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Abstract

Objective: Although plane wave imaging (PWI) with multiple plane waves (PWs) steered
at different angles enables ultrafast three-dimensional (3-D) ultrasonic imaging, there is still a

challenging tradeoff between image quality and frame rate. To address this challenge, we recently

proposed the aperiodic PWI (APWI) with mathematical analysis and simulation study. In this

paper, we demonstrate the feasibility of APWI and evaluate the performance with phantom and /in

Vivo experiments.

Methods: APWI with a concentric ring angle pattern (APWI-C) and APWI with a sunflower

pattern (APWI-S) are evaluated. For experimental verification of the methods, the experimental
results are compared with simulation results in terms of the spatial resolution and the mainlobe-
to-sidelobe ratio. In addition, the performance of APWI is compared with that of conventional
PWI by using a commercial phantom. To examine the potential for clinical use of APWI, a
gallstone-mimicking phantom study and an /n vivo carotid artery experiment are also conducted.

Results: In the phantom study, the APWI methods provide a contrast ratio approximately 2—3
dB higher than that of PWI. In a gallstone mimicking experiment, the proposed methods yield
3-D rendered stone images more similar to the real stones than PWI. In the in vivo carotid artery
images, APWI reduces the clutter artifacts inside the artery.

Conclusion: Phantom and /7 vivo studies show that the APWI enhances the contrast without
compromising the spatial resolution and frame rate.

Significance: This study experimentally demonstrates the feasibility and advantage of APWI for
ultrafast 3-D ultrasonic imaging.

correspondence tksong@sogang.ac.kr, fatemi.mostafa@mayo.edu, alizad.azra@mayo.edu.
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INTRODUCTION

THree-dimensional (3-D) ultrasound (US) imaging has been shown to provide numerous
advantages relative to traditional two-dimensional (2-D) US imaging in various clinical
applications with respect to diagnostic accuracy and efficiency [1], [2]. The quality of
3-D US imaging is determined mainly by the spatial resolution and contrast resolution. In
addition, the scanning rate per volume is also important to obtain a volumetric image with
less motion artifact.

In traditional 3-D US with a one-dimensional (1-D) array transducer, the spatial resolution
perpendicular to the array (i.e., in the elevational direction) is much worse than that parallel
to the array (i.e., in the lateral direction) because fixed focusing is used in the former, while
dynamic focusing is achieved in the latter. However, with the development of 2-D matrix
array transducers, it became possible to dynamically focus a beam in both the lateral and
elevational directions [3].

Real-time scanning is a key advantage of 3-D US imaging over other medical imaging
modalities. Multiplane imaging, in which two or three orthogonal cross-sectional images are
acquired and displayed in real time, is commercialized and being used in clinic. However,

a full 3-D volume scanning is challenging to achieve at a real-time frame rate with the
traditional focusing technique, where a focused beam is transmitted along each scanline

to acquire a volume comprising tens of thousands of scanlines. To maintain the real-time
imaging ability of 3-D US, new scanning techniques have been developed, such as the
multiline acquisition [4]-[8] or multiline transmission (TX) technique [9]-[12] and synthetic
focusing techniques [13], [14].

In addition to the focused beam, unfocused beams such as plane waves (PWSs) or diverging
waves are also used to synthetically form a sharp ultrasonic beam for higher frame rates [2],
[15]-[19]. These synthetic focusing techniques with unfocused beams have been applied to
various 3-D imaging applications, including blood flow imaging [20]-[22], tissue elasticity
imaging [23]-[25], and cardiac fiber orientation imaging [26]. In PW imaging (PW1), also
known as coherent PW compounding or PW synthetic focusing, PWs with different steering
angles are transmitted by a matrix array transducer and coherently compounded for synthetic
transmit focusing.

In PWI, the PW angles need to be carefully selected because the distribution of angles is
closely associated with the image quality. The PW angles (or directions) in both 2-D and
3-D PWI are generally distributed periodically with a constant interval [2], [16], [27]-[29].
However, the periodicity of PW angles with a regular interval is known to cause grating
lobe artifacts in 2-D PWI with a one-dimensional (1-D) array transducer [27], [28], [30].
By decreasing the interval, these grating lobes can be shifted away from the main lobe,
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thereby diminishing the artifacts and enhancing the contrast of the image. However, to

do so, either the number of PWs must be increased or the total range of angles must be
decreased, compromising either the frame rate or the spatial resolution, respectively, because
the number of PWs determines the frame rate and the PW angle range regulates the synthetic
beam width.

Recently, we showed that the same association between the angle distribution and image
quality was also observed in 3-D PWI with a matrix array transducer [31]. In the study, we
proposed aperiodic PWI (APWI), in which an aperiodic angle pattern is used to avoid the
periodicity of angles and to enhance the image contrast without compromising the frame rate
or spatial resolution. The propagation direction (steering angle) of a PW transmitted by a
matrix array transducer (as shown in Fig. 1) is defined by two variables, namely, the lateral
(6) and elevational (¢) angles [15]. Therefore, the PW angles used for 3-D PWI can be
plotted on a 2-D space representing the lateral and elevational angles. In the previous study,
we proposed APWI methods using two types of aperiodic angle distributions: (concentric
ring pattern and sunflower pattern) to avoid the periodicity of angles while maintaining

a uniform density [31]. We showed that both APWI with a concentric ring angle pattern
(APWI-C) and APWI with a sunflower angle pattern (APWI-S) reduce grating lobe artifacts
and enhance the contrast and frame rate of 3-D US imaging. However, our previous study
presented only theoretical analyses and simulation results.

In this study, we first verified the theoretical (simulation) analyses by experiments with
wires in a water tank. We also evaluated the APWI methods compared to the traditional PWI
by a commercial quality-assurance phantom. To demonstrate the feasibility and examine the
potential for clinical use of APWI, an experiment using a gallbladder-mimicking phantom
and an /n vivo carotid artery experiment were conducted. In addition, we suggested a
modified version of the concentric ring PW angle pattern to control the spatial resolution
more precisely for a fairer performance comparison across the imaging methods.

MEeTHoDS

A. Definition of PW Angles

Fig. 1 illustrates the propagation of a PW fired from a matrix array transducer located on the
xyplane. Letting @and ¢ signify the lateral and elevational angles of the PW, respectively,
the normal vector of the plane wavefront representing the propagation direction of the PW is
denoted as »” = (a, 8. 7), where a = sin @and 8= cos 8sin ¢. Note that the angle of a PW

can be express by only (a, B) since y =1 — a2 - 2. Accordingly, we express the angles of
the PWs used for 3-D US imaging with (a,f) throughout this paper.

1) Traditional PWI with a Periodic PW Angle Set—In 3-D PWI, the angles
or directions of PWs emitted from a matrix array transducer are generally distributed
periodically [2], [16], [32]. A periodic PW angle set T, can be defined as

Tp = { (@ B)|an = k- A B = 1- A, @3 + 7 <15}, B
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where kand /are integers, Aa is a regular interval on the a-axis and Ag s a regular
interval on the B-axis. The T}, is illustrated in Fig. 2(a). Each seed (indicated by a black

dot) represents a PW angle. g is the radial range of PW angles in the a-plane, which
determines the mainlobe width of the beam pattern and thus the spatial resolution of the 3-D
US image. In this paper, we used the same interval for a and B (Aa = Ap), and the interval
was calculated by dividing 7y by an integer number.

Although most practitioners use PW angles periodically distributed in the angle domain
(for example, in the Bg-plane), not in the aB-plane, we distributed PW angles periodically
in the aB-plane for the sake of analysis and consistency with our previous study. Note
that the angle difference between two distributions is negligible and there is no significant
performance difference between them, which is discussed in the supporting document.

2) APWI with a Concentric Ring PW Angle Pattern—As the periodicity of PW
angles results in grating lobes in the beam pattern of synthesized PWs, ultimately degrading
the contrast resolution, we proposed an aperiodic pattern for the distribution of PW angles
[31]. To maintain a uniform PW angle density, we suggested two types of aperiodic patterns,
a concentric ring pattern and a sunflower pattern, as shown in Fig. 2(b) and Fig. 2(c),
respectively.

In the concentric ring pattern (Fig. 2(b)), uniformity is achieved by placing the seeds (each
representing a single PW angle) with a constant arc-length interval along concentric rings
that have regularly increasing radii. To avoid periodicity, the first seed on each ring has a
different angle with respect to the a-axis. The aperiodic PW angle set with the concentric
ring pattern T, for APWI-C is defined as

Te = {(an Bn) |y = Ar - p - cos(6p[p] + A0[p] - q).
Pn = Ar - p-sin(6o[p] + A[p] - q), @)
n=1,2- N},

where p=0, 1, ..., P-1,¢g=0,1, ..., Q[g] - 1. P—1is the number of concentric rings,

and @[] is the number of seeds (i.e., PWSs) on the p-th ring. Q[0] is the number of seeds at
the origin, which means that Q[0] = 1, and the sum of all J[p] (=0, 1, ..., P— 1) equals
the total number of PWs, N. Aris the constant radial interval between concentric rings, 6]
is the angle of the first seed on the p-th ring with respect to the a-axis, and Ag[y] is the
angular interval between the seeds on the p-th ring. All the parameters associated with (2)
were calculated as in Appendix B in [31] except for ArIn our previous study, the radius
interval, Ar, was rp /(P - 1); hence, the radius of the largest ring equals 7y The previous
version of concentric ring pattern has more seeds on the circle with a radius of 7y than

other patterns do, resulting in a larger effective angular range. Because the effective angular
aperture determines the mainlobe beam width and spatial resolution, the spatial resolution
of the concentric ring pattern was different than that of other patterns [31]. In this study,

we used Ar= rp/(P- 0.5) to achieve a margin of A2 so that the concentric ring pattern

has the same effective angular range (i.e., spatial resolution) as periodic and sunflower
patterns. Calculation of all parameters for obtaining this modified concentric ring pattern is
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summarized in the supporting document. By using this modified version of the concentric
ring pattern, we could control the spatial resolution of APWI more precisely.

3) APWI with a Sunflower PW Angle Pattern—The sunflower pattern is obtained
from a Fermat spiral with the golden angle, which has been known as an efficient pattern
from nature and has been used for antenna or transducer designs [33]-[35]. We used this
unique pattern for the PW angle distribution. The aperiodic PW angle set with the sunflower
pattern T for APWI-S is defined as

Ts = {(a, Bn)| @y = royn/(N — 1)cos(n6g),

B = royn/(N — 1)sin(nfg), ®
no =01, N—1},

where the golden angle &g is (/5 — 1). Fig. 2(c) presents an example of a sunflower pattern
where no seeds have the same angular position. As in the concentric ring pattern, the PW
angles are not aligned in any direction but have a uniform density.

B. Experimental Setup

Phantom and /n vivo experiments were conducted to verify that the proposed ultrafast APWI
enhances the image contrast without degrading the spatial resolution or frame rate. A matrix
array transducer (8 MHz, 32x32 elements, Vermon, France) and a US system (Vantage 256,
Verasonics Inc., Redmond, WA) were used. To acquire the US data of the full-channel TX
and reception (RX) with a 256-channel system, the 1024 elements were divided into four
subarrays (256 elements per group), and each of four subarrays was used for TX or RX for
all combinations (4x4=16) as in [36]. The 16 acquired echoes were combined to synthesize
the full-channel TX/RX data. The transmit delay sampling rate (i.e., system clock speed) of
the US system was high enough for precise control of PW angles (see supporting document).
Parameters used in experiments were listed in Table I. Since the footprint of the transducer is
only 10 mmx10 mm, we obtained a pyramidal-shaped volume with a view angle of 15°. The
outermost scanline can be reconstructed by using PWs steered by more than 15° because the
minimum angle of PWs that reach out to the outermost scanline is 15°. Thus, the maximum
PW steering angle was set to 25° (i.e., 75 = sin(25°) in Fig. 2) to compound the PWs with a
range of at least 10°.

C. Materials and Evaluation Methods

1) Experimental Verification of Simulation Study—We conducted a water-wire
phantom experiment to demonstrate our previous simulation study [31]. In the experiment,
four nylon wires (diameter = 0.3 mm) were placed parallel to the x axis at depths (2) of

10, 20, 30, and 40 mm in a water tank. In the simulation, a series of point targets along

a line with an interval of 1/8 wavelength were used to mimic a wire. The diameter of

the wire was not simulated. Four virtual wires were placed at the same locations as the

four real wires shown in the 3-D images obtained by the experiment. In both experimental
and simulation studies, PWI with a periodic angle pattern, APWI-C, and APWI-S were
performed. The number of PWs (/) was 113. We observed the lateral profiles and mainlobe-
to-sidelobe energy ratios (MSRs) of real wires and virtual wires in the images obtained from
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experimental and simulation studies, respectively, to check if the image quality enhancement
of the APWI observed in the simulation study could also be found in the experimental study.
The MSR was measured [19] by using

M SR = 20102 o(Mmain/ Hside) “

where Mmain is the maximum value of the beamformed image within a mainlobe region and
the /&ige is the mean value of the beamformed image within the sidelobe regions. The 7inain
and /&jqge Were calculated from the 3-D beamformed images after envelope detection and
before log compression. The mainlobe and sidelobe regions were selected for each wire, as
shown in Fig. S1. The mainlobe region enclosed each wire target, and the sidelobe regions
included artifacts that appeared on both sides of the wire to evaluate the level of the grating
lobes and sidelobes of the synthetic US beam.

2) Quality-Assurance Phantom—A commercial quality-assurance phantom (040GSE,
CIRS Inc., Norfolk, VA) was used to evaluate the spatial and contrast resolution
enhancements of the APWI compared with the PWI. The wire targets and cylindrical cysts
in the phantom were used to evaluate the spatial and contrast resolutions, respectively. The
spatial resolution was evaluated by measuring the full width at half maximum of the wire
target, and the contrast ratio (CR) and contrast-to-noise ratio (CNR) were measured by [37]
by using

CR = pp — pe ®)

|1ty — pel
6
\/(th)-i-O'g ©

where 4, and i are the mean intensities of the background speckle and cyst regions and

op and o are the standard deviations of intensities of the background speckle and cyst
regions, respectively. The mean and standard deviation of intensities were measured after
log compression without clipping the data. A cylindrical cyst region with a length of 10 mm
was chosen, and a 10x10x10 mm3 cubic region except the cyst region was selected for the
background. The contrast measurement area is shown in a supplementary video (MM1).

CNR =

3) Gallbladder-Mimicking Phantom—To demonstrate the effectiveness of APWI in
artifact reduction, the gallbladder-mimicking phantom was fabricated by placing a water-
filled balloon with a kidney stone inside a gelatin phantom made of 300-bloom gelatin and
cellulose scatterers, as shown in Fig. 3. Since kidney stones appear similar to gallstones

in US imaging, we used human kidney stones to substitute for gallstones because of the
difficulty in procuring gallstones. One human Kidney stone was contained in each balloon
(stones A and B), and each balloon was imaged. The 3-D US images were used for
rendering 3-D shaded surface images, and the rendering process will be described in section
11.D.
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4) In Vivo Carotid Artery—To prove the clinical feasibility of APWI, 3-D US images
of the right carotid artery of a volunteer were obtained by using periodic, concentric, and
sunflower PW sets. The data were acquired by a nonexpert following the scan protocol in
[38] and a clinical protocol was exempt as a part of an educational student project under the
institutional review board.

The number of PWs (/N) was 49 for each imaging method. Three imaging sequences were
consecutively performed during diastole to obtain the /n vivo artery image. The arterial
pulsation was monitored in real time with image acquisition starting after the beginning

of diastole manually. The acquisition time was 117.6 msec (= 50 psec x 16 TX/RX x 49
angles x 3 sequences), which was short enough to fall into a relaxation period of the artery.
Detailed acquisition setup was described in supporting document.

The contrast of the image was measured to evaluate the clutter artifacts inside the carotid
artery by using (5). The volumetric tissue and vessel cavity regions were selected for the
bright region (4, in (5)) and the dark region (4 in (5)). A supplementary video of the
contrast measurement region is available (MM3). The homogeneous tissue region is shaded
in green, and the carotid artery region is shaded in yellow in MM3. The volumetric region
was chosen from y=-5mmto y=5 mm.

D. 3-D Image Reconstruction

NPWs ina PW angle set T(T, T, or Ty in (1), (2) and (3), respectively) were fired
consecutively, and the backscattered echoes were received with a matrix array transducer.
Then, a synthesized volume image was reconstructed from the A echo data sets by
performing 3-D PW synthetic focusing [31]. In this method, each imaging point is
reconstructed by using the only data sets of PWs that propagate through the imaging point as
follows:

M1 it m
b(x¢) = Ws2(ay, B,) € Sxp)2m = 0 Wrx * Tn, m(T ) - €TI0 ™

where 1, i is the complex baseband signal of the 7-th PW received by the m-th channel
and 7’ M is the beamforming delay. The PW subset S(x¢)(S(x¢) € T) includes the PWs that

pass through the imaging point x¢ while maintaining a planewave front. The region where
the planewave front is maintained was geometrically calculated according to the angle of
PW and the size of aperture. w4y is the receive apodization window, and wy is the weighting
factor, which is inversely proportional to the number of PWs in the subset S(x¢). A Tukey

window with a 25% role was used for the receive apodization. The beamformed data &(xs)
are then log-compressed to form the final 3-D B-mode image.

The 3-D shaded surface image of the gallbladder-mimicking phantom was rendered by
using the “surf” function in MATLAB. The height data for an input of the surf function
were obtained by detecting the surface of the stone or the bottom of the balloon on every
scanline (every grid line parallel to the zaxis) with a threshold. From the ceiling of the
balloon, the first pixel value greater than the threshold was detected for each scanline, and
the axial position (2) of the detected first pixel determined the height of the corresponding
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scanline. If no pixels along a scanline were greater than the threshold, the threshold was
decreased by 1 dB, and the height-detection process was repeated until it found pixels
greater than the updated threshold. The initial threshold in the height-detection process for
3-D surface rendering was carefully selected to obtain the best images in terms of the size
and shape of the stones and was applied the same across all three methods (PWI, APWI-S
and APWI-C). The US volume data filtered with a median filter (1x1x1 mm?3) were used for
height detection.

ResuLts

A. Experimental Verification of Simulation Study

To experimentally demonstrate the image quality enhancement of APWI as verified by
simulation in a previous study [31], four wires in a water tank were imaged by using
periodic (PWI) and aperiodic angles (APWI-C and APWI-S). Fig. 4(a)—(c) shows 3-D US
images of wires obtained from the experiment, and Fig. 4(d)—(f) shows the simulation results
using four numerical wires at the same location as those in Fig. 4(a)—(c). Cross-sectional
images are provided in Fig. S2 in the supporting document. The wires are shown as a
yellow lead parallel to the x axis because hyperechoic pixels correspond to yellow in the
color map. Grating lobe/sidelobe artifacts around the wires are shown in blue, which ranges
from approximately —23 to —38 dB. As depth increased, the artifacts became stronger, and
the spatial resolution was compromised (i.e., the width of wire on the y~axis increased).

In the experimental results, the APWI methods (Fig. 4(b) and 4(c)) provide less artifact
than the PWI (Fig. 4(a)). Similar results were obtained through the simulation; the APWI-C
and APWI-S (Fig. 4(e) and 4(f)) showed reduced artifacts than the PWI (Fig. 4(d)). At the
depth of 10 mm (top panels of Fig. 4(a)—(f)), the axial artifact below the wire, which is a
typical PWI near field artifact [39], is shown. The axial artifact was also mitigated by APWI
methods in both experimental and simulation results.

For each wire, a profile along the yaxis was taken from the 3-D beamformed image at x=0
mm, normalized by its maximum value, and plotted on a log scale. Fig. 5 shows the profiles
of wires at four depths in the experiment and simulation. In both experimental (Fig. 5(a)-
(d)) and simulation (Fig. 5(e)—(h)) results, the sidelobe levels of the APWI-C and APWI-S
were lower than those of PWI. Meanwhile, the spatial resolutions (i.e., the mainlobe width
of the profile) of the three methods were almost the same. The difference in the full-width-
half-maximum of the mainlobe (i.e., =6 dB resolution) between the experiment and the
simulation was 0.04 mm in average, which showed the similarity between the experiment
and simulation setup.

The profiles in Fig. 5. were not symmetric because the wires are not exactly at y= 0 in both
simulation and experiment. In the experiment, the wires in the water tank were slightly off
from =0 mm and each point target in the simulation was placed at the same ylocations as
in the experiment.

Fig. 6 presents the MSRs of the experimental and simulated wire images (Fig. 4) measured
by using (4) with selected areas shown in Fig. S1 for the quantitative analysis. At all
depths, APWI-C and APWI-S showed higher MSRs than PWI in both the experimental and
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simulation results. In addition, the trend of the MSR enhancement (i.e., MSR difference
between PWI and APWI) along the depth in the experiment was quite similar to that in
the simulation. For example, in both the experimental and simulation results, the MSR
enhancement of the APWI methods compared to PWI is higher at a depth of 10 mm than
at 30 mm. In addition, at a depth of 40 mm, the MSR of APWI-S is higher than that of
APWI-C in both the experiment and simulation.

B. Quality-Assurance Phantom

Fig. 7 shows cross-sections of the 3-D US images of the cylindrical cyst of the commercial
quality-assurance phantom reconstructed by using the periodic, concentric ring, and
sunflower PW sets (A=81) with a dynamic range of 50 dB. A movie is available showing all
the cross-Hs of the 3-D images (MM1). The artifacts inside the cylindrical cyst are stronger
in the images of the periodic set (PWI) than in those of the concentric ring and sunflower
sets (APWI-C and APWI-S).

Table I1 lists the CR and CNR measured from the same cylindrical cyst using /=81, 113,
and 149, and the volumetric region defined for contrast measurement is shown in another
multimedia file (MM2). The contrast increases with the number of PWs used (/) because
the clutter inside the cyst, caused by sidelobes and grating lobes of the beam pattern,
decreases with increasing /V. Note that the proposed concentric and sunflower angle sets
(APWI-C and APWI-S) provide a CR approximately 2-3 dB higher than the periodic set
(PWI) for all A.

Fig. 8 shows the wire target images obtained from the commercial phantom by using the
periodic and two aperiodic sets (A=81). As seen in Fig. 8(a), the three PW angle sets provide
wire images of similar spatial resolution on the xz, yz and xy planes. The lateral profile

in Fig. 8(b) shows similar spatial resolutions among the three methods. Table 11 lists the
measured spatial resolutions of 3 wire targets, which are indicated by the white arrows in
the top-left panel of Fig. 8(a). The lateral resolutions were obtained from the 3-D images in
Fig. 8(a), while the elevational resolutions were measured from another 3-D image acquired
by rotating the transducer so that the wires in the phantom were aligned along the x axis

of the transducer. Table Il also demonstrates that all the methods have similar lateral and
elevational resolutions. The results shown in Fig. 8 and Table 111 are consistent with the
theoretical analysis in [31]; that is, the spatial resolution remains the same regardless of the
angle distribution pattern when the same range of PW angles (i.e., 7 in Fig. 2) is used.

C. Gallbladder-Mimicking Phantom

Fig. 9 presents cross-sections of the 3-D US images of the gallbladder-mimicking phantom
(stones A and B) reconstructed by PWI, APWI-C, and APWI-S (A=81). The hyperechoic
stone lying inside the balloon is shown on the xz-and yzplanes. The top view (xy plane)
reveals the balloon wall surrounding the stone. As the white arrows and the yellow boxes in
Fig. 9 indicate, the artifacts around the stones were reduced by approximately 3-10 dB in
the APWI-C and APWI-S images compared to the PWI image.

Fig. 10(a) presents photos of stones A and B used for the gallbladder-mimicking phantom,
and Fig. 10(b) shows top views of the 3-D surface images rendered by using the 3-D US
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images in Fig. 9. Whereas the APWI methods reconstructed the shapes of the stones well,
the periodic angle set (PWI) yielded lumpy artifacts, as indicated by the yellow arrows in
Fig. 10(b). These lumpy artifacts were caused by the strong artifacts seen in the xy~plane
images in Fig. 9 (marked by yellow boxes); these artifacts in US images were falsely
detected as the surface of the stone when the brightness of the artifact was higher than the
threshold for surface detection. The appearances of the stones in the rendered images (Fig.
10(b)) change with the threshold for surface detection. However, the APWI-C and APWI-S
always yield the better shape of the stone than the PWI no matter what threshold was used.
We will discuss this further by changing the threshold for detecting the surface in section
IV.C.

In Vivo Carotid Artery

The effectiveness of the proposed angle sets was also observed with a human carotid artery.
Fig. 11 shows the xz and yzplanes of 3-D US images of an /n vivo carotid artery when

the periodic and two aperiodic angle sets were employed (A=49). The dynamic range was
45 dB. A multimedia movie is available showing all the cross-sections of the 3-D images
(MM4). As the white arrows in Fig. 11 and MM4 indicate, APWI-C and APWI-S reduce the
clutter artifacts inside the carotid artery compared to the PWI.

The contrast measured from volumetric artery and tissue regions (MM3) was 12.0 dB,

12.3 dB, and 12.3 dB. The contrast gains (0.3 dB) were much lower than those of the
phantom results. These small enhancements might be due to the smaller number of PWs and
freehand and physiological motion. This will be discussed in section IV.D. However, at some
cross-sections, the grating lobe artifacts in the PWI were fairly reduced in the APWI-C and
APWI-S; for example, at the xz-plane cross-section shown in the top panels of Fig. 11 (y=
-3.37 mm), the contrast enhancement was 0.7 dB and 0.9 dB with APWI-C and APWI-S,
respectively.

IV. Discussion

A. Experimental Verification of Simulation study

In this experiment, to verify the simulation study, 3D images (Fig. 4), lateral profiles (Fig.
5), and MSR enhancements (Fig. 6) were observed. The APWI methods reduced the artifact
without compromising the spatial resolution and the frame rate in both the simulation and in
the experiment. The artifacts around wires of APWI-C and APWI-S were less than those of
PWI. The thickness of the wire that represents the spatial resolution at each depth was nearly
the same over the three methods (PWI, APWI-C, and APWI-S).

The axial lobe artifacts below the wire were observed in the images at z= 10 mm for

both the experimental and simulated results (top row of Fig. 4). These artifacts are usually
observed near the transducer when the pitch between the transducer elements is larger than
half wavelength [39]; the element pitch of the matrix array transducer used was 1.52A,,
where A is the wavelength. Although the axial lobe artifact can be reduced by using a
transducer with a pitch of A/2 [39], decreasing the pitch of a matrix array transducer costs
more than a linear array transducer; a A./2-matrix array would require 9 times more elements
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than a 1.52A -matrix array (i.e., 9,216 elements) if the aperture size should be maintained.
The axial lobe artifact is caused not only by the pitch of transducer (grating lobe in the beam
pattern of each PW) but also by the distribution of PW angles (grating lobe and sidelobe in
the synthesized beam pattern of compounded PWSs). Consequently, the axial lobe artifacts
were reduced by using APWI-C and APWI-S.

When the mainlobe to axial lobe ratio (MAR) was measured using (4) with fya instead of
Kside, the enhancement in MAR at the depth of 10 mm was 3.6 dB and 5.4 dB for experiment
and 5.8 dB and 7.9 dB for simulation, when using APWI-C and APWI-S, respectively.
These MAR enhancements were similar to MSR enhancements at 10 mm. However, for
other depths, the enhancement in MAR was marginal (~0.8 dB) because the axial lobe
artifact usually appears at the near field as shown in Fig. 4. Therefore, not only grating/
sidelobe reduction but also the axial lobe reduction might have contributed to the contrast
improvement at near field (< 20 mm).

In Fig. 5, the sidelobe level difference between the PWI and APWI methods at a depth of

10 mm was not as considerable as the difference at a depth of 20 mm. However, the MSR
enhancements of APWI methods against PWI at 10 mm were as high as those at 20 mm in
Fig. 6. This is because the MSR in Fig. 6 was measured by using the mean sidelobe level
within volumes containing the whole sidelobe artifacts, as in Fig. S1, whereas the lateral
profile Fig. 5 presents only 1-D information. In addition, the yzplane cross-sectional images
(Fig. S2) also corroborate the artifact reduction of APWI methods at a depth of 10 mm.

The performance (e.g., artifact reduction level) of the two APWI methods compared to the
PWI depends on the imaging point location because a subset of transmitted PWs used for
reconstruction varies with the imaging point. As described in section 11.D, each imaging
pixel was beamformed by compounding a subset of PWs, S(x)(S(x) ¢ T where T is a set

of transmitted PWSs), which reached out to the imaging point x. It is also elaborated in
[31] with Figs. 7 and 8; despite the same number of transmitted PWs (A), the number of
PWs compounded for a certain pixel (i.e., the number of PWs in S(x)) could be different
for each angle pattern. In addition, the arrangement of PW angles of each subset affects
the beam pattern and artifacts at the certain imaging pixel. It is difficult to generalize

the characteristics of all subsets because each subset will be a portion of the whole
pattern, which will be different from each other. Although a portion of aperiodic set is

still aperiodic, some subsets might not be as effective as others to suppress sidelobe levels.
Different MSR enhancements across depths in Fig. 6 might have been caused by different
subsets. It is interesting that both simulation and experimental results showed a lower MSR
enhancement at 30 mm than at other depths. In addition, both results presented slightly
better enhancement by APWI-S than by APWI-C in Fig. 6.

In Fig. 4, the dynamic range of 3D images was chosen to show well the difference

in sidelobe artifacts between the three PWI and APWI methods and to obtain similar
images between the experiment and simulation. The dynamic range of 3D images used
for the experiment was smaller (35 dB) than that for the simulation (38 dB) because the
experimental data had a lower signal-to-noise ratio (SNR) and stronger artifacts for all
methods. In addition, the thickness of the wire in the experimental results was larger than
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that in the simulation results because the wire used in the experiment had a thickness of
approximately 0.3 mm, while the numerical wire in the simulation was composed of a series
of point targets and did not have a thickness.

In this paper, we did not distinguish the artifacts from the sidelobes and grating lobes
because the two types of artifacts spatially overlapped and were difficult to separate in the
experimental images. In the simulation results, however, the grating lobe artifacts were more
easily recognized than in the experimental results. Theoretically, the grating lobes, caused
by the periodic PW angles of PWI, arise 2.7 mm apart from the mainlobe (=A/d,) [31], and
they can be seen in Fig. 5 and Fig. S2. Although the grating lobe artifacts in the experiment
were not as prominent as those in the simulation, it was interesting that the reduction in

the mean sidelobe level (i.e., MSR enhancement) at each depth was similar between the
simulation and experiment.

B. Quality-Assurance Phantom

The elevation resolutions in Table 111 are slightly better than the lateral resolutions because
the size of the transducer (aperture size) in the y direction is larger than that in the x
direction.

We used a cystic part of the phantom to quantitatively measure the contrast of the image.
Since artifacts in the hypoechoic region are undesirable for many diagnostic ultrasound
applications such as gallbladder imaging or carotid artery imaging, APWI can be beneficial
to reduce such artifacts. Although we evaluated APW!I1 using only a hypoechoic target,
further investigation using different grayscale targets would be helpful for evaluating the
method in terms of detection of a target with a small echo difference.

C. Gallbladder-Mimicking Phantom

In Fig. 9 and Fig. 10, aperiodic angles disperse the grating lobes in the beam pattern and
mitigate the grating lobe-induced artifacts in the US images, consequently reducing the
likelihood of false detection of hyperechoic materials. This result implies that the APWI
methods would be helpful for characterizing the hyperechoic materials in a gall bladder or
any other calcified stones in a black liquid pool in US images.

In Fig. 9, artifacts mainly appeared in the lateral (x) and elevational ()) directions. This cross
pattern of artifacts was also observed in a previous study (Fig. 12 in [31]). This is related

to the rectangular aperture of the matrix array transducer and is commonly shown in other
studies where a rectangular aperture is used [10], [40]. In addition, although the APWI-S
seems to have fewer artifacts than the APWI-C in the cross-section of Fig. 9, the opposite
outcome can arise depending on which cross-section is observed. The overall image qualities
of APWI-C and APWI-S were similar.

As shown in Fig. 10(b), APWI methods reconstructed stones with much more similar shapes
to the real ones (Fig. 10(a)) than PWI images. Thresholds used for the surface detection

of the stone were —25 dB and —32 dB for stone A and stone B, respectively. Even with
different thresholds, the APWIs always showed better surface images than the PWI. Fig. S3
shows the 3-D rendered stones obtained from the PWI, APWI-C, and APWI-S images with
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different thresholds. When the threshold is low (first row in Fig. S3), some strong artifacts
are mistakenly detected as the stone surface. As the threshold increases, the size of the
reconstructed stone shrinks. Even with different thresholds, the PWI1 suffers from the falsely
detected area on the right-hand side of the stone due to the strong sidelobe artifacts in the
3-D US images (indicated by a yellow box in Fig. 9). In contrast, the APWI images showed
fewer artifacts than the PWI for all thresholds, which makes it easier to find the optimal
threshold value that yields the most similar images to the photos of the stones.

In Vivo Carotid Artery

Although they provided contrast enhancement (0.3 dB in volumetric measurement and
0.7 dB (APWI-C) and 0.9 dB (APWI-S) at one of the cross-sections), these gains were
smaller than those of the phantom experiment and simulations. The first reason for the
low improvement might be the low number of PW (A=49). Due to the limitation of the
system, we divided the 1024-element array into four subarrays and repeated the TX/RX
process 16 times with different pairs of subarrays to acquire a set of 1024-channel data
with a 256-channel system. In the synthetic beampattern of APWI-C or APWI-S, the energy
of the grating lobe is spread out to prevent the formation of a strong grating lobe-induced
artifact by using its unique aperiodic angle pattern. However, the distinct feature of the
aperiodic pattern becomes weaker as the number of PWs decreases, resulting in small
contrast enhancements (as seen in Fig. 16 of [31]).

Another possible reason is the hand and physiological motion across the compounded
images. Carotid artery images were obtained with free-hand scanning. In addition, the image
acquisition rate was much lower due to the limitation of the number of channels of the
ultrasound system. The acquisition time for a single volume was approximately 39.2 msec
when the pulse repetition interval was 50 gsec and A=49. In addition, three data sets for
the three different angle patterns were acquired sequentially, which means that the total
data acquisition time was 117.6 msec. Although the data were obtained during diastole to
minimize motion-induced artifacts, the vessel wall might have shifted approximately 0.3\
during the acquisition assuming that the velocity of the artery wall is 0.5 mm/s during
diastole [41]. This physiological movement might have affected the quality of synthetic
beamforming and the contrast enhancement of APWI.

E. Modification of Angle Pattern

In a previous study [31], the concentric ring pattern showed slightly higher resolution

than expected because the effective radial range of angle was not considered. For a fairer
evaluation across the imaging methods, we needed to control the spatial resolution of
APWI-C more precisely because there is an apparent trade-off between the spatial resolution
and the image contrast (or sidelobe level). In this paper, we suggested a modified version of
the APWI-C for better control of the spatial resolution so that the spatial resolution can be

a constant variable across the different imaging methods in the comparison study. As shown
in Fig. 5 and 8, all three methods (PWI, APWI-C, and APWI-S) have the same spatial
resolution, which allows for the decent comparison between the imaging methods in terms
of the sidelobe level and the image contrast.
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For further image quality enhancement, the angle pattern can be modified in different
ways depending on applications and imaging probes. For example, the maximum steering
angle can be lowered to compound more PWs at central region with a smaller PW angle
interval for contrast sensitive applications, sacrificing the size of field-of-view and the
spatial resolution. As another example, if the image quality of the central region is more
important for diagnosis than that of the side region which is required only for anatomical
localization, the PW seeds can be populated more densely around the origin in the aB-plane
instead of the uniform distribution. Numerous studies on the effective transducer element
distribution [42]-[45] will be helpful for designing another version of the PW angle pattern
optimized for a specific application because the transducer element distribution can be
analogous to the PW angle distribution.

F. Comparison between APWI-C and APWI-S

We evaluated two types of aperiodic angle pattern: the concentric ring (APWI-C) and the
sunflower (APWI-S). Both methods showed similar image quality improvement compared
with the traditional PWI throughout all the simulations and experiments. Although the
APWI-S showed better MSR in the wire simulation and experiment (Fig. 6), APWI-S was
not always better than APWI-C. In the quality-assurance phantom experiment, APWI-C
provided slightly higher contrast than APWI-S when A/= 149 (Table II). However, these
differences are too small to conclude which method is better than the other.

In addition, the effectiveness of one method over the other was easily reversed by changing
the angle range, the number of PWs, or the image quality evaluation location. Therefore,
we concluded that the two APWI methods provide similar performance in terms of spatial
resolution and image contrast.

Comparing design rules, the concentric ring pattern is more complex than the sunflower
pattern. Obtaining a concentric ring pattern requires the computation of many variables such
as the number of rings, the radial interval between rings, and the seed angular interval

of each ring (section 11.A.2), whereas a sunflower pattern can be readily designed by two
equations for a and g (section 11.A.3). Hence, one may choose APWI-S for the simplicity of
angle pattern design.

G. Limitation of the Experimental Setup

In this study, we used a small matrix array transducer with a size of 10 mmx10 mm.
However, the transducer with a small aperture relative to the scanning volume is not
beneficial for either PWI or APWI. Only approximately one-third of the transmitted PWs
reached a depth of 20 mm on the center scanline in our experimental setup because the
aperture was small and a PW propagated perpendicular to its wavefront with no divergence.
In addition, the currently available matrix array transducers have a limited signal-to-noise
ratio (SNR).

This small aperture and low SNR may have caused underestimation of the advantage from
APWI. When the number of synthesized PWs at each depth decreases, the unique aperiodic
angle pattern is less distinct, and the SNR further reduces. The advantage of APWI comes
from its distinctive angle pattern, which reduces the grating lobe level in the beam pattern. In
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this experiment, however, the number of PWs used for each depth was too small to exhibit
its unique pattern, and the high noise level somewhat obscured the grating lobe artifacts.

A large pitch (1.52\) of the transducer is another limiting factor. The maximum PW angle
was set to 25° to obtain a sufficient field of view with a small matrix probe. However, this
large steering angle with a large pitch could create a strong grating lobe when the PW is
transmitted, and deteriorate the image quality. Image quality can be enhanced by reducing
the maximum PW angle (i.e., smaller ry in Fig. 2) at the cost of a smaller field of view or by
using a matrix array with a smaller pitch. The grating lobe artifact could also be reduced by
lowering the imaging frequency to compensate for the large pitch at the expense of spatial
resolution. As the fabrication technique evolves, a larger and more sensitive transducer will
be available, and consequently, APWI will offer better contrast enhancement in 3-D US
imaging.

The system with a lower number of channels than that of the array elements also limited our
study. In the /n vivo experiment, the number of TX/RX sequences was 49x16 to obtain a

set of full-channel data with 49 PWs. Although such a low number of PWs is not favorable
to prove the contrast enhancement of APWI, we could not increase the number of PWs

due to the motion of the artery. To support full-channel acquisition, some research groups
have developed 3D full-channel systems that manage up to 1024 channels [46]-[48]. If

a full-channel system is available and the number of PWs increases, the contrast gain by
APWI should be higher than what we found in this study. In addition, a sparse array can be
used for achieving a shorter acquisition time with a limited-channel system by using various
types of sparse arrays that have been proposed [17], [19], [49].

V. ConcLusions

We experimentally evaluated the APWI-S and APWI-C in which the PW angles are
distributed in an aperiodic manner to enhance the contrast of the 3-D US image without
compromising the spatial resolution and the frame rate. We demonstrated our previous
simulation study by a simulation-experiment comparison study. We proved the contrast
enhancements of APWI-S and APWI-C compared with traditional PWI by phantom and /n
vivo experiments. In the quality-assurance phantom experiment, the APWI-C and APWI-S
provided a CR approximately 2—3 dB higher than that of PWI without compromising the
spatial resolution. In addition, in the gallbladder-mimicking phantom experiment, the APWI
methods presented 3-D rendered stone images more similar to the real stones than the

PWI. In the /in vivo carotid artery image comparison, the APWI methods also provided
better cross-sectional images with fewer clutter artifacts inside the artery than PWI. As the
APWI reduces the energy of the grating lobe in the beam pattern and mitigates grating
lobe/sidelobe-induced artifacts, it is beneficial for applications where a strong hyperechoic
structure inside a hypoechoic region is examined or where clutter artifacts are critical.
Although the image quality improvement of APWI methods was slightly underestimated due
to the limitation of the experimental setup, all the results successfully showed the potential
of APWI methods in terms of contrast enhancement.
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Definition of the propagation angle of a PW transmitted by a matrix array transducer. \We
express the propagation direction (or steering angle) of a PW with (a,) because 7’ is a
normal vector of wavefront of PW and a?+ 2+ »2= 1. Point P”is the orthogonal projection
of point Ponto the yz plane and the angle 8and ¢ are the lateral and elevational angles of

the PW.
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(a) Periodic PW angle patterns used for conventional PWI. (b), (c) Aperiodic concentric ring
and sunflower PW angle patterns for APWI-C and APWI-S, respectively. Each black dot
represents the steering angle of a PW transmitted by a 2-D matrix array transducer.
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Fig. 3.
Gallbladder-mimicking phantom. A water-filled balloon and a human kidney stone were

used for mimicking a gallbladder and a gallstone, respectively.
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Fig. 4.
3-D US images of four wires in parallel with the x-axis at a depth (2) of 10, 20, 30, and 40

mm (from top to bottom) acquired from (a)—(c) experimental and (d)—(f) simulation results
by using (a), (d) PWI, (b), (¢) APWI-C, and (c), (f) APWI-S. The hyperechoic wires are
shown in yellow, and the artifacts are shown in blue around the wires. The artifact reductions
by APWI-C and APWI-S were observed in experimental results as well as in the simulation
results.
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Profiles of wire targets along the y axis at the depth (z) of (a), (e) 10, (b), (f) 20, (c), (g) 30,
and (d), (h) 40 mm at x = 0 mm, obtained from (a)—(d) experiment and (e)—(h) simulation,
which show the beam width of the mainlobe and level of sidelobes at each imaging depth.

Profiles were taken from the 3-D images of Fig. 4. As shown in the simulation results

(e)—(h), the experimental results (a)—(d) also demonstrated that both APWI-C and APWI-S
mitigate sidelobe artifacts without compromising the spatial resolution.
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Fig. 6.

Mainlobe-to-sidelobe energy ratios (MSRs) of (a) the experiment and (b) the simulation
3-D images of four wires (shown in Fig. 4) reconstructed by using PWI and the proposed
APWI-C and APWI-S at imaging depths (10, 20, 30, and 40 mm).
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Fig. 7.

Cr%ss-sections of 3-D US images of a cylindrical cyst in the commercial phantom in the
xz-plane, yz-plane, and xy~plane (from left to right) reconstructed by using PWI, APWI-C,
and APWI-S (from top to bottom) with a dynamic range of 50 dB. APWI methods provide
better contrast resolution than conventional PWI. The number of PWs used was 81 for all
methods (A=81). A multimedia movie is available for all the cross-sections of the volume
(MM1). The dashed yellow and red boxes represent the cyst region and background region
used for contrast measurement, respectively.
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Fig. 8.

Cross-section US images of wire targets in the commercial phantom reconstructed by using
the PWI (periodic angle set), APWI-C (concentric ring angle set), and APWI-S (sunflower
angle set). (a) Cross-section images of the xz ()= 0), yz(x= 4.4 mm), and xy (z=29.3 mm)
planes (from top to bottom); the positions of the yzand xy cross-sections are indicated by
yellow lines in the top-right panel of (a). (b) Lateral profiles at y=0 mm and z=29.3 mm;
the position of the lateral profile is marked by a red line in the bottom-right panel of (a).
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Fig. 9.
Cross-sections of the 3-D US images of the gallbladder-mimicking phantom ((a) stone A

and (b) stone B). The images were reconstructed by using PWI, APWI-C, and APWI-S
(from top to bottom). The hyperechoic stone is visible at the center of images. The APWI
methods provide images with less artifacts around the stones compared to the PWI (white
arrows and yellow boxes). The yellow box indicates the artifacts spread out in the +y
direction, which caused the false detection of stone surface in the 3-D rendered image of
PWI (indicated by yellow arrows in the left panels in Fig. 10(b)). The dynamic range of the
images is 50 dB.
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Fig. 10.
(a) Top views of the stones in the gallbladder-mimicking phantom. (b) Surface images of

stone A (top row) and stone B (bottom row) reconstructed from the 3-D US images obtained
using the PWI, APWI-C, and APWI-S. The depth of the surface was color-coded.
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Fig. 11.
In vivo carotid artery images in the transverse view (top panels, y=-3.37 mm) and in

the longitudinal view (bottom panels, x= —3.67 mm) obtained using PWI (left), APWI-C
(center) and APWI-S (right). The two proposed PW sets (APWI-C and APWI-S) suppressed
the artifacts inside the carotid artery (white arrows). A multimedia movie for all cross-
sections of the 3-D images is available (MM4). The dynamic range is 45 dB. The dashed
yellow and red boxes represent the vessel region and background tissue region used for
contrast measurement, respectively.
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Table I.

Parameters used for experiments

Number of transducer elements 32x32
Transducer pitch 0.3mm
Transmit center frequency 7.8 MHz
Number of cycles 1
Maximum steering angle of PW 25°
Number of PWs (N) 49, 81, 113, or 149
Apodization window Tukey window (25%)
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Table Il.

Page 31

CR and CNR measured from the 3-D cylindrical cyst phantom images (Fig. 7). The 3-D region of cyst and
background used for the contrast measurement is shown in MM2. The 3-D cyst image (A=81) is shown in Fig.

7 and MM1.

N Method CR(dB) CNR
PWI 135 1.82

81 APWI-C 16.3 2.27
APWI-S 16.3 2.26

PWI 15.0 2.05

113 APWI-C 171 2.37
APWI-S 17.4 2.41

PWI 16.1 2.19

149  APWI-C 18.0 2.50
APWI-S 17.9 2.47
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Table Ill.

Page 32

L ATERAL AND ELEVATIONAL RESOLUTIONS MEASURED FROM THE THREE TARGETS IN THE WIRE PHANTOM IMAGES, WHICH SHOWS

THAT THE SPATIAL RESOLUTION OF ALL THE METHODS ARE EQUIVALENT. THE THREE TARGETS ARE INDICATED BY WHITE

ARROWS AT THE TOP-LEFT PANEL IN FIG. 8.

Lateral Resolution (mm)

Elevational Resolution (mm)

N Method
target 1 target2 target3 targetl target2 target3

PWI 0.72 0.72 0.71 0.66 0.69 0.65
81 APWI-C 0.7 0.7 0.71 0.63 0.69 0.65
APWI-S 0.69 0.69 0.69 0.62 0.68 0.69
PWI 0.75 0.75 0.65 0.65 0.71 0.72
113 APWI-C 0.74 0.74 0.65 0.64 0.67 0.68
AWPI-S 0.73 0.68 0.66 0.64 0.65 0.66
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