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BACKGROUND Functional mapping in awake craniotomy has the potential risk of electrical stimulation-related seizure. The authors have developed a
novel mapping technique using a brain-cooling device. The cooling probe is cylindrical in shape with a thermoelectric cooling plate (10� 10 mm) at the
bottom. A proportional integration and differentiation-controlled system adjusts the temperature accurately (Japan patent no. P5688666). The authors
used it in two patients with glioblastoma. Broca’s area was identified by electrical stimulation, and then the cooling probe set at 5°C was attempted on it.

OBSERVATIONS Electrocorticogram was suppressed, and the temperature dropped to 8°C in 50 sec. A positive aphasic reaction was reproduced on
Broca’s area at a latency of 7 sec. A negative reaction appeared on the adjacent cortices despite the temperature decrease. The sensitivity and
specificity were 60% and 100%, respectively. No seizures or other adverse events related to the cooling were recognized, and no histological damage
to the cooled cortex was observed.

LESSONS The cooling probe suppressed topographical brain function selectively and reversibly. Awake functional mapping based on thermal neuromodulation
technology could substitute or compensate for the conventional electrical mapping.

https://thejns.org/doi/abs/10.3171/CASE21131
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Awake craniotomy for brain tumors near the functional cortex has
been developed in clinical use since the 1990s.1,2 The guideline has
almost been established,3 and the protocol has been refined.4,5 Lan-
guage cortices are identified by language tasks while the area is
being suppressed by electrical stimulation.6 One drawback to the pro-
cedure is that stimulation-related seizure occurs in the range of
0%–24%,7,8 although a successful attempt for avoiding seizure incl-
uding the train-of-five stimulation technique has been reported.9 This
may cause several accidents, stop the identification of the functional
area, and require changing of surgical strategy. Postoperative seizure
by electrical stimulation for motor-evoked potential monitoring has
been reported as well.10,11 In order to avoid complications, we have
been developing a novel method of brain mapping by focal brain
cooling as a substitute for mapping by electrical stimulation.

It is well known that hypothermia around 32–34°C helps protect
the brain in patients experiencing postcardiac arrest12 or severe

neurotrauma13–16 through the suppression of brain metabolism17

and glutamate release.18 We found that epileptic seizures termi-
nated at 15°C or lower19–28 and found that neuronal function deteri-
orated at 10°C or lower.29,30 The threshold of low temperature for
histological brain damage is not known exactly; however, irrevers-
ible damage occurred neither by continuous cooling at 5°C for 1
hour31 nor by cooling in repeats of 30 sec at 5°C with a 1.5-min
interval for 2 hours.32 From these findings, it can be concluded that
a temperature between 5°C and 10°C enables reversible suppres-
sion of brain function; therefore, it is optimal for functional mapping
based on thermal neuromodulation technology.

In order to terminate a seizure, the cooling device should cover
the epileptic focus with a margin. On the contrary, functional mapping
requires accuracy in bordering. For this purpose, we decreased the
side length of the square cooling plate of our device to 10 mm, which
is smaller than the gyrus width. The challenge we did not anticipate
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was that such a small area of cooling enabled the suppression of the
topographical function superselectively and reproducibly. On the other
hand, we were confident that a cooling device made with a Peltier
chip should be one of the most optimal materials for rapid and accu-
rate temperature control. We report two patients with intraoperative
mapping of the language area using a focal brain-cooling device.

Study Description
Patients

Two patients with glioblastoma multiforme (GBM) in the left hemi-
sphere were included in the study. The patients and their families
agreed to participate in our study after being adequately informed of
the aims, methods, and anticipated benefits, as well as the potential
risks and discomfort associated with their involvement. All patients
had the right to withdraw from the study at any given time.

Cooling Device
A proportional integration and differentiation (PID)-controlled cooling

system for the focal brain was originally developed in our laboratory for
the treatment of intractable epilepsy (Japan patent no. P5688666). The
system consists of a handheld cooling probe (Fig. 1), temperature con-
trol unit, and heat diffusion unit.19,25,26 The probe is a cylindrical acrylic
case (diameter, 16 mm; length, 150 mm) embedded in a thermoelectric
Peltier chip (10 � 10 mm; maximum current: 0.8 A; maximum voltage:
8.8 V; maximum cooling capacity: 4.2 W; Ferrotec) with an attached

silver plate (10 � 10 mm) on the cylinder bottom and a heat sink
inside the cylinder. A thermocouple is mounted on the silver plate so
that the temperature control unit adjusts the temperature using PID
technology. The byproduct heat is collected into the heat sink and is
diffused by the perfused saline to and from a reservoir in the heat-diffu-
sion unit.

The cooling probe was sterilized with ethylene oxide gas 2 days
before surgery or hydrogen peroxide gas plasma 1 day before.

Surgery and Mapping Procedure
Craniotomy was performed under general anesthesia. The loca-

tion of the tumor and central sulcus was identified using neuronaviga-
tion and somatosensory-evoked potentials. Patients were awakened,
and the motor (Broca) and sensory (Wernicke) language areas were
mapped using the language tasks under electrical stimulation. Then,
the cooling probe set at 5°C was placed on the identified Broca’s
area and the cortex surrounding it in order to observe whether the
patient’s response was the same as that with the responses electrical
mapping. Brain surface temperature was measured using a thermo-
couple affixed to the silver plate. The cortex, covering over the tumor
and to be resected in the course of tumor resection, was cooled at
5°C for 5 min and treated as a histopathological specimen in order
to observe the cooling influence in patient 2. Subcortical tract map-
ping was not performed. Tumor resection was performed based on
the electrical brain mapping; therefore, the results of the surgery
were not relevant to analyze the accuracy of the cooling mapping. In
patient 2, the patient’s voice of the number counting was recorded
using a superdirective microphone AG-MC200 (Panasonic) and digi-
tized with 48 kHz of frequency and 16 bit of quantization rate.

The cooling system was used only in clinical research since it
has not been submitted yet to the US Food and Drug Administra-
tion or the Japan Pharmaceuticals and Medical Devices Agency for
review regarding clinical use.

Illustrative Cases
Patient 1

A 78-year-old man was admitted to our hospital because of a
headache lasting for 2 months. Magnetic resonance imaging (MRI)
revealed a ring-enhanced tumor of 44 � 47 � 31 mm in the left
frontal subcortical area. He had no language problems but cognitive
impairment with 68 in full intelligence quotient (IQ), 67 in verbal IQ,

FIG. 1. Components of the cooling device. A cooling probe (A) has a
thermoelectric Peltier chip with an attached silver plate on the cooling
side and a silver heat sink on the other side. The temperature of the
silver plate is controlled by a temperature control unit (B). C: The
byproduct heat is collected to the heat sink and diffused by the per-
fused saline solution to and from a reservoir in the heat diffusion unit.

FIG. 2. Intraoperative photograph of patient 1. Left: Functional map-
ping by electrical stimulation. The red, green, white, and blue markings
indicate the motor and sensory language areas, motor cortex, and
areas with no response to the stimulation, respectively. The area in
the circle indicates the tumor location. Right: The cooling probe is
held by hand and approaches the brain surface.
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and 75 in performance IQ. Tumor removal was performed with awake
craniotomy. After mapping with electrical stimulation (Fig. 2 left), the
cooling probe set at 5°C (Fig. 3 upper) was placed on Broca’s area
and the surrounding cortices (Fig. 2 right). After an average of
50 sec from the attachment of the probe, the brain temperature
decreased to 8°C and then plateaued until the cooling end (Fig. 3
lower). A disturbance of picture naming occurred 7 sec after the tem-
perature reached 8°C. The language function was disturbed three
times during five successful coolings in the Broca’s area, while no
disturbance was noted with the cooling on the surrounding cortex.
The sensitivity and specificity were 60% and 100%, respectively. The
Broca’s area of the patient shifted posteriorly, so the tumor was
totally resected without deficit of language function. No adverse effect
of cooling was observed. Under the diagnosis of GBM, the patient
received radiation therapy and chemotherapy and lived for 11 months
since the onset of the symptom.

Patient 2
A 72-year-old man was emergently admitted because of epileptic

seizures and aphasia. MRI revealed a ring-enhanced tumor of 35 �
35 � 40 mm in the left frontoparietotemporal area. Because the
aphasia persisted, he was unable to name pictures before and during
the awake craniotomy. After the mapping with electrical stimulation
(Fig. 4 left), the cooling probe was placed on the Broca’s area (Fig. 4
right) and the surrounding cortex. Only number counting was per-
formed as the language task. Interruption of the number counting,
the positive aphasic reaction in Broca’s area, was observed three out
of five times, and the negative reactions of the adjacent cortices
were observed five out of five times. The sensitivity and specificity

were 60% and 100%, respectively. After functional mapping, the cor-
tex on the tumor planned to be resected was cooled at 5°C for 5
min. Immediately after the cooling, the cortex was resected in 30
min, and the tumor was extracted. No histological damage in
the cooled area was observed (Fig. 5). The tumor was subtotally
resected. The patient mildly deteriorated in the aphasia postopera-
tively and recovered partly. No adverse events due to cooling were
observed. Under the diagnosis of GBM, the patient received radiation
therapy and chemotherapy and lived for 15 months since the onset
of the symptoms.

Discussion
Observations

Awake functional mapping using the cooling technique was per-
formed safely and successfully in both patients. The results of the
histological tolerance seen in patient 2 proved that cooling at 5°C
can also be applied to the brain area to be preserved. Using the
same procedure with minimal modification of the temperature

FIG. 3. Probe and brain temperatures in patient 1. The upper chart
shows the temperature control of the probe. As the PID feedback con-
trol system attempts to maintain the probe temperature at 5°C, the
temperature fluctuates between 2°C and 8°C. The lower chart indi-
cates the brain temperature; however, the thermocouple measuring
the temperature was placed on the probe surface, not on the brain.
While the thermocouple was removed from the brain in the intervals
between coolings, the temperatures were lower than during the cool-
ing periods. The brain temperature reached 8°C in an average of 50
sec after the attachment of the probe. Among the four cooling trials,
the first and third were successful; in the second trial, the probe had
insufficient contact with the brain, and in the fourth trial, the delay in
the temperature drop was due to the control system.

FIG. 4. Intraoperative photograph of patient 2. Left: Functional map-
ping by electrical stimulation. The red, yellow, white, and blue mark-
ings indicate the motor and sensory language areas, motor cortex,
and areas with no response to the stimulation, respectively. The area
in the circle indicates the tumor location. Right: The cooling probe
was attached to the brain surface. Spring electrodes were prepared
for observation after the discharge.

FIG. 5. Histology of the cooled cortex of the patient 2. Hematoxylin
and eosin staining, low-power (left; original magnification�40) and
high-power (right; original magnification�200) magnifications. No
evident histological damage was observed. The cortex covering the
glioblastoma was cooled at 5°C for 5 min before resection.
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control, we may be able to map the motor area, which is yet
untried. Low-grade glioma will be more optimal for cooling mapping
because of the difficulty in the determination of the resection bor-
der5,33 as compared with high-grade glioma.

Unlike electrical stimulation, cooling has no potential risk of intraopera-
tive epileptic seizures. In the present study, we found no necessity for the
spring electrodes that monitor after-discharge; thus, no space interference
of the mapping probe and the electrodes occurred in the surgical field.
This safe cooling-mapping method could substitute or compensate for
electrical stimulation mapping, especially in the mapping of higher brain
function, which requires a longer period of task and suppression.34 Com-
pared with the point-touch of the electrical stimulation probe, the cooling
probe touches the brain in a two-dimensional plane. It is supposed to be
inaccurate in the determination of the border; however, the cooling probe
suppresses a narrower area as compared with the electrical probe. The
reason is that the cooling effect does not spread like electrical potentials,
and the temperature gradient in the regions surrounding the probe was
steep.29,30 Therefore, a false-positive response was unlikely to occur, as
shown in the two patients.

Sensitivities in the exploration of the Broca’s area were below
100%. Single or any positive reactions in multiple attempts should
be determined positive based on the results of the present study.
The interval from the start of cooling until the appearance of the
aphasia needed 1 min. This is the latency in which the cooling
device at 5°C decreases the brain temperature to 8°C, since the
brain is kept warmer by the circulation of blood. The latency was
longer than when electrical stimulation was used. These drawbacks
are the reasons why the reliability and usefulness of cooling are so
far inferior to electrical mapping. Further investigation of the cooling
technique and gaining cooling power could increase the level of
sensitivity and shorten the reaction period to that of electrical
mapping.

Lessons
We developed a novel brain mapping technique using a thermo-

electric chip mounted probe. Within 50 sec from the start of cooling,
the temperature of Broca’s cortex dropped to 8°C and motor apha-
sia appeared in 7 sec. No aphasia appeared when the adjacent
cortex was cooled. No seizure occurred, and no histopathological
damage on the cooled cortex was observed. The selective, revers-
ible, and safe suppression of brain function by focal brain cooling
possibly compensates for electrical mapping in awake craniotomy.
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