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A B S T R A C T   

Background: Hypoxic-ischemic encephalopathy (HIE) is a leading cause of morbidity and mortality in neonates, 
but quantitative methods to predict outcomes early in their course of illness remain elusive. Real-time physio-
logic biomarkers of neurologic injury are needed in order to predict which neonates will benefit from therapies. 
Neurovascular coupling (NVC) describes the correlation of neural activity with cerebral blood flow, and the 
degree of impairment could predict those at risk for poor outcomes. 
Objective: To determine if neurovascular coupling (NVC) calculated in the first 24-hours of life based on wavelet 
transform coherence analysis (WTC) of near-infrared spectroscopy (NIRS) and amplitude-integrated electroen-
cephalography (aEEG) can predict abnormal brain MRI in neonatal HIE. 
Methods: WTC analysis was performed between dynamic oscillations of simultaneously recorded aEEG and ce-
rebral tissue oxygen saturation (SctO2) signals for the first 24 h after birth. The squared cross-wavelet coherence, 
R2, of the time–frequency domain described by the WTC, is a localized correlation coefficient (ranging between 
0 and 1) between these two signals in the time–frequency domain. Statistical analysis was based on Monte Carlo 
simulation with a 95% confidence interval to identify the time–frequency areas from the WTC scalograms. Brain 
MRI was performed on all neonates and classified as normal or abnormal based on an accepted classification 
system for HIE. Wavelet metrics of % significant SctO2-aEEG coherence was compared between the normal and 
abnormal MRI groups. 
Result: This prospective study recruited a total of 36 neonates with HIE. A total of 10 had an abnormal brain MRI 
while 26 had normal MRI. The analysis showed that the SctO2-aEEG coherence between the group with normal 
and abnormal MRI were significantly different (p = 0.0007) in a very low-frequency (VLF) range of 0.06–0.2 
mHz. Using receiver operating characteristic (ROC) curves, the use of WTC-analysis of NVC had an area under 
the curve (AUC) of 0.808, and with a cutoff of 10% NVC. Sensitivity was 69%, specificity was 90%, positive 
predictive value (PPV) was 94%, and negative predictive value (NPV) was 52% for predicting brain injury on 
MRI. This was superior to the clinical Total Sarnat score (TSS) where AUC was 0.442 with sensitivity 61.5%, 
specificity 30%, PPV 75%, and NPV 31%. 
Conclusion: NVC is a promising neurophysiological biomarker in neonates with HIE, and in our prospective 
cohort was superior to the clinical Total Sarnat score for prediction of abnormal brain MRI.   

1. Introduction 

Birth asphyxia remains a serious clinical burden that affects over 1 
million newborns worldwide each year (Kurinczuk et al., 2010) and the 

resultant hypoxic–ischemic encephalopathy (HIE) is an important cause 
of neurodevelopmental impairment, long-term disability, and death 
(Thornberg et al., 1995; Volpe, 2012). Asphyxia impairs fetal cerebral 
blood flow and is manifested after birth by a distinctive neonatal 
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encephalopathy (NE), which is usually classified using the clinical Sar-
nat staging. Initiation of TH improves outcome by reducing the risk of 
cerebral palsy and significant disability in infants born with moderate 
and severe HIE (Jacobs, 2013; Azzopardi et al., 2014). Currently, the 
neurologic exam in the setting of a perinatal event is the only method to 
identify neonates with HIE, determine their degree of encephalopathy, 
and select those candidates who are within six hours of birth for the only 
approved treatment, therapeutic hypothermia (TH). A key clinical 
challenge is the initial difficulty to discern the encephalopathy severity 
within a short therapeutic window for the initiation of hypothermia 
treatment (Gluckman et al., 2005; Zhou, 2010; Jacobs, 2011). New 
compelling data indicates that 30–50% of newborns errounously 
labelled with mild HIE using the early clnical classification will have 
developmental delays. This stems from the fact that we are currently 
unable to classifiy infants at risk with the examination alone to identify 
which neonates are at highest risk for adverse outcomes (Chalak et al., 
2018; Finder et al., 2020). Early physiological biomarkers that are 
immediately obtainable in the first day of life to predict which neonates 
with mild HIE need therapy are highly needed. 

Brain MRI with spectroscopy is a validated biomarker of neuro-
developmental outcome at 18–24 months of age, but is not typically 
performed until 5 days of life, following the completion of TH. A key gap 
exists in identifying neonates at risk for poor outcomes earlier in their 
course in order to direct clinical care. The discovery and validation of 
dynamic real-time biomarkers to guide decision making regarding 
appropriate candidate selection for TH and the evolving landscape of 
adjuvant treatments has the potential to improve both prognostication 
and clinical care for neonates with HIE. 

Continuous neuromonitoring tools are commonly used in the NICU 
for encephalopathic newborns during TH to assess brain function, 
including electroencephalography (EEG), amplitude-integrated EEG 
(aEEG), and near infrared spectroscopy (NIRS) (Toet et al., 2002; 
Hellstrom-Westas et al., 1995; Meek, 1999; van Bel, 1993). Although 
regular bedside monitoring is important for identifying brain injury 
(Peng, 2015; Shellhaas et al., 2013) the predictive abilities are typically 
more reliable within 24 hours (Ouwehand, 2020; Thoresen et al., 2010; 
Ancora et al., 2013). Various factors contribute to this, such as the 
fluctuating degree of encephalopathy, the complex etiology and uncer-
tain timing of the neurologic injury (Thoresen et al., 2010; Sabir and 
Cowan). As a solution to this problem, we have developed an advanced 
quantitative analysis of data simultaneously-collected from NIRS and 
EEG to measure the coupling of brain function (EEG) and cerebral blood 
flow (NIRS) in the newborn. The goal of the newly proposed adjunct 
biomarkers is to improve decision making regarding candidacy for TH in 
the first day of life (DOL) as well as to prognosticate abnormal imaging 
and neurodevelopmental outcomes. 

In a prior proof of concept cohort of infants with moderate to severe 
HIE who were receiving TH, we reported that the novel wavelet trans-
form coherence analysis of neurovascular coupling (WTC-NVC) ob-
tained throughout the 72 h of hypothermia can accurately identify 
infants with abnormal neurodevelopmental outcomes at 18–24 months 
(Chalak et al., 2017). Our aims in this current prospective study are to 
test the WTC-NVC obtained in the first DOL in a validation cohort with 
HIE to determine whether WTC-NVC can 1) predict infants who develop 
MRI brain injuries, and 2) compare its predictive value with Total Sarnat 
scoring in the first 6 h of life. 

2. Methods 

2.1. Study population and measurement protocol 

The study was approved by the Institutional Review Board of the 
University of Texas Southwestern Medical Center and informed consent 
was obtained from parents before enrollment. Inclusion criteria were 1) 
evidence of an acute perinatal event, fetal metabolic acidosis, and an 
exam indicative of encephalopathy, 2) birthweight ≥ 1800 g, and 3) 

gestational age at birth ≥ 36 weeks. Infants admitted to the NICU at 
Parkland Memorial Hospital, Dallas, TX during the study period between 
March 2018 and February 2019 were screened for eligibility. For 
enrolled infants, neuromonitoring was initiated within six hours of birth 
and continued for a duration of 24 h. Electroencephalogram (EEG) and 
regional near infrared spectroscopy-based cerebral tissue oxygen satu-
ration (NIRS-SctO2) were simultaneously recorded during the entire 
course of monitoring. 

2.2. Encephalopathy severity classification 

The severity of encephalopathy in neonates was graded based on the 
modified Sarnat exam performed within the first six hours of life (Sarnat 
and Sarnat, 1976; Sarnat et al., 2020). The resultant Total Sarnat score 
(TSS) was based on evaluation in the following areas: level of con-
sciousness, spontaneous activity, posture, tone, primitive reflexes (suck, 
moro), and the autonomic nervous system (pupils, heart rate, respira-
tion) (Sarnat and Sarnat, 1976; Lipper et al., 1986). 

2.3. Neuroimaging assessments 

All study infants underwent structural brain MRI and MR spectros-
copy on a 3 Tesla MRI scanner (Philips Healthcare Systems, TX) at a 
median age of 5 days to evaluate for evidence of neurologic abnormal-
ities. MRI findings were scored for abnormalities by an experienced 
pediatric neuro-radiologist based on the National Institute of Child 
Health and Human Development (NICHD) MRI-classification criteria 
which describes HIE-related neurologic injury involving white matter 
with or without extension to the cortical areas or deep gray nuclei, and/ 
or injury involving the the basal ganglia or thalamus (BGT) (Chalak, 
2014; Rollins, 2014). 

2.4. EEG and NIRS data preprocessing 

EEG data were acquired from eight electrodes placed on each new-
born’s scalp at C3, C4, P3, P4, O1, O2, Cz, and Fz locations, according to 
the 10–20 international system.. EEG signals were recorded at a sam-
pling rate of 256 Hz and then amplified and filtered within a frequency 
band of 0.1–100 Hz. Regional SctO2 was measured on each neonate’s 
forehead using an INVOS™ 4100–5100 oximetry (Somanetics, Troy, MI) 
and a neonatal sensor at a sampling rate of 0.21 Hz. Both EEG and NIRS- 
SctO2 signals were interfaced with a multi-device synchronization 
platform (Moberg Research, Inc., PA, USA) for simultaneous recording 
of two modalities and then saved for off-line analysis using MATLAB 
(Mathworks, Inc., MA, USA). For this specific study, the time series of 
EEG from a cross-hemisphere electrode pair of C3 and C4 (i.e., two 
electrodes in the central region) were used for data analysis of all the 
neonates. The EEG data from C3-C4 channel pair were first passed 
through an asymmetric band-pass filter (Parks-McClellan linear-phase 
FIR filter), which strongly attenuated the signal below 2 Hz and above 
15 Hz, followed by conversion to aEEG using Washington University- 
Neonatal EEG Analysis Toolbox (WU-NEAT) (Vesoulis et al., 2020; Das 
et al., 2020). Artificial spikes from aEEG data were first detected and 
interpolated with neighboring data points. The resultant aEEG and raw 
NIRS signal were then detrended, and thresholded to suppress any 
speckle noise present in the data. Both the time series were further 
inspected to identify artifacts, which were removed by linear interpo-
lation between neighboring data points, followed by a second-order 
polynomial de-trending to remove the slow drifts of each time series. 
On an average, 4.75 percent of time series data was interpolated for each 
subject as a part of the artifact removal procedure. 

2.5. Wavelet coherence analysis 

We used a MATLAB-based software package and analytic Morlet 
wavelet to perform WTC analysis (Grinsted et al., 2004) between the 
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spontaneous oscillations of artifact-free NIRS-SctO2 and aEEG signals in 
neonates with encephalopathy, as reported in our recent publications 
(Das et al., 2020; Tian et al., 2016; Tian, 2020). WTC is a time–frequency 
domain analysis and characterizes the squared cross-wavelet coherence, 
R2, and relative phase, Δϕ, between two time series at multiple time 
scales and over the entire time duration, without a prior assumption of 
linearity and stationarity. R2 can be conceptualized as a localized cor-
relation coefficient (ranging between 0 and 1) between these two signals 
in the time–frequency domain. The statistical significance of R2 is esti-
mated based on Monte Carlo simulation with a 95% confidence interval 
to identify the R2 regions that are statistically significant against simu-
lated background noise (p < 0.05) (Maraun and Kurths, 2004). All the 
pixels which have statistically significant coherence values are marked 
as black contours within the time-scale map. Using a time-scale 
(equivalent to time–frequency) domain, NVC was assessed by percent-
age of the number of significant pixels (Pixsig) over the number of total 
pixels (Pixtotal) within the given time-scale map (Das et al., 2020; Tian 
et al., 2016; Tian, 2020), namely, Pixsig/Pixtotal. Specifically, Pixsig and 
Pixtotal were quantified by summing pixel numbers across all wavelet 
time scales only within the identified contours and all scales respec-
tively. The percentage of significant coherence between SctO2 and aEEG 
was quantified across all phase ranges. 

3. Results 

3.1. Demographics of the study cohort 

Thirty-six neonates were enrolled following parental consent. Brain 
MRI was abnormal in 10 infants (28%) and normal in 26 infants (72%). 
Abnormal brain MRIs showed injuries consistent with HIE including 
white matter and basal ganglia abnormalities. In the overall cohort 
Gestational age was 39 ± 1.4 weeks, 58% were males, Apgar at 1 min 
had median of 2 [interquartile range (IQR) 1, 3], Apgar at 5 min was 5 
[IQR 4, 7] and cord umbilical pH showed severe fetal acidosis mean 7 ±
0.1, base deficit 17.4 ± 6.7. MRI was performed on all infants on median 
day of life 5 [IQR 4, 7] (Table 1). The Sarnat examination performed in 
the first 6 h of life identified 15 with mild, 18 with moderate, and 3 with 
severe encephalopathy. Notably, the incidence of abnormal MRI find-
ings was similar in those with mild vs. moderate encephalopathy in the 
first 6 h. 

3.2. NVC of infants with and without abnormal MRI outcomes 

Neonates were divided based on their MRI brain findings. Group 1 
comprised of 26 neonates having a normal brain MRI; group 2 
comprised of 10 neonates with abnormal MRI brain with HIE patterns of 
injury including white matter injury, basal ganglia (BG) injury, and 
watershed infarcts. Fig. 1 shows examples of two sets of data, one from 
an infant with normal MRI (Figs. A–d), and the other from an infant with 
evidence of injury in the basal ganglia (Figs. E–h). Each are displayed 
with the corresponding 20-hour simultaneous recordings of aEEG and 
SctO2 obtained in the first DOL prior to the MRI. Fig. 1(a) shows the 
tracing with normal sleep-awake cycle and continuous voltage range 
throughout the recording, with upper and lower aEEG margins > 10 μV 
and > 5 μV, respectively, and the SctO2 recorded across 20 h (mean 
79%). Fig. 1(b) provides time–frequency spectrograms of corresponding 
aEEG and SctO2, from (a), where the x-axis represents time in hour, the 
y-axis represents scale in minute, and the color scale represents the 
amplitude of power after continuous wavelet transform (CWT). Fig. 1(c) 
plots the WTC-based time-scale (equivalently to time–frequency) map to 
represent aEEG and SctO2 coupling or coherence (i.e., NVC), with the 
coherence range between 0 and 1, as marked by color. Fig. 1(d) presents 
an axial T1 image of the normal brain MRI from the infant. 

In a similar format, Fig. 1(e–h) illustrate a newborn who had 
abnormal MRI before discharge with white matter subcortical injury 
accompanied by subtle diffusion restriction and basal ganglia changes as 

highlighted in Fig. 1(h). Fig. 1(e) indicates similar overall visual trends 
in aEEG and SctO2 at the bedside with mean SctO2 of 81%. Fig. 1(f) 
illustrates two time-scale spectrograms of aEEG and SctO2. Fig. 1(g) 
shows a corresponding WTC-based time-scale map for the infant with 
brain abnormality and Fig. 1(h) shows the abnormal brain anatomy. In 
contrast to the visual analysis with no distinct patterns, the time-scale 
spectrograms from aEEG and SctO2 time series of the normal neonate 
is evenly distributed across time (Fig. 1b), whereas Fig. 1(f) shows 
different trends starting around 10 h. The neonate with normal MRI had 
significantly higher WTC coherence of NVC compared to the newborn 
with abnormal MRI, observed specifically in the scale range of 16–250 
min Fig. 1(c) and (g). 

At the group level, analysis of all newborns was performed in Fig. 2 
showing the 26 neonates with normal MRI and 10 neonates with 
abnormal MRI. The exact Wilcoxon Rank Sum test performed showed 
significant difference in SctO2 vs. aEEG coherence between groups (p =
0.0007) within the wavelet scale of 64–250 min, equivalent to very low- 
frequency (VLF) range of 0.06–0.2 mHz. 

3.3. Correlation between NVC and Total encephalopathy severity score 
(TSS) 

Next, we investigated the TSS relationship with percent NVC in the 
first DOL. The TSS provides a numerical score of encephalopathy using 
the 7 subcategories of the Sarnat exam, with higher scores indicating 
greater degree of encephalopathy (Sarnat and Sarnat, 1976; Walsh, 
2017; Chalak et al., 2019). Fig. 3(a) shows the relationship between TSS 

Table 1 
Characteristics of the Study Cohort.  

Neonatal Characteristics Overall MRI P 
value 

Normal Abnormal 

Total N 36 26 10  
Male: N (%) 21 (58%) 14 (54%) 7 (70%)  0.468 
Gestational Age (weeks) 

Mean (SD)  
Median [IQR]  

39 (1.4)  
39 [38 
40]  

39 (1.3)  
39 [38 
39]  

39 (1.9)  
39 [ 37 40]   

0.857 

Birth Weight (kg), mean (SD) 3.3 (0.7) 3.4 (0.8) 3.2 (0.6)  0.422 
Maternal Race/Ethnicity: N 

(%)     
0.644 

Caucasian non-hispanic 2 (6%) 1 (4%) 1 (10%)  
Black non-hispanic 6 (17%) 4 (15%) 2 (20%)  
Hispanic 25 (69%) 18 (69%) 7 (70%)  
Other non-hispanic 3 (8%) 3 (12%) 0  
Maternal Risk Factors: N (%)     
Hypertension 9 (25%) 6 (23%) 3 (30%)  0.686 
Diabetes 3 (8%) 2 (8%) 1 (10%)  1.000 
Pre-eclampsia 11 (31%) 9 (35%) 2 (20%)  0.688 
Labor Complications: N (%)     
Meconium 9 (25%) 8 (31%) 1 (10%)  0.392 
Umbilical Cord Prolapse 1 (3%) 0 1 (10%)  0.278 
Placental Abruption 4 (11%) 1 (4%) 3 (30%)  0.057 
Uterine Rupture 3 (8%) 2 (8%) 1 (10%)  1.000 
Maternal Chorioamnionitis 11 (31%) 8 (31%) 3 (30%)  1.000 
Placental Chorioamnionitis 19 (58%) 16 (67%) 3 (30%)  0.122 
Delivery Mode: N (%)     0.709 
Caesarean 21 (58%) 16 (62%) 5 (50%)  
Vaginal 15 (42%) 10 (38%) 5 (50%)  
Apgar 1 min, median [IQR] 2 [13] 2 [14] 1 [12]  0.079 
Apgar 5 min, median [IQR] 5 [47] 6 [47] 4 [16]  0.134 
Umbilical Cord Gas pH 7.0 (0.1) 7.0 (0.1) 7.0 (0.2)  0.437 
Base Deficit 17.7 (6.1) 16.7 (5.7) 20.3 (6.6)  0.172 
Encephalopathy Grade: N (%)     0.336 
Mild 15 (42%) 11 (42%) 4 (40%)  
Moderate 18 (50%) 14 (54%) 4 (40%)  
Severe 3 (8%) 1 (4%) 2 (20%)  
DOL at MRI, median [IQR] 5 [47] 5 [47] 5 [56]  0.892 
Disposition:     
DOL at discharge, median 10 [619] 10 [620] 10 [714]  0.958 
Death prior to discharge 2 (6%) 0 2 (20%)  0.071  
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and percent NVC in neonates with HIE in the first DOL. A horizontal 
dotted line at TSS of 5 highlights the empirical TSS threshold to identify 
or separate neonates with a higher risk of developing abnormality. A 
vertical dotted line at 10% marks WTC-based NVC decision threshold to 
separate neonates with HIE with the highest potential of having brain 
abnormalities by MRI. Receiver operating characteristic (ROC) curves 
are plotted in Fig. 3(b) for TSS (represented in orange) and NVC (rep-
resented in green). NVC area under the curve (AUC) was 0.808, with a 
sensitivity of 69%, a specificity of 90%, positive predictive value (PPV) 
94%, and negative predictive value (NPV) 52% for predicting brain 
injury on MRI. For the TSS, AUC is 0.442, sensitivity is 61.5%, specificity 
was 30%, PPV was 75%, and NPV was 31%. Overall, Fig. 3 highlights 
that a cutoff of 10% NVC during the first DOL showed higher sensitivity, 
specificity, PPV, and NPV compared to TSS for predicting brain injury on 
MRI. 

In exploratory analyses, the subsets of neonates classified as ‘mild’ 
(top panel, a and b) and ‘moderate’ HIE (bottom panel, c and d) were 
further evaluated in Fig. 4, since those two groups are the most difficult 
to distinguish clinically. Fig. 4 (a and c) show the mean percentage of 
significant coherence between SctO2 and aEEG in the 15 neonates with 
mild (Fig. 4a) and 14 with moderate (Fig. 4c) HIE. Neonates with 
abnormal MRI, irrespective of their initial classification of the 

encephalopathy grade as ‘mild’ (Fig. 4b) or ‘moderate’ (Fig. 4d), exhibit 
a common pattern of lower NVC when compared to newborns with 
similar degree of encephalopathy and normal MRI. 

4. Discussion 

This study validated the utility of dynamic wavelet transform 
coherence analysis (WTC) to assess neurovascular coupling (NVC) in 
neonates with HIE who had normal brain MRI compared to those with 
abnormal brain MRI. We present evidence for the first time that the 
percent NVC in the first 24 h of life outperformed the Total Sarnat score 
in the ability to predict brain injuries by MRI in neonates with HIE. The 
clinical relevance of this study directly relates to the challenge neo-
natologists face in discerning mild versus moderate encephalopathy in 
neonates, an essential judgment in order to initiate targeted therapies. 
Neonates with mild NE are of particular interest, as they are not can-
didates for TH at most centers due to their exclusion from the major 
clinical trials that inform our current practice (Sarnat and Sarnat, 1976; 
Robertson and Finer, 1993). In our exploratory analyses (Fig. 4) we 
show that WTC to assess NVC is able to differentiate neonates with mild 
HIE and abnormal brain MRI from those with normal MRI. 

In the era of developing new treatments for HIE, the NVC proposed 

Fig. 1. Illustration of data from one neonate with normal MRI (top row of panels) and one neonate with abnormal MRI (bottom row of panels). (a & e) Examples of 
simultaneously recorded 20-hour aEEG (in μV) and SctO2 (in %) tracings with a sampling rate of 0.21 Hz. (b & f) Continuous wavelet transform (CWT) of the 
corresponding tracings from (a) and (e), where y-axes represent the scale in minute and the color gradient represents the amplitude of power after CWT. (c & g) Time- 
scale coherence maps of NVC of the selected infants; x-axis in all panels represents time in hour; y-axes represent scale in minute; color gradient scale indicates the 
amplitude of WTC coherence, R2. The areas with significant NVC (p < 0.05) are red. (d & h) T1 weighted axial brain MRI slices obtained on day 5 of life. Arrows in (h) 
indicate the basal ganglia abnormalities consistent with HIE. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 2. (a) Mean percentages of significant 
coherence of SctO2 and aEEG from newborns 
with normal MRI outcome (n = 26; shown in 
blue) and abnormal MRI brain (n = 10; 
shown in red), based on NICHD classification 
of MRI in HIE. The blue and red shaded re-
gions represent the standard errors of the 
mean for the respective groups. Significant 
differences between normal and abnormal 
groups (p < 0.05) were observed in the 
selected wavelet scale range of 64–250 min 
(a). Boxplot (median, 25% and 75% percen-
tiles) representation for the % NVC coher-
ence across all phases showed 95% 
significance with (p = 0.0007) by Exact 
Wilcoxon Rank Sum test (b). (For interpre-
tation of the references to color in this figure 
legend, the reader is referred to the web 
version of this article.)   
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physiological biomarker can play an essential role to provide individu-
alized and effective additional neuroprotective and neurorestorative 
therapies targeting those newborns at higher risk, while sparing those at 
lower risk. 

Clinically, the TSS is a validated score in the first six hours of life 
(Sarnat and Sarnat, 1976; Walsh, 2017; Chalak et al., 2019). There are 
six categories within the TSS, each of which is scored from 1 to 3 as as 
mild, moderate, or severe. Specifically, mild NE scores can range from 1 
to 10, moderate NE scores range from 6 to 14, while severe scores range 

from 12 to 18. In a study of PRIME Prospective Research for Infants with 
Mild Encephalopathy, we previously demonstrated a TSS of 5 predicted 
abnormal neurodevelopmental outcomes at 18–22 months in mild HIE 
(Chalak et al., 2019). The focus of this investigation of physiological 
biomarkers is to solve the clinical conundrum of accurately dis-
tinguishing between those who are at risk of neurologic injury and might 
benefit from targeted treatments compared to those who will have 
normal outcomes. Our findings suggest that WTC-based NVC between 
aEEG-SctO2 in the first 24 h of life can successfully identify those at risk 

Fig. 3. (a) TSS relationship with percent NVC assessed in the first day of life of 36 HIE infants with normal (n = 26; blue dots) and abnormal (n = 10; red dots) MRI 
outcomes in light of their association with predicting respective brain abnormalities at a later time. (b) Receiver operator characteristic (ROC) curves for TSS (orange) 
and NVC (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. (a) Mean percentage significant 
coherence of SctO2 vs. aEEG from 15 
newborns with ‘mild’ HIE, 11 of whom 
had normal MRI outcome (shown in 
blue) and 4 had abnormal MRI outcome 
(shown in red) The shaded regions 
represent the standard errors of mean. 
(b) For the mild HIE group, statistical 
difference of SctO2 and aEEG coherence 
in the selected wavelet scale range of 
64–250 min is not significant between 
the normal MRI vs. abnormal MRI 
groups. (c) Mean percentage significant 
coherence from 14 newborns with 
‘moderate’ HIE, 12 of whom had normal 
MRI outcome (shown in blue) and 2 had 
abnormal MRI outcome (shown in red). 
The shaded regions represent the stan-
dard errors of mean. (d) For the mod-
erate HIE group, the difference of NVC 
(i.e., SctO2 and aEEG coherence) in the 
selected scale range of 64–250 min is 

statistically significant (p = 0.04) between the normal and abnormal groups. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)   
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of neurologic injury and predict an abnormal outcome. 
Development in early infancy suggests that the neonatal brain may 

undergo complex variations in hemodynamics that differ from the adult 
brain (Nourhashemi et al., 2020; Roche-Labarbe et al., 2007). The hy-
peremic response to neuronal activation, for example, can occur within 
seconds, appears to be mediated by astrocytes and to be highly localized 
(Ariel et al., 2004). 

Roy and Sherrington first introduced the NVC concept over a century 
ago which has been subsequently applied in modern-day neuroimaging 
studies of brain function with PET and functional MRI in adults (Roy and 
Sherrington, 1890; Aaslid, 1987; Tarapore et al., 2013). However, such 
techniques cannot be applied on a fragile newborn at the bedside, the 
reason being neither do they permit a real-time analysis of hemody-
namics, because of the susceptibility to movement, nor can they measure 
the multi-frequency aspect of NVC as we do with the current method-
ology (Chalak and Zhang, 2017). 

This current study used MRI-based outcomes of the neonates to 
evaluate the predictive abilities of WTC-based NVC between SctO2 and 
aEEG signals in the first DOL to predict brain injuries on DOL 5. Prior 
studies have shown that brain MRI prior to discharge from the hospital is 
a reasonable surrogate for neurodevelopmental outcomes at 2 years 
(Shankaran, 2015). To characterize whether MRIs were abnormal, we 
used the the established NICHD classification of MRI patterns of HIE 
which involves white matter (WM) injury extending to the cortical areas 
or deep gray nuclei injury in the basal ganglia or thalamus (BGT), or 
involvement in both areas (Barkovich, 1998; Haataja et al., 2001; Sie, 
et al., 2000; Miller, 2005) as these lesions are associated with impair-
ment (Belet, et al., 2004; Steinman, 2009; van Kooij et al., 2010). Studies 
are ongoing to determine whether NVC between aEEG-SctO2 is pre-
dictive of long-term neurodevelopmental outcomes. 

The present study highlights the utility of the WTC analysis of NVC to 
refine our understanding and management of HIE. Our present study 
utilizes a small sample size at a single center with aEEG-SctO2 coherence 
measured for the first 24 h of life. Additional work in larger, and ideally 
multi-center trials, will focus on the WTC analysis in the first 6 h of life, 
the critical timeframe in which neonates benefit most from initiation of 
TH. Adjuctive therapies for NE are currently under investigation, and 
the administration of these drugs may provide a wider window in the 
first DOL for efficacy compared to TH. These new treatments on the 
horizon highlight the need for additional objective data in diagnosing 
degree of NE, and the potential use of WTC-based analysis of NVC in 
clinical practice. 

5. Conclusion 

This novel physiological biomarker of WTC-based NVC, once vali-
dated in larger cohorts and correlated with neurodevelopmental out-
comes, has significant potential to impact the early clinical stratification 
and prediction of brain abnormalities in neonates with encephalopathy. 
The ability to prospectively monitor neurovascular function in real-time, 
via our novel approach, could be the impetus for a paradigm shift in the 
field of neonatal neuro-critical care by creating precise criteria for the 
selection of candidates in neuroprotection studies. 
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