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Abstract

*Correspondence to:

Perinatal hypoxic-ischemic encephalopathy is a leading cause of neonatal death and disability. Therapeutic hypothermia significantly reduces death and major disability associated with hypoxic-ischemic
encephalopathy; however, many infants still experience lifelong disabilities to movement, sensation and
cognition. Clinical guidelines, based on strong clinical and preclinical evidence, recommend therapeutic hypothermia should be started within 6 hours of birth and continued for a period of 72 hours, with a
target brain temperature of 33.5 ± 0.5°C for infants with moderate to severe hypoxic-ischemic encephalopathy. The clinical guidelines also recommend that infants be rewarmed at a rate of 0.5°C per hour, but
this is not based on strong evidence. There are no randomized controlled trials investigating the optimal
rate of rewarming after therapeutic hypothermia for infants with hypoxic-ischemic encephalopathy. Preclinical studies of rewarming are conflicting and results were confounded by treatment with sub-optimal
durations of hypothermia. In this review, we evaluate the evidence for the optimal start time, duration and
depth of hypothermia, and whether the rate of rewarming after treatment affects brain injury and neurological outcomes.
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Introduction

Moderate to severe perinatal hypoxic-ischemic encephalopathy (HIE) affects 1–3 per 1000 live-term births (Lundgren
et al., 2018). In most cases the pathogenesis involves profoundly reduced oxygenation (hypoxia) leading to secondary hypotension with reduced cerebral perfusion (ischemia,
i.e., hypoxia-ischemia (HI)) (Dhillon et al., 2018). Moderate
to severe acute HI can trigger evolving cell death that continues for days or even weeks later, offering the potential for
delayed treatment. The only available treatment for moderate to severe HIE in term infants is therapeutic hypothermia,
which significantly reduces death and severe disability in
term and near-term infants (Jacobs et al., 2013). However,
nearly half of infants with moderate to severe HIE treated
with hypothermia still die or survive with disability despite
intervention (Jacobs et al., 2013). Thus, it is very important
to determine whether current hypothermia protocols can be
optimized to further improve outcomes.

Pathophysiology of Hypoxic-Ischemic
Encephalopathy

We now know that HIE is not a static injury, but rather
represents an evolving cascade of brain injury that may
continue for days to weeks after the initial insult (Wassink
et al., 2018). During exposure to HI, which may be termed
the primary phase of injury, reduced supply of oxygen and
glucose leads to insufficient production of high energy phosphates such as adenosine triphosphate. In turn, this triggers
anoxic depolarization with efflux of potassium and influx of
sodium and calcium ions and water into the cells, leading to
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cell swelling; if sufficiently prolonged this can trigger acute
cell lysis (Tan et al., 1996; Gunn et al., 1997; Wassink et al.,
2014).
If oxygenation can be restored in time then cerebral oxidative metabolism, as measured by magnetic resonance
spectroscopy and near infrared spectroscopy, may partially
or even completely recover to control levels in a latent phase
(Bennet et al., 2007; Bainbridge et al., 2014). After moderate
to severe HI, despite normal brain oxygenation, this transient recovery is followed by delayed, progressive failure of
oxidative metabolism, typically starting after approximately
six hours (Lorek et al., 1994; Bennet et al., 2007; Bainbridge
et al., 2014). This secondary deterioration is accompanied
by delayed seizures, secondary cytotoxic edema (Williams et
al., 1991), neuroinflammation (Mallard et al., 2018), and, ultimately, extensive programmed cell death (Northington et
al., 2007). These events typically resolve over approximately
72 hours. Greater severity of secondary energy failure is correlated with worse outcomes, and the timing of this energy
failure is closely associated with histological manifestation
of brain damage (Roth et al., 1997). Interestingly, there is
growing evidence that active pathological processes may
continue for months after the initial insult, termed the tertiary phase of injury (Fleiss and Gressens, 2012). This phase
is characterized by chronic neuroinflammation, epigenetic
modification, withdrawal of trophic support and impaired
connectivity (Fleiss and Gressens, 2012; Hassell et al., 2015).
The latent phase in the first six hours of life represents the
key window of opportunity to start treatment with therapeutic hypothermia and prevent secondary programmed
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cell death and neuroinflammation (Gunn et al., 1999; Roelfsema et al., 2004; Seo et al., 2012). It is important to appreciate that in clinical practice exposure to HI is often not
clearly defined, and injury may have been initiated and then
evolved into the secondary phase before birth. Thus, in some
cases even very early treatment after birth may correspond
with relatively late in the window of opportunity or even
completely miss the window for successful intervention
altogether. Furthermore, more severe HI is associated with
a shorter duration of the latent phase and hence length of
window of opportunity, reducing the time before irreversible programmed cell death is initiated (Bainbridge et al.,
2014).

Therapeutic Hypothermia – Current Protocols

Current clinical guidelines recommend that hypothermia
must be started within the first six hours of life and maintained for 72 hours with a target brain temperature between
33–34°C in infants with moderate to severe HIE (Natarajan et al., 2018). Meta-analysis of multiple large pragmatic
clinical trials suggests that therapeutic hypothermia is an
effective treatment for moderate to severe HIE, with reduced composite score of death or severe disability at 18
months after treatment (relative risk = 0.81) (Edwards et al.,
2010; Jacobs et al., 2013). Critically, long-term follow-up of
the clinical trials suggests that the benefits associated with
treatment with therapeutic hypothermia persist into middle
childhood (Guillet et al., 2012; Shankaran et al., 2012; Azzopardi et al., 2014).
Despite the success of therapeutic hypothermia, treatment
is partially protective. A meta-analysis of 11 randomized
controlled trials comparing mild induced hypothermia to
normothermia reported a number needed to treat of seven
to eight (Jacobs et al., 2013). That is, to prevent one case of
death or disability from HIE, seven or eight infants must be
treated with therapeutic hypothermia.

When Should Hypothermia Be Started?

There is considerable evidence from animal studies that
hypothermia must be started as early as possible within the
latent phase for optimal benefit. This pattern is highly consistent with the finding of progressive mitochondrial failure
during the latent phase demonstrated by magnetic resonance spectroscopy after moderate to severe HI in human
infants (Azzopardi et al., 1989; Roth et al., 1997) and piglets
(Thoresen et al., 1995).
In unanesthetized 21 day old rat pups, mild hypothermia
(2 to 3°C decrease in brain temperature) for 72 hours after
HI prevented cortical infarction, whereas cooling delayed
until six hours after the insult had an intermediate, non-significant effect (Sirimanne et al., 1996). More recently, in seven day old rat pups, hypothermia was found to be notably
protective after a “moderate” duration of HI (90 minutes)
(Sabir et al., 2012), such that immediate induction of hypothermia after moderate HI significantly reduced the area of
cortical infarction (P < 0.05), with a linear loss of effect with

greater delay in starting cooling, at least up to 6 hours of delay. Similarly, in near-term fetal sheep, hypothermia started
90 minutes (Gunn et al., 1997) or 3 hours (Davidson et al.,
2015) after global cerebral ischemia for a period of 72 hours
was associated with reduced neuronal and oligodendroglial
death, and significantly improved recovery of brain activity compared to normothermia animals. However, when
treatment was delayed until 5.5 hours, secondary cytotoxic
edema was prevented but there was only partial recovery of
brain activity and partial protection of grey and white matter
(Gunn et al., 1998). When hypothermia was delayed until
8.5 hours after HI, after the onset of seizures, no significant
reduction in cell death or improvement in brain activity was
seen (Gunn et al., 1999).
Although there is little systematic clinical evidence, some
clinical studies support the importance of initiating hypothermia as early as possible. For example, in a cohort study
of 80 term infants with moderate to severe HIE treated with
hypothermia, infants in whom hypothermia was started
less than three hours after birth had significantly higher
median psychomotor development index at 18 months than
infants in whom hypothermia was started between three to
six hours after birth (Thoresen et al., 2013). Taken together,
these studies suggest that hypothermia needs to be started
within 6 hours of birth but that the earlier treatment can be
started, the more likely it is to achieve improved outcomes.

How Long Should Hypothermia Be Continued
For?

Broadly at least, the optimal duration of hypothermia seems
to correspond with the duration of the secondary phase of
seizures and cytotoxic events. Early studies using relatively
short durations of hypothermia found that even brief delay
after reperfusion was associated with loss of neuroprotection. For example, in a classic study, after three minutes of
global ischemia in gerbils, hypothermia started one hour
post-HI for a period of 12 hours reduced hippocampal CA1
injury, however neuroprotection was lost when ischemia
was continued for five minutes (Colbourne and Corbett,
1994). Strikingly, extending the duration of hypothermia
to 24 hours resulted in a 90% preservation of CA1 neurons
after severe ischemia (Colbourne and Corbett, 1994). At six
months after hypothermia treatment, CA1 neuronal survival
was reduced to 70%, compared to 5% survival in non-treated animals, suggesting prolonged benefit after delayed but
extended hypothermia (Colbourne and Corbett, 1995).
These studies suggest that there is an interaction between
the severity of HI, the delay in treatment onset and duration
of treatment that helps to determine the overall efficacy of
treatment.
In near-term fetal sheep, delayed but prolonged cooling
for 72 hours consistently demonstrates a reduction in neuronal injury and restoration of brain activity to near-baseline levels (Gunn et al., 1997, 1998; Roelfsema et al., 2004).
However, extending the duration of hypothermia to 120
hours started 3 hours after global ischemia was associat1679
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ed with a small but significant reduction in cortical and
dentate gyral neuronal survival, and no greater microglial
suppression compared to 72 hours of hypothermia (Davidson et al., 2015). In a follow-up study, partial protection of
oligodendrocytes and myelin basic protein expression was
seen after 120 hours of hypothermia, but this protocol was
not associated with significant microglial suppression in the
white matter (Davidson et al., 2016). Taken together, these
data suggest that prolonging the duration of hypothermia is
not beneficial and may be deleterious. The apparently worse
histological outcomes may be related to over-suppression of
neuronal activity and delayed restoration of the central nervous system microenvironment with longer cooling (Wassink et al., 2018).
Consistent with this, a randomized clinical trial that included a subgroup investigating the efficacy of 120 hours of
hypothermia was discontinued part-way through after futility analysis indicated a less than 2% probability of significantly improving neurological outcomes compared to the standard 72 hours duration (Shankaran et al., 2014). Subsequent
neurodevelopmental follow-up confirmed that there was no
significant reduction in death or disability (Shankaran et al.,
2017).
Conversely, hypothermia for only 48 hours after global
ischemia in near-term fetal sheep was associated with a progressive deterioration of brain activity after rewarming, with
impaired neuronal survival and myelination, and increased
microglial activation compared to 72 hours of hypothermia
as shown in Figure 1. These findings strongly suggest a role
for re-activation of deleterious inflammatory processes associated with premature rewarming after therapeutic hypothermia (Davidson et al., 2018b).
Together, pre-clinical studies of hypothermia demonstrate
that hypothermia should be started in the latent phase and
continued for 72 hours to adequately suppress programmed
cell death and inflammation until normal homeostasis can
return, and so provide optimal neuroprotection.

How Much Should We Cool?

The temperature to which infants are cooled during therapeutic hypothermia is also important in determining neuroprotection. In near-term fetal sheep, a reduction in brain
temperature from 39.5°C to ~34°C was sufficient to achieve
neuroprotection after global ischemia, however, no further
improvement was achieved with deeper cooling (Gunn et
al., 1997). In full-term piglets, reducing core temperature
by 3.5°C for 12 hours or 5°C from 2–26 hours after HI prevented significant secondary metabolic failure and improved
neuronal survival after HI (Thoresen et al., 1995; Alonso-Alconada et al., 2015). Interestingly, reducing core temperature by 8.5°C was associated with impaired neuroprotection
in thalamic and striatal regions, and has been associated
with adverse systemic effects such as alterations to blood
pH, glucose handling and cardiac arrest in neonatal piglets
after HI (Kerenyi et al., 2012; Alonso-Alconada et al., 2015).
Similarly, the clinical trial investigating longer duration
of cooling also investigated deeper cooling of HIE infants to
1680

32°C (Shankaran et al., 2014). In this trial, the probability of
detecting a statistically significant benefit for longer or deeper cooling, or both, was less than 2% (Shankaran et al., 2014,
2017). Collectively, hypothermia started within six hours of
birth, continued for 72 hours to a depth of 33.5°C appears to
provide optimal neuroprotection.

Does the Rate of Rewarming Affect
Neuroprotection?

The clinical trials of hypothermia rewarmed neonates at a
rate of 0.5°C/h until they were within a temperature range
between 36.5–37.5°C (Gluckman et al., 2005; Shankaran et
al., 2005; Azzopardi et al., 2009); this approach was based on
case reports suggesting that rapid rewarming might lead to
cardiovascular instability (Thoresen and Whitelaw, 2000).
Moreover, a clinical case report suggested that rewarming at
0.5°C per hour was associated with rebound seizure activity
in a neonate treated for moderate to severe HIE (Battin et
al., 2004). A more recent case report described a neonate
who began having electrographic seizures for the first time
during rewarming, which continued in the hours after rewarming (Kendall et al., 2012). The seizures stopped within
30 minutes of re-cooling the neonate to 33.5°C without
anticonvulsant medication. Similarly, in early studies of
hypothermia after HI in near-term fetal sheep, rewarming
spontaneously over approximately 30 minutes was associated
with a small increase in seizure activity compared to normothermic animals. However the protocol was still associated
with markedly improved recovery of brain activity and neuronal survival (Gerrits et al., 2005). These studies suggest that
rapid rewarming may be associated with rebound seizure activity but the effect of rate of rewarming on neuroprotection
is unclear.
Potentially, the pro-inflammatory release of complement
and cell adhesion molecules that is attenuated by hypothermia could be re-activated after rewarming. Thus, it has been
suggested that rapid rewarming could more rapidly re-activate inflammatory responses suppressed during hypothermia (Scaravilli et al., 2012). Alternatively, rapid rewarming
could lead to reversal of hypothermic suppression of oxidative stress and excitotoxin release; however these data
relate to cooling during HI (Nakashima and Todd, 1996;
Hashimoto et al., 2003). Limited evidence as discussed next,
suggests that a slower rate of rewarming after therapeutic
hypothermia may be associated with improved neuroprotection. However, it is critical to note that these studies of the
rate of rewarming are largely confounded by suboptimally
short durations of hypothermia, which as described above,
are an important determinant of the extent of neuroprotection. That is to say, if a sub-optimal duration of hypothermia
is tested, then subsequent slower rewarming after hypothermia also inevitably extends the total duration of hypothermia closer to an optimal duration than fast rewarming.
In 3–5 day old piglets exposed to systemic hypoxia and
endotracheal asphyxia, rewarming at a rate of 4°C/h from
18 hours of hypothermia was associated with an increased
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Figure 1 The effect of duration of hypothermia and rate of
rewarming on electrophysiological and histological recovery from
cerebral ischemia in near-term fetal sheep.
Top: Changes in electroencephalography (EEG) power (db) and brain
temperature (°C), before, during and after 30 minutes of global cerebral ischemia (time zero) in the ischemia-normothermia (n = 8),
ischemia-48 hours (h)-hypothermia (n = 8), ischemia-48 h-hypothermia-slow-rewarming (n = 7) and ischemia-72 h-hypothermia (n =
8) groups. Bottom: Neuronal survival seven days after 30 minutes of
global cerebral ischemia in the sham control (n = 9), ischemia-normothermia (n = 8), ischemia-48 h-hypothermia (n = 8), ischemia-48 h-hypothermia-slow-rewarming (n = 7) and ischemia-72 h-hypothermia (n
=8) groups. *P < 0.05, vs. sham control; #P < 0.05, vs. ischemia-normothermia; aP < 0.05, vs. ischemia-72 h-hypothermia. Data were derived
from Davidson et al. (2018a).

expression of cleaved caspase-3 in cortical homogenates compared to animals rewarmed at 0.5°C/h (Wang et al., 2015).
However, the cell type in which apoptosis was upregulated
was not discernible due to use of homogenate-based assays.
Further, the highly sub-optimal duration of hypothermia in
the control group receiving rapid rewarming may have contributed to apoptosis from reduced suppression of injury.
Thus, the reduced apoptosis in the group rewarmed more
slowly may not have been related to the rate of rewarming per
se but rather to the greater total duration of hypothermia.
In traumatic brain injury in adult rats, rapid rewarming
over 15 minutes after one hour of hypothermia was associated with increased axonal injury and impaired cerebrovascular responsiveness to vasoactive agents and injury expansion, whereas rewarming over 90 minutes was associated
with improved axonal recovery (Suehiro and Povlishock,
2001; Ueda et al., 2004; Povlishock and Wei, 2009). Further,
in adult gerbils, rapid rewarming over 30 minutes after
two hours of hypothermia was associated with a mismatch
between cerebral circulation and metabolism, evidenced
by an increase in cerebral glutamate and lactate washout
(Nakamura et al., 2003). However, the applicability of these
findings to neonatal brain injury and moderate to severe

HIE is unknown.
Effects of rapid rewarming may not be limited to the
brain. A mismatch between total body oxygen demand and
oxygen delivery, termed rewarming shock, has been reported after deep hypothermia for cardiovascular surgery (Scaravilli et al., 2012). Rewarming shock has been associated with
decline in blood pH, respiratory inadequacy, bradycardia
and hypotension in human adults (Bigelow, 1959). In adult
rats, rapid rewarming at approximately 4.5°C/h is associated
with greater earlier alterations to heart rate and cardiac output (Eshel et al., 2002), consistent with empiric concerns of
cardiovascular destabilization after rapid rewarming in some
human infants (Thoresen and Whitelaw, 2000).
By contrast, studies using longer durations of hypothermia have not reported any cardiovascular instability during
rapid rewarming (Davidson et al., 2015, 2016). Of interest,
a recent study in near-term fetal sheep reported that slow
rewarming over 24 hours, after 48 hours of hypothermia
that was started three hours after global cerebral ischemia,
prevented deterioration of electroencephalography (EEG)
activity compared to rapid rewarming at 48 hours. However, recovery of EEG activity was comparable with that after
rapid rewarming from 72 hours of hypothermia as shown
in Figure 1 (Davidson et al., 2018a). Of concern, neuronal
survival remained significantly less than when hypothermia
was continued for 72 hours. Together, these findings suggest
that overall improvements to neuronal survival and EEG
recovery were mediated by the longer duration of hypothermia rather than the rate of rewarming per se. Future studies
should investigate the long-term impact of rewarming on
neuroprotection after 72 hours of hypothermia.
To date, no clinical trial has investigated the rate of rewarming after the optimal start time, duration and depth
of therapeutic hypothermia for moderate to severe HIE.
Given that most of the animal studies of slow rewarming
were confounded by use of sub-optimal durations or depths
of hypothermia, it is difficult to conclude whether apparent
improvements were truly due to the rate of rewarming, or
merely represent prolongation of sub-optimal treatment.
It may be that slow rewarming could allow a more gradual
recovery or adjustment of the central nervous system microenvironment after metabolic suppression and injury. However, there is concern that extending the duration of hypothermia past the seemingly optimal 72 hours duration may
be associated with poorer cell survival in some brain regions
(Davidson et al., 2015, 2016).
It should also be noted that there is no consensus between studies on what constitutes a “rapid” or “slow” rate
of rewarming, which in pre-clinical models largely depends
on the species used, their baseline temperature and target
cooling depth. Future animal studies should systematically
evaluate the effects of different rates of rewarming, to find
that which may strike a balance between optimal neuroprotection whilst minimizing cardiovascular and systemic
destabilization.
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Conclusions & Future Directions

As reviewed above, there is now compelling evidence that
therapeutic hypothermia for moderate to severe HIE started
within 6 hours after birth, for a period of 72 hours to a target
brain temperature of 33.5 ± 0.5°C significantly reduces neonatal mortality and major morbidity. Deviation from this
evidence-based protocol compromises neurological recovery and worsens outcomes in large animal models of HIE.
By contrast, the available large animal evidence suggests
that the rate of rewarming after therapeutic hypothermia
does not appear to be a critical variable, and is much less
important than simply providing a sufficient duration of
hypothermia. The intriguing differences in the effect of very
slow rewarming on EEG recovery compared with neuronal
survival suggests that further studies of rewarming in animal
models after an optimal hypothermia protocol may be of
value. Pragmatically, it is most likely that substantial further
improvements in outcome will come from systematic studies of adding other neuroprotective interventions to hypothermic neuroprotection, as recently reviewed (Davidson et
al., 2018c). In current clinical practice, the focus should be
on finding ways to initiate hypothermia as soon as possible
after birth for infants with HIE.
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