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ABSTRACT 

     Accurate three dimensional (3D) mapping of bioelectric sources in the body with high spatial resolution is important 
for the diagnosis and treatment of a variety of cardiac and neurological disorders. Ultrasound current source density 
imaging (UCSDI) is a new technique that maps electrical current flow in tissue. UCSDI is based on the acousto-electric 
(AE) effect, an interaction between electrical current and acoustic pressure waves propagating through a conducting 
material and has distinct advantages over conventional electrophysiology (i.e., without ultrasound). In this study, UCSDI 
was used to simultaneously image current flow induced in two tissue phantoms positioned at different depths. Software 
to simulate AE signal was developed in Matlab™ to complement the experimental model and further characterize the 
relationship between the ultrasound beam and electrical properties of the tissue. Both experimental and simulated images 
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 (2.25MHz transducer). The AE signal was proportional to pressure and current 
with detection levels on the order of 1 mA/cm2 at 258kPa. We have imaged simultaneously two separate current sources 
in tissue slabs using UCSDI and two bridge circuits to accurately monitor current flow through each source. These 
results are consistent with UCSDI simulations of multiple current sources. Real-time 3-D UCSD images of current flow 
automatically co-registered with pulse echo ultrasound potentially facilitates corrective procedures for cardiac and neural 
abnormalities.  
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1. INTRODUCTION 
Mapping of electrical sources has many applications in biomedical research. Three dimensional mapping of 

bioelectric sources in the body with high spatial resolution is important for diagnosis and treatment of a variety of 
cardiac and neurological disorders. Impedance imaging, for example, uses lead field theory to derive the relationship 
between the injected current and detected voltage in field [1]. Magnetic fields can be introduced to realize magneto-
acousto-electrical tomography ([2], [3]). The acousto-electric (AE) signal in Ultrasound Current Source Density Imaging 
(UCSDI) comes from the interaction between electrical current and pressure as acoustic waves propagate through a 
conducting material. In [4] and [5], the ultrasound beam pattern and pulse waveform were introduced to describe AE 
signal that is linearly related to the pressure. The experiment of AE hydrophone [6] also showed that the sensitivity is 
proportional to the injected current and transducer pressure.  

Neural disorders, such as epilepsy, would greatly benefit from new diagnostic tools that noninvasively map 
conduction in abnormal tissue. Acousto-electric tomography [7] can image the electric impedance properties of 
biological tissue with high spatial resolution, with the contrast determined by the electrical impedance, media dependent 
modulation coefficient, and acoustic properties. On the other hand, UCSDI had been used to quickly map cardiac 
activation waves in the live rabbit heart, and the conduction velocity of the heart was estimated from the space-
dependent time shifts of the arriving depolarization wave as being 0.12mm/ms [8]. UCSDI was also used to map current 
in an excised rabbit heart [9] and abdominal segment of the lobster nerve cord [10]. The acousto-electric signal was 
proportional to the applied pressure and current density and sensitive to the direction of current flow. Three dimensional 
UCSDI potentially overcomes limitations with conventional electrophysiology (i.e., no ultrasound) by providing 
enhanced spatial resolution determined by the ultrasound focus combined with less invasive detection schemes. 
                                                           
* zwang@email.arizona.edu; phone 1 520 626 1936; www.u.arizona.edu/~rwitte/ 

Medical Imaging 2010: Ultrasonic Imaging, Tomography, and Therapy, edited by Jan D'hooge, Stephen A. McAleavey,
Proc. of SPIE Vol. 7629, 76290H · © 2010 SPIE · CCC code: 1605-7422/10/$18 · doi: 10.1117/12.844657

Proc. of SPIE Vol. 7629  76290H-1

Downloaded from SPIE Digital Library on 11 Jun 2010 to 128.196.71.153. Terms of Use:  http://spiedl.org/terms



 

 

In this study, UCSDI was first used to simultaneously map multiple current flows induced in two conducting tissue 
phantoms positioned at different depths, and to detect the relative position of the two tissue phantoms transmitting 
current in opposite direction. Two complementary bridge circuits were designed to distinguish the two conducting tissue 
sources by addition and subtraction compared to the original AE signal. The AE signal was simulated based on the lead 
theory, and used to analyze the dimensional effects on sensitivity and the frequency spectrum of the detected signal. 

2. METHOD 
2.1. Experimental setup for tissue phantoms 

Two racks were fabricated to carry out the experiment. A hollow plastic rack (10mm wide and 60mm long in the 
middle) and stainless steel electrodes were arranged in parallel with 5mm spacing on the surface of the rack. The two 
turkey slabs approximately 1mm×4mm (thickness×width) were soaked in 1% saline for one hour, and the DC (direct 
current) resistance of the tissue phantoms was in the 1 to 10 kOhm range. An acoustic window was placed on the bottom 
of the chamber which was typically filled with mineral oil to electrically isolate the tissue and keep it from drying out. 
The transducer was put in the water and beneath the mineral oil tank, such that it could scan in the x-y-z direction using 
Velmex motors controlled by custom software. 

Figure 1(a) and (b) describes the experimental setup. 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). 
The phantoms were placed in contact with stainless steel electrodes in racks, and positioned at different distances from 
the acoustic focus. The tissues were aligned horizontally at different depths and submerged in mineral oil and separated 
from the ultrasound transducer placed in diH2O by an acoustic window. To detect the AE signal, two complementary 
bridge circuits were used. The connections can be seen in figure 1(c), (d) and (e). Each tissue slab was connected to three 
electrodes spaced 5mm apart, with the center electrode on each phantom connected to a differential amplifier (Lecroy 
1855DA). The AE signal of the two phantoms was measured by the differential amplifier, regardless of the distance 
between the two phantoms. The maximum (90 degree) or minimum (270 degree) current injection was synchronized 
with a square-wave pulser/receiver (Olympus NDT, Model 5077PR), which excited a single-element focused transducer 
(2.25MHz, f/1.8, focal length 70 mm). Common mode noise can be reduced by subtracting two AE signals with opposite 
phases. The AE signal was amplified, band-pass filtered and captured by a 12bit acquisition board (Signatec, Inc.), and 
pulse echo (PE) signal is the radio frequency (RF) signal received by transducer. 

2.2. Two complementary bridge circuits 

In figure 1(d) and (e), the sensed voltage in tissue 1 is , the sensed voltage in tissue 2 is . In circuit d), the 
detected AE signal by the differential amplifier is  . In circuit e), the detected AE signal by the 
differential amplifier is  . Then, the AE signal in tissue 1 is  /2, and the AE signal in 
tissue 2 is  /2. If the vertical distance of the two tissue slabs is larger than half acoustic pulse length, the 
AE signals in each tissue slab can be detected at different times and distinguished using only the 1st bridge circuit. If the 
vertical distance is smaller than half pulse length, the two AE signals in  and  overlap, and it is not possible to 
separate them from one bridge circuit; two complementary bridge circuits, however, effectively separate AE signals from 
each source. 

2.3. Experimental setup for two close tissue slabs 

To verify the feasibility of the above method, MylarTM film was placed very close between the two samples and 
electrically isolated the two samples from each other. In figure 3(a), the two tissue slabs are both 4mm wide and 0.8mm 
thick, and each positioned against one side of the film, so that the slabs were separated by 0.2mm (the thickness of the 
MylarTM film, shorter than the acoustic pulse length). Injected current through each tissue was in opposite directions. The 
2.25MHz transducer scanned along the x-y plane with 61 steps (for 20mm) in each dimension. 

2.4. Simulation for AE signal 

The custom simulation program developed in Matlab™ is based on ultrasound and lead field theory using known 
properties of the ultrasound transducer and dielectric properties of the test phantoms.  The impulse response to the 
transducer was obtained from the AE signal of commercial Onda hydrophone (HGL-0200). In order to compare 
simulation with measured data, the AE signal  was filtered by the same band-pass filter used for the experimental 
data [4].   
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Figure 1. (a) and (b) are the experimental setup for ultrasound current density imaging of two tissue slabs aligned horizontally 
at different depth in the mineral oil tank whose bottom was open and covered with plastic film to isolate mineral oil from the 
diH2O. The bottom tissue slab was fixed inside the oil tank, whereas the position of the top tissue slab could be variably 
adjusted. The focused transducer was immersed in water, providing the ultrasound pressure to the two conducting phantoms. 
(d) 1st case, when switches in (c) are set to 1 position, and (e) 2nd case, when switches are set to 2 positions. R0’ and R1’ is the 
segments of tissue slabs 1 and 2, whose resistances modulate with the ultrasound pressure, while R0 and R1 will not change. 
The AE signals in tissue slabs 1 and 2 can be rebuilt separately from (d) and (e).  

 
, , ,  · , , , ,  

(1) 

where  is the amplitude of the pressure pulse, , ,  is the interaction constant whose value is of the order of 10 Pa-1,   , ,  is the resistivity, , , is current distribution of hydrophone, , ,  is the ultrasound 
beam pattern,  is the pulse waveform,  is the band-pass filter with the same center frequency of transducer. 
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Based on equation (1), the calculation of can be speeded up greatly by applying inverse Fourier transform of the 
product between current density distribution and ultrasound field in frequency domain.  

As the long tissue slab is uniform along the longitudinal direction (y), simulated A-line  can be obtained by 
applying convolution of ultrasound field over the current distribution in tissue along the x-z cross-section. As the 
connection between the electrode and slab is usually the small area around the center of the cross-section, the detected 

can be the average value over the area around the center. For convenience, the connection can be assumed to be a 
point on the center, so the detected  is the value at the center. Simulation software based on the AE effect was 
developed in Matlab™ to complement the experimental model and further characterize the relationship between the 
ultrasound beam and electrical properties of the tissue. 

3. RESULTS AND DISCUSSION 
Both experimental and simulated images 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.  

3.2. Simulation of AE signal 

If the phantoms for simulation are configured as the same size of the real tissues, the simulated AE images and 
measured AE images appear similar. For two far tissues, in figure 2, the simulated AE and the measured AE signal have 
the same wave shape and peak position. The two bottom peaks at 56.7mm and two upward peaks at 67.8mm demonstrate 
the position of two surfaces on the tissue, and the opposite sign is caused by their connection to the positive and negative 
input of differential amplifier. For the two close tissues, in figure 3(d) and (e), the simulated result is also very close to 
measured experimental data.  

 
Figure 2. The simulated AE signal (A-line) is consistent with the AE signal obtained in the experiment (figure 4). (a) The 
measured AE signal obtained in the experiment using the 2.25MHz single-element annular concave transducer. (b) The 
simulated AE signal based on the same setup. When the thickness of the tissue is larger than half the acoustic pulse length, 
each current source can be distinguished, further illustrating the fact that the spatial resolution of UCSDI is based on the 
dimensions of the ultrasound focal spot.  
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Figure 3. The simulation and experiment setup for the separation of two nerves with small distance. (a) is the  phantom for 
simulation, where two nerve phantoms are both 4mm wide and 0.8mm thick, and separated by 0.2mm, the currents through 
two nerves are opposite. (b) is the simulated AE B-mode images, (c) is the two turkey slices on the two faces of MylarTM, (d) is 
the A-mode signal obtained from experiment, (e) is the simulated A-mode signal. 

 
Figure 4. (a-d) are the experimental and simulated results of the 1st case in figure 1 for ultrasound current source density 
imaging of two nerve phantoms injected with different currents. (a) shows the configuration of two tissue phantoms used for 
simulation that uses the value of size and current measured in experiment. The bottom phantom (1mm thick, 4mm wide, 
3kOhms DC resistance), was 56mm away from the transducer, while the top one (0.8mm thick, 4mm wide, 10kOhms DC 
resistance) was 68mm from the transducer. The current in the bottom nerve was 2.2mA, the top was 0.67mA. (b) is the 
simulated UCSD image. (c) and (d) are respectively the acousto-electric (AE) and pulse echo (PE) images obtained in the 
experiment.  
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3.3. Two tissue slabs separated by a large distance 

Figure 4(a) shows the case of two tissue slabs separated by a distance larger than one pulse length. The two far slabs 
could be separated easily if only the 1st bridge circuit applied. Figure 4(c) and (d) are the B-mode images constructed 
from the measured PE and AE signals, and supported by the simulated AE data (figure 4(b)). The AE image indicate that 
current is flowing throughout the tissue slab and the top and  bottom surfaces of each slab can be clearly seen. The A-line 
information in figure 2(a) also contains useful phase information. The phases on the surfaces of two slabs are opposite, 
because the two middle electrodes of the 1st bridge are connected to the positive and negative inputs of differential 
amplifier (see figure 1(c)). 

3.4. Separation of two close tissue slabs 

Figure 3 shows the case of two slabs with distance shorter than one pulse length. The PE signal is displayed using a 
gray colormap, and overlaid by AE signal using a hot colormap. The measured A-line (figure 3(d)) was obtained using 
the 1st bridge. The two surfaces between two slabs are mixed together, and the phase information of the middle two 
surfaces is lost (figure 3(d) and figure 5(a)). The 2nd bridge circuit complements the measurements by providing 
additional phase information for each tissue (figure 5(b)).  

 
Figure 5. Two tissue phantoms were separated by a small distance.  3D AE data were obtained from bridge circuit 1 (a) and 
bridge circuit 2 (b) by moving 2.25MHz transducer 61×61steps in area 20mm×20mm from the bottom of tissue slabs. The AE 
signal is displayed using hot colormap with range [-15,0]dB, and PE signal is overlaid using a gray colormap with range [-
20,0]dB. The gray color of the PE signal shows the position of tissue racks and slabs. The hot color of AE signal is the detected 
current, and is displayed on the top of the PE signal to co-register with the spatial information of pulse-echo ultrasound. The 
spatial position of the cursor that marks crossing lines on the AE-PE images is provide on the right-bottom area, where the dB 
values of AE and PE signal at that position are available. 

Data from two groups of 2D scans were separately acquired by two bridges (figure 1(d) and figure 1(e)), and further 
used to create two new groups of data by addition (figure 6(a)) and subtraction (figure 6(b)).  The hot color of the AE 
signal is the detected current in tissue slabs, and is displayed on the top of the PE signal to co-register with the structural 
information of the pulse-echo signals. In figure 5(a), the top and bottom tissues are so close that three peaks are seen in 
the X-Z and Y-Z images, and figure 5(b) only provides residual information. The two tissues can be separated clearly in 
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the computed images. In the reconstructed images figure 6(a), X-Z provides the boundary around the top tissue, and Y-Z 
provides the sensing area of the top tissue. In reconstructed figure 6(b), X-Z shows the two boundaries of the bottom 
tissue, except that its relative position is shift up, and Y-Z shows the sensing areas of the bottom tissue. Therefore, 3-D 
UCSD images of current flow can be co-registered with anatomical (pulse echo) ultrasound.  

 
Figure 6. Two tissue phantoms separated by a small distance were distinguished by addition and subtraction over the 3D AE 
data obtained from bridge circuit 1 and bridge circuit 2 (figure 5(a) and (b)). (a) is the reconstructed 3D images for the top 
tissue slab, and (b) is for the bottom tissue slab. The AE signal is displayed using hot colormap with range [-15,0]dB, and PE 
signal is overlaid using a gray colormap with range [-20,0]dB. The hot color of calculated AE signal is the detected current in 
tissue slabs, and is displayed on the top of PE signal to co-register with the spatial information of pulse-echo ultrasound. the z 
coordinate of (a) points to the top tissue slab, while the z coordinate of (b) is shifted to the position of the bottom tissue slab. 

3.5. Dimensional analysis over lateral width and thickness of tissue slab  

The dimensions along cross-section are important to the detected AE signal. Dimensional analysis over lateral width 
and thickness of tissue slab can be done by simulation. When the lateral width of cross-section changes from 0.025mm to 
7.025mm (figure 7(a)), the peak positions of  is held constant (the phase does not change, figure 7(b)), and the 
sensitivity reaches maximal value when the width is bigger than the beam size (figure 7(c)). The linear range of 
sensitivity for a width between 0 and 3mm can be defined by the beam diameter of the transducer. The frequency 
spectrum of the signal is very stable (figure 7(d)), based on the position of the 1st harmonic, which does not change; its 
magnitude decreases and converges to steady curve.  

According to [11] figure 7, the sensitivity increases linearly with thickness until more than half wavelength of the 
transducer. The peak positions of the top and bottom surfaces begin to separate when the thickness is bigger than half 
wavelength, but the maximal value does not change. The thickness has an important effect on the spectrum of the AE 
signal. When thickness increases from 0 to half wavelength, the 1st harmonic decreases to reach a minimum at thickness 

. If thickness , the 1st harmonic begins increasing. If thickness continues increasing and larger than one 
wavelength, the 1st harmonic component starts to shift leftward, and push the center frequency lower.  
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Therefore the spectrum distortion is mostly caused by the thickness. The sensitivity is mostly determined by the 
cross-sectional area, and proportional to the width within the beam diameter (~4mm), and thickness within half 
wavelength. 

 
Figure 7. Simulation results: lateral width analysis for the tissue slab is made by changing the width from 0.025mm to 
7.025mm (a). (b) Simulated AE A-lines, (c) Sensitivity, (d) Spectrum of the AE A-lines. The center frequency of the transducer 
is 2.25MHz, corresponding to a wavelength in water of 660μm. 

4. SUMMARY 
Ultrasound Current Source Density Imaging enables three dimensional mapping of bioelectric sources in tissue 

potentially at higher spatial resolution than conventional electrophysiology without ultrasound. We have detected 
simultaneously separate current sources in two tissue slabs using UCSDI. These results are consistent with simulations 
consisting of multiple current sources. These simulations provided accurate numerical solutions relating the measured 
voltage to the field current density and displacement velocity caused by ultrasound. Both experimental and simulated 
UCSD images 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 AE signal was proportional to pressure and current with 
detection levels on the order of 1 mA/cm2 at 258kPa. The 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 groups of currents in tissue no matter how close they 
are. Real-time 3-D UCSD images of current flow co-registered with anatomical (pulse echo) ultrasound potentially 
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facilitates corrective procedures for cardiac and neural abnormalities. The experimental and analytical model described 
in this study provides a platform for developing multi-dimensional imaging of current flow based on UCSDI. 

5. ACKNOWLEDGMENTS 
This study was supported by grants NIH (R01EB009353), Technology and Research Initiative Fund (TRIF) and 

Advanced Research Institute for Biomedical Imaging (ARIBI). 

6. REFERENCES 
[1] Malmivuo, J., Plonsey, R., [Bioelectromagnetism], Oxford University Press Inc., New York, chapters 6 & 11 (1995) 

[2] Haider, S., Hrbek, A., and Xu, Y., "Magneto-acousto-electrical tomography: a potential method for imaging current 
density and electrical impedance," Physiological Measurement, 29, S41–S50 (2008)  

[3] Liu, Y., Zhu S., He B., "Induced current magnetic resonance electrical impedance tomography of brain tissues based 
on the J-substitution algorithm: a simulation study," Physics In Medicine and Biology,54, 4561–4573 (2009) 

[4] Olafsson, R., Witte, R.S., Huang, S.W., and O’Donnell, M., “Ultrasound Current Source Density Imaging”, IEEE 
Transactions On Biomedical Engineering 50(7), 1840-1848 (2007) 

[5] Olafsson, R., Witte, R.S., Huang, S.W., and O’Donnell, M., “Measurement of a 2D Electric Dipole Field using the 
Acouto-Electric Effect”, Proc. of SPIE 6513, 65130S (2007) 

[6] Witte, R.S., Hall, T., Olafsson, R., Huang, S.W., and O’Donnell, M., “Inexpensive acoustoelectric hydrophone for 
mapping high intensity ultrasounic fields”, Journal of Applied Physics 104, 054701 (2008) 

[7] Zhang, H., Wang, L.V., "Acousto-electric tomography," Proceedings of SPIE 5320, 145-149 (2004) 

[8] Olafsson, R., Witte, R.S., and O’Donnell, M., “Detection of Electrical Current in a Live Rabbit Heart using 
Ultrasound”, 2007 IEEE Ultrasonics Symposium, 989-992 (2007) 

[9] Olafsson, R., Witte, R.S., Kim, K., Ashkenazi, S. and O’Donnell, M., “Electric Current Mapping using the Acousto-
Electric Effect”, Proceedings of SPIE 6147, 61470O (2006) 

[10] Witte, R.S., Olafsson, R., Huang, S.W., and O’Donnell, M., “Imaging current flow in lobster nerve cord using the 
acoustoelectric effect”, Applied Physics Letters 90, 163902 (2007) 

[11] Wang, Z., Ingram, P., Olafsson, R., Greenlee, C., Norwood, R., and Witte, R.S., "Simulation-Based Optimization of 
the Acoustoelectric Hydrophone for Mapping an Ultrasound Beam," Proceedings of SPIE 7629, 762925 in press 
(2010) 

 

 

Proc. of SPIE Vol. 7629  76290H-9

Downloaded from SPIE Digital Library on 11 Jun 2010 to 128.196.71.153. Terms of Use:  http://spiedl.org/terms


