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* Birth asphyxia constitutes a major global public health burden for millions of infants, despite

. hypothermia therapy. There is a critical need for real time surrogate markers of therapeutic success,

. toaid in patient selection and/or modification of interventions in neonatal encephalopathy (NE). This

. isa proof of concept study aiming to quantify neurovascular coupling (NVC) using wavelet analysis
of the dynamic coherence between amplitude-integrated electroencephalography (aEEG) and near-
infrared spectroscopy in NE. NVC coupling is assessed by a wavelet metric estimation of percent time of
coherence between NIRS S0, and aEEG for 78 hours after birth. An abnormal outcome was predefined
by a Bayley Il score <85 by 18-24 m. We observed high coherence, intact NVC, between the oscillations
of 5.0, and aEEG in the frequency range of 0.00025-0.001 Hz in the non-encephalopathic newborns.
NVC coherence was significantly decreased in encephalopathic newborns who were cooled vs. non-

. encephalopathic controls (median IQR 3[2-9] vs.36 [33-39] ; p < 0.01), and was significantly lower in

: those with abnormal 24 months outcomes relative to those with normal outcomes (median IQR 2[1-3]

: vs 28[19-26], p=0.04). Wavelet coherence analysis of neurovascular coupling in NE may identify infants

© atrisk for abnormal outcomes.

. Despite hypothermia therapy for hypoxic neonatal encephalopathy (NE), 50% of treated newborns have disa-
- bilities at 12-18 months of age"* The asphyxia insult impairs fetal cerebral blood flow (CBF) and is manifested
. postnatally by a distinctive neonatal encephalopathy (NE), which is usually classified after birth using the clini-
: cal modified Sarnat stages as mild, moderate and severe NE’. Recent reports suggest new evidence of cognitive
. impairment in a subset of 30-50% of “mild NE” cases, who are currently not recognized or offered any thera-
. pies**. While adjuvant therapies are being sought, an important focus of research is to recognize which neonates
© are in need of therapies to improve outcome®’. The challenge in the field of neonatal brain injury has been the
¢ difficulty to clinically discern the mild-moderate NE severity within the short therapeutic window after birth.
. A sensitive and specific physiological marker that directly assesses neurovascular function in real-time, and is a
. marker of clinical outcomes, is critically needed to guide therapies®'°.
The neurovascular unit consists of neurons, astrocytes, endothelial cells of blood-brain barrier (BBB), myo-
cytes, pericytes and extracellular matrix components which play an important role in the delivery of oxygen and
. nutrients to the brain and the maintenance of cerebral circulation homeostasis*'"'2. Individual metrics of elec-
. troencephalography®!*-'* and near-infrared spectroscopy (NIRS)'*!” have been used independently to assess the
. function of neurovascular unit, but the ability to study coupling in real time of NIRS and EEG in HIE has received
- little attention!7-1° These methods demonstrated that a severe asphyxia insult leads to impaired function, but
. the extent of dysfunctional neurovascular coupling (NVC), and its impact on clinical outcome of newborns with
© encephalopathy cannot be currently assessed in real time due to limited methodology®*2'.
: Intrinsic oscillating activities at multiple time scales have been described in cortical neurons across mamma-
- lian species?. These oscillations span from the very low to ultra-fast frequencies and although difficult to meas-
: ure, are functionally relevant, phylogenetically conserved across species, and play important roles in facilitating
synaptic plasticity and brain functional connectivity??. Cerebral blood flow (CBF) and brain tissue oxygenation
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aEEG
Birth SWC aEEG
Gestation Weight Sarnat Gas Base aEEG (cycle/ Bandwidth | NIRS S0, Bayley III at
Age (weeks) (Kg) Stage Sex Deficit Pattern hour) (V) (Mean) MRI 18-24m
A38 33 1 F 19 1 0.6 11 75 0 105-99-95
N37 2.5 1 M 21 1 1 13 76 0 90-97-107
41 35 2 M 16 1 0.8 8 76 0 90-95-97
37 3.0 2 M 17 1 0.7 6 80 0 95-98-105
38 35 2 F 17 2 None 7 89 0 65-95-82
37 2.9 2 M 20 1 0.5 10 90 (1a) 80-70-90
38 3.1 2 M 22 2 1 9 86 (1b) 71-70-85
38 2.8 3 F 16 1 0.7 11 82 (1b) 90-75-97
38 4.7 2 M 19 2 0.5 9 70 0 70-85-85
36 2.6 2 F 30 3 None 9 88 (2) 65-80-85

Table 1. Clinical Characteristics. ADenotes the 2 controls who did not receive hypothermia. Clinical severity
of encephalopathy using modified Sarnat staging listed as follows: 1, no encephalopathy, 2: moderate NE, 3:
severe NE (in a minimum of 3/6 categories). Infants highlighted in grey had the abnormal outcomes. aEEG
score 1: continuous, 2, Discontinuous, 3, Burst Suppression. SWC sleep wake cycle. MRI NICHD scores: 0 =no
injury; 1a=minimal cerebral lesions only and no area of watershed infarction; 1b=more extensive cerebral
lesions, 2 =basal involvement or watershed infarction noted without any other cerebral lesions, 2 = involvement
of basal ganglia or infarction and additional cerebral lesions. Bayley outcomes for cognitive-language-motor
scores are listed sequentially.

also manifest oscillations at multiple time scales which occur simultaneously with changes in neuronal activities
suggesting NVC>.

Our previous work demonstrated a new time-frequency domain wavelet analysis of the dynamic relationship
between spontaneous oscillations in mean arterial pressure and NIRS-measured cerebral tissue oxygen saturation
(8,0,) allowed quantification of cerebral autoregulation at the bedside in newborns with encephalopathy?**?*. We
use the novel wavelet analysis to quantify NVC at the bedside, as defined in a global context to reflect the rela-
tionship between each of 1) NIRS S O,, a surrogate of CBF under steady state conditions, and 2) the amplitude
integrated EEG (aEEG), which measures ensemble neuronal activity. The aims in this proof of concept study are
to assess the feasibility of using the wavelet analysis to quantify NVC at the bedside, and its potential to stratify NE
severity and identify newborns at high risks for abnormal outcomes following neuroprotective therapies.

Results

Patient characteristics. Twenty inborn newborns with fetal metabolic acidosis were evaluated and
screened during the one year study period. Of those, ten newborns had simultaneous aEEG and NIRS recordings
which were suitable for wavelet analysis. The study was approved by UT Southwestern IRB and parental con-
sent was obtained. These ten newborns comprised eight with moderate to severe encephalopathy who received
hypothermia and two with no encephalopathy who did not meet criteria for cooling and served as references.
Patient characteristics are summarized in Table 1. Neuromonitoring was initiated at 12 + 2 hours for duration of
60 £ 6 hours with no artifacts during recording. No scalp edema or any other complications were noted and no
leads were replaced during the duration of the recording. No infant had seizures during the recording period.
Only one infant had clinical seizures within 6 hours of life prior to enrollment. All cooled infants were categorized
to have moderate encephalopathy, except one who was severe. All infants with a normal outcome had contin-
uous patterns on aEEG. Sleep wake cycles (SWCs) were identified by aEEG in eight infants, occurring every
60-90 minute as summarized in Table 1, two infants showed no SWC. MRI was available on all patients and was
performed at a median age of 7 days. The MRI was abnormal in 4 neonates with white matter injury and water-
shed infarcts, one had added basal ganglia involvement. Abnormal outcome with Bayley III scores <85 at 18-24
months occurred in six of the ten infants and performance in each domain is summarized in Table 1.

Wavelet findings. Significant in-phase coherence (p < 0.05) between SO, and aEEG was identified by the
wavelet analysis in the two non-cooled references, in the wavelet scale of 16-64 minutes equivalent to a very
low-frequency (VLF) range of 0.00025-0.001 Hz. Similar findings were observed in the cooled infants with a
normal Bayley outcomes at 18-24 months post hypothermia therapy (Fig. 1). In contrast, wavelet-based S, O,—
aEEG coherence showed decreased NVC for cooled infants with abnormal outcomes. Figure 2, highlights a case
example of low NVC where the infant subsequently had white matter injury on MRI day 7 of life, and a Bayley
III cognitive score of 70 at 18 months of age. Of note, the observed frequency of NVC coherences was outside
the range of SWC frequencies summarized in Table 1, and occurred even in the two cases where no SWC was
observed, hence the analysis of NVC did not appear to be influenced by the sleep-awake cycles.

Figure 3 Describes the percentage of significant coherence plotted for each individual patient with or without
abnormal outcomes at 18-24 months. According to this figure, the most distinct differences between infants with
normal vs. abnormal outcomes were observed in a very low-frequency (VLF) range of 0.00025-0.001 Hz (wavelet
scale s = 16-64 minutes). The boxplot distribution Fig. 4 shows significant differences in NVC coherence between
groups. NVC coherence was significantly lower in newborns with abnormal outcomes compared to normal out-
comes (median IQR 2[1-3] vs 28[19-26], p=0.04).
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Figure 1. Wavelet-based SO,-aEEG coherence showing intact neurovascular coupling (NVC). This extract
is from a cooled neonate with normal outcome (MRI showed no injury and Bayley III >85. (A) An enlarged
segment of the real-time SO, and aEEG data. (B) Squared wavelet coherence, R3,;, ., .zxc» Where the x-axis
represents time, the y-axis represents scale in minute representing the range of frequencies, and the color scale
represents the magnitude of R% Significant coherence between the SO, and aEEG is seen in a very low-
frequency (VLF) range of 0.00025-0.001 Hz.
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Figure 2. Wavelet-based S_0,-aEEG coherence showing low neurovascular coupling. This infant had white
matter injury on MRI. The Bayley III scores at 18 months are: cognitive 71, language 70, and motor 85. (A) An
enlarged segment of the real-time SO, and aEEG data. (B) Squared wavelet coherence, R3.,, . .zrc» where the
x-axis represents time, the y-axis represents scale of frequencies. No significant areas of coherence are seen
through the range of time and frequencies studied.

Discussion

This proof of concept study demonstrated the feasibility of using wavelet analysis of the dynamic coherence
function between SO, and aEEG to assess NVC at the bedside in asphyxiated newborns with encephalopathy.
The preliminary findings suggest that wavelet measures of NVC in the first 72 hours of life are associated with
long-term outcomes following NE, with and without hypothermia therapy.

The studies of spontaneous oscillations has always been entwined with neuronal network functionality and
self-organization?®. Understanding the physiological mechanisms of self-emerging oscillations of brain neuronal
activity not only provide insight into brain function, but also may assist in the recognition of newborns with HIE
who need added therapies to hypothermia. In the normal brain at term, a tight temporal and spatial coupling
exists between neuronal activation and CBF?. Coupling between NIRS-measured SO, and EEG activity ensures
a rapid spatial/temporal increase in the CBF in response to neuronal activation under normal conditions®. The
capillary endothelial cells, astrocytes and neurons, together forming a neurovascular unit, are involved in the
tightly coupled regional blood flow in response to local metabolic demands®. The underlying physiological
mechanisms of NVC are complex, but hyperemic responses appear to be mediated by astrocytes®*~2, occurring
within seconds of localized brain activity. The resulting increased local CBF is likely to be larger than the concom-
itant oxygen consumption, resulting in increased NIRS saturation®.

The prevailing concept of NVC, introduced over a century ago by Roy and Sherrington®, has been applied
mostly in the modern-day neuroimaging studies of brain function with positron emission tomography (PET)
and functional MRI in adult subject®>. However, these techniques are either invasive and therefore cannot be
applicable in the fragile newborn, or susceptible to movement artifact and therefore do not permit a real time
analysis of continuous dynamics. Moreover, none of these methods can measure the multi-frequency aspect of
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Figure 3. Individual data of significant S O,—aEEG in-phase coherence from newborns quantified in: (A)
normal outcome group (n=4), and (B) abnormal outcome group (n=6). The two non-cooled are labeled by +
and e in the left panel. Significant differences between normal vs. abnormal groups (p < 0.05) was observed in
the frequency range of 0.00025-0.001 Hz, highlighted by gray shade.
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Figure 4. Area under the curve (AUC) of significant SctO2-aEEG coherence in infants categorized by the
18-24 developmental outcomes. X axis shows infants divided into two groups: normal (n =4) and abnormal
outcomes (n=06) based on Bayley <85 at 18-24 months. Y axis is AUC for significant NVC coherences. Boxplot
(median, 25% and 75% percentiles) for the % NVC coherence AUC over the frequency range of 0.00025-

0.001 Hz, p=0.01 by Exact Wilcoxon Rank Sum test.

neurovascular coupling. Oscillatory coupling of neuronal networks using NIRS and EEG has only been described
prior in a cohort of healthy newborns®. The latter study involved non-sick preterm newborns and established
coupling via intermittent recordings of integrated EEG and NIRS during normal gestational growth?. However, it
is not known how these observations apply in the normally developing newborn apply to sick newborns with NE.

The new findings of significant coherence between the oscillations in S0, and aEEG (in the VLF range
0f 0.00025-0.001 Hz) suggest the presence of intact NVC in large time scales in this group of term newborns
with NE and normal outcomes. These slow rhythms have also been shown in adults to synchronize large spatial
domains affecting connectivity, repair and functions®, and the present study findings would suggest they are also
likely to be impaired with NE associated with abnormal outcomes.

The wavelet analysis of NVC in this study may provide new insights into the regulation of cerebral hemody-
namics and neuronal function. The sophisticated analysis is not limited to a specific monitoring device, but can
be adapted to a multitude of non-invasive devices (such as continuous BP monitors, NIRS, and aEEG) that are all
available at the bedside. While high NIRS cerebral saturation and suppressed aEEG background neuronal activity
have been each separately linked to abnormal outcomes in HIE'”*?, prior studies have provided only description
of such uncoupling, without quantifiable metrics. The wavelet coherence analysis of NIRS-aEEG signals integrates
the diagnostic information obtained from each device individually to permit continuous evaluation of coupled
cortical activity and perfusion®-*. This study demonstrated that the large time-scale functional oscillations of the
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neurovascular unit can be measured non-invasively and continuously in asphyxiated newborns. The findings are
novel, as the dynamic coherence relationship between changes in NIRS signal and neuronal activity has not been
previously established in hypoxic NE or during hypothermia using non-invasive devices at the bedside.

Study strengths include (1) a prospective design, (2) a real time wavelet analysis of continuous recordings over
long time durations which allowed quantification of a wide range of VLF oscillations, and (3) use of standardized
long term developmental outcomes in in newborns with encephalopathy. The study ensured maintaining an
optimal temperature at 33.5°C, steady state conditions, and absence of high impedance or artifacts during the
wavelet recording.

This proof of concept study is limited by a small number of patients, allowing only exploratory analyses. The
NVC monitoring of the parietal channel might be limited in providing information regarding deep structures like
the basal ganglia®®, but was selected as it is representative of the global injury covering the watershed white matter
that is usually seen in HIE.

In conclusion, the study demonstrated the feasibility of using the novel wavelet coherence analysis of spon-
taneous oscillations in SO, and aEEG to quantify the NVC in newborns with encephalopathy. The new wavelet
bundle approach, once validated in large NE cohorts promises to significantly impact the early NE stratifica-
tion and prediction of neurocognitive outcomes. The ability to prospectively monitor the global neurovascular
unit functions in real time, via novel approaches as delineated in this study, could in the future provide a para-
digm shift to the field of neonatal neuro-critical care and improve the selection of candidates in neuroprotection
studies.

Methods

Subjects. This study included inborn infants >36 weeks of gestation and birth weight >1800 grams who were
admitted to the neonatal intensive care unit (NICU) at Parkland Hospital of Dallas and had perinatal asphyxia
with metabolic acidosis and a clinical exam showing encephalopathy in the first six hours from June 2012 to June
2013. Exclusion criteria included the presence of congenital anomalies, imminent death, or transfer to another
facility. The study was approved by the Institutional Review Board of the University of Texas Southwestern
Medical Center. Informed consent was obtained from both parents before enrollment. All methods were per-
formed in accordance with the relevant STROBE guidelines and regulations and all patient data is de-identified.

Perinatal acidemia was determined by measuring blood gases in umbilical arterial blood that is obtained from
a double clamped section of umbilical cord at birth. Specifically, criteria were as defined by the National Institute
of Child Health and Human Development (NICHD) Neonatal Research Network study of whole body hypother-
mia*'. A neurological examination was performed by one study investigator (LC) within 6 hours of birth using the
NICHD classification for modified Sarnat staging to establish the severity of encephalopath?.

The reference comprised newborns with fetal acidosis screened by a detailed neurological examination, who
had no abnormalities and did not meet the criteria to receive hypothermia. The hypothermia group was com-
prised of newborns with a composite exam consistent with moderate or severe encephalopathy who did receive
hypothermia therapy. Encephalopathy was defined as the presence of either moderate or severe signs in at least 3
of the following 6 categories as per NICHD cooling trials: (1) level of consciousness (moderate is lethargic, severe
is stupor or coma), (2) spontaneous activity (moderate is decreased activity, severe is no activity), (3) posture
(moderate is distal flexion or complete extension, severe is decerebrate), (4) tone (moderate is hypotonia, severe
is flaccid), (5) primitive reflexes (moderate is a weak suck [or incomplete Moro reflex], severe is an absent suck [or
absent Moro reflex]), and (6) autonomic nervous system*"*>. Whole body hypothermia was started within 6 hours
after birth and achieved by placing the newborn on a cooling blanket (Blanketrol II, Cincinnati Sub-Zero) and
maintaining the esophageal temperature at 33.5°C by the blanket servomechanism for 72 hours.

Monitoring. Amplitude Integrated EEG (aEEG). Electrical brain activity was monitored by using an
amplitude-integrated EEG monitor (Natus Medical, San Carlos, CA, USA). Five hydrogel electrodes were placed
by the same research personnel (DV) according to the international 10-20 system predefined criteria: ground, P3,
C3, C4 and P4. The skin was prepared using Neo-Prep gel, and the impedance was monitored during the study for
the analysis to include only recordings with impedance <5kQ. Electro cortical activity was classified according
to a standardized classification as (1)Continuous: Continuous activity with lower (minimum) amplitude around
5 to 10 mcV and maximum amplitude of 10 to 25-50) mcV; (2)Discontinuous: Discontinuous background with
minimum amplitude below 5 mcV, and maximum amplitude above 1 mcV; (3) Burst-suppression: Discontinuous
background with minimum amplitude without variability at 0 to 1 mcV and bursts with amplitude >25mcV;
(4) Low voltage: Continuous background pattern of very low voltage (below 5mcV); (5) Inactive, flat: Primarily
inactive (isoelectric below 5mcV)*.

The EEG signals as per aEEG manufacturing standards were amplified and bandpass-filtered (1 to 50 Hz) to
minimize artifacts and electrical interferences, rectified, and then peak to peak amplitudes were measured and
smoothed using a moving average of 0.5 seconds®. The resulting upper margin amplitude, lower margin ampli-
tude and bandwidth (BW) for the selected P3-P4 channel were quantitatively calculated and displayed using
Brainz Analyze Research (v1.5) software (Natus Medical). In addition, cyclical pattern typically occurring about
every 60 to 90 minutes indicating sleep wake cycles (SWC) with broadened band width (discontinuous activity)
representing quiet sleep and narrow band width (continuous activity) representing wakefulness or active sleep
were checked and highlighted.

Near-Infrared Spectroscopy (NIRS). The INVOS (Somanetics) spatially-resolved NIRS oximeter was used
(INVOS 4100-5100; Somanetics, Troy, MI). A neonatal probe (neonatal, SomaSensor) containing a light-emitting
diode and two distant sensors was placed on the infant’s head, in close proximity to the P3 and P4 aEEG leads. The
sampling rate of NIRS signal was every 30 seconds.
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Data pre-processing. The SO, and aEEG were synchronously recorded every minute with a Vital Sync™ system
(Somanetics Corporation, Troy, Michigan). Both the SO, and aEEG data were first inspected to identify artifacts,
which were removed by linear interpolation between neighboring data points, followed by a second-order poly-
nomial de-trending to remove the slow drifts of each time series.

Wavelet coherence analysis.  'Wavelet transform coherence is a time-frequency domain analysis, which character-
izes the cross-correlation between two time series at multiple time scales and over time*®. Details of this method
were recently published” and a brief description is provided in the online supplement. The concept is to use a
time varying, squared cross-wavelet coherence, R?, between two time series in multiple time scales without a pri-
ori assumptions of linearity and stationarity*®. R? ranges between 0 and 1 and can be conceptualized as a localized
correlation coefficient in the time-frequency domain between any two pre specified variables. The two variables
selected for evaluation of NVC were the NIRS SO, and aEEG in this study. The statistical significance of the esti-
mated coherence between the two times series against noise background was assessed based on theMonte Carlo
method®. The wavelet coherence metrics include the relative phase, Ay, and the squared wavelet coherence,
R?, in the interrogated range of frequencies (f,, = 0.97/s; s represents wavelet scale in seconds) and over the time
of the recorded SO, and aEEG durations. NVC is represented as the significant in-phase coherence (Ap~0)
between the SO, and aEEG oscillations. Therefore to quantify the results, we first select a phase range of interest.
Within the selected phase range, the percentage of significant coherence, P(s), is quantified as the percentage of
time during which the S O,—aEEG coherence is statistically significant from the noise background (p < 0.05) by
using the Monte Carlo simulation. P(s) is a function of wavelet scale, s, or Fourier frequency, f,,.

Neurodevelopmental outcomes. Brain MRI was performed on day 7-10 using conventional T1- and
T2-weighted spin echo sequences to evaluate for injuries in the basal ganglia, cortical or watershed areas, by using
the NICHD classification®. Neurological examination and psychometric testing were conducted 18 to 24 months
of age based on the Bayley Scales of Infant Development IIT (Bayley III for short) in three domains: cognitive,
language and motor!®!. All study infants completed follow up including the non-cooled controls. An abnormal
outcome was predefined by abnormal MRI scores >1 and Bayley III scores <85 in any of the cognitive, language
or motor domains. Examiners of neurodevelopmental outcomes were blinded to the aEEG and NIRS results.

Statistical analysis. This Wavelet method generates a large ensemble of surrogate data set pairs with the
same power spectrum as the input datasets. Wavelet coherence is estimated for each pair. Then the coherence of
input datasets is statistically tested against those of surrogate datasets with a null hypothesis that the signal is gen-
erated by a stationary noise background. The statistically significant squared cross-wavelet coherence, R?, against
noise background and the corresponding phase between the time series of SO, and aEEG were determined, and
the percentage of time durations during which R* was statistically significant (p < 0.05) was calculated relative
to the whole recording period for each infant. Exact Wilcoxon Rank Sum test were used to compare the wavelet
coherence (% of significant coherence) across NE severity in cooled infants (moderate-severe NE combined since
only 1 severe NE) vs. controls as well as between the infants with normal outcome vs. abnormal outcome groups.
This included between-group comparisons for each wavelet scale at a significance of p < 0.05, and a comparison
of area under the curve (AUC) over the selected frequency range at a significance of p < 0.01. For this pilot study,
multiple comparison corrections were not applied.

References
1. Chalak, L. F. et al. Neurodevelopmental outcomes after hypothermia therapy in the era of Bayley-II1. ] Perinatol 34, 629-633, doi:
10.1038/jp.2014.67 (2014).
2. Shah, P. S. Hypothermia: a systematic review and meta-analysis of clinical trials. Semin Fetal Neonatal Med 15, 238-246, doi: S1744-
165X(10)00014-4 10.1016/j.siny.2010.02.003 (2010).
. Ferriero, D. M. Neonatal brain injury. N Engl ] Med 351, 1985-1995, doi: 351/19/1985 10.1056/NEJMra041996 (2004).
4. Dupont, T. L. et al. Short-Term Outcomes of Newborns with Perinatal Acidemia Who are Not Eligible for Systemic Hypothermia
Therapy. ] Pediatr, doi: S0022-3476(12)00730-5 10.1016/j.jpeds.2012.06.042 (2012).
5. Murray, D. M., O’Connor, C. M., Ryan, C. A., Korotchikova, I. & Boylan, G. B. Early EEG Grade and Outcome at 5 Years After Mild
Neonatal Hypoxic Ischemic Encephalopathy. Pediatrics, doi: 10.1542/peds.2016-0659 (2016).
6. Shalak, L. E, Laptook, A. R., Velaphi, S. C. & Perlman, J. M. Amplitude-integrated electroencephalography coupled with an early
neurologic examination enhances prediction of term infants at risk for persistent encephalopathy. Pediatrics 111, 351-357 (2003).
7. Gluckman, P. D. et al. Selective head cooling with mild systemic hypothermia after neonatal encephalopathy: multicentre
randomised trial. Lancet 365, 663-670, doi: S014067360517946 10.1016/S0140-6736(05)17946-X (2005).
8. Higgins, R. D. et al. Hypothermia and Other Treatment Options for Neonatal Encephalopathy: An Executive Summary of the
Eunice Kennedy Shriver NICHD Workshop. J Pediatr, doi: S0022-3476(11)00786-4 10.1016/j.jpeds.2011.08.004 (2011).
9. Kratzer, I., Chip, S. & Vexler, Z. S. Barrier mechanisms in neonatal stroke. Frontiers in neuroscience 8, 359, doi: 10.3389/
fnins.2014.00359 (2014).
10. Juul, S. E. & Ferriero, D. M. Pharmacologic neuroprotective strategies in neonatal brain injury. Clin Perinatol 41, 119-131, doi:
10.1016/j.clp.2013.09.004 (2014).
11. McAdams, R. M. & Juul, S. E. The role of cytokines and inflammatory cells in perinatal brain injury. Neurol Res Int 2012, 561494, doi:
10.1155/2012/561494 (2012).
12. Moretti, R. et al. Blood-brain barrier dysfunction in disorders of the developing brain. Frontiers in neuroscience 9, 40, doi: 10.3389/
fnins.2015.00040 (2015).
13. de Vries, L. S. & Hellstrom-Westas, L. Role of cerebral function monitoring in the newborn. Arch Dis Child Fetal Neonatal Ed 90,
F201-207, doi: 90/3/F201 10.1136/adc.2004.062745 (2005).
14. Murray, D. M., Boylan, G. B., Ryan, C. A. & Connolly, S. Early EEG findings in hypoxic-ischemic encephalopathy predict outcomes
at 2 years. Pediatrics 124, e459-467, doi: 10.1542/peds.2008-2190 (2009).
15. Song, J. et al. Early amplitude-integrated electroencephalography predicts brain injury and neurological outcome in very preterm
infants. Scientific reports 5, 13810, doi: 10.1038/srep13810 (2015).
16. Toet, M. C., Lemmers, P. M., van Schelven, L. J. & van Bel, F. Cerebral oxygenation and electrical activity after birth asphyxia: their
relation to outcome. Pediatrics 117, 333-339, doi: 117/2/333 10.1542/peds.2005-0987 (2006).

w

SCIENTIFIC REPORTS | 7:45958 | DOI: 10.1038/srep45958 6



www.nature.com/scientificreports/

17.
18.
19.
20.
21.
22.
23.

24.

25.
26.
27.
28.
29.

30.
31.

32.
33.
34.
. Aaslid, R. Visually evoked dynamic blood flow response of the human cerebral circulation. Stroke 18, 771-775 (1987).
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.

Lemmers, P. M. et al. Cerebral oxygenation and brain activity after perinatal asphyxia: does hypothermia change their prognostic
value? Pediatr Res 74, 180-185, doi: 10.1038/pr.2013.84 pr201384(2013).

Thoresen, M., Hellstrom-Westas, L., Liu, X. & de Vries, L. S. Effect of hypothermia on amplitude-integrated electroencephalogram
in infants with asphyxia. Pediatrics 126, e131-139, doi: 10.1542/peds.2009-2938 (2010).

Lemmers, P. M., Toet, M., van Schelven, L. J. & van Bel, F. Cerebral oxygenation and cerebral oxygen extraction in the preterm
infant: the impact of respiratory distress syndrome. Exp Brain Res 173, 458-467, doi: 10.1007/s00221-006-0388-8 (2006).

Yenari, M. A. & Han, H. S. Neuroprotective mechanisms of hypothermia in brain ischaemia. Nature reviews. Neuroscience 13,
267-278, doi: 10.1038/nrn3174 (2012).

Panerai, R. B,, Kelsall, A. W,, Rennie, J. M. & Evans, D. H. Cerebral autoregulation dynamics in premature newborns. Stroke 26,
74-80 (1995).

Buzsaki, G. & Freeman, W. Editorial overview: brain rhythms and dynamic coordination. Current opinion in neurobiology 31, v-ix,
doi: 10.1016/j.conb.2015.01.016 (2015).

Zhu, D. C., Tarumi, T., Khan, M. A. & Zhang, R. Vascular coupling in resting-state fMRI: evidence from multiple modalities. ] Cereb
Blood Flow Metab 35, 1910-1920, doi: 10.1038/jcbfm.2015.166 (2015).

Chalak, L. E, Tian, E, Tarumi, T. & Zhang, R. Cerebral Hemodynamics in Asphyxiated Newborns Undergoing Hypothermia
Therapy: Pilot Findings Using a Multiple-Time-Scale Analysis. Pediatr Neurol 55, 30-36, doi: 10.1016/j.pediatrneurol.2015.11.010
(2016).

Tian, E, Tarumi, T, Liu, H., Zhang, R. & Chalak, L. Wavelet coherence analysis of dynamic cerebral autoregulation in neonatal
hypoxic-ischemic encephalopathy. NeuroImage. Clinical 11, 124-132, doi: 10.1016/j.nicl.2016.01.020 (2016).

Buzsaki, G. & Draguhn, A. Neuronal oscillations in cortical networks. Science 304, 19261929, doi: 10.1126/science.1099745 (2004).
Armstead, W. M. & Leffler, C. W. Neurohumoral regulation of the cerebral circulation. Proc Soc Exp Biol Med 199, 149-157 (1992).
Roche-Labarbe, N., Wallois, E,, Ponchel, E., Kongolo, G. & Grebe, R. Coupled oxygenation oscillation measured by NIRS and
intermittent cerebral activation on EEG in premature infants. Neuroimage 36, 718-727, doi: 10.1016/j.neuroimage.2007.04.002
(2007).

Zonta, M. et al. Neuron-to-astrocyte signaling is central to the dynamic control of brain microcirculation. Nature neuroscience 6,
43-50, doi: 10.1038/nn980 (2003).

Paulson, O. B., Strandgaard, S. & Edvinsson, L. Cerebral autoregulation. Cerebrovasc Brain Metab Rev 2, 161-192 (1990).

Astrup, J. et al. Evidence against H4 and K+ as main factors for the control of cerebral blood flow: a microelectrode study. Ciba
Foundation symposium, 313-337 (1978).

Koehler, R. C., Gebremedhin, D. & Harder, D. R. Role of astrocytes in cerebrovascular regulation. Journal of applied physiology 100,
307-317, doi: 10.1152/japplphysiol.00938.2005 (2006).

Fox, P. T. & Raichle, M. E. Focal physiological uncoupling of cerebral blood flow and oxidative metabolism during somatosensory
stimulation in human subjects. Proc Natl Acad Sci USA 83, 1140-1144 (1986).

Roy, C. S. & Sherrington, C. S. On the Regulation of the Blood-supply of the Brain. J Physiol 11, 85-158 117 (1890).

Sirota, A., Csicsvari, J., Buhl, D. & Buzsaki, G. Communication between neocortex and hippocampus during sleep in rodents. Proc
Natl Acad Sci USA 100, 2065-2069, doi: 10.1073/pnas.0437938100 (2003).

Franceschini, M. A. et al. Assessment of infant brain development with frequency-domain near-infrared spectroscopy. Pediatric
Research 61, 546-551, doi: 10.1203/pdr.0b013e318045be99 (2007).

Shellhaas, R. A. et al. The American Clinical Neurophysiology Society’s Guideline on Continuous Electroencephalography
Monitoring in Neonates. ] Clin Neurophysiol 28, 611-617, doi: 10.1097/WNP.0b013e31823e96d7 (2011).

Greisen, G. Is near-infrared spectroscopy living up to its promises? Semin Fetal Neonatal Med 11, 498-502, doi: S1744-
165X(06)00077-1 10.1016/j.siny.2006.07.010 (2006).

Faes, L., Marinazzo, D., Montalto, A. & Nollo, G. Lag-specific transfer entropy as a tool to assess cardiovascular and cardiorespiratory
information transfer. IEEE Trans Biomed Eng 61, 2556-2568, doi: 10.1109/TBME.2014.2323131 (2014).

Shankaran, S. et al. Whole-body hypothermia for neonates with hypoxic-ischemic encephalopathy. N Engl ] Med 353, 1574-1584,
doi: 353/15/1574 10.1056/NEJMcps050929 (2005).

Sarnat, H. B. & Sarnat, M. S. Neonatal encephalopathy following fetal distress. A clinical and electroencephalographic study. Arch
Neurol 33, 696-705 (1976).

Shankaran, S. et al. Effect of depth and duration of cooling on deaths in the NICU among neonates with hypoxic ischemic
encephalopathy: a randomized clinical trial. JAMA 312, 2629-2639, doi: 10.1001/jama.2014.16058 (2014).

Hellstrom-Westas, L. & Rosen, 1. Continuous brain-function monitoring: state of the art in clinical practice. Semin Fetal Neonatal
Med 11, 503-511, doi: $1744-165X(06)00078-3 10.1016/j.siny.2006.07.011 (2006).

El-Dib, M., Chang, T, Tsuchida, T. N. & Clancy, R. R. Amplitude-integrated electroencephalography in neonates. Pediatr Neurol 41,
315-326, doi: 10.1016/j.pediatrneurol.2009.05.002 (2009).

Grinsted, A., Moore, J. C. & Jevrejeva, S. Application of the cross wavelet transform and wavelet coherence to geophysical time
series. Nonlinear Proc Geoph 11, 561-566 (2004).

Tian, F. T. T, Liu, H., Zhang, R. & Chalak, L. Wavelet coherence analysis of dynamic cerebral autoregulation in neonatal hypoxic-
ischemic encephalopathy. Neuroimage clinical (In Press 2015).

Torrence, C. & Webster, P. J. Interdecadal changes in the ENSO-monsoon system. ] Climate 12, 2679-2690, doi: 10.1175/1520-
0442(1999)012<2679:Icitem>2.0.Co;2 (1999).

Maraun, D., Kurths, J. & Holschneider, M. Nonstationary Gaussian processes in wavelet domain: synthesis, estimation, and
significance testing. Phys Rev E Stat Nonlin Soft Matter Phys 75, 016707, doi: 10.1103/PhysRevE.75.016707 (2007).

Shankaran, S. et al. Brain injury following trial of hypothermia for neonatal hypoxic-ischaemic encephalopathy. Arch Dis Child Fetal
Neonatal Ed 97, F398-404, doi: 10.1136/archdischild-2011-301524 (2012).

Jary, S., Whitelaw, A., Walloe, L. & Thoresen, M. Comparison of Bayley-2 and Bayley-3 scores at 18 months in term infants following
neonatal encephalopathy and therapeutic hypothermia. Dev Med Child Neurol, doi: 10.1111/dmcn.12208 (2013).

Acknowledgements
Dr. Chalak is supported by NIH Grant K23HD069521

Author Contributions

All authors contributed to (1) the conception and design, acquisition of data, or analysis and interpretation of
data; (2) drafting the article or revising it critically for important intellectual content; and (3) final approval of
the submitted version. Specifically, L.C. performed writing the manuscript, study design and data interpretation;
ET. performed wavelet analysis; D.V. helped with patient screening and application of monitoring leads; A.L.
helped with data interpretation; T.T. helped with data analysis; R.Z. helped with supervision of study concept,
data analysis and interpretation.

SCIENTIFIC REPORTS | 7:45958 | DOI: 10.1038/srep45958 7



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Chalak, L. E. et al. Novel Wavelet Real Time Analysis of Neurovascular Coupling in
Neonatal Encephalopathy. Sci. Rep. 7, 45958; doi: 10.1038/srep45958 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

2 or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:45958 | DOI: 10.1038/srep45958 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Novel Wavelet Real Time Analysis of Neurovascular Coupling in Neonatal Encephalopathy

	Results

	Patient characteristics. 
	Wavelet findings. 

	Discussion

	Methods

	Subjects. 
	Monitoring. 
	Amplitude Integrated EEG (aEEG). 
	Near-Infrared Spectroscopy (NIRS). 
	Data pre-processing. 
	Wavelet coherence analysis. 

	Neurodevelopmental outcomes. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Wavelet-based SctO2-aEEG coherence showing intact neurovascular coupling (NVC).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Wavelet-based SctO2-aEEG coherence showing low neurovascular coupling.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Individual data of significant SctO2→​aEEG in-phase coherence from newborns quantified in: (A) normal outcome group (n =​ 4), and (B) abnormal outcome group (n =​ 6).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Area under the curve (AUC) of significant SctO2-aEEG coherence in infants categorized by the 18–24 developmental outcomes.
	﻿Table 1﻿﻿. ﻿ Clinical Characteristics.



 
    
       
          application/pdf
          
             
                Novel Wavelet Real Time Analysis of Neurovascular Coupling in Neonatal Encephalopathy
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45958
            
         
          
             
                Lina F. Chalak
                Fenghua Tian
                Beverley Adams-Huet
                Diana Vasil
                Abbot Laptook
                Takashi Tarumi
                Rong Zhang
            
         
          doi:10.1038/srep45958
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45958
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45958
            
         
      
       
          
          
          
             
                doi:10.1038/srep45958
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45958
            
         
          
          
      
       
       
          True
      
   




