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Abstract

Objective—The objective of the study was to evaluate the relationship between a panel

of candidate plasma biomarkers and (1) death or severe brain injury on magnetic resonance
imaging (MRI) and (2) dysfunctional cerebral pressure autoregulation as a measure of evolving
encephalopathy.
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Study design—Neonates with moderate-to-severe hypoxic-ischemic encephalopathy (HIE) at
2 level 1V neonatal intensive care units were enrolled into this observational study. Patients
were treated with therapeutic hypothermia (TH) and monitored with continuous blood pressure
monitoring and near-infrared spectroscopy. Cerebral pressure autoregulation was measured by the
hemoglobin volume phase (HVP) index; a higher HVP index indicates poorer autoregulation.
Serial blood samples were collected during TH and assayed for Tau, glial fibrillary acidic
protein, and neurogranin. MRIs were assessed using National Institutes of Child Health and
Human Development scores. The relationships between the candidate biomarkers and (1) death
or severe brain injury on MRI (defined as a National Institutes of Child Health and Human
Development score of = 2B) and (2) autoregulation were evaluated using bivariate and adjusted
logistic regression models.

Results—Sixty-two patients were included. Elevated Tau levels on days 2-3 of TH were
associated with death or severe injury on MRI (aOR: 1.06, 95% CI: 1.03-1.09; aOR: 1.04, 95%
Cl: 1.01-1.06, respectively). Higher Tau was also associated with poorer autoregulation (higher
HVP index) on the same day (P =.022).

Conclusions—Elevated plasma levels of Tau are associated with death or severe brain injury by
MRI and dysfunctional cerebral autoregulation in neonates with HIE. Larger-scale validation of
Tau as a biomarker of brain injury in neonates with HIE is warranted.

Therapeutic hypothermia (TH) improves outcomes in neonatal hypoxic-ischemic
encephalopathy (HIE), but about 40% of treated patients suffer death or disability.1*
Serially measured markers of brain injury may help identify patients at risk for poor
outcomes as a result of ongoing secondary injury and those who may benefit from adjuvant
treatments. Serum biomarkers can be objectively assessed at the bedside, can reflect real-
time evolution of neuropathology, and do not require specialized expertise for interpretation
such as that needed by other current neurodiagnostic approaches such as magnetic resonance
imaging (MRI).

Leading candidates for serum biomarkers include brain-specific proteins Tau and glial
fibrillary acidic protein (GFAP). Tau is a microtubule-stabilizing protein® that is associated
with axonal damage® and neurodegenerative diseases in adults.”® In neonatal HIE, Tau

is related to brain injury by MRI and 1-year neurodevelopmental outcomes.®-11 GFAP, a
cytoskeletal protein found in astrocytes, is also a marker of neurologic injury.12 GFAP is
elevated in patients with HIE and is associated with the severity of clinical encephalopathy,
brain injury by MRI, and neurodevelopmental outcomes at 18 months.2-13-15 Neurogranin
(NRGN) is a brain-specific protein found in excitatory neurons and a more novel candidate
brain injury biomarker.”-16:17 Although NRGN has been associated with traumatic brain
injury and neurodegeneration in adults,”-18:19 there are few reports in pediatric (including
fetal/neonatal) patients.9-11.20-22 A recent study found that elevated serum NRGN is
inversely associated with the severity of encephalopathy in neonatal HIE.®

Given that prior biomarker studies in HIE have focused on correlating measures over time
with cumulative brain injury assessed after treatment or in later follow-up, we sought to
extend the evaluation of candidate plasma biomarkers (Tau, GFAP, and NRGN) by relating
serial measures over time with indicators of brain injury that have both spatial (ie, abnormal
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brain MRI1)*23 and temporal (ie, dysfunctional cerebral autoregulation assessed using the
hemoglobin volume phase [HVP] index)24-27 resolution. We hypothesized that elevated
plasma Tau, GFAP, and NRGN would be associated with a higher National Institutes of
Child Health and Human Development (NICHD) MRI brain injury score or death and
correlate with measures of dysfunctional autoregulation over time during TH.

Neonates with moderate-to-severe HIE treated with hypothermia at 2 level IV neonatal
intensive care units (Children’s National Medical Center and Johns Hopkins Hospital)

were prospectively enrolled between February 2018 and February 2020 if they had a
gestational age =35 weeks, had a birth weight of >1800 g, had an indwelling arterial line
for continuous arterial blood pressure monitoring, and met institutional criteria for TH per
the NICHD Neonatal Research Network protocol.# The parents of all eligible neonates were
approached for consent. Exclusions were major congenital anomalies or known/suspected
genetic conditions, if the patient was in extremis and died, or if the need for extracorporeal
membrane oxygenation was anticipated.

Infants” encephalopathy levels were assessed at each site using a modified Sarnat score.*28
Whole-body cooling was conducted according to the NICHD Neonatal Research Network
protocol.# Patients were monitored with continuous video electroencephalogram, continuous
blood pressure from an indwelling arterial line, electrocardiogram, and near-infrared
spectroscopy (NIRS) through TH and rewarming. Autoregulation and MRI data from this
cohort have been reported.29

Cerebral Autoregulation Monitoring

Continuous mean arterial blood pressure (MAP) and bilateral NIRS (ForeSight Elite,
Edwards Life Sciences) data (deoxyhemoglobin and oxyhemoglobin signals) were collected
by a bedside research laptop and used to calculate total hemoglobin (HbT) as a surrogate
for cerebral blood volume. Signals were inspected for artifact in 6-minute epochs using an
automated program.2425 Spectral coherence between MAP and HbT was calculated.26:27
Functional autoregulation is seen when changes in MAP drive changes in HbT with an
out-of-phase relationship. Dysfunctional autoregulation is characterized by high coherence
between MAP and HbT with an in-phase relationship. The HVP index was calculated as
the cosine-transformed phase shift between MAP and HbT at the frequency of maximal
coherence as previously described.28:27 The HVP index ranges from -1 to 1, with higher,
more positive values indicating dysfunctional autoregulation.

HVP values were summarized over 24-hour periods to coincide with the timeframe of serial
plasma biomarker measurement. Multiple summary statistics (minimum, maximum, median,
area under the curve [AUC]) were calculated to provide a daily reflection of autoregulatory
function. The AUC was calculated from the plot of the HVP over time and included both
positive and negative values. A higher AUC indicates greater autoregulatory dysfunction
(magnitude) across a longer period of time (duration).
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Specimen Collection and Biomarker Determination

MRI

Plasma samples were obtained from remnant blood following routine clinical laboratory
specimens.® Excess plasma was stored at —80°C and underwent one thaw-freeze cycle for
transfer to study cryovials before assay in bulk. Specimens were collected daily starting
from day of life (DOL) 0 to DOL 4 per institutional protocols during TH.

We used a custom duplex enzyme-linked immunosorbent assay (ELISA) to simultaneously
measure GFAP and NRGN as previously described.19:30

The lower limits of detection for the GFAP and NRGN as-says were 0.006 and 0.018
ng/mL, and the interassay coefficients of variation were 12% and 24%, respectively. We
measured Tau using a commercial ELISA (Meso Scale Diagnostics, LLC, product number
N451LAA-1). Plasma samples were diluted 4-fold and assayed according to manufacturer
instructions. Samples that registered above the upper limit of detection were diluted 20-fold.
The lower limit of detection for this assay was 10.6 pg/mL, the upper limit of detection

was 12 500 pg/mL, and the interassay coefficient of variation was 2.2%. To best reflect the
peak of injury, if a patient had multiple blood samples available on a given day, we used the
sample with the greatest biomarker value for our analysis.

After rewarming, patients underwent brain MRI during natural sleep at 3—7 days of age
using either a 1.5 or 3-T clinical MRI scanner (Skyra, Siemens, or Discovery MR750, GE
Healthcare) per clinical standard of care. Two pediatric neuroradiologists with expertise
in HIE neuroimaging and interpretation scored the clinical MRI data (including diffusion
weighted, T1, and T2 images) from their home institution using the NICHD scoring
system. Neuroradiologists were blinded to the autoregulation and biomarker data.* These
neuroradiologists had independently reviewed 10 MRIs and demonstrated acceptable
agreement (intraclass correlation coefficient = 0.968).

An NICHD MRI score of 2B or higher was defined as an adverse outcome as this has been
predictive of death or an 1Q of <70 at 6-7 years of age following HIE in a prior study.23

Statistical Analyses

Data were analyzed using R, version 4.0.3 (www.r-project.org/). Biomarker data were log-
transformed for analysis. Left and right values for the HVP index were averaged for analyses
after assessing that there was no significant laterality between the 2 sides. We used bivariate
and adjusted logistic regression models to assess the relationship between daily levels of
candidate biomarkers and severe (=2B NICHD score) brain injury by MRI or death in the
first 2 postnatal weeks and the HVP index. Analyses were adjusted for the study site and
severity of encephalopathy. To assess the temporality of the relationship between biomarkers
of brain injury and cerebral autoregulation, we tested the association between biomarker
values taken on a given day and the HVP index measured on the same day and the prior day
(given the possibility that dysfunctional autoregulation may mediate and precede secondary
brain injury). We analyzed multiple days of autoregulation (HVP index) per participant

and so estimated the association between the HVP index and candidate biomarkers while
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estimating a random effect at the participant level. Estimates are reported as log ORs with
the precision (SE) of the regression coefficient. Our goal was to enroll 90 patients to have
adequate power to assess the relationships between the candidate biomarkers and study end
points. We did not adjust for multiple comparisons.

Due to the coronavirus disease 2019 pandemic, we ended enrollment after 70 patients.

Of the 70 patients enrolled, 62 (89%) had at least one available blood sample and MRI
and/or autoregulation data. Two patients had uninterpretable MRI due to motion artifact or
incomplete sequence acquisition and were excluded from our analysis of the relationship
between biomarkers and MRI injury. Nine patients had inadequate autoregulation data and
were excluded from our analysis of the relationship between biomarkers and the HVP index
(Figure 1; available at www.jpeds.com). The overall study sample was 60% male, had a
mean gestational age of 39 + 1.6 weeks, and weighed at birth a mean of 3.4 + 0.6 kg. Twelve
(19%) patients presented with severe encephalopathy. The median pH was 7.01 (range:
6.50-7.39) with a median base deficit of 15.0 (0.40-34.0). Median Apgar scores at 1 and

5 minutes were 2 (0-7) and 3 (0-8), respectively. Full study sample characteristics can be
found in Table I.

Biomarker Association with Brain Injury on MRI or Death

Of the 60 infants with MRI outcomes, 33 had an NICHD score of 0 (no injury), 16 had an
NICHD score of 1A-2 A (mild-to-moderate injury), and 10 patients had an NICHD score

of 2B or higher (severe injury). One patient died from severe neurologic damage prior to
receiving an MRI and was classified in the severe injury group. ORs and aORs for risk of
adverse outcome are shown in Table Il. Only elevated Tau levels measured on days 2-4 were
associated with a greater risk for adverse outcome. This relationship remained significant for
Tau on day 2 (aOR: 1.06 for every 1000 pg/mL increase in Tau, 95% ClI: 1.03-1.09, P=
.001) and day 3 (aOR: 1.04 for every 1000 pg/mL increase in Tau, 95% CI: 1.01-1.06, P=
.007) after adjusting for baseline encephalopathy and the study site (Figure 2).

Biomarker Association with the HVP Index

When measured on the same day as the HVP index, only Tau was significantly associated
with cerebral autoregulation, with an estimated coefficient of 0.0017 (0.0003-0.0031 for

a one-point increase of the HVP AUC, P=.022) (HVP AUC, Figure 3). Out of 30 total
estimated associations, no other significant associations were observed when assessing the
relationship between the HVP index and Tau measured the next day. No relationships were
seen between the HVP index and GFAP or NRGN (Table I11; available at www.jpeds.com).

Discussion

In this prospective study, elevated Tau levels on DOL 2-3 were associated with a greater
risk for death or severe brain injury on MRI. Higher Tau levels also were associated

with dysfunctional cerebral autoregulation, as measured by the HVP index. These findings
suggest that Tau may serve as a putative blood-based biomarker of evolving encephalopathy
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as well as a predictor of cumulative brain injury after TH. With ongoing efforts to investigate
the safety and efficacy of adjuvant therapies,31:32 there is an emerging need to develop
methods and tools which will aid clinicians in identifying patients in need of additional
intervention. Our findings support the utility of Tau as not only a marker of future outcome
but also as a tool to aid clinicians in real-time identification of at-risk patients.

Although other blood-based biomarkers have been evaluated in HIE,33 we evaluated a
selected panel of analytes for evaluation in this study given limited available blood volumes.
We included Tau given the high predictive ability we observed in our recent studies in

other cohorts of neonates with HIE®-1! and GFAP given that it is one of the only Food

and Drug Administration-approved biomarkers of brain injury (www.accessdata.fda.gov/
cdrh_docs/reviews/DEN170045.pdf). NRGN was included as a more innovative biomarker
with limited study in HIE.

Tau is a microtubule-associated protein in neurons and oligodendrocytes.® During the initial
hypoxic insult, aberrant Tau phosphorylation disrupts microtubule formation and promotes
neuronal damage.3* Our data support findings from other studies that also demonstrate

an association between elevated Tau during and after TH®11 and severe brain injury on
MRI.%-11 The findings of our current study are consistent with our prior report that showed
late Tau measurements after DOL 3 had a predictive value (AUC receiver operating curve =
0.883) that exceeded Tau measurements early in TH.11 However, other reports demonstrated
significant associations between Tau measured in the first 48 hours of life and brain injury
by MRI.® Discrepancies in timing may be explained by differences in sampling practices

or the impact of limited sample size to detect significant differences across all time points
evaluated. It is possible that Tau is most reflective of ongoing secondary injury rather

than purely a measure of the initial hypoxic-ischemic insult, contributing to more reliable
distinction of outcome groups later in the course of TH. Similar to studies evaluating
amplitude integrated electroencephalogram in HIE in which a positive predictive value
improves over time,3°36 Tau may similarly reflect early uncertainty in brain injury trajectory
that can help define a therapeutic window for neuroprotective interventions. Although the
role of Tau in early (<48 hours) prediction of outcome is unclear, the use of Tau in the later
stages of hypothermia may provide clinically meaningful information by identifying infants
with a poor response to hypothermia, directing adjuvant neuroprotective intervention, and
allowing for early reliable prognostication. Larger studies evaluating serial measurements of
Tau are needed to validate Tau’s utility as a biomarker. These studies will need to assess

the potential role of Tau as a complement to other neuromonitoring tools (eg, amplitude
integrated electroencephalogram, NIRS), as well as its value as a stand-alone indicator of
brain injury severity in settings where these alternate tools are unavailable.

We evaluated brain injury by MRI as a primary end point using the NICHD scoring

system. A recent study reported that the NICHD score had comparably excellent inter-rater
reliability and high concordance in classifying severity of brain injury with other commonly
used systems.3” Thus, we do not anticipate that our findings would differ based on the
selection of MRI scoring methodology.
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Although brain MRI provides valuable information for assessing anatomical injury and
prognosis for later neurodevelopmental outcome, it does not provide insight into individual
responses to treatment in real time. This is a crucial limitation in neonatal HIE where
evolution of secondary injury is dynamic, with the peak injury thought to occur around 24
hours following the initial insult.38 Although TH reduces oxidative stress, inflammation,
excitotoxicity, and neural cell death,38-45 continued injury may still occur as autoregulatory
functions are exhausted and cellular energy demands become decoupled from cerebral blood
flow.46-49 Therefore, autoregulatory monitoring may offer insights into evolving secondary
injury in infants with HIE.39.50-60

HVP is a relatively novel autoregulation metric that was developed and validated in a piglet
model of HIE, where the HVP index performed better than existing autoregulatory indices
at distinguishing blood pressure above and below the lower limits of autoregulation.2® The
HVP index was correlated with MRI and neurodevelopmental outcomes in a retrospective
study of neonatal HIE.27 We reported the association between the HVP index and MRI
findings in this prospectively enrolled cohort and described that the predictive ability

of the HVP index was time—and possibly temperature treatment phase—dependent.2?

In the subset of infants in this study who had autoregulation and biomarker data, the
relationship between the HVP index and MRI was significant during hypothermia, with

a trend toward significance during normothermia. Given that both the HVP index and
circulating biomarkers are dynamic measures hypothesized to reflect evolving injury over
time, it is possible that group comparisons at select time points may not accurately reflect
the peak of secondary injury among individual patients. Thus, the goal of the current work
was to evaluate the temporal association between these 2 putative biomarkers of evolving
brain injury to provide insight into their utility as a bedside measure of pathophysiology in
real time. However, it remains uncertain whether dysfunctional autoregulation is a mediator
(ie, precedes) or indicator (ie, coincides) of brain injury after hypoxia-ischemia. We assessed
the temporality of the relationship between the plasma biomarker and HVP levels by varying
the time window of HVP relative to biomarker measurement. Tau was associated with the
HVP index when the 2 measurements were taken on the same day but not when the HVP
index was measured the day before Tau. Although these results suggest that Tau and the
HVP index may evolve on a similar time scale, the results could differ if latency could be
assessed more granularly (eg, by minutes to hours rather than by day).

The HVP index has advantages over other proposed methods of assessing cerebral oximetry
(rSO») and autoregulation. In our prior piglet study, the HVP index had a higher AUC

than the similarly derived rSO,-based metric, although this difference was not statistically
significant. That the HVP index performed slightly more optimally in the preclinical setting
is important given that this difference is likely underestimated given the multiple factors
may influence rSO, in the clinical setting, including sedation medications, systemic oxygen
delivery, and temperature.26 The HVP index addresses limitations of previously described
time-domain and frequency-domain methods of autoregulatory signal processing’® and

is expected to perform similarly to signal processing approaches combining both time

and frequency domains (eg, wavelet processing)81:62 when similar frequency ranges are
interrogated.
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Because the optimal summary statistic for assessing the HVP index over time is not known,
we evaluated multiple methods of summarizing HVP data within a given time window.
Greater Tau was related to a higher HVP AUC, reflecting a greater magnitude and duration
of dysfunctional autoregulation. We did not identify a relationship between Tau and a
maximum HVP index, which indicates the most severe autoregulatory disruption, or a
median HVP index, which measures its central tendency and largely excludes peaks of failed
autoregulation. Thus, sustained or repeated disruptions to autoregulatory function over time
may be more damaging than a single transient but profound disturbance. Given that we used
the maximum biomarker level measured within a 24-hour period if multiple specimens were
available, future studies will need to assess whether alternative methods to summarize Tau
over time will provide different insight into risk for brain injury. This could not be assessed
in the current study given that <5% of measures had multiple samples within a 24-hour
period. Further work is needed to distinguish the most appropriate summary statistic for
assessing the relationship between the HVP index, candidate biomarkers, and brain injury.

Our study did not include an analysis of long-term neurodevelopmental outcomes. However,
brain injury assessed by the NICHD MRI score has been shown to be predictive of
long-term neurodevelopmental outcomes, with scores =2B (ie, the cutoff used in the

current study) associated with neurodevelopmental impairment at 18-22 months3 and at
6-7 years of age.23 Elevated levels of Tau have also been correlated with worsened
neurodevelopmental outcomes.®11 Neurodevelopmental follow-up of the current study
cohort is ongoing.

We did not observe significant relationships between GFAP and NRGN with MRI or the
HVP index. Previous work has shown inconsistent evidence of the value of these analytes
as indicators of brain injury in HIE.%-11.13-15 Different specimen handling or processing
approaches, analytic methodology, and outcomes may contribute to the variability across
studies. Moreover, individual biomarkers peak at different times during treatment.1® It is
possible that our sampling approach was not optimized to capture potential relationships
between GFAP and NRGN measures and our outcomes. That our data show a trend toward
a relationship between higher NRGN and the same-day HVP AUC may warrant further
investigation.

Our study has several limitations. We were unable to reach our target sample size due to
the onset of the coronavirus disease 2019 pandemic, increasing the likelihood of a type 1l
error. Several patients were excluded from one or both sub-analyses due to missing MRI,
autoregulation, or biomarker data. Signal dropout and noise in the autoregulatory data led
to missing data points. The use of leftover plasma samples meant that we could not ensure
an available blood sample for every patient at each time point and precluded our ability

to record exact sample collection times. These missing data points may have introduced
some selection bias into our analysis. Our small sample size precluded analysis of validating
our method for addressing patients with multiple biomarker samples for a given day. We
were unable to assess the temporal relationship between plasma biomarkers and cerebral
autoregulation on a more granular level given the clinical protocols for blood specimen
collection and because the time between blood sample collection and autoregulation epoch
could not always be accurately calculated. Finally, although the MRI is largely predictive
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of long-term neurodevelopmental outcome, there are some outcomes, such as language
outcomes, that are not associated with the NICHD score.37:63

Despite these limitations, we found significant associations between Tau and the outcome
measures assessed, suggesting that Tau may be a clinically useful biomarker to identify
newborn infants at risk of impaired autoregulation and secondary brain injury due to HIE.
Large-scale validation of Tau as a putative biomarker is warranted, such as that planned
with analysis of the phase I11 High-Dose Erythropoietin for Asphyxia and Encephalopathy

(HEAL) trial 3!
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Figurel.

CONSORT diagram of study population.
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Association of log Tau (pg/mL) with death or severe brain injury by MRI at A, 48 hours

(aOR =1.06, £=.001) and B, 72 hours (aOR = 1.04, £=.007).
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Association of log Tau (pg/mL) with cerebral autoregulation measured by the HVP AUC (8

=0.0017, P=.022).
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Table I.
Clinical characteristics of the study cohort (n = 62)

Variables N for analysis N (%)
Site, n (% Johns Hopkins Hospital) 62 26 (42%)
Male sex 62 37 (59%)
Ethnicity, n (% Hispanic) 62 12 (19%)
Race ™ n (%) 62

Asian 2 (3%)

Black or African American 20 (32%)

White/Caucasian 34 (55%)

Other 6 (10%)
1 min Apgar, median (range) 61 2 (0-7)
5 min Apgar, median (range) 61 3(0-8)
10 min Apgar, median (range) 50 5 (0-9)
pH, median (range) 62 7.01 (6.50-7.39)
Base deficit, median (range) 59 15 (0.40-34.0)
Gestational age, mean + SD weeks 62 38.9+1.56
Birth weight, mean + SD kg 62 343+0.57
Encephalopathy grade, n (%) 62

Mild 8 (13%)

Moderate 42 (68%)

Severe 12 (19%)
Seizures, n (% yes) 62 18 (29%)
NICHD score, n (%) 60

0 33 (55%)

1A 9 (15%)

1B 3 (5%)

2A 4 (7%)

2B 4 (7%)

3 6 (10%)

Mortality 1(2%)

“Other” includes mixed race Black/White (n = 1); Hispanic, race not specified (n = 4); Non-Hispanic, race not specified.

*
Maternal race was determined per self-report as documented in the medical record.
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