk for difficulties with modulating arousal and attention, and subsequent problems with
emotion regulationl1? and learning2? by middle childhood. Yet unknown are the
mechanisms by which infants with prenatal cocaine and opiate exposure may be at risk for
these negative outcomes, though a promising avenue of research involves physiological
aspects of regulatory systems.

Physiological systems subserving attention and arousal, specifically HR and RSA, have
previously been studied among infants with prenatal cocaine or opiate exposure as both HR
and RSA are involved in the control of visual attention14 and arousal regulation?. Findings
from studies of HR and RSA in infants with prenatal cocaine or opiate exposure are mixed.
In one study, infants who were cocaine and opiate exposed exhibited greater HR and lower
RSA at baseline?2 compared with infants with opiate exposure only, though this study did
not covary the effects of demographic and medical variables that may have confounded
results. In addition, baseline levels of HR or RSA are typically not used to index arousal
regulation and excitability. A better index is RSA during challenge?L. Infants with prenatal
cocaine exposure typically do not exhibit RSA responses to challenge23:24.25 compared with
non-exposed controls; however, these studies did not include infants with opiate exposure
and did not adequately control for the effects of other substances. There are only two studies
of RSA in children with prenatal opiate exposure. In one, opiate exposed 7-12 year-old boys
did not exhibit RSA reactivity during an attention-demanding task!8. In the other, RSA
reactivity was greater in opiate and alcohol exposed 7-12 year-old children than controls28.

The inconsistent findings may be due to differences in age of assessment of RSA reactivity,
lack of adequate control for the effects of polysubstance exposure, or exclusion of
participants who are both cocaine and opiate-exposed. The tasks used to assess RSA
reactivity also may not have been potent enough to tax the attention systems. We used a
visual attention task that is analogous to visual exploration that is a necessary prerequisite
for object exploration and subsequent early learning, and attention-demanding tasks have
commonly been used to elicit RSA and HR responses?L. Our results may be used to help
identify infants who may need additional support in learning how to self-regulate in the
context of interacting with attention-demanding stimuli. In addition, they point to a possible
mechanism by which infants with prenatal cocaine and opiate exposure exhibit difficulties
with attention and arousal modulation.
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In typically developing infants HR increases and RSA decreases in response to attention
demanding stimuli214, Moderate decreases in RSA are characteristic of focused attention
and self-regulation1314 as parasympathetic withdrawal provides the activation needed to
respond to attention demands. Thus, one interpretation of our findings could simply be that
the cocaine and opiate exposed infants in our study required more parasympathetic
withdrawal to mount the response to the demands of attention stimulation. Although the
mechanisms of action are different between cocaine and opiates?’, they both affect reward
circuitry in the brain; specifically, the ventral tegmental area and extended amygdala which
are regions rich in monoamines and are involved in reactivity to stress and regulation2’. The
combined impact of cocaine and opiate exposure could require these infants to utilize greater
neurobiological resources in order to meet environmental demands, thereby further taxing an
already stressed central nervous system?28:29,

A second interpretation is that the greater decreases in RSA among infants with prenatal
cocaine and opiate exposure reflect a stress response®. Sympathetic arousal is part of the
“flight or fight” reaction that also includes activation of the HPA system and release of
cortisol. Thus, we suggest that the increased HR response observed in the infants exposed to
both cocaine and opiates could indicate increased sympathetic activity as part of a stress
response. These infants may have shown an acute response to stress rather than the ability to
respond to the demands of attention stimulation. According to the framework of allostatic
load0, repeated activation of physiological systems results in increased likelinood of
psychological and medical morbidity due to “wear and tear” on these systems. Over time,
the autonomic nervous system may become overly stressed, making it more likely for these
infants to exhibit autonomic dysregulation in response to even mild attention-demanding
stimuli.

Prenatal substance exposure can also alter physiological stress response systems through
epigenetic mechanisms that increase fetal exposure to maternal cortisol affecting
physiological and neurobehavioral stress reactivity in the infant3!. Epigenetic changes in
placental genes that regulate fetal exposure to maternal cortisol have been related to
newborn neurobehavior on the NNNS, including infant attention32 and quality of
movement33. The findings that cocaine and opiate exposed infants also show increased HR
and RSA responses on the NNNS during an attention-demanding task, and poorer quality of
movement and greater hypertonicity is consistent with the interpretation that these infants
were exhibiting a stress response. Future research is needed to determine whether this
response may be impacted via epigenetic processes. These results do not preclude the
possibility, however, that exposure to drugs other than cocaine and opiates have teratogenic
effects.

This study has limitations. An unexposed comparison group of infants with no prenatal
substance exposure may have helped clarify our findings. For instance, we would have been
able to determine whether infants with prenatal cocaine and opiate exposure were exhibiting
significantly greater HR and lower RSA than unexposed infants. However, the fact that
these differences were observed among groups of infants, all with some form of exposure to
substances prenatally argues for the robust effects found in this study. Although prenatal
exposure to alcohol, marijuana or tobacco did not met criteria for inclusion as covariates,
there were some group differences in exposure to these other substances. However, because
our criteria for inclusion of covariates was well established in the literature and defined a
priori, we feel that our comparison groups were appropriate.

The first month of life represents a particularly vulnerable time for infants, characterized by
high levels of cortisol secretion as the infant learns to become more physiologically and
behaviorally organized. Infants with both prenatal cocaine and opiate exposure may be a
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more susceptible group given their high levels of sympathetic and parasympathetic
responses to a sustained visual attention challenge, and because behaviorally they exhibited
more motoric disorganization. As the autonomic nervous system is involved in the
maintenance of coordination of attention and arousal, our results suggest that early
difficulties with regulation of arousal, exacerbated by the increased likelihood of being
reared in an adverse environment, may make the infant who is exposed to cocaine and
opiates more vulnerable to difficulties with arousal regulation. An important developmental
objective for the infant is to coordinate biological and behavioral attention systems with the
goal of maintaining a calm state while visually inspecting new stimuli. This ability is also a
necessary prerequisite for early learning. That infants with prenatal cocaine and opiate
exposure had difficulties with biobehavioral regulation suggests that they may be at
increased risk for problems with regulation later in development, in part due to heightened
physiological responses identifiable by 1 month.

These findings could point to the importance of including physiological measures in
addition to behavioral assessments to identify which infants may need extra support and
intervention. The ability to differentiate infants who show a stress response from infants
who show the expected response to environmental demands could have implications for
preventive intervention; for example, to combat the well-known long term effects of chronic
stress or allostatic l0ad30:34, In clinical practice, our group uses the NNNS to help
management of infants while in hospital. For example, some substance exposed infants
benefit from soothing strategies and proprioceptive interventions to support infants’ motor
organization. These interventions include containment, use of a pacifier, neutral warmth, and
infant massage, preferably by the parent3®. The goal is to capitalize on the malleability of
the infant neurobiological stress response to support sensitive caregiving experiences and
ultimately promote positive adaptation.
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Figure 1.

HR (top panel) and RSA (bottom panel) during NNNS visual orientation procedure by
exposure classification.
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Table 3

Analysis of Covariance Predicting HR and RSA during orientation

Dependent Variable: HR during orientation

Parameter A1,874)
SES 41

Site 45

Birth weight 10177
Maternal age 115

Race 11

Sex 98

PMA 2.34
Baseline HR 304.08"
Prenatal drug exposure 283%

Dependent Variable: RSA during orientation

Parameter A1, 814)
SES 358

Site 49

Birth weight 412"
Maternal age 380"
Race 2.68

PMA 59
Baseline RSA 508.10 "
Prenatal drug exposure 3617

Note:

Aok

p<.001;

*ok

p<.01;

*
p<.05.
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