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A flexible-shaped ultrasonic array probe that can be used in a high magnetic field
environment in an MRI gantry has been developed. Given that this probe can be fixed
according to the shape of the skull’s surface, it is particularly applicable for imaging in the
brain. To perform ultrasonic beamforming using a bent probe, it is necessary to measure
the bent shape. Therefore, in this research, the curvature of the probe was estimated using
MRI. A phantom with ellipse surface close to the shape of a skull was created using a 3D
printer. The probe was arranged along the phantom surface to perform MRI and ultrasonic
beamforming. The ultrasonic array transducer had 192 elements made from 1-3
composite piezoelectric materials with an element spacing of 0.3 mm. Eight MR
position markers were attached to the probe in parallel in two rows of four each, with
the array transducer in between. The delay time of each element in dynamic focusing for
reception was calculated from its position estimated by the curvature of the probe. To
evaluate the feasibility of this method, a B-mode image of 0.98 mm-diameter-thread
targets placed in water was generated. The beam width at half maximum of the echo peak
in the lateral direction from the thread target set up near the transmission focal point was
calculated based on the B-mode image. It was found that the beam width of 1.32 mm in
the proposedmethod, which was close to the thread diameter, whereas that was 4.38 mm
in the conventional method that did not consider the bending of the probe. Consequently,
the proposed beamforming technique is feasible for ultrasonic imaging through an arbitrary
curved surface. Practical applications with a head phantom mimicking skull and cerebral
tissue are expected.

Keywords: skull surface compensation, ultrasonic dynamic focusing, flexible ultrasonic array, 1–3 composite
piezoelectric materials, MRI marker

INTRODUCTION

As typical clinical diagnosis, computed tomography (CT), magnetic resonance imaging (MRI),
positron emission tomographic (PET), and ultrasonic imaging are widely used [1]. Ultrasonic
diagnostic equipment is especially an indispensable medical imaging device for the diagnosis of
pathological conditions because of its non-invasion, portability, and short examination time.
Recently, the target of the ultrasonic equipment expands to brain tissues. S.T. Brinker et al.
reported the virtual brain projection for the trans-skull beam behavior of transcranial ultrasonic
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equipment, which is significant to access the brain tissues [2]. V.
Ozenna et al demonstrated that simultaneous measurement of
thermal rise and displacement in the brain by a focus ultrasonic
transcranial approach with a single-element transducer [3]. They
achieved an acoustic coupling of the transducer with the head by a
water-filled inflatable balloon. On the other hand, ultrasonic
B-mode images of the brain with blood flow representation
were performed around 1990 [4]. They propagated ultrasonic
waves through an area bounded by the zygomatic process and the
inferior temporal line by using a phased-array transducer with 48
elements. One way to further improve the lateral resolution of
ultrasound images is to increase the number of transducer
elements. However, the larger probe size makes it difficult to
contact the flat surface of the parietal or temporal area. To
efficiently propagate the ultrasonic waves to the brain in
practice, it is necessary to bend the ultrasonic probe along the
skull and bring it into close contact. In our previous study, a
flexible-type ultrasonic array probe with 192 elements was
developed [5]. It can be bent along curved surfaces such as the
human body and skull. An ultrasonic B-mode image with a
conventional flat-type array probe is obtained by the
calculation of the delay time of the ultrasonic wave reaching
each element arranged on a straight line. In the case of the
flexible-type probe, the ultrasonic B-mode image is degraded
unless the delay time according to the bending is considered. The
correction of the B-mode image to such bending, however, has
not been examined. Therefore, measurement of the bending
shape and ultrasonic beamforming are required.

MRI has the advantages of a multi-planar imaging capability, a
high signal-to-noize ratio (SNR), and sensitivity to subtle changes
in soft tissue morphology and function [6]. Taking advantage of
these properties, ultrasound medical technology has been
combined with MRI technology. MR-guided focused
ultrasound has been researched such as a non-invasive and
effective approach to generation of focal intracranial lesions
[7]. MRI is used for a measurement of the transducer position
to the skull and the identification of the focus point in the brain
[3]. Multimodality imaging, which combines MR and ultrasound
images, on the other hand, is performed to improve the spatial
and temporal resolution of each other’s data [6]. It has been
applied to neuronavigation [8] and prostate biopsy [9].

In this study, the bent shape of the flexible-type probe was
estimated by MRI. Although it is possible to estimate the shape
from optical images instead of MR images, it can be easily
introduced into medical institutions by using the widely used
MRI technology. Furthermore, it is expected to be applied to the
multimodality imaging. Our flexible-type ultrasonic array probe
can be used in a high magnetic field environment in an MRI
gantry [5], and MR-visible position markers [10] are attached to
the probe to facilitate the estimation of the shape. MRI was
performed with the flexible probe fixed along bent surface of a
phantom simulated the curvature of the skull in this experiment.
The curvature of the phantom was estimated with a quadratic
function by the MR images. Then, ultrasonic echo signals from
nylon threads set in water were observed by the probe fixed along
the phantom surface. The B-mode image of the thread targets was
obtained by the calculation of the delay time assigned to each

element in view of the curvature of the phantom. The effect of the
correction on the B-mode image was described by comparison
with the image without reference to the bending shape.

METHODS AND MATERIALS

Flexible-Type Ultrasonic Array Probe and
Curved Surface Phantom
A flexible-type ultrasonic array probe (Japan Probe, Kyokutan,
Yokohama, Japan) used in this study was shown in Figure 1A.
It wasmade of non-magnetic materials so that it can be used inMRI
high magnetic fields. In addition, it was equipped with MR-visible
fiducial markers to estimate its bent surface curvature. Eight
markers were arranged in two rows of four each. They were an
acrylic cylinder filled with olive oil with a diameter of 9.00 mmand a
height of 8.50mm, containing a 6.35 mmpolyoxymethylene (POM)
sphere [5]. When they were imaged using MRI, a high-luminance
cylindrical area and a low-luminance spherical area were displayed.
The geometric center positions of the spherical area were then
calculated as the coordinates of the marker in the MR 3D image.
The array transducer was fixed along the centerline between the two
rows of the markers. It had 192 elements cut from 1-3 composite
piezoelectric materials [11, 12] with an element spacing of 0.3 mm.

A curved surface phantom for bending of the probe was
prepared by a 3D printer, as shown in Figure 1A. The
curvature of the phantom surface was designed by the
following equation,

y � ��������������−0.09x2 + 573.60
√ − ������

573.60
√

(1)

where x and y are coordinates in millimeters. The origin of Eq. 1
is at the vertex of the curve. It is a curve close to the parietal bone
surface of an adult male within the size of the array transducer.
The parietal bone surface was simply approximated to an ellipse
for the phantom preparation in this experiment. Because the
bending of the probe is approximated by a polynomial based on
MR images, our proposed method is not limited to the
application to elliptical surfaces. To easily consider the effects
of bending on the ultrasonic imaging, the rectangular hole was
made as a window for the ultrasonic transmission from the array
transducers to the targets. The probe was attached on the curved
surface of the phantom. In the following experiments, the probe
in this bent state was used.

Estimation of Prove Curvature Using
Magnetic Resonance Imaging
The curvature of the array transducer by bending the ultrasonic
probe along the phantom was estimated using MR images. MRI
was performed with the probe fixed on the phantom in the MRI
room. The probe was attached to the phantomwith adhesive tape.
It does not affect the system response as it was adhered at the non-
transducer part. MR marker positions were detected from the
series of cross-sectional images obtained via MRI machine
(Echelon Vega, 1.5T, Hitachi Co., Tokyo, Japan) as shown in
Figure 1B. Table 1 shows MRI scan parameters. The cross
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section of MR images included planes through the marker row,
which was shown as line A or B in Figure 1A, and perpendicular
to the probe surface. They were parallel to the cross section of
ultrasonic B-mode image.

The algorithm for the coordinate estimation of the marker
centers is as follows; 1) binarization of a MR image for
discriminant analysis; 2) filling the cavity of the binarized
image; 3) deletion of the marker region in the opening
process; 4) obtaining an image with only the markers by
taking the difference between the image in 2) and the image
in 3); and 5) labeling and specification of the marker position to
the geometric center. The process for the detection of the marker
locations was conducted on all cross-sectional MR images to
identify the number and position of the markers in each cross-
section. The detection data which was away from the marker size
was excluded. To prevent false detection, a smoothing filter was
applied during the labeling process depending on the size and
position of the marker. Four midpoint coordinates on the center
line M in Figure 1A were calculated from the eight marker
coordinates in the two rows. The curvature of the array
transducer was then approximated by a quadratic function in
a two-dimensional plane from the midpoint coordinates.

Acquisition of Ultrasonic Echo Signals
Ultrasonic echo signals were observed using the bent probe for
the B-mode image generation. The probe was fixed on the
phantom in the same manner in the acquisition of the MR
images. Three nylon threads with 0.98 mm diameter were set
in water as targets, as shown in Figure 1C. A plane including the
radial directions of the threads corresponded to the cross section
of the B-mode image. Table 2 shows specifications of the
ultrasonic imaging equipment. The transmitted ultrasonic
waves were burst signals of 1.5 sinusoidal waves with a center
frequency of 5.0 MHz. Beamforming was employed
simultaneously using 128 channels of 192 transducer elements.
The transmission focus was set at 30 mm in the depth direction.
The echo data were acquired three times.

Dynamic Focusing for Bent Array
Transducer
The image formation technique used in a general ultrasonic
diagnostic equipment is a pulse-echo method. In this approach, a
cross-sectional image is formed using time of flight data. One of the
important criteria for determining image quality is spatial resolution.
Decrease of the ultrasonic beamwidth improves the resolution of an
ultrasonic B-mode image in the lateral direction by converging the
wave-front at the focal region. The ultrasonic diagnostic equipment
employs beamforming using an array transducer in a process called
dynamic focusing. In this process, a delay time is assigned to the
drive of each transducer during transmission to form a cylindrical
wave-front according to the Huygens-Fresnel principle, and the
wave converges at the focal point.

Dynamic focusing can also be employed in reception. Only the
scattered waves from the focal point are summed in phase when a

FIGURE 1 | (A) Flexible-type ultrasonic array probe and curved surface phantom, and experimental set up with the bent probe on the phantom in (B)MRI and (C)
ultrasonic imaging.

TABLE 1 | MRI scan parameters.

Sequence TR
(repetition
time) (ms)

TE
(echo
time)
(ms)

Slice
thickness

(mm)

FOV
(field

of view)
(mm)

Matrix
size

Spin echo 3,200 20 1 128 1,024 ×
1,024
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delay time is added to the signals received by each transducer,
resulting in the increase of the amplitude. On the other hand, the
scattered waves from other sources are added out of phase, resulting
in the decrease of the amplitude. In addition, the resolution in the
lateral direction of the image is improved by continuously setting the
focus during reception, unlike during the transmission. Figure 2A
shows a conventional array transducer in the dynamic focusing for
the reception. The delay time τi of the ith element of the active
channels is determined by the following equation [5],

τi �
(i − n

2)2Δx2
2cLf

(2)

where n is the number of active channels for dynamic focusing,Δx is
the element spacing, Lf is the focal length, and c is the sound velocity.

In the case of the bent array transducer as shown in Figure 2B,
the delay time is different from Eq. 2 because the positions of the
transducer elements change along the curved surface.
Coordinates of the ith element and the center element of 128
active channels are defined as (xi, yi) and (xm, ym), respectively, in
a two-dimensional plane. The delay time τi′ of the ith element for
the proposed dynamic focusing is expressed as

τ′i �
������������������������
(xm − xi)2 + (Lf − (ym − yi))2

√
− Lf

c
(3)

Therefore, it is necessary to calculate the delay time from the
curvature of the transducer approximated by a quadratic function
using MRI. Coordinates of the ith element and the center element
of 128 active channels are calculated from the quadratic function.

The signal processing for the generation of the ultrasonic B-mode
image in the proposedmethod was as follows; 1) (xi, yi) and (xm, ym)
were calculated from the curvature of the transducer approximated

by a quadratic function using MRI; 2) the delay time τi′ of each
element was calculated from Eq. 3; 3) the acquisition data of the
ultrasonic echo signals were delayed by τi′, and then were summed;
4) a B-mode imagewas calculatedwith the logarithmicmagnitude in
a dynamic range of 60 dB. A B-mode image calculated with the
conventional delay time τi was also prepared for comparison.

RESULTS AND DISCUSSION

Magnetic Resonance Imaging of Bent
Probe and Curvature Estimation
An MR image including the MR marker row of the ultrasonic
probe is shown in Figure 3. Bending of the probe was observed

TABLE 2 | Specifications of ultrasonic imaging equipment.

Maximum number
of probe
interface channels

Number of
TX/RX channels

A/D resolution Sampling frequency
(MHz)

Memory capacitance
channel (MB)

Transmission focus
(mm)

192 128 12 bits 31.25 256 30

FIGURE 2 | Dynamic focusing for reception with (A) conventional array transducer and (B) bent array transducer.

FIGURE 3 |MR image of the cross section including the MRmarker row
of the ultrasonic probe that was obtained using 1.5 T MRI.
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from the arrangement of marker row. From the obtained MR
images, two rows of marker positions in the MR one-dimensional
space were detected, and the transducer coordinates were then
calculated. Based on the coordinates, the curvature of the array
transducer was approximated by a quadratic function in a two-
dimensional plane. The estimated curvature of the array
transducer was given by the following equation,

y � −0.001997x2 (4)

where x and y are coordinates inmillimeters of B-mode image along
lateral and range direction, respectively. The origin of Eq. 4 is at the
vertex of the array transducer. The uncertainty of the quadratic
function approximation for the coefficient in Eq. 4was smaller than
0.1%. The difference between y in Eqs. 1, 4 is less than 0.1 mm in |x|
≤ 44mm. The array transducer was within this range. Equation 1 is
a simple approximation of the parietal bone curvature for the
phantom fabrication. However, the probe does not necessarily bend
with the same curvature as the phantom. In addition, the actual
curved surface of the parietal bone does not necessarily correspond
to an elliptical surface. Therefore, we approximated the curvature of
the array transducer with a quadratic function so that it can be
applied to ordinary curved surfaces. Because of its small
uncertainties, it is reasonable to approximate with a quadratic
function at the place where the array transducer was arranged.
Since the array transducer was bent in accordance with Eq. 4, (xi, yi)
and (xm, ym) in Eq. 3 were calculated from Eq. 4.

Verification of B-Mode Image Correction
Using Dynamic Focusing in Reception for
Bent Probe
The delay time τi′ was calculated based on Eqs. 3, 4. Figures 4A,B
shows B-mode images obtained using the proposedmethodwith τi′
in Eq. 3 and the conventional method with τi in Eq. 2, respectively.
In Figure 4B, it is evident that, due to the mismatch of the delay
time, the reflector region was widened to the lateral direction
compared to Figure 4A. To evaluate the resolution, the beam
widths at−30 dB from the peakmagnitude of each beam in the one-

dimensional data, which is full width at half maximum, in the
lateral direction were calculated.Table 3 shows the beamwidths for
three measurements of the ultrasonic echo signals. Each thread
was defined as upper, middle, and lower thread in order of
distance from the transducer. Comparing the results of each
thread, the beam width of the proposed method was narrower
than that of the conventional method in all cases. Especially for
the upper thread set up near the ultrasonic transmission focus of
30 mm in the depth direction, the average beam width with the
proposed method was 1.32 mm, which was close to the thread
diameter of 0.98 mm. Ratios of the average beam width in the
conventional method to that in the proposed method in each
thread were also shown in Table 3. Although the beam widths
increased with increasing the distance from the transmission
focus in both methods, the ratio for the lower thread, which was
about 20 mm away from the focus in the depth direction, was
large. Therefore, there was a high improvement in the lateral
direction by using the proposed method even in a region other
than the transmission focal point. As a result, the B-mode image
was corrected by calculating the delay time τi′ using the bending
information. The phantom surface in this study was simulated
the curvature of the human skull. The proposed beamforming is
a good candidate for ultrasonic imaging through the curved
surface. With the conventional non-flexible probe, it is difficult
to attach it to an arbitrary curved surface. Therefore, a flexible
acoustic coupler from the transducer to the head is needed [3].
On the other hand, with the flexible probe and the proposed
beamforming technique, ultrasonic waves can be transmitted
and received efficiently without the coupler. Further
investigation with a head phantom mimicking bone and
cerebral tissue is required for practical applications of the
brain imaging through the skull.

CONCLUSION

A B-mode image was corrected based on calculations of delay
time in dynamic focusing for reception considering the bending

FIGURE4 |B-mode images of three nylon threads obtained using (A) the proposedmethod and (B) the conventional approach without curved surface information.
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of a flexible array probe equipped with MR-visible fiducial
markers on a curved-surface phantom. The curvature of the
bent probe was estimated using MRI. The delay time assigned
to each transducer element in dynamic focusing for reception was
calculated using the element coordinate obtained by the
curvature. Ultrasonic echo signals from thread targets were
observed with the bent probe, and then the B-mode image
was modified using the delay time. As a result, it was
confirmed that there was an improvement in the lateral
direction in the B-mode image of the threads. Because the
flexible probe can be fixed according to the shape of the skull,
it is particularly effective for imaging of the brain. The proposed
beamforming technique is expected to contribute to the
improvement of the spatial resolution in the ultrasonic
imaging with the flexible probe. Further experiments with a
head phantom which also simulates skull-bone are needed to
evaluate the clinical feasibility of our proposed method.
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