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Abstract 29 

Objective. To develop a 3D shear wave elastography (SWE) technique using a 2D 30 

row column addressing (RCA) array, with either external vibration or acoustic radiation 31 

force (ARF) as the shear wave source. Impact Statement. The proposed method paves the 32 

way for clinical translation of 3D-SWE based on the 2D RCA, providing a low-cost and 33 

high volume-rate solution that is compatible with existing clinical systems. Introduction. 34 

SWE is an established ultrasound imaging modality that provides a direct and quantitative 35 

assessment of tissue stiffness, which is significant for a wide range of clinical applications 36 

including cancer and liver fibrosis. SWE requires high frame-rate imaging for robust shear 37 

wave tracking. Due to the technical challenges associated with high volume-rate imaging 38 

in 3D, current SWE techniques are typically confined to 2D. Advancing SWE from 2D to 39 

3D is significant because of the heterogeneous nature of tissue, which demands 3D imaging 40 

for accurate and comprehensive evaluation. Methods. A 3D SWE method using a RCA 41 

array was developed with a volume-rate up to 2000 Hz. The performance of the proposed 42 

method was systematically evaluated on tissue-mimicking elasticity phantoms and in an in 43 

vivo case study. Results. 3D shear wave motion induced by either external vibration or ARF 44 

was successfully detected with the proposed method. Robust 3D shear wave speed maps 45 

were reconstructed for phantoms and in vivo. Conclusion. The high volume-rate 3D 46 

imaging provided by the 2D RCA array provides a robust and practical solution for 3D 47 

SWE with a clear pathway for future clinical translation. 48 

 49 

Keywords 50 

acoustic radiation force, external vibration, high volume rate, row column addressing array, 51 

shear wave detection, 3D shear wave elastography.  52 

 53 

MAIN TEXT 54 

 55 

1. Introduction 56 

Shear wave elastography (SWE) is an established ultrasound imaging modality that 57 

found significant impact in a wide range of clinical applications including cancer and liver 58 

fibrosis [1-4].  SWE estimates the speed of fast propagating shear waves in tissue, which 59 

is directly related to tissue stiffness (i.e., shear modulus) and provides an important 60 

biomarker for tissue health [5-11]. Shear waves are typically generated by either using the 61 
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acoustic radiation force (ARF) from the push beam of an ultrasound transducer [12], or by 62 

using an external mechanical vibration coupled to the tissue [13]. Due to the fast 63 

propagating speed of shear waves (e.g., 1 – 10 m/s in most soft tissues), a high imaging 64 

frame rate (e.g., 1000-2000 Hz) is typically required for robust SWE [14]. While such high 65 

imaging speed is now widely available on mainstream ultrasound scanners powered by 66 

software beamformers for 2D imaging, a viable 3D imaging solution that supports such 67 

high imaging speed (i.e., >1000 Hz volume-rate) remains elusive. As such, current SWE 68 

implementations are largely limited to 2D, although 3D SWE has many known advantages 69 

over 2D because of the anisotropic tissue mechanical properties and the resulting complex 70 

shear wave propagations in 3D [15].  Furthermore, 2D imaging is particularly ill-posed for 71 

external vibration-induced shear waves because of the complexities associated with the 72 

shear wave source and various boundary conditions [16]. 73 

To date, several solutions for 3D SWE have been proposed. One category uses 74 

mechanical scanning of 1D transducers (e.g., wobblers) [10, 11] to acquire 2D SWE images 75 

(usually ARF-based) at different elevational slices followed by 3D reconstruction.  These 76 

methods are not true 3D-SWE given that shear wave detection and tracking are still 77 

performed in 2D (i.e., within each 2D imaging slice), which does not carry information of 78 

tissue viscoelasticity orthogonal to the 2D imaging plane. However, wobbler-based 3D-79 

SWE is commercially available and readily accessible to clinicians worldwide [17].  80 

The other main category of 3D-SWE methods is based on 2D matrix arrays, with 81 

either external vibration or ARF as the shear wave source. Although a previous study 82 

reported the use of ARF for 3D-SWE on a 32 x 32 element 2D array [18], in general, it is 83 

challenging to implement such an approach on 2D arrays with multiplexing [19], as 84 

multiplexed 2D arrays cannot sustain the long-duration, high-voltage push pulse for ARF. 85 

In addition, ARF-induced shear waves are transient and wideband (e.g., 75 – 500 Hz) [20], 86 

which requires a high volume rate imaging for tracking (e.g., 1000 – 2000 Hz). Due to the 87 

high channel count and expensive computational cost associated with 3D beamforming, it 88 

is challenging to reach such high volume-rate with 3D-SWE.   89 

On the other hand, external vibration-based methods are more feasible for 3D-SWE 90 

based on 2D arrays because they do not use ARF and the shear wave signal is typically 91 

lower in frequency and narrower in bandwidth [21-23]. In particular, for methods using 92 
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continuous vibrations, thanks to the cyclic nature of the resulting shear wave signal, one 93 

can use sub-apertures of the transducer to acquire sub-volumes of the shear wave signal 94 

separately and then stitch the sub-volumes of shear wave signals together to synthesize the 95 

full 3D volume [24, 25].  The cyclic nature of the continuous vibration-induced shear waves 96 

can be further exploited to enable 3D-SWE on a conventional ultrasound scanner with a 97 

very low imaging volume-rate. For example, Huang et al. [26] proposed a sub-Nyquist 98 

sampling technique that allows tracking of 3D shear waves with an 88.9 Hz volume rate. 99 

However, one common issue with these sub-volume and sub-Nyquist sampling-based 100 

methods is that multiple data acquisitions are necessary to synthesize the data for the full 101 

3D volume, which makes these methods susceptible to artifacts from tissue motion.  102 

To address these limitations, here we propose a new 3D SWE method based on the 103 

2D row column addressing (RCA) array. Different from the design of a conventional 2D 104 

matrix array (e.g., N × N elements), RCA arrays use orthogonally arranged, bar-shaped 105 

elements (e.g., N + N elements) to reduce the fabrication and computational complexities 106 

of 3D imaging. Thanks to the low channel count, RCA arrays are compatible with most 107 

commercial ultrasound scanners and support ultrafast, 3D volumetric imaging with 108 

thousands of Hertz of volume rate [27, 28].  Meanwhile, thanks to the absence of 109 

multiplexing, RCA arrays can sustain the push pulses for ARF-based 3D SWE.  As such, 110 

2D RCA arrays present an enticing solution for robust 3D-SWE. Although several studies 111 

have presented methods for 3D ultrafast blood flow and super-resolution imaging based on 112 

RCA [29, 30], to the best of our knowledge there have been no studies reporting the use of 113 

RCA for 3D-SWE. In this paper we will first present a study that investigates different 114 

plane wave compounding schemes based on the RCA for 3D shear wave tracking, followed 115 

by phantom and in vivo studies that demonstrate 3D-SWE using the RCA for both external 116 

vibration- and ARF-induced shear waves.  117 

2. Results  118 

2.1 Imaging sequence for 3D shear wave detection 119 

Three compounding plane wave imaging methods were studied based on the RCA 120 

array. The first scheme is compounding RC, as shown in Figure 1(a), which uses row 121 

elements (R) to transmit plane-waves with different steering angles and column elements 122 

(C) to receive (i.e., the RC scheme). Similarly, the CR scheme uses columns (C) to transmit 123 

and rows (R) to receive. The compounding RC+CR combines RC and CR and achieves 124 



 BME Frontiers                                                        RCA-based 3D SWE                                                                      Page 5 of 23 
 
 
 

symmetrical PSF (see ‘Imaging sequence for 3D shear wave detection’ in Materials and 125 

Methods). The specifications of the sequences are listed in Table I. 126 

 127 
Figure 1: Illustration of the transmission scheme and simulated point spread functions (PSFs). (a) 128 
Illustration of the compounding RC scheme of the RCA array. The row elements (distributed along 129 
the y-direction) transmit steered plane waves into the medium, and the column elements 130 
(distributed along the x-direction) receive the backscattered signals (spherical waves emitted by 131 
three example scatterers). Transmit focusing is achieved in the y-z plane and receive dynamic 132 
focusing is achieved in the x-z plane. (b) Simulated PSFs of different transmission schemes 133 
(compounding RC, compounding CR, and compounding RC+CR) at the volume rate of 400 Hz, as 134 
listed in Table I. Profiles of the PSFs and the averaged FWHMs along the y-direction for different 135 
transmission schemes are shown in the bottom. (c) Simulated PSFs of different transmission 136 
schemes at the volume rate of 2000 Hz, as listed in Table I. 137 

 138 
Table I Sequence specifications for different transmission schemes (Central frequency =5.2 MHz; 139 
FOV = 25.6 × 25.6 × 50 mm3). 140 

Specs 

Transmission scheme 

400 Hz 2000 Hz 

Compounding 
RC 

Compounding 
CR 

Compounding 
RC+CR 

Compounding 
RC 

Compounding 
CR 

Compounding 
RC+CR 

Number of 
transmissions 31 31 30 7 7 6 

Angular pitch [°] 1 1 1 1 1 1 
Maximum angular 

aperture [°] 15 15 7 3 3 1 

Transmit focusing y-z plane x-z plane x-z plane and y-
z plane y-z plane x-z plane x-z plane and y-

z plane 

Receive focusing x-z plane y-z plane x-z plane and y-
z plane x-z plane y-z plane x-z plane and y-

z plane 
Pulse repetition 
frequency, PRF 

[kHz] 
12.4 kHz 12.4 kHz 12 kHz 14 kHz 14 kHz 12 kHz 

 141 
 142 

Figure 1(b) shows the simulation results of the three transmission schemes 143 

(compounding RC, compounding CR, and compounding RC+CR) at the volume rate of 144 
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400 Hz as listed in Table I. Due to the symmetrical layout of the row elements and column 145 

elements, the PSF of the RC scheme is identical to that of the CR scheme except the image 146 

is rotated by 90°. Because the compounding RC+CR scheme is a combination of the RC 147 

scheme and CR scheme, the PSF is symmetrical in the x-y plane. Since the RC+CR scheme 148 

used a smaller angular aperture (for x-z or y-z plane) as compared to RC or CR to maintain 149 

the same volume-rate, it had weaker transmit focusing and a wider main lobe (i.e., worse 150 

spatial resolution). The average Full Width at Half Maximum (FWHM) along y-direction 151 

was calculated using 30 point targets located at depths between 20 – 50 mm. Figure 1(c) 152 

shows the similar simulation results of the three transmission schemes at the volume rate 153 

of 2000 Hz. Due to the limited number of compounding angles (e.g., 7 angles), the main 154 

lobe along the transmit focusing direction was wide. The compounding RC+CR scheme 155 

had a better B-mode spatial resolution (measured at -6 dB) in both x- and y-direction than 156 

either RC or CR alone.  157 

The same 3D SWE detection sequences were then used to image a multi-purpose 158 

multi-tissue phantom, as shown in Figure 2(a) and (b). The FWHM was measured for the 159 

wire target located at 41 mm depth and averaged along the x-direction. Similar to the results 160 

obtained from the simulation, the RC scheme or the CR scheme had better B-mode 161 

resolution than the compounding RC+CR scheme at 400 Hz, while the compounding 162 

RC+CR scheme had better resolution at 2000 Hz. 163 
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 164 
Figure 2: Volumetric images and experimental SNR of the phantom. (a) Volumetric images (slice 165 
view) of the multi-purpose multi-tissue phantom using different transmission schemes 166 
(compounding RC, compounding CR, and compounding RC+CR) at 400 Hz, as listed in Table I. 167 
Magnified view (y-z slice) of the PSF at 41 mm depth is presented with measured FWHM along the 168 
y-direction, and the FWHM is averaged along the x-direction. (b) Volumetric images of the phantom 169 
using different transmission schemes at 2000 Hz, as listed in Table I. (c) Signal, noise, and SNR 170 
measurements in the multi-purpose phantom using different transmission schemes at 400 Hz, as 171 
listed in Table I. The measurement was conducted on a region without hyperechoic objects. (d) 172 
Signal, noise, and SNR measurements in the phantom using different transmission schemes at 173 
2000 Hz. 174 

Another important metric for 3D SWE is the signal-to-noise ratio (SNR) for shear 175 

wave detection, which affects the quality of the detected shear wave signal, especially when 176 

the motion is weak such as in the case of ARF-induced shear waves. Figure 2(c) and (d) 177 

show the measured signals, noises, and SNRs of the three sequences as a function of 178 

imaging depth. Due to the symmetry of RC and CR schemes, the SNR performances were 179 

identical for these two schemes. Because RC+CR scheme used a smaller angular aperture 180 

that distributes more acoustic energy within the field of view (FOV), SNR was higher for 181 

RC+CR than either RC or CR when the volume rate was 400 Hz (see Figure 2(c)). 182 

2.2 External Vibration-based 3D SWE 183 

After studying the RCA-based detection sequence for 3D SWE, we then performed 184 

the 3D shear wave study using a homogenous phantom and an elasticity phantom (see 185 
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‘External Vibration-based 3D SWE’ in Materials and Methods). The imaging sequence 186 

details are reported in Table II for each application. Figure 3(a) shows the detected 3D 187 

shear wave motion at 100 Hz in the homogenous phantom (i.e., the multi-purpose multi-188 

tissue phantom) with a volumetric imaging rate of 400 Hz. Figure 3(b) shows the 189 

reconstructed shear wave speed (SWS) volume using the 3D local frequency estimation 190 

(LFE) method, and Figure 3(c) shows the corresponding histogram of SWS from the full 191 

volume. The average SWS estimated using the proposed 3D SWE method was 2.38 ± 0.35 192 

m/s, while the SWS measured by the LOGIQ E10 ultrasound system (General Electric 193 

Healthcare, Wauwatosa, WI, USA) was 2.98 m/s. The nominal SWS of the phantom 194 

according to the literature [16] is 2.60 ± 0.15 m/s. The measurement using the GE system 195 

was conducted with an L2-9-D linear array (9 MHz; General Electric Healthcare, 196 

Wauwatosa, WI, USA) and the ARF-based 2D elastography mode [31]. The 197 

underestimation of SWS using the proposed method may be explained by the lower shear 198 

wave frequency (i.e., 100 Hz) from using the external vibrator.  199 

Table II Imaging specifications of the external vibration-based 3D SWE and ARF-based 3D SWE 200 
studies 201 

 202 

Specs 

  External Vibration-based 3D SWE 

ARF-based 3D SWE Multi-purpose 
phantom/ 

in vivo 

Elasticity 
phantom 

Transmission scheme Compounding RC Compounding RC Compounding 
RC 

Compounding RC + 
CR 

Number of transmissions 31 17 7 6 

Angular pitch [°] 1 1 1 1 

Maximum angular aperture [°] 15 8 3 1 
Pulse repetition frequency, PRF 

[kHz] 12.4 13.6 14 12 

Volume rate [Hz] 400 800 2000 2000 

External vibration frequency 100 200 / / 

Number of volumes acquired 40 80 20 20 

Acquisition time [ms] 100 100 10 10 
 203 
 204 

 205 
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 206 
Figure 3: Shear wave motion and reconstructed SWS map of the homogenous phantom using the 207 
external vibration-based 3D SWE. (a) Volumetric images (slice view) of the propagating shear 208 
waves induced by external vibration in the homogenous phantom at different time points. The 100 209 
Hz continuous shear wave was detected by the RCA array with a volume rate of 400 Hz. (b) 210 
Reconstructed SWS map (slice view) of the homogenous phantom. (c) Histogram of the full volume 211 
of SWS values. 212 

For the elasticity phantom study, a stiff spherical lesion with Young’s modulus of 213 

64.9 kPa (4.65 m/s) was imaged, and Young’s modulus of the background is 18 kPa (2.45 214 

m/s). Figure 4(a) shows representative volumetric frames of detected shear wave motion 215 

(200 Hz) as a function of time. Figure 4(b) shows the reconstructed SWS volume of the 216 

elasticity phantom with clear visualization of the spherical lesion, the artifact located at the 217 

left top corner is probably due to a boundary effect. The measured average SWS of the 218 

background was 2.67 m/s with the GE system (Figure. S1) and 2.43 ± 0.19 m/s with the 219 

proposed method; the SWS of the stiff target was 4.94 m/s with the GE system (Figure. 220 

S1), and 3.30 ± 0.06 m/s with the proposed 3D-SWE method. 221 

 222 
Figure 4: Shear wave motion and SWS map of the elasticity phantom using the external vibration-223 
based 3D SWE. (a) Representative volumetric frames (25.6 × 25.6 × 40 mm3) of shear wave 224 
motion using external vibration in the elasticity phantom at four consecutive time points. The 200 225 
Hz continuous shear wave was detected by the RCA array with a volume rate of 800 Hz. (b) 226 
Volumetric image of reconstructed SWS map of the elasticity phantom. The artifact located at the 227 
left top corner is probably due to a boundary effect. 228 
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To evaluate the in vivo performance of the proposed method, an in vivo study was 230 

performed in the biceps muscle of a healthy volunteer using another RCA transducer 231 

(Daxsonics Ultrasound Inc., Halifax, Canada; central frequency at 7 MHz). The imaging 232 

sequence details are reported in Table II, and the experimental setup is shown in Figure 233 

5(a). Figure 5(b) shows the detected shear wave motion. The estimated SWS using the local 234 

cross-correlation method is 3.29 m/s, and the SWS measured with the GE system is 3.84 235 

m/s. 236 

 237 
Figure 5: In vivo external vibration-based 3D SWE in the biceps muscle of a healthy volunteer. (a) 238 
Experimental setup, the 100 Hz continuous shear wave was generated by the vibrator and detected 239 
by the RCA array with a volume rate of 400 Hz. (b) Volumetric image (slice view) of the shear wave 240 
motion. (c) Reconstructed SWS map of the biceps muscle, the corresponding FOV is indicated in 241 
(b). 242 

 243 
2.3 ARF-based 3D SWE 244 

 Finally, we applied the proposed method to detect the ARF-based shear wave 245 

signal. Because of the relatively low element sensitivity of the RCA array used in this study 246 

(see Figure. S2), it was challenging to use the same array to generate shear waves. This is 247 

only a limitation with the particular RCA array used in this study and does not necessarily 248 

apply to other RCA probes.  Due to this limitation, we used a 1D linear array transducer 249 

(L7-4, Philips Healthcare, Andover, MA, USA) to produce the push beam for shear wave 250 

generation for the RCA to detect. Figure 6(a) shows the detected shear wave motion in the 251 

x-y slice at 1.5 ms using compounding RC and compounding RC+CR scheme, as listed in 252 

Table II. The detected shear wave using compounding RC scheme has better signal quality 253 

compared to the RC+CR scheme, although the RC+CR scheme achieves better B-mode 254 

spatial resolution at 2000 Hz (see Figure 2(b)). Figure 6(c) shows the detected shear wave 255 

motion at six consecutive time points using the compounding RC scheme at a volume rate 256 

of 2000 Hz. The ARF-induced cylindrical-shaped shear wave by the L7-4 linear array can 257 

be clearly visualized. The estimated SWS of the homogenous phantom using the random 258 
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sample consensus (RANSAC) method was 3.05 m/s, as shown in Figure 6(b). The SWS 259 

measured using the GE system was 2.75 m/s. 260 

 261 
Figure 6: Shear wave motion using the ARF-based 3D SWE. (a) Detected ARF-based shear wave 262 
motion (x-y slice) at 1.5 ms using the compounding RC and compounding RC+CR scheme as listed 263 
in Table II. (b) 1-D shear wave motion induced by ARF along the x-direction over time, and the 264 
SWS speed was estimated using the random sample consensus (RANSAC). (c) Representative 265 
volumetric frames (25.6 × 25.6 × 14.8 mm3) of shear wave motion at six consecutive time points. 266 

3. Discussion  267 

Currently, 3D SWE is challenged by various technical limitations such as the 268 

limited volume rate of 3D imaging systems and the high fabrication and computation costs 269 

associated with conventional 2D matrix arrays. These limitations remain the major 270 

challenge for 3D elastography in clinical practice. In this article, we introduced a 3D-SWE 271 

method based on the RCA array with shear waves induced by either external vibration or 272 

ARF. The phantom studies demonstrate that the proposed method is capable of robust 3D 273 

shear wave tracking at high volume rates (e.g., 2000 Hz) without the need for repeated 274 

shear wave generation and detection. The in vivo study shows that our method is capable 275 

of in vivo shear wave imaging by showing the feasibility of external vibration-based 3D 276 

SWE in the arm muscles of a healthy volunteer. 277 
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The main advantage of RCA-based 3D SWE is that the RCA array is compatible 278 

with most commercial ultrasound systems because of its lower channel count, and the RCA 279 

array has lower fabrication costs compared to conventional 2D matrix arrays [29]. For 280 

example, our RCA array includes 128 + 128 elements with a 25.4 × 25.4 mm2 footprint, 281 

while for a 2D matrix array 128 × 128 elements (i.e., 16,384 channels) would be needed 282 

for the same footprint. Meanwhile, a distinct advantage of the RCA array is that it is 283 

feasible to achieve a high imaging volume rate (e.g., 1000 – 2000 Hz) that is challenging 284 

for conventional 2D matrix arrays to achieve. Moreover, because 2D RCA arrays do not 285 

require multiplexing, they can better sustain the long push pulses for ARF-based SWE. In 286 

theory, there should be no technical barriers for RCA to transmit long-duration push pulses.   287 

In this study, three different transmission schemes (i.e., compounding RC, 288 

compounding CR, and compounding RC+CR) were evaluated in silico and in vitro. We 289 

found that with a fixed angular pitch (i.e., 1°) and a relatively low volume rate (e.g., 400 290 

Hz), the compounding RC scheme or compounding CR scheme achieved better B-mode 291 

spatial resolution as compared to the compounding RC+CR scheme, which uses a smaller 292 

angular aperture due to the limited number of transmissions (Figure 2(a)). Meanwhile, 293 

higher energy gain was achieved by the RC+CR scheme (Figure 2(c)) because of smaller 294 

angular aperture, which showed better shear wave detection SNR. In this study, the 295 

compounding RC scheme was used for shear wave detection with external vibration due to 296 

the better B-mode resolution, as listed in Table II, which is preferred for detecting high-297 

quality shear waves to reconstruct small objects like the spherical lesion. However, the 298 

resolution difference between RC and RC+CR was not significant (Figure 1(b)). For the 299 

ARF-based SWE, both compounding RC and compounding RC+CR scheme were 300 

investigated, and the detection using compounding RC achieved better shear wave signal 301 

quality (Figure 6(a)).  302 

The tradeoff between spatial resolution and SNR needs to be balanced for different 303 

applications associated with different volume rates. For example, to detect a small lesion, 304 

shear waves with small wavelengths are necessary, and a sequence with high B-mode 305 

resolution is preferred because of the more robust spatial sampling. However, if the SNR 306 

is more important than spatial resolution (e.g., weak shear wave signal from deep tissues) 307 

then a sequence with higher SNR is preferred. For example, one can use the RC+CR 308 

scheme or the RC scheme with a reduced angular aperture to distribute maximum acoustic 309 
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energy within the FOV. Alternatively, the number of transmissions (i.e., number of 310 

compounding angles) can be increased, and multiple acquisitions with repeated pushes or 311 

vibrations can be used to further boost shear wave SNR. Other advanced transmission 312 

schemes can also be applied to improve SNR such as the Hadamard-encoding method [32]. 313 

Since RCA is only capable of one-way focusing, the imaging quality is always 314 

compromised when the number of compounding angles is reduced to allow for higher 315 

imaging volume rate. In our study, a 2000 Hz volume rate (with 6 or 7 compounding 316 

angles) was used to detect the ARF-induced shear waves, which lead to noisy shear wave 317 

signals (Figure 6) that were challenging for SWS estimation methods such as LFE and 318 

cross-correlation. To address this issue, multiple acquisitions with time averaging can be 319 

used to improve the shear SNR, although in practice for human imaging a breath hold may 320 

be necessary to avoid motion artifacts. Recently several RCA-based adaptive beamforming 321 

methods were proposed to improve the RCA imaging quality by taking advantage of the 322 

RCA array layout [33, 34]. However, these methods generally involve multiplication 323 

between the RC and CR data, which distorts the phase information and is not suitable for 324 

detecting shear wave motion. 325 

Apart from compounding plane wave imaging, other transmission schemes can also 326 

be used on the 2D RCA array for 3D SWE. For example, synthetic aperture imaging [28] 327 

can offer optimal spatial resolution (see Figure. S3 (d)-(f)) and line-by-line focused beam 328 

imaging (see Figure. S3 (g) and (h)) can offer optimal SNR performance. Wide beam 329 

imaging is another option that offers both high shear wave detection SNR and spatial 330 

resolution (see Figure. S3 (i) and (j)). However, one major limitation of these three methods 331 

is that a large number of transmissions is needed, which results in a volume rate that may 332 

be too low to be used for 3D SWE. Nevertheless, these sequences may be useful for 333 

external vibration-based SWE where shear wave frequency is low. Alternatively one can 334 

use repeated cycles of shear wave generation and detection to synthesize shear wave data 335 

with these low volume rate sequences [31].  336 

Both external vibration-based SWE and ARF-based SWE were studied. There are 337 

many advantages of external vibration-induced shear waves such as deeper penetration 338 

(when using low-frequency vibrations) and lower requirement on imaging frame rate 339 

thanks to the cyclic nature of the shear wave. However, ARF-based shear waves have 340 
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broader bandwidths, which correspond to a higher spatial resolution in SWS images. A 341 

wide-bandwidth shear wave is also beneficial for applications involved with shear wave 342 

dispersion analysis [35]. In addition, ARF-based SWE is more convenient to implement in 343 

clinical practice. In general, if the detection volume rate is sufficient (e.g., 2000 Hz) and 344 

ARF is adequate to generate robust shear wave signal, then ARF-based 3D SWE is a 345 

preferred choice in practice. 346 

The estimated shear wave speeds of the elasticity phantom are lower than the 347 

velocities derived from the GE system, and this underestimation can be explained by the 348 

lower shear wave frequency associated with the external vibration compared to the ARF-349 

induced shear waves by the GE system [36], and it may be corrected for by increasing the 350 

vibration frequency. 351 

2D SWE is limited to capturing the complex shear wave propagation in 3D. 2D 352 

imaging is particularly ill-posed for the external vibration-based SWE when the 353 

propagating direction is not confined to 2D in-plane, under which case SWS estimation 354 

will be biased. Another benefit of the 3D SWE using RCA arrays is that high temporal 355 

resolution could be achieved (e.g., 100 ms used for the acquisition of the external vibration-356 

based 3D SWE), thus the proposed method is robust to the artifacts from tissue motion.      357 

In this study, for the first time to the best of our knowledge, RCA-based 3D SWE 358 

with external vibration or ARF was developed and verified on phantoms and in vivo with 359 

the clinic-ready ultrasound imaging system, and the quantitative measurements were 360 

compared with a state-of-the-art clinical 2D ultrasound SWE system. The proposed method 361 

can provide 3D elastography at a high volume-rate (e.g., 2000 Hz) with short acquisition 362 

time (e.g., tens of milliseconds) and fast processing speed by GPU-based computation 363 

acceleration. Ongoing studies are being conducted to use a new probe for ARF-based 3D 364 

SWE and evaluate its performance for in vivo imaging. 365 

4. Materials and Methods 366 

4.1 Imaging sequence for 3D shear wave detection 367 

To detect the shear waves generated by either ARF or external vibration, a high 368 

volume-rate imaging with adequate imaging quality is necessary. The RCA array includes 369 

two groups of orthogonally arranged 1-D linear arrays (i.e., rows and columns), which 370 

transmit and receive in an alternate fashion for 3D imaging (e.g., rows transmit, and 371 
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columns receive, and vice versa). One limitation of such an arrangement is that RCA arrays 372 

only support one-way focusing. Figure 1(a) shows an example of transmission of steered 373 

plane waves in the y-z plane (using the row elements) and receive of the plane waves in 374 

the x-z plane (with the column elements). In this case, only transmit focusing can be 375 

achieved in the y-z plane (i.e. there is no y-z receive focusing), and only receive focusing 376 

can be achieved in the x-z plane (i.e. there is no x-z transmit focusing). 377 

Among various transmission schemes, such as compounding plane-wave imaging 378 

[14, 37], synthetic aperture imaging [28], and line-by-line focused beam imaging, 379 

compounding plane-wave imaging provides the best tradeoff for high volume-rate 380 

scanning because it presents a balanced performance between imaging quality and imaging 381 

frame-rate. However, due to the limitation of one-way focusing, the point spread function 382 

(PSF) of either scheme is asymmetric (e.g., elongated along the y-direction when using the 383 

RC scheme). A common approach to improve the spatial resolution and obtain a symmetric 384 

PSF is to use the RC + CR scheme. However, this method reduces the imaging volume-385 

rate by half because it requires twice as many pulse-echo data acquisition cycles. To 386 

maintain the same volume-rate as the RC or CR scheme, the RC+CR scheme uses half the 387 

number of compounding angles in either x-z or y-z plane, and the angular aperture will be 388 

reduced by half with a fixed angular pitch. 389 

To study the impact of compounding RC, compounding CR, and compounding 390 

RC+CR schemes for 3D SWE (e.g., spatial resolution, SNR), three corresponding 391 

sequences with the same volume rate of 400 Hz or 2000 Hz and a fixed angular pitch of 1° 392 

were designed and tested to identify the suitable transmission method for robust 3D shear 393 

wave detection and tracking. The 400 Hz volume rate is more appropriate for shear wave 394 

detection with external vibration, and the 2000 Hz volume is appropriate for the ARF-based 395 

shear wave detection. Table I summarizes the configurations of the studied sequences. Both 396 

simulation and phantom studies were carried out to evaluate the imaging performance of 397 

each sequence. Simulations were conducted using the Verasonics simulator with multiple 398 

point targets located at different depths (e.g., 20 – 50 mm). The simulation settings were 399 

specified to match the transducer parameters which were used for the phantom study. For 400 

the phantom study, a Verasonics Vantage 256 system (Verasonics Inc., Kirkland, WA, 401 

USA) and a 128 + 128 element 2D RCA array transducer (Vermon SA, Tours, France; 402 

central frequency at 5.2 MHz (measured at -20 dB)) were used for the acquisitions. The 403 
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transmit frequency was 5.2 MHz with a sampling frequency of 20.8 MHz. A multi-purpose 404 

multi-tissue ultrasound phantom (Model 040GSE, CIRS Inc. Norfolk, VA, USA) was used 405 

for the resolution and SNR evaluation.  406 

The FWHM of the point target was used to evaluate the spatial resolution. To 407 

quantify the experimental SNR performance (i.e., for shear wave detection), 100 volumes 408 

were acquired from a homogeneous phantom and a region of the phantom with uniform 409 

speckle patterns were used for SNR estimation. The image noise 𝑛(𝑥, 𝑦, 𝑧) is calculated as 410 

the time standard deviation of the volumetric image 𝐼(𝑥, 𝑦, 𝑧, 𝑡!) 411 

𝑠(𝑥, 𝑦, 𝑧) = 	 "
#
∑ 𝐼(𝑥, 𝑦, 𝑧, 𝑡!)#
!$" 	                                   (1)	412 

𝑛(𝑥, 𝑦, 𝑧) = 0"
#
∑ |𝐼(𝑥, 𝑦, 𝑧, 𝑡!) − 𝑠(𝑥, 𝑦, 𝑧)|%#
!$" 																																				(2) 413 

where	𝑠(𝑥, 𝑦, 𝑧) is the mean signal over time, and 𝑁 is the number of volumes. The signal, 414 

noise, and SNR were averaged along the x- and y-direction to obtain an accurate profile of 415 

the SNR as a function of the depth [38], and the SNR is given by 416 

𝑆𝑁𝑅(𝑧) = 	 6|'(),+,,)|
.(),+,,)

7
),+
																																																							(3) 417 

Based on the quantitative evaluation of the resolution and SNR in silico and in vitro, proper 418 

transmission schemes were selected and used for the rest of the studies. 419 

4.2 External Vibration-based 3D SWE 420 

An electromechanical vibrator (Bruel & Kjaer VTS Ltd., Royston, UK) was used 421 

to generate harmonic shear waves with different frequencies (e.g., 100 Hz – 200 Hz) from 422 

a function generator (33210A, Keysight Technologies Inc., Santa Rosa, CA, USA). The 423 

phantom experiment setup is illustrated in Figure 7(a), the angle between the vibrator and 424 

the phantom was approximately 60 degrees. The sinusoidal signal from the function 425 

generator was amplified by an amplifier (XLS 2502, Crown Audio, Los Angeles, CA) 426 

before being sent to the vibrator. A metal rod with a bar-shaped tip was used to conduct 427 

the vibration from the vibrator to the phantom. The vibrator was synchronized with the 428 

ultrasound system. Both the multi-purpose phantom (040GSE) and an elasticity phantom 429 

(Model 049, CIRS Inc. Norfolk, VA, USA) were utilized to test the 3D-SWE imaging 430 

performance.  431 
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 432 

Figure 7: SWS setups. (a) Experimental setup of the external vibration-based 3D SWE phantom 433 
study. A vibrator with a bar-shaped tip was fixed and driven by amplified sinusoidal signals to 434 
generate continuous shear waves delivered into the phantom tissue, and the synchronized RCA 435 
array performed volumetric imaging during the vibration. (b) Experimental setup of the ARF-based 436 
3D SWE study. The L7-4 linear array generated a shear wave by acoustic radiation force into the 437 
homogenous phantom, and the synchronized RCA array performed volumetric imaging. Two 438 
Verasonics Vantage systems were used to drive the L7-4 and RCA arrays. The L7-4 linear array 439 
was aligned along the x-direction of the coordinates defined by the RCA array. 440 

To avoid aliasing, the volume-rate of the detection sequence was set to four times 441 

the shear wave frequency, as listed in Table II. For the homogenous phantom study (i.e., 442 

the multi-purpose multi-tissue phantom), a 100 Hz shear wave was generated and detected 443 

with a scanning rate of 400 Hz. For the heterogeneous phantom study (i.e., the elasticity 444 

phantom), a stiff spherical lesion (10 mm diameter) was imaged. Because the resolution of 445 

the shear wave imaging is fundamentally limited by the wavelength of the shear wave, to 446 

resolve the spherical lesion from the background with better resolution, a 200 Hz shear 447 

wave was used and detected by an 800 Hz RCA detection sequence. 448 

In this study, we developed a GPU-based beamforming method for fast ultrasound 449 

data reconstruction. In-phase/quadrature (IQ) data were beamformed and then used to 450 

calculate the particle velocity induced by shear waves using the autocorrelation method 451 

[39]. A five-pixel spatial window (2.5 wavelengths) along the z-direction was used for 452 

averaging in the autocorrelation calculation, and a spatial median filter (2.5 wavelengths in 453 

three directions) was used to denoise of the calculated shear wave motion. To alleviate 454 

shear wave interference inside the phantom from external vibration, a 3D directional filter 455 

was applied to the shear wave data to extract shear wave signals that propagate away from 456 

the source [40]. 3D SWS map of the homogenous phantom was reconstructed using the 3D 457 

local frequency estimation (LFE) method [41, 42],  and the 3D SWS maps of the elasticity 458 

phantom and in vivo study were reconstructed using the 3D local cross-correlation methods 459 
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[18] with a step size of 20 pixels (10 wavelengths) and an averaging window of 40 pixels 460 

(20 wavelengths). 461 

4.3 ARF-based 3D SWE 462 

The experiment setup is depicted in Figure 7(b). The two transducers were carefully 463 

aligned and operated by two Verasonics Vantage systems, which were synchronized. A 464 

homemade homogenous tissue-mimicking phantom was sandwiched between the two 465 

transducers. The L7-4 transmitted the push beam (push beam central frequency, 4 MHz; F-466 

number, 1; focal depth, 3 cm; push length, 600 us) immediately after the RCA started data 467 

acquisition. Similarly, 1-D autocorrelation was used for shear wave motion calculation. 468 

Due to the low sensitivity of the RCA array (see Figure. S2) and the high volume-rate used 469 

for detection (i.e., 2000 Hz), the shear wave signal was noisy due to low SNR from the 470 

limited number of transmissions (e.g., 7 transmissions), especially along with the transmit 471 

focusing direction (e.g., y-direction) when only the RC scheme was applied. Furthermore, 472 

the ARF-based shear wave motion is much weaker than the external vibration. To best 473 

estimate the SWS of the phantom from noisy shear wave signal, the RANSAC [43] method 474 

was used to fit the shear wave motion and calculate SWS.  475 
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SUPPLEMENTARY MATERIALS 490 

 491 
Figure. S1 Shear wave speed maps of the (a) stiffer spherical lesion and (b) background 492 
of the elasticity phantom using the GE LOGIC E10 system and a 1D linear array.  The 493 
measurement was conducted in ARF-based 2D SWE mode. 494 

 495 

 496 
Figure. S2 Mechanical index of the RCA array as a function of the input voltage. The 497 
measurements were performed using a needle hydrophone in the water tank, and the RCA 498 
transmitted a focused beam using 64 elements (F-number = 2) or 128 elements (F-number 499 
= 1), and the focal depth is 25 mm. 500 
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 504 
Figure. S3 Reconstructed volumetric images (slice view) of the phantom using four 505 
different transmission schemes (compounding plane wave imaging, synthetic aperture 506 
imaging (SA), focused beam imaging (FB), and wide beam imaging (WB)). (a) 507 
Compounding plane wave imaging with RC scheme with an angular pitch of 1°, angular 508 
aperture of 15°, 31 compounding angles, and 400 Hz volume rate. (b)  Compounding 509 
plane wave imaging with CR scheme with an angular pitch of 1°, angular aperture of 15°, 510 
31 compounding angles, and 400 Hz volume rate. (c)  Compounding plane wave imaging 511 
with RC+CR scheme with an angular pitch of 1°, angular aperture of 15°, 62 compounding 512 
angles, and 200 Hz volume rate. (d) SA imaging with 128 transmissions and 100 Hz 513 
volume rate, one element was used for each transmission. (e) SA imaging with 128 514 
transmissions and 100 Hz volume rate, virtual source (a sub-aperture of 12 elements) was 515 
used for each transmission. (f) SA imaging with 64 transmissions and 200 Hz volume rate, 516 
virtual source (a sub-aperture of 64 elements) was used for each transmission. (g) FB 517 
imaging with 64 transmissions and 200 Hz volume rate, 32 elements were used for each 518 
focused beam with a F-number of 4. (h) FB imaging with 128 transmissions and 100 Hz 519 
volume rate, 32 elements were used for each focused beam with a F-number of 4. (i) WB 520 
imaging with 30 transmissions and 400 Hz volume rate, 50 elements were used for each 521 
sub-region compounding. (j) WB imaging with 60 transmissions and 200 Hz volume rate, 522 
50 elements were used for each sub-region compounding. 523 

 524 

 525 
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