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Abstract— Transcranial high-intensity focused ultrasound
has recently been used to noninvasively treat several types of
brain disorders. However, due to the large differences in
acoustic properties of skulls and the surrounding soft tissue, it
can be a challenge to adequately focus an ultrasonic beam
through the skull. We present a novel, fast, full-wave method of
correcting the aberrations caused by the skull by phasing the
elements of a phased-array transducer to create constructive
interference at the target. Because the method is full-wave, it
also allows for trajectory planning by determining the phases
required for multiple target points with negligible additional
computational costs. Experimental hydrophone scans with an
ex vivo skull sample using a 256-element 1-MHz transducer
show an improvement of 6.2% in peak pressure at the focus
and a reduction of side-lobe pressure by a factor of 2.31.
Additionally, mispositioning of the peak pressure from the
intended treatment location is reduced from 2.3 to 0.5 mm.

I. INTRODUCTION

High-intensity focused ultrasound (HIFU) is emerging as
a promising treatment modality for many diseases. Focused
ultrasound beams offer target treatment in a noninvasive
manner using no ionizing radiation. Often, the treatment is
guided using MRI-based temperature imaging (MRgFUS).
Of particular interest is transcranial focused ultrasound,
which may be used in ablation of tumors [1], treatment of
essential tremors [2], targeted drug delivery [3],
neurostimulation [4], and several other diseases [5].

In many HIFU applications, inhomogeneous tissues can
cause aberrations in the beam pattern that can lead to diffused
and shifted focal locations, and may introduce significant
energy in side lobes away from the primary focus —
preventing effective treatment. These aberrations can be a
problem for some soft tissue treatments when a large-aperture
transducer is used [6], but the effects are much more
prominent in transcranial treatments due to the large
differences in acoustic properties of the skull and surrounding
soft tissues.
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Numerous methods of phase correction have been
developed [7]. These methods are based on varying the
element phases of a phased-array transducer such that
maximum constructive interference is achieved at the
intended treatment location. Implantable hydrophones [8]
offer the best possible corrections, but are invasive. Using
cavitation to create shock waves that can be imaged
(“ultrasonic stars” [9]) is noninvasive, but the energy required
to create cavitation and the bubbles themselves may pose a
risk to the patient. Methods based on MR acoustic radiation
force imaging [10] can avoid cavitation, but may require
more time to converge to the correct phases. All of these
methods require increased table time for calibration. This
extra time is exacerbated for the large element-number arrays
used in transcranial treatments to prevent unwanted heating at
the skull surface.

Simulation-based methods offer the benefit of being
noninvasive, having no increased ultrasonic energy being
deposited, and no increased MR table time. Often these
simulations utilize geometric and bone density information
about the skull gained from a CT scan. Assumptions are
made to map the CT Hounsfield Units (HU) to acoustic
properties such as density, attenuation and speed of sound.
Previous finite-difference time-domain (FDTD) simulations
based on CT scans [11] took about two hours to compute
corrections. Faster simulations can be achieved by
simplifying the acoustic models [12]; however, this will
result in reduced focus intensity. A more detailed review of
phase correction methods can be found in [7].

In this paper, we present a full-wave simulation-based
method of correcting for phase aberrations introduced by the
skull. The method is noninvasive, requires no increased MR
table time, and can be used to correct for multiple treatment
locations with no additional computational cost.

II. METHODS

A. Simulation Technique

This phase aberration correction method employs
simulations obtained with the Hybrid Angular Spectrum
(HAS) method [13]. HAS works by alternating between the
space and spatial-frequency domains to simulate 3D
ultrasonic beam patterns that take into account refraction,
reflection, and absorption. The benefit of using the HAS
technique comes from the computational speed increase over
other simulation methods (often two orders of magnitude
faster than FDTD calculations).

For phase correction, HAS is used to calculate the 3D
pressure patterns for each individual element of the phased-
array transducer, initially assuming zero phase and uniform
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amplitude. Phase offsets can then be determined by taking
the negative of the phase from each element at the desired
focal location. When impressed on the individual elements,
this results in maximum constructive interference at the
desired point in the simulated volume. Various treatment
locations can be handled by saving the phases over the entire
possible treatment volume. Since HAS is already calculating
the complex pressure for these points, there is negligible
additional computational cost for multiple treatment sites.

To speed up simulations, computations for each element
are performed in parallel on a Nvidia Tesla GPU (Nvidia,
Santa Clara, CA). The simulations can be performed in a
relatively short period of time. For small models (229 x 159
x 182 voxels with six tissue types) the computations can be
completed in approximately 45 seconds. Larger models,
such as the one used in the experimental portion of this work
(421 x 648 x 170 voxels with 3000 distinct bone types), take
approximately 15 minutes to compute.

B. Experimental Methods

Verification of the phase correction method was
performed using an ex vivo section of human skull and a 1-
MHz 256-element phased-array transducer (Imasonic,
Besangon, France) driven by high-power generators (IGT,
Bordeaux, France). The skull was cleaned and frozen for
several weeks before being imaged in a custom holder in a
CT scanner at 0.46 x 0.46 x 0.3-mm resolution. The holder
was designed to provide a flat surface at a measured distance
from the transducer in a tank of degassed water, with
mounting holes that allowed it to be held at a known fixed
rotation angle relative to the transducer.

A hydrophone (Onda HNR-0500, Onda Corporation,
Sunnyvale, CA) was scanned in a raster pattern in the
transverse plane at the geometric focus using two stepper
motors (Thorlabs NRT150, Thorlabs Inc, Newton, New
Jersey). Pressure scans were performed at a resolution of
0.25 mm covering an area 15 x15 mm.

For purposes of phase aberration correction, speed of
sound is the most important acoustic parameter to be found
by the procedure described next. Density for the inner and
outer bone tables was set at 1.9 g/cm’® while the diploé was
set at 1.7 g/em’. The attenuation was set at 0.23 and 2.3

Np/(cm-MHz) for the tables and diploé respectively. These
values correspond with typical literature values [14]. The
demarcation between the skull tables and diploé was set at
707 HU, based on [15].

Acoustic models were built by linearly mapping the
measured CT Hounsfield Units to speed-of-sound values
(truncated to a minimum speed of sound of 1500 m/s). A
similar linear speed-of-sound model has been validated in
previous research [16]. In order to obtain the parameters for
the best fit of the linear model (slope and intercept) to
experimental data, experimental hydrophone scans were
compared to simulated hydrophone scans, and the following
metric was minimized:

min Z(pexp - psim)zi
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where peyp is the pressure at each point obtained by the

hydrophone scans, pgi, is the pressure at the same point
from simulations, and the summation is over the 2D plane of
focus. The minimization was computed using the Nelder-
Mead simplex method [17] provided through MATLAB’s
(MathWorks, Natick, MA) fminsearch optimization
function.

Acoustic models with the values obtained above were
then used to generate corrected phases on a Nvida Tesla
GPU using MATLAB code and the Jacket library
(AccelerEyes, Atlanta, GA). Hydrophone scans were
performed with the target at the geometric focus of the
transducer with no skull in place, and with the skull in place,
both with and without phase correction.

III. RESULTS

The minimization mapping of HU to speed-of-sound
values (c) resulted in the following formula:

¢ =2.85(HU) + 1160,
with a minimum ¢ of 1500 m/s. A representative slice of the
resulting speed-of-sound pattern in the skull flap is shown in

Fig. 1.
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Figure 1.  Representative slice of speed-of-sound values (m/s) in the
skull flap obtained by the optimization routine. The transducer is to the left
of the image with the beam propagating to the right focusing at the point
indicated by a white X.

Based upon HAS calculations to obtain the phase
correction values for each element, Fig. 2 shows the
generated phases for each transducer element as well as the
element locations on the transducer face.



Transducer Element Locations and Corrected Phases
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Figure 2. Transducer element locations and computed corrected phases
for targeting through the skull to the geometric focus.

Fig. 3 shows the pressure patterns from the hydrophone
scans without the skull in place (water only), with the skull in
place but no corrections, and with the skull in place with
phase corrections. The intended target point was at the graph
origin (i.e., at the geometric focus) for both scans shown
without phase correction; however, due to an even number of
voxels in the y-direction for the phase corrected method, the
intended target is shifted down 0.46 mm from the graph
origin.

The phase correction method resulted in a 6.2% increase
in peak pressure (13% increase in intensity) compared to the
uncorrected method. Phase correction additionally reduced
the misregistration distance of the point of highest pressure
from the intended treatment location from 2.3 mm to 0.5
mm. Furthermore, the highest pressure in any side lobe was
reduced by a factor of 2.31 after phase correction. It should
further be noted that these results understate the benefit of
phase correction since the total output power in the phase
corrected case is reduced compared to the uncorrected case
as a result of electrical cross-talk in the transducer system
that occurs between elements of differing phases.

IV. CONCLUSION

Our method of phase correction is both fast and effective.
Computation of phase correction values for large models
(421 x 648 x 170 voxels) can be achieved in 15 minutes.
Although the corrected pressure pattern is still not as tight at
the focus as with no skull in place, the phase correction
method increased peak pressure by at least 6%, reduced the
misregistration distance to the intended target location, and
reduced the side-lobe pressure, despite a decrease in acoustic
output power due to electrical cross-talk in the transducer
setup.

The phase correction abilities of the method are heavily
dependent the accuracy of acoustic model. Future work will
involve investigating the accuracy and repeatability of
generating linear acoustic models from CT scans as well as
other non-CT methods of creating models.
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Figure 3. Hydrophone pressure-pattern scans with no skull in place (water

only, top), skull in place with no aberration correction (middle), and skull in

place with phase correction (bottom). Both scans with the skull in place are
normalized to the same scale.



Although not shown here, the method generates full 3D

pressure patterns,

so multiple treatment locations are

possible. The ability to generate treatment trajectories is
important when treating large volumes, such as tumors. It
may also be possible to use 3D pressure patterns to predict
or prevent unwanted heating, especially on the skull surface
where much of the ultrasound energy is deposited.
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