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Abstract

4D ultrafast ultrasound imaging was recently shown using a 2D matrix (i.e., fully populated) connected to a 1024-
channel ultrafast ultrasound scanner. In this study, we investigate the'Row-Column Addressing (RCA) matrix
approach, which allows a reduction of independent channels from N x N to N + N, with a dedicated beamforming
strategy for ultrafast ultrasound imaging based on the coherent compounding of Orthogonal Plane Wave (OPW).
OPW is based on coherent compounding of plane wave transmissions.in one direction with receive beamforming
along the orthogonal direction and its orthogonal companion sequenfe. Such coherent recombination of
complementary orthogonal sequences leads to virtual transmit focusing in both directions which results into a
final isotropic Point Spread Function (PSF).

In this study, a 32 x 32 2D matrix array probe (1024 channels), centered at 5 MHz was considered. An RCA array,
of same footprint with 32 + 32 elements (64 channels), was.emulated by summing the elements either along a line
or a column in software prior to beamforming. ‘This approach allowed for the direct comparison of the 32 + 32
RCA scheme to the optimal fully sampled 32 x 322D, matrix configuration, which served as the gold standard.

This approach was first studied through,PSF simulations and then validated experimentally on a phantom
consisting of anechoic cysts and echogenic wires. The Contrast-to-Noise Ratio (CNR) and the lateral resolution
of the RCA approach were found to be approximately equal to half (in decibel) and twice the values, respectively,
obtained when using the 2D matrix approach. Results in a Doppler phantom and the human humeral artery in vivo
confirmed that ultrafast Dopplerimaging can be achieved with reduced performances when compared against the
equivalent 2D matrix. Volumetric.anatomic Doppler rendering and voxel-based pulsed Doppler quantification are
presented as well. OPWacompound- imaging using emulated RCA matrix can achieve a power Doppler with
sufficient contrast to recover the vein shape and provides an accurate Doppler spectrum.
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Introduction

The concept of ultrafast ultrasound imaging with plane waves has been introduced more than 15 years
ago in order to map, at several thousand of images per second, the rapid transient events occurring in
the human body (Tanter & Fink 2014). Recent progress of ultrafast imaging has allowed the
development of novel modalities such as shear wave elastography (Bercoff et al. 2008), ultrasensitive
Doppler imaging and functional ultrasound imaging (Mace et al. 2013), to name a few.

Recently, 4D ultrafast imaging was developed and experimentally applied to ultrafast Doppler-and
Shear-wave imaging in vivo in several organs (Provost et al. 2014) (Gennisson et al,2015),(Provostet
al. 2015), including the heart and the breast, using a 4D ultrafast ultrasound imaging research platform
with 1024 active channels and a 32 x 32 matrix probe (Ratsimandresy et al. 2002) in contrast with the
128 channels used typically on regular commercial 2D scanner. Electronics with such alarge channel
count provide a high flexibility and as such are ideal for research applications (Jensen €t al. 2013), but

their complexities limit clinical and commercial implementations.
~

Large fully sampled 2D matrix arrays transducers are also difficult to manufacture because of the high
density of elements to individually connect, which require complex and expensive manufacturing
processes, especially at high frequency where the inter-element pitch is smaller. Moreover, the high
electrical impedance and low sensitivity of the small elements compromise matrix array performances.
Finally, the large coaxial cable count required to connect all individual elements to electronic channels
strongly limits the ergonomics and the portability of the probe. Onthe scanner side, synchronizing
electronic boards with more than 1024 independent channels remains prohibitive in terms of
development and production costs. Scaling to an even/higher number of elements such as 64 x 64 or
128 x 128 is currently out of reach outside of dedicated research platforms.

Consequently, the road for 4D ultrafast imaging toward the elinic may still rely on alternative methods
to efficiently reduce the thousands individual probe elements into a more manageable number of system
channels (regularly 128 channels), whilestill maintaining high spatial and temporal resolution.

Alternative methods have been extensively developed for volumetric ultrasound imaging to reduce the
number of electronic channels, including mechanieal scanning, 2D matrix with integrated analog front-
end electronics such as multiplexers(Hara et al. 2005) or p-beamformers (Savord & Solomon 2003).
However, these approaches provide relatively low volume rate and are not compatible with ultrafast
imaging.

Sparse arrays have been proposed a\s a solution to maintain a reasonable amount of output channels.
Sparse arrays are made of a limited number of elements that are generally randomly positioned over the
array footprint (Davidsen& Smith,1993). However, this geometry with large spacing between elements
is not straightforward for the.transmission of plane waves or diverging waves.

In this paper, we study another configuration of under-sampled arrays, i.e., the RCA matrix, originally
proposed in 2003 (Morton & Lockwood 2003). RCA matrices are composed of two sets of orthogonal
vertical and horizontal overlapping transducers which effectively reduces the number of elements from
N x N to N +N individual channels, as shown in figure 1, and ensure compatibility with commercial
scanners at the cost of a reduced image quality.
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2D matrix Column array Row array Row Column matrix
(N x N channels) (N channels) (N channels) (N + N channels)
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Figure 1 : RCA matrix basic principle

Compared to sparse arrays, RCA matrices have two advantages: a much larger active surface and a
geometry that is inherently adapted to plane wave transmissions, which make them a'good candidate

for ultrafast plane wave imaging using coherent compounding. o

Recently, the fabrication and assessment of RCA matrices using novel approaches based on various
technologies such as lead zirconate titanate (PZT) (Seo & Yen 2009), polyvinylidene fluoride layer
(PVdF) (Yen et al. 2009), or capacitive micromachined ultrasonic transducers (cMUT) (Logan et al.
2009) have been the object of active research.

Moreover, RCA matrices have been leveraged in various imaging sequences such as conventional beam
focusing (Morton & Lockwood 2003), synthetic aperture techniques (Rasmussen et al. 2015), vector
Doppler imaging (Lehrmann et al. 2015), or plane wave emissions with multiplexed reception (Chen et
al. 2014), but, to our knowledge, no in vivo study on the full velumetric Doppler imaging capability of
the RCA scheme has been conducted or compared against a 2D matrix.

In this work, we introduce an OPW compounding strategy dedicated to RCA matrices and have
evaluated its performance for 4D ultrafast Doppler imaging against a 2D matrix approach. We first
evaluate OPW in terms of PSF in simulation and thenproceed to demonstrate its feasibility in phantoms
and in a healthy volunteer.
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1. Materials & Methods

1.1. OPW compounding

Ultrafast ultrasound imaging using a 1D or 2D array relies both on the parallel receive of channels.data
and the decomposition of the transmit focusing on an efficient and versatile basis with_coherent
compounding. A typical emission basis is a set of tilted plane waves or diverging waves, which allows
a good repartition of the propagated energy in the medium and a good decorrelation between emissions.
The method benefits from dynamic focusing both in transmit and receive and thus converges ta quality
of synthetic aperture imaging. The key point of this approach is the flexibility between image quality
and frame rate, which can be adjusted by varying the number of emissions compounded for each image.

In the case of a RCA matrix, the focusing in transmit or receive can only be performed using a
cylindrical law due to the geometry of the array. To achieve spatial separation,it is thus necessary to
use complementary transmit and receive focusing: typically a cylindrical transmit focusing with the
rows and an orthogonal cylindrical receive focusing with the columns orvice versa. However, it is still
possible to decompose the cylindrical transmit focusing on a more efficient basis such as tilted plane
waves and to use parallel receive with conventional delay and sum beamfarming for dynamic receive
focusing. Regarding the transmit, the emissions basis has to be adapted to the constraints of the RCA
matrix which obviously rules out spherically diverging or converging waves or plane waves with
random directions. Herein, we propose to use horizontally and verticallytilted plane waves, which can
easily be transmitted using the RCA array by applying transmit.delays rows or columns.

Contrary to the synthetic aperture approach, since/the Aransmit focusing is not perfect but an
approximation of the cylindrical focusing, the symmetry between emission and reception is broken and
transmitting with rows then receiving with columns,or transmitting with columns then receiving with
rows lead to different results. As such, in order to enfarce isotropy of the PSF at least in the two main
axis we propose to coherently combine both sequences in a scheme we denote HV+VH where HV
stands for Horizontal emission with Vertical reception.and VVH for Vertical emission with Horizontal
reception as shown in figure 2.

Such dual scheme yields to a number of Na emissions where Na is the total number of angles of plane
waves for both directions. While a lower image quality is to be expected when compared against focused
or synthetic aperture approaches, it has the-benefit of allowing for high volume rates. Table 1
summarizes the number of emissions.required by the aforementioned approaches.

2D _Matrix (N x N'channels) RCA Matrix (N + N channels)
Di .
Type of Synthetic IVerging Synthetic OPW
Focused waves Focused .
sequence aperture . aperture compounding
compounding
Number
of N2 N2 Na << N2 N N Na<N
transmits

Table X Principal imaging schemes for 2D Matrices and RCA Matrices. Where N is the number of
elements along a dimension of the array and Na is the number of plane or diverging waves used.

In figure 2, the plane wave compounding strategies for 2D matrix and RCA matrix are illustrated with
their.respective PSF. Figure 2a shows the regular compounding strategy dedicated to ultrafast
ultrasoundimaging using 2D matrices that is based on our previous work (Provost et al. 2014). Figure
2b.shows the proposed OPW strategy dedicated to ultrafast imaging using RCA matrices.
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Figure 2 : Plane wave compounding for 2D matrix a) and OPW compounding for RCA matrix b)

The HV PSF and VH PSF have an extended shape in the transmit focusing direction. This is mainly
caused by the partial focusingdn transmit relying on the compounding of a few plane waves. As noted
earlier, to reduce this effect, we choose to compound the volume obtained for the two complementary
sequences since their respective PSF are rotated at 90 degrees. The OPW compounding strategy relies
on summing the HV PSF-and the VVH PSF side lobes that are not located in the same location in space
and thus reducing thefinalside lobe levels on the combined (HV + VH) PSF.

Since the aim of this study is to perform 4D ultrafast Doppler imaging, we compared the performances
of the RCA matrix approach-against the performances of the 2D matrix approach for a fixed frame rate,
i.e., and equal'/number of emissions figure 2.

As describedrabove, RCA matrices can only transmit a plane wave tilted either along the X or the Y
axis, unlike the 2D matrix. Hence, an identical number of tilted planes were distributed uniformly in
the [0x, Oy].space for the 2D matrix, whereas tilted planes were distributed only in the [0x, 0JU[0, Ov]
space in the case of the RCA matrix. The same angular range was used in both cases.
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1.2. PSF simulation

The numerical study focuses on the two configurations stated above: a 32 x 32 2D matrix and a 32 + 32
RCA matrix. The RF (Radio Frequency) signals were generated using Field Il (Jensen & Svendsen
1992). A dedicated delay-and-sum beamforming was applied on the RF signals to compute the Bscan
volume of a unique scatterer. The scatterer was centered in front of the transducer at a depth-equal to
1.5 times the transducer aperture (i.e., 14 mm). A Hanning apodization with a F-number of 1.5 was used
in reception. The excitation of the transducer consisted of 2 periods of a 5 MHz sinusoid with Hanning
weighting. As described in figure 2a, 17 tilted plane waves were equally distributed within an-angular
range of -8 to +8 degrees for the 2D and the RCA matrix, corresponding to a volume rate,of 2.9 KHz
and transmitted in sequential order by increasing angle.

1.3. Ultrasound scanner and probe

The experimental setup was based on a customized, programmable, 1024-channel ultrasound system
(Provost et al. 2014) used to drive a PZT piezocomposite based 32 x 32:2D matrix array transducer
centered at 5 MHz with a 300-um pitch (Vermon, Tours, France).The system,was composed of four
256-transmit/128-receive-channels units initially designed for 2D imaging on an Aixplorer system
(Supersonic Imagine, Aix-en-Provence, France), assembled inton.a 1024-channel device with
synchronized boards. The total channel count was thus 1024/in transmit-and 512 in receive. Because
the receive channels were multiplexed to 1 of 2 transducer elements, each emission was repeated twice
to synthetize a total of 1024 receive channels.

&

1.4. Emulated RCA matrix

Figure 3 shows the basic principle of the RCA emulation: in transmission, the probe is steered by flat
delays along a line or a column whereas in.reception,the RF signals are summed across the line or the
column in post treatment. This approach allows forithe direct comparison of the 32 + 32 RCA scheme
to the optimal 32 x 32 2D matrix configuration, with all other parameters kept constant (transducer
aperture, central frequency, bandwidth, field of view, etc.). The hypothesis that a line of RCA matrix
share the same acoustic properties thata set of aligned elements on 2D matrix could be justified in term
of active area. Indeed the kerf (distance between transducer elements) is significantly smaller than the
pitch.

a)

b)

Figure 3:"/A'2D matrix emulated in a RCA column for transmit a) and a 2D matrix emulated in a RCA
line for receive b)
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1.5. Beamforming and power Doppler processing

Figure 4 illustrates the HV sequence: in transmit, a horizontal linear array emits a plane wave tilted by
an angle of 8 while a vertical linear array receives. Only 5 rows and 5 columns of the 32+32 RCA
matrix are depicted for readability. We presented here the calculation of the delay associated to.a voxel
v with coordinate (x, y, z) for a regular, delay-and-sum beamforming.

a) Horizontal array b) Vertical array
TRANSMIT RECEIVE
AU
jane ™ a 0
Tilted P )
L1
L)
T3
| I p Ty
YA = B YA
— -/_ - — r o
z / de z
v 4

Figure 4 : Forward a) and backward b) distances illustration for an HV sequence on a RCA matrix

The forward distance dpy calculation is based on the regular plane wave beamforming algorithm. It
corresponds to the projection of the voxel v on the tilted plane wave as shown in figure 4a (Montaldo
et al. 2009).

drix,2,0) =]z cos(0) + x - sin(0)]

The backpropagation distance,dgyWas calculated from the projection of the voxel v onto each row
element r; (figure 4b) due to the long elements used in the RCA configuration (Rasmussen et al. 2015):

dgx (v, z,17) =22 + (y — 17)?

The delays 7 are thengiven by:
1(,2,0,1) = = dry(%,2,0) + 2+ dpe (7, 2,7,

where c is the/speed of sound.

A beamformed volume was computed by repeating the delay and sum algorithm for several voxels. A
compounded beamformed volume was computed by coherent summation of the beamformed volumes
obtained for each titled plane wave. The process was then applied to both the VH and the HV sequences
(figure 2).

Full-view, ultrafast Doppler imaging volumes were obtained by first removing clutter from the
beamformed baseband data using multidimensional spatiotemporal filtering (Demené et al. 2015),
applied in four dimensions (i.e., 3D space + time) (Provost et al., 2015). This technique consists in
eliminating clutter signal by removing the low-frequency principal components of the temporal

7
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realizations of each voxel. Power Doppler volumes were then obtained by integrating the energy of the
clutter-free baseband signal over time. Voxel-wise pulsed Doppler was obtained by calculating the
short-time Fourier transform of the clutter-free baseband signals in the temporal direction using
overlapping windows of 16 ms.

All beamforming and Doppler processing were performed on graphical processing units and were'coded
using CUDA C language within a Matlab (2016a, The MathWorks Inc., Natick, MA, USA) interface.
A typical acquisition including all data transfers and calculations such as volume beamforming and
Doppler processing required a total of fewer than 5 minutes. Calculation times are, dependent on
imaging depth and sampling.

1.6. In vitro 4D ultrafast CNR and resolution

The experiment was conducted on a commercial phantom (ATS Inc., Small'Parts Ultrasound Phantom
Model 551, Bridgeport, CT. USA), consisting of anechoic cysts (cylinders with'a radius equal to 2 mm)
and echogenic wires (0.05 mm in diameter). CNR and resolution were quantified for both 2D and the
RCA matrix. CNR was defined as the ratio between energy outside and inside the anechoic cyst.
Yy,z € Doyr QY2
Sxyzeny, HQU»2)I*

The denominator represents the anechoic inclusion signal and is computed as the mean of the voxels
include within the cyst shape. The numerator represents.the background signal. It is computed as the
mean of the voxels outside the cyst (Tiran et al. 2015)./The lateral rgsolution was defined as the lateral
width of the main peak at -6 dB. A Hanning apodization with a F-number of 1.5 was fixed in reception.

The excitation of the transducer consisted of 2 perioeds of a' 5-MHz sinusoid. The final volumes was
obtained by compounding either 1, 4, 16, or 36 tilted plane waves equally distributed within an angular
range of -16 to +16 degrees for the 2Dsand the RCA matrix and transmitted in sequential order by
increasing angle figure 5. The pulse repetition frequency was equal to 16 kHz.
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Figure 5 : Tilted plane waves represented by their angles of emission
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1.7. Invitro 4D ultrafast Doppler

The experiment was performed using a custom-made Doppler phantom with ATS blood mimicking
fluid passing through a 4 mm diameter vein-mimicking tube and a hydraulic pumping systems,ATS
700-D 115V. The excitation of the transducer consisted of 2 periods of a 5 MHz sinusoid. This Doppler
phantom was imaged using 3 sequences with different number of angle transmit: 2, 4 and 5_.as:shown
in table 2.

Each of these sequences of 525 frames were repeated 5 times. The pulse repetition frequencywas fixed
at 21 KHz, therefore the volume rate was inversely proportional to the number of angle. The
beamformed volume was a parallelepiped of 10 x 10 x 16 mm. Power Doppler CNR was defined as the
sum of all the voxels energy included inside the real tube shape divided by the energy outside as defined
by the equation (1).

2 Angles 4 Angles 5Angles
0x [degrees] 2 0 2 2 0 0 -2 2.0 0 0
Oy [degrees] 0o -2 0 0o -2 2 0 0o 0 -2 2

Table 2 : Tilted plane wave angle configurations expressed in degree

1.8. Invivo 4D ultrafast Doppler

A specific sequence was developed for imaging the humeral-artery of a healthy volunteer (table 3). The
humeral artery was imaged using fives plane waves tilted at0x = [-4’4 000] and 6y =[0 0 0 4 4] degrees
(according to the convention fixed at figure 2a)aThe excitation of the transducer consisted of 2 periods
of a5 MHz sinusoid. A total of 1500 compounded volumes were acquired, at a volume rate of 1.7 KHz,
corresponding to an acquisition time of 0.88 second. The.beamformed volume was a parallelepiped of
10 x 10 x 24 mm cube. (ISPTA =376 mW/cm? & ML= 0.41)

Voltage 3BV
Frequency 5 MHz
Number of cycles 2

Number of tiltedaane waves 5

0x, tilted plane projection on X [-4 4 0 0 0] degrees
Oy, tiltedplane projection on Y [ O 0 0-4 4]degrees
Clc)ulﬂ]ntirs of compounded 1500

\olume rate 1.7 KHz
Duration 0.88s
Volume size 10 x 10 X 24 mm
ISPTA 376 mW/cm?

Ml 0.41

Table 3 : In vivo sequence parameters



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - PMB-104943.R1

2. Results

2.1. PSF simulation

The simulated PSF are presented along the different planes XY (figure 6b) and XZ (figure 6c). These
PSF are computed for an equal number of tilted plane wave transmitted, and thus the same volume rate
of 2.9 KHz. The tilted plane wave distributions are represented in the figure 6a. The main lobe lateral
width and side lobe levels are synthesized in the table 4. Since HV and VH PSF are identical with a 90°
rotation, only HV is represented in the table.

. HV
2D matrix HV + VH X oY
Main lobe lateral width at -6 dB [mm] 0.6 1 2 0.77
Side lobe level [dB] -37 -16.5 -11.5 -6.75

Table 4 : PSF Main lobe lateral width and side lobe levelr ™

The PSF side lobe level associated to the 2D matrix is -37 dB while the'HV + \V/H has a level of -16.5
dB. The lateral width at -6 dB in the 2D matrix case is 0.6 mm whereas the HV.+ VVH has a 1 mm width.

As expected, The PSF of HV and VH are respectively elongated in the X and Y directions. In the
elongated axe, the side lobe level is -11.5 dB and the lateral widthis,2 mm whereas in the short axe
(perpendicular to elongated axe), the side lobe level is -6.75:dB and the lateral width is 0.77 mm. The
coherent summation of HV and VH allowed improving the PSF of HV and VH.

&

In figure 7, the PSF from the OPW sequence on RCA matrix has been computed for different set of
tilted angle and thus different volume rate. The/PSFE quality improved rapidly with the number of plane
waves up to 17. Beyond 17 angles, the PSF continuessimproving but at a slower rate (for this angular
range configuration from -8 to +8 degrees)
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Figure 6 : Tilted plane waves represented by their angles of emission a) and theirs PSF cut view in
two different planes: XY b), and XZ c), for an identical volume rate of 2.9 KHz
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Figure 8 : 2D matrix and RCA Bscan of echogenic wires a) and anechoic cysts b)

11

Figure 8 shows RCA and 2D matrix beamformed:volumes with the same frame rate, in both cases 16
plane waves were transmitted with and an angular.range of -16 to +16 degrees.
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Figure 9a shows the image CNR measured experimentally as a function of the number of transmitted
plane waves for both 2D matrix (blue curve) and emulated RCA matrix (red curve) at 13 mm depth.
The error bars are computed as the standard deviation over the pixel value inside the cyst. For a large
number of transmits, the CNR was two times lower with the RCA than with the 2D matrix, which is
consistent with the numerical simulation results.

Figure 9b, shows the lateral resolution as a function of depth for both 2D matrix (blue (curve) and
emulated RCA matrix (red curve) with fixed steering parameters: 16 plane waves.transmitted and an
angular range of -16 to +16 degrees. The lateral resolution decreased with depth and was 0.5mm with
the 2D matrix and 0.6mm with the RCA.

18 pr— T T 0.65

—2D Matrix
a) b) 2l ‘
16 b ] 0.6 L o o >—RCA Matrix
14t
__ 055
= ~
= 127 E [~ & ©
= = 05
g 10¢ £
= = 045
8r :5
0.4
(J B 9
4 0.35
2 . . 0.3 . . .
1 4 16 36 12 17 22 27
Number of angles Depth [mm]

Figure 9 : CNR a) and resolution b) for both 2D matrix (blue curve) and emulated RCA matrix (red
curve)

2.3. Invitro 4D ultrafast Doppler

Figure 10 shows power Doppler images presented.in cross planes of the phantom flow with different
number of compounded angles for the:2D matrix and the emulated RCA matrix. Transverse profile of
the power Doppler are presented onsfigurexdl. Increasing the number of compounded angles improves
the power Doppler quality, which can be quantified by the power Doppler CNR. The CNR is plotted as
a function of the number of anglesicompounded in the figure 12. The error bars on the curves correspond
to the standard deviation over the five repeated experiments. Thanks to the ultrafast acquisition, a voxel
based Doppler spectrum quantification can also be extracted from any voxel in the volume. The Doppler
spectrum was computed as the mean:of the spectrum energy from a region of interest of 6 x 6 x 6 voxels
(voxel size is half lambda) centered inside the artificial vein both for the 2D matrix and the emulated
RCA matrix as shown in the figure 13. The absolute errors were computed between the 2D matrix and
the RCA spectrumjfor each frequency and plotted on the figure 13.

These results Show: that in_this experimental context, the power Doppler CNR with the RCA is
approximately thessquare root of the CNR of the 2D array. Nevertheless, by increasing the number of
compoundedrangle, RCA can achieve power Doppler with enough CNR to recover the vein shape.
Regarding the Doppler spectrum, RCA gave similar frequency information but with less energy than
the 2D matrix.
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Figure 10 : Power Doppler cross views of the phantom flow with different number of compounded
59 angles for the 2D matrix and the'emulated IiCA matrix
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Figure 13 : Doppler spectrum of the phantom flow with different number of compounded angles for
the 2D matrix:and the emulated RCA matrix with their absolute errors

2.4. Inwvivo 4D ultrafast Doppler

For both the2D matrix and the emulated RCA matrix, a volumetric power Doppler acquisition through
different cross planes are presented in figure 14 for a human humeral artery. Power Doppler axial and
transverse profiles are presented in figure 15. Thanks to the ultrafast acquisition, a voxel based pulsed
wave, Doppler quantification can be extracted from any voxel in the volume. We choose to non-
coherently mean the spectrum from a region of interest composed of 3 x 3 x 3 voxels located in the
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center of the artery for the pulsed Doppler rendering presented in the figure 16. The absolute error was
computed between the RCA and the 2D matrix spectrum extracted at 0.4 and 0.6 second during
respectively the systole and the diastole as shown in the figure 17.

These in vivo results showed that ultrafast OPW compounding imaging using emulated RCA matrix
offer sufficient performances to image an artery on power Doppler and gave accurate quantification on
10 pulsed Doppler.
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Figure 15 : Power Doppler cross cuts on a volunteer human humeralartery using a 2D matrix and an

emulated RCA matrix
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Figure 16 : In vivo pulsed Doppler on a volunteer human humeral artery using a 2D matrix and an

emulated RCA matrix
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3. Discussion

In this paper we have investigated the performance of a RCA scheme with OPW compounding which
allows the reconstruction of a large volume with only N + N channels at high volume rate. The/study
was deliberately focused on ultrafast Doppler imaging and comparisons with an equivalent 2D ‘array.

Ultrafast imaging based on coherent plane wave compounding enables improving the image or volume
quality by transmitting a limited number of plane waves that approximate a synthetic cylindrical
focusing. In the RCA approach, however, when transmitting plane waves on one array, the symmetry
between the emissions and receive focusing is broken leading to anisotropic PSF. OPW-compounding
was introduced in this study to compensate the anisotropy of the PSF. Jensen et al. recently published
several studies describing a synthetic aperture approach for RCA matrices (Rasmussen et al. 2015). The
synthetic aperture approach relied on a row-by-row element transmission with a reception of all the
columns. To sweep through the whole aperture, the sequence is repeated for.the N rows. Synthetic
aperture allows the reconstruction of any kind of focusing from the acquired dataset.including transmit
+ receive focusing and is thus very flexible. However, since the number of e€missions is equal to the
number of N elements, synthetic aperture imaging approach does<net scale for high volume rate
imaging, at least not for hundreds of rows but is relevant for real-time Bmade imaging.

The resolution and CNR performance of the RCA with OPW compounding were evaluated and
compared to the 2D array performances. As expected, it congistently.lags behind the full matrix array
for a same aperture, framerate and number of emissions. Asarule of thumb, CNR of the RCA is around
the square root of the 2D array (half in decibel).

Nevertheless, we have shown here the feasibility of using the RCA’approach to image in vivo arterial
blood flows in a human volunteer. VVolumetricreconstruction of phantoms and a human artery vessel
was performed and compared to the one obtained with the 2D matrix. An accurate Doppler spectrum
was also successfully derived from these acquisitions butiwith less than 2D matrix sensitivity.

An important advantage of RCA arrays‘over 2D:matrix, is the possibility to manufacture large arrays
for example with more than 128 + 128 elements. A 2D matrix (128 x 128 elements) with an equivalent
footprint would be too complex to.manufacture andwould require an electronics with very high channel
count which is currently not available: A state of the art RCA array of 128 + 128 elements could
therefore outperform in specific applications,many of the current 2D matrix thanks to a larger aperture
and/or a higher frequency.

Vector flow imaging could benefit s?ongly of ultrafast imaging performed with RCA arrays. Jensen et
al presented initial in vitro results‘of vector flow imaging with a RCA prototype (Lehrmann et al. 2015).
Correia et al showed thepossibility.to obtain the complete in vivo volumetric reconstruction of vector
flow using ultrafast plane waves imaging with a 2D matrix (Correia et al. 2016). This work could be
extended to the use of RCA.arrays and would allow a simple and less expensive way to perform 4D
flow imaging.

Conclusion

The RCA scheme with OPW compounding is a promising technique for 4D ultrafast Doppler imaging
withalow number of acquisition channels. The imaging quality was compared to an equivalent 2D
matrix with same volume rate. CNR and resolution were found to be lower than using the 2D matrix
with the same volume rate. However, the CNR and resolution could be improved by adding more angles
at the cost'of lower volume rate. We demonstrated the feasibility of using an RCA with OPW sequence
invivo on human artery. OPW is a promising approach to 4D clinical vascular application with a low
number of channels.
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