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Abstract

Acoustoelectric cardiac imaging (ACI) is a hybrid modality that exploits the interaction of an
ultrasonic pressure wave and the resistivity of tissue to map current densities in the heart. This
study demonstrates for the first time /7 vivo ACI in a swine model. ACI measured beat-to-beat
variability (n =20) of the peak of the cardiac activation wave at one location of the left ventricle as
5.32 +0.74 ~V, 3.26 + 0.54 mm below the epicardial surface, and 2.67 + 0.56 ms before the peak
of the local electrogram. Cross-sectional ACI images exhibited propagation velocities of 0.192 +
0.061 m/s along the epicardial-endocardial axis with an SNR of 24.9 dB. This study demonstrates
beat-to-beat and multidimensional ACI, which might reveal important information to help guide
electroanatomic mapping procedures during ablation therapy.

1. INTRODUCTION

Hybrid medical imaging technologies utilize two or more energy sources to create new
forms of contrast for imaging. By fusing multiple datasets of an atomical and/ or physiologic
information, these hybrid modalities can help improve diagnosis or guide therapy. For
example, photoacoustic imaging exploits the interaction between light, thermal energy,

and acoustic energy to produce high-resolution images with both greater penetration than
traditional optical methods and better contrast than ultrasound imaging. This study explores
another hybrid modality that exploits the link between a pressure wave and the resistivity of
tissue to produce images that can be used to map electrical activity in the body. Specifically,
we demonstrate for the first time /n vivo acoustoelectric cardiac imaging (ACI), which uses
a focused ultrasound (US) beam to generate high-resolution 4D images of current densities
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in the heart, that could potentially help inform image-guided therapy of electrical diseases,
such as cardiac arrhythmias.

A. Limitations with Standard Cardiac Mapping Technologies

Arrhythmias are electrical diseases of the heart that may result in severe morbidity and
mortality [1]. If patients’ arrhythmias cannot be effectively managed with antiarrhythmic
drugs, they are likely to undergo cardiac ablation, a treatment in which regions of

tissue are burned to try to restore the heart’s normal electrical rhythm. The gold

standard for visualizing spatiotemporal dynamics of arrhythmias to guide ablation
treatment is electroanatomic mapping (EAM). EAM systems fuse pre-procedural, high-
resolution anatomical imaging obtained via computed tomography (CT) with local cardiac
electrograms (EGMs) obtained by dragging intracardiac electrodes with interelectrode
spacing ~2-6 mm along various locations in the heart [2,3].

However, EAM has two distinct disadvantages. First, there is a risk of harm to patients due
to the invasive introduction of an electrophysiology recording catheter into the heart via
the veins and due to exposure to ionizing radiation for pre-procedural CT and fluoroscopic
guidance. Second, EAM can produce inaccurate maps that lead to poor patient outcomes
after ablation due to long procedure durations (>2 /), the necessity for direct contact with
convoluted anatomic structures, and difficulty in registering electrical maps to anatomical
images [4]. This inaccuracy is compounded by the fact that EAM relies on contact
electrodes that are unable to capture transmural electrical activation (i.e., the activation
across the thickness of the wall of the heart), which can drive arrhythmias and affect

the success of ablation procedures. Other novel imaging technologies have been proposed
to overcome limitations with conventional EAM. Electrical impedance tomography (EIT),
which measures impedance after passing a small current through the tissue, can highlight
potential substrate for electrical arrhythmias. Because EIT focuses on the conductivity of a
tissue rather than the underlying current density, though, it is not capable of mapping the
cardiac activation wave itself [5]. In this study, we describe /n vivo ACI, a novel approach
to image electrical propagation in the heart, which may overcome mapping errors present
in standard methods for pre-ablation guidance in order to improve treatment outcomes for
patients with advanced arrhythmias. ACI has been previously demonstrated in mapping the
cardiac activation wave in ex vivo animal hearts; however, this study is the first to describe
such mapping in an /n vivo setting.

B. Acoustoelectric Cardiac Imaging

Acoustoelectric (AE) imaging exploits two physical principles, namely the AE effect and
Ohm’s law, to map electric currents in the body [6-10]. The AE effect is a modulation of the
electrical resistivity pg(X, y; z) of a material with the application of ultrasonic pressure AP.

Ap = pgK AP, @

where Ap(x, ¥, 2) is the change in electrical resistivity and Kj(x, y, z)is the AE interaction
constant, which has been measured in cardiac tissue to be 0.1%/MPa [11].
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In accordance with Ohm’s law, when this resistivity change occurs in cardiac tissue where
current is flowing, a radiofrequency voltage signal near the US carrier frequency will be
produced and consequently sensed by one or more recording electrodes. This voltage signal
VAE(X1, Y1, 21, fonys/) Is proportional to the local current densities Jy(x, ¥, Z, fonys) in the
tissue (see Fig. 1) at the focal location of the propagating US wave with pressure amplitude
Py.The general AE equation is given by

VAE = /]][JL e J1|[K poPobaldxdydz, @

where J; (x, v, z)is the lead field (i.e., a vector representing the sensitivity distribution of

the recording lead), b(x-xy, y~y1, z) is the US beam pattern, and a(fys—2z/c) is the US pulse
waveform. s and Znys indicate the US propagation time (in microseconds) and physiologic
time (in milliseconds), respectively. Detailed derivations of the general AE equation have
been previously described [12-14].

As indicated by Eqg. (2) and demonstrated in several previous publications [15-17], the
spatial resolution in ACI is determined primarily by the US focal size, which can be
modeled through numerical simulations, directly measured with a commercial hydrophone,
or approximated using ACI of a monopole point source (i.e., current generated by a thin
stimulating electrode). Previous work has studied the resolution of different US arrays for
AE imaging, including single elements with different center frequencies [15] and a 0.6 MHz
array in a human head phantom[18].

Earlier ACI studies have successfully employed this theory and developed the US
beamforming, signal acquisition systems, and data visualization tools to measure current
densities around electrically active imaging phantoms [15,17,19] and ex vivo Langendorff-
perfused rat and rabbit hearts [12,20,21]. However, the use of electrical pacing and
electromechanical uncouplers like 2,3-butanedione monoxime in these models and the lack
of realistic electromagnetic interference from a live animal necessitate the use of /n vivo
models that better mimic the clinical setting.

C. Goals of the Study

The goal of this study was to demonstrate /77 vivo ACI for the first time in swine and
assess the benefits and limitations of this new modality for mapping cardiac conduction.
To accomplish this innovation, we developed instrumentation and methodology for in vivo
mapping, including the first mobile cart for /n vivo ACI, the use of a 0.6 MHz 2D array
driven by a research US platform for sequence control and steering with high sensitivity,
an interface for imaging the beating pig heart with appropriate grounding and improved
electronics to minimize noise, and signal processing for characterizing the spatiotemporal
dynamics of electrical activation. This proof-of-concept study is a critical leap forward
toward clinical translation of ACI technology for real-time mapping of the human heart to
help guide ablative treatment of arrhythmias.
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2. METHODS

A. Animal Procedure

All animal procedures and euthanasia were approved by the Institutional Animal Care and
Use Committee at the University of Arizona. A healthy male swine weighing 25 kg was
placed under general anesthesia with isoflurane. A thoracotomy was performed with the
swine in the supine position to expose the epicardium for imaging and electrophysiology.
Vital signs, anesthesia, and analgesia were monitored for the duration of the procedure by
trained veterinary staff.

B. Signal Acquisition

A 10-site catheter electrode array (ecolLasso catheter; Biosense Webster, Inc.; Irvine, CA)
was placed on the left ventricle distal to the bifurcation with the diagonal branch (Fig. 1, fop
middle) to record low-frequency (LF, <10 kHz) bipolar cardiac EGMs and high-frequency
(HF, >0.2 MHz) ACI signals. Electrical signals recorded on the catheter array were passed
through a differential amplifier (DA1855; LeCroyCorp.; ChestnutRidge, NY) and split into
LF and HF components in a custom pre-amplifier; HF components of the signal had
additional low-pass filtering <2.5 MHz. LF bipolar EGMs were acquired on a National
Instruments DAQ (PXI-6289; National Instruments; Austin, TX) at 20 kHz; HF ACI signals
were acquired on a fast acquisition board (PXI-5105; National Instruments; Austin, TX) at
10MHz (Fig. 1).

For ACI, a custom 0.6 MHz 2D US matrix array with 126 elements (18 x 7) and a spatial
resolution between 3 and 4 mm within the focal zone (~30-50 mm) [18] (fabricated by
Sonic Concepts; Bothell, WA) was used. The US array was acoustically coupled to the
epicardium using a waveguide adapter filled with acoustic coupling rubber (¢ = 1449 ms, p
= 880 kg/m3) (Gelatin #0, Humimic Medical; Greenville, SC), and the adapter was pressed
against the catheter electrodes (Fig. 1). Short US pulses were delivered by a commercial

US platform (Vantage 64LE; Verasonics, Inc.; Kirkland, WA) at 4 kHz pulse repetition
frequency, giving a temporal sampling of 250 ~s. The maximum ultrasound exposure was
near safe levels for diagnostic imaging (i.e., mechanical index = 2.54; spatial-peak temporal-
average intensity [/pta]= 753 mW.£m2). Depth versus time ACI maps were collected in

real time. 2D, 3D, and 4D ACI scans with multiple beats and/or azimuthal/elevational

beam positions took 2.5 min., 20.5 min, and 47.25 min., respectively. Acquired data were
processed and analyzed offline for display.

C. Signal and Image Processing

ACI data consisted of five dimensions (US propagation time x US pulses x number of
cardiac cycles x apicobasal US beam positions x recording channels), which were used to
produce images in Fig. 2.

Retrospective gating of the EGM was performed to facilitate averaging over multiple cardiac
cycles. The depolarization spike of each recorded EGM was cross-correlated with a template
EGM waveform to align multiple heart beats before averaging.
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To quantify spatiotemporal dynamics of electrical activation that might aid in guiding
ablation therapy, three quantities were extracted from the peak ACI magnitude and spatial
location of peak activation for each frame. First, isochrones maps, which display areas of
tissue that simultaneously activate by assigning those areas of tissue a color, were generated
by determining the peak time delay of the ACI signal from the EGM at each pixel in a
cross-sectional ACI image. Second, voltage maps, which exhibit areas of tissue that are

less conductive (e.g., scar tissue in non-healthy models) that may sustain arrhythmias,

were generated by determining the global ACI signal maximum at each pixel in an ACI
cross-sectional image during the entire cardiac cycle. Third, propagation velocities, which
could be used to illustrate conduction pathways in the tissue, were determined using the
cardiac vectorgram. This vectorgram depicted the location of peak activation for each frame
in the cardiac cycle as a point on a 2D scatter plot. To calculate propagation velocity, a linear
fit of the cardiac vectorgram over several frames during peak activation was taken.

For signal-to-noise ratio (SNR) calculations, a region of interest was selected between -1
mm and 7 mm from the epicardial surface. Signal measurements were taken from a single
ACI depth line 2 ms prior to the peak of the LF EGM (during depolarization). Noise
measurements were taken from an ACI depth line 125 ms after the peak of the LF EGM
(i.e., during diastole after cardiac motion occurred).

3. RESULTS

ACI depth versus time images (Fig. 2E) illustrate the temporal dynamics of transmural
cardiac activation (over 15 consecutive beats). Variability in cardiac activation and the effect
of averaging was visualized and measured (Fig. 3). ACI images exhibited a peak signal of
5.32 £ 0.74 ~ V; 3.26 = 0.54 mm below the epicardial surface, and 2.67 + 0.56 ms before the
peak of the LF EGM over 20 beats. This depolarization peak can be seen in the line profiles
(Fig. 3, left column).

Representative cross-sectional ACI images (Fig. 2F) demonstrated 2D activation at a single
time point in the cardiac cycle. The propagation of the cardiac activation wave was
visualized by displaying cross-sectional images at multiple time points (Fig. 4 and Supp.
Fig. 1). The FWHMs of the peak activation (-2 ms before the peak of the EGM) were 6.53
mm and 6.43 mm in the depth and apicobasal directions, respectively. The SNR for the peak
frame in these images was 24.9 dB.

The effect of averaging multiple beats for each vertical line of a cross-sectional ACI image
was also determined (Fig. 5). While a single beat at each vertical line resulted in a root-
mean-squared (RMS) signal of 2.98 + 0.35 ~V, an RMS noise of 0.58 + 0.23 nV, and an
SNR of 14.8 + 3.56 dB (across 20 beats), averaging over 20 beats for each vertical line
resulted in an RMS signal of 2.92 ~V, RMS noise of 0.28 nV, and an SNR of 24.9 dB.

Spatiotemporal dynamics were drawn from cross-sectional ACI to produce global voltage
and isochrone maps (Fig. 6). Figure 6 also presents a cardiac vectorgram, indicating
spatiotemporal propagation in the transmural and apicobasal axes of the peak signal within a
5.75 ms window around the peak EGM.
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Propagation velocity was calculated from the slope of the best fit line through the peak
activation position versus time plots (Fig. 7). The mean and standard deviation of the
propagation velocity over 20 beats along the epicardial-endocardial axis was 0.192 + 0.061
mA.

4. DISCUSSION

This study demonstrated /7 vivo mapping of the spatiotemporal dynamics in a single swine
heart using ACI technology for the first time. Images (Figs. 2 and 3) revealed strong
associations in time with EGMs measured directly from the epicardium. The slight delay
between the peak ACI signal and the peak EGM (Figs. 3 and 5) may be explained by

the sifting property of ACI, wherein activation information is only obtained at the focal
position of the US beam (~3.5 mm wide). Whereas the EGM represents the integration of all
activation in the 15 mm between the two recording electrodes, ACI captures local activation
on a finer scale determined by the location of the US beam. This study also demonstrated
that single beat electrical dynamics and beat-to-beat variability can be captured (14.8 + 3.56
dB) (Figs. 3 and 5). ACI captured both a consistent depolarization peak across beats and
mapped the variability in early onset activation that occurred before the peak ACI signal,
exhibiting a peak signal of 5.32 £ 0.74 ~ V; 3.26 + 0.54 mm below the epicardial surface,
and 2.67 + 0.56 ms before the EGM. This feature of ACI is especially powerful as it would
allow physicians to tune processing depending on the specific spatiotemporal dynamics
they may be looking for. For example, when using ACI to detect arrhythmias that have
transient appearances, a single-beat, high-sensitivity approach could be used to visualize
beat-to-beat variability in real time and capture the higher-frequency components present in
many complex arrhythmias [22].Alternatively, when using ACI to map activation in areas of
weaker electrical signaling (e.g., myocardial scar), an approach employing averaging across
multiple beats could be employed to ensure signal detection with higher SNR and/or spatial
resolution.

In addition to fast temporal dynamics and beat-to-beat variability, we also described the
ability of ACI to capture electrical activity consistent with the depolarization of cardiac
muscle cells spread across the epicardium, myocardium, and endocardium (Figs. 2—4).

ACI delineated such 2D dynamics with a FWHM of 6.53 mm and 6.43 mm in the axial

and lateral dimensions, respectively. This FWHM represents a combination of the spatial
resolution of the ACI system using the 0.6 MHz array (~3 mm [23]) and the underlying
spatial extent of the cardiac activation wavefront (measured to be 2-10 mm in previous
work [24]). Further improvements to spatial resolution can be achieved by increasing the
frequency of the US array [20,25]. ACI was also able to capture transmural propagation
dynamics in real time (Fig. 7), demonstrating an endocardial to epicardial propagation of
0.192 £ 0.061 m/; this is especially important, as transmural abnormalities due to scar
tissue and electrical dissociation of the endocardium and epicardium are considered to be
one of several factors that may cause ventricular arrhythmias [26,27]. Along with normal
physiologic variations in electrical signal propagation, rotation of the US probe with respect
to the apical-basal propagation axis may have led to errors in calculating conduction velocity
along this axis. However, by steering the beam in the azimuthal and elevational directions,
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volumetric views of the cardiac activation wave would be possible, thereby eliminating this
source of variability.

Finally, in this study, isochrone and voltage maps were generated from ACI maps (Fig.

6). Such images could be used to describe cardiac activation and identify the origin of
arrhythmias during ablation therapy as is currently performed with gold standard EAM
systems [2]. Importantly, unlike in EAM, ACI voltage maps correspond directly to cardiac
currents rather than potentials, which more directly reflect the flow of electrical activity
through cardiac tissue, allowing for improved scar mapping. However, the sensitivity
distribution of the recording leads [see Eq. (2)] also serves as a scaling factor for the
detected signal at each recording site, which leads to inaccuracies. To help correct for lead
field effects, it is possible to use multiple recording channels for ACI and reconstruct the
underlying current densities by solving an inverse problem [14,17]. The isochrone map
and vectorgram in Fig. 6 exhibit propagation from the endocardium to the epicardium and
from apex to base consistent with normal cardiac electrophysiology [28]. Alterations in
isochrones could reveal the presence of multiple ectopic arrhythmia sources, which could be
captured by ACI at high spatial and temporal resolution.

A. Limitations

There are three major limitations with this study. First, due to the relatively low AE signal
strength (<6 ~V), we relied on an open-chest model with electrodes placed in contact with
the epicardium. However, intracardiac ACI is also possible [29], which would be more
relevant for interventional procedures consistent with EAM. Ongoing studies will extend this
work to the minimally invasive setting in which intracardiac catheter electrodes will be used
for ACI. Second, due to the use of focused US imaging, the field-of-view was restricted to
the left ventricle. Because ACI is limited by the number of US beams per cardiac cycle,
there is an inherent trade-off between the spatial and temporal sampling (or frame rate) and
field-of-view. This is common in 3D echocardiography except ACI requires only one-way
travel of the US beam, enabling more beams per cycle.

Although this study was limited to a single swine, it was the first to demonstrate in vivo
ACI and beat-to-beat mapping on the millimeter and millisecond scale, which are major
break-throughs in the development of ACI technology. Moreover, we presented data from
multiple scans in the same pig and report low beat-to-beat variability in key ACI signal
metrics (latency, peak amplitude, conduction velocity, and propagation). Ongoing and future
ACI experiments in additional swine will assess the reliability and reproducibility of /n vivo
ACI and estimate physiologic variability of the cardiac activation wave across animals.

B. Conclusion

In summary, this is the first study to demonstrate /n vivo ACI for capturing complex,
beat-to-beat spatiotemporal dynamics associated with cardiac electrical activation in an
open-chest swine model with high spatial (3 mm) and temporal resolution (<1 ms). The
excellent spatiotemporal resolution inherent in ACI along with its ability to capture beat-to-
beat dynamics across the myocardium unlock its potential to improve guidance for ablation
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procedures and establishes an optimistic foundation to build more effective treatments for
cardiac arrhythmias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Experimental setup for in vivo ACI in open chest swine heart model. ( 7op /ef?)) Timing

of US pulses (pulse repetition frequency = 4 kHz) and data collection for ACI. Cardiac
current (J)) represents the current flow through the heart during cardiac activation (top
middle panel). US propagation time in ps is converted to depth in mm via multiplication
by the medium’s speed of sound (1.5 mm/us). (7op middle) Orientation of the bipolar leads
and active area of the 2D US matrix array on the heart (LAD, left anterior descending
artery; Diag, diagonal artery; US, ultrasound array; LV, left ventricle; RV, right ventricle;
1-5, bipolar leads of catheter electrode). (7op righf) Connection diagram of hardware for
in vivo ACI for one of the five leads in top middle panel. LF bipolar EGMs had a gain

of 80, whereas HF AE signals had a gain of 4400 (DA, differential amplifier; HF, high
frequency; LF, low frequency). (Bottom leff) ACI instrumentation on mobile ACI cart. A:
custom LF and HF pre-amplifier; B: NI PX1-5105 & PXI-6289; C: Verasonics Vantage
64LE; D: LeCroy differential amplifier. (Bottom right) US array in median sternotomy of
swine; E. custom 2D US array; £ acoustic adapter filled with acoustic coupling rubber.
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Fig. 2.
ACI data collection and image formation. A: Schematic of ACI acquisition with three of

the five dimensions shown at a single time point. B: To form raw ACI images (depth versus
time), AE A-lines, which display the amplitude of the AE signal against US propagation
time for each US pulse, were stacked along the physiologic time axis. C: Stacked AE
A-lines were assigned color values based on the amplitude of the signal. D: Raw 2D

ACI signals were bandpass filtered between 0.3 and 0.9 MHz along the US propagation
axis consistent with the bandwidth of the custom US array. Signals were then bandpass
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filtered along the physiologic time axis. E: Magnitude ACI images were determined from
the absolute value of the Hilbert transformed ACI signals, which were proportional to the
amplitude of the local current densities F: To form cross-sectional ACI images (i.e., ACI
B-mode), which demonstrate the 2D spatial extent of activation at a given time point in the
cardiac cycle, depth versus time images (averaged over 15 consecutive beats per depth line)
were stacked along the azimuthal US beam dimension. A median filter was then applied

to the cross-sectional images before interpolation. Additionally, ACI cine-loops exhibited
changes in the magnitude of the cross-sectional image over the cardiac cycle.
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Time (ms)

Beat-to-beat variability using /n vivo ACI of the swine LV. (Left column) Physiologic
timeline of filtered AE signals at 3 mm below the epicardial surface (denoted by horizontal
green line in bottom image). (Middle and right column) Phase and amplitude ACI (middle
column) and magnitude ACI (right column) for 10 consecutive beats and average of all 10
beats (A, bottom). Epicardial (depth =0 mm) and endocardial (depth = 7.8 mm) surfaces are
marked with a pink dashed line. Time denotes peak of the EGM indicated by the vertical
dashed green line in each column. All signals are measured from Lead 2 in Fig. 2A.
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Fig. 4.

Agl cross sections during peak activation in swine LV. (7op) Bipolar EGM obtained from
Lead 2 (depicted in Fig. 2A). Vertical dashed line represents peak of the EGM (£= 0 ms).
(Bottom) Cross-sectional ACI displayed on a linear scale demonstrating propagation of the
current along the apicobasal and transmural axes. Pink dashed lines mark the endocardium
and epicardium.
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Fig. 5.

In?age quality comparing ACI for a single beat versus an average of 20 beats at each depth
line. (70p) Normalized physiologic time ACI line profile (green) taken at the green pixel in
the bottom ACI images along with filtered EGM (dashed blue). A similar line profile can be
taken at every pixel in the image. (Bottom leff) Cross-sectional ACI 3 ms prior to the peak
of the EGM (dashed vertical green line) with a single beat displayed for each depth line.
(Bottom right) Cross-sectional ACI at the same time point after averaging 20 beats together
at each depth line.
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Quantifying spatiotemporal dynamics during cardiac activation. (Lef?)) ACI voltage map
displays the global peak signal at each pixel across all frames. (Middle) 1sochrone map
displays the time of ACI activation relative to the peak of the EGM waveform (masked
above a threshold of —6 dB), illustrating propagation along the apicobasal and epicardial/
endocardial axes. (Right) Vector gram displays the spatial propagation of the peak signal for
each frame starting at £=5.75 ms before the peak of the EGM (green circle) and extending
to the peak EGM (red circle; i.e., £= 0 ms). The size of the markers is weighted according to

the magnitude of the ACI signal.
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Fig. 7.
Location of peak activation versus time from the peak EGM along the depth axis for 20

consecutive beats. Green dashed line in the EGM represents the time window for mapping
peak activation. Whereas each symbol represents propagation for a single beat, the large
black crosses denote the average over all beats (7= 20). These data were used to calculate
propagation velocities.
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