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Abstract—A noninvasive ultrasound surgery method that relies on using multi-element focused phased arrays
is being successfully used to destroy tumors and perform neurosurgical operations in deep structures of the
human brain. However, several drawbacks that limit the possibilities of the existing systems in their clinical
use have been revealed: a large size of the hemispherical array, impossibility of its mechanical movement rel-
ative to the patient’s head, limited volume of dynamic focusing around the center of curvature of the array,
and side effect of overheating skull. Here we evaluate the possibility of using arrays of smaller size and aper-
ture angles to achieve shock-wave formation at the focus for thermal and mechanical ablation (histotripsy) of
brain tissue taking into account current intensity limitations at the array elements. The proposed approach
has potential advantages to mitigate the existing limitations and expand the possibilities of transcranial ultra-
sound surgery.
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INTRODUCTION

Recent years have seen the substantial develop-
ment of noninvasive (without surgical intervention)
methods for irradiating deep brain structures through
an intact skull using high-intensity focused ultrasound
(HIFU) [1]. In transcranial HIFU surgery, an ultra-
sonic beam is focused through skull bones to targeted
brain regions and, depending on the dose, it intro-
duces their local heating and subsequent thermal
destruction [1—5]. This method is successfully used
clinically to conduct neurosurgical operations for
treating essential tremor [2], intracerebral tumors [3],
trigeminal neuralgia [4], and chronic neuropathic
pain [5].

It is known that the skull bone is an extremely dif-
ficult medium for ultrasound transmission. The thick-
ness and ultrasound attenuation in different skull
regions are very inhomogeneous, and sound velocity
greatly differs from that in water and soft tissues. Since
the mid-20th century, the problem of ultrasound
focusing through the skull has been studied by several
research teams taking into account possible aberra-
tions due to variations in its thickness and acoustic
parameters [6, 7]. A solution to this problem became
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possible with the development of multi-element
phased arrays that have individual control of the signal
phase and amplitude at each of the array elements to
correct for aberrations, as well as the development of
noninvasive magnetic-resonance imaging (MRI)
methods to monitor the treatment and ultrasound-
induced biological effects [1, 8].

Modern transcranial HIFU surgeries are per-
formed using arrays of the ExAblate clinical system
developed by InSightec Ltd. (Israel). The arrays con-
tain 1024 elements accommodated on the surface of a
hemisphere of 30 cm diameter fitted around the head
of a patient [8]. HIFU irradiation on certain brain
regions is performed through an intact skull under
MR-imaging the temperature distributions and thus
the thermal effect of ultrasound within the irradiated
region. The operating frequency range in the most of
clinically used systems is 650—720 kHz, while the
acoustic power used in clinical applications is under
800 W. It has been shown that for this power, nonlin-
ear acoustic effects can be almost completely
neglected and conditions for harmonic wave irradia-
tion are realized at the focus [9].
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Despite the undoubted advantages of this clinical
system with a large (30 cm in diameter) hemispherical
array, certain limitations in its use have been revealed,
mainly determined by the danger of overheating and
damaging skull bones [8, 10]. For example, such trans-
ducer design does not allow the mechanical displace-
ment of the array focus. The array is located around
the head of the patient so that its center of curvature is
located at the center of the skull, and the directions of
rays that connect the array elements and the focus are
close to be perpendicular to the skull surface. Other-
wise, for oblique incidence, the coefficient of ultra-
sound transmission through the skull bones and the
focal intensity decrease abruptly. Electronic steering
of the focus by changing phases at the array elements
results, for this system geometry and clinically used
frequency of 650 kHz, in satisfactory focusing quality
only in a relative proximity to the geometric center of
the array. Approximate calculations show that in the
case of focusing without aberrations, the region of the
electronic focus steering with a boundary determined
by a 3 dB intensity drop relative to the maximum
intensity, has a radius of 2.1 cm [11]. Increasing the
array power to compensate for this loss of intensity at
the focus during its electronic steering can result in
undesirable overheating of bones. The above factors
limit practical application of the existing arrays due to
their ability to irradiate only small volumes of the brain
in the central part of the head with a radius of approx-
imately 2.5 cm.

To overcome these constraints, it is promising to
develop protocols for nonlinear pulsed-periodic irra-
diation, in which high-amplitude shock fronts are
developed in the ultrasound pressure waveform at the
focus. The use of such regimes extends the capabilities
of HIFU, making it possible to increase the speed and
locality of thermal effects [12] and to mechanically
ablate tissue [13—15]. A recently proposed method
termed boiling histotripsy utilizes irradiation with mil-
lisecond-long shock-wave pulses with low duty cycle
(<1%) and shock-front amplitudes at the focus of 60—
120 MPa [15]. It was shown that such irradiation can
induce mechanical destruction of tissue into subcellu-
lar fragments in the focal region of the ultrasound
beam practically without thermal effects or side effects
related to overheating tissues in the near field of the
transducer. By changing the pulse duration and repe-
tition rate, it is also possible to accelerate thermal abla-
tion of the targeted tissue and to attain combined
mechanical and thermal destruction of tissue without
damaging surrounding tissues [15]. First successful
results have already been obtained using the boiling
histotripsy method for mechanical destruction of
brain tissue in vivo (open brain of piglets) [16]. A Son-
alleve V1 3.0T MR-HIFU array (Philips Healthcare,
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Cleveland, OH) with an aperture of 12.8 cm and a
focal length of 12 cm, i.e., with an aperture angle of
approximately 60°, was used. Note that the degree of
focusing of ultrasound transducers is often character-
ized by their F-number, F, = F/D , which is equal to
the ratio of the transducer focal length F'to its diameter
D. For transducers with aperture angle of 60°, the
value of F-number is F, = 1 (Fig. 1a, the dotted curve,
where o is the half-aperture angle). A typical shock-
front amplitude at the focus of the Sonalleve system
was 80 MPa; in this case, the value of the peak negative
pressure was 14 MPa [17].

Unfortunately, it is technically almost impossible
to achieve shock-wave mediated effects in tissue when
operating with hemispherical array of the ExAblate
system. Figure la shows the distributions of acoustic
pressure magnitude calculated in the linear-focusing
approximation using the Rayleigh integral [18] on the
axis of a hemispherical transducer with geometric
parameters analogous to those for the ExAblate system
(F, = 0.5, Fig. 1a, solid curve) and on the axis of a
transducer with smaller aperture angle of 60° (F= D =
20 cm, F, = 1) (Fig. la, dotted curve). The results
illustrate that the length of the main focal lobe for the
hemispherical array is much shorter compared to the
length of the focal lobe produced by the transducer in
the form of a less focused spherical segment. Accumu-
lation of nonlinear propagation effects mainly occurs
in the high-amplitude focal region of the beam.
Therefore, for a very short focal region of the ExAb-
late-type array, shock fronts will form at extremely
high focal pressure levels [19]. In order to provide such
high focal pressures, extremely high transducer power
would be required which is rather dangerous for clini-
cal use due to the possibility of damaging the skull
bones and induction of cavitation in tissue in the pre-
focal area of the beam.

Current treatment envelope of the ExAblate hemi-
spherical array systems is therefore limited to the lin-
ear focusing of harmonic waves (Fig. 1b) and heat-
induced tissue ablation close to the center of the array
curvature. On the contrary, with the use of an array in
the shape of a spherical segment with an aperture
angle of 60°, it is possible to generate a nonlinear
waveform (Fig. 1c) with the shock amplitude of 80
MPa, which is applicable for both mechanical and
thermal action on tissue at the focus without damaging
overlaying tissues [13, 15, 16]. However, it is still
unclear whether this approach is feasible taking into
account the effects of aberrations, ultrasound reflec-
tion, and absorption losses when focusing through the
skull bones and brain tissues, as well as existing tech-
nical limitations on the initial intensity at the array ele-
ments.
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Fig. 1. (a) Pressure amplitude distributions, pa / Pmax > along the beam axis normalized to its maximum value for a hemispherical
transducer (solid curve, frequency f= 650 kHz, focal length F= D/2 = 15 cm, and aperture angle 20, = 180°, where D is the trans-
ducer aperture) and a transducer in a shape of a spherical segment (dotted curve, f= 650 kHz, F= D =20 cm, and aperture angle

20.=60°). (b) Linear pressure waveform at the focus, pr (9) , characteristic for generating thermal damage of tissue using a hemi-

spherical transducer. (c) Nonlinear pressure waveform with developed shock at the focus, pp (6), characteristic for mechanical
destruction of tissue using a transducer in a form of a spherical segment.

This study evaluates a possibility of designing array
transducers in the shape of a spherical segment with an
aperture angle of about 60° capable of generating
shock fronts at the focus with amplitudes of 80—
115 MPa when focusing through the intact skull. The-
oretical modeling is employed that accounts for the
following uncompensated losses of the ultrasound
energy of the beam: frequency-dependent absorption
in the skull, reflections at its inner and outer surfaces,
and absorption in the brain tissue. It is assumed that
aberrations that occur due to the difference in the
sound speed in the skull and tissue can be compen-
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sated using methods that are being rapidly developed
[6—8, 20]. The following parameters were varied in the
study: ultrasound frequency in the range of 650 kHz—
1.2 MHz, aperture angles, array dimensions, and den-
sity of filling the array with elements. The latter is
especially important because the relatively low filling
factor (55—65% of the total transducer area) makes it
possible to use quasi-random or spiral [21, 22]
arrangements of the elements, thus extending the
capabilities of dynamic focusing [23] but simultane-
ously limiting the maximum achievable array power.
The aim of the study is to determine the values of the
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Fig. 2. (a) Distributions of pressure amplitude along the

beam axis, pj / Do, normalized to the pressure amplitude
at the array elements for a 256-element array (solid curve,
D is the array aperture diameter, F'is focal length, and ¥ =
0.4 is a filling factor of the array) and the equivalent spher-
ical transducer (dotted line). Diagrams of the array and
equivalent source (front view) and geometric parameters
of the array and equivalent source (left and right). Rela-
tionships between initial amplitudes at the array elements

(po) and at the equivalent source (0.44 p,) are given.

considered array parameters for which it is possible to
achieve shock formation at the focus at a depth of up
to 10 cm in the brain tissue given the maximum inten-
sity at the array elements is 40 W/cm?; the latter is
determined by the existing technical limitations [22].
In addition to the advantages of implementing effi-
cient thermal and mechanical tissue ablation and
expanding the dynamic focusing region, the proposed
arrays will have smaller size and smaller focusing angle
of approximately 60° compared to the hemispherical
ExAblate arrays. This will make it possible to mechan-
ically move the array relatively to a patient’s head
thereby decreasing and increasing its distance from
the skull, as well as rotating the array around the center
of the skull to enable nearly perpendicular passage of
the rays from all elements of the array through the skull
bones.

THEORETICAL MODEL

In general formulation, the posed problem
required a solution to the nonlinear inverse problem of
determining the parameters of a multi-element array
capable of producing a shock front of a certain ampli-
tude at the focus after ultrasound transmission
through the skull bones and brain tissues. This formu-
lation implies multi-parametric simulations of the 3D
Westervelt equation taking into account the aberra-
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tions and attenuation of the ultrasonic beam on its
path to the focus [12, 17]. It is obvious that this
approach is very computationally intensive, and the
analysis of the results is additionally complicated by a
large number of the geometric parameters of the array
such as, for example, the coordinates, shape, and size
of its elements. Therefore, to solve the formulated
problem numericallyy, a number of simplifying
assumptions were used. First, it was assumed that dis-
tortions in the field structure related to the skull inho-
mogeneities are compensated, thus, in this study their
influence was neglected. Moreover, an “equivalent”
source that is simpler than an array was considered as
a boundary condition to the model, and nonlinear
acoustic field was simulated using the Khokhlov—
Zabolotskaya (KZ) parabolic equation. It was also
assumed that the degree of the waveform distortion at
the array focus is determined mainly by nonlinear
effects in the focal region of the beam [19, 26]. These
simplifying assumptions are described below in more
detail.

In our previous studies it was shown that each array
with quasi axially symmetric geometry can be substi-
tuted by a simpler “equivalent source”, whose field
closely approximates the array field near the focus
[26]. Consider an example of a linear field generated in
water by an array with operating frequency of 1 MHz,
focal length F'= 13 cm, and diameter D = 17 cm, con-
sisting of N = 256 circular piston elements with a
radius @ = 0.35 cm (Fig. 2) [24]. We choose a spherical
equivalent source with the same operating frequency

and focal length F = F, while the aperture D and the
initial amplitude p, at the equivalent source will be
varied to achieve the best matching of the pressure
amplitudes p, / D, on the axis of the array (Fig. 2, solid
curve) and the equivalent source (Fig. 2, dotted
curve). The best fit parameters are determined by
minimizing the functional A (D, j,) of the discrepancy
between the linear array field p, (z;) and the equiva-

lent source field p, (z;), each of which is a solution to
the linearized Westervelt equation within a certain
interval on the beam axis:

A(ﬁ,f’o) = Z (Pa (Zi)_i’A(zi))z‘ (D

z;€|A4,B]
Here, A and B are the boundaries of the interval on
the axis where the distributions p, (z;) and p, (z;),

are compared, and z; are certain points on the array
axis. In the case of multi-element arrays, it is conve-
nient to choose the location of the boundaries A and B
at the half-height of the main focal lobe. The array
field can be calculated using the approximate analyti-
cal solution in the far field of each array element or a
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direct numerical calculation of the Rayleigh integral
over the array surface [23]. With numerical minimiza-
tion of the functional (1), the resulting parameters of
the spherical equivalent source were found as follows:
D =16 cmand p, = 0.44p,. It is seen that axial distri-
butions of the pressure amplitude for the equivalent
source and array almost coincide within the interval
[A, B]. In this case, the geometric parameters of the
equivalent source and array transducer are close to
F=F =13cm, and the difference

between the aperture diameters |D - D| isonly 6%. In
addition, the ratio between the initial pressure ampli-
tudes at the array elements and the equivalent source
surface, p, / Do = 0.44, is close to the value of the fill-
ing factor of the array, ¥ = 0.4. Here, ¥ = S,.4/ S0t
S..q = Nma? is the total area of all array elements and
Siot 18 the total area of the array surface. Indeed, the
total areas of the array and equivalent source are close
to each other, but only 40% (¥ = 0.4) of the array sur-
face is filled with radiating elements with the pressure
amplitude p,, at each element, as compared with radi-
ation from the entire equivalent source surface with
the pressure amplitude p,,. It is obvious that for match-
ing the pressures of the linear array field and equiva-
lent source near the focus, it is necessary that the radi-
ating spherical source has the initial amplitude

Do = ¥py. (2)
Thus, an arbitrary array with focal length F, aper-

ture D, filling factor ¥, and pressure amplitude p,, at
its elements is replaced here in the zero-order approx-
imation by a spherical transducer with the same geo-

each other:

metric parameters F = F and D = D, and the ampli-

tude p, = Wp, at its surface. These approximations
reduce the number of parameters that characterize the
field of a multi-element array and significantly sim-
plify the solution to the nonlinear inverse problem of
determining the parameters of a spherically focused
transducer, that generates a shock of a certain ampli-
tude at the focus. Nevertheless, even with such a sim-
plified setting of the boundary condition, the solution
to this problem still requires multiple solutions to the
Westervelt equation, which is rather difficult to realize
for shock-wave focusing conditions.

The next simplification of the theoretical model is
associated with the replacement of a spherical trans-
ducer and the description of the acoustic field using
the Westervelt equation by a flat transducer with a par-
abolic phase distribution along the transverse coordi-
nate, and the field description using the Khokhlov—
Zabolotskaya (KZ) parabolic equation. Analytic solu-
tions obtained in [25] interrelate the diameter, focal
distance, and initial pressure amplitude of such spher-
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ical and flat transducers. It was also shown that the
fields generated by these transducers and governed by
the corresponding linearized equations almost com-
pletely coincide in both the region of the main diffrac-
tion lobe and in several secondary diffraction lobes in
front of and behind the focus. Similarly to the first
simplifying assumption, in this case, the nonlinear
fields in the focal region of the beam, governed by the
corresponding nonlinear equations, will also be close
to each other [26].

With the two simplifying assumption described
above, the problem of multi-parametric modeling of
the 3D Westervelt equation for the array is reduced to
multi-parametric modeling of the axially symmetric
KZ equation, i.e., to a much simpler problem for
numerical simulation that has been already studied in
detail [19, 27]. When focusing in water is considered,
the KZ equation contains only two independent
parameters, thus allowing the nonlinear inverse prob-
lem to be solved by performing direct numerical simu-
lations in a wide range of these parameters and cor-
relating the field parameters at the focus with the
transducer parameters. The authors of [19] obtained
this solution to the KZ equation with a boundary con-
dition specified on a plane in the shape of a circular
disk and a parabolic phase distribution along the radial
coordinate, that provides focusing. The results were
generalized in [26] for the case of a single spherically
shaped circular transducer and full diffraction Wester-
velt model.

Consider now in more detail specific nonlinear
field properties at the focus of a spherical transducer
using the results of the previous studies [19, 26]. For
any chosen transducer, with increase of its power, the
wave profile at the focus is getting distorted toward
forming a shock front, then the shock amplitude
increases and gradually reaches a saturation level. The
concept of a developed shock at the focus was intro-
duced in [19]. Following the definition of [19], the
developed shock corresponds to the condition when

its amplitude A, reaches a maximum relative to the
initial pressure p, at the transducer surface

(A, / po = max). It was shown that a developed shock
can be determined visually in the physical or numeri-
cal experiment by the coincidence of its lower bound-
ary with zero pressure level (Fig. 3a). It was also estab-
lished that the amplitude of the developed shock at the
focus is mainly determined by the transducer aperture
angle (or its F~-number) and is almost completely inde-
pendent on the transducer aperture. This is illustrated
in Fig. 3a for two sources in the shape of a spherical
segment with the same F-number (F, = 1) but differ-
ent dimensions: the same amplitude of the developed
shock is observed at the focus, 4, = 80 MPa. The
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I, =7 W/cm?

Fig. 3. (a) Wave profile, pp (9) , with developed shock at the focus for two transducers with the same F; = 1 and different apertures
(1): D=10cm, (2): D= 8 cm. Initial intensity required to form a developed shock at the focus is indicated near transducer sur-
faces. (b) Wave profiles, pp (9), with developed shock at the focus for two transducers with different F~-numbers: dotted curve (1),
F;=0.9; solid curve (2), F; = 1. Initial intensities required to form a developed shock at the focus are given.

amplitudes of the developed shock at the focus are dif-
ferent for transducers with different F-numbers:
A, = 80 MPa for Fy = 1 and A, =100 MPa for F,; =
0.9. The initial intensity /, at the transducer surface
required for forming a developed shock at the focus
depends on two parameters: the F-number, F,, and
dimensionless transducer aperture kD, where k is the
wavenumber. In fact, the initial intensity shown in
Fig. 3 is different both for different apertures and iden-
tical F-numbers (Fig. 3a) and for different F~-numbers
and identical apertures (Fig. 3b).

Application of the models described above makes it
possible to calculate the developed shock amplitude
A, at the focus and the initial intensity /; at the surface
of a spherical transducer that provide this amplitude.
Further calculation of the nonlinear field at the focus
now requires only consideration of ultrasound trans-
mission losses in the skull and brain tissues. Three fac-
tors determine the decrease in the pressure level at the
focus due to ultrasound propagation through the skull
bones: beam defocusing due to aberrations, absorption
of an ultrasound wave when passing through the skull,
and reflection from its boundaries. The existing time-
reversal and phase-conjugation methods make it pos-
sible to compensate for aberrations and appreciably
reduce the influence of the first type of losses by vary-
ing the signal amplitudes and phases at the array ele-
ments [8]. Under the assumption that aberrations that
occur when ultrasound propagates through skull
bones are corrected, the remaining losses due to
absorption and reflections are approximated using the

dependence o, = 5+ 7f dB, based on data from mea-

surements with an InSightec array, which were con-
firmed by independent measurements of other authors
in the considered frequency range (0.65—1 MHz);
here fis the frequency measured in megahertz [28].
This corresponds to the uncompensated power losses
due to transmission through the skull by a factor of

S(f) _ 10(0.5+0.7f)‘ 3)

To take into account the absorption in brain tissue,
an additional compensating factor of 2.1 dB for the
initial intensity was introduced, which accounts for
absorption at the frequency of 1 MHz at the depth of
10 cm in the brain [29].

As discussed earlier, the main geometric parameter
that influences the value of the developed shock
amplitude at the focus is the transducer F-number, F.
[19]. Taking into account that pressure waveforms
with shock amplitudes of about 80 MPa are currently
successfully used in various tissues with the boiling-
histotripsy method [15—17], when the array parame-
ters are chosen, it is most reasonable to choose the F-
number close to Fy = 1 (Fig. 3a). For this chosen

transducer F-number, the initial intensity /,, neces-
sary for obtaining a developed shock at the focus
depends on the wave size kD of the transducer. When
the transducer frequency or its geometric dimensions
increase (i.e., with an increase in the parameter kD),
the intensity at an element required for forming a
developed shock decreases.

The total radiating array area or its filling factor ¥
is another important parameter. At present, random-
ized arrays with circular elements and with relatively
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low filling factor of at most 55—65% are actively used
in clinical and research HIFU systems [16, 17, 24].
Such arrays have large dynamic-focusing regions. At
the same time, denser arrays are currently being devel-
oped [1, 21, 30]. Increasing the filling factor and
changing the shape of the elements make it possible to
increase the array power while keeping its dimensions,
but may lead to impaired abilities to move the focus
electronically. In this study, we analyze the possibility
of implementing the shock-wave focusing conditions
for different filling densities in the range of ¥ = 0.65—
0.9. The cases of ¥ = 0.65 (“sparse array”) and ¥ =
0.8 (“dense array”) are considered separately.

For an array with the operating frequency f, focal
length F, aperture D, and filling factor ¥, it is now pos-
sible to formulate the final algorithm for determining the
initial intensity at its elements, which is required for
forming a developed shock at the transducer focus after
propagation through an intact skull and brain tissues:

(1) the array is replaced by a spherical single-ele-
ment transducer of the same frequency fand the same

geometric parameters F = F and D = D;

(2) for this spherical transducer, the amplitude of
the developed shock A, at the focus and the initial

intensity 7, o> at which the developed shock is formed,
are determined using the results of [19, 25, 26];

(3) based on the equation (2) and losses S(f) (3) for
ultrasound propagation through the skull bones, the
amplitude of the developed shock A is reached at the
following intensity at the array element:
I, =195

The initial intensity /,,, was calculated for frequen-
ciesf=0.65—1.2 MHz, focal lengths F=15—21 cm, F-
numbers F, = F / D = 0.85—1, and filling factors of the
array ¥ = 0.65—0.9. Focusing through an intact skull
in water was considered, then a correction for losses in
brain tissues was introduced, showing that for the for-
mation of a shock in the case of focusing in tissue at
initial intensity of 40 W/cm?, it should be formed at
initial intensity of 25 W/cm? in the case of focusing in
water. Correspondingly, the obtained /, values were
compared with the maximum of 25 W/cm?; on this
basis, it was concluded that it is possible to implement
the shock-wave forming conditions for the given
parameters at a given depth.

RESULTS

Figure 4 shows the dependences of the initial inten-
sity /,, at the elements of a “dense” array (¥ = 0.8),
required for formation of developed shocks at the
focus when focusing through the skull in water, on the
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Fig. 4. Dependence of the initial intensity /; at the array

element required to form developed shocks at the focus
when focusing through a skull on focal length F: (solid
curve) frequency f= 800 kHz, (dotted curve) f= 1 MHz,
and (dashed—dotted curve) f= 1.2 MHz. Horizontal lines
indicate technically achievable intensity maxima at the

array elements with (25 W/cmz) and without (40 W/cmz)
accounting for losses in brain tissues. Arrays with F-num-

ber F; = 1 and filling factor ¥ = 0.8 are considered.

focal length Ffor the F, = 1 and frequencies f= 0.8, 1,
and 1.2 MHz. Horizontal dashed lines show the levels of
the maximum possible intensity: 40 W/cm? if the absorp-
tion in the brain tissue can be neglected, and 25 W/cm? if
the absorption corresponding to a depth of 10 cm and
a frequency of 1 MHz is compensated. It is seen that
for the dense arrays, formation of the developed
shocks at all depths (/, < 25 W/cm?) at f= 0.8 MHz is
possible if the array diameter exceeds 22.5 cm, while at
frequencies of 1 and 1.2 MHz, the apertures of 20 and
19 cm, respectively, are sufficient.

Consider now an array with a focal length F= 20 cm
and F, = 0.9 and 1. We investigate the dependence of

the initial intensity /, at the array element required to
form a developed shock at the focus after propagation
through the skull on the operating frequency f in the
range 0.65 MHz < f <1.1 MHz Figure 5a shows
that for compact arrays with F, = 1 (bold solid curve),
implementation of the developed shock focusing con-
ditions is possible for frequencies higher than 1 MHz and
for strongly focused arrays with F, = 0.85 (bold dashed
curve) — for frequencies higher than 0.85 MHz. For a
“sparse array” (thick curves) implementation of
shock-forming focusing without excessing the thresh-
old intensity level at the array surface is nearly impos-
sible. Thus, increasing the density of filling the array
with its elements is an important factor that can reduce
the initial intensity required to form developed shocks
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Fig. 5. Dependence of (a) initial intensity /; at the array elements required to form developed shocks at the focus when focusing
through a skull on frequency f; (thin curve) (1) sparse array with the filling factor ¥ = 0.65, (bold curves); (2) dense array with
Y = 0.8. For solid curves, Fy = F/D = 1; for dotted curves, Fy = 0.9; and for dashed—dotted curves, Fy = 0.85. Horizontal lines
indicate technically achievable intensity maxima at the array elements with (25 W/cmz) and without (40 W/cmz) accounting for
losses in brain tissues. Arrays with focal length = 20 cm are considered. (b) Wave profile at focus p /(0) with developed shock of

amplitude A. Values of shock amplitudes A; for cases considered in curve (a) are given in Fig. 5b.
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Fig. 6. Dependences of (a) initial intensity / at the array elements and (b) the total array power W}, required to form developed
shocks at the focus when focusing through a skull on array F-number Fj: (solid curve) frequency f= 800 kHz, (dotted curve) f=
1 MHz, and (dashed—dotted curve) f= 1.2 MHz. Horizontal line indicates the technically achievable intensity maximum at the
array elements with account for losses in brain tissues: 25 W/cmz. Arrays with focal length F= 20 cm and filling factor ¥ = 0.8
are considered.

at the focus. In addition, more focused transducers,
i.e., those with larger aperture and the same focal
length, are preferable. Figure 5a shows these cases of
smaller F, (dotted (£, =0.9) and dashed—dotted (F, =
0.85) curves) for both the dense and sparse arrays.
However, it should be taken into account that a
decrease in the value of F,, leads to an increase in the

shock amplitude at the focus (Fig. 5b). For example,
for F, = 0.9, the amplitude of the developed shock
increases to 4, = 100 MPa, while for F, = 0.85, it
reaches A, = 115 MPa. In the latter case, the intensity
1, can be decreased to 20 W/cm? (bold dashed—dotted
line) for the frequency of 1.1 MHz. The effect of the F-
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Fig. 7. (a) Dependence of the initial intensity /, at the
array elements required to form developed shocks at focus
when focusing through a skull on the filling factor ‘¥ of the
array: (solid curve) frequency f= 800 kHz, (dotted curve)
f=1MHz, and (dashed—dotted curve) f= 1.2 MHz. Hor-
izontal lines indicate technically achievable intensity max-

ima at the array elements with (25 W/cmz) and without

(40 W/cmz) accounting for losses in brain tissues. Arrays
with focal length F=20 cm and F-number F; = 1 are con-

sidered.

number is shown in more detail in Fig. 6, where the
dependences of the initial intensity /,, (Fig. 6a) and
total power W, (Fig. 6b) of the array required to form
a developed shock at the focus on its F-number are
shown for three different frequencies of the array with
a fixed focal length of 20 cm.

Consider now the influence of the filling factor of
the array W on the initial intensity /; at the elements of
the array with F =20 cm and F, = 1 (Fig. 7). Trans-
ducers with such an aperture angle are used most fre-
quently for boiling-histotripsy applications [13, 15—
17]. Increasing the filling factor of the array makes it
possible to considerably reduce the initial intensity /,:
for the case of low frequencies (f= 0.8 MHz), to values
lower than 25 W/cm? for very high filling factors (¥ >
0.9, bold solid curve); for f= 1 MHz, beginning with
Y > 0.82 (dashed curve); and for f= 1.2 MHz, begin-
ning with ¥ > 0.77 (dashed—dotted curve). Despite

the low initial intensity levels /, obtained for arrays
highly populated with elements (¥ = 0.9), additional
evaluation of their dynamic focusing capabilities are
needed, while for arrays with lower densities of element
population (¥ = 0.6—0.65), strong capabilities of elec-
tronic focus steering have been demonstrated [22].
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Fig. 8. (a) Hemispherical array similar to ExAblate-type
systems (F'= D/2 =15 cm). Here, Fis the focal length and
D is transducer aperture. (b) Array in the form of a spheri-
cal segment with the aperture angle of 60° proposed in this
study (F= D= 20 cm, the operating frequency 1 MHz, and
filling factor ¥ = 0.8).

CONCLUSIONS

We have evaluated the possibility of using multi-
element focusing transducers for surgical destruction
of deep brain tissues through an intact skull using non-
linear pulsed—periodic irradiation protocols that pro-
vide shock-wave-mediated effects at the focus. In
contrast to thermal damage of brain structures in the
continuous irradiation mode of relatively low focal
pressures used in ExAblate-type systems, irradiation
with high-power ms-long tone-bursts with shock
fronts would enable mechanical tissue ablation (boil-
ing histotripsy) in the focal region of the beam without
appreciable heating of tissues surrounding the targeted
region and without overheating the skull bones [15].

For transcranial boiling histotripsy, a model of an
array in the form of a spherical segment with an aper-
ture angle of 60° was proposed (F= D =20cm, F,=
1; its aperture is 33% smaller and the aperture angle is
three times smaller than those in a 30-cm-diameter
hemispherical array of the ExAblate system (Fig. 8).
As compared to ExAblate-type arrays (Fig. 8a), due to
the small aperture angle, the proposed compact array
(Fig. 8b) makes it possible to increase the region of
dynamic-focusing and to move mechanically the array
toward or away from the skull, and also to rotate it rel-
atively to the patient’s head. The amplitude of the
developed shock front at the focus of the proposed
transducer is approximately 80 MPa, which corre-
sponds to successfully realized boiling histotripsy
treatments of various tissues, including brain [16]. The
conditions for formation of the developed shock fronts
at the focus required for boiling histotripsy were esti-
mated taking into account frequency-dependent
losses due to reflection and absorption in the skull and
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in brain tissue assuming that aberrations are com-
pletely compensated. Simulations showed that shock
formation conditions, given the initial intensity at the
array elements does not exceed a characteristic tech-
nological maximum (40 W/cm?), is possible only for a
sufficiently tightly packed array. Note that the results
of this study are given for the case of ultrasound focus-
ing in water; focusing to different depths in tissue
requires an additional increase in intensity that com-
pensates the losses in tissue, which is, e.g.,
0.21 dB/cm/MHz"8 [1, 29]. For example, at a maxi-
mum depth of 10 cm and a frequency of 1 MHz, the
intensity must be increased by 60%; thus, the condi-
tions of developed shocks in case of focusing in water
should be achieved at the intensity of 25 W/cm?. Sim-
ulations also showed that for a compact array with the
proposed geometry (Fig. 8b) and filling factor of ¥ =
0.8, shock-forming conditions in brain tissues can be
technically implemented starting from 1.05 MHz,
while for currently existing sparse arrays with quasi-
random element arrangement ensuring large elec-
tronic steering capabilities, the shock-forming condi-
tions cannot be achieved up to 1.2 MHz.

Possibilities of additional reduction in the initial
intensity at the array elements were revealed: It is
shown that the reduction can be achieved by the
increase of frequency and the filling factor of the array,
and also by augmenting the array aperture with preser-
vation of either its F-number or focal length. Here,
strong increase of absorption should be noted at fre-
quencies exceeding 1.5 MHz, because the ultrasound
wavelength becomes comparable to the dimensions of
inhomogeneities in the inner structure of the skull
bones. Currently, new arrays with quasi-randomly
arranged elements and a filling factor of almost 100%
are under development. This may be the main
approach for reducing the initial intensity at the array
surface [30]. The use of large arrays is limited by tech-
nical features of MRI systems. Increasing the aperture
angle of a transducer (or reducing the F, parameter)
also allows the reduction of the initial intensity, but in
this case, the increase in the developed shock ampli-
tude at the focus should be taken into account.

Lastly, taking these factors into account, we have
proposed an array model with F= D= 20 cm, an oper-
ating frequency of 1 MHz, and a filling factor of ¥ =
0.8, which is capable of realizing shock-forming con-
ditions at the focus in water through the skull bones for
intensities of less than 25 W/cm? at the array elements
(Fig. 8b). This gives a substantial reserve for compen-
sating additional absorption losses in brain tissues [1,
29]. It should be also noted that the results yield the
estimated dependences of the developed shock ampli-
tude at the focus and the initial intensity required at

ROSNITSKIY et al.

the array elements for these shock-forming condi-
tions. For an array with a particular arrangement and
shape of radiating elements, additional refinement of
the results is required based on more precise equiva-
lent source simulations (Fig. 2).

In conclusion, this study has shown theoretical fea-
sibility of implementing shock-wave irradiations of
deep brain structures through intact skull using multi-
element compact phased arrays with an increased fill-
ing factor.
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