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Abstract—Accurate 3-Dmapping ofmultiple bioelectric sources in nerve fibers with high spatial resolution is chal-
lenging for the diagnosis and treatment of a variety of neural abnormalities. Ultrasound current source density
imaging exploits the acoustoelectric (AE) effect, an interaction between electrical current and acoustic pressure
waves propagating through a conducting material, and has distinct advantages over conventional electrophysi-
ology (i.e., without ultrasound) for mapping electrical current flow in tissue. Ultrasound current source density
imaging and two complementaryWheatstone bridge circuits were used to simultaneously detect two separate cur-
rent flows induced in tissue phantoms. It has been found that the addition and subtraction of AE signals acquired
by two circuits are independent components, regardless of whether the two sources are positioned at the same or
different depths. In the ultrasound field, the AE signal from the bridge circuits is stronger, with a higher signal-to-
noise ratio, than without a bridge circuit. Both experimental and simulated AE images depend on the magnitude
and direction of the current, as well as the geometry (shape and thickness) and location of the current sources in the
ultrasound field (2.25-MHz transducer). The experimental results are consistent with simulations consisting of
multiple current sources. Real-time 3-D ultrasound current source density images of multiple current flows
co-registered with convention pulse echo ultrasound potentially facilitate monitoring of neurologic disorders.
(E-mail: zhaohui.wang@tamuk.edu) � 2016 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Three-dimensional mapping of bioelectric sources
in the body with a high spatial resolution is important
for the diagnosis and treatment of a variety of cardiac
and neurologic disorders. Mapping of electrical sources
has many applications in biomedical research. Electrical
impedance tomography applies currents through elec-
trodes attached to the surface of the body and measures
the resulting voltages to reconstruct approximate pictures
of the electric conductivity inside the body (Cheney et al.
1999). In magnetoacousto-tomography (Towe and Islam
1988), the electrical current in biological tissue that was
placed in a vibrating magnetic field generates acoustic vi-
brations inside the tissue volume because of the Lorentz
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force. Acoustic signals are then measured around the ob-
ject for inverse reconstruction. The conductivity distribu-
tion of head–brain tissue is reconstructed by considering
the charge accumulating at the interfaces. Wen et al.
(1998) thought that this imaging method was based on
the classic Hall effect, but Roth and Wikswo (1998) dis-
agreed and claimed that the Hall effect was not involved
in this technique.

In magnetoacousto-tomography with magnetic in-
duction (Xu and He 2005), instead of using electrical
stimulation, the eddy current induced in the tissue by a
time-varying magnetic field interacts with the static mag-
netic field to create acoustic vibrations. In magnetic reso-
nance electrical impedance tomography (Kwon and Woo
2002), a small current is injected into the object to be
imaged through a pair of surface electrodes, and the mag-
netic flux density inside the object is measured with a
magnetic resonance imaging scanner. This imaging tech-
nique can non-invasively reconstruct the static image of a
conductivity distribution within an object.
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In magnetoacousto-electrical tomography (Haider
et al. 2008), an ultrasonic pulse is focused on the sample
that is placed in a static magnetic field to simulate a point-
like current dipole source at the focal point because the
vibration of the tissues inside the field induces an electri-
cal current by the Lorentz force. Based on the reciprocity
theorem, the voltage/current signal is proportional to a
component of the lead field current density in volume
conductors.

Grasland-Mongrain et al. (2013) proposed a similar
method, Lorentz force electrical impedance tomography,
to image the electrical conductivity of biological tissues
through their sonication in a magnetic field: vibration of
the tissues inside the field induces an electrical current
by the Lorentz force. The current, detected by electrodes
placed around the sample, is proportional to the ultrasonic
pressure, to the strength of the magnetic field and to the
electrical conductivity gradient along the acoustic axis.
By focusing on different places inside the sample, a map
of the electrical conductivity gradient can be established.

Three-dimensional ultrasound current source den-
sity imaging (UCSDI) (Olafsson et al. 2007) potentially
overcomes the limitations of conventional electrophysi-
ology (i.e., no ultrasound) by providing enhanced spatial
resolution, as determined by the ultrasound focus, com-
bined with fewer invasive detection schemes (Wang
et al. 2011). The voltage signal between two recording
electrodes can be detected with a higher signal-to-noise
ratio (SNR) by UCSDI according to Ohm’s law and the
acoustoelectric (AE) effect.

The AE effect (Fox et al. 1946; Lavandier et al.
2000) is the interaction between a propagating acoustic
wave and charged particles in a material (saline
solution, gel, graphite, metal, etc.). Acoustoelectric
tomography (Zhang and Wang 2004), following the
same principles as UCSDI, images the electric impedance
properties of biological tissue with high spatial resolu-
tion; the contrast is determined by the electrical imped-
ance, medium-dependent modulation coefficient and
acoustic properties. The detected AE signal is propor-
tional to the applied pressure and current density and is
sensitive to the direction of current flow (Wang and
Witte, 2014).

Neural disorders, such as arrhythmia in the heart and
epilepsy in the brain, could greatly benefit from this new
diagnostic tool that non-invasively maps conduction in
abnormal tissue. UCSDI had been used to quickly map
cardiac activation waves in live rabbit hearts, and the con-
duction velocity of the heart estimated from the shifts was
0.25 6 0.05 mm/ms (Olafsson et al. 2006, 2009).
Therefore, ultrasound with a speed of approximately
1540 mm/s is fast enough to image the neuronal pulse
signal. To overcome the limitation of the weak AE
signal associated with the electrocardiogram, the effects
of the electrode configuration and ultrasound frequency
on the magnitude of the AE signal and quality of
UCSDI were also investigated using a rabbit
Langendorff heart model (Qin et al. 2015). It was found
that the AE signal was much stronger at 0.5 MHz than
at 1.0 MHz, and a clinical lasso catheter placed on the
epicardium exhibited excellent sensitivity without pene-
trating the tissue.

Tracking different pathways of multiple intertwined
nerve fibers is still a challenging topic for the diagnosis of
cardiac and neural abnormalities. Electron micrographs
that reflect density differences were used to analyze
fine-structure nerve tissue, but they required ultrathin
sectioning of the nervous tissue and fixative to avoid
shrinkage and to produce the most delicate coagulum
(Pease and Baker 2005). Diffusion tensor magnetic reso-
nance imaging fiber tracking provides information about
nerve connectivity, but this technique relies on the use of
high-quality diffusion-weighted images and a suitable al-
gorithm to generate the track. Additionally, its validation
is not straightforward because of the lack of a gold stan-
dard (Tournier et al. 2002).

On the basis of the AE effect, two complementary
bridge tissue circuits, each of which is similar to aWheat-
stone bridge (Fig. 1a), are proposed here for the first time
to simultaneously map multiple current flows induced in
two conducting tissue phantoms positioned at various
depths. They can detect the relative position of the two
tissue phantoms transmitting current in different direc-
tions by applying simple addition and subtraction to the
measured UCSDI.

In this study, the simulation of the AE signal, based on
the lead theory (Malmivuo and Plonsey, 1995), was used to
analyze the dimensional effects over sensitivity and fre-
quency spectra. The proposed complementary circuit the-
ory is provided in the Appendix and evaluated by in
silico simulation, which is further compared with in vitro
experiments using a single-element ultrasound transducer.
METHODS

The custom simulation program developed in MAT-
LAB (TheMathWorks, Natick, MA, USA) is based on ul-
trasound field and lead field theory using known
properties of the ultrasound transducer and dielectric
properties of the test phantoms to complement the exper-
imental model and further characterize the relationship
between the ultrasound beam and electrical properties
of the tissue.
Acoustoelectric equations
In Figure 2a, the center of the transducer is T(0, 0, 0),

and the center of the tissue slab is C(x0, y0, z0). In the
experiment, the phantoms are placed at the focus of the



Fig. 1. Simulation and experimental setups for ultrasound current density imaging of two tissue slabs at a distance larger
than one pulse length. (a) Two tissue slabs aligned horizontally at a distance larger than the length of one pulse. The
switches are used for the complementary bridge circuits: position 1 for circuit 1, position 2 for circuit 2. The ultrasound
modulates the electric field on the left segments from the bottom. (b) The simulated acoustoelectric signal (A-line) is
compared with the acoustoelectric signal obtained in the experiment (a). (c) First case (circuit 1), when switches in (a)

are set at position 1. (d) Second case (circuit 2), when switches are set at position 2.
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transducer, z05 zf, where zf is the focal length. Any point
P in the ultrasound pressure field (x, y, z) can be described
in the electric coordinate system or lead field as (x2x0,
y2y0, z2z0) or CP

�!
5 TP

�!
2 TC

�!
. In the electric field,

because of a distributed current source, JI 5 JI(x, y, z),
the scalar voltage V measured by a detector at (0, 0, 0)
with a tissue slab at (x0, y0, z0) can be expressed in the
3-D equation using reciprocal theory, given the assump-
tion of far-field detection of the AE signal (Malmivuo
and Plonsey, 1995):

Vðx0; y0; tÞ5∭ rðx; y; z; tÞðJL$JIÞ
3ðx2x0; y2y0; z2z0Þdxdydz

5∭ ðJL$JIÞr0dxdydz1∭ ðJL$JIÞ
3ð2KIr0pÞdxdydz

(1)

Here JL(x, y, z) is the electric lead field due to the
unit reciprocal current along the tissue slab between
two detecting electrodes, and the injected current den-
sity is JI 5 IJL(x, y, z), with I denoting the injected cur-
rent. Dr/r0 5 2KIDP, where Dr is the resistivity
change, r0 is the direct current resistivity, DP is the
acoustic pressure and KI is the interaction constant on
the order of 1029 Pa21 in saline. r 5 r(x, y, z,
t) 5 r0(12KIp) is the resistivity whose distribution is
under the modulation of scalar ultrasound pressure
p 5 DP. Tensor JL$JI is the inner product between JL

and JI. In (1), V has a low-frequency component (first
term) and a high-frequency component (second term),
which is the useful AE signal VAE (Olafsson et al.
2007).

For both simulated data and measured data, the AE
signal VAE is filtered by a bandpass filter around the center
frequency of the transducer to achieve a higher SNR.
Pressure p(x, y, z, t) can be expanded into its subcompo-
nents such that



Fig. 2. Simulation configuration and results: The size of the tissue slab is analyzed by varying the thickness from l/25 to l
and the width from l/25 to 11l. (a) Schematic of the acoustoelectric effect on the tissue slab. The transducer center is T(0,
0, 0, and C(x0, y0, z0) is at the center of the electric coordinate system or lead field. Any point P in the ultrasound pressure
field (x, y, z) can be described in the electric field as (x2x0, y2y0, z2z0), or CP
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. (b) Plot of sensitivity

(normalized) approaching a saturation value that is related to the wavelength. The sensitivity reaches the half-
maximum value at a thickness of 0.2l and a width of 1.7 l. The inset with a logarithmic scale of thickness better illustrates
the thickness curve. The horizontal axis is the size of the width/thickness that is defined as the number of wavelengths. (c,
d) Analyses of the center frequency and full width at half-maximum over the spectrum of the simulated acoustoelectric A-

lines. The center frequency of the transducer is 2.25 MHz (wavelength l 5 658 mm in water).
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pðx; y; z; tÞ5P0bðx; y; zÞa
�
t2

z

c

�
(2)

with the ultrasound beam pattern b(x, y, z) defined
with respect to the transducer at the origin, pressure
pulse amplitude P0, pulse waveform a(t) and speed of
sound c.

For AE effect simulation, it is assumed that the
single-element 2.25-MHz concave transducer is excited
by a pulse obtained from the signal generator, and then,
the ultrasound pressure field p(x, y, z, t) can be created
by Field II simulation software (Jensen 1997; Jensen
and Svendsen 1992). The impulse response to the
transducer was obtained from the AE signal of a
commercial Onda hydrophone (HGL-0200, Onda,
Sunnyvale, CA, USA). The AE voltage VAE measured
by a tissue slab under the modulation of a transducer at
coordinate (x0, y0, z0) in the electric field can be
expressed in three dimensions:

VAEðx0; y0; tÞ52P0∭KIr0ðJL$JIÞðx2x0; y2y0; z2z0Þ
3
h
bðx; y; zÞa

�
t2

z

c

�i
dxdydz

(3)



US current source density imaging d Z. WANG et al. 5
As KI 5 KI(x, y, z) and r0 5 r0(x, y, z) both depend
on the material properties, they can be combined together
with JI(x, y, z) and JL(x, y, z) so that

wðx; y; zÞ5KIðx; y; zÞr0ðx; y; zÞI
��JLðx; y; zÞ��2 (4)

According to eqn (3), VAE (x0, y0, t) involves three
convolutions of w(x, y, z) and p(x, y, z, t), so the calcula-
tion of VAE can be greatly sped up by applying an inverse
3-D Fourier transform of the product between the current
density distribution and ultrasound field in the frequency
domain.

VAEðx0; y0; tÞ52∭wðx2x0; y2y0; z2z0Þpðx; y; z; tÞdxdydz
52F21

x0;y0;z0

�
W
�
kx; ky; kz

�
Fkx;ky;kz ½pðx; y; z; tÞ�

	
(5)

where z0 5 zf, F
--1
kxkykz

is the 3-D Fourier transform over (x,
y, z), F--1x0y0z0

is the 3-D inverse Fourier transform over (kx,
ky, kz) andW is the 3-D Fourier transform of w(x, y, z). kx,
ky and kz are projections of the wavenumber k along the x,
y and z axes, respectively. If the coordinate origin is
changed from T to C, the convolutions become correla-
tions, whose computation can be accelerated by an in-
verse 3-D Fourier transform of the product between W
and the conjugate of Fkxkykz .

As the long tissue slab is uniform along the longitu-
dinal direction (y), the simulated A-line VAE can be ob-
tained by applying the convolution of the ultrasound
field over the current distribution in tissue along the x–z
cross section.
Two complementary bridge circuits
The two complementary bridge circuits (Fig. 1c, d)

are similar to the Wheatstone bridge, where the best de-
tecting position of each branch is on the midpoint. If
the axial distance between two tissue slabs in an ultra-
sound field is larger than one acoustic pulse length, the
AE signals in each tissue slab can be detected and isolated
when an ultrasound pulse passes through at different
times using only the first bridge circuit. If the axial dis-
tance is smaller than one pulse length, the detected AE
signals in two tissue slabs partially overlap, and it is
impossible to separate them using one bridge circuit.
Two complementary bridge circuits, however, can effec-
tively isolate the AE signal of each source from the
mixture.

In Figure 1c, aR1 and bR2 refer to the segments of
tissue slabs 1 and 2 whose resistances are modulated
with the ultrasound pressure; R1 and R2 are the constant
resistances of the two tissue slabs. Addition and subtrac-
tion of the signals detected by two circuits can rebuild the
AE signals in tissue slabs 1 and 2 individually. From the
Appendix, when the ultrasound beam is located on the
left two electrodes, the A-line is filtered by a bandpass fil-
ter with the same center frequency of the ultrasound;
then,

u11u2
2

5 va;
u12u2

2
52vb; (6)

where u1, u2, va and vb are the AC components of U1, U2,
Va and Vb, respectively. Va and Vb are the voltage drops
caused by the ultrasound modulation on segments aR1

and bR2, respectively.U1 andU2 are the signals measured
by the differential amplifier using the first and second cir-
cuits, respectively. va and vb are two independent compo-
nents because a and b are independent of each other.

When the ultrasound beam focuses on the right part
of the slabs (Fig. 1d),

u11u2
2

52v12a;
u12u2

2
5 v12b; (7)

where u1, u2, v12a and v12b are the AC components ofU1,
U2, V12a and V12b, respectively. V12a and V12b are the
voltage drops caused by the ultrasound modulation on
segments (12a)R1 and (12b)R2, respectively. v12a and
v12b are also two independent components.

From eqns (6) and (7), the AC component of the
voltage drop on each segment can be reconstructed
directly from the addition or subtraction of the filtered
signals measured by two complementary bridge
circuits. The reconstructed voltage drops on the two
tissue slabs in the ultrasound pressure field are two
independent components. Therefore, the two tissue
slabs can be separated by two complementary circuits,
even though they are at the same depth.
Experimental setup
Each plastic rack was modified by forming a rectan-

gular hole with a width of 15 mm and length of 80 mm so
that the ultrasound pulse could reach the nerve phantoms
unimpeded. Steel electrodes, with a length of 30 mm and
a radius of 0.5 mm, were arranged parallel to each other at
a 5-mm interval on the surface of the rack. On the bottom
of the mineral oil tank, one rectangular acoustic window
was opened and covered with Mylar film to isolate the
mineral oil from the de-ionized water (diH2O) and to
allow the transducer pulse to pass through to modulate
the current on the nerve phantoms (Fig. 3a). The trans-
ducer was placed in the water beneath the mineral oil
tank and moved along the x–y–z direction under the con-
trol of motors, providing the ultrasound pressure to the
two conducting phantoms.

Two phantoms (turkey tissue slabs) were washed
with 0.9% saline to remove bubbles from the surface
and were then soaked in 0.9% saline for 1 h to allow
the saline to enter. Direct current resistance of the tissue
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phantoms was in the range 1 to 10 kU range. Phantoms
were placed in contact with stainless steel electrodes in
the rack and were positioned at different distances from
the acoustic focus. The bottom tissue slab was fixed in-
side the oil tank, whereas the position of the top tissue
slab could be variably adjusted. The tissues were aligned
horizontally at the same or different depths and sub-
merged in mineral oil and separated from the ultrasound
transducer placed in diH2O by an acoustic window. A
plastic supporter was used to fix the tissue slab on the
electrodes for the case of two tissue slabs separated by
a distance larger than one pulse length; for a distance
less than one pulse length, one layer of Mylar film was
used to separate the two tissue slabs. Two turkey slices
(cut into long, thin rectangles) were injected with
different current levels determined by the resistance of
each slice using a common voltage source (Agilent
33220A, Agilent Technology, Palo Alto, CA, USA).

To detect the AE signal, two complementary bridge
circuits were used. The connections can be seen in
Figure 1a. Each tissue slab was connected to three elec-
trodes spaced 5 mm apart, with the center electrode on
each phantom connected to a differential amplifier (Lec-
roy 1855DA, Lecroy, Santa Clara, CA, USA). Excited by
a square-wave pulser/receiver (Olympus 5077PR,
Olympus NDT, Waltham, MA, USA), a single-element
focused transducer (2.25 MHz, f/1.8, focal length
70 mm) emitted one period short pulse and received the
Fig. 3. Simulation and experimental setups for ultrasound curr
than one pulse length. (a) Experimental setup of two tissue slab
obtained from experiment and simulation are measured at x 5

image providing structural information on the exper
echo signal. The pulse length was approximately
0.66 mm. The AE signal of the two phantoms was
measured by the differential amplifier, regardless of the
distance between the two phantoms, and was amplified,
high-pass filtered and captured by a 12-bit data acquisi-
tion board (PDA12A, Signatec, Newport Beach, CA,
USA). The maximum (90�) or minimum (270�) current
injection was synchronized with the data acquisition
board and the pulser/receiver. Common mode noise can
be reduced by subtracting two AE signals with opposite
phases. In post-processing, the detected A-line AE signal
was bandpass filtered with center frequency 2.25 MHz
and cutoff frequencies of 0.3 and 5 MHz to increase the
SNR.

SNR5 20 log10
S

N
(8)

where S is a peak–peak value of the signal, and N is the
peak–peak value of noise. The pressure on the focus of
the ultrasound field was measured with the Onda hydro-
phone at approximately 258 kPa.

To verify whether the complementary bridge circuits
can separate the AE signals on two tissue slabs at a dis-
tance less than one pulse length, Mylar plastic film was
used to approximate this distance. The two tissue slabs,
both 4 mm wide and 0.8 mm thick, were each stuck to
one side of the Mylar film, so that the slabs were sepa-
rated by 0.2 mm (the thickness of the Mylar film, shorter
ent density imaging of two tissue slabs at a distance less
s in the mineral oil tank. (b) The radiofrequency signals
0 mm and plotted in one axis. (c) Gray-scale pulse-echo
imental setup with a dynamic range of 35 dB.
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than the acoustic pulse length, approximately 0.66 mm),
and the currents through two tissues were set up accord-
ing to the chosen bridge circuit. The Mylar film together
with the tissue slabs was fixed between two racks
(Fig. 3c). The 2.25-MHz transducer was moved from
below along the x–y direction with 61 steps for 20 mm
in each dimension to form 3-D AE 1 PE images.
Simulation
Simulation software for the AE effect was developed

in MATLAB to complement the experimental model and
further characterize the relationship between the ultra-
sound beam and electrical properties of the tissue. The
simulation model had the same dimensions as the exper-
imental phantom. The AE images from both the experi-
ments and simulations depended on the magnitude and
direction of the current, as well as the geometry (shape
and thickness) and location of the current sources in the
ultrasound field.

The simulation is based on the assumption of a con-
stant current density and uniform distribution of the lead
field JL inside each tissue slab. The effect of width W of
the tissue slab on the sensitivity spectrum was determined
by changing W from 0.025 mm to 7.025 mm. The effect
of thickness H of the tissue slab on the sensitivity spec-
trum was determined by changing H from 0.04l to 0.5l
along the cross section with constant width. To compare
the sensitivity–width and sensitivity–thickness curves in
one plot, sensitivity was normalized against its maximum
value with ‘‘arbitrary units.’’
RESULTS AND DISCUSSION

The long and thin tissue slab had a regular shape,
with a uniform distribution of 0.9% saline made by
long-term soaking, so the current density in the tissue
slab can be considered to be uniformly distributed. A 3-
D simulation of the tissue slab was also made in Multi-
physics software (COMSOL, Palo Alto, CA, USA). For
the boundary conditions of the electric current (3-D)
module, different potentials were applied to the surfaces
of the two ends, whereas the other surfaces were defined
as ‘‘electric insulation.’’ The simulation indicated that the
current density distribution on the cross section was uni-
form. An ultrasound pulse was focused locally on the tis-
sue slab in a very small area, modulating the local current
density and enabling the AE signal to be detected. Scott
et al. (1991) used nuclear magnetic resonance imaging
to measure the electric current density in any substance
and found that the current density outside the ping-pong
sphere changed within small range.
Effect of size of the tissue slabs
Sensitivity depended on the amplitude of the bias

current, as well as the width and thickness of the tissue
slab. The simulations performed by Wang et al. (2010,
2013) illustrated that sensitivity was proportional to the
thickness (within a half-wavelength) and width (within
a beam diameter) of the tissue slab. When width W was
changed from 0.025 to 7.025 mm, the peak positions of
VAE were maintained and the sensitivity reached a
maximal value when the lateral width was larger than
the beam size (Fig. 2b). When thickness H was changed
from 0.04l to 0.5l, the VAE amplitude increased linearly,
whereas the thickness had an important effect on the
spectrum of the AE signal. When the thickness increased
from 0, the first harmonic magnitude decreased and
reached the lowest value at thickness 5 0.5l (Fig. 2b);
if the thickness was .0.5l, the first harmonic began
increasing and shifted to a lower frequency; if the thick-
ness was larger than l, the first harmonic component was
lost, making the center frequency of the main lobe
smaller (Wang et al. 2013).

According to Figure 2c, the center frequency of AE
signals decreased with the increase in thickness (29.08l/
MHz) faster than in width (21.04l/MHz). The ultra-
sound pulse transmitting through one medium convolved
with the electric field, and the longer the period of convo-
lution because of a larger thickness, the more the center
frequency was shifted.

The full width at half-maximum (FWHM) of the
bandwidth followed a different trend for slab width and
thickness. The FWHM decreased with an increase in
thickness. In Figure 2d, the FWHM was 2.05 MHz at l/
2 and 1.37 MHz at 1.03l. However, the FWHM of the
bandwidth did not change with width and was approxi-
mately 2.04 MHz at any width.

Two tissue slabs separated by more than one pulse
length

The two tissue slabs separated by a distance larger
than one pulse length (Fig. 1a) were easily differentiated
when only the first bridge circuit was applied, so it was
not necessary to use the second circuit. In Figure 1b,
the AE signal provided high-quality structural informa-
tion on the tissue, as the top and bottom surfaces of
each slab were easily recognized; the pulse-echo (PE)
signal did not reveal any information on the current. After
the detected signal was filtered by a bandpass filter with
the same center frequency as the ultrasound transducer,
the noise signal exhibited frequency components similar
to the AE signal.

Phantoms were simulated with properties similar
to the real tissues, and the shape and amplitude of the
simulated and measured AE signals were similar. In
Figure 1b, the simulated AE signal (A-line) was
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consistent with the AE signal obtained in the experi-
ment, showing the same wave shape and peak posi-
tion. The amplitude of the AE signals on the two
surfaces of one tissue slab were much stronger than
in the inner region. The two bottom peaks were
approximately at 56.7 mm, while the two top peaks
were located at 67.8 mm, consistent with the location
of the surfaces of the tissue slabs. For the slab at
56.7 mm, the SNR is 24 dB.
Two tissue slabs separated by less than one pulse length
Data from two groups of 2-D scans were sepa-

rately acquired by two complementary bridge circuits
and were further used to create two new groups of
data by addition and subtraction. In Figure 4, the hot
color of the AE signals indicating the detected currents
in the tissue slabs are superimposed on the gray PE ul-
trasound signals depicting structure. In Figure 4a, the
top and bottom tissues were so close that three peaks
were seen in the Y–Z image, whereas Figure 4b pro-
vides only residual or background signals. The two tis-
sues were clearly separated in the images. In the
reconstructed images, Figure 4c provides the sensing
Fig. 4. Y-Z display of 3-D data of two tissue slabs on racks sepa
dimensional acoustoelectric data obtained from bridge circuit
MHz transducer 61 3 61 steps in an area 20 3 20 mm from t
for the top tissue slab using addition. (d) Reconstructed 3-D i
acoustoelectric signal is displayed using a hot color map with
overlaid using a gray color map with a dynamic range of 35 d
position of the tissue racks and slabs. The hot color of the a

registered and superimposed with the PE signa
area of the top tissue; Figure 4d illustrates the two
boundaries and the sensing areas of the bottom tissue,
except that its relative position is slightly shifted up-
ward. Therefore, 3-D UCSD images of current flow
can be co-registered with anatomical (pulse-echo)
ultrasound.

Acquired by the first circuit in the experiment and
simulation (Fig. 5a, b), the AE signals on the bottom sur-
face of the top slab and top surface of the bottom slab
were mixed together, and the phase information on the
middle two surfaces deviated strongly, while the comple-
mentary second bridge circuit provided additional phase
information. In Figure 3b, both the simulation and exper-
imental data indicate that the detected voltage was a
mixture of two AE signals that partially overlapped at
the interface between the two tissue slabs. In Figure 5c
and d, after the addition and subtraction, the recon-
structed AE signals reveal two distinct tissue slabs. For
the measured data, the SNR of the AE signal for the first
circuit is 50 dB, and for the second circuit, 13.8 dB; after
computation, the SNR of the additional component is
40 dB, whereas for the subtracted component, it is
25.1 dB.
rated by a distance less than one pulse length. (a, b) Three-
1 and bridge circuit 2, respectively, by moving the 2.25-
he bottom of tissue slabs. (c) Reconstructed 3-D images
mages for the bottom tissue slab using subtraction. The
a dynamic range of 13 dB, and the pulse-echo signal is
B. The gray scale of the pulse-echo signal indicates the
coustoelectric signal is the detected current and is co-
l, which conveys structural information.



Fig. 5. Radiofrequency signals obtained from simulated and bench-top experiments using addition or subtraction for the
two tissue slabs separated by less than one pulse length. (a) The two curves are the simulated radiofrequency signals
through the lateral position at x5 0.5 mm for two complementary circuits. The inlet is the phantom for simulation, where
the two nerve phantoms are both 4 mm wide and 0.8 mm thick and separated by 0.2 mm. (b) The two curves are the re-
constructed radiofrequency signals from simulated data in (a) using addition or subtraction, respectively. (c) Radiofre-
quency signals measured by two complementary circuits at the point (x 5 0.5, y 5 23.92) mm in Figure 4. (d)

Radiofrequency signals reconstructed from measured data using addition and subtraction.

US current source density imaging d Z. WANG et al. 9
Limitations and challenges
In the in vitro experiment, the current injected into the

tissue was used to approximate the nerve signal (or action
potential) propagation along the nerve axon. The nerve
signal caused by the movement of sodium ‘‘ions’’ into
the nerve cell generates current in one region that excites
the neighboring region to generate an action potential.
All of the action potentials generated by a single nerve
cell are approximately the same shape and amplitude,
regardless of the strength, duration or location of the stim-
ulus that elicits them. The myelin sheath wrapping around
the nerve axon is an electrical insulator, allowing faster and
more energetically efficient conduction of impulses, mak-
ing it possible to separate two nerve fibers using UCSDI.
However, the ion flow in the current injected into tissue
initially moves close to the speed of light, but deteriorates
quickly over long distances.

The interaction constants of a saline-soaked turkey
tissue and a nerve fiber are on the same order of
1029 Pa21 in saline. Li et al. (2012) reported that the KI

values in 0.9% saline and cardiac tissue are similar
because physiologic saline contains 0.9% NaCl, which
is approximately the salt concentration in extracellular
fluid and blood. The AE effect was also found to be
almost independent of concentration because the disasso-
ciation of the monovalent salt NaCl is essentially inde-
pendent of concentration.

Temperature is not a major factor in ultrasound cur-
rent source density imaging. The values of KI at room
temperature and physiologic temperature were similar
(Li et al. 2012). The effect of temperature on KI was
examined from 2�C to 21�C in seawater, and no predict-
able trend was observed (Fox et al. 1946).

There are a few potential problems when applying
this technology to clinical applications in nerve imaging,
such as the signal strength, switched current and electrode
contact on the nerve fibers. To differentiate two nerves at a
distance less than one acoustic pulse length using the



10 Ultrasound in Medicine and Biology Volume -, Number -, 2016
complementary detection technique, one would need to
wait until the current in one nerve fiber proceeds in one di-
rection, then in an opposite direction. This switched cur-
rent introduces two complementary signals that lead to a
reconstruction of the AE signal in an individual nerve.

This technique requires three points on each fiber to
map the whole nerve signal conduction path. However,
for the case of unknown source locations, it is difficult
to locate all three points on one fiber. Co-registered
anatomical (pulse echo) ultrasound can help determine
the positions of the recording electrodes by tracing
from one end to the other two points on each branch.
For the case of many intertwined nerve fibers, more deli-
cate connections are required by separating fibers into
multiple two-fiber groups, and each group outputs one
differential AE signal. Co-registration of real-time 3-D
UCSD images of multiple current flows with anatomical
ultrasound potentially facilitates monitoring of neural
abnormalities.

CONCLUSIONS

Three-dimensional mapping of bioelectric sources
in the body using UCSDI can achieve higher spatial res-
olution than conventional electrical mapping without ul-
trasound. In this study, two complementary bridge
circuits reduced common-mode noise and enabled AE
signal detection with only two pairs of stainless steel
recording electrodes and one pair of stimulating wires.
This novel design can effectively distinguish two sources
of currents in tissue no matter their proximity. By use of
two complementary bridge tissue circuits to detect the ul-
trasound pressure, the branches of current flow in nerve
phantoms can be simultaneously separated by applying
simple addition and subtraction to UCSDI. These results
are consistent with simulations consisting of multiple
current sources. MATLAB simulations of tissue slabs
provided accurate numerical solutions relating the
measured voltage to the field current density and the
displacement velocity induced by ultrasound. Both exper-
imental and simulated UCSD images depended on the
magnitude and direction of the current, as well as the ge-
ometry (shape and thickness) and location of the current
sources in the ultrasound field. The experimental and
analytical model described in this study provides a plat-
form for developing multidimensional imaging of current
flow based on UCSDI.
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APPENDIX

From the basic principles of the AE effect, the resistance R of a

tissue slab under the modulation of ultrasound is related to the ultra-

sound pressure as in the equation

R5 r0ð12KIDPÞ l
A
5 ð12KIDPÞR0 5 ð11xÞR0 (A1)

where l and A are the length and cross-sectional area of a slab
x52KIDP, respectively, and R0 is the static resistance without pressure
applied.

In Figure 1c and d, the voltage source applied on the two ends of
the tissue slabs is V, so the static currents in two tissue slabs with resis-
tances R1 and R2 are I1 5 V/R1 and I2 5 V/R2, respectively. The voltage
drops, Va, V12a, Vb and V12a, caused by the ultrasound modulation on
segments aR1, (12a)R1, bR2 and (12b)R2 can be expressed as

Va 5
ð11xÞaR1

ð11xÞaR11ð12aÞR1

V5
ð11xÞa
xa11

V (A2)

V12a 5
ð11xÞð12aÞR1

ð11xÞð12aÞR11aR1

V5
ð11xÞð12aÞ
11xð12aÞ V (A3)

Vb 5
ð11xÞbR2

ð11xÞbR21ð12bÞR2

V5
ð11xÞb
xb11

V (A4)

V12b 5
ð11xÞð12bÞR1

ð11xÞð12bÞR11bR1

V5
ð11xÞð12bÞ
11xð12bÞ V (A5)

From (A2)–(A5), when a5 b5 0.5, the four voltage drops have
the same value; therefore, the optimal position of the detecting electrode
on each branch is at the midpoint.

When the ultrasound beam focuses on the left part of the slabs
(Fig. 1a), aR1 and bR2 are modulated by pressure when at the arrival
time of the pulse. The signals detected by the differential amplifiers us-
ing the first circuit (Fig. 1c) and second circuit (Fig. 1d) are U1 and U2:

U1 5Va2Vb (A6)
U2 5Va2ðV2VbÞ (A7)

To reconstruct voltage drops on the segments aR1 and bR2, the

two signals U1 and U2 detected by the two circuits are added and sub-

tracted as in

U11U2

2
5Va2

V

2
;
U12U2

2
52Vb1

V

2
(A8)

If the A-line is filtered by a bandpass filter with the same center

frequency of the ultrasound, then

u11u2
2

5 va;
u12u2

2
52vb (A9)

where u1, u2, va and vb are the AC components of U1, U2, Va and Vb,
respectively. As a and b are independent to each other, va and vb are
two independent components.

When ultrasound is positioned on the right (Fig. 1a), then (12a)

R1 and (12b)R2 will be modulated by pressure when the pulse propa-

gates to reach them. The signals detected by the differential amplifiers

using the first circuit (Fig. 1c) and second circuit (Fig. 1d) areU1 andU2:

U1 5 ðV2V12aÞ2ðV2V12bÞ52V12a1V12b (A10)

U2 5 ðV2V12aÞ2V12b 5V2V12a2V12b (A11)

To reconstruct the voltage drops on the segments (12a)R1 and

(12b)R2, the two signals U1 and U2 detected by two circuits are added

and subtracted as in

U11U2

2
52V12a1

V

2
;
U12U2

2
5V12b2

V

2
(A12)

If each A-line is filtered by the bandpass filter, then

u11u2
2

52v12a;
u12u2

2
5 v12b (A13)

where u1, u2, v12a and v12b are the AC components ofU1,U2, V12a and
V12b, respectively. v12a and v12b are also two independent components.
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