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Abstract

MRI-guided and monitored focused ultrasound thermal surgery of brain through intact skull was tested in three rhesus monkeys. The aim of this
study was to determine the amount of skull heating in an animal model with a head shape similar to that of a human. The ultrasound beam was
generated by a 512 channel phased array system (Exablate® 3000, InSightec, Haifa, Israel) that was integrated within a 1.5-T MR-scanner. The
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kin was pre-cooled by degassed temperature controlled water circulating between the array surface and the skin. Skull surface temperature was
easured with invasive thermocouple probes. The results showed that by applying surface cooling the skin and skull surface can be protected, and

hat the brain surface temperature becomes the limiting factor. The MRI thermometry was shown to be useful in detecting the tissue temperature
istribution next to the bone, and it should be used to monitor the brain surface temperature. The acoustic intensity values during the 20 s sonications
ere adequate for thermal ablation in the human brain provided that surface cooling is used.
2006 Elsevier Ireland Ltd. All rights reserved.

eywords: Ultrasound; High-intensity focused thermal ablation; Brain; MRI; Ultrasound surgery

. Introduction

Applying focused ultrasound surgery in the brain has been
ampered by the presence of the skull, which distorts the ultra-
ound beam due to its variable thickness and high sound speed
1]. In addition the skull causes excessive tissue temperatures as
result of its high acoustic attenuation coefficient [2]. For this

eason clinical ultrasound surgery of brain tissues has only been
xplored through an acoustic window that was created by remov-
ng a piece of bone [3,4]. Although low frequency focusing of
ltrasound through some locations of human skull was shown to
e feasible [5], noninvasive brain surgery has not been explored
ntil several key advances that occurred in recent years. First, it
as demonstrated that large area phased arrays can be used to

orrect the beam distortion induced by the skull [6]. This and a
eries of numerical simulations [7] have led to the development
f large hemispherical arrays [8] that maximize the focusing
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gain and thus minimize the skull heating. Second, a noninvasive
method that uses CT-derived information to correct for wave
distortion was developed and tested [9]. Based on these stud-
ies, an experimental system (ExAblate® 3000, InSightec, Haifa,
Israel) was designed for pre-clinical application and tested with
ex vivo human skulls and in vivo rabbit brains [10]. In this paper,
the system was further tested in primates to establish the clin-
ical feasibility of the approach. Due to the small size of the
primate head, which limited the exposure levels that we could
apply, these experiments were designed to establish the maxi-
mum intensity levels that could be delivered through the living
skull bone.

2. Methods

2.1. Sonication system

Based on ex vivo human skull [11] and animal experi-
ments [10] a clinical prototype ultrasound system was developed
(ExAblate® 3000). This system consisted of a hemispherical
ultrasound array with 512 equal area elements and a radius
720-048X/$ – see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.ejrad.2006.04.007
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Fig. 1. (a and b) A diagram of the complete sonication system and a photograph of the array and the manual positioning mechanism.

of curvature of 15 cm (frequency = 670 kHz, manufactured by
Imasonic, Besancon, France). Each of the array elements were
driven with a separate RF line with independent amplitude and
phase control. The multi-channel RF driver was under computer
control. The hemispherical array was positioned on its side and
connected to a three dimensional manual positioning device that
allowed the array to be aimed in the target volume (Fig. 1a and b).

2.2. Animals

The MRI-guided focused ultrasound system was tested in
three rhesus monkeys. The animals were anesthetized with a mix
of ketamine (10 mg/kg) and xylazine (1.25 mg/kg) prior to the
experiments. The hair on the head of each monkey was removed
with clippers and hair-removing lotion prior to the experiments.

The animal was positioned on its back, and its head was held
in place with an acrylic holder so that the brain was centered
in the ultrasound array. The head was inserted through a hole
in a latex membrane that was slightly smaller in diameter of
the head. The membrane was secured to the edges of the array
thereby creating a watertight compartment between the array
surface, the membrane, and the skin on the head. This space was
filled with temperature controlled, degassed, circulating water
to both couple the ultrasound to the head and to cool the skin
and skull. During the first experiments, it was observed that the
latex membrane used to couple the head to the array restricted
the motion of the array with respect to the head. The membrane
was so tight that when the array was moved, it also shifted the
head. Since immobilization and registration of the head is crit-
ical, it was determined that a new design was required to allow
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ig. 2. (A) An axial CT-scan of one of the monkeys showing the skull bone. (B)
f each ultrasound beam superimposed on T2-weighted sagittal FSE image as
urface are demonstrated by the length of the green and blue-colored lines.
imaging of one animal placed within the ultrasound array with the central lines
rated in the figure. The various distances from the array elements to the skull
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the transducer array to be freely moved to target the desired
locations. A new membrane was designed by InSightec to allow
better lateral motion and it was used in the last animal experi-
ment. The animals were sacrificed after the sonications, and a
necropsy was performed.

2.3. Sonications

Prior to the sonications, each animal was imaged with a
Siemens SOMATOM CT Scanner (FOV = 20 cm, slice thick-
ness = 1 mm). A bone reconstruction kernel was used to acquire
image intensities proportional to the bone density (Fig. 2A). In
the beginning of the experiments, the array position was imaged
using either Fast Spin Echo (FSE) or Gradient Echo (GE) images
(Table 1). The images showed the array outline with markers
that allowed the location of the geometric focal spot to be deter-
mined from the images. Then the animal head was imaged with
three orthogonal sets of T2-weighted FSE images (Table 1) to
localize the head and the skull. The CT and MRI images were
co-registeredby using an overlay display that allowed visual
inspection and manual alignment. This procedure made it pos-
sible for the system to use the CT information of the bone shape
and density in the ultrasound propagation algorithm to determine
the driving signal (amplitude and phase) for each transducer ele-
ment to achieve a well-focused beam through the skull [9]. In
addition, this identification of the skull bone allowed the system
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one plane from phase-difference images of a fast spoiled gradi-
ent echo sequence (3) (Table 1). A temperature sensitivity of
−0.010 ppm/◦C was used [12]. The temperature history was
used to calculate the thermal dose with the formula proposed
by Sapareto and Dewey [13].

3. Results

The MRI thermometry acquired during sonications in the first
monkey revealed a non-uniform temperature distribution on the

Fig. 3. The MRI thermometry image after 20 s heating showing the temperature
distribution around the skull in the first two monkeys. (A) Uniform ultrasound
intensity was used at the array surface. The ellipse enclosed the hot spot induced
by non-uniform skull surface intensity. (B) Uniform ultrasound intensity was
used at the outer surface of the skull.

T
P

S ain Field of
view (cm)

Matrix
size

Slice thickness
(mm)

Bandwidth
(kHz)

NEX

T 24 256 × 256 3 31 2
G 24 256 × 256 3 31 1
F 32 256 × 128 5 or 10 3.6 1
o determine the entrance angle of the beam for each transducer
lement (Fig. 2B).

The target location was selected from the MR images. To tar-
et the desired location, the array was mechanically moved with
espect to the head’s position. This targeting was accomplished
y three manual lead screw sliders in the array holder. The soni-
ations were performed while acquiring MR temperature images
n planes oriented along the focus. The 20 s sonications were
elivered at a frequency of 0.67 MHz [8] with acoustic powers
etween 20 and 300 W. A total of 28 sonications were performed
n these monkeys. The sonications in the first monkey were per-
ormed with uniform intensity emitted from the array elements.
he next two monkeys were sonicated so that a uniform intensity
as incident across the skull surface.
In the second and third animal, thermocouple probes were

nserted under the skin so that the sensors were adjacent to the
kull bone. The thermocouples were in-house manufactured by
wisting 0.05 mm diameter copper and constantan wires (Cali-
ornia Fine Wire Co., Grover Beach, CA). The junction was sol-
ered and left bare to avoid artifacts induced by the sonications.

Experiments were performed by focusing the beam in var-
ous locations within the brain while imaging the temperature
levation with the MRI. Temperature images were acquired in

able 1
arameters used in the MR imaging

equence TR (ms) TE (ms) Flip
angle (◦)

Echo tr
length

2-weighted FSE (planning) 2000 80 90 8
radient echo (planning) 100 5.4 30 N/A
SPGR (temperature) 38.4 19.1 30 N/A
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Fig. 4. Temperature–time curves of three thermocouple probes inserted under
the skin and on the skull in one experiments. The initial temperature of
16–17.5 ◦C was reached after the circulating water temperature was circulat-
ing at approximately 12 ◦C. The rectal temperature of the animal was 33.3 ◦C.
The average sonication intensity at the skull surface was approximately 3 W/cm2

and the duration of the sonication was 20 s.

skull surface (Fig. 3A). This outcome was due to the asymmetric
shape of the skull and the variable distance between the skull
bone and the surface of the transducer array. This resulted in
a variable intensity, and thus a non-uniform temperature rise
at the bone surface. To avoid uneven heating, the ablation sys-
tem was upgraded to have an operating mode that allowed the
distance between the skull and the array elements to be taken
into account so that a uniform intensity was delivered on the
bone surface (Fig. 2B). In the second and third experiment, this

operating mode was used, and a more uniform temperature ele-
vation was observed on the skull surface (Fig. 3B). Since this
functionality was not available in the first experiment, only the
last two experiments will be analyzed in detail for the skull
heating.

The thermocouples on the skull showed that the circulat-
ing water temperature (approximately 12 ◦C) reduced the skull
surface temperature to 16–18 ◦C. During the 20 s sonication
the bone surface temperature increased proportionally to the
applied acoustic intensity and then returned to the baseline
within approximately 5–7 min after sonication (Fig. 4). The ther-
mocouple probes measured a maximum temperature elevation
of approximately 8 ◦C/W/cm2 on the outer skull surface. The
average temperature elevation over all of the probes and soni-
cations was 6 ± 2 ◦C/W/cm2. The MRI measurements using the
ten hottest voxels of those that neighbored the skull in the image
plane resulted in an average slope of 6.6 ± 0.7 ◦C/W/cm2. The
average temperature rise over the entire heated skull surface was
4.5 ± 0.4 ◦C/W/cm2 (Fig. 5).

The brain surface temperature also increased during the son-
ications, as determined by the MRI thermometry. The average
temperature elevation over the brain surface for all sonica-
tions for both animals as plotted in Fig. 5 was 2.6 ± 0.2 and
4.0 ± 0.2 ◦C/W/cm2 when just the 10 hottest voxels were ana-
lyzed. The brain surface temperature decayed to approximately
half of its peak value approximately at two min after the end of
t
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ig. 5. The MRI thermometry derived average temperature increase (±S.D.) in
easurements included all of the voxels during MR-thermometry next to the sk
he sonications (Fig. 6A). The temperature elevation decreased
apidly as a function of depth (Fig. 6B) such that the temperature
levation was reduced to 50% of the surface value at a depth of
mm.

Thermal dose maps were then calculated from the time his-
ory of temperature maps. The thermal dose is an index that

ft tissues just on the skull surface (left) and on the brain surface (right). These
er the area where temperature elevation was observed.
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Fig. 6. (A) The brain surface temperature elevation derived from the MRI thermometry as a function of time. The temperature maps had motion artifacts that were
corrected using three reference locations outside of the heated volume. (B) The temperature elevation at the end of the sonication as a function of the depth in the
brain.

takes both the temperature and the time into account and has
been shown to correlate well with the onset for tissue dam-
age. Fig. 7 shows coronal dose maps of the brain, which was
outlined. The gray color indicates regions that reached 17.5-
equivalent minutes at 43 ◦C. A dose of 17.5 min has been shown
to be the value where the probability for thermal brain dam-
age is approximately 50% [14]. The post-mortem evaluation of
the brain revealed several discolored spots on the brain surface
(Fig. 7B) that indicated thermal coagulation of the tissue. These
locations correlated with hottest regions and pixels in the dose
maps, predicted by the MRI thermometry in the imaging planes,
indicating damage in discrete areas at the top and sides of the
head.

The cumulative thermal exposure of all of the sonications for
the third animal was also calculated and is shown in Fig. 7C
when intensities up to 3 W/cm2 were used. This figure shows
that at the accumulated thermal exposure was not enough to
cause tissue damage on the brain surface. Gross inspection of
the brain surface after the experiments did not show any damage
(Fig. 7D).

4. Discussion

These results continue to support our earlier hypothesis [6],
as well as in vivo rabbit brain sonications through ex vivo
human skulls [10], and simulation studies [2,7] that ultrasound
induced, completely noninvasive, thermal ablation of human
brain tissue may be feasible. From these results, however, it
appears that cooling of the coupling water is required in order to
keep the outer skull surface temperatures within an acceptable
range.

4.1. Skin and skull surface cooling

The experiments demonstrate the importance to perform son-
ications so that the ultrasound intensity on the bone surface
is uniform, thus reducing the potential for power-limiting hot
spots on the skull surface. The skin and the outer skull surface
were further protected by the cooling of the circulating water. A
skull surface temperature of 16–18 ◦C was measured when the
water was cooled to approximately 12 ◦C. By cooling the skull
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Fig. 7. The MRI thermometry derived thermal dose maps in coronal plane and photographs of the brain surface of the two animals that had sonications with uniform
skull surface intensity. (A and B) Animal no. 2 with sonications up to 5 W/cm2 surface intensity and one sonication where the animal moved increasing the intensity at
the skull. The thermal dose map shows above threshold doses in several areas, and the photograph shows clear thermal damage on the brain surface (reddish colored
areas). (C and D) Animal no. 3 that was sonicated at intensities up to 3 W/cm2. Only a few voxel shows above the threshold dose and the photographs shows normal
brain surface. The body temperature of this animal was measured with a rectal probe to be approximately 33 ◦C and thus the baseline brain surface temperature was
estimated to be approximately 30 ◦C based on our simulation study [2]. The approximative location of the temperature monitoring image is indicated on the brain
photographs.

surface and skin, for example to 17 ◦C, the sonication could
increase the skull temperature by 25 ◦C without inducing unde-
sired effects (absolute temperature <42 ◦C). The thermocouple
probes measured a maximum temperature elevation of approx-
imately 8 ◦C/W/cm2, and the MRI measurements using the ten
hottest pixels gave an average slope of 6.6 ± 0.7 ◦C/W/cm2.
When all of the voxels next to the skull were used an average tem-
perature rise over the heated skull surface of 4.5 ± 0.4 ◦C/W/cm2

was detected. In pig experiments [15] the average skull surface
temperature elevation was 3.4 ± 1.1 ◦C/W/cm2 indicating that
the primate skull may absorb higher levels of the energy trans-
mitted by ultrasound.

4.2. Brain surface

The outer surface of the brain also heated up due to
the energy absorption in the bone. The slope of the fitted
data gave a temperature elevation across the brain surface of
2.6 ± 0.2 ◦C/W/cm2 with the hottest voxels giving an aver-
age value of 4.0 ± 0.2 ◦C/W/cm2. In similar pig experiments
[15] the average brain surface heating was observed to be
2.2 ± 0.5 ◦C/W/cm2, again demonstrating a slight difference
between a primate and pig skull. If 42 ◦C were used as the limit
for the brain temperature then 1.25 W/cm2 would be the inten-
sity limit for the 20 sonications. Since this heating is localized
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close to the brain surface the impact of the temperature eleva-
tion could be reduced by cooling the brain surface. Based on
our simulation study [2] the cooling of the skin will extend into
the brain. In the simulations, a 15 ◦C skin surface temperature
was able to reduce the skull inner surface temperature (and thus
the brain surface temperature) to 34 ◦C. In these simulations,
the skull temperature had not yet reached a steady state and
thus even lower temperatures could be expected. There is also
experimental evidence of reaching brain temperature of 34 ◦C
from brain injury studies where scalp cooling was explored [16].
Therefore, even in the most aggressive cooling situation the tem-
perature elevation on the brain surface is the intensity limiting
factor for transcranial sonications.

4.3. Human treatments

Due to the small size of the monkey brain, the focal spot dis-
tance from the skull was as low as approximately 20 mm or less.
Thus, it was not possible to induce brain tissue coagulation at the
focus without overheating the brain surface. Based on the tem-
perature elevation measured, it can be predicted that an acoustic
power of approximately 600 W would be required to elevate the
focal temperature above the tissue coagulation threshold. An
intensity of for example 2 W/cm2 for 20 s would provide a total
acoustic power to approximately 1000 W if a surface area of
500 cm2 would have been covered [17]. One should note that
t
s
i

s
b
w
p
o
d
i
w
m
t
m
a
t
p
e
w
c
f
m
t
s
t
e
d
t

f

tions close to skull with a single sonication. A multi-sonication
approach has been shown to reduce limitation of sonication
power and the resulting skull heating [18]. The skull heating can
be further reduced using gas bubble enhanced heating [19,20] or
direct mechanical tissue destruction induced by cavitation [21]
since both of these methods can reduce the time average power
required. The applied ultrasound power can be further reduced
by using preformed gas bubbles injected in the blood stream to
enhance the heating and tissue damage [22,23]. Focal surgery
of brain tumors may also be possible by using the ultrasound to
release drugs from temperature sensitive carriers [24] at low tem-
peratures or using the focused beam to disrupt the blood–brain
barrier for the delivery of toxic molecules that could selectively
target the brain cells [25]. This method may allow also molecu-
lar delivery for the treatment of many brain dysfunctions beyond
surgery. All of the above approaches will require lower skull sur-
face intensities than the thermal coagulation of brain tissue and
thus, they should be feasible with the method described here.

So far, focused ultrasound was also used with an invasive
hydrophone to aid in the focusing through the skulls of sheep
[26]. Those experiments showed focal lesions without signif-
icant side effects in an animal brain. This group used cooling
of the skull but did not measure the skull surface temperatures.
Based on our experiments, the skull heating should have been a
problem with in the experiments if purely thermal tissue coagu-
lation was used. However, the insertion of a hydrophone in the
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he brain surface cools relatively slowly after ultrasound expo-
ures and thus, careful selection of adequate sonication intervals
s mandatory when multiple sonications are used.

In two of the three animals, the post-mortem evaluation
howed several spots of thermally coagulated tissue on the outer
rain surface. In the first animal, the damaged tissue correlated
ith excessive thermal dose on the brain surface during the high
ower sonications and uneven intensity distribution. In the sec-
nd animal, the thermal dose analysis of the temperature images
emonstrated that the damage could be correlated to the first son-
cation when the animal moved and the focus-to-bone distance
as less than 10 mm. The thermal dose maps of the third ani-
al did not show any areas that received a thermal dose above

he threshold for damage. This finding was verified in the post-
ortem examination, indicating that the MRI thermometry was
reliable predictor of the tissue damage and that on-line MRI

hermometry should be used for monitoring and control of the
atient treatments to assure safety. However, this requires knowl-
dge of the baseline temperature of the tissue which is not yet
ell known during extensive skin cooling. For our thermal dose

alculation in these monkeys, we used an estimate of brain sur-
ace temperature of 30 ◦C due to the aggressive skin cooling and
easured body temperature of approximately 33 ◦C. Based on

he thermal dose maps it was possible to use skull surface inten-
ity up to 3.0 W/cm2 without evidence of lethal dose values on
he brain surface. It should be noted that since there often is
xcess noise in the MRI temperature maps right at the surface
ue to the effects of the neighboring bone, it is possible that
hese voxels were influenced by noise.

Skull heating limits the ultrasound power available for the
ocal tissue coagulation and may prevent coagulation of loca-
rain will introduce gas and can enhance the temperature ele-
ation, so a direct comparison between their results and those
resented in this paper may not be possible.

Due to the small size of the head of the monkeys, our exper-
ments could not test the focusing ability of the system. Ex vivo
uman skulls have shown that a propagation algorithm that takes
he CT derived bone density into account will provide reliable
ocusing through human skulls [9]. A similar method has also
een proposed and tested by others [27]. However, clinical tri-
ls are ultimately required to determine if the ex vivo human
kull derived speed of sound [28] and attenuation values [2] are
ccurate enough for the proposed work.
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