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Abstract

Purpose The purpose of this study is to evaluate the
performance of a modified range point migration (RPM)
method using a semi-broad transmit beam for fetal surface
imaging.

Methods The conventional RPM method depicts accurate
images of target surfaces by estimating the reflection point
on a target surface from the path length of plural transmit-
and-receive element combinations. However, the conven-
tional RPM method depicts false images when echoes from
different targets are received simultaneously. For the
elimination of false images in the employment of the RPM
method, we propose a modified RPM method with a semi-
broad transmit beam to decrease the number of targets in
each measurement region.

Results  The modified RPM method depicted two acrylic
cylinders of 2 cm in diameter with a root-mean-square
error (RMSE) of 0.062 mm, where the RMSE of the
migration method was 0.145 mm. The modified RPM
method also succeeded in depicting a 7-month fetal phan-
tom with a RMSE of 0.058 mm relative to a 3D image
acquired using optical measurement.

Conclusion This study shows the potential of the modi-
fied RPM method in achieving accurate surface imaging of
multiple targets using a semi-broad beam, indicating that
the method is suitable for fetal surface imaging.
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Introduction

Three-dimensional (3D) ultrasonography imaging has been
developed to evaluate tissue structure, for example the
measurement of organ and tumor volume [1-4]. In perinatal
medicine, 3D ultrasound has become a common procedure
for the examination of fetal anatomy because of its safety and
low cost [5-7]. However, 3D fetal ultrasound images
acquired using surface rendering have inadequate image
quality [8—-10]. In addition, the conventional high-resolution
ultrasound imager requires the use of a focused transmit
beam. For the improvement of safety in fetal imaging, use of
a broad transmit beam is preferable. Therefore, an accurate
ultrasound imaging method using a broad transmit beam is
desirable for the evaluation of fetal development.

We have previously reported on several high-resolution
or high-accuracy ultrasound imaging methods [11-13];
however, they employed a focused transmit beam and are
unsuitable for the depiction of the fetal surface. Several
researchers have evaluated ultrasound imaging methods
using broad transmit beams, and most of them have
focused on the improvement of temporal resolution [14—
18]. The delay-and-sum migration method has been widely
used in ultrasound imaging, where the basic technique was
first reported in the 1950s [19]. The migration method
integrates all of the received data coherently by summation
along hyperbolic trajectories, and the migration image
obtained using a broad transmit beam has a similar quality
to that obtained using a narrow transmit beam. Several
researchers have reported on ultrasound imaging methods
based on the migration method [20-22]; however, these
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methods exhibited little improvement in spatial resolution
over the conventional migration method.

The envelope method has been proposed for the acquisi-
tion of an accurate 3D image of a target surface using a broad
transmit beam [23, 24]. The method depicts an ellipse for
each transmit-and-receive element combination, where its
foci are the transmit and receive elements and the length of
its long axis is equal to the path length. The target surface is
estimated by means of the envelope of the ellipses. Because
the envelope image becomes inaccurate when multiple tar-
gets exist in the region of interest (ROI), Kidera et al. [25]
studied the range point migration (RPM) method for the
depiction of accurate images of multiple target surfaces. The
RPM method also employs a broad transmit beam, and
depicts an ellipse for each transmit-and-receive element
combination. The difference between the RPM method and
the envelope method is that the RPM method determines the
target position on the ellipse from the path length of plural
transmit-and-receive element combinations. This process
enables the RPM method to depict the images of target sur-
faces under the condition that multiple targets exist in the
ROI. However, when multiple echoes from different targets
are received simultaneously, the RPM method fails to esti-
mate the target position and false images appear.

In our previous studies, we reported on the above-
mentioned problem regarding the RPM method, and indi-
cated the possibility that use of a broad transmit beam
could solve this problem [26, 27]. In the current study, we
investigate the performance of a modified RPM method
using a semi-broad transmit beam in an experimental study
using acrylic cylinders and a fetal phantom.

Materials and methods

To improve the safety of 3D fetal ultrasonography, we
employ a semi-broad transmit beam. The migration method
has been widely employed in ultrasound imaging, and it
can use a semi-broad transmit beam. We thus compare the
performance of the modified RPM method involving use of
a semi-broad beam to that of the migration method. In this
section, we first describe the schema of the migration
method. Next, we report the principle of the conventional
RPM method and its weakness in instances where there are
multiple targets in the ROI. We propose a technique using
a semi-broad transmit beam to depict target surfaces in
cases where multiple targets exist. We describe the
experimental setup in the final sub-section.

Migration method

The migration method estimates the intensity at the mea-
surement position by means of summation along the
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hyperbolic trajectory. All the received signals shifted by
appropriate path lengths are superimposed to focus at each
measurement point. The estimated intensity at a measure-
ment point is calculated by the following formula:
2
S(e) = > sig([xi = rl/e+]x; — x| /e) | (1)
ij

where r denotes the position vector of the measurement
point, s; ;(f) denotes the received signal of the combination
of the i-th transmit element, and j-th receive element after
the filtering process using a matched filter at the time of
flight of 7. x; denotes the position vector of the i-th element
X; and c is the sound velocity. The impulse response of the
matched filter used in this study is given by:

p(t) = exp(—1*/20y;) cos(wct), (2)

where gy is a constant and ¢ is the angular frequency at
the transmit center frequency [24]. In the current study, we
set o as 0.4 ps.

Principle of RPM method

Figure 1 shows the schema of the RPM method. The RPM
method is based on a simple fundamental assumption that
the reflection point on the target surface is located on an
ellipse, where the foci are the position of a transmit ele-
ment and that of a receive element and the length of its
long axis is the path length [25]. The path length of each
transmit-and-receive combination is determined from the
peak intensity position of the received signal after applying
a matched filter. The RPM method estimates the reflection
point on an ellipse using the intersections of several
ellipses. The RPM method assumes that the direction of the

i+kj+k

Element array

Fig. 1 Schema for estimation of the reflection point on a target
surface using the range point migration method
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reflection point should be close to that of the intersection of
the ellipses determined by echo delay. Therefore, the RPM
method employs a weighting function whose value
decreases in response to the difference between the esti-
mated direction of the reflection point and the direction of
an intersection. For the estimation of the direction of the
reflection point at the combination of the i-th transmit
element X; and the j-th receive element X;, we employ a
weighting function given by:
2
f(0,i.j.k) = exp [— M} (3)

207
where 0 is a candidate direction of the reflection point P
located on the ellipse O, k is an integer except 0, ¢; ;4 is
the direction of the intersection Q; ;, between the ellipses
O;; and O; 411, and oy is a constant. In the current study,
wesetog=1°and 1 <k < 6.

The RPM method introduces two assumptions to esti-
mate the direction of the reflection point. First, the direc-
tions of intersections should be concentrated to the
direction of the reflection point. Second, the difference
between the direction of the reflection point and that of an
intersection should increase as the center distance between
two ellipses increases. The RPM method estimates the
direction of arrival Ogpr(i, j) by means of the following
formulae [25]:

()OPT(ivj) = arg m(?.X F(()vlvj)a (4)

. i, d;
F(0,i,)) = Zsi+k.]‘+k(Ti+k,j+k)f(6alaJak)eXp {——k] )

- 20%
(5)

where F(0, i, j) is the evaluation function at the candidate
direction of arrival 6 for the combination of the i-th
transmit element and the j-th receive element, cT;; is the
path length for the combination of the i-th transmit element
and the j-th receive element, d) is the center distance
between the ellipses O;; and O,k and oy is a constant.
Because the value of f(6, i, j, k) decreases as the difference
between 0 and ¢, ; increases, the employment of f(0, i, j,
k) enables the RPM method to select the direction where
intersections are concentrated to the direction of the
reflection point. The exponential term in Eq. (5) empha-
sizes the contribution of the intersections of ellipses close
to O;;. In the current study, we set gx as twice the wave-
length at the transmit center frequency.

When two ellipses are bound on different targets, the
intersection between the two ellipses causes the appearance
of a false image, as shown in Fig. 2. Under the condition
where there is a false image, the evaluation function F(0, i,
J) has multiple local maximum values for the directions of
the true reflection points and that of the false image.

Target 2

Target 1

i+kj+k

Element array

Fig. 2 Appearance of false images with the range point migration
method in the presence of multiple targets

Therefore, our previous study eliminated the transmit-and-
receive combination whose evaluation function satisfied
the following formula [26]:

F(01717J)/2<F(()2313J)a (6)

where 0, and 0, are the directions of the greatest maximum
value and the second local maximum value, respectively.
The introduction of this process succeeded in eliminating
false images at the cost of some missing regions in the
images of target surfaces [26].

Modified RPM method using semi-broad transmit beam

In the RPM method, false images or missing regions appear
when multiple targets exist in the measurement region.
Therefore, we employ a semi-broad transmit beam to
suppress the number of targets in each measurement
region, as shown in Fig. 3. Because the RPM method has
been proposed under the condition of employing a hemi-
sphere transmit beam, we propose a modified RPM method
using a semi-broad transmit beam.

The employment of a semi-broad transmit beam affects
the intensity of the received signal. We compensate for the
effect of the transmit-beam directivity on the signal

intensity. The received signal after compensation,
SBm,ijk(1), is calculated using the following formula:
8 ik (1)
SB i "k t e — 5 7
migi) B(®ijx — &m) )

where 9, (1) denotes the received signal using the combi-
nation of the i-th transmit element and j-th receive element
after the filtering process using the matched filter, B,, is the
m-th transmit-beam pattern, and ¢, is the focal direction of
the m-th transmit beam. Figure 4 shows a transmit-beam
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Fig. 3 Employment of a semi-broad beam to avoid the condition
under which echoes from different targets are received
simultaneously
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Fig. 4 Transmit-beam pattern at a depth of 5 cm constructed from
the received data of seven adjacent transmit elements using the
synthetic aperture technique, where the amplitude after applying a
matched filter at each lateral position is normalized by the maximum
amplitude. The element pitch is 0.6 mm, and the focus is located at
the center

pattern, B,,, at a depth of 5 cm, where its focus is located at
the center. This pattern indicates that the employment of
the semi-broad transmit beam suppresses the width of each
measurement region to less than 1.5 cm. Because the
center distance of the two 2-cm-diameter cylinders was
2 cm, use of the semi-transmit beam might have effectively
avoided the condition where multiple echoes from different
targets were received.

The direction of arrival estimated using the modified
RPM method, Ogopr(i, j), is given by the following
formulae:

@ Springer

Fig. 5 Picture of the experimental setup used in the current study

Ogopr(i,)) = aIgmngFBm(& i), (8)

. . ] 1 d2
Fen(0,i,j) = zk: SBmigik (Tivrjai )f (0,1,], k) exp [— ﬁ] )

©)

where Fg,,(0, i, j) is the evaluation function of the modified
RPM method at the candidate direction of arrival 0 for the
combination of the i-th transmit element and the j-th
receive element. The RPM method estimates the reflection
points distributed on target surfaces. We use a resampling
technique to construct the image of the target surfaces from
the reflection points acquired using the modified RPM
method. The estimated intensity at a measurement point
using the modified RPM method is given by:

Ju—R,;[*
Pp(u) = zm: %:SBOPTm,i,i(Ti,j) exp _T%w ,  (10)

s'ij(1)

Osopr(isj) — &m]’

SBOPTm,ij(1) = (11)
m,ij Bm[

where u and R, are the position vectors of a measurement

point and a reflection point, respectively. In the current

study, we set the grid size and oy as 0.3 and 0.2 mm,

respectively.

Experimental Setup

Figures 5 and 6 show a picture and the schema of the
experimental system used in the current study, respec-
tively. For simplicity, we evaluated the performance of the
modified RPM method in two-dimensional experiments.
We used a concave element array, which consists of 128
elements without an acoustic lens, with a curvature radius
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of 50 mm and an element pitch of 0.6 mm. The size of
each element is 0.5 mm by 10 mm in the lateral and ele-
vation directions, respectively. A single element transmit-
ted a double-cycle pulse with a center frequency of
2.0 MHz at a time. All elements received the echoes,
where the sampling frequency was 10 MHz.

Because the experimental system activated a single
transmit element at a time, we employed the synthetic
aperture technique to construct a virtual transmit beam
[28-30]. The received signal using a synthesized semi-
broad transmit beam is given by:

— —_—

BJJ—P%&

Sﬁ,j(l)=zs/1.j t——, (12)
h

c

where F,, is the position of the m-th focal point. In the mod-
ified RPM method using all of the 128 elements, the received
data from seven adjacent transmit elements were synthesized
to construct a transmit beam. We also investigated the per-
formance of the proposed and conventional methods using a
sparse array [31-33]. For this purpose, we used 32 sparse
elements out of all 128 elements, where the element pitch
increased to 2.4 mm. In the modified RPM method using 32
sparse elements, the received data from three transmit ele-
ments were synthesized to construct a transmit beam.

We used two acrylic cylinders and a fetal phantom to
evaluate the performance of the modified RPM method. The
two acrylic cylinders were contiguous to each other, where
the diameter of each cylinder was 2.0 cm. The fetal phantom
was modeled on a 7-month fetus (3B Scientific GmbH,
Hamburg, Germany). In the experiment using a fetal phan-
tom, we also measured the phantom by means of the optical
3D digitizer VIVID 910 (Konica Minolta Inc., Tokyo, Japan)
to evaluate the accuracy of the modified RPM method in
depicting the fetal phantom. The digitizer had a spatial res-
olution of 8 pum. Because we used a transducer with no
acoustic lens, in the experiment using a fetal phantom, it was
not guaranteed that the reflection point would be present in
the measurement plane. Therefore, we constructed the target
boundary from the 3D image acquired by the digitizer. First,
we selected a reflection point, Pp,, on the surface of the fetal
phantom acquired by the digitizer for each element, X;,
where the distance between the element position and the
point on the surface of the fetal phantom was minimal at Pp,.
We then transferred the reflection point, Rp,, to the degen-
erate point in the measurement plane, Pp,;’, as shown in
Fig. 7. Pp; satisfied the following formulae:

TDix = Tirs (13)
|RD,' — X,‘| = |R;:)1 — X, (14)

where rp;, and rp;,” are the lateral position of Pp; and Pp,’,
respectively, and Rp; and Rp,;” are the position vector of

Pp; and Pp;’, respectively. We calculated the distance
between the surface boundary of the fetal phantom
acquired by the modified RPM method and the boundary
depicted by Pp,’.

In evaluating the performance of the proposed method,
we used the boundary of the imaging methods with an
estimated intensity higher than —20 dB of the peak esti-
mated intensity in the ROI. We calculated the root-mean-
square error (RMSE) of the acquired boundary e given by:

ZP(k) UkC(l//Jl, Uk) ’
e=min |=~

nir > () ) (15)

128 ch element array

/ (\ x (cm)V

Acrylic
cylinders

Focal range

vz (cm)

Fig. 6 Schema of the ultrasound measurement system used in the
two-cylinder experiment

Element

/
.y, b 9
Di 1P (> 0, 7,.7)

(rDix’ rDiy’ rDiz)

Measurement plane

Fig. 7 Construction of the surface boundary of a fetal phantom from
the 3D image acquired by a 3D digitizer. Pp; is the point on the
acquired 3D fetal surface that is closest to element X;. Pp; is the
degenerate point in the measurement plane transferred from point Pp;
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where y and n are the rotation angle and the vector for the
parallel movement to adjust the true boundary to the esti-
mated boundary, respectively, Uy is the k-th point on the
boundary, P(k) is the estimated intensity at Uy, and C(y/, n,
U,) is the point on the true boundary after adjustment that
is closest to the boundary point, U;. In the experiment
using two 2-cm-diameter cylinders, we used two 2-cm-
diameter circles that were contiguous to each other as the
true boundary. In the experiment using a fetal phantom, we
used the boundary acquired by a 3D digitizer as the true
boundary.

Results

Figures 8 and 9 show the images of two acrylic cylinders
acquired using the migration method and the conventional
RPM method using all of the 128 elements, respectively.
The conventional RPM method depicted the target surface
clearly as compared to the migration method; however, the
conventional RPM image had missing regions at the tops of
both cylinders, where the missing regions originated from
the elimination process regarding false images as expressed
in Eq. (6). In contrast, the modified RPM method using all
of the 128 elements succeeded in depicting the two cylin-
ders without a missing region, as shown in Fig. 10. RMSEs
of the images acquired using the migration method, the
conventional RPM method, and the modified RPM method
were 0.145, 0.088, and 0.062 mm, respectively.

Figure 11 shows the images of two acrylic cylinders
acquired using the migration method and the modified
RPM method using a 32-element sparse array. The sparse
array can reduce the number of elements; however, blind
employment of the sparse array causes severe deterioration
in image quality. In the migration image, the use of a
sparse array thus caused the appearance of multiple false
images. In contrast, the modified RPM method succeeded
in clearly depicting the two acrylic cylinders. The RMSE
of the image acquired using the modified RPM method was
0.068 mm. This result indicates that the modified RPM
method is suitable for the accurate imaging of target sur-
faces using a sparse array and a semi-broad transmit beam.

The optical digitizer succeeded in depicting an accurate
3D image of a fetal phantom, as shown in Fig. 12. The
white broken line indicates the ultrasound measurement
plane. Figure 13 shows the ultrasound image of the fetal
phantom in the measurement plane acquired by the modi-
fied RPM method, where the white broken curves represent
the surface boundary of the fetal phantom calculated from
the 3D digitizer image. The RMSE between the target
surface acquired using the ultrasound measurement using
the RPM method and that acquired using optical

@ Springer

measurement using the 3D digitizer was 0.058 mm. The
RMSE of the modified RPM method in the fetal experi-
ment was similar to that in the cylinder experiment. This
result supports the validity of the experimental study in the
current report, and indicates the high potential regarding
the application of the modified RPM method to 3D surface
imaging of a fetus.

Depth (cm)

Lateral position (cm)

Fig. 8 Image of two acrylic cylinders acquired using the migration
method, where the diameter of each cylinder is 2.0 cm. A 128-ele-
ment array is employed

Depth (cm)

-2 -1 0 1 2
Lateral position (cm)

Fig. 9 Image of two acrylic cylinders acquired using the conven-
tional range point migration method, where the diameter of each
cylinder is 2.0 cm. A 128-element array is employed

Depth (cm)

-2 -1 0 1 2
Lateral position (cm)

Fig. 10 Image of two acrylic cylinders acquired using the modified
range point migration method, where the diameter of each cylinder is
2.0 cm. A 128-element array is employed
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Fig. 11 Images of two acrylic cylinders acquired by the migration
method (a) and by the modified range point migration method (b),
where the diameter of each cylinder is 2.0 cm. A 32-element sparse
array is employed
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Fig. 12 Picture of a 7-month fetal phantom (a) and its 3D image
acquired using an optical 3D digitizer (b). A white broken line
indicates the ultrasound measurement plane

Conclusion

In the current study, we investigated the performance of the
modified RPM method using a semi-broad transmit beam.
The employment of a semi-broad transmit beam succeeded
in removing the missing regions in the image acquired

Depth (cm)
O

10—2 -1 0 1 2

Lateral position (cm)

Fig. 13 Ultrasound image of a 7-month fetal phantom in a measure-
ment plane acquired using the modified range point migration
method. The white broken curve is the surface boundary of the fetal
phantom calculated from the 3D digitizer image

using the conventional RPM method. When a 128-element
array transmitted ultrasound pulses at a 2.0-MHz center
frequency, the modified RPM method depicted two acrylic
cylinders of 2.0 cm in diameter with an RMSE of
0.062 mm, where the RMSE of the migration method was
0.145 mm. When a 32-element sparse array was employed,
the RMSE of the modified RPM method was 0.068 mm in
the depiction of the acrylic cylinders. Furthermore, the
modified RPM method using a 128-element array depicted
a 7-month fetal phantom with an RMSE of 0.058 mm as
compared to the image acquired using an optical 3D digi-
tizer. These results show the potential of the modified RPM
method in achieving accurate imaging of the target surface
using a sparse array and a semi-broad beam, indicating that
the method may be suitable for fetal surface imaging.

The echoes from deeper-lying structures may cause the
appearance of false images. However, we can suppress the
appearance of false images by employing an additional
weighting function concerning the time of flight, because
the time of flight of the echo from a deeper-lying structure
should be larger than that of the reflection point on the fetal
surface. Future work should focus on expansion of the
modified RPM method for the depiction of 3D targets,
including the employment of a weighting function con-
cerning the time of flight.
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