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In utero exposure to opiates may affect autonomic functioning of the fetus and newborn.
We investigated heart rate variability (HRV) as a measure of autonomic stability in prenatal
opiate-exposed neonates (n=14) and in control term infants (n=10). Electrocardiographic
data during both non-nutritive and nutritive sucking were evaluated for RR intervals, heart
rate (HR), standard deviation of the consecutive RR intervals (SDRR), standard deviation
of the differences of consecutive RR intervals (SDDRR), and the power spectral densities
in low and high frequency bands. In controls, mean HR increased significantly, 143–161
per min (p=0.002), with a trend toward a decrease in RR intervals from non-nutritive to
nutritive sucking; these measures did not change significantly among exposed infants.
Compared to controls, exposed infants demonstrated significantly greater HRV or greater
mean SDRR and SDDRR during non-nutritive period (p < 0.01), greater mean SDDRR dur-
ing nutritive sucking (p=0.02), and higher powers in the low and high frequency bands
during nutritive feedings. Our findings suggest that prenatal opiate exposure may be
associated with changes in autonomic nervous system (ANS) functioning involving both
sympathetic and parasympathetic branches. Future studies are needed to examine the
effects of prenatal opiate exposure on ANS function.

Keywords: heart rate variability, autonomic nervous system, prenatal opiate, power spectral analysis, neonatal
abstinence syndrome

INTRODUCTION
Heart rate variability (HRV) has been used as a measure of auto-
nomic nervous system (ANS) function for over 30 years. Studies,
such as by Siassi et al. (1) in 1979, examined HRV in both time
and frequency domains to evaluate the health of the ANS. The ANS
controls involuntary physiologic responses through its two main
branches, the sympathetic and parasympathetic systems. These
branches often function in opposition to each other to achieve
homeostasis of involuntary functions such as breathing, diges-
tion, and excretion. In cardiac muscle, the sympathetic nervous
system functions to increase both rate and force of contraction,
while the parasympathetic nervous system functions primarily to
decrease heart rate (HR). In vascular smooth muscle, the sympa-
thetic system primarily causes vascular wall contraction, while the
parasympathetic system causes vascular relaxation. The derived
HRV measures from beat by beat fluctuation in cardiovascular
variables, are used as an index of ANS function (2–8) reflecting the
status of sympathetic and parasympathetic balance. HRV is usually

Abbreviations: ANS, autonomic nervous system; EKG, electrocardiogram; FFT, fast
Fourier transform; HF, high frequency; HR, heart rate; HRV, heart rate variabil-
ity; LF, low frequency; NAS, neonatal abstinence syndrome; PSA, power spectral
analysis; RSA, respiratory sinus arrhythmia; SDDRR, standard deviation of the dif-
ferences of consecutive RR intervals in a subject; SDRR, standard deviation of the
consecutive RR intervals.

assessed in two ways: by time domain analysis and by frequency
domain analysis. The calculations in the time domain analysis are
based on the statistical derivations from consecutive RR intervals
(interbeat intervals) measured from the electrocardiogram (EKG)
tracings. The RR intervals are sometimes referred to as the heart
period. In the frequency domain, the periodic fluctuations in HR
are examined as these fluctuations are affected by temperature, the
baro-receptor reflex, and respirations. The HR fluctuation that is
equal to the respiratory rate from the inspiratory inhibition of
the vagus nerve is noted in the high frequency (HF) region and
has been referred to as the respiratory sinus arrhythmia (RSA) or
vagal tone. In most studies, the low frequency (LF) band usually
includes the regions from 0 to 0.2 Hz and the HF band between
0.2 and 1.5 Hz (9, 10).

Heart rate variability has served as an indicator of ANS sys-
tem functioning in clinical settings, in subjects of all ages. In the
fetus, HRV has been used as one of the indicators of fetal well
being (11). In the newborn infants, the HRV has been studied in
active and quiet sleep (12), in intrauterine growth restriction (13),
in assessment of pain (14), and in sepsis (15). In older infants,
autonomic changes such as brief increases in HR and RSA were
noted to parallel increases in negative emotions during tasks elic-
iting frustration (16). The evaluation of the ANS system in the
newborn is of interest since studies have suggested that physio-
logical measures may predict neurobehavior, temperament, and
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later childhood outcomes (17, 18). In older children, ANS changes
as shown by changes in heart period and vagal tone or RSA were
associated with behavior problems (19, 20).

The ANS functioning has been evaluated in infants with pre-
natal substance exposure such as cocaine and tobacco. Compared
to infants with no prenatal tobacco exposure, exposed infants had
higher HR and RSA (21). Neonates with prenatal cocaine expo-
sure showed autonomic alterations; they had higher HRV; i.e.,
higher total power in frequency domain and higher vagal tone (22).
However, other investigators found similar RR interval dynamics
between those with prenatal cocaine exposure and controls dur-
ing quiet and active sleep (23). In one report, infants with prenatal
cocaine exposure had delayed but prolonged response in HR or
decrease in HRV during orthostatic stress (6).

There are few studies on ANS functioning following prenatal
opiate exposure. Experimental studies indicate that prenatal opi-
ate exposure may affect both the developing fetal hypothalamic-
pituitary-adrenal axis and the sympathetic adrenal medullary axis
(24, 25), and thereby resulting in alteration in not only cortisol
response but also norepinephrine and adrenalin response affecting
HR and HRV. These effects on the hypothalamic-pituitary-adrenal
axis and the sympathetic adrenal medullary axis were evident even
at later ages. Also in adult rats with perinatal exposure to the opi-
ate, oxycodone, changes in blood pressure, and HR responses to
acute stress were different from animals with no prenatal opiate
exposure (26).

Clinical studies also suggest that prenatal opiate exposure may
result in alterations in ANS functioning. Fetuses of mothers on
methadone treatment had decreased baseline HR, HRV, and accel-
eration (27). Following prenatal opiate exposure, infants had
increases in HR as well as associated decreases in vagal tone (5);
these changes in cardiac measures occurred with drug withdrawal
manifestations or neonatal abstinence syndrome (NAS). Other
investigators also found that abnormal HR patterns, e.g., increase
in base line HR and beat-to-beat variability, were associated with
tremors and irritability in infants with NAS (28). Older children
with prenatal opiate exposure appeared to have impairment in
ANS functioning as indicated by increased vagal tone reactivity in
the presence of task with increased attentional demand (29).

With the increasing prevalence of opiate use in women of child
bearing age (30), the number of reported NAS cases also is on
the rise (31). Infants with NAS manifest central nervous sys-
tem and ANS signs; they may have increase in HR, increase in
respiratory rate, and have difficulty with feeding (suck-swallow-
breath interaction) (32). Investigators reported on abnormalities
in the feeding patterns, changes in length and frequency of sucking
bursts, less rhythmic swallowing, and abnormalities in respira-
tory control (33, 34); these may affect both sympathetic and
parasympathetic functioning. Yet there are few reports on the ANS
functioning after prenatal opiate exposure. A more detailed inves-
tigation of ANS functioning in exposed children will help better
understand the underlying physiological changes associated with
the clinical syndrome and its treatment. Furthermore, character-
ization of neonatal ANS functioning in prenatal opiate exposure
may have the potential for determining a relationship between
early ANS functioning and infant behavior regulation and or later
outcomes (17, 18).

To assess the ANS status in neonates, investigators have elicited
changes in ANS functioning using different stimuli (e.g., nutri-
tive sucking, non-nutritive suck with use of a pacifier, or by tilt or
orthostatic changes) (4, 6, 35). Since feeding is a routine activity
for newborn infants, we used nutritive sucking to elicit possible
changes in ANS functioning and determined measures of HRV
in the time domain and the rhythms about the HRV in the fre-
quency domain. We hypothesized that prenatal opiate exposure
would be associated with increased activity in the sympathetic
and parasympathetic systems.

MATERIALS AND METHODS
This study is a part of a prospective larger study on feeding using a
sample of convenience, with Institutional Review Board approval.
The complete protocol has been published elsewhere (36). Subject
enrollment was done after birth. Informed consent was obtained
from a parent. For this ancillary study, we evaluated HRV from
recordings of two groups of term infants: a group with prenatal
opiate exposure with NAS symptoms and a control group with
no prenatal opiate exposure. Although term gestation was a pre-
requisite for enrollment, no matching was done as to birth weight
or gender. The opiate exposure was identified by maternal his-
tory of opiate use and or by a positive opiate screen from infant’s
urine or meconium. All infants admitted had urine and meco-
nium drug screening. As part of our clinical practice, infants with
prenatal opiate exposure were assessed every 3–4 h for symptoms
of withdrawal using the Finnegan scoring system (37). In this
scoring system, 21 items are scored according to severity. Items
scored include central nervous system and autonomic nervous
manifestations, including signs of respiratory and gastrointestinal
dysfunction. Examples of items scored are tremors, muscle tone,
sweating, fever, yawning, mottling, nasal stuffiness, sneezing, nasal
flaring, tachypnea, excessive feeding, poor feeding, regurgitation
or vomiting, loose or watery stools, skin excoriations, and etc. For
this study we noted the Finnegan NAS scores (37) of each exposed
infant documented by the bedside nurse within a few hours before
the study, as well as the highest score at anytime prior to the study.

RECORDING PROCEDURES
Infants were monitored with a 3-lead EKG. Two electrodes were
placed on the upper chest on each side, below the clavicle and in
proximity to the left and right arm. The third electrode was placed
on left lower extremity, proximal to the ankle. All data sets were
collected at times the infant was scheduled to feed per nursing pro-
tocols. EKG signals (Model #90623A, Space Labs Inc., Redmond,
WA, USA) were acquired from the RS-232 port and analog signals
converted to digital data. Signals were digitized using a commer-
cial data acquisition system at a rate of 600 samples per second
(Model #DI-706, DATAQ Instruments, Akron, OH, USA). The
study procedure coincided with scheduled feedings, with infants
in awake state. Prior to the data acquisition, each infant was swad-
dled and held by the research nurse to prepare for feeding. EKG
recording started when a pacifier was given for at least 1 min to
stimulate infant sucking and readiness for bottle feeding. After
non-nutritive sucking, the infant was given his/her feeding (nutri-
tive sucking). EKG recording continued until the infant consumed
the prescribed volume or for no longer than 15 min.
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ANALYSIS OF EKG SIGNALS
A custom-made program in MATLAB (MathWorks, Natick, MA,
USA) was developed to analyze EKG data. With this software, con-
secutive peaks of R waves were identified from the EKG tracings.
After identification of R peaks, the RR intervals (millisecond)
were computed. Data segments with artifacts with three or less
unidentifiable R peaks were removed and values linearly inter-
polated using the preceding RR and the succeeding RR after the
deleted artifact segment. When data segments had more than three
unidentifiable R peaks, the segments were deleted and removed
from the analysis. Of the data segments, 4% contained artifacts
and were not analyzed. One of the authors (Stuart J. Traxel) ran
the custom software for R peak detection and EKG data edits; he
was masked to the study group assignment.

Electrocardiogram signals were examined in the time and fre-
quency domains. In the time domain, variation in HR was exam-
ined from the intervals of consecutive QRS, measured between
peaks or RR. The beat-to-beat changes are the results of the com-
plex interaction of vagal, sympathetic, and other influences on
the heart. Therefore in this study, the HRV measures included
the RR intervals, HR (beats per minute) derived from the RR,
and the statistical derivations namely: standard deviation of the
consecutive RRs intervals (SDRR), and standard deviation of the
difference between consecutive RR intervals (SDDRR). For each
infant during each minute of non-nutritive and nutritive sucking,
the means for the RR intervals, HR, SDRR, and SDDRR were cal-
culated to compare these time domain variables between controls
and opiate-exposed infants. Since during nutritive sucking, the
EKG recordings for each infant lasted for 15 min, we also compared
the time domain variables between controls and opiate-exposed
infants during a 5-min period.

In the frequency domain, periodic changes in heart pattern
within each given frequency band over a range of frequencies were
determined from spectral power display. To extract information at
particular frequencies, RR intervals were equi-sampled and then
filtered using a digital low-pass filter with a cut-off of 12.5 Hz.
After filtering, data were sub-sampled at 25 Hz since components
at frequencies much larger than 1.5 Hz are infrequently used in
power spectral analysis (PSA) of HRV. Sub-sampled data were
segmented into 120 s sections and each section was zero-meaned
and multiplied by a Hanning window. The Fast Fourier Transform
(FFT) was computed for all data segments. Spectral density was
then computed by averaging the FFT of all data segments for each
infant. During non-nutritive sucking, the infant’s EKG data that
were <120 s in duration were zero-padded to equal 120 s in dura-
tion to increase frequency resolution obtained at low frequencies.
EKG data that were longer than 120 s were divided into segments
using a 50% overlap.

For the frequency domain analysis,we performed PSA of the RR
intervals, representing power at each frequency for each category
of infants (controls versus opiate-exposed by non-nutritive and
nutritive sucking), allowing for a visual interpretation of which fre-
quencies in each domain (high and low) are more greatly affected.
LF power was calculated for each infant as the area underneath
the spectral density curve between 0.01 and 0.2 Hz. HF power was
calculated similarly for frequencies between 0.2 and 1.5 Hz. These
calculations summarize the impact on changes to RR variability

at low and high frequencies generally, measured for each category
of infants in power per Hertz. Except for a lower cut-off at the
low end of the LF band, we used frequency bands similar to those
used by other investigators (9, 10, 38–40). The amplitude of power
in the LF band is influenced by both sympathetic and parasym-
pathetic systems. The two components of the power spectrum in
the LF are related to thermoregulatory fluctuations in vasomo-
tor tone and the frequency response of the baro-receptor reflex
(12, 41). The LF may also have the component of fluctuations
due to breath amplitude modulation (38). The spectral power in
the HF band has its peak centered at the respiratory frequency,
reflecting the sinus arrhythmia caused by respirations. Thus, the
peak at HF may shift with changes in respiratory rate. Fluctua-
tions in the HF are modulated by the parasympathetic branch of
the ANS (9, 41, 42).

STATISTICAL METHODS
Descriptive statistics included frequencies, medians, means, stan-
dard error of the mean (SE), and proportions. Normality was
assessed for each of the measures. As to the time domain mea-
sures, we compared the 1-min means of RR, HR, SDRR, and
SDDRR during non-nutritive sucking and nutritive sucking within
and between controls and the exposed group, using mixed linear
models. The 5-min time domain variables between groups dur-
ing nutritive sucking were compared using the T test. In exposed
infants, the use of Pearson’s Correlation assessed the linear associ-
ation between NAS scores and each of the time domain measures
during non-nutritive and nutritive sucking. We also performed
mixed linear models to compare the frequency domain measures
between the controls and exposed groups during non-nutritive
and nutritive periods. The method adjusts for multiple compar-
isons using Tukey–Kramer method. For all analysis, a p-value
<0.05 was considered significant. For all analyses we used SAS
version 9.3 (Cary, NC, USA).

RESULTS
ENROLLED SUBJECTS
Enrollment consisted of 24 subjects, 10 controls, and 14 opiate-
exposed infants. Mothers of control infants did not use opiates and
2 of 10 used tobacco during pregnancy. Seven of 14 mothers in the
exposed group were on methadone and the remaining used oxy-
codone or hydrocodone or both. Three opiate using mothers also
smoked during pregnancy. Mean (SE) birth weight of controls,
3221 (176) g, did not differ from that of the opiate-exposed group,
3045 (125) g. Similarly, mean gestational ages were comparable,
38.7 (0.28) and 39.4 (0.38) weeks for controls and exposed groups
respectively. Median 1- and 5-min Apgar scores for term controls
were 9 and 10, respectively. Median 1- and 5-min Apgar scores
were both 9 for exposed infants. Of the controls, 40% had tran-
sient respiratory distress on admission compared to 21% in the
exposed group. The respiratory distress was attributed to delayed
adaptation and resolved within a few hours of admission. No
infant had respiratory distress at the time of the study procedure.
There were more males in the control group, 80 versus 36% in the
exposed group (p < 0.05). Infants were studied within 1 week of
birth except for four opiate-exposed, who were studied during the
second week of life. In opiate-exposed infants, the Finnegan scores
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(37) obtained a few hours before the physiological data acquisi-
tion ranged from 4 to 20 (median, 11). However, the highest scores
recorded for the study subjects at any time prior to the study pro-
cedure ranged from 12 to 22 (median, 16), scores high enough for
infants to need pharmacologic treatment.

Table 1 compares the means (SE) of the measures in time
domain. The t values and adjusted p-values from multiple com-
parisons are also shown. Figures 1A–D illustrate the results from
the time domain analysis. During non-nutritive sucking, mean RR
(SE) did not differ between controls and exposed infants, 415.0
(13.2) and 383.1 (10.1) ms, respectively. In controls, RR decreased
marginally during nutritive sucking to 383.5 (13.2) ms, p= 0.08,
while no significant decrease was noted in the exposed infants
(Figure 1A). Also, during non-nutritive sucking, a marginal dif-
ference was noted in HR between groups; mean (SE) in controls
was 143 (5) versus 157 (4) per min in exposed infants (Figure 1B).
HR increased significantly during nutritive sucking in controls
to 161 (4.7) per min (p= 0.002), but not in exposed infants.
Figure 1C shows that during non-nutritive sucking, the exposed
infants had higher SDRR values compared to controls, mean (SE)
of 20.6 (2.5) versus 11.0 (1.3); estimated mean (SE) difference was
−7.5(2.7), p= 0.006. Exposed infants also showed a significant
decrease in SDRR, from mean (SE) of 20.6 (2.5) during non-
nutritive to 14.1 (2.5) during nutritive sucking, but no significant
change occurred in controls. As to SDDRR, no significant change
occurred in controls or in exposed infants from non-nutritive to
nutritive periods (Figure 1D). However, those exposed had sig-
nificantly higher SDDRR values during non-nutritive (p < 0.002)
and nutritive (p < 0.02) sucking compared to controls.

We also found differences in the 5-min time domain measures
during nutritive sucking between controls and exposed infants.

Those exposed had a significantly shorter RR, mean (SE) of 359.9
(7.9) compared to controls, who had mean (SE) of 387.5 (10.3),
p= 0.04. HR during the nutritive period for exposed infants was
167.7 (3.5) per min, higher than 155.8 (4.1) per min in controls.
The mean (SE) of the SDRR and SDDRR measures did not differ
between controls and exposed infants during the nutritive period.

Among exposed infants, there was no correlation between the
Finnegan scores recorded within 4 h of the data acquisition and any
of the time domain measures. However, the highest scores recorded
prior to the study procedure correlated significantly, but only dur-
ing the nutritive sucking periods, with the following time domain
measures: RR (r = 0.24, p < 0.02), HR (r =−0.22, p < 0.03), and
SDDRR (r = 0.22, p < 0.03). Therefore, during nutritive feeding,
longer RR intervals, lower HR, and higher SDDRR correlated with
increasing severity of NAS.

FREQUENCY DOMAIN ANALYSIS
Shown in Figures 2A,B and in Table 1 are the means (SE) of power
for the LF (0.01–0.2 Hz) and HF (0.2–2.5 Hz), in the control and
exposed infants during non-nutritive and nutritive periods. The
power in LF and HF increased from non-nutritive to nutritive
sucking in both groups, but significant increase was noted only in
the exposed with a mean difference of −0.19, p= 0.04 for the LF
and mean difference of −0.4075, p= 0.0027 for HF. Both LF and
HF powers were significantly greater in the exposed group during
nutritive sucking compared to controls. Shown in Figures 2C,D,
are the power spectral densities in the LF and HF domains plotted
against frequencies of 0.01–0.2 and 0.2–1.5 Hz, respectively. The
displays of PSA in both LF and HF bands show that controls dur-
ing non-nutritive sucking had the lowest power while the exposed
during nutritive sucking had the highest power in both the LF and

Table 1 | Comparison of time domain variables (RR interval, HR, SDRR, and SDDRR) and frequency domain variables (LF and HF) during

non-nutritive and nutritive sucking between controls and exposed infantsa.

RR interval HR SDRR SDDRR LF HF

Mean (SE)

Controls

Non-nutritive 415.0 (13.2) 143.0 (4.8) 11.03 (1.3) 6.93 (1.3) 0.2201 (0.08) 0.2093 (0.12)

Nutritive 383.5 (13.2) 161.0 (4.7) 10.8 (1.3) 6.67 (1.3) 0.3119 (0.08) 0.3204 (0.12)

t Value 1.75 −3.20 0.12 0.17 −0.87 −0.78

p-Value 0.0838 0.002 0.9051 0.8626 0.3938 0.4453

Exposed

Non-nutritive 383.1 (10.1) 157.1 (4.0) 20.6 (2.5) 13.87 (2.3) 0.4135 (0.07) 0.4155 (0.10)

Nutritive 371.6 (10.1) 164.5 (4.0) 14.1 (2.5) 13.31 (2.3) 0.6066 (0.07) 0.8230 (0.10)

t Value 0.83 −1.33 2.03 0.18 −2.16 −3.38

p-Value 0.410 0.1876 0.0448 0.8595 0.0415 0.0027

Controls versus exposed

Non-nutritive

t Value 1.63 −1.76 −2.82 −3.38 −1.88 −1.29

p-Value 0.1061 0.0812 0.0059 0.0011 0.0738 0.2120

Nutritive

t Value 1.19 −1.35 −0.23 −2.59 −2.86 −3.13

p-Value 0.2385 0.1803 0.8170 0.0111 0.0091 0.0048

aMeans (SE), t value, and adjusted p-value are shown for multiple comparisons (Tukey–Kramer).

Frontiers in Pediatrics | Neonatology October 2013 | Volume 1 | Article 27 | 4

http://www.frontiersin.org/Neonatology
http://www.frontiersin.org/Neonatology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hambleton et al. Autonomic alterations and prenatal opiate

FIGURE 1 | (A–D) Show the means (SE) of time domain variables for
controls and exposed subjects during non-nutritive (pacifier) and nutritive
sucking. Also significant differences are indicated as follows: *p < 0.05;
**p < 0.01. (A) Compares the mean RR (millisecond) between controls

and exposed infants during non-nutritive and nutritive periods.
(B–D) Respectively show the HR (beats per minute), SDRR, and SDDRR
changes between controls and opiate-exposed infants during non-nutritive
and nutritive sucking.

HF bands. The LF to HF ratios did not differ between non-nutritive
sucking and nutritive sucking within groups or between groups.

DISCUSSION
To our knowledge, this is the first report on examining ANS func-
tioning after prenatal opiate exposure during non-nutritive and
nutritive sucking. Our results suggest that prenatal opiate expo-
sure may affect neonatal ANS functioning in both sympathetic
and parasympathetic branches. Compared to controls, exposed
infants showed a greater HRV by some of the time domain mea-
sures. In exposed infants during nutritive sucking, HRV was higher
with higher Finnegan scores. Further, PSA indicated a prominent
increase in activity for both sympathetic and parasympathetic
branches in exposed infants compared to controls during nutritive
sucking.

The findings of increase in HR and decrease in RR from
non-nutritive to nutritive sucking may be related to increased
autonomic output as evidenced by the gustatory hypothesis. The
gustatory hypothesis proposes that due to shared nervous system
nuclei, digestive processes could have concurrent cardiac changes
(43). Lipsitt and co-investigators (44) related their findings in new-
borns of the associated increase in HR during sucking with liquid
(sucrose) compared to sucking with no liquid (non-nutritive) to
adaptive gustatory phenomenon; i.e., a slower sucking rate when

fed a“savored substance.”Previous studies evaluated HR and HRV
in normal,healthy infants during non-nutritive and nutritive suck-
ing with variable results (3, 4, 7, 44, 45). Our results are in line with
findings by Cohen et al. (3, 4), as well as Portales et al. (35), who
noted an increase in autonomic function during nutritive feed-
ing from baseline in healthy infants. We noted similar changes in
our controls, i.e., increase in HR with nutritive sucking, but with
minimal and insignificant change in those with opiate exposure.
Although we did not have measurements prior to non-nutritive
sucking, other investigators (4, 7) found no significant change
between baseline HR and the HR determined while sucking a paci-
fier. The marginally elevated baseline HR of the opiate-exposed
may be explained by an increase in sympathetic activity, decrease
in parasympathetic activity, or a combination of the two. Changes
during embryologic development to cholinergic receptor sites or
other nerve synapse sites with opioid receptors may affect the ANS
functioning (46, 47). Also, ANS alterations in exposed newborns
may be related to the effect of opiate on the ontogeny of the stress
axis with prenatal exposure effects on the hypothalamic-pituitary-
adrenal axis interacting with ANS functioning (25).

Jansson et al. (5) examined heart periods in neonates born with
perinatal methadone exposure. They found longer average heart
periods on days 1 and 2, than the mean RR intervals in our study.
Differences in the methodology of their study from ours include
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FIGURE 2 | (A,B) (Top panels) show the mean (SE) power per Hertz for the
LF and HF bands respectively, comparing the controls and opiate-exposed
infants during non-nutritive and nutritive sucking. Significant differences
are indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.005. In both
controls and exposed, LF and HF power per Hertz increases from
non-nutritive to nutritive periods but significant change occurred only in
exposed in the LF domain (p < 0.05) and HF domain (p < 0.005).

Compared to controls, exposed infants have higher LF (p < 0.05) and HF
(p < 0.03) power per Hertz during nutritive sucking. (C,D) (Bottom panels)
illustrate the plots of power spectral densities against the LF band of
0.01–0.2 Hz and HF band of 0.2–1.5 Hz. The controls during non-nutritive
sucking have the lowest power and the exposed have the highest power in
both LF and HF bands. Note that the scale for power against frequency in
(D) is expanded for HF to provide more details.

an earlier monitoring period (day of life 1–3), no control group,
EKG recording at sleep state, and less severe Finnegan scores or
better pharmacological control than our exposed infants.

The significant differences in the time domain measures, SDRR
and SDDRR, during non-nutritive and nutritive sucking between
controls and exposed infants deserve explanation. The SDDRR,
reflecting the beat-to-beat HRV is influenced by changes in res-
piratory rate or pattern, changes in vasomotor tone, changes in
inotropic function, as well as changes in the suck-swallow-breath
mechanisms affecting vagal tone. LaGasse and others (33) showed
that prenatal drug exposure leads to abnormalities in the feed-
ing patterns and behaviors of neonates, such as changes in length
and frequency of sucking bursts. Gewolb et al. (34) found faster
swallow rate, less rhythmic swallowing, and mild abnormalities in
respiratory control in opiate-exposed neonates. Therefore, it can
be surmised that our findings of autonomic changes after prenatal
opiate exposure, with a stimulus such as feeding, may in part be
related to a disorganized oral motor skills. The disorganized oral
motor skills and abnormalities in suck-swallow-breath rhythms
may affect not only RSA but also the associated small tidal volumes
changes occurring with breathing. These tidal volume variations
affect specifically powers in the LF bands (48), while changes in
vagal tone affect the HF powers.

The LF region in our study includes frequencies correlat-
ing with rhythms attributable to changes in vasomotor tone
and the functioning of the sympathetic system (9). The HF
band frequencies correlate to events, such as changes in respi-
ration and HR, reflecting the activity of the parasympathetic
system (9, 39, 49). Our findings of significant differences in
power in both LF and HF bands between the controls and
opiate-exposed neonates suggest an association between exposure
and increased activity of both sympathetic and parasympathetic
systems.

We adjusted the cutoffs of the LF and HF bands by considering
the higher HR and breathing rates in infants relative to those in
adults. Spectral divisions for neonates between 0.04 and 0.15 Hz
for LF and 0.4–1.5 for HF have been reported (50). Our bands
for LF and HF respectively, were from 0.01 to 0.2 and from 0.2 to
1.5 Hz. The HF band in our analysis is similar to those used by oth-
ers which included a low cut-off of 0.2 Hz (10, 38–40). We did not
exclude the 0.15–0.4 Hz region and we used a slightly lower end for
LF. The reason for using the slightly lower end of LF was a concern
about resolution, given that we were working with smaller data
segments. Given that the primary contribution to the HF band is
the RSA, which results from gating of vagal activity by discharges
in the phrenic nerve, we did not want to exclude contributions to
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the HF from breaths that may have fallen within the 0.2–0.4 Hz
region. Drug-exposed infants are reported to have disorganized
suck and swallow rhythms that may affect regularity and rate of
breathing (33, 34).

There are limitations to our study. Although we had at least
5 min of EKG recording in our subjects during nutritive suck-
ing, we only had a 1-min of recording during the non-nutritive
sucking of the pacifier and therefore shorter than standard recom-
mendation (51). However, with both shorter and longer duration
of recording, we noted differences in the time domain measures
between controls and exposed.

We did eliminate artifacts and ectopic beats after data acquisi-
tion. Nevertheless, the artifact rejection process itself introduces
errors in any situation, especially more so when data lengths are
limited, specifically in the non-nutritive sucking segments. The
difference in age at enrollment between our two groups may intro-
duce bias. But a previous study reported a constant influence of
feeding on HR for the first 6 months of life in healthy infants (7).
Therefore, the differences in our findings between exposed and
controls suggest a link to prenatal opiate exposure rather than
post natal age.

The small number of infants in our study limits generalizability
of our findings. Nagy et al. found male newborns to have lower
baseline HR than female infants (52). A higher proportion of
male infants did comprise our subjects, but our small study num-
ber precluded a meaningful analysis to determine gender effects
on HRV.

Investigators have reported that maternal smoking affects fetal
and neonatal HR patterns (21, 53). However, the small number
of subjects in our study rendered us unable to examine any inter-
action between opiate use and other drugs including tobacco use
during pregnancy. We also did not quantify use of tobacco or other
drugs during pregnancy and thus we were not able to correlate ANS
function with amount of drug use.

In summary, our findings suggest that prenatal opiate expo-
sure may have an effect on the functioning of the sympathetic
and parasympathetic systems. Therefore, determination of ANS
functioning following in utero opiate exposure needs to be further
explored. With a longer duration of data acquisition (51), a cus-
tomized approach for spectral frequency band designations (50),
and a large sample, the effects of opiate exposure on ANS balance
can be better elucidated and the effects of gender, other drug expo-
sures, and confounders can be evaluated. The correlation between
HRV and the severity of NAS based on Finnegan scoring in our
study gives rationale for future studies to examine ANS function-
ing for a role as an adjunct in monitoring neurobehavior of infants
with NAS.

ACKNOWLEDGMENTS
The study was funded in part by the National Institutes of Health
National Institute of Child Health and Human Development
Grant 5K23D05081 (awarded to EWR). The authors acknowledge
Vicki Whitehead, R.N. and Debra Grider, R.N. for their role in
patient recruitment, data acquisition, and data collection.

REFERENCES
1. Siassi B, Hodgman JE, Cabal L, Hon

EH. Cardiac and respiratory activ-
ity in relation to gestation and sleep
states in newborn infants. Pediatr
Res (1979) 13:1163–6. doi:10.1203/
00006450-197910000-00017

2. Bowers EJ, Murray A. Interaction
between cardiac beat-to-beat inter-
val changes and systolic blood pres-
sure changes. Clin Auton Res (2004)
14:92–8. doi:10.1007/s10286-004-
0169-z

3. Cohen M, Brown DR, Myers MM.
Cardiovascular responses to feed-
ing in the neonate during the
first four days of life. Early Hum
Dev (1998) 50:273–82. doi:10.1016/
S0378-3782(97)00057-1

4. Cohen M, Brown DR, Myers MM.
Cardiovascular responses to paci-
fier experience and feeding in new-
born infants. Dev Psychobiol (2001)
39:34–9. doi:10.1002/dev.1025

5. Jansson LM, Dipietro JA, Elko A,
Velez M. Infant autonomic func-
tioning and neonatal abstinence
syndrome. Drug Alcohol Depend
(2010) 109:198–204. doi:10.1016/j.
drugalcdep.2010.01.004

6. John V, Dai H, Talati A, Charnigo RJ,
Neuman M, Bada HS. Autonomic

alterations in cocaine-exposed
neonates following orthostatic
stress. Pediatr Res (2007) 61:251–6.
doi:10.1203/01.pdr.0000252436.
62151.67

7. Lappi H, Valkonen-Korhonen M,
Georgiadis S, Tarvainen MP, Tarkka
IM, Karjalainen PA, et al. Effects
of nutritive and non-nutritive suck-
ing on infant heart rate variability
during the first 6 months of life.
Infant Behav Dev (2007) 30:546–56.
doi:10.1016/j.infbeh.2007.04.005

8. Sheinkopf SJ, Lagasse LL, Lester BM,
Liu J, Seifer R, Bauer CR, et al. Vagal
tone as a resilience factor in children
with prenatal cocaine exposure. Dev
Psychopathol (2007) 19:649–73. doi:
10.1017/S0954579407000338

9. Chatow U, Davidson S, Reichman
BL, Akselrod S. Development and
maturation of the autonomic ner-
vous system in premature and full-
term infants using spectral analy-
sis of heart rate fluctuations. Pedi-
atr Res (1995) 37:294–302. doi:10.
1203/00006450-199503000-00008

10. Baldzer K, Dykes FD, Jones SA,
Brogan M, Carrigan TA, Gid-
dens DP. Heart rate variability
analysis in full-term infants: spec-
tral indices for study of neonatal

cardiorespiratory control. Pediatr
Res (1989) 26:188–95. doi:10.1203/
00006450-198909000-00004

11. Cahill AG, Roehl KA, Odibo
AO, Macones GA. Associa-
tion and prediction of neona-
tal acidemia. Am J Obstet
Gynecol (2012) 207(206):e1–8.
doi:10.1016/j.ajog.2012.06.046

12. Rosen H, Craelius W, Curcie D,
Hiatt M, Hegyi T. Spectral analy-
sis of heart variability in the new-
born infant. Biol Neonate (2000)
77:224–9. doi:10.1159/000014220

13. Aziz W, Schlindwein FS, Wailoo
M, Biala T, Rocha FC. Heart rate
variability analysis of normal and
growth restricted children. Clin
Auton Res (2012) 22:91–7. doi:10.
1007/s10286-011-0149-z

14. Faye PM, De Jonckheere J, Logier
R, Kuissi E, Jeanne M, Rakza T, et
al. Newborn infant pain assessment
using heart rate variability analysis.
Clin J Pain (2010) 26:777–82. doi:
10.1097/AJP.0b013e3181ed1058

15. Fairchild KD, O’Shea TM. Heart
rate characteristics: physiomarkers
for detection of late-onset neona-
tal sepsis. Clin Perinatol (2010)
37:581–98. doi:10.1016/j.clp.2010.
06.002

16. Lewis M, Hitchcock DF, Sullivan
MW. Physiological and emotional
reactivity to learning and frustra-
tion. Infancy (2004) 6:121–43. doi:
10.1207/s15327078in0601_6

17. Gunnar MR, Porter FL, Wolf CM,
Rigatuso J, Larson MC. Neona-
tal stress reactivity: predictions to
later emotional temperament. Child
Dev (1995) 66:1–13. doi:10.2307/
1131186

18. Doussard-Roosevelt JA, Porges
SW, Scanlon JW, Alemi B, Scanlon
KB. Vagal regulation of heart rate
in the prediction of developmen-
tal outcome for very low birth
weight preterm infants. Child Dev
(1997) 68:173–86. doi:10.2307/
1131844

19. Calkins SD, Graziano PA, Keane
SP. Cardiac vagal regulation dif-
ferentiates among children at risk
for behavior problems. Biol Psy-
chol (2007) 74:144–53. doi:10.1016/
j.biopsycho.2006.09.005

20. Marshall PJ, Stevenson-Hinde J.
Behavioral inhibition, heart period,
and respiratory sinus arrhythmia
in young children. Dev Psychobiol
(1998) 33:283–92. doi:10.1002/
(SICI)1098-2302(199811)33:
3<283::AID-DEV8>3.3.CO;2-F

www.frontiersin.org October 2013 | Volume 1 | Article 27 | 7

http://dx.doi.org/10.1203/00006450-197910000-00017
http://dx.doi.org/10.1203/00006450-197910000-00017
http://dx.doi.org/10.1007/s10286-004-0169-z
http://dx.doi.org/10.1007/s10286-004-0169-z
http://dx.doi.org/10.1016/S0378-3782(97)00057-1
http://dx.doi.org/10.1016/S0378-3782(97)00057-1
http://dx.doi.org/10.1002/dev.1025
http://dx.doi.org/10.1016/j.drugalcdep.2010.01.004
http://dx.doi.org/10.1016/j.drugalcdep.2010.01.004
http://dx.doi.org/10.1203/01.pdr.0000252436.62151.67
http://dx.doi.org/10.1203/01.pdr.0000252436.62151.67
http://dx.doi.org/10.1016/j.infbeh.2007.04.005
http://dx.doi.org/10.1017/S0954579407000338
http://dx.doi.org/10.1203/00006450-199503000-00008
http://dx.doi.org/10.1203/00006450-199503000-00008
http://dx.doi.org/10.1203/00006450-198909000-00004
http://dx.doi.org/10.1203/00006450-198909000-00004
http://dx.doi.org/10.1016/j.ajog.2012.06.046
http://dx.doi.org/10.1159/000014220
http://dx.doi.org/10.1007/s10286-011-0149-z
http://dx.doi.org/10.1007/s10286-011-0149-z
http://dx.doi.org/10.1097/AJP.0b013e3181ed1058
http://dx.doi.org/10.1016/j.clp.2010.06.002
http://dx.doi.org/10.1016/j.clp.2010.06.002
http://dx.doi.org/10.1207/s15327078in0601_6
http://dx.doi.org/10.2307/1131186
http://dx.doi.org/10.2307/1131186
http://dx.doi.org/10.2307/1131844
http://dx.doi.org/10.2307/1131844
http://dx.doi.org/10.1016/j.biopsycho.2006.09.005
http://dx.doi.org/10.1016/j.biopsycho.2006.09.005
http://dx.doi.org/10.1002/(SICI)1098-2302(199811)33:3<283::AID-DEV8>3.3.CO;2-F
http://dx.doi.org/10.1002/(SICI)1098-2302(199811)33:3<283::AID-DEV8>3.3.CO;2-F
http://dx.doi.org/10.1002/(SICI)1098-2302(199811)33:3<283::AID-DEV8>3.3.CO;2-F
http://www.frontiersin.org
http://www.frontiersin.org/Neonatology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hambleton et al. Autonomic alterations and prenatal opiate

21. Schuetze P, Eiden RD. The asso-
ciation between maternal smok-
ing and secondhand exposure
and autonomic functioning at 2-
4 weeks of age. Infant Behav
Dev (2006) 29:32–43. doi:10.1016/
j.infbeh.2005.07.001

22. Mehta SK, Super DM, Connuck
D, Kirchner HL, Salvator A, Singer
L, et al. Autonomic alterations in
cocaine-exposed infants. Am Heart
J (2002) 144:1109–15. doi:10.1067/
mhj.2002.126120

23. Garde S, Regalado MG, Schechtman
VL, Khoo MC. Nonlinear dynamics
of heart rate variability in cocaine-
exposed neonates during sleep. Am
J Physiol Heart Circ Physiol (2001)
280:H2920–8.

24. Dutriez-Casteloot I, Bernet F,
Dedieu JF, Croix D, Laborie C,
Montel V, et al. Hypothalamic-
pituitary-adrenocortical and
gonadal axes and sympathoadrenal
activity of adult male rats prenatally
exposed to morphine. Neurosci
Lett (1999) 263:1–4. doi:10.1016/
S0304-3940(99)00086-5

25. Laborie C, Dutriez-Casteloot I,
Montel V, Dickes-Coopman A,
Lesage J, Vieau D. Prenatal mor-
phine exposure affects sympathoa-
drenal axis activity and serotonin
metabolism in adult male rats both
under basal conditions and after
an ether inhalation stress. Neurosci
Lett (2005) 381:211–6. doi:10.1016/
j.neulet.2005.01.083

26. Sithisarn T, Bada HS, Charnigo RJ,
Legan SJ, Randall DC. Effects of
perinatal oxycodone exposure on
the cardiovascular response to acute
stress in male rats at weaning and
in young adulthood. Front Phys-
iol (2013) 4:85. doi:10.3389/fphys.
2013.00085

27. Ramirez-Cacho WA, Flores S,
Schrader RM, McKay J, Rayburn
WF. Effect of chronic maternal
methadone therapy on intrapartum
fetal heart rate patterns. J Soc
Gynecol Investig (2006) 13:108–11.
doi:10.1016/j.jsgi.2005.11.001

28. Ostrea EM Jr, Kresbach P, Knapp
DK, Simkowski K. Abnormal
heart rate tracings and serum
creatine phosphokinase in addicted
neonates. Neurotoxicol Teratol
(1987) 9:305–9. doi:10.1016/0892-
0362(87)90020-1

29. Hickey JE, Suess PE, Newlin DB,
Spurgeon L, Porges SW. Vagal
tone regulation during sustained
attention in boys exposed to
opiates in utero. Addict Behav

(1995) 20:43–59. doi:10.1016/0306-
4603(94)00044-Y

30. SAMSHA. National Survey on
Drug Use and Health 2007-2008.
Rockville, MD: Department of
Health and Human Services,
SAMSHA Office of Applied
Statistics (2009).

31. Patrick SW, Schumacher RE, Ben-
neyworth BD, Krans EE, McAl-
lister JM, Davis MM. Neonatal
abstinence syndrome and asso-
ciated health care expenditures:
United States, 2000-2009. JAMA
(2012) 307:1934–40. doi:10.1001/
jama.2012.3951

32. Bada HS, Bauer CR, Shankaran S,
Lester B, Wright LL, Das A, et
al. Central and autonomic system
signs with in utero drug exposure.
Arch Dis Child Fetal Neonatal Ed
(2002) 87:F106–12. doi:10.1136/fn.
87.2.F106

33. LaGasse LL, Messinger D, Lester
BM, Seifer R, Tronick EZ, Bauer CR,
et al. Prenatal drug exposure and
maternal and infant feeding behav-
iour. Arch Dis Child Fetal Neonatal
Ed (2003) 88:F391–9. doi:10.1136/
fn.88.5.F391

34. Gewolb IH, Fishman D, Qureshi
MA, Vice FL. Coordination of suck-
swallow-respiration in infants born
to mothers with drug-abuse prob-
lems. Dev Med Child Neurol (2004)
46:700–5. doi:10.1111/j.1469-8749.
2004.tb00984.x

35. Portales AL, Porges SW, Doussard-
Roosevelt JA, Abedin M, Lopez
R, Young MA, et al. Vagal reg-
ulation during bottle feeding in
low-birthweight neonates: support
for the gustatory-vagal hypoth-
esis. Dev Psychobiol (1997) 30:
225–33. doi:10.1002/(SICI)1098-
2302(199704)30:3<225::AID-
DEV5>3.0.CO;2-R

36. Reynolds EW, Grider D, Caldwell R,
Capilouto G, Vijaygopal P. Swallow-
breath interaction and phase of
respiration with swallow during
non-nutritive suck among low-risk
preterm infants. Am J Perinatol
(2010) 27:831–40. doi:10.1055/s-
0030-1262504

37. Finnegan LP, Connaughton JF Jr,
Kron RE, Emich JP. Neonatal absti-
nence syndrome: assessment and
management. Addict Dis (1975)
2:141–58.

38. Dykes FD, Ahmann PA, Baldzer
K, Carrigan TA, Kitney R, Gid-
dens DP. Breath amplitude mod-
ulation of heart rate variability in
normal full term neonates. Pediatr

Res (1986) 20:301–8. doi:10.1203/
00006450-198604000-00005

39. Longin E, Gerstner T, Schaible T,
Lenz T, Konig S. Maturation of the
autonomic nervous system: differ-
ences in heart rate variability in pre-
mature vs. term infants. J Perinat
Med (2006) 34:303–8. doi:10.1515/
JPM.2006.058

40. Aarimaa T, Oja R, Antila K,Valimaki
I. Interaction of heart rate and res-
piration in newborn babies. Pediatr
Res (1988) 24:745–50. doi:10.1203/
00006450-198812000-00019

41. Akselrod S, Gordon D, Madwed
JB, Snidman NC, Shannon DC,
Cohen RJ. Hemodynamic regu-
lation: investigation by spectral
analysis. Am J Physiol (1985)
249:H867–75.

42. van Ravenswaaij-Arts CM, Kollee
LA, Hopman JC, Stoelinga GB, van
Geijn HP. Heart rate variability.
Ann Intern Med (1993) 118:436–47.
doi:10.7326/0003-4819-118-6-
199303150-00008

43. Porges SW. Vagal tone: a physiologic
marker of stress vulnerability. Pedi-
atrics (1992) 90:498–504.

44. Lipsitt LP, Reilly BM, Butcher MJ,
Greenwood MM. The stability and
interrelationships of newborn suck-
ing and heart rate. Dev Psychobiol
(1976) 9:305–10. doi:10.1002/dev.
420090402

45. Morren G, Van Huffel S, Helon I,
Naulaers G, Daniëls H, Devlieger
H, et al. Effects of non-nutritive
sucking on heart rate, respiration
and oxygenation: a model-based
signal processing approach. Comp
Biochem Physiol A Mol Integr Phys-
iol (2002) 132:97–106. doi:10.1016/
S1095-6433(01)00534-7

46. Robinson SE. Effect of prena-
tal opioid exposure on cholinergic
development. J Biomed Sci (2000)
7:253–7. doi:10.1007/BF02255474

47. Robinson SE, Guo HZ, McDowell
KP, Pascua JR, Enters EK. Prena-
tal exposure to methadone affects
central cholinergic neuronal activity
in the weanling rat. Brain Res Dev
Brain Res (1991) 64:183–8. doi:10.
1016/0165-3806(91)90223-6

48. Patwardhan A, Vallurupalli S, Evans
J, Knapp C, Bruce E. Use of
amplitude-modulated breathing for
assessment of cardiorespiratory fre-
quency response within subrespira-
tory frequencies. IEEE Trans Biomed
Eng (1998) 45:268–73. doi:10.1109/
10.661275

49. Chan HL, Huang HH, Lin JL.
Time-frequency analysis of heart

rate variability during transient seg-
ments. Ann Biomed Eng (2001)
29:983–96. doi:10.1114/1.1415525

50. de Beer NA, Andriessen P, Berend-
sen RC, Oei SG, Wijn PF, Oetomo
SB. Customized spectral band
analysis compared with conven-
tional Fourier analysis of heart
rate variability in neonates. Phys-
iol Meas (2004) 25:1385–95. doi:10.
1088/0967-3334/25/6/004

51. Task force of the European Society
of Cardiology and the North Amer-
ican Society of Pacing and Electro-
physiology. Heart rate variability:
standards of measurement, physi-
ological interpretation and clinical
use. Circulation (1996) 93:1043–65.
doi:10.1161/01.CIR.93.5.1043

52. Nagy E, Orvos H, Bardos G, Mol-
nar P. Gender-related heart rate dif-
ferences in human neonates. Pediatr
Res (2000) 47:778–80. doi:10.1203/
00006450-200006000-00016

53. Zeskind PS, Gingras JL. Mater-
nal cigarette-smoking during
pregnancy disrupts rhythms in
fetal heart rate. J Pediatr Psychol
(2006) 31:5–14. doi:10.1093/
jpepsy/jsj031

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 13 February 2013; accepted:
27 September 2013; published online: 17
October 2013.
Citation: Hambleton MT, Reynolds EW,
Sithisarn T, Traxel SJ, Patwardhan AR,
Crawford TN, Mendiondo MS and
Bada HS (2013) Autonomic nervous
system function following prenatal opi-
ate exposure. Front. Pediatr. 1:27. doi:
10.3389/fped.2013.00027
This article was submitted to Neonatol-
ogy, a section of the journal Frontiers in
Pediatrics.
Copyright © 2013 Hambleton, Reynolds,
Sithisarn, Traxel, Patwardhan, Craw-
ford, Mendiondo and Bada. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pediatrics | Neonatology October 2013 | Volume 1 | Article 27 | 8

http://dx.doi.org/10.1016/j.infbeh.2005.07.001
http://dx.doi.org/10.1016/j.infbeh.2005.07.001
http://dx.doi.org/10.1067/mhj.2002.126120
http://dx.doi.org/10.1067/mhj.2002.126120
http://dx.doi.org/10.1016/S0304-3940(99)00086-5
http://dx.doi.org/10.1016/S0304-3940(99)00086-5
http://dx.doi.org/10.1016/j.neulet.2005.01.083
http://dx.doi.org/10.1016/j.neulet.2005.01.083
http://dx.doi.org/10.3389/fphys.2013.00085
http://dx.doi.org/10.3389/fphys.2013.00085
http://dx.doi.org/10.1016/j.jsgi.2005.11.001
http://dx.doi.org/10.1016/0892-0362(87)90020-1
http://dx.doi.org/10.1016/0892-0362(87)90020-1
http://dx.doi.org/10.1016/0306-4603(94)00044-Y
http://dx.doi.org/10.1016/0306-4603(94)00044-Y
http://dx.doi.org/10.1001/jama.2012.3951
http://dx.doi.org/10.1001/jama.2012.3951
http://dx.doi.org/10.1136/fn.87.2.F106
http://dx.doi.org/10.1136/fn.87.2.F106
http://dx.doi.org/10.1136/fn.88.5.F391
http://dx.doi.org/10.1136/fn.88.5.F391
http://dx.doi.org/10.1111/j.1469-8749.2004.tb00984.x
http://dx.doi.org/10.1111/j.1469-8749.2004.tb00984.x
http://dx.doi.org/10.1002/(SICI)1098-2302(199704)30:3<225::AID-DEV5>3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1098-2302(199704)30:3<225::AID-DEV5>3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1098-2302(199704)30:3<225::AID-DEV5>3.0.CO;2-R
http://dx.doi.org/10.1055/s-0030-1262504
http://dx.doi.org/10.1055/s-0030-1262504
http://dx.doi.org/10.1203/00006450-198604000-00005
http://dx.doi.org/10.1203/00006450-198604000-00005
http://dx.doi.org/10.1515/JPM.2006.058
http://dx.doi.org/10.1515/JPM.2006.058
http://dx.doi.org/10.1203/00006450-198812000-00019
http://dx.doi.org/10.1203/00006450-198812000-00019
http://dx.doi.org/10.7326/0003-4819-118-6-199303150-00008
http://dx.doi.org/10.7326/0003-4819-118-6-199303150-00008
http://dx.doi.org/10.1002/dev.420090402
http://dx.doi.org/10.1002/dev.420090402
http://dx.doi.org/10.1016/S1095-6433(01)00534-7
http://dx.doi.org/10.1016/S1095-6433(01)00534-7
http://dx.doi.org/10.1007/BF02255474
http://dx.doi.org/10.1016/0165-3806(91)90223-6
http://dx.doi.org/10.1016/0165-3806(91)90223-6
http://dx.doi.org/10.1109/10.661275
http://dx.doi.org/10.1109/10.661275
http://dx.doi.org/10.1114/1.1415525
http://dx.doi.org/10.1088/0967-3334/25/6/004
http://dx.doi.org/10.1088/0967-3334/25/6/004
http://dx.doi.org/10.1161/01.CIR.93.5.1043
http://dx.doi.org/10.1203/00006450-200006000-00016
http://dx.doi.org/10.1203/00006450-200006000-00016
http://dx.doi.org/10.1093/jpepsy/jsj031
http://dx.doi.org/10.1093/jpepsy/jsj031
http://dx.doi.org/10.3389/fped.2013.00027
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neonatology
http://www.frontiersin.org/Neonatology/archive

	Autonomic nervous system function following prenatal opiate exposure
	Introduction
	Materials and methods
	Recording procedures
	Analysis of EKG signals
	Statistical methods

	Results
	Enrolled subjects
	Frequency domain analysis

	Discussion
	Acknowledgments
	References


