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A numerical model was developed which can use digitized layer interfaces to calculate ultrasound
wave absorption, diffraction, reflection, and refraction. This model was used to evaluate the
feasibility of ultrasound therapy and surgery through a human skull. A digitized human skull profile
was obtained from magnetic resonance~MR! images and used to calculate the ultrasound field in the
brain of a volunteer from a spherically curved phased array. With no phase correction, the focus of
the array was shifted and defocused. The phased array technique was used to correct focal shift,
reduce side lobes, and enhance focal amplitude. The optimum source element width was estimated
for each frequency to obtain a near optimium focus, and an appropriate frequency range for
transskull ultrasound therapy and surgery was determined. Acoustic pressure amplitude on the skull
surfaces was examined, and it was shown that the skull heating problem could be overcome. Despite
high attenuation, complex interface shape, and nonuniform thickness of a human skull, a sharply
focused transskull ultrasound field can be generated for noninvasive ultrasound therapy and surgery
in the brain. © 1998 Acoustical Society of America.@S0001-4966~98!03709-6#

PACS numbers: 43.80.Sh, 43.35.Wa@FD#
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INTRODUCTION

It has long been sought to use focused ultrasound to t
brain tumor,1–11 and the skull has always been the bigg
obstacle in the way. Until now, in order to use focused
trasound for brain treatment, generally a piece of the s
has to be removed first. The removal of a piece of the sku
invasive, which significantly complicates the whole proc
dure. It is desirable to apply focused ultrasound through
intact skull; however, due to the skull’s high sound spe
~;2700 m/s!, irregular shape and nonuniform thickness, it
practically impossible to obtain a sharp transskull focus
1.0 MHz and above;3,4,6,12 also due to skull’s high attenua
tion, it is difficult to achieve enough focal amplitude witho
simultaneously overheating the skull.3,11

Phased arrays have been extensively studied and wi
used in diagnostic medical ultrasound for several deca
By manipulating either or both amplitude and phase of
normal velocity specified at each source element, phase
rays can be used not only for conventional beam steering
spatial shading, but also for correction of ultrasonic be
degradation due to its propagation through inhomogene
media. Smithet al. introduced this technique to ultrasoun
diagnostic imaging in order to correct the beam degrada
due to the presence of intervening bone.13,14 Thomas and
Fink proposed to use this technique in therapeutic ul
sound, but only the results from a one-dimensional sm
element array were obtained.15 Recently, it was demon
strated experimentally that it is practical to use tw
dimensional large phased arrays for transskull ultraso
therapy and surgery.12 In this experiment, a piece of forma
dehyde fixed human skull was used, and through which s
cations were performed and tissue destruction was indu
in the exposed rabbit brain,in vivo.

Contingent with the experimental study,12 it is the intent
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of this paper to evaluate theoretically the feasibility of ge
erating a sharply focused ultrasound field through a hum
skull for therapeutic purposes. A numerical model was
veloped and used to study the appropriate frequency ra
and the optimum phased array element size. In orde
evaluate the skull heating problem, the pressure gains~ratios
of the focal pressure amplitudes compare to those on
skull surfaces! and the specific absorption rate~SAR! gains
~ratios of the focal SARs compare to those on the skull s
faces! are studied, and methods to increase them are
plored. With the development of a clinical MRI guided an
monitored ultrasound system16 which makes it possible to
accurately deposit ultrasound energy deep in tissues,
stage has been set to further examine the possibility of tot
noninvasive ultrasound therapy and surgery in the brain.

I. THEORY

The problem of interest is shown in Fig. 1
@The file MAMM002B.GIF for the skull diagram is
obtained from: ftp://cnephia.bio.uottawa.ca/ftp/BIODIAC
ZOO/VERTEBRA/DIAGBW/.# Consider a spherically
curved phased array that is in contact with multilayer med
the basic problem of interest is to evaluate the acoustic p
sure field in the tissue layers in front of the array due to
specified normal velocity distribution. To address this pro
lem, a numerical model has been developed. This mode
based on techniques developed by Fan and Hynynen17,18 that
allows the irregular tissue layer interface to be taken i
account in the simulation.

The pressure radiated by an arbitrary source, wh
characteristic dimension is small in terms of the acous
wavelength, is determined by its surface-averaged acce
tion, or its volume acceleration, i.e., the surface integral
the normal acceleration. A source small in terms of t
1705/104(3)/1705/11/$15.00© 1998 Acoustical Society of America
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acoustic wavelength can therefore be replaced by a p
source~a simple source! embodying the same volume acce
eration, regardless of the source geometry or of the lo
acceleration distribution over the source.19

A. Building block

Consider a small vibrating surface~areads1) in a me-
dium. Its normal velocityu1 can be specified if, e.g., it is o
the surface of a transmitting transducer or caused by aco
wave propagation. If the dimension ofds1 is small enough
compared with the acoustic wavelength, a simple source
be defined for the vibrating surface19 with its source strength
being denoted asu1 ds1 .

Assuming the simple source location is at (x1 ,y1 ,z1),
due to its baffled harmonic radiation, the correspond
acoustic pressurep at (x,y,z) can be written as19,17

p~x,y,z!5
jkc1

r1c1

2p

e2 jkc1
R

R
~u1 ds1!, ~1!

wherekc1
5k2 j a1 is the complex wave number of the m

dium with a1 being the attenuation coefficient,r1 andc1 are
density and sound speed of the medium, respectively,
R5A(x2x1)21(y2y1)21(z2z1)2. Equation~1! is an al-
ternative form of the classical Rayleigh–Somerfeld integ
for a single simple source.

Now consider a small surface~areads2) at (x2 ,y2 ,z2),
and on different sides of which there are different media, i
r1 andc1 are density and sound speed of the first medium
one side, andr2 andc2 are density and sound speed of t

FIG. 1. The problem of interest.
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second medium on the other side. The normal velocity of
surface due to the simple sourceu1 ds1 can be written as20,17

u25
jkc1

2p
~u1 ds1!

e2 jkc1
R12

R12

3S 12 j
1

kc1
R12

DTv2
cos~u2t!, ~2!

where

R125A~x12x2!21~y12y2!21~z12z2!2,

Tv2
5

2

~r2c2 /r1c2!1@cos~u2t!/cos~u2i !#
,

and u2i , u2t satisfy the Snell’s law, i.e., (sinu2t /sinu2i)
5c2 /c1. The effects of acoustic wave reflection and refra
tion are included in Eq.~2!. Clearly, a new simple source ca
be defined at (x2 ,y2 ,z2) with its source strength being de
noted asu2 ds2 .

For a small vibrating surface, the pressure at the sou
location can be related to its normal velocity by a factor
the characteristic impedance of the medium right in front
the source,21 e.g., for the sources above, the pressure
(xl ,yl ,zl) can be approximated to be

p~xl ,yl ,zl !5~r lcl !ul , ~3!

where l 51,2. Equation~3! has been referred to as the im
pedance relation for linear plane waves.22

The equation relating the specific absorption rate~SAR!
which is a descriptor of tissue heating and the pressure
plitude is also presented here for future reference,

SAR5a
upu2

rc
, ~4!

whereupu is the pressure amplitude,a is the pressure attenu
ation coefficient,r andc are density and sound speed of t
medium, respectively.

B. A multilayer problem

For a multilayer problem, an interface between adjac
layers will be divided into small pieces, and each piece w
be treated as a simple source. A section of the layer inter
which contains many simple sources can be considered
secondary source.20,17,23,24,18Equation~2! can be used to re
late the simple sources on one interface~which can be the
transducer surface! to those on the next one, while Eq.~1!
can be use to evaluate the acoustic pressure field in the
layer from the simple sources defined on the last layer in
face. As stated before, the acoustic wave reflection and
fraction at the layer interface are taken into account, but
the multiple reflection and reverberation in each layer.

Assuming (M21) tissue layers plus a layer~usually
water! that is in direct contact with the transducer, the inte
face between layerl and l 11 is denoted the (l 11)th inter-
face, while the first interface is actually the transmittin
transducer surface. Subscript~or subsubscript! l will be used
to denote the parameters on thel th interface, while index~or
1706un and K. Hynynen: Focused transskull ultrasound calculation
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subscript! i will be used to denote thei th simple source, e.g.
on thei th interface, there areNl simple sources and thei l th
simple source, etc.

As an example, the equation for a two-layer problem
first presented. By combining Eqs.~1! and ~2!, the acoustic
pressure in the second layer can be expressed as

p5 (
i 251

N2 jkc2
r2c2

2p

e2 jkc2
Ri 2

Ri 2

~ui 2
dsi 2

!

5 (
i 151

N1

(
i 251

N2 F jkc1

2p

e2 jkc1
Ri 1 ,i 2

Ri 1 ,i 2
S 12 j

1

kc1
Ri 1,i 2

D
3Tv i 2

cos~u i 2 ,t!GF jkc2
r2c2

2p

e2 jkc2
Ri 2

Ri 2
Gui 1

~dsi 1
dsi 2

!,

~5!

where kc1
5k2 j a1 , kc2

5k2 j a2 are the complex wave
numbers of the first and second layer, respectively, witha1

and a2 being the corresponding attenuation coefficien
(xi 1

,yi 1
,zi 1

) is used to denote the location of a simple sou
on the transducer, while (xi 2

,yi 2
,zi 2

) is used to denote the
location of a simple source on the layer interface between
first and second layers.

Ri 1 ,i 2
5A~xi 1

2xi 2
!21~yi 1

2yi 2
!21~zi 1

2zi 2
!2

and

Ri 2
5A~x2xi 2

!21~y2yi 2
!21~z2zi 2

!2.

Apparently, summation over all the simple sources is
equivalent representation to integration over the transdu
surface and the secondary source surface.

It is noted that

~1! In Eq. ~5!, the summations over the transducer surfa
and the secondary source surface are interchange
i.e.,
~a! By summing over the transducer surface first, t
normal particle velocity at each simple source on
layer interface due to the whole transducer can first
obtained, then by summing over the whole second
source surface, the total acoustic pressure can be
tained; or
~b! By summing over the secondary source surface fi
the acoustic pressure due to each simple source on
transducer can first be obtained, then by summing
the acoustic pressure due to each simple source on
transducer, the total acoustic pressure can be obtai

~2! Equation~5! can easily be extended to a multilayer pro
lem by cascading layers using Eq.~2!, e.g., for anM-
layer problem, the pressure in theM th layer can be ex-
pressed as
1707 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 J. S
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~6!

It is well known that the classical Rayleigh–Somerfe
integral is an expression of Huygen’s principle whic
characterizes diffractive propagation as that of the lin
sum of a field’s constituent point sources;25 obviously,
Eq. ~6! can be considered as an extended form of
Rayleigh–Somerfeld integral for a multilayer case.

~3! It is important to determine an effective seconda
source area on the layer interface, so that outside
area, the simple source strength diminishes, i.e., the
plitude of normal particle velocity sharply decays at
inside the edge of the defined secondary source on
layer interface. Contrary to many other acoustic prop
gation problems, due to its narrow main beam, a seco
ary source area in front of a focused transducer can
ily be determined to be confined in a reasonably sm
area.

~4! For the frequency range and typical transducer size
interest, the amount of the simple sources either on
transducer surface or on the secondary sources coul
overwhelmingly large.

C. Digitized interface

For real human anatomies, e.g., a human skull, the la
interface has to come in the form of digitized data profile
The numerical model is designed such that a data file wiz
coordinates over an equispaced rectangularx-y grid can be
read in to specify the layer interface. Assuming the lay
interface is continuous and so is its first order derivative, i
important to be able to calculate accurately the normal dir
tion and area of a small piece on the layer interface wh
will be treated as a simple source.

A nine-point grid for @xi 21 ,xi ,xi 11# and
@yj 21 ,yj ,yj 11# is extracted from the digitized layer inter
face which will be used to define a simple source at (xi ,yj )
in terms of its normal direction and area. Assuming the ni
point data are on a continuous surface specified byz
5 f (x,y), for a tangential plane at„xi ,yj , f (xi ,yj )…, its nor-
mal direction can be represented as„f x8(xi ,yj ), f y8(xi ,yj ),
21…, where f x8(xi ,yj ) and f y8(xi ,yj ) can be obtained ap
proximately using the following Langrange formula,

f x8~xi ,yj !5
f ~xi 11 ,yj !2 f ~xi 21 ,yj !

xi 112xi 21
;xi 11.xi.xi 21

~7!

f y8~xi ,yj !5
f ~xi ,yj 11!2 f ~xi ,yj 21!

yj 112yj 21
;yj 11.yj.xj 21 .
1707un and K. Hynynen: Focused transskull ultrasound calculation
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Here, f (x,yj ) is assumed to be continuous in@xi 21 ,xi 11#
and f (xi ,y) is assumed to be continuous in@yj 21 ,yj 11#.
This type of calculation is carried out for all the simp
sources on a layer interface by simply moving the nine-po
grid except at the edge of the layer interface profile wh
extrapolations are needed.

Assuming equal square area (dA) for thex-y plane pro-
jection of each simple source on the layer interface, the
face area for the simple source at (xi ,yj ) can be obtained a

ds5
dA

@A„f x8~xi ,yj !…
21„f y8~xi ,yj !…

2#21
, ~8!

where the denominator is actually the corresponding dir
tional cosine with respect to thez axis.

D. Phase correction

In a phased array architecture, the purpose of phase
rection is to introduce extra phase offset to each source
ment so that the acoustic wave radiated from each so
element will add up coherently at a desired focal point. T
optimum case is that the radiated acoustic wave from e
source element should arrive at the desired focal point w
the same phase.

In the forward problem of evaluating the acoustic fie
radiated from a transducer, instead of integrating over
whole transducer surface at once, one can integrate over
element first and obtain its corresponding complex press
at a desired focal point. With the complex pressure obtain
a phase delay can be calculated for the source elem
Hence, phase delays can be obtained for all the source
ments on a phased array, which will then be fed into
second iteration of the forward problem to obtain the aco
tic field. If the integration in Eq.~6! is still performed for
each source element separately, the complex pressure
tained at the desired focal point due to each source elem
should have the same phase. On the other hand, the p
corrected acoustic field can be obtained by integrating o
the whole transducer surface at once after feeding back
phase delay information for each source element.

When there are large amount of phased array eleme
the procedure described above for calculating the phase
lay for each source element can be a prohibitively tedi
process. A second approach, the reversed problem, is
vised. In the reversed problem, a point source is radiatin
the desired focal point, and the complex pressure at e
source element location on the transducer can be evalu
all at once, which will then be fed in to the forward problem

II. SIMULATIONS

The numerical model was extensively tested before
tually being used to evaluate the focused ultrasound fi
through a human skull.26 A digitized human skull profile was
built from MR images. Figure 2 shows the 3-D skull traces
different MR image slices for the skull’s outer and inn
surfaces, respectively. The benchmark configuration for
investigation is that a spherically curved transducer drive
1.0 MHz; the transducer has a curvature radius of 10 cm
1708 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 J. S
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a diameter of also 10 cm~F number is 1.0!; the transducer
was positioned towards the skull such that the focal de
inside the skull was around 6 cm.

The phased array architecture is shown in Fig. 3 wh
is a two-dimensional diagram of the projection of anM
3M element transducer~a 16316 element transducer i
shown in the figure, whereM is chosen to be 16! in order to
show how the phased array elements are divided. The
jection is in the base plane of the transducer, i.e., in thex-y

FIG. 2. A digitized human skull profile. Contours:~a! outer surface;~b!
inner surface.

FIG. 3. Projection in the transducer base plane for the configuration
16316 element phased array.
1708un and K. Hynynen: Focused transskull ultrasound calculation
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TABLE I. The properties of the three layers: the water–skull–brain layers in front of the transducer.

Density
(kg/m3)

Sound
speed
~m/s!

Attenuation
~nep/m!

Frequency~MHz!

0.5 0.625 0.75 0.875 1.0 1.125 1.25 1.375 1.

Water 998.0 1500 0.0
Skull 1796.6 2652.6 50 50 85 137 179 223 315 390 46
Brain 1030.0 1545.0 4.03frequency
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plane wherez50.0, clearly, the projection of each eleme
has an equal square area, which will simply be referred to
a square element later on. It was shown that not all theM
3M elements fall onto the transducer surface, some
ments were outside the circular area of the transducer, h
the total number of source elements on the transducer
less thanM3M . However, for simplicity, if the width of a
square element is obtained from dividing the diameter of
transducer byM, the corresponding phased array will still b
referred as anM3M element transducer. The frequen
range under investigation was from 0.5 to 1.5 MHz, w
more details were presented for the 0.5-, 1.0-, and 1.5-M
frequency cases. At 1.0 MHz, the effects of changing fo
depth inside the skull from 1.0 to 8.0 cm were investigat
and a transducer with the same curvature radius but
creased diameter of 13.625 cm~F number is 0.734! was also
considered. The total acoustic power into the transducer
1 W, so the following results can be interpreted as norm
ized quantities with a reference of 1-W total acoustic pow
and the pressure and the normal velocity of interest du
some other total acoustic power can be scaled accordin
The effects of nonlinear propagation can be ignored with
focused transducer as was shown byin vivo measurements.27

Although the skull is generally considered as bone, m
detailed skull acoustic properties have to be taken into c
sideration. The acoustic properties of the human skull u
in this paper are mainly derived according to a paper p
lished by Fry and Barger.4 The density and the sound spe
of the skull were obtained by weighted averages combin
inner table, diploe, and outer table. In the numerical mod
the reflection loss has been taken into account, so the att
ation loss can be estimated by subtracting the reflection
from the insertion loss. It has been shown that, in the hum
skull, the absorption loss is linearly proportional to the fr
quency, while the scattering loss is much more freque
dependent. Within the frequency range of 0.5–1.5 MHz,
scattering loss is a more dominant factor, particularly
diploe.4 Table I shows the layer properties. A three-lay
model was considered in front of the transducer, more s
cifically, water outside the skull, skull, and brain inside t
skull. In the brain tissue, the attenuation is linearly related
the frequency, while in the skull, the attenuation is stron
dependent on the acoustic wave frequency.

The emphasis is on transskull ultrasonic field in the fo
plane, while the axial ultrasonic field inside the brain is p
sented only for some examples. In order to have a be
view of the acoustic field pattern, both surface and cont
oc. Am., Vol. 104, No. 3, Pt. 1, September 1998 J. S
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plots are presented, and the contour lines are drawn with
interval of 10% of the peak value.

III. RESULTS

Figure 4 shows the transskull ultrasonic field in the foc
plane at 1.0 MHz. The 131 element case is presented as
reference, which is the uniform phased case with a sin
element. 434, 838, and 16316 element cases are present
as examples to show the effects of phase correction.
131 and 16316 element cases, Fig. 5 shows the axial
trasonic field in the brain also at 1.0 MHz, and the ax
ultrasonic field is presented in thex-z and y-z planes that
contain the focal point. Figure 6 shows the transskull ult
sonic field in the focal plane, for 131 and 16316 element
cases, at 0.5 and 1.5 MHz, respectively.

Figure 7 summarizes the change of the normalized fo
amplitude versus the phased array element sizes~numbers!.
The ideal focal amplitudes were obtained with the 2
3256 element phased array~total number of simple source
equals total number of source elements! which were used as
normalization references. Three driving frequencies of 0
1.0, and 1.5 MHz were considered. The focal amplitude
creased with the increase of transducer element number~the
decrease of the element size! at all frequencies. The foca
amplitude approached the ideal value asymptotically a
reached above 90% of the ideal value with element width
about 15 mm at 0.5 MHz, 10 mm at 1.0 MHz, and 6.7 mm
1.5 MHz, respectively.

For real transskull therapy and surgery without sk
overheating,6,8,11 it is important to examine the relative pre
sure amplitude on the surface of and inside the skull co
pared with that at the focal point. As shown in Eq.~3!, the
pressure on the skull surfaces can be directly related to
normal velocity at the same point approximately. For t
F51.0 transducer, Fig. 8 shows the acoustic pressure am
tude on both the outer and inner surfaces of the skull for
16316 element case at 1.0 MHz. The acoustic pressure
plitude on the skull surface is presented in the coordina
that correspond to thex-y plane projection of the skull sur
face. From Fig. 8 and other simulations~not shown!, it is
clear that the pressure amplitude on the outer skull surfac
larger than that on the inner skull surface. Table II summ
rizes the relative peak pressure amplitude on the skull
faces compared with that at the focal point. A pressure g
is introduced as the ratio of the peak pressure amplitud
the focal point to that on the outer skull surface (zo). In
1709un and K. Hynynen: Focused transskull ultrasound calculation



FIG. 4. The transskull ultrasonic field in the focal plane at 1.0 MHz:~a! 131; ~b! 434; ~c! 838; ~d! 16316.
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order to ensure that no immediate skull heating adjacen
the brain which is a much worse case, the pressure gai
the peak pressure amplitude at the focal point compar
that on the inner skull surface (z i) is also examined. Clearly
SAR gains can be similarly defined. To further investiga
the frequency dependency of the pressure and SAR gain
set of simulations were performed. Figure 9 shows both p
sure and SAR gains as a function of frequency for the
316 element case. The pressure gain curve peaks at 0
0.65 MHz above which the value decays slowly and dro
below 1.0 at about 1.25 MHz. The SAR gain curve sho
very high value at low frequencies and quickly drops bel
1.0 at about 0.85 MHz.

The influence of the focal depth inside the skull was a
investigated, and the pressure and SAR gains are plotte
Fig. 10 for the 16316 element case at 1.0 MHz. Both gai
increase with the increase of focal depth.
1710 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 J. S
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IV. DISCUSSION

The simulation shows that it is possible to obtain a sh
focus through a human skull at a low frequency, or by us
a phased array with phase correction. The pressure and
gains achieved show that transskull ultrasound therapy
surgery should be feasible with a single element spheric
curved transducer at frequencies around 0.5 MHz, and wi
phased array at frequencies up to 1.0 MHz. This agrees
the earlier experimental results.12

By using a single-element, spherically curved tran
ducer, a sharp focus can be generated through the sku
frequencies up to 1.0 MHz, and the focus is destroyed by
phase shifts cause by the bone at higher frequencies.
agrees with many earlier works on single-element, sph
cally curved transducers.3,6,12 By using a phased array with
phase correction, the destroyed focus can be restored a
sharp focus can be generated through the skull. This i
1710un and K. Hynynen: Focused transskull ultrasound calculation



FIG. 5. The axial ultrasonic field in the brain at 1.0 MHz:~a! 131—in the axialx-z plane;~b! 16316—in the axialx-z plane;~c! 131—in the axialy-z
plane;~d! 16316—in the axialy-z plane.
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agreement with the one-dimensional array experiments15 and
the two-dimensional large array experiments.12

Both the single element and the phased array simula
field distribution show qualitatively the same fields as we
detected experimentally,12 which indicates that the numerica
model is accurate enough for investigating the major ph
cal parameters influencing the beam propagation through
skull.

At 1.0 MHz, without phase correction, the focus w
shifted and the side lobes were unacceptable. The focal
can be mostly corrected by using a 434 element phased
array. The side lobes were further reduced and the focal
plitude was further enhanced by using more source eleme
At 0.5 MHz, there was a clear dominant main lobe ev
without phase correction; the defocusing effect was not
vious, but the focus was clearly shifted. With a phased ar
no significant increase of focal amplitude was observed,
the focal shift can be corrected by a 434 or more element
phased array. At 1.5 MHz, the focus was totally destroy
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without phase correction. With a 434 element phased array
the focus was restored at the desired location, but the
lobes were unacceptable. With more source elements,
nificant focal amplitude enhancement was achieved.

It is obvious that enhanced focal amplitude can
achieved by dividing the transducer into smaller eleme
~more elements!; however, there is a limit, and a near op
mum focus can be defined when the element is already sm
in essence that there will be little or no focal amplitude im
provement by using a smaller element size. From a pract
point of view, smaller element size means more source
ments and their corresponding hardware. The trade-off
tween the focal amplitude and the element size~number! has
to be made. In Fig. 7, at 1.0 MHz~wavelength in water 1.5
mm!, it is shown that an optimum focus can be obtained w
a 10310 element phased array~square element width 10.0
mm!, i.e., when more source elements were used, little fo
amplitude enhancement was achieved. Similarly, at 0.5 M
~wavelength in water 3.0 mm!, an optimum focus can be
1711un and K. Hynynen: Focused transskull ultrasound calculation



FIG. 6. The transskull ultrasonic field in the focal plane:~a! 131 at 0.5 MHz;~b! 16316 at 0.5 MHz;~c! 131 at 1.5 MHz;~d! 16316 at 1.5 MHz.
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FIG. 7. Pressure/SAR gains versus the phased array element size
 ease

1712 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 J. S
obtained with a 636 element phased array~the square ele-
ment width of;16.7 mm!, and at 1.5 MHz~wavelength in
water 1.0 mm!, an optimum focus can be obtained with
14314 element phased array~the square element width o
;7.1 mm!. As a rule of thumb, in order to achieve a ne
optimum focus, the square element width should be less t
5–6 times the acoustic wavelength.

In Fig. 9, the pressure gain of as high as 4.5 has b
observed, with the maximum observed SAR gain be
about 3.1. It is apparent that, in order to deliver a prede
mined amount of power deposition in the brain, the pow
flux through a unit area on the skull surface should be
versely proportional to penetration area. For theF51.0
transducer, only about 1/6 of the available skull surface a
is utilized. If the total available skull surface area were to
utilized, the peak pressure amplitude on the skull surfa
could be reduced by 1/A6 assuming the same focal amp
tude is maintained, hence the pressure gains could incr
1712un and K. Hynynen: Focused transskull ultrasound calculation
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by ;A6. The SAR gains could increase by 6.0, because
absorbed power is proportional to the pressure amplit
square. In order to avoid skull overheating, the SAR ga
between the focal point and on the skull has to be larger t
1.0.12 At 0.5–1.0 MHz, it might be possible to induce the
mal effects in the brain for therapeutic purposes, and on
other hand, it has been demonstrated recently12 that the cavi-
tation effects might be another option, particularly for fr

FIG. 8. The acoustic pressure amplitude on the skull surfaces for th
316 element case at 1.0 MHz:~a! outer surface;~b! inner surface.
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quencies with only marginal achievable SAR gains. A
though single location pulsed sonication appears to
controllable,28 it is not known if the generated microbubble
would distort the power deposition when larger volumes
covered with multiple sonications. Clearly, much mo
works are needed before the cavitation mechanism can
used for brain therapy and surgery.

From Fig. 10, it is shown that the pressure gains
adequate only for relatively deep targets. If pressure gain
1.5 is used as a guideline, the targets have to be deeper
30.0 mm in the brain. On the other hand, it may be poss
reach even more superficial targets when the whole s
surface is used for the transmission of the ultrasound be
Similarly, it may be possible to treat superficial targets fro
the opposite side through the brain. However, this was
simulated here.

Despite the distortion caused by the presence of
skull, and the phase correction applied to correct and res
the focus, the linear relationship29 between the focal volume
~in terms of transverse focal widthDt , axial focal lengthDa)
and the acoustic wave frequency remains intact~Table II!.
Clearly, the focal volume is the largest at 0.5 MHz, and t

6

FIG. 9. Pressure/SAR gains versus frequency.
oint.
TABLE II. The peak acoustic pressure amplitude on the skull surface compared with that at the focal p

Frequency
~MHz!

Peak pressure amplitude
~Pa3103!

Focal
point

Outer
skull

surface

Inner
skull

surface

Pressure
gain

Focal
dimensions

~mm!

zo z i Dt Da

0.5 202.8 55.2 27.2 3.7 7.5 3.0 20.0

131
1.0

89.8 55.6 12.9 1.6 7.0 N/A N/A
(F51.0)

1.0
102.8 38.1 12.2 2.7 8.4 N/A N/A

(F50.734)
1.5 10.8 54.0 3.0 0.20 7.0 N/A N/A

0.5 232.7 60.3 24.4 3.9 9.5 3.0 20.0

16316
1.0

160.0 61.7 10.5 2.6 15.2 1.5 10.0
(F51.0)

1.0
199.8

51.6 12.4 3.9 16.2 1.1 5.0
(F50.734)

1.5 26.7 69.2 3.1 0.39 8.6 1.0 6.5
1713un and K. Hynynen: Focused transskull ultrasound calculation



ys
i

ls

st
es
a

th
R
s

ul
fo

u
ie
t

le
v

ar
su
ap
lt
n
d.
an
e
si

C
ke
tia
y

d
bio

an,
nce

nic

’ J.

i-

n of
Ul-

tal
Int.

s,
ue
986

R.
, and
nd
ro-

ti-
tate

er-
cal
rgi-

nd

e

tra-

ue
ull

P.
ays
o-

wer

ed
uter

n

at
’ J.

ial

lly
ed.

le

l.
smallest at 1.5 MHz. Although a lower-frequency enjo
many advantages like lower attenuation in the skull, etc.,
applicability is limited by its focal volume size, which cal
for a trade-off in practical use.

V. CONCLUSIONS

A numerical model was developed to evaluate acou
field in multiple layers with irregular layer interface shap
from a spherically curved phased array. This method w
applied to evaluating the transskull ultrasound field in
brain. A digitized human skull profile was obtained from M
images which was then used to specify the layer interface
the numerical simulations.

Without phase correction, a single transskull focus co
be obtained for frequencies below 1.0 MHz, but not
higher frequencies. The phased array technique could
used to restore the destroyed focus, correct focal shift, red
side lobes, and enhance focal amplitude at all frequenc
The optimum element width for a phased array in order
achieved the near optimum focus was determined to be
5–6 times the acoustic wavelength. However, due to ine
table skull overheating, frequencies above 1.0 MHz
deemed to be not appropriate for transskull therapy and
gery. The appropriate frequency range for transskull ther
and surgery is below 1.0 MHz which confirms the resu
previously obtained.3,4,12 By increasing the skull penetratio
area, both the pressure and SAR gains can be increase

Despite high attenuation, complex interface shape,
nonuniform thickness of a human skull, sharply focus
transskull ultrasound fields can be generated for noninva
ultrasound therapy and surgery in the brain.
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