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Abstract

Direct imaging of the electrical activation of the heart is crucial to better
understand and diagnose diseases linked to arrhythmias. This work presents
an ultrafast acoustoelectric imaging (UAI) system for direct and non-invasive
ultrafast mapping of propagating current densities using the acoustoelectric
effect.

Acoustoelectric imaging is based on the acoustoelectric effect, the
modulation of the medium’s electrical impedance by a propagating ultrasonic
wave. UAI triggers this effect with plane wave emissions to image current
densities. An ultrasound research platform was fitted with electrodes
connected to high common-mode rejection ratio amplifiers and sampled by
up to 128 independent channels. The sequences developed allow for both real-
time display of acoustoelectric maps and long ultrafast acquisition with fast
off-line processing. The system was evaluated by injecting controlled currents
into a saline pool via copper wire electrodes. Sensitivity to low current and
low acoustic pressure were measured independently. Contrast and spatial
resolution were measured for varying numbers of plane waves and compared
to line per line acoustoelectric imaging with focused beams at equivalent peak
pressure. Temporal resolution was assessed by measuring time-varying current
densities associated with sinusoidal currents. Complex intensity distributions
were also imaged in 3D.

Electrical current densities were detected for injected currents as low as
0.56 mA. UAI outperformed conventional focused acoustoelectric imaging
in terms of contrast and spatial resolution when using 5 and 9 plane waves
or more, respectively. Neighboring sinusoidal currents with opposed phases
were accurately imaged and separated. Time-varying currents were mapped
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and their frequency accurately measured for imaging frame rates up to
500 Hz. Finally, a 3D image of a complex intensity distribution was obtained.
The results demonstrated the high sensitivity of the UAI system proposed.
The plane wave based approach provides a highly flexible trade-off between
frame rate, resolution and contrast. In conclusion, the UAI system shows
promise for non-invasive, direct and accurate real-time imaging of electrical
activation in vivo.

Keywords: ultrafast acoustoelectric imaging, ultrafast ultrasound imaging,
real-time imaging, system design, image formation

(Some figures may appear in colour only in the online journal)

1. Introduction

Efficient pumping of blood is ensured in the heart by the synchronized contraction of the
cells in response to electrical activation. Conduction disorders or arrhythmias correspond to
a disruption in this activation sequence, which can have fatal consequences. One of the most
prevalent forms of arrhythmias, atrial fibrillation, is associated with a 5-fold increase in risk of
stroke (Fuster et al 2001). Other conduction disorders affecting the ventricles are associated
with heart failure, which is the leading cause of hospitalization for patients above 65 years
(Alla et al 2007). Non-invasive imaging of electrical activity remains challenging in patients.
Electroencephalography (EEG) and electrocardiography (ECG) are used extensively in clini-
cal practice to measure the electrical activity of the brain and the heart respectively. These
techniques rely on highly sensitive surface electrodes to record voltage fluctuations resulting
from neuronal ionic activation and cardiac cells depolarization respectively. However, both
EEG and ECG are associated with limited spatial resolution.

Recent progress of ECG imaging using hundreds of electrodes have enabled imaging the
electrical activation of the heart at an improved resolution, enabling the localization of pac-
ing sites to within 7mm (Ramanathan et al 2004). However this technique is limited to the
reconstruction of the electrical field on a surface. A technique allowing for the direct map-
ping and tracking of the electrical activation of tissues would be a key tool in improving our
understanding of these complex diseases, performing better diagnoses, and contributing to the
development of novel therapeutic approaches.

The acoustoelectric effect (Jossinet et al 1999, Lavandier et al 2000) is a phenomenon in
which the propagation of an acoustic wave results in the localized modulation of the underly-
ing medium’s electric impedance. The local intersection of the acoustic wave with the current
density can therefore be detected as an ultrasound-frequency variation of the voltage meas-
ured by a pair of remote electrodes. A few recent studies have demonstrated that this effect
can be used to obtain images of the current density via methods such as Joule heat mapping
(Yang et al 2012a, 2014) or directly (Olafsson er al 2008, Yang et al 2011, 2012b). In addition,
a small number of papers have investigated the feasibility of leveraging the acoustoelectric
effect for the imaging of biological tissues ex vivo (Olafsson er al 2007, Witte et al 2007).
However, these studies have been conducted using standard ultrasound techniques involving
focused acoustic waves and low frequencies, which are associated with limited frame rates and
resolution. Recent advances in ultrasound techniques (Tanter and Fink 2014) such as coherent
plane wave imaging (Montaldo et al 2009), can be used to achieve frame rates equal to up to
10000 Hz without compromising the quality of ultrasonic images in terms of contrast, reso-
lution and sensitivity. We have recently introduced ultrafast acoustoelectric imaging (UAI),
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which is also based on plane wave emissions (Provost et al 2011). Frame rates higher than
500 frames per second would be useful in tracking the propagation of the electrical activation
in the heart, which typically occurs within 100 ms (Olafsson et al 2008, Provost et al 2011).

In this study, we have designed an UAI scanner, a fully-integrated compact system for high
frame rate imaging of current densities using the acoustoelectric effect. A novel holographic
image formation algorithm was used for the reconstruction of 2D images from a set of projec-
tions onto reference ultrasound plane waves, with a reconstruction speed allowing real-time
display of images. The UAI scanner was characterized in terms of sensitivity, spatial resolu-
tion and contrast using a customized saline phantom. Finally, we showed the capability of our
system to image time-varying electrical currents and complex current density distributions to
demonstrate its potential for future in vivo applications.

2. Methods

2.1. Theory

2.1.1. The acoustoelectric effect. The acoustoelectric effect, which was first reported by Fox
et al (1946), results from the interaction between an acoustic wave propagating through a
medium and a coinciding current density. Jossinet et al (1998) have further studied this effect
and shown that the acoustic pressure change caused by the wave propagating locally modifies
the medium’s conductance following the equation below:
Ao = KAP, (1
g

with ¢ the conductance, AP the acoustic pressure variation and K an interaction constant
(approximately 97 - 10~!! Pa~! in saline (Jossinet et al 1998)).

According to Ohm’s law, the voltage change V measured by a remote pair of electrodes
can be written as the product of the medium resistivity r (inverse of the conductance) with the
current density J integrated over the volume measured by the electrodes:

V= Hj pJdxdydz )

Following equation (1), the resistivity change from its initial value before perturbation by
the ultrasound wave is:

p=po(1—KAP) 3)

Taking into account the contribution of the electrical current density and the electrodes
field of view (FOV) into the expression of J, the voltage change V measured by a remote pair
of electrodes can therefore be modeled by the following equation:

V= jff (7151 J cur) podxdydz + fjf - (7El : qur> KpoAPdxdydz, )

where Jg is the electrode field density and Jo, the current density. The first part of equa-
tion (2) corresponds to a low frequency term and can be filtered out in order to retain the high
frequency and thus high resolution acoustoelectric signal (Olafsson et al 2008).

2.1.2. Acoustoelectric image formation using plane waves. UAI is based, like ultrafast ultra-
sound imaging (UUI), on the use of ultrasound plane waves to form an image. Hence, each
emission can be used to map the entire FOV, leading to frame rates that can be equal to the
pulse repetition frequencies (PRFs), i.e. up to 10000 Hz. Plane waves can also be emitted at
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different angles and resulting echoes are coherently compounded within the beamforming
process to produce a high quality image of the object. UUI can produce images with resolution
and contrast comparable to focused ultrasound for a limited number of angles, thus maintain-
ing a high frame rate (Montaldo et al 2009).

Similarly, the concept of coherent compounding can be applied to UAI Ignoring the eleva-
tional direction z in equation (2) above, the measured voltage difference due to the acoustic
pressure variation can be written as follows:

V= ﬂ J (x,y) P (x,y) dxdy Q)

with V/ = Kp‘;Po’ J the current density resulting from the convolution of the electrodes field
and the current distribution, Py the pressure amplitude and P the pressure field. Considering
a plane wave emitted with an angle 6 relative to the transducer array and the coordinates ¢

and ct representing the wavefront, as pictured on figure 1(a), equation (3) can be rewritten as:

+oo
V= // J (x,¥)  (xsinf + ycosf — ct) dxdy = RT[J] (0, ct), (6)

where RT is the Radon Transform of J, ¢ is the acoustic wave velocity, ¢ is the time, and § is
the Dirac distribution.

Ultrasound arrays emit waves with a finite bandwidth, which leads to a convolution of the
Radon Transform in equation (4) with a term W(cf) representing the emitted waveform:

V' = W(ct) * RT [J] (0, ct) @)

Therefore, the Radon Transform is limited to regions of the k-space corresponding to the
actual frequency bandwidth, as pictured in figure 1(b). This reduces the axial resolution of
the system, which is linked to the ultrasound pulse length, as in focused ultrasound imaging.

In addition, the angular sensitivity of piezoelectric elements and the finite length of the
transducer arrays limit the maximum angle at which plane waves can be emitted. This reduces
the lateral resolution Ry, which depends on the maximum angle 6,,,« as follows:

¢ 1
" o Si0 (Omax) (8)

where c is the speed of sound in the medium and f;,,x the transducer maximum frequency.

Finally, only a finite number of angles can be emitted in practice, which reduces again the
sampling available for the RT as shown on figure 1(b). This affects the system’s lateral FOV,
defined here as the distance between grating lobes resulting from the pattern of interferences
between the combined plane waves. The FOV is directly linked to the step between equally
spaced angles Af as follow:

Ry

Fov = <

sin (A) )

max

As a consequence, although a larger maximum angle 0, ensures a better resolution
(smaller Ry), for a given PRF (i.e. number of angles), it also results in a smaller FOV.

2.2. The UAI system

2.2.1. Equipment. The integrated UAI scanner is based on a 256-channel Vantage (Verasonics,
Kirkland, USA) research platform fitted with a 128-element, 5 MHz linear array US probe
(L7-4, ATL Ultrasound Inc., Bothell, USA) on one 128-element connector, and a break-out
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b) “

a) Us 4 x Yy = ctcosO + gsin
probe x = ctsinf — qcosf

:

Wavefront .

max /

Figure 1. (a) Representation of the plane wave emitted with angle 6 relative to the
transducer array and relationship between coordinates, (b) k-space representation of
the imaging limitations due to the finite emission bandwidth Aw and the limited angles
that can be emitted.

board allowing for the direct connection of individual channels on the second 128-element
connector. The transducer was positioned with its pitch along the Y axis in order to direct
the ultrasound pulse between the electrodes aligned along the Z axis, as depicted in figure 2.
Channels 1-128 of the system were connected to the transducer and used for the emission of
the acoustic wave. The 128 additional channels available via the break-out board were used
in receive mode only to sample the UAI signal via measuring copper wire electrodes. The
signal from the electrodes was high-pass filtered above 1 MHz and amplified using a high
common-mode rejection ratio instrumentation amplifier and fed into the Vantage system via
one selected channel of the break-out board with a gain of 1. Within the Vantage system, the
signal underwent low-noise pre-amplification of 18 dB, controllable signal reduction at vary-
ing depth (set to O dB for all depths in the present configuration), and a subsequent amplifica-
tion of 24 dB.

2.2.2. Holographic image formation. The output of the integrated UAI scanner described
above was used to form 2D images of the current density using a novel holographic image
formation approach. This approach is analogous to the optical holography in that it decodes
the received signal by comparing it to a set of reference signals of known response by the
system. It is based on the explicit construction of the direct problem matrix G, which links the
object to image x and the demodulated complex measurement vector y as follows:

y=0Gx (10)

G is therefore a matrix with a number of columns equal to the number of pixels in the
image x and a number of rows equal to the number of samples acquired. Since G approxi-
mately amounts to a bandlimited RT, as shown previously, the inverse problem is ill-posed and
can be solved in a first approach using the pseudo-inverse formulation:

x=(G'6)"'Gly (1n
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Figure 2. Experimental setup for phantom UAI measurements. Current was generated
within a saline-filled pool via wire electrodes (red). Channels 1-128 of the Vantage
system were used to emit plane waves. The UAI signal was measured by recording
electrodes (black) placed on either side of the current electrodes, differentially
amplified and sampled by the Vantage system via a single channel of the 128 channels
Break-out board. The right panel shows the alignment of the electrodes within the pool,
perpendicular to the emission plane.

However, this consists in a deconvolution of the signal which is unstable, and may lead to
added noise in the reconstructed image. G'G is a time-reversal operator and is thus close to
identity if no ultrasonic absorption is considered during the building of G matrix (Tanter et al
2000). In more complex media where ultrasonic absorption occurs and results in degraded
resolutions, the pseudo-inverse approach corrects for absorption effects through GG inver-
sion (Aubry er al 2001, Tanter et al 2001). Hence, the pseudo-inverse is similar to using a
back-projection approach which amounts to projecting the time-reversed impulse response
function such that

x=Gly (12)

This formulation, however, does not take into account the individual pixels’ energy. A more
accurate approximation of the pseudo-inverse is the following:

x = diag (G'G) ' Gly (13)

In this case, the back-projection approach is normalized by the individual pixels’ energy,
without the need for deconvolution.

In the context of this work, the holographic image formation method was used for direct
reconstruction of the 2D acoustoelectric image from a single acquisition channel only used in
receive mode. Building G for a given emission waveform and imaged medium involves defin-
ing a set of basis vectors for the object space and determining the system response for each of
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these vectors. This was done using the Vantage system tool to simulate the emitted pressure
waves and their value for each pixel. The simulation of one pixel allowed for the population of
a single column of G. The integrated UAI scanner records the local voltage linked to the direct
interaction of the acoustic wave and the current density, so only the transmitted waveform was
of interest to construct G. The rows for each column (i.e. pixel) represent the transmission for
each of the emitted plane waves along the whole FOV depth. As a consequence, the number
of rows in G depended only on the number of plane waves emitted, and the imaging depth.
The size of G in this work was therefore sufficiently small to allow for minimal computing
time. Similar techniques have been used previously for sonar mapping (Tondin et al 2015),
adaptive focusing in therapeutic ultrasound (Seip e al 1994) and image quality enhancement
for medical ultrasound (Viola et al 2008), as well as for studies involving compress sensing,
but to our knowledge, it is here applied to the reconstruction of UAI images for the first time.

2.3. Characterization of the setup

The UAI system was characterized in terms of sensitivity, resolution and contrast. Sensitivity
was assessed by measuring the UAI signal in a configuration corresponding as much as
possible to realistic physiological conditions. The signal was measured in a 6 x 3 x 3cm?
3D-printed acrylonitrile butadiene styrene plastic pool filled with saline solution (0.9% NaCl).
DC current was injected via a pair of tinned copper wire electrodes positioned within the solu-
tion using an arbitrary function generator (Tektronix AFG 3101, Tektronix Inc. Beaverton,
USA) for amplitudes ranging from 7 to 20 V. A 100 €2 resistor was connected in series with
one of the current injecting electrodes to measure current.

The peak negative and positive pressure of the plane wave imaging sequences were meas-
ured with an optical heterodyne interferometer, built and validated at our institution (Royer
et al 2012), for an US probe voltage of 50 V which was the maximum used in this study. The
peak pressure did not exceed 3 MPa, and was therefore lower than the limit of 4.7 MPa set by
FDA requirements at 5 MHz (Harris and Philips 2008) for in vivo studies, corresponding to
the derated value of 1.9 of the mechanical index (MI), with an MI value of 1.3. Conversely, the
maximum recommended PRF corresponding to and spatial peak temporal average intensity
(Ispta) of 720 mW cm ™2 as recommended by the FDA in vivo was 19000 Hz for an US probe
voltage of 50 V. The values used in this study were therefore well within FDA recommenda-
tions to limit tissue damage, both in terms of MI and Iy,

The ultrasound pulse was typically emitted at 3 MPa (MI = 1.3) with 128 elements corre-
sponding to the L7-4 transducer. For sensitivity evaluation, the transducer peak pressure was
varied between 3 (MI = 1.3) MPa and 0.3 MPa (MI = 0.13) for an injected current of 7 mA
using three batteries connected to the electrodes. Series of 33 plane waves with angles vary-
ing between —8° and +-8° were emitted at a frame rate of 200 Hz. Images were reconstructed
using the holographic image formation technique described above.

Resolution and contrast were evaluated for a number of plane waves varying between 2
and 33. The value of Af was set at 1° since it corresponded to the minimum value for which
a2 x 2cm? FOV does not include any grating lobes. The ultrasound pulses were emitted at
a PRF of 4000 Hz, corresponding to frame rates between 200 and 2000 Hz. The optical het-
erodyne interferometer described previously was also used to determine the US probe voltage
yielding equivalent pressure peak values to using focused ultrasound at an US probe voltage of
50 V. Spatial lateral resolution was defined as the width of the —10 dB peak of the UAI signal
measured on a profile drawn in the x direction (see figure 4(c)). The current was produced by
a pair of thin wire electrodes separated by 3mm, and was considered equivalent to a point
source in the plane of the US probe. Care was taken to ensure that the ultrasound wave was

7
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emitted within the gap between the electrodes. The contrast was quantified in terms of signal-
to-noise ratio (SNR) defined as follows:

Imax

SNR = 20 +logl0 <SD (Background)> (14)
where SD (Background) is the standard deviation (SD) of the background region, which was
defined as a 15 x 15 pixel region neighbouring the UAI signal, and I, is the maximum
pixel intensity within the UAI signal. Mean and standard deviation SNR values were obtained
for 100 frames. Measurements were compared to the contrast and resolution obtained using
focused waves for an F-number equal to 2.

2.4. UAI of time-varying currents

To demonstrate the capability of our integrated UAI scanner to map current densities in real
time, an arbitrary function generator (Tektronix AFG 3101, Tektronix Inc. Beaverton, USA)
was used to generate sinusoidal currents in the phantom. A 3 Hz, 2.8 mA peak-to-peak sinu-
soidal current was first injected through a single pair of electrodes in the saline pool. Next,
a 10 Hz, 2.8 mA peak-to-peak current was injected via two electrode pairs separated in the
saline pool by a 0.5 mm-thick sheet of insulating plastic material. A phase difference of 180°
was set between the currents applied to the two electrode pairs, named EP1 and EP2. UAI
measurements were performed at 3 MPa (MI = 1.3) for a Af of 1° over 2.5s for 33 angles.
The variation of the signal’s amplitude was expected to be visible in the UAI signal, as it is
directly linked to the current density (see equation (2)).

2.5. UAI of a complex current density distribution

The UAI scanner was used to image a complex distribution of current density generated via
4 pairs of current-injecting copper wire electrodes positioned around the recording pair and
connected to three 9 V batteries. The current density was imaged with 33 angles with a peak
negative pressure of 3 MPa (MI = 1.3).

3. Results

3.1. Experimental setup

The experimental setup described above allowed consistent and reproducible measurements.
Figure 3 illustrates the reconstruction process of 2D UAI data from 1D UAI signal received
by the electrodes (top), corresponding to a single channel of the Vantage system. The corre-
sponding 2D UAI image obtained, given at the bottom of figure 3, shows the UAI signal
localized within the FOV of the system, corresponding to the imaged current density. The
data on figure 3, measured for 7 mA injected into the saline pool, were obtained for a single
frame. Reconstruction of UAI data was no longer than 4.6s for 100 frames of a 128 x 192
pixels image built using 33 coherently-compounded plane waves, on an Intel 2.5 GHz dual
core processor.

When evaluating the sensitivity of the system, a signal was measured for intensity values
recorded as low as 14 mA with a mean (SD) SNR of 5.1 (3.6) over 100 frames. When varying
the US probe voltage, signal was observed down to a value of 0.3 MPa (MI = 0.1) with a mean
(SD) SNR of 5.2 (3.1) over 100 frames.
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Figure 3. Illustration of the UAI reconstruction process for a single frame of a 33 plane
waves acquisition of a current density corresponding to a 7 mA injected current. The
different steps show the acquired data for each plane wave (zoomed in for a single plane
wave in the black insert) and the reconstructed image obtained, displayed in dB.

3.2. Characterisation of the setup

3.2.1. Resolution. Figure 4(a) shows the resolution measurements of UAI data for 3, 5, 7, 9,
13, 15, 21 and 33 plane waves emitted at different angles, compared to the case of focused
acoustoelectric imaging. The maximum steering angle was 4° for 33 plane waves. Examples
of reconstructed images are given on figure 4(b) for 5 and 33 plane waves with no averaging.
The resolution was measured as the width of the —10 dB peak, as illustrated for the case of
33 plane waves on figure 4(c). The resolution improved (i.e. the peak width decreased) with
the number of plane waves, reaching equivalent values to the focused wave case for 13 plane
waves. The resolution increased for higher numbers of angles to reach values of 1.9mm for
33 plane waves, corresponding to less than a third of the value obtained for focused waves at
an F-number of 2.

3.2.2. Contrast. Figure 5(a) shows the SNR measured in the UAI images obtained previously
for different numbers of plane waves. The SNR increased with the number of plane waves
to reach a value 27 dB higher than for focused waves, for an F-number of 2. The SNR for
UAI reached a similar value to the focused waves case when 3 plane waves were coherently
compounded.

Both resolution and SNR were measured on 4 different datasets acquired with the same
experimental setup and protocol, but with new tinned copper wire electrodes each time.
Standard deviations (in percentage of the mean value) between the mean values obtained over
100 frames for each dataset ranged from 7% (mean 19 mm) to 26% (mean 2.4 mm) for resolu-
tion and from 3% (0.56) to 13% (24,7) for SNR.
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Figure 4. (a) Resolution measurements at different numbers of plane waves for UAIL
compared to the resolution for focused acoustoelectric imaging at equivalent peak
pressure (the average over 100 frames is shown with error bars corresponding to the
standard deviation), (b) reconstructed UAI data obtained for 5 and 33 plane waves
(single frame), (c) profile corresponding to the white dashed line drawn on the 33 plane
waves image, and measurement of the lateral —10 dB peak width indicated in red.
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Figure 5. (a) Contrast measured on UAI data at 50 V for 27 V injected measured for
varying numbers of angles, and comparison to the focused waves case at equivalent
peak pressure. The average over 100 frames is shown with error bars corresponding to
the standard deviation.
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Figure 6. (a) Reconstructed UAI image from a 10 Vpp, 3 Hz sinusoidal current. (b)
UAI signal measured at the maximum intensity pixel over time. (c) Reconstructed UAI
data at electrode pairs EP1 and EP2 shifted by 180° in phase (white arrows indicate the
position of the electrodes), (d) UAI signal measured at maximum intensity pixel for
both electrode pairs (black arrows show frames corresponding to images on (c)) and (e)
Fourier spectrum of the signal for EP1 and EP2. Red arrows indicate visible frequency

peaks.

3.3. UAI of time-varying currents

Figure 6(a) shows the reconstructed data obtained from imaging a 10 Hz sinusoidal current,
in a single frame corresponding to a current peak. The variation of the UAI signal at the maxi-
mum intensity pixel is shown on figure 6(b) over 400 frames corresponding to 2s. The UAI
signal followed the sinusoidal form of the current with the same frequency.
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Figure 7. (a) Drawing of position in the electrode holder of the measuring pair (center)
and the 4 current injecting pairs used to image a complex intensity distribution (b) 3D
UAI image of the intensity distribution projected onto a black background. Two 2D
cross-sectional views taken at locations indicated by the white dashed lines are shown
on the right. The 4 current densities corresponding to the electrode pairs are indicated
on panel (a) with red ellipses and annotated on both panels as D1-D4.

Figure 6(c) shows reconstructed UAI data corresponding to the 10 Hz sinusoidal current
injected via neighbouring electrode pairs EP1 and EP2 separated by a thin sheet of insulation.
The images correspond to the frames indicated by the black arrows on figure 6(d), which
shows the UAI signal measured at the maximum intensity pixel over time for EP1 and EP2.
For the sake of image quality, the reconstructed UAI data was interpolated to a pixel size of
M10. The 10 Hz sinusoidal waveform can be observed in the UAI signal, as well as the 180°
phase shift between the electrode pairs. Figure 6(e) shows the Fourier spectrum of the signal
obtained for EP1 and EP2. The peak at 10 Hz is visible and indicated by the red arrow.

3.4. UAI of a complex intensity distribution

Figure 7 shows the complex intensity distribution imaged with the UAI scanner at 3 MPa
(MI = 1.3) with 33 angles. The current between the top, middle and bottom pairs of electrodes
is clearly visible on the image. The current distribution D3 (see figure 7) between the most
distant electrodes is apparent with lower intensity on the UAI image. Electrodes pairs at the
top and bottom (according to figure 7(a)) pairs are at the same distance from each other, which
is reflected on the UAI image by a similar shape of the intensity distribution.

4. Discussion

This work presents a fully integrated UAI scanner (see figure 2), characterised in terms of
sensitivity and capacity of producing accurate 2D and time-varying images of current distribu-
tions. Although 2D acoustoelectric images have been produced in previous studies, the system
described herein relies on a single ultrasound unit both for the emission of the acoustic wave
and for the reception and processing of the UAI data. This has the advantage of simplifying
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the overall system, making it compact and easily portable. It also provides very high frame
rates for the tracking of transient and fast events such as the electrical activation of the heart.

We have shown using the UAI scanner, that 2D-acoustoelectric images can be produced
for low current (14 mA) with a SNR of 2.4 and higher. This value is close to physiologically
relevant current densities (Henriquez et al 1988), and was obtained without any amplification
beyond the one present in the Vantage system. The total amplification used in this study was
42 dB, which is lower than values reported in the literature (Witte et al 2007, Li et al 2010).
In addition, contrast, resolution and real-time images shown in this paper were obtained for a
single frame, without averaging.

A SNR of 2.5 obtained for low US probe peak pressure shows the promise of such an UAI
scanner for application to in vivo imaging without damaging tissues. All further acquisitions
were performed at a maximum of 3 MPa pressure peak, which is 36% lower than the maximum
set by the FDA to reach harmless MI and Iy, values (for the PRFs used) and minimize the
impact on biological tissues. Indeed, the use of plane wave insonification of the FOV avoids
high focused peak pressure. Therefore, UAI yielded up to 5 times higher contrast and divided
the resolution 2 fold for equivalent peak pressure when compared against focused ultrasound,
even when using a small number of angles (see figures 4 and 5). Although these measure-
ments showed variability across experimental datasets (see section 2.2.2), the variations did
not affect the shape of the SNR and resolution curves. Besides, such variations were due to
the difference for each setup in the current injecting electrodes for which the exact length and
geometry could not be fully reproduced. The small difference in the current densities gener-
ated is therefore possibly responsible for these fluctuations, rather than the UAI system itself.

An additional advantage of the UAI’s sensitivity is the ability to produce time-varying
images at a high frame rate (up to 345 Hz in this study). This is possible not only due to
the high frame rate provided by the emission of plane waves, but also because of the high
sensitivity of the system, which provides high SNR even for a single frame. Figure 6 shows
the accuracy with which current density of sinusoidal signals can be measured together with
their frequency. The only limit to the accurate frequency measurement of rapidly varying cur-
rents is linked to the ultrafast frame rate. Indeed, aliasing will occur if the frequency of the
current to image is higher than half the imaging frame rate, following the Shannon—Nyquist
theorem. This was observed in practice using our UAI scanner. Besides measurements of high
frequency currents, real-time display of 2D UAI data is also achieved using this scanner, since
the necessary frame rate to avoid aliasing (60 Hz) is easily reached even for high plane wave
numbers. The rapid reconstruction process (approximately 13 ms per frame for 9 plane waves)
allows for real-time display of the 2D current density images obtained with UAI, which rep-
resents an important feature for clinical applications. Future work will focus on imaging alter-
nating currents and incorporating phase information into the measured data.

Finally we have shown in figure 7 an example of a complex current distribution, produced
by 4 pairs of electrodes positioned around the recording pair. The 3 groups of close electrode
pairs are clearly visible on the image, with intensity levels that relate to the distance between
electrodes (for D3) and the distance to the US probe (D4 compared to D1). For example pairs
DI and D4 had electrodes separated by 0.6 cm, leading to similarly wide intensity distribu-
tions in the image. Electrodes D3 were separated by 1.8 cm, leading to thinner intensity distri-
bution. Variability in the image can also be accounted for by the use of a fixed elevation focus
and by differences in the geometry, insonification angle, and positioning of the electrodes,
which could not be fully controlled.

Controllable phantom distributions with known current density patterns were used throughout
the study, since this work aimed at presenting and characterizing our UAI scanner. Work is ongo-
ing to apply the scanner to in vivo imaging and investigate its potential for clinical applications.

13



AQ6

AQ7

AQS

AQY

Phys. Med. Biol. 00 (2017) 1 B Berthon et al

Acknowledgments

This work was funded by ANR, Projet 14-OHRI-0012-01 by LABEX WIFI (Laboratory of
Excellence ANR-10-LABX-24) within the French program ‘Investments for the Future’ under
reference ANR-10-IDEX-0001-02 PSL—ULTRAFASTACOUSTOELEC.

References

Alla F, Zannad F and Filippatos G 2007 Epidemiology of acute heart failure syndromes Heart Fail. Rev.
1291-5

Aubry J-F, Tanter M, Gerber J, Thomas J-L and Fink M 2001 Optimal focusing by spatio-temporal
inverse filter. II. Experiments. Application to focusing through absorbing and reverberating media
J. Acoust. Soc. Am. 110 1-11

Fox F E, Herzfeld K F and Rock G D 1946 The effect of ultrasonic waves on the conductivity of salt
solutions Phys. Rev. 70 329-39

Fuster V et al 2001 ACC/AHA/ESC practice guidelines—executive summary ACC/AHA/ESC guidelines
for the management of patients with atrial fibrillation : executive summary a report of the American
College of Cardiology/American Heart Association Task Force on practice vol 38

Harris G and Philips R 2008 Guidance for Industry and FDA staff information for manufacturers seeking
marketing clearance of diagnostic ultrasound systems and transducers

Henriquez C S, Trayanova N and Plonsey R 1988 Potential and current distributions in a cylindrical
bundle of cardiac tissue Biophys. J. 53 907-18

Jossinet J, Lavandier B and Cathignol D 1998 The phenomenology of acousto-electric interaction signals
in aqueous solutions of electrolytes Ultrasonics 36 607-13

Jossinet J, Lavandier B and Cathignol D 1999 Impedance modulation by pulsed ultrasound Ann. New
York Acad. Sci. 873 396407

Lavandier B, Jossinet J and Cathignol D 2000 Experimental measurement of the acousto-electric
interaction signal in saline solution Ultrasonics 38 929-36

Li Q, Olafsson R, Ingram P, Wang Z and Witte R S 2010 Measuring the acoustoelectric interaction
constant in cardiac tissue using ultrasound current source density imaging Proc. IEEE 245-8

Montaldo G, Tanter M, Bercoff J, Benech N and Fink M 2009 Coherent plane-wave compounding for
very high frame rate ultrasonography and transient elastography vol 56 pp 489-506

Olafsson R, Jia C, Huang S W, Witte R and O’Donnell M 2007 11B-6 detection of electrical current in
a live rabbit heart using ultrasound /EEE Ultrasonics Symp. pp 989-92 Online: http://ieeexplore.
ieee.org/xpls/abs_all.jsp?arnumber=4409825

Olafsson R, Witte R S, Huang S-W and O’Donnell M 2008 Ultrasound current source density imaging
IEEE Trans. Biomed. Eng. 55 1840-8

Provost J, Lee W-N, Fujikura K and Konofagou E E 2011 Imaging the electromechanical activity of the
heart in vivo Proc. Natl Acad. Sci. USA 108 8565-70

Ramanathan C, Ghanem R N, Jia P, Ryu K and Rudy Y 2004 Noninvasive electrocardiographic imaging
for cardiac electrophysiology and arrhythmia Naz. Med. 10 422-8

Royer D, Dubois N and Fink M 2012 Optical probing of pulsed, focused ultrasonic fields using a
heterodyne interferometer Appl. Phys. Lett. 153 10-3

Seip R, Van Baren P and Ebbini E S 1994 Dynamic focusing in ultrasound hyperthermia treatments
using implantable hydrophone arrays IEEE Trans. Ultrason. Ferroelectr. Freq. Control 41 706-13

Tanter M, Aubry J-F, Gerber J, Thomas J-L and Fink M 2001 Optimal focusing by spatio-temporal
inverse filter. I. Basic principles J. Acoust. Soc. Am. 110 37-47

Tanter M, Thomas J L and Fink M 2000 Time reversal and the inverse filter J. Acoust. Soc. Am. 108 223-34

Tondin E, Dias F and Neto H V 2015 A novel approach to environment mapping using sonar sensors and
inverse problems Lecture Notes in Computer Science (New York: Springer) pp 100-11

Viola F, Ellis M A and Walker W F 2008 Time-domain optimized near-field estimator for ultrasound
imaging : initial development and results IEEE Trans. Med. Imaging 27 99—-110

Witte R, Olafsson R, Huang S W and O’Donnell M 2007 Imaging current flow in lobster nerve cord
using the acoustoelectric effect Appl. Phys. Lett. 90 3-5

Yang R, Li X, Liu J and He B 2011 3D current source density imaging based on the acoustoelectric
effect: a simulation study using unipolar pulses Phys. Med. Biol. 56 3825-42

14

AQ10


https://doi.org/10.1007/s10741-007-9009-2
https://doi.org/10.1007/s10741-007-9009-2
https://doi.org/10.1007/s10741-007-9009-2
https://doi.org/10.1121/1.4734367
https://doi.org/10.1121/1.4734367
https://doi.org/10.1121/1.4734367
https://doi.org/10.1103/PhysRev.70.329
https://doi.org/10.1103/PhysRev.70.329
https://doi.org/10.1103/PhysRev.70.329
https://doi.org/10.1016/S0006-3495(88)83172-2
https://doi.org/10.1016/S0006-3495(88)83172-2
https://doi.org/10.1016/S0006-3495(88)83172-2
https://doi.org/10.1016/S0041-624X(97)00113-3
https://doi.org/10.1016/S0041-624X(97)00113-3
https://doi.org/10.1016/S0041-624X(97)00113-3
https://doi.org/10.1111/j.1749-6632.1999.tb09489.x
https://doi.org/10.1111/j.1749-6632.1999.tb09489.x
https://doi.org/10.1111/j.1749-6632.1999.tb09489.x
https://doi.org/10.1016/S0041-624X(00)00029-9
https://doi.org/10.1016/S0041-624X(00)00029-9
https://doi.org/10.1016/S0041-624X(00)00029-9
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber﻿=﻿4409825
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber﻿=﻿4409825
https://doi.org/10.1109/TBME.2008.919115
https://doi.org/10.1109/TBME.2008.919115
https://doi.org/10.1109/TBME.2008.919115
https://doi.org/10.1073/pnas.1011688108
https://doi.org/10.1073/pnas.1011688108
https://doi.org/10.1073/pnas.1011688108
https://doi.org/10.1038/nm1011
https://doi.org/10.1038/nm1011
https://doi.org/10.1038/nm1011
https://doi.org/10.1109/58.308507
https://doi.org/10.1109/58.308507
https://doi.org/10.1109/58.308507
https://doi.org/10.1121/1.1377051
https://doi.org/10.1121/1.1377051
https://doi.org/10.1121/1.1377051
https://doi.org/10.1121/1.429459
https://doi.org/10.1121/1.429459
https://doi.org/10.1121/1.429459
https://doi.org/10.1109/TMI.2007.903579
https://doi.org/10.1109/TMI.2007.903579
https://doi.org/10.1109/TMI.2007.903579
https://doi.org/10.1063/1.2724901
https://doi.org/10.1063/1.2724901
https://doi.org/10.1063/1.2724901
https://doi.org/10.1088/0031-9155/56/13/006
https://doi.org/10.1088/0031-9155/56/13/006
https://doi.org/10.1088/0031-9155/56/13/006

Phys. Med. Biol. 00 (2017) 1 B Berthon et al

Yang R, Li X, Song A, He B and Yan R 2012a 3D noninvasive ultrasound Joule heat tomography based
on acousto-electric effect using unipolar pulses: a simulation study Phys. Med. Biol. 57 7689-708

Yang R, Li X, Song A, He B and Yan R 2012b A 3D reconstruction solution to current density imaging
based on acoustoelectric effect by deconvolution: a simulation study /EEE Trans. Biomed. Eng.
60 1181-90

Yang R, Song A, Li X D, Lu Y, Yan R, Xu B and Li X 2014 A 3D reconstruction solution to ultrasound
Joule heat density tomography based on acousto- electric effect: a simulation study J. Instrum. 9

15

AQ11


https://doi.org/10.1088/0031-9155/57/22/7689
https://doi.org/10.1088/0031-9155/57/22/7689
https://doi.org/10.1088/0031-9155/57/22/7689
https://doi.org/10.1109/TBME.2012.2228641
https://doi.org/10.1109/TBME.2012.2228641
https://doi.org/10.1109/TBME.2012.2228641



