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Abstract

Purpose of Review Therapeutic hypothermia reduces death or disability in term and near-term infants with moderate-severe
hypoxic-ischemic encephalopathy. Nevertheless, many infants still survive with disability, despite hypothermia, supporting
further research in to ways to further improve neurologic outcomes.

Recent Findings Recent clinical and experimental studies have refined our understanding of the key parameters for hypothermic
neuroprotection, including timing of initiation, depth, and duration of hypothermia, and subsequent rewarming rate. However,
important knowledge gaps remain. There is encouraging clinical evidence from a small phase II trial that combined treatment of
hypothermia with recombinant erythropoietin further reduces risk of disability but definitive studies are still needed.

Summary In conclusion, recent studies suggest that current protocols for therapeutic hypothermia are near-optimal, and that the
key to better neurodevelopmental outcomes is earlier diagnosis and initiation of hypothermia after birth. Further research is
essential to find and evaluate ways to further improve outcomes after hypoxic-ischemic encephalopathy, including add-on
therapies for therapeutic hypothermia and preventing pyrexia during labor and delivery.

Keywords Neonatal encephalopathy - Therapeutic hypothermia - Neonatal neuroprotection - Fetal sheep - Erythropoietin -
Neonatal examination

Introduction

Hypoxic-ischemic encephalopathy (HIE) around the time of
birth represents the single greatest contribution to overall dis-
ability worldwide and accounts for one tenth of all disability-
adjusted life years [1]. Even in the developed world, HIE
occurs in approximately 2 to 3/1000 live births at term and

This article is part of the Topical Collection on Pediatric Neurology

D4 Alistair J. Gunn
aj.gunn@auckland.ac.nz

Department of Physiology, School of Medical Sciences, Faculty of
Medical and Health Sciences, University of Auckland, Private Bag,
Auckland 92019, New Zealand

Division of Physiology, Institute of Basic Medical Sciences,
University of Oslo, Oslo, Norway

Neonatal Neuroscience, Translational Health Sciences, University of
Bristol, Bristol, UK

near-term [2]. HIE is initiated before labor in only about 10%
of cases as shown by chronic fetal heart rate changes [3], and
studies using magnetic resonance imaging (MRI) confirm that
the great majority of infants with acute HIE do not have
established brain atrophy [4], suggesting that most brain inju-
ry occurs around the time of birth.

The major advance in neonatal care of HIE has been the
successful translation of therapeutic hypothermia in to routine
practice [5]. Compelling clinical evidence from multiple ran-
domized trials shows that therapeutic hypothermia improves
survival without disability to infancy and mid-childhood, and,
moreover, significantly reduces the most severe disability, ce-
rebral palsy [6]. Nevertheless, a substantial proportion of in-
fants still survive with disability despite treatment with hypo-
thermia. At the time that the large randomized trials were
carried out, many aspects of the treatment protocols were
based on best estimates. The key aim of this review is to
examine recent studies that have helped refine our understand-
ing of the critical parameters for neuroprotection with thera-
peutic hypothermia, and to highlight knowledge gaps.
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Cerebral Damage After Hypoxia-Ischemia:
an “Evolving” Process

The seminal observation that enabled the translation of therapeu-
tic hypothermia to clinical practice was that brain cell death is not
necessarily limited to the period of hypoxia-ischemia (HI; the
“primary” phase of injury), but that HI can precipitate a cascade
of biochemical processes that lead to delayed cell death hours or
even days afterwards. It is now well established in term infants
and animals that even after severe HI there is often considerable
cell survival with recovery of oxidative mitochondrial metabo-
lism in a “latent” phase characterized by suppression of neural
activity and hypoperfusion [7, 8], followed by progressive sec-
ondary failure of energetic cellular metabolism [9], with delayed
onset of stereotypic seizures, cytotoxic edema (i.e., pathological
cell swelling; Fig. 1) [7], and extracellular accumulation of ex-
citatory amino acids due to reuptake failure by astroglia and
excessive depolarization-mediated release [8]. The onset of en-
ergetic failure after hypoxia-ischemia is tightly coupled with the
appearance of histologic brain damage in animal studies [12],
and, in human infants, correlates with neurodevelopmental out-
come at 1 and 4 years of age [13]. More severe HI is typically
associated with greater primary cerebral damage [14], earlier
onset of secondary deterioration, greater neuronal loss [15, 16],
and increased risk of mortality and adverse neurological out-
comes in newborns with HIE [13]. Experimentally, the second-
ary energetic metabolic failure is associated with irreversible re-
lease of cytochrome c, the terminal electron acceptor of oxidative
cellular respiration, from the mitochondria [17], indicating that it
is mainly a function of evolving cell death. Hence, it is during
this relatively short latent phase before secondary cellular deteri-
oration that therapeutic interventions are most likely to improve
outcomes.

This concept, that acute, global hypoxia-ischemia can trig-
ger evolving brain damage with characteristic events
appearing at different times after the insult, is central to under-
standing studies of neuroprotection.

Therapeutic Hypothermia—From Bench to Cotside

Compelling preclinical evidence for hypothermic neuroprotec-
tion affer hypoxia-ischemia, from multiple paradigms [18], led
to trials of induced mild hypothermia for moderate to severe
neonatal HIE. Systematic meta-analysis of 11 randomized con-
trolled clinical trials (RCTs) of selective head cooling and whole-
body cooling initiated within 6 h of birth, involving 1505 term
and near-term infants (>35-week gestation) with moderate to
severe HIE found consistent beneficial effects after hypothermia
[19]. In these trials, mild induced hypothermia was associated
with reduced risk of death or major neurodevelopmental disabil-
ity by 18 months of age (relative risk (RR) 0.75, 95% confidence
interval (CI) 0.68 to 0.83). Importantly, cooling reduced mortality
(RR 0.75, 95% CI 0.64 to 0.88; 11 studies, 1468 infants), and
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Fig. 1 Changes in fetal extradural temperature (top panel), cortical
impedance (middle panel), and electroencephalogram (EEG) power
(bottom panel), after 30 min of global cerebral ischemia in the near-
term fetal sheep. Cortical impedance is a measure of cellular swelling in
the parietal cortex. Fetuses received either sham-ischemia plus sham-
cooling (clear), ischemia with sham cooling (black), or cerebral
hypothermia started 3 h after reperfusion, and continued until 48 h
(red), 72 h (blue), or 120 h (green). Cerebral ischemia starts at time 0.
All hypothermia groups showed complete suppression of secondary rise
in cortical impedance (i.e., it abolished delayed cell swelling), and
substantially greater recovery of EEG power after resolution of delayed
seizures. However, hypothermia for 48 h was associated with relapse of
EEG power when cooling was discontinued, and reduced cortical
impedance from 120 h onward (i.e., which is believed to represent cell
loss). There was no significant difference between hypothermia for 3 days
or 5 days in either EEG power or cortical impedance. Histological
analyses showed loss of neuronal cells in the parasagittal cortex in the
ischemia sham-cooling, and hypothermia for 2- and 5-day groups,
compared to sham-ischemia sham-cooling. Neuronal survival in the
cortex was greatest in the ischemia 3-day hypothermia group (see
insert). Data are mean+ SEM. *P <0.05 vs. sham-ischemia sham-
cooling group, *P<0.05 vs. ischemia-sham cooling group. Data
derived from Davidson et al. [10ee, 11e°]

reduced neurodevelopmental disability in survivors (RR 0.77,
95% CI 0.63 to 0.94; 8 studies, 917 infants).

Long-term follow-up of these studies is still ongoing; the
available evidence suggests a persisting improvement in out-
comes in middle childhood after mild induced hypothermia
for HIE [20-22]. For example, the Total Body Hypothermia
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for Neonatal Encephalopathy (TOBY) Trial found that more
children in the hypothermia group survived without neurolog-
ic abnormalities than in the control group (45% vs. 28%; RR
1.60,95% CI 1.15-2.22) [21], with an IQ score of 85 or higher
(52% vs. 39%; RR 1.31, P =0.04). Consistent with these find-
ings at 18 months of age, there was a reduced risk of cerebral
palsy (21% vs. 36%, P = 0.03) and moderate or severe disabil-
ity 22% vs. 37%, P=0.03).

Which Is Better—Head or Whole-Body Cooling?

The brain can be cooled through whole-body or selective head
cooling. In essence, systemic cooling provides homogenous
hypothermia to the cerebral cortex and deep brain structures,
whereas selective head cooling cools the cortex more than the
central brain regions [23]. Given that hypoxic-ischemic brain
damage often involves the cortex and subcortical structures
(i.e., basal ganglia and thalamus), either strategy is reasonable
in principle. There is limited evidence for superiority of one
compared to the other. For example, a small cohort study
found a significant reduction in severe cortical lesions with
head cooling, but not with body cooling, whereas subcortical
lesions were equally reduced in both cooling groups in neo-
nates with milder aEEG abnormalities [24]. By contrast, an-
other small cohort of infants suggested a higher incidence of
severe mixed lesions after head cooling compared to whole-
body cooling [25].

In practice, comprehensive meta-analysis of seven cooling
trials showed highly similar reductions in neonatal mortality
or major disability with head and whole-body hypothermia in
infants with HIE [26], and so these strategies appear equiva-
lent. However, it is easier to implement systemic cooling with
servo-controlled temperature regulation, and thus, whole body
cooling is now used more widely.

Is It Possible to Optimize Current Protocols
for Therapeutic Hypothermia?

Current protocols for therapeutic hypothermia are incomplete-
ly neuroprotective, with a number needed to treat of 7 to 9
(95% CI 5 to 10; 8 studies, 1344 infants) [19]. As reviewed,
the experimental efficacy of hypothermia is highly dependent
on timing of initiation, and depth and duration of cooling
[27<]. These critical parameters were in part based on pilot
studies and empiric decisions. This suggested the possibility
that it is possible to further optimize the clinical regimens for
therapeutic hypothermia.

At the same time, it is important to appreciate that there is
some evidence that outcomes may have improved now that
therapeutic hypothermia is routine care for moderate to severe
HIE. In a recent randomized controlled trial of cooling strate-
gies, the rate of death or disability at 18 months of age in
infants treated with cooling to 33.5 °C for 72 h was 29.3%

[28e¢], compared with 44% in infants receiving the same
cooling protocol in a previous trial that used the same recruit-
ment criteria [29]. Consistent with this, recent non-
randomized cohort studies of infants cooled for HIE suggest
both reduced severity of cerebral palsy [30] and lower inci-
dence of epilepsy at 2 years of age compared with the original
cooling trials [31¢]. The factors behind these apparent im-
provements in outcome after therapeutic hypothermia are not
known. Speculatively, they might be related to recruiting in-
fants with less severe HIE as shown by less severe Apgar
scores in the recent trial [32]. Alternatively, it is plausible that
cooling is being initiated earlier, with greater use of very early
passive cooling while infants with moderate-severe HIE are
assessed for active cooling [33].

The Timing of Starting Hypothermia—More
Neuroprotection With Less Delay

Delaying initiation of cooling dramatically reduces its efficacy
in animal studies [16]. Studies in infant and adult rodents and
in near-term fetal sheep showed that neuroprotection with
cooling started within 6 h after HI could be achieved by ex-
tending the duration of hypothermia to 48 to 72 h, until sec-
ondary phase events such as high-amplitude seizures and cy-
totoxic edema resolved [27¢]. This concept is highly consis-
tent with the delayed onset of mitochondrial failure observed
during the latent phase on MRI after moderate to severe HIE
in human infants [9, 13] and piglets [34] and on near-infrared
spectroscopy in fetal sheep. The effect of delayed initiation
was difficult to analyze in the RCTs of therapeutic hypother-
mia because the great majority of infants were randomized late
in the latent phase. However, in support, a subsequent cohort
study of 65 surviving cooled newborns showed that 43 infants
in whom cooling was started before 3 h of age had significant-
ly better Psychomotor Development Index (PDI) scores (me-
dian PDI 90) than those who were cooled after 3 h (median
PDI 78) [32].

How Deep Is Optimal for Hypothermic
Neuroprotection?

Similarly, the critical depth of hypothermia required for pro-
tection may be affected by multiple factors including the delay
before initiation and the severity and nature of the insult.
There is some evidence from studies in adult rodents and in
fetal sheep that when cooling was delayed until 6 h after ce-
rebral ischemia, greater functional and histological neuropro-
tection was achieved with a 5 °C reduction than with 3 °C [7,
35]. However, in 7-day-old rat pups, cooling to 32, 30, 26, or
18 °C for 5 h after hypoxia-ischemia was not associated with
additional neuroprotection compared to 33.5 °C [36°].
Similarly, in neonatal piglets, whole-body hypothermia after
cerebral ischemia with a reduction in body temperature of
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either 3.5 or 5 °C was associated with significant and highly
similar neuroprotection, whereas a reduction of 8 °C was det-
rimental [37]. Finally, a large randomized controlled clinical
trial has confirmed that cooling infants with moderate to se-
vere HIE to 32 °C instead of 33.5 °C did not further reduce
death or moderate to severe disability at 18 months of age
[28e¢]. These consistent clinical and preclinical findings sug-
gest that a relatively broad range of cooling temperatures is
beneficial for the brain after hypoxia-ischemia, and that, reas-
suringly, it should not be necessary to reduce core tempera-
tures by more than ~3.5 °C.

If Some Cooling Is Good, Would More Be Even Better?

The original RCT protocols required that hypothermia should
be continued for 72 h, based on evidence from animal studies
that cooling needed to be continued for between 48 and 72 h
[7, 38]. However, it is not clear whether shorter or more
prolonged durations of cooling might be either sufficient or
potentially more effective, respectively. Robust recent preclin-
ical studies now suggest that continuing hypothermia for 72 h
is needed for optimal neuroprotection [10ee, 11¢]. For exam-
ple, in near-term fetal sheep, delayed cerebral cooling, started
3 h after cerebral ischemia and continued until 48 h, provided
partial protection but was substantially less effective for re-
covery of EEG power and neural survival than cooling for
72 h (Fig. 1) [11e°]. Conversely, in the term-equivalent fetal
sheep, when delayed hypothermia started 3 h after ischemia
was prolonged from 3 to 5 days, there was no further improve-
ment in electrophysiological recovery or neuronal survival or
reduction in cortical microglial induction [10e¢]. Indeed, ex-
tended cooling was associated with a small reduction in neu-
ronal survival in the parasagittal cortex and dentate gyrus.

These preclinical findings have been confirmed by a large
clinical trial in 364 infants with moderate to severe HIE of
prolonged duration and increased depth of therapeutic hypo-
thermia. This study was stopped at 50% of planned recruit-
ment due to lack of effect and safety concerns [28¢¢, 39]. The
adjusted risk ratio for death in the neonatal intensive care unit
after cooling for 120 h compared to 72 h was 1.37 (95% CI
0.92-2.04) and for the 32 °C compared to 33.5 °C was 1.24
(CI0.69-2.25). There was no significant overall effect of lon-
ger or deeper cooling on death or disability at a mean age of
18 months [28e°].

Is Speed of Rewarming After Therapeutic
Hypothermia Important?

The optimal rate of rewarming after therapeutic hypothermia
for HIE is unknown, albeit it is widely suggested that slow
rewarming is beneficial. The randomized clinical trials of ther-
apeutic hypothermia for HIE recommended rewarming neo-
nates at no more than 0.5 °C per hour [40]. This was largely
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based on case reports that fast rewarming might destabilize
cardiovascular function [41], or trigger rebound seizures [42].
However, there is no controlled human evidence for the opti-
mal rate of rewarming.

There is limited evidence from animal studies that rapid
rewarming may reverse the depression of potential injurious
processes such as oxidative stress or excitotoxin release [43,
44], and slow rewarming may improve neural outcomes. In
neonatal piglets exposed to severe HI, hypothermia for 18 h
followed by rewarming at 0.5 °C/h was associated with less
caspase-3 activation in the cerebral cortex and white matter
tracts than with rewarming at 4 °C/h [45, 46]. Moreover, in
adult gerbils subjected to transient forebrain ischemia, fast
rewarming after hypothermia for 2 h was associated with tran-
sient uncoupling of cerebral blood flow and metabolism and
loss of neuroprotection in the CA1 region of the hippocampus,
which was prevented by slow or stepwise rewarming [47].
However, these studies tested very short intervals of cooling
that are likely to have been highly suboptimal.

In near-term fetal sheep, cerebral hypothermia started 3 h
after global cerebral ischemia and continued for 48 h, was
associated with a striking deterioration in EEG power and
significantly less neuroprotection than 72 h of hypothermia
[L1ee]. In that study, fetuses were allowed to rewarm sponta-
neously, typically reaching control temperatures in approxi-
mately 1 h [48]. After 48 h of cerebral hypothermia very slow
rewarming over 24 h (~0.2 °C/h) was associated with im-
proved electrographic recovery compared with rapid
rewarming (~5 °C/h). However, neuronal survival in the cor-
tex and CA4 was still significantly less than after 72 h of
hypothermia with fast rewarming (p < 0.05) [49¢]. Further
studies are needed to test typical clinical rewarming regimes
after 72 h of hypothermia, but these data strongly suggest that
the overall duration of cooling was more important than speed
of rewarming after therapeutic hypothermia.

Is There Benefit From Cooling Initiated Later Than 6 h
After Birth?

The preclinical and clinical studies reviewed above consistent-
ly suggest that hypothermia should be started as early as pos-
sible in the first 6 h of life to achieve optimal outcomes.
However, some infants are unable to be started within this
time window, because of late diagnosis or being outborn in
areas that cannot provide support for cooling. Even though it
is not optimal, should these infants be offered therapeutic hy-
pothermia after 6 h of life? A recent randomized controlled
trial conducted by 21 Neonatal Research Network centers in
the USA recruited 168 term infants with HIE, in whom ther-
apeutic hypothermia could not be started within 6 h of life.
Infants were randomized between > 6 and < 24 h after birth to
either hypothermia (33 to 34 °C) or normothermia (36.5 to
37.3 °C). The median time to start cooling in this trial was 16 h
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after birth. Neurodevelopmental outcome was assessed in sur-
vivors at 18-22 months with the Bayley III. Outcome was
available for 78 cooled (9 died and 10 had moderate to severe
disability) and 79 normothermic patients (9 died and 13 had
moderate to severe disability) [50¢]. This difference was not
significant (p > 0.5, chi-squared test). A Bayesian analysis
suggested a 71, 64, or 56% probability of reducing death or
disability by at least 1, 2, or 3%, respectively. Taken as a
whole, this study strongly reinforces the need for strong clin-
ical protocols to ensure that therapeutic hypothermia is started
in the first 6 h after resuscitation for the best chance of a
favorable outcome.

Can We Improve Care During Labor
and Resuscitation?

Collectively, these studies infer that the most likely strategy to
outcomes from therapeutic hypothermia would be starting
treatment as early as possible within the first 6 h after birth.
This strongly suggests that a key aspect of neonatal manage-
ment must be to avoid pyrexia during labor and resuscitation.

Fetal temperatures are higher than maternal temperatures,
as the mother acts as a heat sink for the fetus. Thus, maternal
pyrexia increases fetal temperature and risk of neural injury
during HI. In pregnant baboons raising the maternal tempera-
ture to between 41 and 42 °C increased uterine activity and the
temperature gradient between fetus and mother from 0.47 °C
to 0.75 [51], and was associated with severe fetal acidosis and
hypoxia, hypotension, and tachycardia. Although there are no
randomized controlled trials of temperature control in labor,
fever during labor has been independently associated in mul-
tiple studies with neonatal morbidity, including death, neona-
tal seizures, encephalopathy, and neonatal stroke [52-55].

Thus, studies of controlling pyrexia in labor are highly
desirable and should be developed urgently. Pragmatically, it
is now widely considered that overhead heaters should be
turned off during resuscitation of term or near-term infants.
During subsequent observation, if encephalopathy is
suspected, the infants should be managed first with mild pas-
sive hypothermia followed with active cooling, with strict
temperature monitoring. In addition to controlling pyrexia,
therapeutic hypothermia is started much sooner after birth
using this approach. For example, neonates cooled passively
during transport reached their target temperature (33.5 °C)
approximately 2 h faster than infants who were not cooled
until arrival at the referral center [56]. In a small cohort of
50 infants that received hypothermia, time from birth to
achieve core temperature < 34 °C was 2.6 + 1.8 h for inborn
infants, 3.9 + 1.6 h for infants cooled before and during trans-
port, and 9.8 +£ 6.2 h for outborn infants who were not cooled
until arrival at the hypothermia center [57]. Whether this trans-
lates into improved hypothermic neuroprotection is still
unknown.

Other Populations: Should We Cool Infants With Mild
HIE?

The large RCTs of therapeutic hypothermia excluded infants
who had mild HIE in the first 6 h of life as it was unknown
whether they were at risk of adverse outcomes, and so the
potential benefit of treating these infants with therapeutic hy-
pothermia is unknown. There is now evidence from cohort
studies that some infants with mild HIE, as defined using the
trial criteria, in the first 6 h of life have a significant risk of
disability [58]. The evidence is rather variable, likely because
of variable criteria for mild HIE, retrospective identification,
less formal neurological examinations than used in the pro-
spective trials, or not using aEEG criteria. In practice, some of
these infants would very likely have been classified as having
evolved to stage Il (moderate) encephalopathy by Sarnat and
Sarnat by 24 h [59], because the historical criteria required
longitudinal assessment of neurological progress until hospital
discharge or death plus multimodal assessment, typically in-
cluding a formal EEG and imaging. In contrast, in the modern
setting, severity is assessed by clinical criteria only within the
first 6 h of life. Thus, given the evolving nature of HIE, it is
not really possible to accurately define mild HIE in the first 6 h
of life.

One meta-analysis that included studies with well-defined
HIE grading at birth, and standardized neurodevelopmental
assessment at 18 months or older, suggested that 86/341
(25%) of infants with mild HIE in the first 6 h of life had an
adverse outcome [60], defined as death, cerebral palsy, or
neurodevelopmental test scores that were more than one stan-
dard deviation below the mean. A very recent prospective
cohort study of mild HIE defined as > 1 neurological abnor-
mality using modified Sarnat clinical criteria within 6 h of
birth and not meeting cooling criteria found that 16% of in-
fants had disability at a mean of 19 months [61e]. Indeed,
40% of infants had Bayley scores more than one standard
deviation below the mean (< 85) for either cognition, motor,
or language. Similarly, a prospective cohort study of infants
who were not treated with therapeutic hypothermia suggested
that infants with mild HIE, determined by both early EEG and
clinical examination, had adverse cognitive and neuromotor
outcomes at 5 years of age [62¢]. Interestingly, although in-
tact survival was much greater after mild than moderate or
severe HIE, survivors showed no significant difference in cog-
nitive outcomes between those who had had mild compared to
moderate HIE.

Given that this population of infants with mild HIE in the
first 6 h is heterogeneous, the balance of clinical risk and
benefit is unclear. Treating all such cases would increase the
numbers of infants being separated from their parents, receiv-
ing invasive treatments such as central lines, invasive respira-
tory support, sedation, and delayed oral feeding. There is no
established prognostic method by which clinicians can

@ Springer



2 Page 60f 10

Curr Neurol Neurosci Rep (2019) 19: 2

determine if it is possible to stop cooling before 72 h [63], and
so hypothermia should be continued for 3 days. Supporting this
concept, in one case series of 10 infants with mild HIE in whom
hypothermia was stopped early because of rapid clinical im-
provement, neural injury on magnetic resonance imaging was
seen in half and disability at 2 years of age in two infants [64¢].
Given that there are roughly as many infants with mild HIE as
there are with moderate to severe HIE, it is critical that the ben-
efits of treatment for this group should be formally tested.

Summary

In summary, evidence suggests that current protocols of whole-
body or head cooling for 72 h are reasonably close to optimal.
Thus, the most effective way to further improve outcomes from
therapeutic hypothermia in infants with HIE is to initiate cooling
earlier, as soon as possible in the first 6 h after birth. Alternatively,
hypothermia combined with other pharmacological or non-
pharmacological interventions may enable further improvements
in outcome. There is currently considerable interest in such op-
tions, based on the endogenous induction of potentially protec-
tive compounds in the brain as well as exogenous agents [65].

What Is the Potential for Add-On Therapies?

There is strong evidence that both programmed cell death and
sterile post-ischemic inflammation augment cell death path-
ways in the latent phase, and some evidence that oxygen free
radicals and excitotoxins may also play a role [65]. Thus, it is
reasonable to consider whether agents modulating these path-
ways might augment therapeutic hypothermia. There are
many trials in progress, as listed in Table 1. The results of
recent clinical trials have been mixed. For example, in a
phase-II trial in newborns with HIE treated with hypothermia,
treatment with an anti-convulsant, topiramate (n=21), was
safe, but did not improve death or neurological disability com-
pared with cooling alone (n =23) [66]. The noble gas xenon
has significant anti-apoptotic effects via the N-methyl-D-
aspartate (NMDA) receptor in piglets [67], but did not aug-
ment hypothermic neuroprotection in a small phase-II trial
(n=46 for both groups) as assessed by magnetic resonance
spectroscopy measures at 10 days of age, including lactate to N-
acetyl aspartate ratio in the thalamus (mean ratio 1.09, 95% CI
0.90-1.32) and fractional anisotropy (mean difference —0.01,
95% CI 0.03-0.02) in the posterior limb of the internal capsule
[68¢]. However, this study was limited by delay before starting
xenon until ~10 h after birth, which is outside its reported thera-
peutic window and there is no published followup after 10 days
of age. A second RCT is still in progress (Table 1). More encour-
agingly, a small trial of 30 infants with HIE randomized to re-
ceive either the endogenous hormone melatonin plus hypother-
mia or hypothermia alone reported improved survival at 6 months
of age without neurologic or developmental abnormalities [69].
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However, these findings are preliminary and must be validated in
larger trials.

One of the more promising neurotherapeutics, recombinant
erythropoietin (rEpo), has anti-apoptotic, anti-oxidant, anti-
excitotoxic, and anti-inflammation effects in preclinical para-
digms of neonatal brain damage [27¢]. In addition, it promotes
proliferation as well as maturation and differentiation of oligo-
dendrocytes and neurons, which at least in principle could help
promote neurorepair after HI. Small randomized trials in term
infants with HIE have reported improved outcomes on modern
imaging and neurologic measures after monotherapy with rEpo
[70-72]. Further, a phase-II double-blinded, placebo-controlled
randomized trial in infants with moderate to severe HIE who
received hypothermia plus multiple rEpo doses (1000 U/kg, i.v.
at 1, 2, 3, 5, and 7 days post-birth), compared to cooling plus
placebo, showed reduced subcortical and cerebellar brain dam-
age scores on MRI at a mean of 5.1 days, with better motor and
developmental scores at 12.7 months of age [73¢]. Two large
phase 111 trials of hypothermia plus rEpo are currently recruiting
(Table 1).

Conclusion

Therapeutic hypothermia is now established as standard care to
improve neurological recovery in infants with moderate to severe
hypoxic-ischemic encephalopathy. However, current protocols
are only partially effective [19]. Further improvement in
neurodevelopmental outcomes is likely to come from strategies
to avoid pyrexia during and after resuscitation, to start hypother-
mia earlier, and co-treatment with endogenous or exogenous
neuroprotective agents. Early EEG recordings and other bio-
markers can help to identify patients who would benefit from
treatment in such a limited time frame [74]. Endogenous neuro-
protective compounds such as rEpo are showing particular prom-
ise, with multiple potential benefits and excellent safety records
in other settings.

The key priorities for further research include the following:

1. Large pragmatic trials to test therapeutic hypothermia in
new populations, in particular, evaluating the risks and
benefits of therapeutic hypothermia for infants with mild
HIE.

2. Studies of improved care in labor, particularly trials to test
whether preventing maternal pyrexia can reduce the risk
of neonatal hypoxic-ischemic encephalopathy.

3. Preclinical studies to identify and develop more effective
neuroprotective interventions both in combination with
therapeutic hypothermia and for use in settings where
hypothermia is inappropriate, such as in extremely pre-
term infants.

4. Identifying and refining biomarkers such as EEG record-
ings to robustly identify infants with encephalopathy who
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