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Developing minimally invasive brain surgery by high-intensity focused ultrasound beams is of great
interest in cancer therapy. However, the skull induces strong aberrations both in phase and
amplitude, resulting in a severe degradation of the beam shape. Thus, an efficient brain tumor
therapy would require an adaptive focusing, taking into account the effects of the skull. In this paper,
we will show that the acoustic properties of the skull can be deduced from high resolution CT scans
and used to achieve a noninvasive adaptive focusing. Simulations have been performed with a full
3-D finite differences code, taking into account all the heterogeneities inside the skull. The set of
signals to be emitted in order to focus through the skull can thus be computed. The complete
adaptive focusing procedure based on prior CT scans has been experimentally validated. This could
have promising applications in brain tumor hyperthermia but also in transcranial ultrasonic imaging.
© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1529663

PACS numbers: 43.26f, 43.20.El, 43.20.Jr, 43.35.d@\JS]|

I. INTRODUCTION to correct both phase and amplitude aberrations induced by
the skull. Then, steering the sign&lsvould enable one to
Extracorporeal ablation of human tumors using High-precisely heat the whole tumor spot by spot. A refined exten-
Intensity Focused UltrasounHIFU) has been intensively sjon of this method is the use of a spatiotemporal inverse
investigated during the past decade$Prostate cancer is filter:1° taking advantage of the biopsy, one could put a set of
certainly the most suitable applicatiofi: the target is transducers along the path followed by the physician. Then,
reached via an endorectal probe close to the prostate tissuealfter recording the whole set of impulse responses coming
is much more difficult to cure tumors located deeply in thefrom the set of transducers, one could perform a very accu-
tissues: in this case, parts of the emitted wave front willrate focusing: it has been shown experimentally at low
encounter regions with different acoustic velocities, and difpower’ that it was possible to reach the same focusing qual-
ferent absorption coefficients, so that the heating beam pafty through a human skull as the one obtained in water: phase
tern will be degraded. The worst medium to focus through idistortion and attenuation induced by the skull can be cor-
certainly the skull, as it was first shown by Whies al.’ rected.
during investigations into echographic brain imaging, and  Recently, the possibility to deduce the acoustic proper-
Fry et al®® during investigations into brain hyperthermia: a ties of the skull from MRI and CT images raised new hopes
large discrepancy between high acoustic velocity of the skulfor noninvasive brain therapy. Hynynest al®*° proposed
(about 3000 ms") and the low velocity of brain tissues to use MRI images for extracting the skull profile, without
(about 1540 ms!) combined with a severe attenuation of information on the internal heterogeneities. Then, using a
ultrasound in the bone strongly degrade the beam shape. three-layer mode(water outside the skull, skull, and brain
Several methods have been developed to precisely focygside the skull, they numerically highlighted the necessity
through the skull. The most invasive method consists in reg, perform the phase correction to focus through the skull.
moving the piece of the skull in regard of the emitting arrayThey proposed to perform this correction by deducing the
of transducers. Such a method has been experimentally usgfiase aberrations induced by the skull thanks to simulations
on living rats and cats in the early 1978sMore recently,  yith the three-layer mod@P In this work, they highlighted
thermally induced lesions in rabbit brains were also studieghat the model would be enhanced by taking into account the
by using a craniotomy: One can also correct the aberrations heterogeneities of the skull. As CT images can give the in-

inducelg' by the Sk“,”_eiggﬂ by using a Time Reversaligmga| structure of the skull, it is definitely more suited for
Mirror™= or by time shifting>*"In the case of Time Reversal qqeling the ultrasonic properties of the skdi1?2In order

Mirrors, prior to the treatment and taking advantage of theg ake into account all the information of the CT images, we
biopsy, which ensures that the tumor is malignant, a hydrop onose here to use a three-dimensiof@ab) finite differ-

phone could be inserted in the neighborhood of the tumognces numerical simulation of the complete wave equation.
and used as a beacon. Once the diagnostic would be CoRy, {aking into account the internal heterogeneities in density,

firmed and the hydrophone removed, the time-reversed Sigspeeq, and absorption, this finite differences simulation tries
nals with amplitude compensation could be emitted in ordef, model all the defocusing effects highlighted by White

etal’
dElectronic mail: jf.aubry@espci.fr It will first be explained how the acoustic velocity, the
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FIG. 1. CT scan of the entire skull. 0! .
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density, and the absorption coefficient of the skull can be FIG. 2. Porosity map of a slice of the 3-D CT data.
deduced from CT images. In Sec. Il, comparisons between
computed and experimental wave fronts passing through the : . . .
samg area of the?same skull fully validatg this n%odel ?.henparts are not filled with air bubbles that would introduce
o . "~ artifacts in the CT scans. Raw CT values were given into
it will be shown in Sec. Ill that these results lead to nonin-, - sfield Units(H), defined b
vasive focusing through the skull. The focusing pattern ob- ’ y
tained with a conventional time-reversal experiment is in-

deed close to the one experimentally obtained with our H:mooM, (1)
method based on simulations. Thus, by using CT images of Mbone™ Mwater

the skull, it is possible to noninvasively correct both the ith el ing the oh
phase and the amplitude aberrations induced by the skullYith #x. bone: @Nd tuater, T€SPECtively, denoting the pho-
Beyond its interest for noninvasive brain therapy, full 3.p toelectric linear attenuation coefficient of the explored tissue,
finite differences simulations are an interesting tool for mod-PoNne, and water.

eling and understanding the complex acoustic wave propaga- AS_ the skull was placed in water_and deg_assed, 't. IS
tion through bones. exclusively made of water and bone with a varying density.

Consequently$p being the bone porosity, we propose here a
linear relationship between the photoelectric linear attenua-
tion coefficient of the explored tissue, and the attenuation
coefficients of bone and water:

II. ACOUSTIC PROPERTIES OF THE SKULL
DEDUCED FROM CT IMAGES

It is known that cortical bones give no signal on Mag-
netic Resonance Imagin@IRI), whatever their density, but Mx= P ppatert (1= D) tpone- 2
MRI is capable to provide the thickness of the skull. In this
case, one can only model the acoustical properties of thin that case, the porosity map is directly linked to the Houn-
skull with a uniform density, sound speed, and absorptionsfield map:
CT images can measure the internal density of the skull,
enabling us to use more accurate models of the acoustical H
properties of the skull, taking into account the heterogene- ¢=1- 1000 &)
ities of density, sound speed, and absorption inside the skull.
Finally, all the acoustic propertiggiensity, speed, and
absorption coefficientof the skull were deduced from the
High-resolution CT images have been performed at thgyorosity maps. The porosity map of a slice is given in Fig. 2.
Institut Franais du PetroleIFP), on a General Electric FXi  Basically, the skull presents a three-layered structure, with a
model with a 0.2 mm in-plane spatial resolution. With trans-porous zone, called the dip|oe, stacked between two dense
ducers working at a central frequency of 1.5 MHz, it corre-|ayers, respectively, the outer and inner tables. We can see
sponds to a\/7 precision in the skull, which is of great that the diploe is very inhomogeneous and that it is some-

importance when trying to precisely simulate the wavetimes hard to differentiate it from the tables.
propagation. The entire CT scan of the skull is given in Fig.

1. The scan parameters were set to 120 kV, 60 mA. Slices
were 1 mm thick with a 0.5 mm pitch so that each slice was ) )
overlapping the previous one. B. Acoustic properties of the skull deduced from CT

A dried human skull was midsagitally cut into two imaging
halves. In order to reprodude vivo conditions as closely as All the experiments were made with a plane linear array
possible, the skull is immersed in water and degassed so thaf 128 transducers working at a central frequency of 1.5
no air bubble is trapped in porous zones. Instead of beiniyiHz, so that frequency ranges from 0.8 to 2 MHz. The
filled with marrow, the porous parts of the skull are thuselevation of the arrayVERMON) is 1 cm, with a 0.5 mm
filled with water. However, it is important that those porous pitch.

A. CT images
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FIG. 3. Slice of the 3-D mass density map deduced from CT scans. FIG. 4. Slice of the 3-D acoustic speed map deduced from CT scans.

1. Density 3. Absorption
Mass density maps are easily deduced from the bone As ultrasonic absorption is known to occur mainly in the
porosity: diploe? the absorption coefficient is expected to be a grow-

ing function of porosity. The following power law model was
d= P X dwarert (1 P) X dpone- ) experimentally adjusted:
dywater IS the mass density of water and has been set to
1000 kg m 3; dyoneis the maximum mass density in the cor- abs= b+ (aDSvax— absn) X (©)°. ©)
tical bone. One can see that our simple mddgd. (2) and  Evaluating the mean absorption of wave fronts propagating
Eq. (4)] implies a linear relationship between the bone denthrough different parts of the skull showed thgatould vary
sity and the Hounsfield units, as observed experimentally bypetween 0.3 and 0.7. The best comparison between simula-
Rhoet al?® and Ploeget al?* tion and experiments were obtained wig=0.5; abs,
Fry et al?® statistically studied the acoustical properties =0.2 dB mm *; abs,,,=8 dB mm *. This definitely sets the
of human skulls. They found an average mass density cfbsorption coefficients for all the experiments performed
1900 kg m 2 in the inner table. Taking into account the het- through this skull. A slice of the 3-D absorption map is given
erogeneities inside the inner table, the maximum mass derin Fig. 6.
sity of the cortical bonedy,,,9 has thus been set to 2100
kgm 2 in order to obtain the same average mass density i Numerical simulations

the inner table as the one given by Feyal. A slice of the
3-D mass density map is given in Fig. 3. Simulations were performed with a finite differences

program called ACEL developed in our lab. For 3-D simula-
tions through the skull, a 20 h computational time is needed
to compute a 70 mm 10 mmx 30 mm box at an ultrasonic
frequency of 1.5 MHz with a 500 MHz computer. Basically,
The speed of sound is harder to deduce from the skulthe program is based on a discretization of the linear acoustic
porosity. The diploe and the inner and outer tables have difwave equation in heterogeneous absorbing média
ferent mechanical propertiés Acoustic waves propagating J 1
in the fluid and the solid media are coupled, which is cor- 1+To(r)— )[po(r)v-(—Vp(r,t)”
rectly described by the Biot theory if the wavelength is neg- po(r)
ligible compared to the size of the heterogeneities. At 1.5 1 p(r,b)
MHz, the wavelength is unfortunately of the order of mag- - ——So(r t). @
nitude of the heterogeneities. However, Carter and Hayes co(r)°
showed that the elastic modulus of bone is proportional torhis equation accurately models fluids with sound speed,
the apparent density cubed, which suggests a linear relatioglensity, and absorption heterogeneities. Mode conversions
ship between velocity and porosity: and shear waves are not taken into account. Nevertheless,
they can be neglected in a first approximatioas the wave
C=Crmin " (Cmax™ Cmin) X (1= P). ®) front incidence angle on the skull’'s interface remains close to
As porous parts are filled with watar,,;, has been setto 1.5 normal incidence. As the wavelength in the skull is larger
mmus L. Fry et al?® measured the same value in the innerthan the inclusions, microstructures in the diploe are aver-
and the outer table for the speed of sound: 2.9 mst. aged by introducing an effective medium. In the bandwidth
According to this . has been set to 2.9 mas *. Aslice  of the transducers, insertion loss increases as the second
of the 3-D velocity map is given in Fig. 4. In order to give an power of the frequenc§? A second power frequency depen-
idea of the entire 3-D velocity mesh used in the simulation, alence of the insertion loss corresponds to a constant relax-
representation is given in Fig. 5. ation time?® as set in the simulation. In order to ensure a

2. Speed of sound
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FIG. 5. A 3-D spatial representation of the sound speed distribution deduced from CT scans and used as input data in the full 3-D finite differatices simul
(the box is 60 mnx 30 mmx 12.5 mm).

precise simulation, taking into account density, sound speedil. EXPERIMENTAL VALIDATION: COMPARISON
and absorption heterogeneities, the spatial pitch is set to leETWEEN COMPUTED AND EXPERIMENTAL WAVE

than one-tenth of a wavelength and the time step is automatFRONTS

cally set to ensure the von Neumann stability critéfia. The midsagitally cut human skull was placed between
Strongly absorbing boundary conditions based on a fourthgy |inear array of 128 transducers and a needle hydrophone
order approximation of Higdon conditiofisare used at the (Fig. 7). The whole experiment was immersed in water. In
sides and edges of the mesh to avoid unphysical reflectiong,q general case, out of plane refractions have to be taken
Sets of receivers and emitters can be easily defined thanks {gy account explaining why a 3-D simulation code had to
an intuitive g_raphic interface, as well as the velocity,_density,be computed. Nevertheless, we first tried to achieve a 2-D
and absorption mapkEgs. (4), (5), and (6)] respectively,  experiment by placing the needle hydrophone close to the
Co(r), po(r), andro(r). Then the numerical code propagatessy ||, The surface of the skull has been aligned with the
the wave front from the set of emitters to the set of receiversgyface of our active elements in order to minimize refraction
The maps presented in Sec. IIB were interpolated to on€gyt of the simulation and experimental plane. Thus, first
tenth of a wavelength. . _ simulations could be performed in two dimensions, which is
The position of the set of transducers on the simulationych more rapid. The hydrophone has a one millimeter ex-
mesh is critical. It is indeed of great importance to carefullyternal diameter housing and 0.5 mm diameter active surface
place the transducers at the same location in the S|mulat|or‘(§\/2), so that one can assume that the experiment takes place
and in the experiment. Basically, the exact positions of threg, one slice of the CT scafeach slice is indeed 1 mm thick
markers on the skull were recorded and the experimentad pjane wave was emitted by the array of a transducer, and
configuration was reproduced with a one-millimeter preci-yne hydrophone was translated along thexis in order to
sion in each direction. We did not notice significant degradayecord the wave front after passing through the skull. The
tion of the experimental focusing patterns based on simulap|ane wave front before passing the skull has also been re-
tions due to this variance in the estimation of the markers.grged and is plotted in Fig. 8.
location. Further investigations could quantitatively estimate ~ ag expected, after propagation through the skull, the
the effect of positioning errors. plane wave is strongly distorted, suffering both phase and
amplitude distortions. The experimental wave front is pre-
sented in Fig. @) and can be compared to the simulated one

» displayed in Fig. th). At first glance, the simulation remark-
® ably reproduces the influence of the skull. In Fidc)9is
s reproduced the corresponding porosity map of the skull in

Array of transducers

Y

100 200 300 400 500 800 700 800

FIG. 6. Slice of the 3-D absorption map deduced from CT scans. FIG. 7. Experimental setup.
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FIG. 8. Plane wave before passing through the stedperiment

order to explain the influence of the skull. Two different
zones have been highlighted. The zone one corresponds to a 1
dense part of the skull with a relatively uniform absorption,
so that the wave front is mainly distorted by the varying
thickness of the skull, which is well reproduced on simula-
tions. At position 40 mm on both experimental and simulated
wave fronts, a dislocation can be seen: this is due to a notch
[white arrow No. 2 in Fig. &)] that acts like an acoustic

lens.

A gquantitative comparison between simulated and ex-
perimental wave fronts can be done. In Fig(ads plotted i H i i
the relative time shifts between simulation and experiment. i df b N
Time shifts have been evaluated by cross-correlating the sig- 0 - LV
nals of Figs. 9a) and 8b). In order to obtain a good focus-
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ing, Goodmaft showed that the precision on the phase of
the emitted signal should be less than T/8, where T is th&1G. 10. (&) Relative phase shift between the experimental and simulated

period of the signal. One can see in Fig(dQhat this cri-

-
~

g Time (us)

Time (us)

FIG. 9. Wave front after propagating through the sk(d): Experiment;(b)
simulation;(c) corresponding porosity map of the skull.
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plane wave propagating through the sk(i). A comparison between experi-
mental(dotted ling and simulatedsolid line) normalized amplitude.

teria is well respected, except in one zone around position 60
corresponding to very low signal amplitufieee Fig. %a)].
Respective normalized amplitude at central frequency re-
corded or simulated at each location of the hydrophone are
also plotted in Fig. 1) and are quite similar.

Studying the propagation of a plane wave through a hu-
man skull enabled us to validate the whole simulation pro-
cess. In the following section, we will apply this process to
perform noninvasive focusing through the skull.

IV. APPLICATION TO NONINVASIVE FOCUSING
THROUGH THE SKULL

A. Experimental setup

The experimental setup, presented in Fig. 11, slightly
differs from the one presented in Sec. Il. Our aim is to de-
termine the set of signals that have to be emitted on the array
of transducers in order to obtain a sharp focusing. The qual-
ity of the focusing is experimentally checked by translating
the hydrophone along theaxis and recording the maximum
of pressure amplitude. In this section, as out of plane refrac-

Aubry et al.: Noninvasive transskull focusing



- experiment was played backward. The experimental wave
3 Aol bamsdnees front coming from the central location of the hydrophone
was recorded on the array of transducers and is presented in
Fig. 13a) after the time reversal operation. These time-
''''' reversed signals were experimentally reemitted by the array.

/4%

Hydrophone § ______ We obtained the corresponding directivity pattern plotted in
% Ay - Fig. 14 (dotted ling.
' Skull Water Thanks to simulations, it is possible to avoid the need of
an ultrasonic source at focus by using a virtual source. An
FIG. 11. Experimental setup. acoustic source was indeed placed on our CT images at the

location of the desired focus. A pulse emitted by this virtual
tion effects have to be taken into account, all the simulationgource was numerically propagated by the 3-D finite differ-
were performed with our full 3-D finite differences code. ences code through the skull to the array of transducers. This
(See Fig. 12. wave front numerically recorded on the array is presented

after the time reversal operation in Fig. (b8 and is very

close to the one experimentally acquirgieig. 13a)]. The
B. Noninvasive time reversal time-reversed simulated wave front was then experimentally

As seen in Sec. Il, when focusing through the skull,emitted by the array of transducers. Finally, the experimental

parts of the wave front encounter regions with strongly gif-directivity pattern obtained by emitting the simulated set of
ferent acoustic velocity and different absorption coefficient.Signals is plotted in Fig. 14gray solid ling. These experi-
This induces a severe spreading in the main lobe and afents support the feasibility of totally noninvasive brain hy-
increase of the side lobes level, as one can see later in Figerthermia, since the focusing based on CT imaedid
14, showing the experimental directivity pattern obtainediine) is close to the one obtained with a real acoustic source
when focusing through the skull by emitting a cylindrical placed at the desired focugotted ling: the focusing pat-
law with the array of transducer@lash—dotted line This  terns are very similar, excluding an increase of the secondary
directivity pattern was obtained by plotting in a linear scale|gpe |ocated at+10 mm from the center when using the
the square of the maximum of pressure amplitude recordediyjated wave front. The strong defocusing effect observed
by the needle hydrophone at each location alongxtagis. when using a cylindrical lawdash—dotted lineis now well

Such a focal spot is definitely not suited for brain hyperther- ompensated for hyperthermia applications. Eblginal2’

mia: the maximum of pressure amplitude is not on the targe? . . .
(target at centerand the focusing quality is so poor that proposed an 8 dB side lobes amplitude as a threshold in

necrosis would also be induced in surrounding tissues. order to avoid burning surrounding tissues. This is the case

Time reversal enables to correct the phase aberratior€re: ) )
induced by the skuft? Basically, a pulse emitted by an In previous work, Thomaet al."“ showed that at high
acoustic source placed at the desired focus is recorded by &igdquencies1.5 MHz) the focusing pattern could be strongly
array of transducers after propagation through the mediungnhanced by combining time reversal with amplitude com-
Then the recorded signals are time reversed and reemitted, pensation. We will show in the following section that this can
that the wave front propagates back to the source as if thalso be performed noninvasively.

|12

e e e R R

Z (mm)
H

Y (mm) 12 . 4_\(\”_,”:,\_7-

_____________

76 15 225 ¥ (mm) 30 315

FIG. 12. Full 3-D finite differences simulation: 3-D spatial representation at a given time of the acoustic field passing through(theadlndhr scalg The
wave front is coming from a point-like source inside the brain. The calculation box (68 &hmmx 12.5 mm) corresponds to the 3-D volume presented in
Fig. 5. One can notice some field variations along the elevation axis.
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FIG. 14. Directivity pattern through the skull: ener@yressure squargds
plotted in a linear scale after emission of the time reversal of signals experi-
mentally acquireddotted ling, of simulated signalggray solid line, and of
cylindrical law (dash—dotted line

MHz. The skull absorption is indeed increasing with the fre-
guency, suggesting to work at low frequency. But decreasing
the frequency also means decreasing the resolution and de-
creasing the heating of soft tissues, as their absorption coef-
ficient is also increasing with the frequency. A compromise
has to be determined. Hynynenal. decided to work at low
frequency to optimize the Specific Absorption R&teyhich
is a good choice in order to avoid wasting energy in the
p 0 oy = e pre skull. In that case, compensating the amplitude would only
Transducer number slightly improve the focusing, and a correct focusing can be
D) achieved without amplitude correction. Another concern is
the combination of HIFU and cavitation that may induce
hemorrhages in the brain. As the cavitation threshold de-
creases with the frequency, hemorrhages are more likely to
occur at low frequency. Our lab chose to work in a higher-
frequency rangéfrom 800 kHz to 1.5 MHZ for therapy, but
also imaging. In that case, absorption effects become more
important and an amplitude correction has been proposed.
Basically, assuming that the skull is an infinitely thin
layer close to the emitting array of transducers, one can ap-
ply a gain on parts of the wave front that suffered a loss
while passing through the skull. This so-called amplitude
compensation is fully described in Ref. 12. The time-
reversed signals obtained, respectively, by experiment and
20 40 60 80 100 120 simulation presented in Fig. 13 were amplitude compensated
Transducer number (Fig. 195 and then were both experimentally emitted by the
array of transducers. The corresponding focusing patterns are

Time (us)

7.5

o

Time (us)

7.5

FIG. 13. Time-reversed signals emitted by the array of transducars: . .
From experimental signalgb) from the computed wave frortheteroge- pIOttEd n Flg..lG. . . . .
neous mod@] and (c) from a computed wave frorthomogeneous model The focusing pattern obtained with a conventional time-

reversal experiment with amplitude compensation is slightly
better than the one based on simulations. More precisely, the
right side has a lower level. Further work could show
whether a better positioning system or a more precise adjust-
Time reversal corrects phase aberrations induced by theent of the parameters of the inhomogeneous model pre-
propagating medium but does not correct amplitude aberrasented here could enhance the noninvasive process.
tions. When focusing through a strongly absorbing medium  Either experimentally acquired or deduced from simula-
like a human skull, the focusing can be improved by correcttions, the focusing patterns obtained using time-reversal
ing the amplitude of the recorded sign&sThis is particu- combined with amplitude compensation are much sharper
larly important when working at central frequencies above 1since the effective aperture of the emitting array is enhanced.

C. Noninvasive time reversal with amplitude
compensation
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FIG. 16. The directivity pattern through the skull: enetgyessure squargd

is plotted in a linear scale after the emission of time reversal with amplitude
compensation of signals experimentally acquif@ckted ling and simulated
signals(gray solid line and of cylindrical law(dash—dotted line

with a homogeneous model. In the homogeneous model, ac-
cording to the value deduced by HynyR®from Fry et al,?®

a mean velocity of 2.65 mms ! has been taken, and a mean
density of 1800 kg m®.

The emitted wave front was either not corrected or cor-
rected thanks to the homogeneous or the heterogeneous
model. They were emitted with the linear array of 128 trans-
ducers. The corresponding energy distributions are plotted in
a linear scale in Fig. 17. One can clearly see that the homog-
enous modeldotted ling improves the focusing compared
to a noncorrected wave frorftlash—dotted line The side

FIG. 15. Time-reversed signals with amplitude compensation emitted by théobes are significantly reduced, with a 10 dB gain. One can

array of transducersa) From experimental acquisition arfd) from a com-
puted wave frontheterogeneous model

Moreover, the side lobe level is lower. Thus, the therapy will

notice that the directivity pattern obtained with the homoge-

neous model is more symmetric and globally centered on the
target, even if the maximum of pressure amplitude is not on
the target: on this area of the skull, destructive interferences

be more precise and tissues located in the near-field will beccur at the center. But the heterogeneous model developed
homogeneously insonified. Adding the amplitude compensain this article reaches a better focusing: the directivity pattern

tion protects the brain tissues to the detriment of an overheat-

ing in the most absorbing parts of the skull. This overheating

will be studied in further works.

D. Comparison with a homogeneous model

The full 3-D finite differences codes developed in this

article take into account all the internal heterogeneities in
density, speed, and absorption of the human skull detected on
prior CT scans. A homogeneous model of the skull can also
be proposed®? In a first approximation, one can indeed
consider that the main effect of the skull results in its varying
thickness, as the acoustic velocity and the density of the skull
are about twice the velocity and the density of water and of
the brain. In that case a fast simulation code can be used,
based on ray tracing theory. In order to determine the advan-
tage of taking into account the internal heterogenieties, other
noninvasive focus have been conducted on other parts of the
human skull. Two simulations of the wave front coming from

2 05
(2

Distance to focal point (mm)

FIG. 17. Directivity pattern through the skull: ener(pressure squargds
plotted in a linear scale after the emission of cylindrical l@ash—dotted

a.VirtuaI SOU!’CE placed on the target were conducted: onﬁle), time reversal of simulated signals with heterogeneous ma@ytely
with the previously presented heterogeneous model and orlid line), and with a homogeneous modelotted ling.
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is quite symmetric, the maximum of pressure amplitude iscode guided by CT scans allows us to create virtual sources
close to the target and the side lobes level are very low. Ovanside the brain. As both phase and amplitude aberration in-
90 experiments conducted with various focusing techniqueduced by the skull can be noninvasively corrected, this tech-
on various areas of the skull, the focusing capabilities weraique could show encouraging promise in brain hyperther-
compared. Using a noncorrected wave front, a mean 1.5 mmia. A time reversal mirror made of 200 high-power
absolute deviation from the target was observed, with a 0.Zansducers is under construction to bring into play this non-
mm standard deviation. With a noninvasive correction dedinvasive hyperthermia protocol. Beyond its interest for non-
duced from a homogeneous medium, the mean deviation déivasive brain therapy, full 3-D finite differences simulations
creased to 1.15 mm with a 0.2 mm standard deviation. Thare an interesting tool for modeling and understanding the
mean gain on the first side lobe was 6.2 dB, and 3 dB on theomplex acoustic wave propagation through the skull.
second side lobe. With a noninvasive correction deduced

from a heterogeneous medium, the mean deviation decreas@egk NOWLEDGMENTS

to 0.63 mm with a 0.3 mm standard deviation. Compared to . )
noncorrected wave front, the mean gain on the first side lobe CT images were performed at the Laboratoire de To-
was 9.4, and 8.7 dB on the second side lobe. Thus, the heffographie X of the Institut Fraaés du Petrole. We wish to
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