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Electroacoustic tomography for real-time
visualization of electrical field dynamics in deep
tissue during electroporation

Yifei Xu® !, Leshan Sun', Siqi Wang1, Yuchen Yan'!, Prabodh Pandeyz, Vitalij Novickij 348 g

Liangzhong Xiang® 2>

Despite the widespread applications of electroporation in biotechnology and medicine,
monitoring the distribution of deep tissue electrical fields in real-time during treatment
continues to pose a challenge. Current medical imaging modalities are unable to monitor
electroporation during pulse delivery. Here we propose a method to use electroacoustic
tomography (EAT) to prompt the emission of broadband ultrasound waves via electrical
energy deposition. EAT boasts submillimeter resolution at depths reaching 7.5 centimeters
and can deliver imaging speeds up to 100 frames per second when paired with an ultrasound
array system. We've successfully detected EAT signals at electric field strengths ranging
from 60 volts per centimeter to several tens of kilovolts per centimeter. This establishes EAT
as a potential label-free, high-resolution approach for real-time evaluation of deep tissue

electroporation during therapeutic procedures.
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back to the 18th century when electric fields were first

observed to cause tissue damage!=>. In the decades that
followed, researchers investigated the effects of electric fields on
biological systems, leading to the discovery of electroporation
in 1982 by Neumann et al.l. This technique involves the appli-
cation of pulsed electric fields that increase the permeability of
the cell membrane, allowing for the uptake of foreign molecules
such as drugs or DNA. Since its discovery, electroporation
has been extensively used in various applications, including
DNA transfection®’, electrochemotherapy®?, tissue ablation1%11,
compound extraction!?, microbial inactivation!®> and more.
Electroporation-based therapies offer new ways of delivering
therapeutic agents into cells, with the efficacy of these treatments
depending on the parameters of the electrical pulses (including
amplitude, pulse duration, the number and the repetition rate of
pulses)!4. Currently, the field is dominated by microsecond range
protocols, however, a tendency towards the development of
shorter pulse (i.e. nanosecond pulses) protocols is observed.
The advent of a high-intensity, nanosecond pulsed electric
field (nsPEF) enabled a range of intracellular studies and
applications!®. nsPEF has been demonstrated to be effective in
several applications, including sterilization, wound healing, acti-
vation of neurons and myocytes, cell proliferation, modulation of
gene expression, and novel cancer treatment!®. Specifically,
nsPEF has been shown to induce apoptosis in cancer cells by
disrupting the membrane integrity and intracellular structures,
leading to cell death!”. Finally, the application of nsPEF allows
better Joule heating and oxidative damage management!®,
improves spatial electric field distribution due to higher frequency
component!®20, results in reduced muscle contractions and
potentially less pain?l. Nevertheless, nsPEF pulses are more
challenging to generate requiring the latest semiconductor tech-
nologies, in many cases impedance matching must be performed
to prevent pulse form alterations and more importantly
the complexity of metrology and characterization of the treatment
is increased. To improve the efficacy and repeatability,
numerical modeling can be used for treatment planning?2-2°, and
medical imaging modalities can be used for post-treatment
evaluation?-2%. However, current imaging methods are unable to
monitor the electroporation process in real time during pulse
delivery. CT imaging is commonly used to guide the placement of
electrodes during IRE ablation for liver cancer treatment, but it
requires the patient to remain still during the procedure to pre-
vent motion artifacts caused by the patient’s breath and can
expose them to higher radiation levels than ultrasound-guided
IRE. Both CT and MRI imaging can be used to assess the efficacy
of IRE post-treatment, and contrast agents may be used in some
cases to enhance visualization in cases where residual viable
tumor tissue needs to be identified and further treatment is
required30. Electrical impedance tomography (EIT) has been
proposed as a solution, but it faces technical challenges resulting
in poor spatial resolution3!. Magnetic resonance electrical impe-
dance tomography (MREIT) has been developed for high-
resolution conductivity images, but it requires an expensive
MRI scanner and has a poor temporal resolution32-33. Further
advancements are needed to overcome these limitations for the
practical implementation of MREIT.

Here, we investigated electroacoustic tomography (EAT) as a
new imaging method to address challenges in monitoring elec-
troporation. EAT provides high-resolution, label-free, non-
invasive measurements of electrical field distribution up to several
centimeters deep in tissue. Specifically, we explored the use of
nanosecond Pulsed Electric Field (nsPEF) excitation with
broadband ultrasound detection3»3>. Our novel EAT imaging
system with 128 ultrasound elements and a 128 parallel data

The application of electricity in humans can be traced

acquisition system allows for real time, high-resolution tomo-
graphic imaging. We demonstrated the ability to visualize the
electrical field distribution in soft tissue and monitor electro-
poration in real time, indicating the great potential of EAT in
clinical translation.

Results

Principle of EAT imaging. Electroacoustic tomography detects
electric fields in soft tissues by inducing an acoustic pressure with
a high voltage pulse. If the electric pulse is short enough to satisfy
both thermal and stress confinements, the thermal diffusion and
stress propagation of tissue during pulses delivery can be negli-
gible. Thus, the initial acoustic pressure p, is proportional to the
local energy deposition and can be expressed as follows3%:

B(r)

wp(r. 0G0 Y ®
where B(r) is the thermal coefficient (K1), «(r) denotes the iso-
thermal compressibility (Pa~1), p(,t) is the mass density (g-m—3),
Cw(r) is the specific heat capacity at constant volume (J-g=1.K~1),
and H(r,t) denotes the deposited electrical power density (J-m~3)
in tissue. The electroacoustic wave’s amplitude correlates to the
energy deposited, allowing for the reconstruction of electric field
distribution. Joule’s and Ohm’s laws determine the relationship
between electrical power density and electric field, and this allows
for expressing the initial pressure rise in the target as3’.

B(r)a(r) 2

KPp(r, HC.D) E(r)°g(®) @
where E(7) is the electric field (V-m~1) at the position of r and g(t)
denotes the voltage pulse width (s). o(r) denotes the specific
electrical conductivity (S-m~1), while it is not a constant. It has
been shown that the electrical conductivity of the tissue increases
irreversibly during electroporation and that this increase is related
to the amplitude and number of pulses3”. It has also been shown
that there is a limit to the effectiveness of the number of pulses,
and that conductivity will not increase further when the number
of pulses is above a certain threshold3. In this study, a high
number of pulses was used, so the conductivity o(r) was simplified
to a constant.

The acoustic signal can be induced because of the thermoelastic
expansions of the tissue. The electrical energy will be absorbed by
tissue and transformed into heat. A heating function for
electroacoustic wave generation is given as follows3®:

H(r,t) = ngA,(r,t) (€)

Where 7, is the electrical energy absorption, and A, donate the
electrical energy deposition. Thus, the wave equation used to
demonstrate the EA signal generation process can be modeled as

Po("v t) =

po(r,t) =
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where v, is the speed of sound, p(r,t) is the electroacoustic
pressure at position r and time ¢, and this wave equation can be
solved by Green’s function and simplified to3>:

_ L / 1 / _ |1’ - T/|
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N

where the p,(7') represent the initial electroacoustic pressure rise.
And universal back-projection (UBP) method is employed to
reconstruct EAT image in this study®®. Therefore, the EAT
imaging will reveal: 1) the map of the electrical field energy
deposition during the electroporation deliveryn and 2) the dose
amount deposited to the target volume. These information will be
very important to determine the effectiveness of electroporation.
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Fig. 1 lllustration of the principle of electroacoustic tomographic (EAT) imaging and a typical system. a The EAT imaging principle is shown
schematically, where electrical energy deposition stimulates the emission of broadband ultrasound waves, enabling submillimeter resolutions over
centimeters of tissue depth in real time. b The EAT imaging device comprises a 100 nanoseconds Pulsed Electric Field (nsPEF) with a repetition frequency
of 1MHz and an amplitude of 2000V for electroporation, combined with a broad-bandwidth ultrasound ring array (128 elements) detection system. PC:
personal computer; TRIG: trigger signal; FG: function generator; nsEP: nanoseconds electrical pulse; PRE-AMP: pre-amplifier; DAQ: data acquisition system.
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Fig. 2 Electroacoustic signal detection and characterization. a A periodic rectangular waveform with peak-to-peak voltages of 500 Vpp (blue), repeating
at 1000 Hz for nanosecond pulsed electric field electroporation and generate electroacoustic signals (red). b The electric pulse profile has a pulse width of
~100 ns and a rising time of ~15ns. ¢ A typical 5 MHz ultrasound transducer detects the electroacoustic signal. d The frequency spectrum of the

electroacoustic signal shows most frequency components are within 2-6 MHz. e Filtering the electroacoustic signal with 6 MHz low pass filter results in an

SNR of 28.5 dB. nsEP: nanosecond electrical pulse.

Figure la illustrates the EAT imaging schematic diagram,
which consists of nanosecond electrical pulses to generate
detectable electroacoustic signals. We designed a high-voltage
nanosecond pulse generator (VilniusTECH, Vilnius, Lithuania)
and a tungsten electrode pair to deliver electrical energy to the
tissue. This excitation source can produce a nearly square pulse
with an FWHM of 100 ns and a repetition rate of up to 1 MHz
(shown in Fig. 2a). Electroacoustic signals were collected using a
5MHz ultrasonic transducer (A309S-SU, Olympus, USA),
amplified with a low-noise preamplifier (62 dB, Photosound,
USA), and digitized with an oscilloscope (DSOX2024A, Keysight
Technologies, USA). For the rest of the experiments, as shown in
Fig. 1b, a ring ultrasound array with 128 elements and a center
frequency of 5MHz was used (PA probe, Doppler Ltd,
Guangzhou, China). Raw ultrasound data were received by a

128-channel data acquisition (SonixDAQ, Ultrasonics, BC,
Canada) and stored for processing. No mechanical scanning is
required, and the imaging speed is limited only by the pulse
repetition rate and the limited flight time of the ultrasound signal.
The signal was reconstructed using a filtered back-projection
algorithm3?, providing real-time observation of electric field
dynamics in the tissue during electroporation.

Electroacoustic signal detection and characterization. To
characterize the electroacoustic signal, a 5MHz commercial
ultrasound transducer is used to detect the EA signal (A309S-SU,
Olympus, USA). A custom pulse generator is used to produces
a square wave pulse with an amplitude of 500V, a pulse width
of 100 ns, and a rising edge of about 15 ns (Fig. 2a-red and Fig. 2b).
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Fig. 3 Correlation between electroacoustic signal and electroporation. a Displays representative detections of acoustic signal responses to ultrasound
transducer locations ranging from 30 mm to 55 mm, corresponding to electroacoustic signal time-of-flight information from 20.8 us to 37.5 ps. b The
electroacoustic signal strength increases with input voltage, ranging from 100 volts to 900 volts. € The relationship between electroacoustic signal strength
and input voltage follows an exponential function, which is associated with electrical energy deposition and the electroporation effect. d The energy
delivered by the electrical pulse (Dose) is linearly related to the amplitude of the electroacoustic signal. The error bar (blue, minimum and maximum values

in a dataset, N=5), and a curve fit of EA signal amplitude (red).

Electroacoustic signal (Fig. 2a-blue and Fig. 2¢) with a dominant
frequency of 2-6 MHz (Fig. 2d) is generated when the pulsed
electric field is delivered. A low-pass filter is applied to remove
high-frequency noise, resulting in a clear signal with high SNR
(28.5dB) (Fig. 2e). These results suggest that the electroacoustic
signal falls within the medical ultrasound range and can potentially
be detected with a clinical ultrasound imaging probe.

Correlation between electroacoustic signal and electroporation.
We conducted experiments to establish the relationship between
the intensity of the electroacoustic signal and input voltage to
demonstrate its application for monitoring electroporation.
Figure 3a displays the linear relationship between the time delay
of the ultrasound signal generated and the distance of the elec-
trodes from the ultrasound transducer, which was scanned in
steps of 5 mm. The induced wave’s velocity was determined to be
1497 m-s~1, which is close to the speed of sound in saline (c, =
1507 m-s~1) at 25 °C#9, indicating that the waves were ultrasonic
waves which we called electroacoustic waves.

We also investigated how the electrical parameters affect the
electroacoustic signal intensity by recording the electroacoustic
signal at a fixed distance of 50 mm from the ultrasound
transducer while varying the electric field strength between 0.4-
2.8kV-cm™! for 100 ns pulses (Fig. 3b). The sensitivity of the
system was found to be 0.06 kV-cm~! (Supplementary Fig. S2,
Supplementary Note. S2). The electroacoustic signal amplitude
was found to be exponentially dependent on the input voltage
(Fig. 3c), and linear with respect to input electrical energy
(Fig. 3d), indicating that electroacoustic measurements can
quantitatively monitor nsEP during electroporation. In addition
to the electrical pulses, the electrical parameters of the phantom
also have an impact on the electroacoustic signal. We found that
the intensity of the electroacoustic signal increases linearly with
the ion concentration of the sample (Supplementary Fig. S3,
Supplementary Note. S3).

EAT imaging of electrical field in soft tissue. To test the
hypothesis that EAT imaging can visualize the electrical field

4 COMMUNICATIONS ENGINEERING | (2023)2:75 | https://doi.org/10.1038/s44172-023-00125-9 | www.nature.com/commseng


www.nature.com/commseng

COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00125-9

ARTICLE

b

IMn

o |

Max f -

I Mn

"\'\\‘\\r\r-——’r/"f/#r’ﬂ

Fig. 4 EAT imaging of electrical field distribution both in water and soft tissue. Electric field distributions were simulated in COMSOL with one positive
electrode paired with one ground electrode in (a), and with two positive electrodes in (b). The EAT images from the experiments in (¢) and (d),
respectively, correlate well with the simulated results. The EAT map in (e) shows the electrical field distribution during electroporation in soft tissue, while
the 3D intensity profile of the electrical field distribution is displayed in (f). Orange arrow: positive electrode; Gray arrow: ground electrode.

distribution during electroporation, we conducted simulations and
experiments in water and soft tissue using one positive and one
ground electrode (1plg) and two positive electrodes (2p), respec-
tively. In the simulation, the electric field and energy deposition
distribution were calculated using COMSOL and then imported
into the Matlab k-wave toolbox to simulate EA wave propagation
and reconstruction of EAT images using a two-dimensional time-
reversal image reconstruction algorithm. Simulation results in
Fig. 4a and b show that the energy of the electric field is con-
centrated around the positive electrode in the 1plg electrode pair,
while it is similar around both electrodes in the 2p electrode pair.
The energy of the electric field decreases with distance, leading to a
weaker signal intensity in the reconstructed image.

Figure 4c, d present reconstructed EAT images of a 1%
concentration saline agar phantom with 1200V amplitude
(24kV-cm™! electric field intensity) and 100 ns pulse width. A
previous study has successfully conducted nanosecond electropora-
tion on humans using ultra-high voltages up to 30 kV, and its safety
has been established. Therefore, this experiment was conducted well
within the established safety threshold. The reconstructed images
reveal an electric field distribution similar to the simulation results,
with electroacoustic signals visible around both electrodes. A ring
artifact around the lower electrode is due to inconsistent vertical
positioning of the electrodes, a common issue with self-made
electrodes. Figure 4e and f show ex-vivo experiments with fresh
chicken breasts using a 1p1g tungsten electrode pair with a spacing of
I mm and 1000 V amplitude (10 kV-cm™! electric field intensity).
The higher-intensity electric fields around the positive and ground
electrodes are less regular due to muscle fiber orientation, with the
peak map in Fig. 4f clearly identifying the positions of the electrodes.
These results demonstrate EAT imaging’s ability to detect electrode
locations and surrounding electric field distribution in soft tissue.

Real-time visualizing electrical field dynamics. Figure 5 show-
cases EAT imaging’s ability to spatially resolve electric field

dynamics as the input voltage increases. The experimental setup
is illustrated in Fig. 1b, which uses a 127 um diameter electrode
pair with a reduced distance between electrodes to achieve a
stronger pulsed electric field intensity. The EAT device captures
the spatiotemporal dynamics of the local electric fields in the
chicken breast using a ring array ultrasound transducer. The
amplitude of the pulse is gradually increased from 100V to
1000 V in three seconds with a repetition rate of 1 kHz, while the
high-speed data acquisition system acquires ultrasound signals in
128 channels at a sampling rate of 40 MHz-s~1. The captured data
contains 3000 raw frames with 1ms intervals, and every 10
adjacent frames are signal-averaged to improve the signal-to-
noise ratio, resulting in a 3-second EAT video of 100 frames per
second (Supplementary Movie S1). The spatiotemporal dynamics
of the electric field are captured at a temporal resolution of 10 ms.
The spatial resolution of 138um has been demonstrated in this
system*l. In Fig. 5, eight frames of the video are displayed, with
the first frame starting at t=375ms and each frame interval
being 375ms. The reconstructed images show an increasing
extent of the EA signal as the EA signal continues to increase
from frames 3 to 8. The strongest signals are distributed around
the electrodes, with a clear transition region from the electrodes
to the edges, corresponding to the dynamic trend of the electric
field induced by the enhancing pulse. The first frame only detects
the background signal due to the weak electroacoustic signal. In
the second frame, the EA signal begins to emerge from the
background, although the signal is still weak due to the 300V
pulse amplitude, the position of the electrodes remains
discernible.

Figure 6 shows the spatial dynamics of the EAT image with a
fixed pulse amplitude of 1000 V, resulting in a pulsed electric field
of 10kV-cm~L. The electrode and chicken breast were moved
within 3 seconds, and the image capture protocol was the same as
in Fig. 5. The resulting video contained 300 frames, with frames
1-8 showing the electrodes moving from the edge to the center of
the ring array (Supplementary Movie S2). As the electrodes

COMMUNICATIONS ENGINEERING | (2023)2:75 | https://doi.org/10.1038/s44172-023-00125-9 | www.nature.com/commseng 5


www.nature.com/commseng
www.nature.com/commseng

ARTICLE

COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00125-9

Frame 1 Frame 2

Frame 5 Frame 6

Frame 3 Frame 4

Max

8

Frame 8

Frame 7

Min

Fig. 5 Real-time visualizing electrical field dynamics with different voltages. The electroacoustic signal dynamics were reconstructed while incrementally
increasing the pulse intensity from 100 V to 1100 V on the chicken breast sample. Frames 1-8 show the changes in the electroacoustic tomography images
over a 3-second period. The first frame, at t = 375 ms, shows no valid signal captured. The interval between frames is 375 ms, revealing an expanding range
of the electric field. The image intensity was normalized for comparison purposes. (see the video in the Supplementary Movie S1).
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Fig. 6 Real-time visualizing electrical field dynamics with different locations. Frames 1-8 illustrate the variations in the electrical field as the position of
the electrodes is changed and the interval between each frame is 375 ms. The position of the electrodes moves from the edge to the center of the annular
ultrasound array transducer, during which the EA signal is captured by a more effective view of the transducer unit. As a result, increasingly large regions of
strong signals can be observed in the EAT images reconstructed by the back-projection algorithm. The viewing window is consistent across all frames, and
the signal intensity is normalized for comparison. (see the video in the Supplementary Movie S2).

moved closer to the center of the array, the signal intensity and
range gradually increased due to the back-projection reconstruc-
tion algorithm used for the ring array. This demonstrates the
ability of EAT imaging to capture electric field dynamics over a
wide spatial and temporal range.

Discussion

In summary, we introduce the EAT imaging platform: a non-
invasive, label-free method demonstrating high voltage sensitivity
and exceptional spatiotemporal resolution. The image contrast
provided by EAT primarily originates from the distribution of

electric energy within tissues, thereby enabling the imaging of
eletropration dynamics in soft tissues. The technique has an
unprecedented dynamic monitoring range from tens to thou-
sands of volts per centimeter and can image tissue at depths of
over 7.5cm (Supplementary Fig. S4, Supplementary Note. S4)
with a spatial resolution of <0.2 mm and temporal resolution of
10 ms, with the potential for even higher resolutions. To clarify,
the primary goal of EAT imaging in our research is not to directly
visualize the distribution of the electric field or specific electrical
conductivity. Rather, it’s aimed at imaging the distribution of
electrical energy deposition. This deposition is directly linked to
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the electroporation treatment, and by mapping it, EAT imaging
can yield valuable insights into the effectiveness and scope of
electroporation. This platform can function under in vivo con-
ditions, facilitating real-time observations during electroporation.
Such capability could enhance the precision of electroporation
treatment and holds immense potential in the field of
biomedicine.

The electrical pulse duration is crucial in this study. Electro-
acoustic tomography is based on Joule heating-induced thermal
expansion, which generates an electroacoustic signal®>. The
thermal diffusion and volume expansion during the pulse dura-
tion affect the image resolution®®. EAT is suitable for nanosecond
electroporation applications, but it can also be used for micro-
second electroporation applications with relatively lower resolu-
tion. Real-time electric field intensity monitoring with high
temporal resolution is still valuable.

Irreversible Electroporation (IRE) is a recognized non-radiative
method for tumor ablation, but aggressive treatment planning can
damage healthy tissue*2. Thanks to the ultra-short pulse duration
at the nanosecond level, this method is also considered a non-
thermal treatment method. Understanding the spatial distribu-
tion of cell death during electroporation therapy is critical for
precise treatment planning*3. However, the biophysical
mechanisms of IRE remain unclear, particularly in the complexity
of the human body**. IRE pulse sequences can affect different
tissues differently*>, making treatment planning challenging.
Several studies have attempted to determine electric field
thresholds for IRE in different tissues*®47, but there is a complex
relationship between cell survival and pulse width, number,
spacing, intensity, and repetition frequency!'#. Real-time dosi-
metric tools may be necessary to determine the extent of IRE.
EAT can reflect electric field and energy deposition in tissue in
real-time, making it a potential guide for IRE treatment, but
further analysis is needed to understand the relationship between
EAT images and electric field energy distribution. This research
utilizes uniform samples for conducting experiments, but it is
crucial to acknowledge that imaging outcomes might differ when
dealing with more complex scenarios involving diverse tissues.
Additionally, differences in acoustic properties can introduce
discrepancies in the transmission of the EA signal, which could
potentially lead to amplified artifacts or distorted images during
reconstruction. However, by incorporating ultrasound imaging
and employing correction techniques to address the distortions
caused by varying tissue acoustic properties, these challenges can
be effectively mitigated. Advanced data processing and image
reconstruction algorithms play a vital role in managing these
issues successfully.

Like other radiation-induced acoustic imaging systems such as
laser-induced photoacoustic imaging3® and X-ray-induced
acoustic imaging*!, EAT imaging seamlessly adapts to existing
ultrasound systems. This compatibility reduces equipment and
training costs, utilizing existing ultrasound imaging infra-
structure, and thereby enhancing its potential for clinical appli-
cation. Specifically, EAT can be conveniently adapted to clinical
linear probes, facilitating the feasibility of US/EAT dual-modality
imaging. This adaptability improves the precision of electro-
poration treatment. However, the limited viewing angle inherent
to linear probes can distort EAT images8. To overcome this,
strategies like deep learning and iterative reconstruction
approaches can be employed*°->!, Moreover, various algorithms
can further enhance image resolution and frame generation
rate>2-34, In our future work, we plan to carry out postoperative
histological analysis of irreversible electroporation (IRE) treat-
ment and compare the results with EAT images. Moreover,
electroporation shows potential as a radiation-free alternative to
high-dose brachytherapy for prostate cancer treatment. This

suggests that the use of transrectal EAT/US hybrid imaging could
be highly valuable for real-time monitoring of the ablation area.
With the promising advancements in the development of hand-
held 2D planar ultrasound transducer arrays, the prospect of
achieving in vivo three-dimensional (3D) imaging becomes
feasible>. The adoption of 3D volumetric EAT imaging could
offer physicians a more comprehensive real-time view of tissue
information, further enhancing its potential clinical applications.

Methods

Setup. The experimental setup for electroacoustic tomography
consists of two parts (shown in Fig. 1b): (1) the circuit design of
the electrical pulse generator and (2) the acoustic signal acqui-
sition system. The electrical pulse generator is adjustable in pulse
voltage (0 ~2kV), pulse width (100 ns~1 ms), and pulse repeti-
tion frequency (0 ~ 1 MHz). A pair of tungsten electrodes (573400
& 57400, Parylene C-Insulated Tungsten Microelectrode, A&M
System, USA) releases the electrical pulse to induce acoustic
emission in the tissue, while an insulating material mostly
encapsulates the electrodes, leaving only the tip (~1 mm) exposed.
A 3D-printed fixture holds the electrodes in place with a spacing
of 1mm or 5mm depending on experimental needs (Supple-
mentary Fig. S1, Supplementary Note. S1). The signal of the
electrical pulse is collected by an attenuation probe (P4250,
Keysight Technologies, USA) and fed to a delay generator
(DG535, STANFORD RESEARCH, USA) to obtain a TTL trigger
signal that can be received by the data acquisition system.

We utilized two acoustic detection systems for the study: (1) a
single-element probe-based system for EA signal acquisition and
analysis, and (2) a ring-array-based parallel acquisition system for
EAT image reconstruction. The non-focused immersion ultra-
sound transducer (AS309-S, Olympus, USA) of the single-
element probe system was placed outside a custom acrylic water
tank with an opening sealed by a polyethylene film for signal
reception. The received signal was amplified by a custom
preamplifier (62 dB, PhotoSound, USA) and fed to an oscillo-
scope (Keysight Technologies, USA) for data caching. The data
were then transferred to a PC and analyzed using MatLab
(2021D). For the ultrasound ring-array system, a 3D-printed tank
was used to match a custom 128-channel ultrasound ring-array
transducer (Doppler Ltd., Guangzhou, China), and the signals
were digitized by a 128-channel data acquisition (SonixDAQ,
Ultrasonics, BC, Canada) and then processed using Matlab
(2021b).

Signal processing and image formation. The electroacoustic
signal was denoised using wavelet-based methods, filtered based
on its spectrum and averaged to remove noise. The wavelet filter
used is based on DWT, using coif wavelets, and incorporates a
sqtwolog threshold selection method to retain bandwidth limited
signals®®. The SNR of the data has improved from 17.8 dB to over
55 dB. Sound velocity mismatch was not considered due to the
homogeneity and small size of the phantom. EAT image recon-
struction was performed using a filtered back-projection
algorithm3® and Hilbert-transformed signals.

Sample preparation. Saline agar phantoms with 1% salt con-
centration were used in EAT characterization experiments. All
materials were weighed with an electronic balance, and the agar
salt solution was heated to 200 °C on a magnetic stirrer before
being lowered to 105 °C when boiling began. The solution was
stirred continuously until all visible bubbles disappeared, then
poured into a 3D-printed mold with dimensions of 40 mm x
40 mm x 40 mm and allowed to cool and solidify. Freshly made
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agar phantoms were used for each experiment to avoid salt pre-
cipitation when immersed in water.

Fresh chicken breasts were used as the sample material for
in vitro experiments. The chicken breasts were cut into cylindrical
shapes with a consistent thickness of 20 mm x 20 mm x 20 mm
after being lightly frozen. Before the experiments, the chicken
breast and electrodes were centered on the ring array and pre-
fixed. To minimize the effects of osmotic pressure variations on
the results, water was injected.

Simulation on electrical field distribution. Finite element
methods (FEM) were employed to simulate electric field dis-
tributions using COMSOL Multiphysics® (COMSOL, v6.0,
Stockholm, Sweden). A 2D domain was used, consisting of two
circular tungsten electrodes within a square muscle tissue envir-
onment. Depending on experimental requirements, the two
electrodes were either connected to positive and ground (1p1g) or
both to positive (2p). The voltage applied to the electrodes was
the same as that used in the experiment. Acoustic simulations
were performed using the MatLab K-Wave toolbox, and the
electric field energy deposition distributions obtained from the
finite element simulations were used to calculate the initial sound
pressure after interpolation. The ultrasonic transducer consisted
of 128 elements distributed on a ring with a radius of 50 mm.
Thermal noise with a random distribution was added to the EA
signal detected by the ultrasound transducer. The EAT image was
then reconstructed using a two-dimensional time-reversed image
reconstruction algorithm.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability

Sampled ultrasound waveforms are available through zenodo: https://doi.org/10.5281/
zenodo.8132772. The authors declare that all other data supporting the findings of this
study are available from the corresponding author upon reasonable request.

Code availability
The back-projection recontruction code is available through zenodo: https://doi.org/10.
5281/zenodo.8132772.

Received: 2 May 2023; Accepted: 12 October 2023;
Published online: 23 October 2023

References

1. Neumann, E., Schaeferridder, M., Wang, Y. & Hofschneider, P. H. Gene-
Transfer into Mouse Lyoma Cells by Electroporation in High Electric-Fields.
Embo. J. 1, 841-845 (1982).

2. Deipolyi, A. R, Golberg, A., Yarmush, M. L., Arellano, R. S. & Oklu, R.
Irreversible electroporation: evolution of a laboratory technique in
interventional oncology. Diagn. Interv. Radiol 20, 147-154 (2014).

3. Meijerink, M. R,, Scheffer, H. J. & Narayanan, G. Irreversible Electroporation
in Clinical Practice. (Springer Cham, Gewerbestrasse 11, 6330 Cham,
Switzerland; 2018).

4. Ivorra, A. & Rubinsky, B. In Irreversible Electroporation (ed. Rubinsky, B.)
1-21 (Springer Berlin Heidelberg, Berlin, Heidelberg, 2010).

5. Bertucci, P. Sparks in the dark: the attraction of electricity in the eighteenth
century. Endeavour 31, 88-93 (2007).

6. Chu, G, Hayakawa, H. & Berg, P. Electroporation for the efficient transfection
of mammalian cells with DNA. Nucleic Acids Res 15, 1311-1326 (1987).

7. Potter, H. & Heller, R. Transfection by Electroporation. Curr. Protoc. Mol.
Biol. 121, 9 3 1-9 3 13 (2018).

8. Miklavcic, D., Mali, B., Kos, B., Heller, R. & Sersa, G. Electrochemotherapy: from
the drawing board into medical practice. Biomed. Eng. Online 13, 29 (2014).

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Belehradek, M. et al. Electrochemotherapy, a new antitumor treatment. First
clinical phase I-II trial. Cancer 72, 3694-3700 (1993).

Rubinsky, B., Onik, G. & Mikus, P. Irreversible electroporation: a new ablation
modality-clinical implications. Technol. Cancer Res. Treat. 6, 37-48 (2007).
Davalos, R. V., Mir, I. L. & Rubinsky, B. Tissue ablation with irreversible
electroporation. Ann. Biomed. Eng 33, 223-231 (2005).

Kotnik, T. et al. Electroporation-based applications in biotechnology. Trends
Biotechnol. 33, 480-488 (2015).

Saulis, G. Electroporation of Cell Membranes: The Fundamental Effects of
Pulsed Electric Fields in Food Processing. Food Eng. Rev. 2, 52-73 (2010).
Radzeviciute, E. et al. Nanosecond electrochemotherapy using bleomycin or
doxorubicin: Influence of pulse amplitude, duration and burst frequency.
Bioelectrochemistry 148, 108251 (2022).

Schoenbach, K. H., Beebe, S. J. & Buescher, E. S. Intracellular effect of
ultrashort electrical pulses. Bioelectromagnetics 22, 440-448 (2001).
Ruiz-Ferndndez, A. R. et al. Nanosecond Pulsed Electric Field (nsPEF):
Opening the Biotechnological Pandora’s Box. Int. J. Mol. Sci. 23, 6158 (2022).
Beebe, S. J., Sain, N. M. & Ren, W. Induction of Cell Death Mechanisms and
Apoptosis by Nanosecond Pulsed Electric Fields (nsPEFs). Cells 2, 136-162
(2013).

Pliquett, U. & Nuccitelli, R. Measurement and simulation of Joule heating
during treatment of B-16 melanoma tumors in mice with nanosecond pulsed
electric fields. Bioelectrochemistry 100, 62-68 (2014).

Ruzgys, P., Novickij, V., Novickij, J. & Satkauskas, S. Influence of the electrode
material on ROS generation and electroporation efficiency in low and high
frequency nanosecond pulse range. Bioelectrochemistry 127, 87-93 (2019).
Bhonsle, S. P., Arena, C. B, Sweeney, D. C. & Davalos, R. V. Mitigation of
impedance changes due to electroporation therapy using bursts of high-
frequency bipolar pulses. Biomed. Eng. Online 14 Suppl 3, S3 (2015).
Cvetkoska, A., Macek-Lebar, A., Trdina, P., Miklavcic, D. & Rebersek, M.
Muscle contractions and pain sensation accompanying high-frequency
electroporation pulses. Sci. Rep. 12, 8019 (2022).

Zupanic, A., Kos, B. & Miklavcic, D. Treatment planning of electroporation-
based medical interventions: electrochemotherapy, gene electrotransfer and
irreversible electroporation. Phys. Med. Biol. 57, 5425-5440 (2012).

Zhao, Y. et al. Characterization of Conductivity Changes During High-
Frequency Irreversible Electroporation for Treatment Planning. IEEE Trans.
Biomed. Eng. 65, 1810-1819 (2018).

Garcia, P. A., Rossmeisl, J. H. Jr., Neal, R. E. 2nd, Ellis, T. L. & Davalos, R. V.
A parametric study delineating irreversible electroporation from thermal
damage based on a minimally invasive intracranial procedure. Biomed. Eng
Online 10, 34 (2011).

Neal, R. E. 2nd, Garcia, P. A., Robertson, J. L. & Davalos, R. V. Experimental
characterization and numerical modeling of tissue electrical conductivity
during pulsed electric fields for irreversible electroporation treatment
planning. IEEE Trans. Biomed. Eng 59, 1076-1085 (2012).

Sugimoto, K. et al. Irreversible electroporation of hepatocellular carcinoma:
the role of ultrasonography. Ultrasonography 39, 229-237 (2020).

Lee, E. W,, Loh, C. T. & Kee, S. T. Imaging guided percutaneous irreversible
electroporation: ultrasound and immunohistological correlation. Technol.
Cancer Res. Treat. 6, 287-294 (2007).

Giganti, F. et al. Prostate cancer treated with irreversible electroporation: MRI-
based volumetric analysis and oncological outcome. Magn. Reson. Imaging 58,
143-147 (2019).

Schulz, B. & Ou, J. Van Meter, T. & Martin, R.C. Early nontumorous CT
findings after irreversible electroporation of locally advanced pancreatic
cancer. Abdom Radiol. (NY) 41, 2142-2149 (2016).

Schmidt, C. R., Shires, P. & Mootoo, M. Real-time ultrasound imaging of
irreversible electroporation in a porcine liver model adequately characterizes
the zone of cellular necrosis. HPB (Oxford) 14, 98-102 (2012).

Bera, T. K. Applications of Electrical Impedance Tomography (EIT): A Short
Review. IOP Conference Series: Materials Science and Engineering 331, 012004
(2018).

Woo, E. J. Functional brain imaging using MREIT and EIT: Requirements and
feasibility. 2011 8th International Symposium on Noninvasive Functional
Source Imaging of the Brain and Heart and the 2011 8th International
Conference on Bioelectromagnetism. Banff, AB, Canada, 131-134 (2011).
Chauhan, M., Vidya Shankar, R., Ashok Kumar, N., Kodibagkar, V. D. & Sadleir,
R. Multishot echo-planar MREIT for fast imaging of conductivity, current density,
and electric field distributions. Magn. Reson. Med. 79, 71-82 (2018).

Roth, C. C. et al. Characterization of Pressure Transients Generated by
Nanosecond Electrical Pulse (nsEP) Exposure. Sci. Rep. 5, 15063 (2015).
Wang, M. et al. Feasibility of Electroacoustic Tomography: A Simulation
Study. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 67, 889-897 (2020).
Zhou, Y., Yao, J. & Wang, L. V. Tutorial on photoacoustic tomography. J.
Biomed. Opt. 21, 61007 (2016).

Garcia, P. A. et al. Intracranial nonthermal irreversible electroporation: in vivo
analysis. J. Membr. Biol. 236, 127-136 (2010).

8 COMMUNICATIONS ENGINEERING | (2023)2:75 | https://doi.org/10.1038/s44172-023-00125-9 | www.nature.com/commseng


https://doi.org/10.5281/zenodo.8132772
https://doi.org/10.5281/zenodo.8132772
https://doi.org/10.5281/zenodo.8132772
https://doi.org/10.5281/zenodo.8132772
www.nature.com/commseng

COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00125-9

ARTICLE

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Oshin, E. A., Guo, S. & Jiang, C. Determining tissue conductivity in tissue
ablation by nanosecond pulsed electric fields. Bioelectrochemistry 143, 107949
(2022).

Xu, M. & Wang, L. V. Universal back-projection algorithm for photoacoustic
computed tomography. Phys. Rev. E Stat. Nonlin Soft Matter Phys 71, 016706
(2005).

Wong, G. S. K. & Zhu, S. M. Speed of sound in seawater as a function of salinity,
temperature, and pressure. J. Acoust. Society America 97, 1732-1736 (1995).
Tang, S. et al. X-ray-induced acoustic computed tomography with an
ultrasound transducer ring-array. Appl. Phys. Lett. 110, 103504 (2017).

Li, W., Fan, Q.,, Ji, Z., Qiu, X. & Li, Z. The effects of irreversible electroporation
(IRE) on nerves. PLoS One 6, 18831 (2011).

Ben-David, E., Appelbaum, L., Sosna, J., Nissenbaum, I. & Goldberg, S. N.
Characterization of irreversible electroporation ablation in in vivo porcine
liver. AJR Am. ]. Roentgenol. 198, W62-W68 (2012).

Aycock, K. N. & Davalos, R. V. Irreversible Electroporation: Background,
Theory, and Review of Recent Developments in Clinical Oncology.
Bioelectricity 1, 214-234 (2019).

Reddy, V. Y. et al. Pulsed Field Ablation for Pulmonary Vein Isolation in
Atrial Fibrillation. J. Am. Coll Cardiol. 74, 315-326 (2019).

Avazzadeh, S. et al. Establishing Irreversible Electroporation Electric Field
Potential Threshold in A Suspension In Vitro Model for Cardiac and
Neuronal Cells. J. Clin. Med. 10, 5443 (2021).

Campelo, S. et al. An evaluation of irreversible electroporation thresholds in
human prostate cancer and potential correlations to physiological
measurements. APL Bioeng 1, 016101 (2017).

Xu, Y., Wang, L. V., Ambartsoumian, G. & Kuchment, P. Reconstructions in
limited-view thermoacoustic tomography. Med. Phys. 31, 724-733 (2004).
Zhang, H. et al. A New Deep Learning Network for Mitigating Limited-view
and Under-sampling Artifacts in Ring-shaped Photoacoustic Tomography.
Comput. Med. Imaging Graph 84, 101720 (2020).

Lan, H,, Jiang, D., Yang, C., Gao, F. & Gao, F. Y-Net: Hybrid deep learning
image reconstruction for photoacoustic tomography in vivo. Photoacoustics
20, 100197 (2020).

Ai, M. et al. Investigation of photoacoustic tomography reconstruction with a
limited view from linear array. J. Biomed. Opt. 26, 096009 (2021).

Mulani, S., Paul, S. & Singh, M. S. Higher-order correlation based real-time
beamforming in photoacoustic imaging. J. Opt. Soc. Am A 39, 1805-1814 (2022).
Paul, S., Thomas, A. & Singh, M. S. Delay-and-sum-to-delay-standard-deviation
factor: a promising adaptive beamformer. Opt Lett 46, 4662-4665 (2021).
Paul, S., Mulani, S., Daimary, N. & Singh, M. S. Simplified-Delay-Multiply-
and-Sum-Based Promising Beamformer for Real-Time Photoacoustic
Imaging. leee T Instrum Meas 71, 1-9 (2022).

Liu, S., Song, W, Liao, X, Kim, T. T. & Zheng, Y. Development of a Handheld
Volumetric Photoacoustic Imaging System With a Central-Holed 2D Matrix
Aperture. IEEE Trans Biomed. Eng 67, 2482-2489 (2020).

Bergen, R. v. et al. Discrete Wavelet Transformation for the Sensitive
Detection of Ultrashort Radiation Pulse with Radiation-induced Acoustics.
IEEE Transactions on Radiation and Plasma Medical Sciences, 1-1 (2023).

Acknowledgements
This work was supported by UCI Chao Family Comprehensive Cancer Center
(P30CA062203).

Author contributions

Y.X. derived the analytical model, initiated the experiments, and completed the article
writing. L.S. created the k-wave simulations and image reconstructions. S.W. provided
advice on the experimental design. Y.Y. provided assistance during the experiments. P.P.
contributed to the electroacoustic theory development. V.N. developed the nanoseconds
pulsed electric field generator. L.X. conceived and supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s44172-023-00125-9.

Correspondence and requests for materials should be addressed to Vitalij Novickij or
Liangzhong Xiang.

Peer review information Communications Engineering thanks Fei Gao, Lei Li and the
other anonymous, reviewer for their contribution to the peer review of this work.
Primary Handling Editors: Liangfei Tian and Mengying Su. A peer review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS ENGINEERING | (2023)2:75 | https://doi.org/10.1038/s44172-023-00125-9 | www.nature.com/commseng 9


https://doi.org/10.1038/s44172-023-00125-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commseng
www.nature.com/commseng

	Electroacoustic tomography for real-time visualization of electrical field dynamics in deep tissue during electroporation
	Results
	Principle of EAT imaging
	Electroacoustic signal detection and characterization
	Correlation between electroacoustic signal and electroporation
	EAT imaging of electrical field in soft tissue
	Real-time visualizing electrical field dynamics

	Discussion
	Methods
	Setup
	Signal processing and image formation
	Sample preparation
	Simulation on electrical field distribution
	Reporting summary

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




