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BACKGROUND: Neuromonitoring at the bedside is the key to understand the pathophysiological mechanisms of brain injury
associated with neonatal encephalopathy. The current practice is to monitor the forehead using a noninvasive cerebral oximetry—
it remains unknown to what extent cerebral hemodynamics in other brain regions is different to the frontal region.

METHOD: A multichannel near-infrared spectroscopy (NIRS) system was used to monitor neonates (n = 14) with fetal acidosis and
mild neonatal encephalopathy at four brain regions (the frontal, posterior, left temporal, and right temporal lobes). The data were
compared to delineate the regional difference in (1) cerebral hemodynamics and (2) pressure autoregulation. For both analyses,
wavelet transform coherence was applied.

RESULTS: We observed frontal-posterior heterogeneity as indicated by significantly lower coherence between these two regions
(p = 0.02). Furthermore, areas with regional magnetic resonance imaging (MRI)-detected lesions showed greater hemodynamic
variations compared to non-affected areas (p = 0.03), while cerebral autoregulation was not affected and showed no difference.
CONCLUSION: Cerebral hemodynamics in mild neonatal encephalopathy is heterogeneous across different brain regions, while
cerebral autoregulation remains intact. These findings indicate the robustness of the wavelet measure of cerebral autoregulation in

this population, but need to be further investigated in the presence of severe injury.
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IMPACT:

® This proof-of-concept study is the first to investigate the regional difference of cerebral hemodynamics and autoregulation in

mild neonatal encephalopathy.

® Study findings confirm that brain functions are complex in the developing neonatal brain and that cerebral hemodynamics are
region specific in newborns with frontal-posterior heterogeneity among brain regions probed by multichannel NIRS.

® Regional MRI lesions were associated with differences across NIRS regional channels among the affected side.

® Cerebral autoregulation with multichannel NIRS is not affected by regional MRI abnormalities.

INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is a serious public health
problem that afflicts millions of newborns worldwide with
neurodevelopmental deficits in 50% of survivors,' including more
recent studies in mild encephalopathy. Bedside monitoring of
cerebral hemodynamics based on near-infrared spectroscopy (NIRS)
can provide important insights into the pathophysiological mechan-
isms of related brain injury.> NIRS is a noninvasive technology, well
suited for bedside monitoring of regional brain tissue oxygenation
and pressure autoregulation resulting from interrupted maternal
and/or fetal placental blood flow. The standard positioning of NIRS
probes is typically the anterior fronto-parietal in location to best
reflect the watershed global cerebral blood injury pattern while
avoiding artifacts from adhesion to the hair.

In a recent study,®> we have used the cerebral oximetry to
monitor neonates with HIE and validated a novel wavelet
coherence analysis to assess the dynamic relationship between
spontaneous oscillations in mean arterial pressure (MAP) and
cerebral tissue oxygenation saturation (SctO,) and to determine
the status of cerebral autoregulation noninvasively. We derived
wavelet-based metrics of phase, coherence, and gain for
quantitative evaluation of cerebral autoregulation, and discov-
ered that cerebral autoregulation in neonates with HIE was time-
scale-dependent in nature and correlated with neurological
outcomes at 2 years. An important remaining knowledge gap is
to determine whether cerebral hemodynamics at different brain
regions correlate or differ from the frontal region, and whether
the location has any effect on the cerebral autoregulation of
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Fig. 1

Methodology. a Schematic setup of multichannel NIRS monitoring. Four emitter—detector pairs (channels) were placed at the frontal

(anterior), posterior (posterior), left temporal (left), and right temporal (right) regions, respectively. The anterior channel was adjacent to the
standard cerebral oximeter probe and thereby used as a reference channel: anterior-posterior (A-P), anterior-left (A-L), and anterior-right
(A-L) pairs. b Analysis of regional difference in cerebral hemodynamics. For each paired comparison shown in a, wavelet transform was
applied to characterize coherence in a time-frequency domain, as demonstrated in the right panel. In that panel, the x-axis in that represents
time and the y-axis represents scale. The color scale represents the magnitude of squared cross-wavelet coherence R2, which ranges from 0
(no coherence) to 1 (complete coherence). The black line contouring red areas designate areas of significant coherence (p < 0.05). The arrows
designate the relative phase between the two paired signals. ¢ Analysis of regional difference in cerebral autoregulation.

asphyxiated newborns. This step is necessary to test the rigor of
the proposed research measurement of cerebral autoregulation.

This current study aims to monitor neonatal cerebral hemody-
namics from four brain regions (anterior, posterior, left temporal,
and right temporal lobes) with a multichannel NIRS system based
on a novel wavelet coherence analysis and identify any regional
heterogeneity in cerebral hemodynamics and pressure
autoregulation.

METHODS

Patients

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 included newborns delivered at =36 weeks of gestation
with a birth weight of >1800 g, metabolic acidosis, and signs of
encephalopathy within the first 6 h of birth who were admitted to
the neonatal intensive care unit at Parkland Hospital from March
2018 to February 2019.

Perinatal acidemia was determined by umbilical arterial blood
gas included a pH of 7.0 or less, a base deficit of 16 mEqg/L or
greater in umbilical artery blood, or any postnatal blood sample
within 1h of life. In order to establish the diagnosis of
encephalopathy, a neurological examination was performed
within 6 h of birth according to the National Institute of Child
Health and Human Development (NICHD) classification for
modified Sarnat staging,4 which assessed (1) the level of
consciousness, (2) spontaneous activity, (3) posture, (4) tone, (5)
primitive reflexes, and (6) autonomic nervous system. Infants with
mild encephalopathy were the subject of this neuromonitoring
analysis.

Data collection

A multichannel NIRS system (CW-6, TechEn Inc., Milford, MA) was
used to monitor cerebral hemodynamics continuously at the
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bedside. This system uses lasers at 690 and 830 nm as light
emitters and avalanche photodiode (APD) as detectors. Each laser
is modulated to a high frequency (=6.4 kHz). The detected signals
by the APDs are demodulated via high-pass filters to retrieve the
light intensity so that the near-infrared signal does not interfere
with the ambient room light (60 Hz). As shown in Fig. 1a, four
compact NIRS probes were constructed to monitor the neonatal
brain at different regions: the frontal (anterior), posterior (poster-

ior),

left temporal (left),

and

right temporal

(right) lobes,

respectively. Each probe held a single emitter-detector pair
(channel); the emitter—detector distance was 2.5 cm. The probes
were secured on the head with tapes and elastic bandage.
Continuous data acquisition was initiated in a quiet room while
the newborn patient was stable. Each data acquisition session
lasted for at least 60 min and would be prolonged if the patient
had intermittent body movements. The data sampling rate was 25
hHz.

For all the newborn patients with an indwelling arterial line,
arterial blood pressure was continuously recorded using a CNS
monitor (Moberg ICU Solutions, Ambler, PA). The data sampling
rate was 1 Hz. Event markers were used to synchronize the CNS
monitor with the multichannel NIRS system in the beginning of
data collection.

Data processing
All the acquired data were processed and analyzed in MATLAB
(MathWorks, Inc.). The channel-wise raw data from CW-6 was
inspected retrospectively to remove segments corrupted by large
motion artifacts (e.g., yawns, cries). The remaining motion-free
data were used to calculate relative concentrations of oxygenated
hemoglobin A[HbO,] and deoxygenated hemoglobin A[Hb] based
on the modified Beer-Lambert law.’ In this step, the differential
pathlength factor was 6.8 at 690 nm and 5.8 at 830 nm.° Then,

differential

hemoglobin

concentration,

A[HbD] = A[HbO,] —

A[Hb], was derived. Previous studies’™® have demonstrated that
A[HbD] is a valid surrogate for cerebral blood flow in assessment
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of cerebral autoregulation status. Therefore, we focused on A
[HbD] changes in the subsequent analyses: the channel-wise A
[HbD] data were first down-sampled at 1 Hz to reduce the high-
frequency components. Then, a second-order polynomial detrend-
ing was applied to remove the slow drifts. MAP data were also
inspected to remove segments with large motion artifacts (e.g.,
yawns, cries), followed by a second-order polynomial detrending
to remove the slow drifts.

Analysis of regional heterogeneity

To investigate the regional heterogeneity in cerebral hemody-
namics and pressure autoregulation, we used the anterior channel
of NIRS as a reference, which is the standard location for cerebral
oximetry monitoring (e.g., the INVOS™ series). All the other NIRS
channels were defined as remote channels and compared with
the anterior channel. It resulted in three paired comparisons as
shown in Fig. 1a: the anterior—posterior (A-P), anterior-left (A-L),
and anterior-right (A-L) pairs. For each pair of channels, two types
of analysis were conducted separately:

Cerebral hemodynamics: The regional heterogeneity in cerebral
hemodynamics was assessed by computing the coherence between
every two paired A[HbD] time series directly. In this step, wavelet
transform coherence (WTC) was used. Briefly, WTC quantifies the
squared cross-wavelet coherence, R? and relative phase, Ag, in a
time—frequency domain.'® R? ranges between 0 and 1 and can be
conceptualized as a localized correlation coefficient between the
two paired signals in the time-frequency domain; A ranges
between —r and 7 and represents the time lag. In this study, the
hemodynamic fluctuations measured at different locations were
largely synchronous. Thus, we focused on the mean R? over time as
a measure of coherence between the two paired channels.

Cerebral autoregulation: WTC was also used to quantify the
coherence between MAP and channel-wise A[HbD] that was
measured at each of the four regions (Fig. 1a). Similar to our recent
study,> the percentage of significant coherence, P(s), was
quantified as the percentage of time during which the MAP —
HbD coherence was statistically significant (p <0.05). Then, an
autoregulation index (Al) was further quantified as the mean value
of P(s) in a selected wavelet scale range as a measure.® At last, the
Al values from the three remote locations (i.e., the posterior, left,
and right channels) were compared with the anterior reference to
delineate the regional heterogeneity in cerebral autoregulation.

All the WTC analyses above were conducted in a wavelet scale
range of s=10-300s. This scale range corresponded to
0.0033-0.1 Hz in frequency domain, a representative band of
cerebral autoregulation in the literature.'"'*

Neuroimaging assessments

Brain magnetic resonance imaging (MRI) was performed using 3-
Tesla MRI (Philips Healthcare Systems, TX) on each HIE survivor on
average at 5+ 1 days of age prior to discharge for evidence of
neurological abnormalities and injuries. MRI findings were scored
for abnormalities by an experienced pediatric neuroradiologist
based on the NICHD classification.'>'* Regional MRI-detected
abnormalities, such as bleeding and asymmetric lesions, were
described in detail with respect to their locations. When
abnormalities were detected under the frontal, posterior, or left/
right temporal NIRS sensors, the respective channels were labeled
as “affected” to determine the effect of local lesions on the
concomitant NIRS recording.

Statistical analysis

Continuous outcome variables were aggregated, via classical test
theory, across a selected time period by each subject, and then
used the mean coherence estimates for analyzing differences in a
given time period measurement of interest between groups. All
the paired group comparisons were performed based on the non-
parametric Wilcoxon’s rank-sum testing procedure, because of a
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small sample size. Bonferroni correction was employed to account
for statistical significance in multiple comparisons, especially for
the case with more than two groups. A p value of <0.05 was
considered to be statistically significant.

RESULTS

Patient characteristics

Fourteen neonates met the eligibility criteria and were monitored
in the first 24 h after birth following the parental informed
consent. The patients had an equal gender distribution (males =
50%) and a gestational age range of 39 (38-41) weeks with an
uneventful hospital stay. None of the enrolled infants had
evidence of basal ganglia or watershed injury based on pre-
discharge MRI obtained at 5 + 1 days of life. During the actual data
collection, all neonates were hemodynamically stable, had normal
blood gases, and were not disturbed by feeding or changing. After
excluding channels with significant artifacts, a total of 37 channel
pairs remained for the subsequent paired comparisons. Six
neonates were labeled to have affected NIRS measurements due
to the presence of regional MRI abnormalities (1 subdural
hemorrhage, 3 posterior occipital intraventricular hemorrhages
(IVHs) in the occipital horns, 1 right brainstem lesion, 1 left
temporal injury, 1 germinal matrix hemorrhage). All infants had a
normal neurological examination upon discharge.

Regional heterogeneity across four brain regions

Figure 2a shows the cross-channel A[HbD] coherence from a
single patient illustrating cerebral hemodynamic heterogeneity in
each of the three pairs across the four brain regions (i.e., the
anterior, posterior, left temporal, and right temporal). The signals
from the four regions were overall synchronous as indicated by
the in-phase coherence among all pairs seen in the yellow area,
but specific coherence within each time-scale spectrogram was
low among the entire cohort as reflected in Fig. 2b. Among the
three pairs, the A-P pair had clearly lowest coherence, especially
at the physiologically important scale range of 200-300 s where
cerebral hemodynamics and autoregulation predominate. This
observation was further confirmed by the mean coherence within
this specific scale range, which is shown in Fig. 2c: the A-P pair
had significantly lower mean coherence than the A-L pair (p =
0.02) and A-R pair (p=0.02), indicating significantly increased
frontal-posterior heterogeneity.

The four brain regions also showed remarkable heterogeneity in
measurements of cerebral autoregulation, as demonstrated in
Fig. 3a. At the group level (Fig. 3b), the autoregulatory index Al
values from the posterior, left temple, and right temple regions
were poorly correlated with the anterior reference (R =0.27, 0.30,
and 0.51, respectively). Together, these observations suggested
the regional heterogeneity in measurements of cerebral auto-
regulation in this cohort.

Heterogeneity related to MRI-detected abnormalities
To determine the effect of brain lesions on regional cerebral
hemodynamics and autoregulation, we separately studied all the
channel pairs based on whether they are affected by regional MRI-
detected abnormalities (e.g., if the left temporal region was
abnormal on MR, the A-L was labeled as “affected” pair). Figure 4
shows a comparison between the affected pairs versus the
unaffected pairs in aspect of cerebral hemodynamics. At the
group level (Fig. 4b, c), the affected pairs had significantly lower
cross-channel A[HbD] coherence than the unaffected pairs (p =
0.03), suggesting that the presence of even small regional lesions
could affect the measurements of cerebral hemodynamics in situ.
In contrast to the NIRS hemodynamics measurements, Fig. 5
shows that there was no significant differences in cerebral
autoregulation measures between the regionally affected (n =6)
versus the unaffected channels (n = 31).

Pediatric Research (2021) 89:882 - 888
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DISCUSSION

This proof-of-concept study is the first to investigate the
regional difference of cerebral hemodynamics and autoregula-
tion in mild neonatal encephalopathy using the wavelet metrics.
We found significant frontal-posterior heterogeneity among
four brain regions probed by multichannel NIRS, indicating the
need to monitor the neonatal brain at multiple regions. MRI-
detected regional abnormalities at the site of the monitoring
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probe were found to account for discrepancies in the measure-
ments, but did not affect the cerebral autoregulation.

Several studies on different patient populations have similarly
reported important regional differences of cerebral hemody-
namics and/or pressure autoregulation. Lemmers and van Bel'®
reported that up to 10% differences in SctO, are detected
between the left and right hemispheres in preterm infants,
especially when arterial oxygen saturation was unstable.
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Papademetriou et al.'® reported cerebral oxygenation rScO,
asymmetry to be independently associated with abnormal
outcomes after a perinatal ischemic stroke. Wagenaar et al.'”
used a multichannel NIRS system to monitor infants during
extracorporeal membrane oxygenation (ECMO), and found
significant autoregulation differences between the left and right
hemispheres. The authors suggested that the right hemisphere
was more susceptible to the disruption of cerebral autoregulation
due to the cannulation of great blood vessels on that side.
Asymmetry of NIRS oxygen saturation has been reported during
cardiac surgeries mostly in relations to complications during aortic
or venous cannulations.'®2° Unlike the above surgical and ECMO
patients, neonates in this study were diagnosed with mild
encephalopathy, had an uneventful course, and did not undergo
any surgical procedure. In that regard, Chiron et al.?' reported in
healthy infants a right brain dominance to be associated with a
different oxygenation pattern in the two hemispheres. Thus, our
study findings support that regional difference of cerebral
hemodynamics and autoregulation might be a common phenom-
enon in newborns, even in the absence of global MRI injuries or
basal ganglia, and watershed infarction patterns that are typical of
severe HIE. Interestingly, the highest discrepancies were observed
in the posterior occipital probe. This might be partly a reflection of
the longer distance between this probe and the frontal reference.
Another important  contributing factor is that the
temporal-occipital regions in the developing newborn have been
reported to have a higher perfusion and metabolism when
compared to adults.’°~%? These regions therefore could be more
vulnerable to any hemodynamic and autoregulation impairments.
This heterogeneity needs to be taken into account when
comparing neonatal studies with probes placed in different
locations. Of note, in this study we focused on A[HbD] rather
than SctO, to ensure optimal representation of frequency band
(0.0033-0.1 Hz) where cerebral autoregulation occurs and validate
the robustness of the wavelet metric.

The current study also examined the effect of any regional
lesions, as identified on pre-discharge MRI, on the measurements
of hemodynamics and pressure autoregulation in the absence of
confounding global injury. Clearly, our study findings support that
the areas affected by regional abnormalities in MRI indeed have
altered cerebral hemodynamics, resulting in significantly lower
coherence compared to non-affected regions.

It is intriguing that cerebral autoregulation measurements were
robust and showed no differences between the affected regions
versus unaffected regions. This indicates that despite the observed
regional NIRS heterogeneity, the subtle MRI affected areas not
involving the basal ganglia or watershed patterns of severe
asphyxia do not influence cerebral autoregulation. Findings reflect
the intact physiological adaptive mechanisms and differ from
studies showing impaired autoregulation in association with
severe MRI patterns of brain injury.>®

Autoregulation of cerebral blood flow is very critical to achieve
constant cerebral flow over a broad range of cerebral perfusion
pressures (CPPs), which is from 25 to 50 mmHg in newborns.?2 The
control of cerebral blood flow is complex and requires involve-
ment of every component of the neurovascular unit to maintain
constant flow in rapid response to changes in CPPs and to a
variety of cerebral-metabolic activities.

Cerebral blood flow increases with postnatal age in parallel with
increased cerebral/metabolic demands in the growing brain.
Coupling of brain function and blood flow is important and can be
impaired during transition from fetal to neonatal life.”>** Loss of
autoregulation in preterm infants was also significantly associated
with increased severe IVH and periventricular leukomalacia,”2®
and with mortality in preterm infants.?’*®

Autoregulation indices have been well studied in asphyxiated
infants undergoing hypothermia therapy and were found to
correlate with outcomes.>® The fetal circulatory response to
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asphyxia is a rapid centralization and autoregulation of blood flow
in favor of the vital organs: brain, heart, and adrenals, at the
expense of peripheral organs.

Our study finding suggests that the cerebral autoregulation in
the first day of life in infants with mild encephalopathy is
unaffected by subtle focal MRI lesions that spare the deep central
gray matter. These findings are timely and of great clinical
relevance in view of the atypical MRI patterns of abnormalities
more recently described in up to 50% of infants with mild
encephalopathy®* with a critical lack of understanding of their
implications on cerebral physiology and outcomes.

In this paper, we first address a robust wavelet methodology to
measure the cerebral hemodynamics and autoregulation
observed with mild encephalopathy and its associated MRI
lesions. The ongoing follow-up study planned at 24 months will
provide the necessary correlation of these observations with
neurodevelopmental outcomes.

Strengths of the study include prospective measurements in the
absence of motion artifacts, and the maintenance of stable
oxygenation, ventilation, and blood pressure parameters during
the recording. Infants were maintained midline and no medica-
tions were administered during the regional recording, ensuring
the rigor of the methodology. Another major strength was the use
of the wavelet analysis methodology, which allows to accurately
measure similarities across nonstationary time series applicable
within a large spectrum of frequencies, including physiologically
important very low frequency.®> This approach enabled a
comprehensive determination of the multiscale nature of the
regional effects of the underlying oscillations in cerebral
hemodynamics.

A limitation of this proof-of-concept study design is the small
sample size and the lack of long-term neurodevelopmental
evaluations, which are still ongoing to determine the clinical impact
of the observed regional differences.

Future studies are needed to compare findings between infants
with severe global injury and to detect the effect of hypothermia
therapy. Since the reperfusion phenomenon associated secondary
energy failure can last from hours to days, we recognize that these
findings might be different in infants with more severe HIE where
autoregulatory disturbances might be detected beyond the first day
of life.

Since the multichannel NIRS monitoring and the pre-discharge
MRI to identify local brain lesions were not done simultaneously,
we could not determine whether the lesions had already
developed at the time of NIRS monitoring. Another limitation of
the study design is the lack of simultaneous pulse oximetry, which
precludes calculation of fractional tissue oxygen extraction.

In conclusion, study findings confirm that in the developing
neonatal brain, in general, brain functions are complex, and that in
newborns with mild encephalopathy, cerebral hemodynamics are
region specific. The underlying differences across brain regions
need to be further studied in comparison to infants with more
severe injury as they could account for differences in treatment
responses and prognosis.
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