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Abstract

In this study, we sought to describe a novel imaging apparatus that is lightweight, inexpensive, and highly effective for use in
colorectal diagnostic and treatment settings. Typical probes for use in colorectal ultrasonic imaging applications are developed
for surgeons to diagnose and stage rectal tumors and image the rectum and anus. Here we outline a new technique and use it
for colorectal imaging in an animal. This technique involves use of an ultrasound array module positioned along the axis of
rotation such that improved rotation is possible. This module is in the shape of a linear rod with a rotary linear component
that allows for emission of focused ultrasonic echo signals from a linear section of the probe. The usability of the transducer
and rectal image quality are satisfactory in a porcine model with the technique proposed here, axial/lateral resolution as
0.96/2.24 mm with 6 dB applied through the contour map using the point spread function. When compared to currently
available methods, this technique provides superior diagnostic 3D volumetric image quality with reduced acquisition time.
Given this, the ultrasound device proposed here may prove a viable and preferable method to those currently available for
urology and colorectal imaging applications.
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1 Introduction

Conventional ultrasound systems have been used over the
past several decades for the assessment of anatomical fea-
tures and diagnoses of diseases in radiology, cardiology,
obstetrics/gynecology, and other specialties. Much research
and development has focused on increasing the resolutions
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and frame rates of these imaging methods. However, there
is also a growing demand for specialized diagnostic devices.
The use of such techniques for diagnosis of urological, rec-
tal, anal, and perineal disorders in particular has become
increasingly valuable. Intra rectal ultrasonography is the
most widely used and effective diagnostic tool for current
colorectal cancer. The accuracy of this technique across
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numerous trials and meta-analyses ranges from 80 to 95%
for T-staging and 70 to 75% for N-staging, levels that are
slightly higher than the respective 75-85% and 60-70%
observed for magnetic resonance imaging (MRI) [1, 2].
In many departments, the urological application of endo-
scopic examination is undervalued and not performed in all
patients. Ultrasounds can rapidly provide information about
a variety of bowel diseases. As a widely available, cross
sectional imaging modality, ultrasound also serves to inform
further examinations and treatment. In addition, ultrasound
screening of asymptomatic patients can result in the identi-
fication of bowel pathologies such as colon cancer or anal
disease [3]. Ultrasound examination of the bowel is a safe,
widely available, inexpensive, noninvasive imaging tech-
nique that allows for real-time examination without the use
of ionizing radiation and can be performed at any time [4].
The greatest disadvantage presented by this imaging modal-
ity is that it is highly dependent on operator experience and
expertise, more so than sonographic evaluation, for example
[5]. Additionally, some anatomical features can be more dif-
ficult to visualize and assess including the prostate, colon,
rectum, uterus, and cervix. Those areas and others with more
granular bodies are frequently the subject of diagnostic test-
ing, which, if restricted, can be inaccurate. For these reasons,
we have designed a new probe and display module frame
[6] to support and enable ultrasound-based diagnosis in the
fields of urology and coloproctology.

2 Materials and methods

Figure 1 illustrates the configuration of the probe and the
corresponding display module for rectal ultrasonic imaging,
as proposed here. From a systems design perspective, the
design of the console configuration is intended to support
the proposed ultrasonic probe via an ultrasonic diagnostic
console system. The basic module transmits the control
signal between the diagnostic console system module and
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the probe, and is the interface between the transmission
and reception signals. The probe and the diagnostic con-
sole system are designed to interface directly and a software
structure mode is also configured for being coupled to a
special linear probe to project a circular display by process-
ing incoming echo signals to fit the corresponding display
frame. The rotation of the linear probe is controlled via a
field-programmable gate array on the motor control portion
of the displaying module device in the diagnostic console
system.

The motor dynamics are controlled such that motor opera-
tion steps are driven to match each transmission pulse, which
further matches the system’s trigger time. The driving step
motor and transmission signal are used to obtain an echo sig-
nal based on the transmission pulse, and are further synchro-
nized such that one spherical image is generated by every
360-degree rotation of the probe. The control signals to the
step motor via the system trigger are initiated as depicted in
Fig. 2. As shown in Fig. 2, the basic operation of the motor is
based on control signals comprising cosine and sine curves.
In this case, there is synchronization with the trigger signal,
which is the basic operation signal of the diagnostic console
system. The number of system trigger signals constituting
a circular image during one cycle of the control signal is
shown in panels A and B in Fig. 2b. The number of system
trigger signals can be changed based on the driving speed
of the motor. When the motor operates at higher speed, the
periodic signal of the motor control signal is reduced. This
leads to a smaller number of system triggers and an increase
in the frame rate of the circular image. In contrast, when the
motor is driven more slowly, the number of system triggers
increases and the frame rate of the circular image decreases.

The acoustic module for the special transducer proposed
here was developed by determining the acoustic properties
of the module’s configuration to optimize the area to be
imaged. The acoustic stack design was confirmed by selec-
tion of an optimum material and piezoceramic source. Layer
coupling and the lead zirconate titanate construction of the
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Fig.2 a Rotary direction of
probe and b control signals of
step motor

body was used in designing the appropriate acoustics. The
high-impedance dematching layer directs most of the acous-
tic energy from the piezoceramic forward through the match-
ing layers, reducing the need for a high-attenuation back-
ing using epoxy with aluminum oxide filler. The frequency
response of this acoustic element in the 4.5-11.5 MHz (6 dB)
band is shown in Fig. 3a.

The special transducer proposed here is composed of a
motor driven by only the rotation, and the horizontal move-
ment is using the electric signal of the linear transducer. On
the other hand, in the current method, one motor for rota-
tion and another motor for horizontally moving are designed
for the scanning operation, so that the operation configura-
tion and design are easy, but the convenience aspect of the
user’s diagnosis is very inconvenient in terms of the size and
weight of the probe. Table 1 shows the comparison between
the commercialized current way and our proposed way.

This was a concern given the required small motor size
and limited weight of the probe. Furthermore, the electrical

Fig.3 a Frequency band for
acoustic material and b model
and prototype for rotary linear

transduction elements of the transducer, dedicated to elec-
trical transmission and reception, were designed with a
cooling mechanism to maintain the durability and internal
temperature of the probe so that it could be rotated for an
extended period of time while maintaining its connection
to flexible electric circuit material. The initial position of
the linear transducer was controlled via a Hall sensor that
was mechanically configured such that the corresponding
transducer element was recognized and set as it approached
the desired anatomical area. The acoustic elements of the
linear rotary probe were designed to be contained within
the probe’s outer casing, which was further configured to be
filled with oil. As illustrated in Fig. 4, a slide stopper was
designed to stop the probe’s rotation.

Figure 5 shows that independent focusing of the rotary
linear probe was accomplished by focusing on a specific
location at a specific depth. A circular scan line was obtained
by acquiring echo signal data, which was then formatted in a
2D circular image. The echo scan lines were then processed

transducer
Two Way Spectral Response
50 - -
== b / o e
O \\‘K OF = 11.12
€0
55 \
s D O o OF = 11,41
S 720} \
g D O
- | TS5 F
£ eof
A5 p
90 \ O = 5.82010.41 1, BW = 10 58000 %)
ASH = S 00NIT T W = 1274 1110.7%)
oS r DOM) « 454510 12T BW & 1ESA 129 2%)
100
o S 10 15 20 5
Frequency(MHz)

(@) (b)

@ Springer



122

Biomedical Engineering Letters (2019) 9:119-125
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Fig.4 a Shape of Hall sensor and b the motor and Slide stopper in
the rotary linear probe

Ultrasound
o o diagnosis
system

Fig.5 The dynamical focusing of the rotary linear probe

and converted into a circular shape after various filter pro-
cessing steps, such as scale change and signal-to-noise ratio
enhancement processing, including filtering using a specific
radio frequency filter designed based on the transducer’s
characteristics. The size of the aperture in the probe was
adjusted based on the probe’s distance from the surface to
the scan’s target site such that the transmission beams con-
verged at the target site. As such, target areas nearer the
surface of the probe were associated with smaller apertures
and corresponding channel transmission signals. Conversely,
more distal target areas were captured using larger aperture
openings such that more channel transmission signals were
transmitted. Beam focusing was performed based on the
depths of the incoming signals. Wave fronts were dynami-
cally transmitted and received across depths. Because of this
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Fig.6 a Model implementing a 3D circular image by rotating a 2D
rectangle image 360° in a linear image, b 2D linear image and ¢ 3D
circular volume image

transmission and reception strategy, we expected better reso-
lution in the axial direction and greater image penetration
than probes designed with only a single element.

The method proposed here allows for the rapid resolu-
tion of a three-dimensional (3D) circular volume image by
rotating a two-dimensional (2D) rectangle image 360°. This
method is very attractive because it enables imaging of a
specific lesion site using a linear image and simultaneously
performing 3D volumetric imaging. This allows for stereo-
scopically viewing the lesion. Collection of this volumetric
image can be performed more easily, which is an additional
user benefit (Fig. 6).

3 Results

Figure 7 shows sample experimental results from a circu-
lar commercial phantom (Rectal Scan Phantom 504, ATS;
Bridgeport, CT, USA) coupled to the probe described in
the present study to confirm the appearance of the collected
circular image before further resolution experimentation.
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Fig.7 a Ultrasonic diagnostic system to support a colorectal appli-
cation, b rotary linear probe with commercial phantom (ATS 504
model) and ¢ 2D circle image for phantom
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Fig.8 a Commercial phantom (GAMMEX 403LE model), b corre-
sponding 2D circle image, ¢ point spread function of the rectangle of
(b) and d contour map of point spread function for resolution

With this configuration, we measured the device’s imag-
ing resolution using a commercial phantom (Multi-purpose
403LE, Gammex; Middleton, WI, USA). The axial reso-
lution obtained using this technique was 0.96 mm and the
lateral resolution was 2.24 mm with 6 dB applied through
the contour map using the point spread function outlined in
Fig. 8 and Table 2 shows the results of comparing images
obtained using a commercial phantom (Multi-purpose
403LE, Gammex; Middleton, WI, USA).

The quality of the real scanned image obtained using this
method and its convenient use for animal experimentation

Table2 Comparison of measured values with 6 dB applied through
contour map using point spread function in the acquired images
between current way and proposed way

Item Current way Proposed way Resolution
increasing
ratio

Lateral resolution (mm) 1.89 2.24 —0.156

Axial resolution (mm)  1.70 0.96 0.771

(a) (c)

Fig.9 Lateral/Axial Scanning image of an animal’s rectal area using
our designed special probe and a a prototype ultrasonic diagnostic
system, b the upper right is a linear image, and ¢ the lower right is the
circular image

are depicted in Fig. 9. Animal scanning demonstrated the
ease with which this lightweight transducer can be used to
confirm the diagnosis within a circular region in a selected
anatomical area. The provision of linear image information
may be beneficial for the confirmation of distinct image
components and can provide details necessary for diagno-
sis. However, given that this device is a prototype, further
image optimization is necessary before commercialization
can be achieved.

4 Discussion and conclusion

As described above, we expected that the design of the linear
rotary probe and the prototype system supporting it would
be of considerable help to users in the diagnosis of rectal
and anal diseases. We plan to further develop related tech-
nologies while minimizing some of the disadvantages of the
device described below by performing further phantom and
animal experiments.
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Plane waves

(a) (b)

Fig. 10 a Lateral focusing using plane wave synthetic focusing, b ele-
vational focusing using synthetic focusing

The linear rotary probe proposed here is composed of
relatively few elements and captures a wide field of view
due to the limited space that its wired connections occupy.
Furthermore, the pitch of its elements relative to the imaging
frequency of the linear array probe results in grating lobe
artifacts, which occur when the pitch of the element is larger
than half of the wavelength [7]. We attempted to minimize
these artifacts using dynamic transmission. This technique,
which comprises focusing on a transverse plane, can be
carried out by synthetic focusing on a plurality of virtual
sound sources generated by the rotation of the linear probe.
This enables not only high-speed image acquisition, but
also good image quality, via transmission on plane waves.
Synthetic focusing involves lateral focusing, as illustrated
in Fig. 10. Better resolution can be achieved with synthetic
focusing, as shown in Fig. 11. The method used here to
improve image quality, which comprises application of the
synthetic aperture technique in the elevational direction, can
be very effective, as demonstrated in Fig. 12. Filed II [8, 9]
and MATLAB (The Math Works, Natick, MA, USA) were
extensively used to simulate beamforming, and the dynamic

Fig. 12 a The image of conven-
tional way, b the image of pro-
posed way and ¢ the proposed
synthetic aperture way in the
elevational direction
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transmission focusing technique [10-12] was used to reduce
grating lobes for different element sizes and to achieve a
higher frame rate and better image quality.
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