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Abstract—The paper presents the results of evaluating the thickness profile of a skull phantom using a two-
dimensional ultrasound array consisting of piezoelectric elements with a center frequency of 2.1 MHz. Two
pulse-echo ultrasound methods were used in the experiment: the A-mode elementwise measurements and
scanning with a focused probing beam created by the entire array using delay-and-sum (DAS) beamforming.
The obtained thickness profiles are compared with the reference thickness profile obtained using X-ray com-
puted tomography. It was shown that ultrasound DAS beamforming with a focused probing beam makes it
technically possible to estimate the thickness profile of the skull phantom.
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INTRODUCTION

Ultrasound (US) pulse-echo imaging methods are
actively used for imaging human soft tissue. US imag-
ing of brain structures through an intact skull is of par-
ticular interest [1, 2]. Currently, transcranial US imag-
ing is feasible only through a limited number of acous-
tic windows. The inhomogeneity of the skull
thickness, in which the speed of sound differes signifi-
cantly from the speed of sound in soft tissues, in com-
bination with strong acoustic attenuation in bones,
lead to ultrasound wave weakening and strong refrac-
tion limiting the capabilities of transcranial imaging of
the brain [3, 4]. The effect of refraction can be com-
pensated using a two-dimensional antenna array by
applying signals to its radiating elements with certain
time delays [5, 6] or by introducing appropriate delays
when processing the received echo signals. The acoustic
delays introduced by the skull can be calculated from
skull thickness profile data, obtained using computed
tomography (CT). However, the most promising for the
development of transcranial US imaging are methods
that use only US techniques to develop a model of the
skull and subsequent images of structures beyond it [7].
Therefore, the problem of developing a US pulse-echo
methods for measuring the skull thickness profile is very
important. The paper considers two pulse-echo
approaches to solving this problem: the A-mode ele-
mentwise measurements and scanning the phantom

with a focused probing beam created by the entire array
using delay-and-sum (DAS) beamforming [8].

MATERIALS AND METHODS
Skull Phantom

Experiments were performed using a skull phan-
tom (Fig. 1a) made from a compound of epoxy resin
and 30 wt % Al,O; powder. Phantoms of such materi-
als are often used in studying US propagation through
skull bones [9]. The phantom was a 110 X 110 mm
square plate, one side of which was smooth and flat;
the other side was embossed so that the plate thickness
varied in the range from 2 to 9 mm, which is typical for
human skulls.

The thickness profile of the skull phantom was
reconstructed from the CT datasets, obtained with a
SOMATOM Drive Scanner (Siemens Healthineers,
Germany) of the Medical Research and Education
Center of Moscow State University. As a result of the
CT scanning, a 3D model of the plate under study was
built with a spatial resolution (voxel size) of
0.33 X 0.33 X 0.5 mm.

To measure the speed of sound and attenuation
coefficient in the epoxy resin—Al,O; powder com-
pound, in addition to the plate with varying thickness,
a plane-parallel plate was made from the same mate-
rial. The sample was a parallelepiped with sides of
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Fig. 1. Photographs (a) of the skull phantom and (b) refer-
ence sample used for measuring sound speed. These sam-
ples were made of an epoxy resin—Al,O; powder com-
pound.

80 x 80 x10 mm (Fig. 1b). The speed of sound in the
plate was determined using the substitution method
[10], which measures the delay time of short US pulses
passing from an emitter to a receiver in a reference
medium (water) with and without the presence of such
plane-parallel sample. Figure 2 shows a photograph of
the experimental setup. Receiver / and emitter 2 are
two identical Panametrics A392S-SU broadband
piezoelectric transducers (Olympus NDT Inc., USA)
with a diameter of d = 38 mm and center frequency of
f. = 1 MHz. The piezoelectric transducers were
mounted on two metal frames on a rail base 3. The
inclination of the frames was controlled with a screw,
which made it possible to ensure plane-parallelism of
the piezoelectric transducers. Sample 4 was placed
between the emitter and receiver parallel to their sur-
faces using a special clamp. A JSR Ultrasonics
DPR300 high-voltage pulser/receiver (Imaginant
Inc., USA) was used to excite and receive short US
pulses. The signals from the pulser/receiver were digi-
tized with a TDS5054B oscilloscope (Tektronix Inc.,
USA). The measured speed of sound in the sample
was 2620 £ 30 m/s; the attenuation coefficient was
o =220 = 20 m~' at the frequency of 2 MHz, corre-
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Fig. 2. Photograph of the experimental setup for measur-
ing sound speed by displacement method: (/) emitter; (2)
receiver; (3) rail base; (4) studied sample.

sponding to the results obtained earlier for this mate-
rial [11].

Ultrasound System

For ultrasound-based measurement of the thick-
ness profile of the skull phantom, a two-dimensional
US array in the form of a plane square matrix with
20 x 20 cells containing piezoelectric elements
(Medelkom, Lithuania) was used (Fig. 3). Each cell of
the matrix was a square-shaped piezoelectric element
with sides of ¢, = 1.45 mm. The element spacing (kerf)
was 0.05 mm. In the array, 384 of the 400 elements
were active. These active elements were divided into
three groups of 128 elements. Each of these groups was
controlled by a separate cable connected to a V-1 mul-
tichannel programmable electrical signal control sys-
tem (Verasonics Inc., USA). The arrangement of the
array elements on the surface is shown in Fig. 3b; the
three groups of elements are marked A, B, and C. The
center frequency of the piezoelectric elements in the
transceiver mode at the minimum value of the reactive
component of the impedance ranged from 1.9 to
2.3 MHz. To study the structure of vibrations of the
array surface, broadband vibrometry was conducted
beforehand using the acoustic holography method,
the results of which are described in detail in [12].

Figure 4 shows a photograph of the experimental
setup. The measurements were carried out in a tank of
degassed water. The array 7 and the skull phantom 2
were fixed plane-parallel using the special clamps
about 20 mm from each other for A-mode scanning
and 80 mm for US imaging by delay-and-sum beam-
forming with a focused probing beam. In both cases,
the smooth side of the phantom was facing the array.
The phantom clamp was mounted on a UMS-3 posi-
tioner (Precision Acoustics, UK), which made it pos-
sible to move the phantom with respect to the array.
This feature was used to match the thickness profile of
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Fig. 3. (a, c) Two-dimensional US probe. Working area, 30 X 30 mm. (b) Arrangement of 384 piezoelectric elements on the front
surface of the probe, divided into three sectors A, B, and C with 128 channels each.

the phantom obtained from US measurements with
the 3D model obtained from the CT results: the sam-
ple was placed opposite the array using plane-parallel
transfer such that one of the plate corners was opposite
the array. Then, by constructing a C-mode US image
in the plane of the smooth face of the sample, an
image of the corner of the phantom was obtained; its
coordinates with respect to the two-dimensional array
and angle of rotation in the array plane were also
determined. Further movements of the skull phantom
with the positioning system were referenced to this
position of its corner.

Ultrasound Methods for Estimating of the Thickness
Profile of the Skull Phantom

One US method for estimating the thickness pro-
file of the skull phantom was element-by-element
scanning in the A-mode [13]. In such an assessment,
each array element alternately emitted a US pulse of 4
cycles at a frequency of 2.1 MHz, then received the
reflected signal. Figure 5 shows examples of the tem-
poral profiles of the received signals for two different
array elements. The black dotted line shows the
received signals sampled at 8.4 MHz, and the black
solid line shows their envelopes. The signal envelope
was calculated as the absolute value of the analytical
signal obtained from the received raw signals using the
Hilbert transform. Figure 5a shows two local maxima
of the envelope at 27 and 30 us, which correspond to
the reflection of US pulses from the water—phantom
(closest to the array) and phantom—water interfaces.

The measurements showed that the two local max-
ima of the envelope were not distinctly offset in all
received signals (Fig. 5b). One of the reasons the max-
ima of the envelopes could not be separated was the
low longitudinal image resolution, which is deter-
mined by the duration of the probing pulse. This reso-

lution was about 1.5 mm and therefore was compara-
ble to the thickness of the thinnest parts of the skull
phantom (~2 mm). In these areas, the echo pulse
reflected from the far side of the phantom was super-
imposed on the tail of the pulse reflected from the near
side, and therefore could not always be isolated (i.e. it
was masked). Such masking could be further amplified
by suppression of the amplitude of the second pulse
due to irregularities on the far side of the phantom,
which in some cases reflected the pulse to the side
rather than strictly backwards. In addition, when the
US pulse passes through an 8-mm-thick section of a
skull phantom, its amplitude decreases by a factor of 6
(attenuation coefficient oo = 220 £ 20 m~! at a fre-
quency of 2 MHz). This signal level is still higher than
the noise level by two orders of magnitude, but it is com-
parable with the level of the tail of the pulse (Fig. 5). To
solve the masking problem, the fact that the reflective
surface closest to the array was smooth and flat was

Fig. 4. Photograph of the experimental setup for US mea-
surement of thickness profile of the skull phantom:
(1) two-dimensional array; (2) skull phantom.
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Fig. 5. Signal profiles U taken on different array elements
(black dotted line), normalized to the maximum value
Upnax- (@) Signal with well-distinguishable pulses, (b) signal
with poorly distinguishable pulses. Black line shows signal
envelopes.

used. This made it possible to assume that the shape of
the first echo pulse was the same as in the case of
reflection from a half-space flat boundary; therefore,
to isolate the second echo, we were able to subtract the
first echo from the received signal. The shape of the
first reflected pulse for each array element was
obtained experimentally by sequentially emitting a US
pulse from each element and receiving the reflected
pulses from the boundary of the thick plane-parallel
sample of the same material made to measure the
sound speed (see above). After subtraction, one local
maximum was indeed distinguished, which presum-
ably corresponded to reflection of the probing pulse
from the phantom—water interface. As a result of pro-
cessing this echo signal, the times corresponding to
reflections of the US pulse from the water—phantom
(t)) and phantom—water (#,) interfaces were deter-
mined. The thickness # of the phantom along the
selected imaging axis was found as

c,(t, — 1)
h == 2 1 , 1
5 (1)
where ¢, = 2620 + 30 m/s is the speed of sound in the
skull phantom material.
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Fig. 6. Distribution of acoustic pressure amplitude P(x, y)
in the focal plane created by two-dimensional array at the
distance of 80 mm from array surface using electronic
focusing.

The second US method for estimating the thick-
ness profile of the skull phantom was a pulse-echo
scanning with a focused probing beam created by the
entire array using DAS beamforming. In such assess-
ment, electrical pulses were applied to the array ele-
ments with certain time delays, which made it possible
to electronically focus the emitted US beam to a given
point in space. The beam was focused sequentially at the
points on the surface of the skull phantom, which were
located at the nodes of a square grid of 10 X 10 points with
resolution of 3 mm, i.e., at 100 points in a 30 X 30 mm
square area. This choice of grid spacing was due to the
transverse dimensions of the focal spot, d = 3 mm at
the level of 0.15 of the maximum created by the two-
dimensional array with electronic focusing at a dis-
tance of 80 mm (Fig. 6). The acoustic field was
scanned in the focal plane using HNA-0400 needle
hydrophone (Onda Corp., USA) with a sensor area of
0.4 mm in diameter. A micropositioning system
allowed the hydrophone to be moved in the focal
plane with a step of 0.2 mm along the x and y axes.

Raw US signals reflected from the phantom were
received by all array elements and were subjected to
quadrature processing [13] using a fifth-order Butter-
worth filter. The obtained quadrature components of
the signal were used to construct the brightness distri-
bution of the US image along the beam using DAS
beamforming method. When summing the signals, the
directivity pattern of the array elements was taken into
account in the approximation of a piston radiator in a
screen with soft walls [8]. The summation included
signals coming from scatterers located in the directiv-
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Fig. 7. Brightness distribution U of US image obtained by
DAS beamforming method along one scan line perpendic-
ular to the surface of two-dimensional array, normalized to
the maximum value U,,.

ity distribution within the level higher than 0.71 from
the maximum level of the directivity diagram.

Since we were only interested in measurements
close to the skull phantom, the amplitude of the echo
signals was calculated only within a 20-mm-long seg-
ment of the image line, which included points, which
corresponded to the position of the phantom. For each
of the mentioned 100 probing points, the distribution
of the echo signal amplitude was constructed, i.e., the
brightness distribution of the US image was obtained
in a volume of 3 X 3 X 20 mm. The imaging results
were then combined into a single volume of 30 X 30 X
20 mm; i.e., in fact, a three-dimensional US image of
the zone of interest was compiled.

(@)

y, mm

ASFANDIYAROV et al.

Figure 7 shows an example of the brightness distri-
bution of the US image along one of the scanning lines
perpendicular to the flat side of the phantom. The dis-
tribution has two distinct local maxima at times ¢, =
55.5 us and ¢, = 58 us, which presumably correspond
to the reflection of US pulses from the water—phan-
tom (closest to the array) and phantom—water inter-
faces. In contrast to the first US profiling method,
pairs of such distinct local maxima were observed at
the vast majority of points in the scanning area. Appli-
cation of the equation (1) to times #, and ¢, obtained
from the brightness distributions on the scanning line
for different transverse coordinates made it possible to
obtain the thickness profile: & = h(x, y).

RESULTS AND DISCUSSION

In Fig. 8, colors represent thickness profiles A(x, y)
of the examined part of the skull phantom obtained by
(a) CT and (b) the US elementwise scanning method.
Each pixel of the distribution obtained with the US
method corresponds to the thickness value 4(x, y) of
the phantom opposite a specific array element. The
pixel size of 1.45 X 1.45 mm is determined by the size
ofthe array elements; their location corresponds to the
arrangement of the array matrix (Fig. 3b), so there are
voids in the image opposite the four inactive areas of
the array surface.

Both thickness profiles (Figs. 8a, 8b) have a dis-
tinct thickness maximum of about 8 mm in the upper
right corner, but the positions of this maximum differ
by about 5 mm. The size of the area with a large 4 value
surrounding the local maximum in the case of the US
method is smaller than that of the maximum on the

(b)
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Fig. 8. Measured thickness profiles 4(x, y) of the skull phantom obtained using (a) CT and (b) US elementwise scanning method.
(a, b) Dashed line shows straight line x = —12 mm, along which (c) one-dimensional thickness profile is constructed #(x = —12 mm, y);
dots show profile measured by US method; solid line shows the profile measured by CT method.
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Fig. 9. Measured thickness profiles /(x, y) of the skull phantom obtained using (a) CT and (b) US DAS beamforming with focused
probing beam. (a) and (b) Dashed line shows straight line x = —18 mm, along which (c) one-dimensional thickness profile is con-
structed #(x = —18 mm, y); dots show profile measured by US method; solid line shows the profile measured by CT method.

distribution obtained using CT. This may be due to the
strong diffraction divergence of the beam emitted by
the array elements. The half-angle of beam divergence
from each element (2A/%a,, A = 0.75 mm for a fre-
quency of 2 MHz) is about 20°; therefore, reflection
from the phantom—water interface occurs not only
from the point of the phantom located on the scanning
line of the array element, but also from points shifted
some distance transverse to the scanning line, where
the sample thickness is already smaller. In this case,
the reflected pulse will return to the array element ear-
lier than for the reflection from a point located on the
scanning line of the element. On the distribution
obtained using CT, another local maximum in the
lower left corner absent on the US distribution can be
seen, which may also be associated with the diffraction
divergence of the ultrasound beam. On the thickness
profiles (Figs. 8a, 8b), the dashed line shows the
straight line x = —12 mm, along which a one-dimen-
sional thickness profile is constructed #(x = —12 mm, y)
(Fig. 8c); dots show the profile measured by the US
method, and the solid line corresponds to the profile
measured by the CT method.

In Fig. 9, colors represent thickness profiles 4(x, y)
of the examined part of the skull phantom obtained by
(a) CT and (b) pulse-echo measurements using a
focused US beam created by DAS beamforming. In
contrast to the first US profiling method, the second
US method constructs a 3D image using DAS beam-
forming; therefore, it is possible to estimate the profile
of the skull phantom in the entire studied area of 30 X
30 mm with a smaller pixel size of 0.75 X 0.75 mm, the
distance between which is determined by the beam
scanning step. The thickness profiles (Figs. 9a, 9b) are
close to each other both in structure and plate thick-
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ness. Both have a distinct maximum thickness of
~8 mm. The positions of this maximum agree well
with each other, differing only by ~2 mm along the
yaxis. This slight shift in the distributions can be
explained by the inaccurate placement of the 3D
model obtained by the CT method in the coordinate
system in which the US image was compiled. On the
thickness profiles (Figs. 9a, 9b), the dashed line shows
the straight line x = —18 mm, along which a one-dimen-
sional thickness profile is constructed 2(x = —18 mm, y)
(Fig. 9c); dots show the profile measured by the US
method, and the solid line, the profile measured by
the CT method.

CONCLUSIONS

In this study, two US methods were proposed and
used to estimate the thickness profile of a skull phan-
tom. The results were compared with a 3D model of
the phantom obtained from CT datasets. The differ-
ence in the results when using A-mode elementwise
scanning may be due to the diffraction divergence of
the beam emitted by the array elements, as well as to
large attenuation in the phantom material. In addi-
tion, the A-mode element-by-element scanning has a
limited longitudinal resolution. Focusing of ultra-
sound probe signals using an entire two-dimensional
array by introducing phase delays on its elements
made it possible to increase the resolution and dimin-
ish the problem of diffraction divergence. The US
method for estimating the thickness profile using DAS
beamforming to create a focused probing beam made
it possible to obtain more accurate results versus the
elementwise scanning method. The sufficiency of the



118 ASFANDIYAROV et al.

obtained accuracy for calculating phase delays is a sub-
ject for further research.
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