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Abstract

Background: Premature infants are vulnerable to destructive brain injury and disturbed
neurological development. Prematurity may alter maturation of the central autonomic nervous
system (ANS).

Aims: To compare ANS function (using heart rate variability; HRV) between preterm infants with
normal neuroimaging at term equivalent age and low-risk term controls.

Study design, subjects: We performed a case-control study of preterm infants born <28 weeks
gestational age that had normal brain imaging and archived continuous EKG data at term
equivalent age. We documented other factors thought to influence ANS maturation (e.g. infection,
ventilation days, and postnatal steroids). Controls were low-risk term gestational age newborns
from uncomplicated pregnancies/deliveries. We characterized HRV metrics using frequency-
(Welch periodogram) and time-domain (detrended fluctuation) analyses. Sympathetic tone was
characterized by a1, root mean square analysis (RMS; and RMS5), low-frequency (LF) power,
and normalized LF (nLF) and parasympathetic tone was characterized by high-frequency (HF)

Corresponding author: Sarah B. Mulkey, MD, PhD, Children’s National Health System, Division of Fetal and Transitional
Medicine, 111 Michigan Ave., NW, Washington, DC 20010, Phone: 202-476-5815; Fax: 202-476-5897,
sbmulkey@childrensnational.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest: The authors have no conflicts of interest to disclose.

Dr. Mulkey wrote the first draft of the manuscript. There was no honorarium, grant, or other form of payment to Dr. Mulkey or any of
the co-authors to produce the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mulkey et al. Page 2

power and normalized HF (nHF). a., characterized ultraslow changes in heart rate. We used
ANCOVA to compare HRV metrics between groups.

Outcome measures, results: HRV from 26 preterm infants were compared to 55 controls.
Analyzed HRV data for preterm infants were recorded at median (range) gestational age of 39
(36-39) weeks and for controls at 39 (37-41) weeks gestational age. a1, RMS,, LF and HF were
significantly higher in control infants and remained significant after controlling for infection,
ventilator days, and postnatal steroids (£<0.005).

Conclusions: Autonomic maturation is impaired in a premature extrauterine environment. In the
absence of destructive brain injury, our data suggest an important role for disturbed programming
in this impaired autonomic development.

Keywords

heart rate variability; preterm newborn; autonomic nervous system; ANS; autonomic development;
brain imaging

Introduction

In premature newborns, the central autonomic nervous system (ANS) is immature and may
be inadequately prepared for the demands of cardiorespiratory transition at birth.(1) About
25% of premature infants develop brain injury(2) which may further impact ANS maturation
and function.(3) The sympathetic system develops earlier than the parasympathetic system
with the latter undergoing accelerated maturation at 25-30 weeks gestation, a time period
when premature newborns may already be ex utero and undergoing transition.(4, 5) In
addition to prematurity itself, multiple clinical and caregiving exposures in the neonatal
intensive care unit (NICU) such as oxygenation disturbances, mechanical ventilation,
hemodynamic instability, infections, pain, and surgery may impede normal maturation of the
ANS. This premature engagement of the ANS under the condition of premature birth may
result in “dysmaturationi’, or a shift in the temporal program of ANS maturation due to
aberrant programming.(6, 7)

ANS function can be measured in the infant non-invasively from physiologic signals of heart
rate (HR), respiratory rate, and blood pressure. HR variability (HRV), or the fluctuation in
the length of time between successive heart beats (R-R intervals), provides a measure of
sympathetic and parasympathetic function and therefore ANS maturation.(8, 9) As the ANS
matures, there should be increased parasympathetic function.(10) HRV can be measured by
the frequency domain. High-frequency variability reflects parasympathetic function and is
influenced by the respiratory rate, while low-frequency variability is due to a combination of
sympathetic and parasympathetic inputs and baroreflex-induced changes in HR.(11) HRV
may also be measured by time-domain analysis which evaluates short- and long-term
variability in the HR. Long-term variability is influenced by both the sympathetic and
parasympathetic nervous systems, meanwhile short-term variability is influenced more by
the parasympathetic nervous system based on rapid ANS needs.(12)

HRV measures of autonomic tone are dampened in premature infants compared to infants
born at term.(13) However, prior studies include infants with neurologic complications of
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prematurity such as brain injury (i.e. white matter injury or intraventricular hemorrhage
[IVH]), which impact HRV and ANS maturation in premature infants.(3, 14, 15) To exclude
the role of direct brain injury on ANS development, preterm infants included in this study
had no brain injury by term-equivalent neuroimaging. The objective of this study was to
evaluate ANS function through HRV analysis in preterm infants that have normal
neuroimaging at term-equivalent age compared to term control infants.

MATERIALS AND METHODS

Participants

Premature infants with birth gestational age (GA) less than 29 weeks who survived to
discharge from the NICU in 2014 at Children’s National Health System, Washington, D.C.
and had quality archived physiologic data were studied retrospectively following
Institutional Review Board approval. All infants had a normal or near-normal term-
equivalent neuroimaging study (brain magnetic resonance imaging [MRI] and/or cranial
ultrasound [US]) and no clinical neurologic problems including seizures during their NICU
hospitalization. Some infants were part of a separate Institutional Review Board approved
protocol and underwent an unsedated term-equivalent brain MRI prior to hospital discharge.
Brain MRI findings considered “near-normal” included minimal susceptibility weighted
change consistent with prior grade | IVH, minimal punctate area(s) of T1 hyper-intensity in
the white matter, or small punctate area(s) of susceptibility weighted change in the
cerebellum. Infants were excluded if they had grade Il IVH or greater (on cranial US or
MRI) or more significant brain MRI findings. The medical record was reviewed to
determine other risk factors for abnormal ANS maturation such as infection, necrotizing
enterocolitis (NEC), postnatal steroids, surgical ligation of patent ductus arteriosus, and
duration of mechanical ventilator support.(15-17)

Low-risk controls were term newborns prospectively enrolled within three days of birth
following Institutional Review Board approval and informed consent at Inova Women and
Children’s Hospital, Fairfax, Virginia. Eligible newborns were from uncomplicated
pregnancies and deliveries, without significant maternal illness, uncomplicated labor and
delivery, =37 weeks GA at birth, with a normal birth weight (10t - 90t percentile for GA),
and without postnatal infection. None of the low-risk controls had neuroimaging. All were
discharged home from the birth hospital at the time of their mother.

Data Collection

The medical history of the infants was ascribed from the clinical database and included 1)
gender, 2) GA at birth (born <26 weeks GA [0] or between 27-28 weeks GA [1] or born at
term GA (37-41 weeks), [2], 3) any infection developed and if respiratory, blood, or urine
culture was positive, 4) developed infection and/or NEC, 5) patent ductus arteriosus ligation,
6) number of days on assisted oxygen support, 7) receipt of postnatal steroids, and 8)
caffeine treatment and date of discontinuation. All infants were off caffeine or other
centrally-acting medications at the time of the retrieved electrocardiogram (EKG) data for at
least 7 days prior to the HRV recording.
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Within the preterm infant group, EKGs were retrieved from an institutional Research Data
Export archive (IntelliVue Information Center, Philips Healthcare, Andover, MA, USA). We
used data from the same hour (6 pm — 7 pm) at term-equivalent age from all infants except
two, for which we used their data from 36 weeks GA due to timing of NICU discharge. The
sampling rate of the EKG retrieved from Research Data Export was 125 Hz. For the term
control infants, we obtained EKG data using the EGI physiological input box (Electrical
Geodesics, Inc. EGI: www.egi.com, Eugene, OR, USA). The sampling rate of the EKG
measured using EGI-physiological input box was 1000 Hz. The duration of the study for
term infants was between 45 — 60 minutes.

EKG Processing

EKG was bandpass filtered between 0.5 — 70 Hz to attenuate the baseline drift and the R-
wave (the wave with the dominant amplitude in each cardiac cycle) was identified using a
recently proposed method.(18) Beat-to-beat interval (RRi) was calculated. Artifacts such as
missed and/or extra beats were removed through an automatic approach.(19) The RRi were
partitioned into non-overlapping 10-minute epochs. For spectral analysis, the RRi were
converted into evenly sampled data using a cubic spline interpol2ation technique with a
sampling rate of 5 Hz.

Detrended Fluctuation Analysis — Time Domain Characterization

Detrended fluctuation analysis is a modified root mean square (RMS) analysis approach.(20)
This approach involves the following four steps: 1) remove the average value of the data and
calculate the profile function as the cumulative sum of the data; 2) partition the profile into
windows containing ‘s’ number of beats; 3) fit the profile inside each window using a 4t
order polynomial and calculate the local fluctuation function as the RMS of the deviation of
the profile from the best polynomial fits; 4) calculate the global fluctuation function as the
median of all the local fluctuations. Repeat steps 2 to 4 for different values of ‘s’. Using the
global function the following metrics were calculated: RMS; as the maximum value of the
global fluctuation function for ‘s’ between 15-50 beats; RMS, was calculated as the
maximum of the global fluctuation function for ‘s’ between 100-150 beats.(21) We also
calculated a exponent from the slope of global fluctuation function versus ‘s’ in double
logarithmic representation. a;was obtained from the region 15-30 beats (short time scale)
and a, was obtained from the region 35-150 beats (long time scale/ ultralow frequency).
(21) The a metrics characterize the autocorrelation in the RRi whereas the RMS
characterizes the variability in the RRi. The a metrics are dimensionless quantities. The
RMS metrics are in units of seconds (sec).

Spectral Analysis

We used the Welch periodogram approach to estimate the power spectrum. In this approach
the interpolated RRi were divided into 30 — second epochs. For RRi in each epoch, the
periodogram was calculated as the square of the magnitude of the Fourier transform of the
data. We estimated the power spectrum as the average of the periodograms over all epochs.
Using the power spectrum, we estimated the powers in low-frequency (LF) and high-
frequency (HF) as the median of the logarithm of the spectral power in 0.05 — 0.25 Hz and
0.3 — 1 Hz frequency bands, respectively. We also calculated normalized low-frequency
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(nLF) as the ratio of the sum of the powers in the 0.05 — 0.25 Hz band to the total power and
normalized high-frequency (nHF) as the ratio of the powers in 0.3 — 1 Hz band to the total
power. Total power was defined as the sum of the powers from 0.05 — 2 Hz. The normalized
spectral powers (nLF and nHF) are dimensionless quantities. The absolute spectral powers
are in unit of decibel (dB).

Statistical Analysis

The following metrics characterize the sympathetic tone: a1, RMS; (sec), RMS, (sec),
whereas HF (dB) and nHF characterize the parasympathetic tone.(22) LF (dB) and nLF
power reflect both sympathetic and parasympathetic mediated activity. a, characterizes
ultraslow changes in the heart rate, below the frequency of sympathetic tone. Every HRV
metric was averaged over all 10-minute epochs to get a representative value for each infant.
Receiver operating characteristic (ROC) analysis was performed for the unadjusted HRV
metrics in time and frequency domains. An area under the ROC curve (AUC) > 0.7 was
considered a meaningful separation.

The difference in the HRV metrics between controls and preterm infants was studied using
ANOVA. The final comparison of HRV metrics was modeled using ANCOVA, adjusting for
the covariates that were significantly different between the controls and the preterm infants.
To deflate the Type-I error rate arising from multiple comparisons we have applied a
multiple-comparison correction and considered P < .005 as statistically significant. The
difference in the distribution of postconceptual GA at HRV analysis between preterm infants
and controls was assessed by the Kolmogorov-Smirnov test.

RESULTS

Clinical

Twenty-six preterm infants with normal/near-normal term-equivalent neuroimaging had
quality HRV data for analysis and were compared to 55 low-risk term control newborns.
Clinical characteristics are reported in Table 1. Twelve (46%) of the preterm infants received
postnatal steroids. Six of 9 preterm infants with clinical concern for infection had a positive
respiratory, urine, or blood culture. HRV data was analyzed for the preterm infants at a
median (range) postconceptual age of 39 (36—39) weeks which was similar to timing of 39
(37-41) weeks for the term control infants (P =.0540).

HRV Metrics

The ROC curves obtained for the comparison of time and frequency domain metrics are
shown in Figure 1A and B, respectively. The AUC values were greater than 0.7 for the
following metrics: aq, RMS; (sec), RMS; (sec), nLF, LF (dB), and HF (dB). This indicates
that low-risk control infants display higher variability than preterm infants. The mean
(standard deviation) values of the HRV metrics were as follows: a;: 1.2 (0.41), ap: 1.2
(0.16), RMS; (sec): 0.024 (0.015), RMS, (sec): 0.094 (0.054), LF: -2.97 (0.58), HF: —3.85
(0.48), nLF: 0.67 (0.13), nHF: 0.26 (0.094). ANOVA showed that the following metrics were
higher in controls than preterm infants (£ <.0001): a1, RMS; (sec), RMS, (sec), LF (dB),
HF (dB), and nLF. There was no difference in a, between controls and preterm infants.
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There were no differences in HRV metrics of preterm infants born at < 26 weeks GA and
preterm infants born between 26 and 28 weeks GA (£ > .05). Among the preterm infants,
there was no difference in the HRV metrics for the preterm infants that developed NEC or
had a culture positive for infection (n = 12) compared to those that did not develop NEC or
have an infection (n = 14).

Presence or absence of infection, the number of days on mechanical ventilation, and
postnatal steroids were the only three variables that were significantly and independently
different between controls and preterm infants. Hence, the final ANCOVA model used for
comparing the HRV metrics of controls and preterm infants had the number of days on the
ventilator, presence or absence of infection, and postnatal steroids as control variables (Table
2). The ANCOVA analysis showed that the following metrics were higher in controls than in
preterm infants: aq (P<.0001), RMS, (P=.0004), LF (P=<.0001) and HF (P=.0017).
Since we had multiple HRV metric comparisons in our data, to deflate the Type | error we
used only those comparisons associated with a £<.005. Thus, except RMS; and nLF, all of
the metrics that were different between controls and preterm infants in the ANOVA model
remained significantly different between the two groups even after adjusting for the control
variables.

DISCUSSION

This study evaluated ANS function by HRV analysis at the term-equivalent age in preterm
infants, born at < 28 weeks gestation, who had normal neuroimaging. Compared to low-risk
term-born infants, we found that preterm infants have depressed autonomic tone around term
corrected GA even without evidence of direct brain injury on term-equivalent neuroimaging.
The decrease in ANS tone was found in both sympathetic and in parasympathetic indices.
This finding indicates persistent immaturity or under-development of the sympathetic and
parasympathetic arms of the ANS during extra-uterine development of neurologically
normal premature infants in the NICU.

Our studies’ findings of under-development of the overall ANS tone in preterm infants prior
to NICU discharge are in line with a longitudinal ANS study by Patural et al., in 39 preterm
newborns (mean GA = 28 weeks), that found indices of HRV did not significantly increase
or mature by term-equivalent age, compared to term newborns, suggesting possible arrest of
ANS development during the ex-utero third trimester in premature newborns.(15) Twenty-
six percent of patients in their study had evidence for prematurity-related brain injury before
discharge.(15) Since prematurity is associated with a high incidence of brain injury, which
may in turn directly affect autonomic development, we aimed in this study to exclude the
role of destructive brain injury. The findings of our study thus provide confirmation of
impaired autonomic development during premature extrauterine maturation, even in the
absence of major prematurity-related brain lesions. Similarly, we also did not find a
difference in the degree of prematurity and ANS tone at term among our preterm cohort,
although all infants were < 28 weeks GA. Autonomic maturation may, therefore, be altered
early after premature birth and without significant “catch-up” development by term
corrected age.
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The immature ANS of the premature infant undergoes development in the context of a vastly
different set of afferent signals than does its age-matched fetal counterpart. For example, the
intensity of physiological fluctuations including ambient sensory stimuli, caregiving events,
iatrogenic exposures to medications and ventilatory support, amongst others, are markedly
different in the two environments. Although the exact mechanisms of dysmature third
trimester ANS development in premature infants remain unclear at this time, it is likely that
this mismatched developmental milieu plays a role in derailing the normal programming of
the ANS.

Under normal in utero conditions and birth at term, the ANS shows maturation throughout
the fetal period with continued maturation during infancy.(8, 23) ANS maturation/
development in preterm newborns may however occur over a very protracted time course
(months to years after NICU discharge), since at two months of age preterm infants still
show decreased parasympathetic tone compared to term-born infants.(12) By age two years,
ex-preterm-born children seem to have ANS tone that is close to that of children born at
term, but still less overall.(24) Thus, preterm-born infants and young children may remain
more vulnerable to cardiovascular compromise during illness throughout this period of
prolonged ANS maturation.

The study aimed to evaluate co-morbid medical conditions in premature newborns that can
have additive effects on impaired ANS function and maturation at term. Through the
hypothalamic-pituitary-adrenal axis, the ANS is integrally involved in mounting the early
cardiovascular response to infection/sepsis.(17, 25) Prior to clinical identification of NEC in
preterm infants, there is a decrease in HRV due to reduced parasympathetic tone.(26) Our
study however evaluated HRV indices only prior to discharge and not near the time of acute
infection and/or NEC in preterm infants. HRV changes associated with acute infection/NEC
may be transient and resolve after resolution of infection as we have recently shown in a
study of preterm infants with NEC.(27) The central ANS is also involved in respiratory
function and mechanical ventilation can affect ANS tone. Preterm infants with a failed initial
extubation attempt had lower HRV compared to successfully extubated preterm infants.(28)
Although ventilator days and infection were not present in the controls, among the preterm
infants our results indicate that the depression in HRV is independent of this contribution.
This finding was also similar for exposure to postnatal steroids. Early birth GA may
therefore be the most critical factor affecting ANS function at term age.

The prolonged time course for ANS maturation in preterm infants, even in the absence of
brain injury, may increase the risk for “dysmaturation,” which can have serious implications.
For example, impaired cardiovascular control from ANS immaturity may contribute to risk
of sudden infant death syndrome/apparent life threatening events (ALTE) in premature
newborns after discharge from the NICU.(29) In a study of premature newborns that
developed ALTE there was a paradoxical increase in parasympathetic tone and lower
sympathetic tone at 36 weeks post conceptual age, likely restricting the ability of these
infants to auto-resuscitate and increase HR and blood pressure during hypoxic episodes.(30)
Immature ANS function may also increase risk for IVH, a potentially devastating
complication of prematurity.(31) Furthermore, immature or abnormal development of the
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ANS in preterm infants has also been implicated in long-term behavioral and
neuropsychological disorders(32) and cardiovascular health.(33)

This study is limited by the use of retrospective preterm infant cases. We did not have access
to maternal data of fever or chorioamnionitis. Not all preterm infant cases had term-
equivalent brain MRI in addition to cranial US and some included cases had mild imaging
changes. It is likely that some of the eight infants that did not have brain MRI may have had
similar changes which may be seen among preterm infants who complete term-equivalent
brain MRI.(34) Some of the preterm infants had non-neurologic complications of
prematurity including infection, PDA, and NEC; however these factors did not show
difference in our analysis. None of the control infants had non-neurologic complications.
There was a difference in sampling rates of ECG data between the preterm and term groups
however based on our prior analysis experience (unpublished) this would not have impacted
the results presented in this work. HRV metrics may be affected by sleep state,(8) which we
tried to mitigate by averaging our metrics over a period of one hour. The study is however
enhanced by comparison of HRV data in preterm infants to a low-risk term control cohort
enrolled at a high-volume delivery hospital and studied close to birth.

Conclusion

Premature birth affects function of the ANS that does not normalize prior to discharge, even
in the presence of normal neuroimaging. This study supports the need for investigation into
ways to promote normal ANS maturation and development in the extra-uterine environment.
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Highlights
Autonomic nervous system maturation is impaired in premature infants.
Preterm infants have decreased autonomic tone at term gestational age.

The sympathetic and parasympathetic tones are both decreased in preterm infants.

Preterm newborns with no brain injury are at risk for impaired autonomic maturation.

Early Hum Dev. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mulkey et al.

Time domain metrics
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Figure 1: Time and Frequency Domain Receiver Operating Characteristic Curves (ROC)
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The ROC area under the curve was calculated for (A) time domain indices (a1, ap, RMS;
[sec], and RMS; [sec]) and for (B) frequency domain indices (nLF, nHF, LF [dB], and HF
[dB]). The curves show higher ANS tone in term control versus preterm infants at term-
equivalent age in aq, RMS;, RMS,, nLF, LF, and HF. The diagonal dashed line indicates an

area under the curve of 0.5.
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Table 1:

Clinical Characteristics of Preterm and Term Control Infants

Preterm (n = 26)

Term Control (n = 55)

Birth GA < 26 weeks (n/%) 7 (26%) -
Birth GA 26 to 28 weeks (n/%0) 19 (74%) -
Male (n/%) 13 (50%) 25 (46%)
Postnatal steroids (n/%6) 12 (46%) -
Head US (n/%) 26 (100%) -
Brain MRI (n/%) 18 (69%) -
Infection (n/%) 9 (35%) -
NEC (n/%) 3 (12%) -
Patent ductus arteriosus ligation (n/%o) 5 (19%) -
Ventilation days (mean + SD) 17.5+14.9 -
Postconceptual age (weeks) at HRV analysis (mean * SD) 383+1.0 39.2+0.7

n = number of cases
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ANCOVA results controlling for infection, ventilator days, and postnatal steroids

Table 2:

Dependent | F-Value | P-Value
a 22.38 <0.0001*
a, 0.4 0.53
RMS; (sec) | 0.11 0.74
RMS; (sec) | 13.97 0.0004*
nLF 7.08 0.0095
nHF 0.58 0.45

LF (dB) 381 <0.0001
HF (dB) 1.89 0.00177%

*
indicates significant difference
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