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Limited short-term prognostic utility of

cerebral NIRS during neonatal therapeutic
hypothermia

ABSTRACT

Objective: We evaluated the utility of amplitude-integrated EEG (aEEG) and regional oxygen
saturation (rSO,) measured using near-infrared spectroscopy (NIRS) for short-term outcome
prediction in neonates with hypoxic ischemic encephalopathy (HIE) treated with therapeutic
hypothermia.

Methods: Neonates with HIE were monitored with dual-channel aEEG, bilateral cerebral NIRS,
and systemic NIRS throughout cooling and rewarming. The short-term outcome measure was a
composite of neurologic examination and brain MRI scores at 7 to 10 days. Multiple regression
models were developed to assess NIRS and aEEG recorded during the 6 hours before rewarming
and the 6-hour rewarming period as predictors of short-term outcome.

Results: Twenty-one infants, mean gestational age 38.8 = 1.6 weeks, median 10-minute Apgar
score 4 (range 0-8), and mean initial pH 6.92 + 0.19, were enrolled. Before rewarming, the most
parsimonious model included 4 parameters (adjusted R? = 0.59; p = 0.006): lower values of
systemic rSO5 variability (p = 0.004), aEEG bandwidth variability (p = 0.019), and mean aEEG
upper margin (p = 0.006), combined with higher mean aEEG bandwidth (worse discontinuity; p =
0.013), predicted worse short-term outcome. During rewarming, lower systemic rSO» variability
(o = 0.007) and depressed aEEG lower margin (o = 0.034) were associated with worse outcome
(model-adjusted R? = 0.49; p = 0.005). Cerebral NIRS data did not contribute to either model.

Conclusions: During day 3 of cooling and during rewarming, loss of physiologic variability (by sys-
temic NIRS) and invariant, discontinuous aEEG patterns predict poor short-term outcome in neo-
nates with HIE. These parameters, but not cerebral NIRS, may be useful to identify infants
suitable for studies of adjuvant neuroprotective therapies or modification of the duration of cool-
ing and/or rewarming. Neurology® 2013;81:249-255

GLOSSARY

aEEG = amplitude-integrated EEG; HIE = hypoxic ischemic encephalopathy; NICU = neonatal intensive care unit; NIRS =
near-infrared spectroscopy; rSO» = regional oxygen saturation; TOIl = tissue oxygenation index.

Therapeutic hypothermia is now standard for neonates with hypoxic ischemic encephalopathy
(HIE), but adverse outcomes remain common.' High-risk infants identified before or during
rewarming could be suitable candidates for studies of adjuvant neuroprotective therapies or
modified duration of cooling and/or rewarming.

Cerebral perfusion and oxygenation are key biomarkers of brain metabolism and may be dis-
rupted in neonates with HIE.* Near-infrared spectroscopy (NIRS) provides reproducible, quan-
titative measures of cerebral blood volume (reflecting perfusion) and regional oxygen saturation
(rSO,), which could represent cerebral metabolism. NIRS measures can also reflect renal,
splanchnic,® and peripheral tissue” perfusion in critically ill infants.

Amplitude-integrated EEG (aEEG) has prognostic value in the first hours after neonatal
asphyxia,®'® but hypothermia alters its predictive utility.'"'* Furthermore, prediction of out-
come utilizing the neurologic examination is modified for neonates treated with therapeutic

13,14

hypothermia.
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We hypothesized that a combination of
monitoring modalities recorded late in the
cooling and rewarming protocol would pro-
vide more precise predictive value than any
single neuromonitoring strategy. Previous
work defined several markers of adverse out-
comes,'""> but those data were applied primar-
ily to inform discussions of goals of care (i.e.,
transition to comfort care for infants with little
likelihood of survival without severe disability)
rather than to identify opportunities for new
therapeutic strategies. Identification of accu-
rate markers of good (or unfavorable) progno-
sis immediately before or during rewarming is a
critical prerequisite for the design of interven-
tions that prolong cooling and/or rewarming
or that assess the effect of adjuvant neuroprotec-
tive therapies for HIE.

METHODS Standard protocol approvals, registrations,
and patient consents. This research was approved by the Insti-
tutional Review Board of the University of Michigan. Term or
near-term neonates (estimated gestational age =36 weeks) admit-
ted to our neonatal intensive care unit (NICU) whose parents
consented to therapeutic whole-body hypothermia for treatment
of HIE, from January 2009 through February 2011, were candi-
dates for participation. Every eligible family agreed to partake in

this study and provided written informed consent.

Infants. The cooling procedure, including inclusion criteria, fol-
lowed a published protocol®: using a cooling blanket, the infants
were cooled to 33.5°C = 0.5°C for 72 hours. Rewarming via the
blanket occurred at a rate of 0.5°C per hour until normothermia
was achieved. This process typically took 6 hours.
Demographic and clinical information, including standard-

ized neurologic examinations,'®

gestational age, intrapartum
events, and medications, was collected. Body temperature, pulse
oximetry, and blood pressure were recorded according to the
NICU protocol. These values were downloaded and integrated
into the NIRS datasets.

Using neonatal NIRS sensors over bilateral parietal regions, as
well as one sensor over the thigh as a systemic control, NIRS
monitoring was initiated as soon as possible after consent was ob-
tained (Invos 5100C; Somanetics Corp., Troy, MI). Subjects
were monitored with NIRS for the duration of therapeutic hypo-
thermia, 6 hours of rewarming, and an additional 12 hours of
normothermia. rSO, was recorded every 5 seconds throughout
this period and these data were extracted using proprietary soft-
ware (Somanetics Corp.). Because the clinical implications of
NIRS data are unknown in this population, the results were ana-
lyzed off-line and were not available to the treating clinicians.

At the same time as NIRS sensors were applied, dual-channel
aEEG monitoring was initiated (BRM-2; BrainZ Instruments,
Auckland, NZ). The aEEG monitoring continued throughout
the study period (including hypothermia, rewarming, and nor-
mothermia phases). The aEEG was reviewed regularly by the in-
vestigators and by the clinical treatment team according to
standard clinical practice in our NICU. Off-line objective analy-
ses using Analyze Research (version 1.4; BrainZ Instruments)

included extraction of the mean voltage amplitude and upper
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and lower margins of the voltage band (and the difference
between these values, reported as the width of the aEEG band).
These values, rather than scores of aEEG background by pattern
recognition, were selected to allow quantitative, objective, and
reproducible statistical analyses of continuous variables instead
of ordinal or dichotomous regression models, thereby improving
overall statistical power.

All infants were monitored with conventional video-EEG for
the final 24 hours of the neuromonitoring study, including
approximately 8 hours before rewarming, the 6-hour rewarming
phase, and 8 to 12 hours after rewarming. When the treating
clinicians suspected seizures, either clinically or by aEEG, con-
ventional video-EEG monitoring was initiated sooner and contin-
ued until at least 8 hours after rewarming (in this instance, aEEG
was continued for research purposes).

Standardized neurologic examinations were performed on
the day of study enrollment and immediately after rewarming
(day 4 of life). Examination findings were analyzed by comput-
ing Thompson scores.'® Low Thompson scores (<10) have
been associated with favorable prognosis among infants with
HIE, before the therapeutic hypothermia era, and similar neu-
rologic examination findings have been reported to correlate
with 18- to 22-month neurodevelopmental outcome after ther-
apeutic hypothermia.'

Most subjects underwent a clinically indicated brain MRI
scan at 7 to 10 days of life. These studies were systematically eval-
uated by an experienced neuroradiologist (J.R.B.) and scored ac-

cording to published criteria,'”'®

which have been reported to be
predictive of neurodevelopmental outcome at 12 months.'
Lower scores were assigned for normal MRI studies, with higher
scores indicating more extensive injury, as follows: score 0 =
normal; score 1 = abnormal basal ganglia signal; score 2 = abnor-
mal signal in the cortex; score 3 = abnormal signal in the basal
ganglia and the watershed cortex; and score 4 = abnormal signal
in the basal ganglia and in the cortex, extending beyond the
watershed area.

Because both examination and imaging data are relevant
markers of cerebral injury, we used a composite score as the pri-
mary short-term outcome measure. The composite short-term
outcome score was determined via a normalized principal compo-
nent analysis'®: 1) normalizing both sets of scores by their indi-
vidual SDs, and 2) adding the normalized scores to derive the
composite score. Because this was a linear combination of nor-
malized scores, values could be either positive or negative. This
provided a range of potential outcome scores, rather than dichot-
omizing the infants’ neurologic status into “favorable” or “unfa-
vorable” risk categories, thereby enhancing the statistical power of
our study.

Pearson correlation coefficients were calculated to assess the
correlation between individual physiologic variables and short-
term outcome scores. Multiple regression models were developed
to assess NIRS and aEEG data recorded during the 6 hours before
rewarming, as well as the rewarming period, as predictors of short-
term composite outcome scores. Regression analyses were com-
puted with trimmed data to reduce artifact (i.e., the top 2.5%
and bottom 2.5% of the raw rSO,; values for each subject were
omitted). The final models were selected based on adjusted

R and parsimony.

RESULTS Twenty-one patients (14 males) were
enrolled in this study. Three infants with favorable
neurologic status were transferred back to their refer-
ring hospitals for convalescence without obtaining
MRI and were therefore excluded from the correlation



and regression analyses because composite outcome
scores were not available. Demographic and relevant
clinical data for the remaining 18 infants are presented
in table 1. Two infants died after redirection of care
when their neurologic status remained markedly
abnormal after rewarming was complete. Including
these 2, there were 8 subjects with day 4 Thompson
scores =10 (38%).

Thompson scores correlated with MRI severity
scores, but the relationship was moderate (# = 0.49,
2 = 0.001), suggesting that the 2 assessments are com-
plementary rather than duplicative. Among the 11
infants with normal brain MRIs (MRI score = 0),
only 2 had completely normal examinations (day 4
Thompson score = 0), whereas 3 had markedly abnor-
mal Thompson scores (=10). The 3 infants with
markedly abnormal MRIs (MRI score = 4) all had
day 4 Thompson scores =16. This imperfect relation-
ship between encephalopathy scores and MRI scores
has been described previously, particularly among neo-
nates with moderate HIE.?

Results of Pearson correlation analyses are presented
in table 2. In univariate analysis, absolute values of
cerebral and systemic SO, before and during rewarm-
ing did not correlate with short-term outcome scores
(p > 0.05). Cerebral rSO, variability was also indepen-
dent from short-term outcome (p > 0.05). However,
both before rewarming and during rewarming, the

Table 1

Demographic and clinical profile of the 18 subjects with both
examination and brain MRI scores available for analysis®

Gestational age 39.9 + 1.6 wk
Sex 6F 12M
Birth weight 3,501 = 445¢g
Head circumference 35.6 + 20cm
Median 5-min Apgar score (range) 3(0-7)
Median 10-min Apgar score (range) 4 (0-8)

Initial pH 6.94 + 0.18
Initial base deficit 19.2 + 6.0
Seizures on conventional EEG n=4°
Seizures on amplitude-integrated EEG only n=3°
Treatment with >1 dose of phenobarbital n=10

Thompson score <10

Immediately post-rewarming n = 10

MRI scores O:n=11
1:n=2
2:n=2
3n=0
4:n=3
Median composite short-term outcome score® (range) —0.45 (—1.45 to +2.75)

2Unless otherwise indicated, data are presented as mean + SD.

®No subject had seizures during rewarming.

¢Linear combination of normalized Thompson and MRI scores (see the Methods section).

variability of systemic rSO, was the single best predic-
tor of short-term outcome scores (p = 0.04 for both
time periods). None of the aEEG variables were signif-
icantly correlated with outcome in univariate correla-
tion analyses. However, several of these parameters had
correlations that approached statistical significance
and/or were considered potentially clinically useful var-
iables, so they were incorporated in the multivariate
model-building process.

For data recorded during the 6 hours before rewarm-
ing, the most parsimonious multivariate regression
model, which predicted outcome with the best statisti-
cal significance, included 4 parameters (model-adjusted
R = 0.59; p = 0.000): lower values of systemic SO,
variability, aEEG bandwidth variability, and mean
upper margin of the aEEG, combined with higher
mean aEEG bandwidth (worse discontinuity), pre-
dicted worse short-term outcome (table 3). Cerebral
NIRS data did not contribute to the model.

The distributions of systemic rSO, variability and
aEEG bandwidth variability during the 6 hours before
rewarming are presented in the figure, A. The systemic
SO, SD did not vary across mean systemic rSO,
values (adjusted R* = —0.04, p = 0.59; figure, B),
but aEEG bandwidth SD tended to increase as the
absolute value of the bandwidth increased (adjusted
R = 0.73, p < 0.0001; figure, C).

For data recorded during rewarming, the best
model included 2 parameters (model-adjusted R* =
0.49; p = 0.005): lower systemic rSO, variability and
lower aEEG lower margin predicted worse short-term
outcome (table 4). Again, cerebral rSO, data did not
contribute to the model.

DISCUSSION This study demonstrates the feasibil-
ity of combining aEEG and NIRS, along with con-
ventional EEG monitoring, during therapeutic
hypothermia and rewarming in critically ill neonates.
In multivariate models, objective aEEG measure-
ments correlated with subsequent short-term neuro-
logic examination and brain MRI scores; these
trends were similar to results of previous aEEG stud-
ies that used pattern-recognition classification.'
However, unexpectedly, cerebral rSO, data did not
contribute to the predictive models. Conversely, we
show here that reduced systemic rSO, variability,
which provides a biomarker of the severity of systemic
illness, may provide useful prognostic information for
neonates with HIE.

Use of NIRS to measure perfusion of renal,
splanchnic, and limb tissue has been reported in pedi-
atric and neonatal critical care settings.””*' In these
scenarios, NIRS may provide real-time data that pre-
dict risk of severe medical complications, such as renal
failure in newborns with congenital heart disease®
and necrotizing enterocolitis in preterm infants.®
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Table 2
brain MRI scores

Six hours before rewarming

Univariate correlations between NIRS and aEEG parameters and composite physical examination and

During rewarming

Variable Pearson correlation coefficient p Pearson correlation coefficient P

Mean cerebral rSO, 0.14 0.61 0.14 0.63
Cerebral rSO> SD -0.03 0.93 —-0.09 0.77
Mean systemic rSO2 0.092 0.74 0.09 0.75
Systemic rSO, SD -0.51 0.04 -0.61 0.04
Mean aEEG upper margin -0.38 0.15 -0.39 0.13
Mean aEEG lower margin -0.45 0.08 -0.46 0.07
Mean aEEG bandwidth -0.28 0.29 -0.28 0.28
Mean aEEG bandwidth SD -0.22 0.40 =028 0.40

Abbreviations: aEEG = amplitude-integrated EEG; NIRS = near-infrared spectroscopy; rSO> = regional oxygen saturation.

However, to our knowledge, systemic NIRS has not
been evaluated as a predictor of neurologic outcomes
among infants with HIE or other critical illness. Sys-
temic illness is known to increase risk of adverse neu-
rodevelopment among critically ill preterm infants,”
and acute kidney injury is associated with longer
length of stay and need for assisted ventilation among
cooled infants with HIE.? Infants with HIE who are
treated with therapeutic hypothermia often have
extensive multiorgan dysfunction.* We speculate
that this is reflected in reduced systemic rSO, varia-
bility and show that this is predictive of short-term
outcome, independent from neuromonitoring pa-
rameters. Decreased physiologic variability is reported
to be a marker of critical illness. For example, abnor-
mal heart rate variability has been associated with
increased morbidity in preterm infants*® and with
mortality among critically ill children.?

Our finding that cerebral NIRS data did not con-
tribute to the multivariate models for prediction of
short-term outcome is in contrast to a study pub-
lished before the era of therapeutic hypothermia.
That study demonstrated increasing rSO; values dur-
ing the first 48 hours of life among 9 infants who died
and one with adverse neurodevelopmental outcome,

Table 3

For the 6 hours before rewarming, the best predictive model included

these parameters®

Predictor

Systemic rSO, SD

Mean aEEG upper margin
Mean aEEG bandwidth
SD of aEEG bandwidth

Estimate (standard error; 95% Cl) p
-0.21 (0.06; —0.34 to —0.08) 0.004
-1.2(0.35; -1.97 to —0.43) 0.006
2.44 (0.83; 0.61 to 4.27) 0.013
-3.8(1.4; -6.88 to —0.72) 0.019

Abbreviations: aEEG = amplitude-integrated EEG; Cl = confidence interval; rSO, = regional

oxygen saturation.

2Model statistics: residual standard error = 0.769 on 11 df; multiple R? = 0.70; adjusted

R2 = 0.59; p = 0.006.
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reflecting decreasing oxygen extraction, compared
with normal oxygen extraction (stable rSO, levels)
among 8 infants who survived with normal outcomes.
Our analysis focused on a later time point, namely
the 6 hours before rewarming and the rewarming
period (approximately 74-90 hours of life). It is pos-
sible that rSO, values, which others showed to
diverge in the first 2 days of life,* could converge
again over time. There is also likely an effect of ther-
apeutic hypothermia on NIRS values. For example,
cooling could slow brain metabolism such that less
oxygen is extracted even among infants with relatively
uninjured brains. In this scenario, cerebral rSO,
might not distinguish those with appropriately slowed
cerebral metabolism from those with severe brain
injury and resultant inability to extract oxygen (luxury
perfusion). In this instance, NIRS measures might
not diverge until long after rewarming, when cell fate
and brain injury become manifest.

A discontinuous, suppressed aEEG pattern and a
lack of aEEG variability, predictors of poor short-
term outcome among our subjects, are analogous to
the low-voltage/undifferentiated patterns and lack of
sleep-wake cycling described by others for infants
with HIE who experienced poor outcomes after ther-
apeutic hypothermia.'"'* Our data provide quantita-
tive, objective confirmation of these findings, rather
than relying on potentially subjective interpretation
of the aEEG through pattern-recognition?” or voltage
criteria® methods, both of which can have limited
interrater reliability.?®

A study of concurrent NIRS and aEEG monitor-
ing among 12 infants with HIE who underwent ther-
apeutic hypothermia demonstrated higher cerebral
tissue oxygenation index (TOI) (analogous to rSO,)
among the 4 who either died or had cerebral palsy by
age 1 year, compared with the 8 who had favorable
outcomes."” For that study, NIRS was measured from
a single sensor over the frontal region and the mean
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(A) Boxplots represent the distribution of systemic rSO, and aEEG bandwidth SD during the 6 hours before rewarming and demonstrate the median, 25th,
75th, 10th, and 90th percentiles with outliers. Systemic rSO, SD was independent from the absolute rSO, value (B), but the variability of aEEG bandwidth
increased as bandwidth increased (C). aEEG = amplitude-integrated EEG; rSO, = regional oxygen saturation.

TOI was analyzed at 6, 12, and 24 hours of life;
systemic NIRS was not recorded. The authors postu-
lated that higher cerebral TOI could indicate luxury
cerebral perfusion among those with poor outcomes.
In our study, the absolute values of cerebral rSO, did
not predict short-term outcome in univariate analy-
ses, and only systemic rSO, variability was included
in the final multivariate models. There are several
methodologic differences between the 2 studies,
which make direct comparisons somewhat difficult:
we used bilateral NIRS sensors over the parietal re-
gions (over the cerebrovascular watershed area)
whereas they measured NIRS values over the frontal
region; we focused the present analysis on the third
day of cooling and the rewarming period rather than
the first day of life; and our outcome variables are the
composite brain MRI scores and Thompson scores
rather than dichotomous outcomes, either favorable
or adverse (death, cerebral palsy, or abnormal global
quotient on the Griffiths scale).

Typically, published cerebral NIRS studies have
not reported which type of NIRS sensor was used,
although the brand of NIRS monitor is invariably
included in the methods section.*”"'> We monitored
our subjects with recently developed US Food and
Drug Administration—approved neonatal systemic and

Table 4 For data recorded during rewarming, the best predictive model
included these parameters?®

Predictor Estimate (standard error; 95% Cl) P

Systemic rSO> SD —0.19 (0.06; —0.32 to —0.06) 0.007

Mean aEEG lower margin —0.41 (0.17; —0.78 to —0.04) 0.034

Abbreviations: aEEG = amplitude-integrated EEG; Cl = confidence interval; rSO, = regional
oxygen saturation.

2Model statistics: residual standard error = 0.86 on 13 df; multiple R? = 0.56; adjusted
R2 = 0.49; p = 0.005.

cerebral NIRS sensors (Somanetics Corp.) because
these are most likely to be used both in American
clinical practice and in future clinical trials. However,
other investigators have used older-model pediatric
sensors; there is emerging evidence that the recorded
SO, is not uniform across sensor types (Petra Lemmers
and Mona Toet, personal communication, December
2012), and this likely contributes to variation in re-
ported results. Future published NIRS data should
specify which sensors were used.

Relatively few of our study subjects (19%, or 4 of
21) had electrographic seizures confirmed with con-
ventional EEG. This incidence of seizures is lower
than that reported by other groups (30%—-65%).>°
Unless clinically indicated, we monitored subjects
with only aEEG until 8 hours before rewarming
and then added full conventional EEG monitoring
until after rewarming was completed. Given the lim-
ited sensitivity of aEEG for seizure detection, it is
possible that some seizures were missed.’*> How-
ever, status epilepticus is more likely to be detected
than isolated seizures on aEEG, and we used dual-
channel aFEEG with available “raw” EEG, which
should improve sensitivity.’!

Even with conventional EEG monitoring, none of
our patients had seizures during the rewarming period.
Although animal data raised concern for seizures aris-
ing de novo during rewarming,® this phenomenon
has not been borne out in the published human stud-
ies. In one published cohort® (n = 26), there were no
incident seizures during the rewarming period,
although some subjects with seizures during hypother-
mia had persistent seizures as they were rewarmed.
Another study® reported that only 1 of 41 infants
had seizure emergence during rewarming, whereas 13
of 14 infants with seizures developed their seizures
within 18 hours of the beginning of EEG monitoring.
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Our study has some limitations. We describe a very
dense dataset acquired from a relatively small cohort of
patients, albeit similar in number to other published
studies of neuromonitoring for infants with HIE.%!>%
A larger sample size could decrease the overall variability
and increase the accuracy of the results. Despite this,
our sample was sufficient for the analyses presented
here. We used a target of >10 df for our multivariate
models.* The models we present in this report have 11
and 13 df; thus we are confident that the analysis is
appropriate despite the relatively small sample size.
Many of our subjects were treated with phenobarbital,
lorazepam, or morphine. Each of these might affect
cerebral and systemic rSO,. However, similar to the

previously published series,**>

our study was not pow-
ered to assess such effects.

Our focus for the present analyses has been the
period surrounding rewarming, but it is possible that
data recorded earlier in the clinical course could have
important physiologic and prognostic implications.
Further study of the NIRS data recorded in the first
24 to 48 hours of life may reveal additional patterns
of interest. Also, we used short-term outcome markers,
brain MRI and post-rewarming neurologic examina-
tion scores, both of which have been shown to correlate
to 12- to 22-month neurodevelopmental outcome,'*'®
but we recognize that longer-term neurodevelopmental
follow-up will be important for future studies.

Multimodality monitoring for infants treated with
therapeutic hypothermia for HIE is feasible and can
offer rich data by which to estimate prognosis and
guide additional treatment. Our data were recorded
in real time and analyzed off-line; additional work is
required before these findings could be applied
directly at the bedside. In our dense dataset, aEEG
provided the best neuromonitoring parameters to
predict short-term outcome, and inclusion of sys-
temic NIRS data improved the statistical models.
However, the value of cerebral NIRS monitoring re-
mains uncertain in this patient population.
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