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Selective head cooling has been proposed as a neuroprotec-
tive intervention after hypoxia-ischemia in which the brain is
cooled without subjecting the rest of the body to significant
hypothermia, thus minimizing adverse systemic effects. There
are little data showing it is possible to cool the brain more than
the body. We have therefore applied selective head cooling to our
hypoxia-ischemia piglet model to establish whether it is possible.
Nine piglets were anesthetized, and brain temperature was mea-
sured at the surface and in the superficial (0.2 cm) and deep
(1.7–2.0 cm) gray matter. Rectal (6-cm depth), skin, and scalp
temperatures (T) were recorded continuously. Lowering T-rectal
from normothermia (39°C) to hypothermia (33.5–33.8°C) using
a head cap perfused with cold (6–24°C) water was undertaken
for up to 6 h. To assess the impact of the 45-min hypoxia-
ischemia insult on the effectiveness of selective head cooling,
four piglets were cooled both before and after the insult, and
four, only afterward. During selective head cooling, it was

possible to achieve a lower T-deep brain than T-rectal in all
animals both before and after hypoxia. However, this was only
possible when overhead body heating was used. The T-rectal to
T-deep brain gradient was significantly smaller after the insult
(median, 5.3°C; range, 4.2–8.5°C versus 3.0°C; 1.7-7.4°C; p 5
0.008). During rewarming to normothermia, the gradient was
maintained at 4.5°C. We report for the first time a study, which
by direct measurement of deep intracerebral temperatures, vali-
dates the cooling cap as an effective method of selective brain
cooling in a newborn animal hypoxia-ischemia model. (Pediatr
Res 49: 594–599, 2001)

Abbreviations:
HI, hypoxic-ischemic
SHC, selective head cooling
T-rectal, rectal temperature
T-deep brain, deep brain temperature

Mild and moderate hypothermia can be neuroprotective after
an HI insult (1–6). Hypothermia is thought to interfere with
different damaging cascades, being protective both in itself and
in prolonging the window for effective application of other
neuroprotective strategies, e.g. antioxidant, antiapoptotic, or
antiinflammatory drug treatments. To be clinically useful, hy-
pothermia must be safe. Adverse systemic effects of accidental
total body hypothermia in adults and infants include metabolic,
cardiovascular, hematologic, and immunologic disturbances
(7, 8). One study of mild, moderate, or severe hypothermia
after cardiac arrest in dogs (9) showed best results with mild
hypothermia. The authors suggested this was because of fewer
adverse systemic effects. SHC is a method by which it might be
possible to cool the brain without subjecting the rest of the
body to significant hypothermia. A safety study of SHC after

perinatal asphyxia reported no adverse systemic effects (10),
but the T-rectal in this investigation was only lowered to
35.7–36.3°C. However, a pilot study of both whole body and
head cooling in newborn infants to T-rectal 33.5–34.5°C
showed periods of cardiovascular instability, although no irre-
versible adverse outcomes were reported (11).

It has not yet been shown in humans that it is possible to cool
the brain more than the body. In adults, a cooling cap perfused
with water at 10°C failed to decrease the brain temperature
even in very superficial regions (12), A study of adult neuro-
surgical patients achieved only a 1°C fall in epidural temper-
ature when a cooling cap was added to total body cooling for
8 h, and the T-rectal and intraventricular temperature were
unaffected (13). A recent mathematical model of the human
newborn brain predicted that head cooling would not selec-
tively cool the brain beyond 1.7 cm depth (14). However,
Tadler et al. (15) managed to cool the adult pig brain after
cardiac arrest by 2°C at a depth of 2 cm by using ice packs on
the head. We have previously described a noninvasive new-
born piglet model of a global HI insult (16), in which mild total
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body cooling reduces T-rectal and T-deep brain to the same
degree (17).

We have now investigated whether the piglet brain can be
cooled selectively to a greater extent than the rest of the body,
by circulating cold water through a hollow cap around the
head, while heating the rest of the body. We also examined the
effect of prior hypoxia on the cooling and rewarming charac-
teristics of the brain. These are important problems because in
clinical practice it is currently not possible to measure T-deep
brain directly in newborn infants whose heads are cooled.

METHODS

The protocol was conducted under Home Office license in
accordance with U.K. guidelines. Nine crossbred Landrace/
Large White piglets of either sex were obtained from an
approved farm on the morning of the study. They were main-
tained and monitored before, during, and after the severe,
transient HI insult in accordance with procedures reported
previously (16).

Anesthesia and ventilation. Unrestrained animals were
anesthetized with halothane 2.0% in a closed Perspex box,
followed by endotracheal intubation and mechanical ventila-
tion (Neovent 90, Vickers Medical, Sidcup, U.K.) with halo-
thane, nitrous oxide 65%, and oxygen 35%. Ventilation was
adjusted to keep end-tidal carbon dioxide at 4.5–5.5 kPa.
During this time the inspired oxygen fraction was altered to
maintain transcutaneous arterial oxygen saturation $96% be-
fore and after the hypoxic insult (Masimo SET, Masimo Cor-
poration, CA, U.S.A.).

Vascular access and fluids. An ear vein, an umbilical artery,
and the umbilical vein were catheterized for repeated blood
sampling and the infusion of fluids (3.75% dextrose and 0.45%
saline at 7.5 mL/kg/h).

Cardiac monitoring. Mean arterial blood pressure was re-
corded from the umbilical artery.

Temperature monitoring. Temperatures were recorded from
a rectal probe inserted to 6 cm from the anal margin and from
surface probes on the thigh (designated skin temperature
probe) and the scalp (fontanelle temperature probe; 400 series,
Yellow Springs Instrument Co, Inc, Yellow Springs, OH,
U.S.A.). Brain temperature was measured with two or four
sensors, designated as A, B, C, and D (Fig. 1). Needle ther-
mocouple probes A and B (superficial and deep transosseous,
respectively) were inserted laterally through the skull into the
brain on a horizontal plane running from the upper anterior ear
margin to the lateral canthus of the eye with the piglet head in
a level, standardized position. The anterior probe (A) was
inserted 0.2 cm into the cerebral cortex, and the posterior probe
(B), 1.7 cm into the deep gray matter fixed to a rigid platform.
Thermistor probes C and D (400 series, Yellow Springs In-
strument Co, Inc) were embedded into a 1.0-cm-diameter
acrylic disc that was sealed into an artificial lateral fontanelle
posterior to the bregma (the newborn piglet has no patent
fontanelle). Probe C was in the epidural space beneath the
skull. The tip of probe D was 2 cm vertically from the brain
surface and 0.5 cm posterior to the bregma. Each probe was
calibrated to within 60.1°C, over a temperature range of

20–40°C, against a certified mercury in glass thermometer
(Zeal, London, U.K.). The rectal, skin, fontanelle, epidural, and
type D deep brain probes were connected to an Olympic
Medical Cool Care System (Seattle, WA, U.S.A.) SHC device,
which recorded and stored temperatures at 1-min intervals. All
physiologic variables were recorded manually at 10-min inter-
vals, and continuously onto a chart recorder (Gould Instrument
Systems, Ilford, Essex, U.K.) throughout the experiment.

Normal piglet core temperature (39°C) was maintained by
an overhead radiant heater (Fisher & Paykel Infant Warmer,
Aukland, New Zealand) positioned 80 cm above the piglet and
giving 30% (median) of maximum output, providing an ambi-
ent cot temperature of 28°C (range, 27–30°C). During SHC,
100% overhead heating was commenced when the rectal tem-
perature reached 35°C, raising the ambient cot temperature to
a median of 32°C (range 30–35°C). A reflective insulating
shield (Olympic Medical) was placed over the piglet head to
ensure that the overhead heater warmed only the exposed body
below the neck.

EEG monitoring. Single-channel parietal EEG was re-
corded during the insult and cooling-rewarming periods (Ox-
ford Medilog 9000, Oxford Medical Systems Ltd, Oxford,
U.K.).

Fig. 1. Photograph of a coronal slice through one hemisphere of the newborn
piglet brain marking the position of the four brain temperature sensors A (0.2
cm into cortex), B (1.7 cm into deep gray matter), C (epidural), and D (2 cm
into deep gray matter).
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Head cooling cap. A custom made cooling cap with a
network of circulating water channels (Cool Care System,
Olympic Medical) was obtained for this study. It was fitted
around the head and snout, avoiding contact with the neck. A
disposable diaper around the cap acted as an outer insulating
layer. The temperature of the circulating water could be ad-
justed from 6 to 24°C.

After insertion of the monitoring equipment, the piglet was
placed in prone position and rested for a 60-min stabilizing
period. Group A (n 5 4) then underwent preinsult cooling-
rewarming, followed by the insult then postinsult cooling-
rewarming. Group B (n 5 4) proceeded directly to the insult
followed by postinsult cooling-rewarming. Cooling was in-
duced by the circulation of cooled water through the cap,
initially at 6°C, with no overhead heating. When the T-rectal
fell to 35°C, overhead heating was commenced at 100%. A
steady-state was then achieved by adjusting the cap tempera-
ture to that which allowed the maximal overhead heating to
maintain a stable T-rectal. The median cap temperature that
stabilized T-rectal and T-deep brain was 10°C (range,
6–16°C). After 20 min of temperature equilibration, rewarm-
ing was started with 2–6°C increments in cap temperature,
with stabilization at each increase, until 24°C (the maximum
cap set temperature) was reached. The water flow was then
switched off, with the water-filled cap left in situ. Warming
with the overhead heater was continued until T-rectal was
39°C. A ninth piglet followed the same protocol as group A,
but the overhead heater was not turned on until T-rectal had
fallen to 31°C.

Acute cerebral HI. The inspired oxygen concentration was
lowered abruptly to 4 to 6% to reduce the real-time EEG record
to a background amplitude of ,7 mV. The insult was termi-
nated after 45 min, and the piglet was resuscitated with an
increased inspired oxygen concentration until the transcutane-
ous arterial oxygen saturation was maintained at $96%.

Histopathology. The brains were perfusion fixed as previ-
ously reported (16). The position of the temperature probes
was verified from 6-mm serial sections, an example of which is
shown in Figure 1. There were no gross hemorrhages caused
by probe insertion.

Data analysis. For comparisons of discrete variables within
and between groups, t test (paired or unpaired) was used for
parametric and Mann-Whitney U test for nonparametric data.

Fig. 2. Temperatures recorded at 1-min intervals from skin, rectum, deep brain
(probe D, Fig. 1), epidural space (probe C, Fig. 1), fontanelle, and water in the
cap for a piglet that was cooled only after the insult (group B). The figure
demonstrates that a stable T-deep brain to T-rectal gradient is achieved by
increasing the skin temperature using the overhead heater and lowering brain
temperature by reducing the temperature of water in the cap. Time period A
represents baseline with a small amount of overhead heating to maintain
normal T-rectal. Period B is when the overhead heater is off, and the cooling
cap is set to 6°C. In period C, the overhead heater is maximal, and cold water
is circulated through the cooling cap at increasing temperatures to determine
the cap temperature that balances full overhead heating at a stable T-rectal.
During period D, the overhead heater remains on full, but the circulation in the
cap is stopped with the cap left in situ. Period E is when the overhead heater
is turned down to maintain normal T-rectal.

Table 1. Temperature values during cooling and rewarming

Period

Group A (n 5 4)
Group B
(n 5 4)

Preinsult cooling Postinsult cooling Postinsult cooling

Temperature during cooling
Lowest T-rectal (°C) 33.7 (32.8–34.7) 33.5 (33–35.2) 33.8 (33–34.7)
Lowest T-deep brain (°C) 28.5 (24.3–30.3) 30.6 (25.6–33.2) 29.5 (24.2–32.3)
T-rectal 2 T-deep brain gradient (°C) 5.3 (4.2–8.5) 3.0* (1.7–7.4) 4.3 (2.4–8.8)

End rewarming
T-deep brain when T-rectal reached 39°C (°C) 34.8 (31–36.3) 34.5 (34.3–35.5) 34.2 (32.5–36.5)
T-rectal 2 T-deep brain gradient when T-rectal

reached 39°C
4.3 (2.7–8.0) 4.5 (3.5–4.7) 4.9 (2.5–6.5)

Values are median (range). * Different (p # 0.05) results after hypoxia-ischemia.
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A probability value ,0.05 was considered significant
(two-tailed).

RESULTS

The nine piglets used had a median age of 7.5 h (range, 3–24
h), with a median weight of 1485 g (range, 1180–1760 g).

During head cooling and body warming, it was possible to
cool the brain more than the body, and create a T-rectal to
T-deep brain gradient in all animals both before (group A) and
after (groups A and B) hypoxia (Table 1). This gradient was
significantly smaller after the hypoxic insult; the median peak
gradient during cooling before hypoxia was 5.3°C, and after
the hypoxic insult, 3.0°C. When the T-rectal to T-deep brain
gradient was at its largest during cooling, there was also a
marked skin to rectal gradient in all pigs, the skin being
warmer than T-rectal by a median of 2.5°C (range, 1.7–3.5°C).
Figure 2 illustrates changes in temperature during cooling and
rewarming after an HI insult in one piglet from group B. The
T-rectal to T-brain gradient was created when the overhead

heater was turned on. The cooling cap temperature was in-
creased in steps from 6°C to the temperature that stabilized
T-rectal when the overhead heater was set at 100%. Figure 3
shows how a T-deep brain to T-rectal gradient was accom-
plished with the use of overhead heating. During cooling
before the insult, the overhead heater was first set to 100%
output when the T-rectal had fallen to 31°C, and the T-deep
brain was 32°C (labeled B). Head cooling without overhead
heating simply cooled the whole animal. During cooling after
the insult, the overhead heater was turned on when T-rectal
reached 35°C, and a T-rectal to T-deep brain gradient of 2°C
was obtained (labeled C). D was when the cap temperature was
increased to 24°C, and the flow in the cap was stopped. Figure
4 shows the mean temperature changes for the four piglets in
group A (cooled and rewarmed both before and after the HI
insult). Two cooling-rewarming periods are shown, the second
starting directly after the end of the hypoxic insult. The T-
rectal to T-deep brain gradient was reduced after the H1 insult
(Table 1). Table 2 shows the cardiovascular measurements
during the cooling-rewarming periods. There was no signifi-
cant difference in any variable between groups A and B during
cooling after hypoxia, although group B had more severe
insults (by chance) and tended to be more compromised as
shown by lower blood pressure, pH, and base excess values
after hypoxia.

Fig. 3. The importance of the overhead heater in creating a T-rectal to T-deep
brain gradient is shown. In this pig, at the start of the experiment the overhead
heater was off and the cooling cap was set to 6°C, but the overhead heater was
not commenced when T-rectal reached 35°C (as it was in the other pigs). The
graph shows that T-rectal fell in parallel with brain temperature until full
overhead heating was commenced at rectal temperature of 31°C, and it was
only at this point that a T-rectal to T-deep brain gradient was created.

Fig. 4. Changes in temperature (mean 6 SEM) of skin, rectum, superficial
(probe A), and deep brain (probe B) during cooling and rewarming before and
after the hypoxic insult in four pigs from group A. Labels B–E on the x axis
are defined as in Figure 2.
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DISCUSSION

We demonstrate for the first time by direct measurement of
intracerebral temperatures that a cap circulated with cold water
is an effective method of selective brain cooling in piglets. This
study shows that it is possible to cool the brain more than the
body and, by using a combination of overhead heating and a
head cooling cap, to create a substantial T-rectal to T-deep
brain gradient. An overhead body heater is essential in the
creation of the T-rectal to T-deep brain gradient, and head
cooling without overhead heating leads to total body cooling.
The skin of the trunk has to be warmer than core (deep rectal)
for the brain to be colder than core.

In adults, the temperature of the brain is higher than that in
the core by 0.5°C, and there are temperature gradients within
the brain. In a magnetic resonance spectroscopy study on
healthy human adults, the thalamus was 37.7°C and the frontal
cortex was 37.2°C (18). In adult neurosurgical and stroke
patients with brain injury, brain temperature was 1–3°C higher
than core temperature (13, 19). Although similar measurements
are not available for newborn human babies, SHC may not
only be potentially useful in the prevention or reduction of
systemic side effects, but also in the prevention of selective
deep brain hyperthermia after an HI insult.

Our direct measurements of brain temperature in this paper
do not support the recently published mathematical heat ex-
change model of SHC in the newborn human baby (14). There
are, of course, differences between the pig and the human baby.
The newborn piglet weighs around 1.6 kg and the newborn
human 3.2 kg; the piglet brain comprises 2.3% of total body
weight (20) and is only 4.5 cm in coronal width, whereas in the
human newborn the brain comprises 15% of body weight. The
piglet cooling cap covered 100% of all available head surface
area (including the face and snout but not the ears and neck),
but in the human newborn the cap specifically avoids the face

and forehead (which represent 45% of the total head surface
area). On the other hand, it may be easier to cool the brains of
newborn infants selectively because of the presence of the
anterior and posterior fontanelles and an ability to lose heat
from the upper airway during respiration (21). There are heat
exchangers in human babies, like the approximation of the
carotid siphon to the cavernous sinus, the proximity of the
carotids to the upper respiratory tract, and the vertebral arteries
passing through the vertebral venous plexus. There are also
functional peculiarities in the vasculature of the newborn head.
In human babies vasoconstrictor reflexes are absent from the
forehead, potentiating heat loss from the head (22). Moreover,
the circulation of the pig brain differs from that of the human.
The piglet has a rete caroticum (23), which is a multichanneled
version of the human internal carotid artery. The rete is sur-
rounded by the cavernous sinus, and this forms an effective
heat exchange mechanism. It has been shown previously that
the core and brain temperatures in nonrete animals (such as
humans) are closer to each other than they are in rete animals
(24), but we have found, however, during normothermia and
total body hypothermia that T-deep brain and T-rectal were
within 0.5°C of each other in the pig (17). Increased blood flow
is expected to make it more difficult to maintain a gradient.
Cerebral blood flow values are reported to be 40–60 mL/100
g/min in the newborn piglet, which is slightly higher than in the
human infant. The fact that we were able to create a T-rectal to
T-deep brain gradient of up to 8°C in a species with high
cerebral perfusion is very encouraging. One can speculate that
it should be easier to cool a smaller and more immature brain
with lower cerebral blood flow as in the premature baby
compared with a large term infant.

In our study, the median rectal to deep brain gradient was
significantly smaller after the insult (3°C versus 5.3°C), which
may reflect a transient period of early post-HI hyperperfusion.

Table 2. Physiologic variables for cooling before and after hypoxia-ischemia (group A) or only after hypoxia (group B)

Variable

Group A (n 5 4) Group B (n 5 4)

Before HI After HI After HI

Heart rate (beats/min)
End of HI 221 (140–260) 156 (148–200)
Baseline 159 (136–161)
Coldest 101 (91–140) 150 (119–178) 120 (101–160)
End of rewarming 175 (140–190) 201 (190–228) 215 (163–150)

MABP (mm Hg)
End of HI 34 (32–39) 27 (20–38)
Baseline 53 (52–60)
Coldest 51 (48–56) 46 (42–58) 36 (32–44)
End of rewarming 52 (43–62) 49 (31–54) 44 (39–51)

Arterial pH
End of HI 7.04 (6.96–7.35) 6.94 (6.66–7.04)
Baseline 7.51 (7.47–7.62)
Coldest 7.52 (7.49–7.56) 7.35 (7.26–7.49) 7.14 (6.85–7.29)
End of rewarming 7.54 (7.52–7.58) 7.48 (7.42–7.53) 7.31 (7.1–7.62)

Arterial BE (M)
End of HI 223 (224.0 to 213.3) 222.9 (229.8 to 218.0)
Baseline 8.7 (5.9 to 14.5)
Coldest 11.1 (6.6 to 14.0) 25.6 (210.7 to 20.8) 213.5 (226.6 to 21.9)
End of rewarming 11.5 (8.5 to 15.8) 6.0 (23.4 to 10.9) 213.5 (215.6 to 21.9)

Values are median (range).
Abbreviations: HI, hypoxia-ischemia; BE, base excess.

598 THORESEN ET AL



The period of cooling in this study was short because it was not
the aim to maintain a gradient long term. However, it is
possible to maintain a T-rectal to T-deep brain gradient of
.3°C for 24 h of hypothermia in this model (Thoresen M,
personal communication).

It is very encouraging that despite moderate to severe hy-
pothermia of the brain surface, we have found no gross hem-
orrhages caused by probe insertion, or deranged coagulation.

Our results show that SHC is possible in a piglet model of
global hypoxia. SHC allows the T-rectal to be kept at a
significantly higher temperature than the brain, which could
potentially reduce the side effects of systemic hypothermia and
improve neuroprotection. Until it is feasible to measure T-deep
brain safely and noninvasively in the human brain, we believe
the newborn pig may be the closest approximation available to
us. At present it is reasonable to expect that SHC is also
effective in the term infant, although we do not know whether
a temperature gradient can be maintained for the deepest parts
of the brain.
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