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Treatment of hypoxic-ischaemic brain damage by
moderate hypothermia

A D Edwards, J S Wyatt, M Thoresen

To many people, especially writers of science
fiction interested in preserving brains for
narrative purposes, it seems self evident that
cooling the brain protects it against hypoxic–
ischaemic damage. Indeed, every day, cardiac
surgeons and anaesthetists cool the brains of
children during surgery to protect them against
the eVects of cardiac arrest or cardiopulmonary
bypass.
However there has long been a hope that

cooling the brain after hypoxia–ischaemia
might lessen cerebral injury. Observational
data in support of this were collected by Westin
and colleagues 40 years ago,1 but experimental
studies in animal models at that time failed to
support the hypothesis and it fell from favour.2

Now the belief is gaining ground again among
basic researchers that moderate brain cooling
to around 32oC is one of several interventions
which can be applied after hypoxia–ischaemia
to modify the process of brain cell death and so
lessen cerebral damage.

Delayed cerebral damage after
hypoxia–ischaemia
A cornerstone of this growing consensus was
the realisation that not only do some cells die
during hypoxia–ischaemia, but many more may
die hours or days later.3 In the 1980s this
delayed cerebral injury was shown in infants
with birth asphyxia using 31P magnetic reso-
nance spectroscopy (MRS): asphyxiated in-
fants were usually found to have normal
cerebral energy metabolism soon after resusci-
tation, but oxidative phosphorylation became
impaired 9 to 24 hours later and remained low
for many days.4 The delayed impairment of
energy metabolism was not contingent on con-
tinued hypoxia–ischaemia, nor was it associ-
ated with intracellular acidosis,5 but its magni-
tude was linearly related to the severity of later
neurodevelopmental impairment and reduced
brain growth.6

This was clear evidence that the eVects of
birth asphyxia might become manifest only
some days after resuscitation, and indeed more
recent data suggest that abnormal cerebral
energy metabolism and cell death can persist
for weeks and months.7 8 The mechanisms of
this delayed cell death are complex, but the
recognition that apoptosis (genetically control-
led cell suicide which requires a biochemical
pathway to be completed for death to occur)

was an important aspect of hypoxic–ischaemic
cerebral injury made it easier to understand
why cells should die late after injury.9 10

These results suggested that it might be pos-
sible to intervene before delayed cell death
occurred and so lessen cerebral damage. The
hypothesis was supported by experiments in
animals which showed that a large number of
treatments, ranging from administration of
glutamate receptor antagonists to injection of
growth factors, would reduce brain injury if
given soon after the insult.11 Thus rescue treat-
ment of hypoxia–ischaemia after resuscitation
was confirmed as a real possibility, and in some
cases treatment could still be eVective even if
delayed for a considerable time after the
hypoxic–ischaemic insult.12

Neural rescue treatment using post-insult
hypothermia
Many recent studies, mainly in adult animals,
have shown that cooling of the brain by 3–4oC
after experimental hypoxia–ischaemia reduces
the severity of brain injury.13 The more drastic
temperature reductions used in older experi-
ments do not seem to provide any additional
benefit and indeed may be less eVective as they
have been associated with systemic toxicity.14

Consequently most current research focuses
on moderate rather than deep hypothermia.
Moderate hypothermia is one of the most

robust and eVective techniques available for
reducing hypoxic–ischaemic cerebral damage.
However, many experiments have used short-
term histopathological examination to assess
neural cell loss, which raised concern that
hypothermia may not prevent injury, merely
delay it. But a major study of adult gerbils
cooled after hypoxia–ischaemia, found that
they performed better than controls in neu-
ropsychological tests six months later, showing
that a persistent beneficial eVect of cerebral
function could be produced.15 Some research-
ers now believe that in adult animals at least, a
short period of hypothermia lasting a few hours
will delay cell death while more prolonged
cooling for a day or two permanently prevents
cerebral injury.16

Neural rescue using moderate
hypothermia in the developing brain
Several groups have shown that post-insult
hypothermia can reduce cerebral injury in the
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developing brain. In 7 day old rat pups
hypothermia for a period as short as 3 hours
after hypoxia–ischaemia had some neuropro-
tective eVect,17 and histological diVerences
between treatment and control brains could
still be detected 6 weeks later.18 In 21 day old
rat pups 72 hours of hypothermia was highly
protective, although a delay of 6 hours before
starting treatment significantly reduced the
benefit.19

One study of 7 day old rats failed to show any
benefit, but this may be explained by the severe
nature of the hypoxic–ischaemic insult com-
bined with a relatively brief period of 3 hours
cooling after the insult.20 In a study of newborn
piglets 3 hours of cooling exerted only a mod-
est neuroprotective eVect and there was no
protection at all in more severely injured
animals.21 By contrast, 12 hours of cooling by
4oC in newborn piglets produced a major
reduction of both the delayed impairment in
cerebral energy metabolism, and histological
injury.22 23

All these studies have examined the eVect of
whole body cooling, but investigations of fetal
sheep subjected to total cerebral ischaemia
found that a substantial protective eVect could
be produced by a cooling device positioned
around the fetal head.24 In this model cooling
was maintained for 72 hours, but clinically sig-
nificant protection was achieved even if treat-
ment was delayed for 5 hours after ischaemia.25

Focal brain cooling was also eVective in 7 day
old rat pups.26 Taken together these results
suggest that optimal benefit is obtained by
extending the duration of moderate hypother-
mia for 12 hours or longer, although they leave
unanswered the question of whether whole
body or selective head cooling is better.

How cooling works
Hypothermia applied during hypoxia–
ischaemia is thought to be protective by pre-
venting the decline in high energy phosphates
that seem to initiate both apoptotic and
necrotic cell death.27 28 The mechanisms by
which cooling after hypoxia–ischaemia prevent
cell death are less clear. Hypothermia prevents
the delayed decline in phosphocreatine and
adenosine triphosphate, as well as the simulta-
neous increase in cerebral lactate concentra-
tion, seen 8–12 hours after hypoxia–ischemia in
newborn piglets.22 29 However, it is not clear if
preservation of energy metabolism in the
delayed phase of injury is the primary mech-
anism by which hypothermia operates, or
whether it represents an indicator of cellular
protection mediated by other pathways.
Additional eVects are probably involved.

Hypoxia–ischaemia leads to high concentra-
tions of glutamate in the synaptic cleft which
induce excitotoxic neuronal death.30 In both
newborn piglets31 and adult rats32 hypothermia
reduces the delayed increased in extracellular
glutamate seen after hypoxia–ischaemia, and in
a cell culture model of hypoxia–ischaemia mild
cooling decreased the impairment in glutamate
re-uptake that is an important factor in acute
injury.33 Hypothermia also reduced production
of a downstream mediator of the excitotoxic

process: nitric oxide.31 34 However, these mecha-
nisms may not be a suYcient explanation, as in
at least one model where hypothermia is eVec-
tive there is no increase in nitric oxide produc-
tion after hypoxia–ischaemia (Edwards et al,
unpublished data), and the role of impaired
glutamate re-uptake in delayed cell death is
unclear.30

Hypothermia reduces the number of ischae-
mic depolarisations in injured but viable
tissue,35 and prevents the increase in cerebral
impedance (which reflects impaired membrane
function) during delayed cerebral injury in fetal
lambs.24 Reduced body temperature may also
increase catecholamine secretion,36 and as
stress also improves neuropathological out-
come in developing rats,37 sympathetic stimula-
tion may be another mechanism of protection.
Hypothermia reduces the number of apop-

totic cells seen in the newborn piglet brain after
hypoxia–ischaemia without aVecting the num-
ber of necrotic cells, suggesting that it may spe-
cifically inhibit the apoptotic pathway.23 How-
ever, comparable hypothermia delays rather
than prevents apoptosis in cell culture systems,38

and an attractive hypothesis is therefore that
hypothermia delays commitment to apoptosis
for long enough to enable endogenous protec-
tive mechanisms, including the production of
growth factors,39 40 to be induced. If this is
correct it suggests that hypothermia may have a
role in prolonging the therapeutic window
during which other treatments might be applied.
Studies of adult animals have suggested

other mechanisms through which hypothermia
may act including: suppression of free radical
action; prevention of ischaemia induced pro-
tein kinase C inhibition; or activation of
transcription factors.41 It remains to be seen
whether these mechanisms are important in
the developing brain. However, the success of
hypothermic treatment probably depends on it,
aVecting several of the many mechanisms of
damage which are activated by hypoxia–
ischaemia.

Hyperthermia after hypoxia–ischaemia
There is a developing body of experimental evi-
dence to suggest that increased brain tempera-
ture after hypoxia–ischaemia may worsen cer-
ebral damage. Observational data from adults
who have had a stroke42 are supplemented by
experiments which have shown increased gluta-
mate release in hyperthermic animals, and worse
histological outcome even if the period of hyper-
thermia is delayed for 24 hours after the period
of hypoxia–ischaemia.43 44 Of particular interest
are epidemiological data showing a ninefold
increase in the incidence of cerebral palsy in
infants weighing more than 2500 g who were
born to mothers with a fever exceeding 38oC.45

Adverse eVects of hypothermia
Profound hypothermia to less than 30oC affects
many physiological functions. It decreases per-
fusion and oxygenation by: impairing myocar-
dial contractility; reducing cardiac output; and
making myocardial muscle more prone to
dysrhythmia46 47; as well as causing peripheral
vasoconstriction; increasing blood viscosity48;
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and shifting the oxygen dissociation curve of
blood to the left.49 This deranged circulation can
lead to renal failure, pulmonary oedema, meta-
bolic acidosis and inadequate cerebral blood
flow.46 Cooling also impairs clotting,50 depresses
the immune system,51 disrupts serum potassium
homeostasis,52 alters acid base balance,53 and is
associated with hypoglycaemia.54 Hypothermia
may cause gastrointestinal lesions in the devel-
oping animal, although the data are somewhat
contradictory.55 56These and other changes can
significantly worsen the outcome of experimen-
tal subjects,14 and early observational studies of
newborn infants showed a number of these
adverse events, of which pulmonary haemor-
rhage (probably due to raised left atrial pressure)
was the most severe.57

However, although moderate hypothermia
to around 32oC has been less well studied,
adverse eVects seem to be less severe. Indeed,
newborn animals physiologically induce mod-
erate hypothermia in response to hypoxia.58

Recent studies of newborn piglets subjected to
moderate whole body cooling for 12 hours as a
treatment for either cerebral hypoxia–
ischaemia or 3 hours for whole body hypoxia,
showed little evidence of circulatory or meta-
bolic disruption during cooling22 or systemic
pathology at necropsy.59 60

Nevertheless, systematic studies of the po-
tentially toxic eVects of moderate hypothermia
maintained for longer periods are required, as
the risk of adverse eVects from moderate hypo-
thermia seems likely to be increased if
hypothermic treatment is prolonged to maxim-
ise its neuroprotective eVect. There is likely to
be a complex trade-oV between optimising
protection and minimising side eVects which
will involve decisions not only about the length
and depth of hypothermia but also about the
appropriate balance between selective head
and whole body cooling.

Conclusion
Cerebral hypoxia–ischaemia leads to a delayed
period of cell death that begins some hours
after adequate oxygenation is restored to the
brain. Cooling the brain to around 32oC for
between 12 and 72 hours, beginning after
resuscitation, significantly reduces cerebral
damage and long term sequelae in experimen-
tal models. This moderate hypothermia may be
associated with relatively few adverse systemic
eVects, and although the mechanisms of
cerebral protection are incompletely under-
stood, interest is growing in the possibility of
clinical neuroprotection by reduction in brain
temperature.
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Hypothermic neural rescue treatment: from
laboratory to cotside?

A D Edwards, D Azzopardi

The apparent simplicity of mildly cooling the
brain to lessen the devastating eVects of birth
asphyxia has immediate appeal to clinicians
faced with the hopelessness of a severely
aVected infant. Many view the results of recent
experimental work as encouraging. However,
while researchers may spend years in the labo-
ratory collecting results which suggest that a
particular treatment should be useful, it cannot
be taken for granted that it will be. The scien-
tific tools needed to demonstrate a useful
biological eVect are very diVerent from those
needed for accurate clinical evaluation, and
investigators often need to change their focus
considerably as a concept draws closer to the
clinical arena.1

Enthusiasts who would like to use moderate
hypothermia to lessen brain damage after
hypoxic–ischaemic or traumatic cerebral in-
sults must now face this diYcult move from
laboratory to cotside. The experimental evi-
dence is strong, but will hypothermia work in
practice?

Interpretation of experimental studies
Many neural rescue treatments that were eVec-
tive in studies of mature animals have not
shown benefit in clinical trials of adult stroke
patients. There is no room for complacency
and laboratory results need to be interpreted
with circumspection.
First, data acquired from studies of mature

animals must be treated cautiously as brain
injury probably proceeds diVerently in the
newborn and there are relatively fewer studies
of hypothermic neural rescue in newborn
animals. Secondly, in most experiments the
delay between hypoxic–ischaemic insult and
initiation of cooling has been short, and in
every case clearly defined, which may not
accurately reproduce the clinical situation.
Furthermore, the rate of cerebral injury in the
experimental control groups has been high,
often 100%; it will be diYcult for a clinical trial
to select control groups with such high rates of
severe injury, and this will make demonstration
of a clinical eVect more diYcult. Finally,
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although a variety of cooling temperatures and
protocols have been tested in animal experi-
ments, most studies have cooled the whole
body so that relatively few data are available on
selective head cooling, which seems to be the
preferred option of many clinical researchers.

Preliminary studies of moderate
hypothermia in clinical practice
Trials of cooling in adult patients with head
trauma found that hypothermia was associated
with quicker recovery and less severe brain
injury than conventional neurointensive care,
despite the fact that in one study the median
time of establishing eVective cooling was 10
hours after injury.2 3 These important results
support observational data showing a signifi-
cant relation between better survival after
stroke and lower body temperature in the 24
hours after onset of symptoms.4

A preliminary study of selective head cooling
after birth asphyxia has been undertaken by
Gluckman and colleagues in New Zealand, and
analogous studies of whole body cooling have
also been taking place at the Hammersmith
Hospital in London. Thus far there is nothing
to imply that moderate hypothermia is unsafe,
and the results suggest a beneficial eVect suY-
cient to justify further trials (Gluckman P D,
personal communication).

Establishing a clinical trial
There is considerable interest worldwide in
establishing trials of moderate hypothermia for
treatment of cerebral hypoxic–ischaemic in-
jury. However, a clinical trial of hypothermic
neural rescue treatment after birth asphyxia
faces specific diYculties.

ENTRY CRITERIA

Most clinical trials begin confident that the
patient group under investigation has the
disease being studied. This is not always the
case in trials of birth asphyxia. The correlation
between simple measures of intrauterine as-
phyxia and neurodevelopmental outcome is
poor, and assignment of prognosis by clinical
criteria in the first few hours after birth is
diYcult.5 Consequently, if variables such as the
Apgar score are used to enrol subjects there is
a danger that large numbers of infants without
an adverse prognosis may be entered into trials.
At best, this will add experimental noise and
increase the numbers needed for a statistically
valid outcome; at worst, it may subject a large
number of normal infants to potentially
hazardous intervention.
A great many techniques for improving the

assignment of prognosis after birth asphyxia
have been investigated. Several provide a useful
guide to neurodevelopmental outcome but
there is no method which will allow certain
determination of prognosis to be made within a
few hours of birth.5 However, recent studies
have reported the value of continuous EEG
monitoring in the first few hours of life, using
single channel amplitude integrated EEG
recordings (aEEG, often termed the “cerebral
function monitor”).6–8 These techniques have a
high predictive value for neurological

impairment.6 8 We have found that electro-
physiological techniques could be used eVec-
tively in non-specialist centres,9 and our initial
experience suggests that unlike deep hypother-
mia, moderate cooling has little eVect on EEG
amplitude, which opens the possibility of using
it to determine prognosis even if hypothermia
is started immediately after delivery. Further
investigation is required, but aEEG may oVer a
method for selecting infants for trials of neural
rescue treatment.

SAMPLE SIZE

The entry criteria and the estimated size of the
treatment eVect will determine the number of
infants that need to be recruited to achieve a
statistically valid study. A 25% reduction in
adverse outcome might be a reasonable aim
based on the results of animal studies. If infants
were selected on aEEG criteria (which prob-
ably allow for a positive predictive value for bad
outcome of about 90%), the calculated sample
size for a trial with power = 0.8 and alpha = 0.5
would be about 50 infants in each group. How-
ever, if selection were based on simpler criteria
such as the 5 minute Apgar score, where the
positive predictive value is around 15%,10 about
1000 infants would need to be randomised.

EXIT CRITERIA

A successful neural rescue treatment might
alter the outcome of death to survival with
severe impairment. Although data from ani-
mals and from adult head injury studies
suggest that hypothermia has little eVect on the
most severe form of injury,3 11 clinicians may
feel that appropriate criteria need to be built
into clinical trials to prevent this type of result.
Unfortunately it is not clear what exit criteria

could be included to allow this to be achieved.
The EEG may help identify those infants who
are unlikely to benefit from further interven-
tion: an isoelectric EEG or a burst–suppression
pattern almost always indicates a very severe
injury,6 while seizures beginning immediately
after birth may suggest that hypoxia–ischaemia
occurred several hours beforehand and that it is
too late for successful intervention.12

OUTCOME MEASURES

Surrogate measures of outcome are valuable
when they provide a biological measure of
brain injury that is independent of later social
factors. Several potential surrogate measures
could be applied at the end of the first week of
life. Magnetic resonance imaging (MRI) or
spectroscopy (MRS) oVer useful surrogate
outcomes. For example, absence of the normal
MRI signal seen in the posterior limb of the
internal capsule at the end of the first week
after birth has a 100% positive predictive value
for neurodevelopmental abnormality at 1 year
of age.13

None the less the best outcome measure is a
precise assessment of neurodevelopmental
progress.Many studies have examined children
at 1 year of age, but it is generally agreed that
cerebral palsy cannot be accurately diagnosed
until 3–5 years of age. Consequently follow up
of any patient enrolled in a trial needs to be
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prolonged, and the method of assessment
clearly defined to allow a diVerence in outcome
to be detected.

INTERVENTION

If hypothermia is regarded as analogous to a
drug treatment several problems immediately
become apparent: first, the dose and adminis-
tration regimen remain inadequately defined.
Animal studies have provided compelling
evidence that hypothermia has a protective
action, but systematic data on an optimal dose
or duration are incomplete. The maximum
permitted time delay before treatment is
ineVectual is still unclear, although studies are
in progress to define this interval. A delay of 10
hours did not prevent benefit in adults cooled
after head trauma,3 but some animal studies
suggest that a delay of 6 hours significantly
reduces the cerebroprotective eVect.14 Equally,
it is unclear how long to continue with cooling.
Protection has been seen in studies of develop-
ing animals with cooling periods varying
between 3 and 72 hours.15 16 While the possible
adverse eVects may be more significant over
longer time periods, many researchers feel that
longer cooling must be better. Indeed, evidence
suggesting that after birth asphyxia cerebral
energy metabolism remains abnormal for many
months, together with studies of adult rats
showing that cells die by apoptosis for a similar
period after hypoxia–ischemia may suggest that
even 72 hours is much too short.17 18 More
work is needed in this area.
Second, it is currently diYcult to monitor

the dose of hypothermia being administered,
especially to the deep brain structures. In stud-
ies of animals the deep brain cools significantly
less than cortex, especially when selective head
cooling is used,19 20 and common drugs such as
barbiturates can selectively increase deep brain
temperature.21 MRI studies have shown that
infants with basal ganglia injury have far worse
neurological impairment than those with corti-
cal damage alone.22 Therefore, measurement of
deep brain temperature will be important, and
methods that record only cortical temperature
may be inadequate. It has been suggested that
a major reason for the failure of neural rescue
treatments in adult stroke has been the poor
permeation of drugs into the brain,23 and it will
be important to know that any therapeutic
cooling regimen adequately penetrates deep
brain structures. Without these, data
interpretation and comparison of trial results
will be diYcult.
Non-invasive measurement of deep brain

temperature can be achieved using magnetic
resonance techniques,24 25 but these methods
are too cumbersome for routine, repeated
clinical use. Measurements based on the zero–
flux method have been attempted but not
validated.26 27 A portable non-invasive deep
brain thermometer based on microwave tech-
nology is under development but is not yet
available.28

Third, it is not clear whether total body
hypothermia or selective head cooling is better.
Our preliminary experience suggests that a
simple convective device permits rapid induc-

tion and maintenance of total body hypother-
mia at 33°C. Head cooling devices incorporat-
ing cool water flow systems have also been
found practical (Gluckman P D, personal
communication). Fortunately, the infants’
thermal inertia is such that either form of cool-
ing system can be removed for a short period
without clinically significant changes in body
temperature, allowing medical and nursing
procedures to be carried out without hin-
drance.
Further data are required to confirm

whether deep brain cooling can be achieved in
practice by topical cooling to the head alone, or
if some measure of systemic hypothermia is
necessary, although this information will be
diYcult to acquire until non-invasive deep
brain temperature monitoring is available. A
few results are available from animal experi-
ments. These suggest that head cooling alone
may be successful, but in some cases tempera-
ture gradients were significant and quite
extreme surface cooling was required.16 19 20

However, until more is known about the effects
of selective head cooling it would be wise to
assume that deep brain temperature may be
higher than expected, and to plan trials
accordingly.
Fourth, profound whole body cooling is

associated with toxicity such as disturbed
coagulation, vasoconstriction, ventilation–
perfusion mismatch, left shift of the oxygen
dissociation curve, reduced myocardial con-
tractility, increased blood viscosity, reduced
tissue perfusion and increased risk of sepsis.29 30

Although current experience in infants has
found little evidence of these eVects with mod-
erate hypothermia, systematic studies need to
confirm that the treatment does not signifi-
cantly increase the risk of these adverse events.
Assessment of toxicity will aVect decisions
concerning the length of treatment and meth-
ods of cooling. Early clinical trials will probably
need to make some compromise between selec-
tive and whole body cooling to achieve maxi-
mum brain cooling with minimum toxicity.
Fifth, attention has focused on physical

cooling of the brain, largely because of its
apparent simplicity. However, as the true com-
plexity of the situation is revealed it may be
worth reconsidering pharmacological agents
that alter body temperature, either alone or
together with physical cooling. In adults
paracetamol was the single most eVective
method of cooling the brain,21 and cannabi-
noids have also been suggested for this
purpose.

Speed of intervention and the need for
specialist centres
Intervention should probably begin as soon as
possible after the insult. In practice there will
be a delay while intensive care is started and the
severity of the hypoxic–ischaemic insult is
assessed. Further delay will occur if the infant
has to be transported to a specialist centre. In
our view these delays can be minimised by
prior training and planning. Techniques such
as the aEEG can be rapidly applied and
analysed by staV with a relatively small amount
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of training. Selection and recruitment of
infants and induction of hypothermia within 4
hours of birth is feasible. If infants have to be
transferred to specialist centres whole body
hypothermia can be successfully maintained
during transfer by simple means, although the
precise control of brain temperature required
for prolonged treatment requires specialist
equipment.

Perspective
The pharmaceutical industry has shown little
interest in developing treatments for birth
asphyxia. There are 146 new medicines cur-
rently being developed for children, eight for
neurological disease—all for epilepsy.31 No
pharmaceutical treatment for hypoxic–
ischaemic injury in infants is being developed,
in contrast to 20 or 30 agents planned or in trial
for adults. Candidate neuroprotective drugs for
infants thus have to be taken from current
pharmacopoeia, and to date trials have been
disappointing: allopurinol showed no benefi-
cial eVect32; while the cerebroprotective eVect
of magnesium sulphate is currently the subject
of two major trials, one of which has been ter-
minated prematurely because of excess deaths
in the treatment group.33

The experimental data supporting trials of
moderate hypothermia as a neural rescue treat-
ment after hypoxia–ischaemia are strong. They
oVer a genuine cause for optimism, and multi-
centre clinical trials are being planned which
will attempt to overcome the many diYculties
detailed above.
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