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ABSTRACT

Real-time, accurate imaging of improperly functioning tissue that causes atrial fibrillation (AF) is essential for
successful catheter ablation procedures. Ablation procedures and success rates may be improved by overlaying
intracardiac echocardiography with high resolution cardiac imaging. Data extracted from previous research
reports that current pharmacological agents do not address the principal cause of AF. Unlike medication, cath-
eter ablation resolves the issue by treating AF’s source. Therefore, catheter ablation is the better alternative.
However, while catheter ablation is preferable to medication, the detail and accuracy of anatomical visualiza-
tions used to guide the catheter can be inconsistent. While real time guidance technology updates, the visibility
quality is limited. However, detailed preliminary imaging does not accurately reflect the latest changes. This
paper discusses the current limitations of catheter ablation and proposes real-time three-dimensional Sound
Navigation and Ranging (SONAR) imaging paired with high-resolution cardiac Magnetic Resonance Imaging
(MRI) as a novel tool to improve live-imaging localizations and resolution for cardiac ablation procedures.

Atrial Fibrillation

Atrial fibrillation (AF) is a type of heart arrhythmia commonly found in clinical practice. It has a prevalence of
2.7-6.1 million cases in the USA and is expected to rise to 5.6-12 million by 2050.! AF is the rapid, irregular,
and unpredictable electrical activation of the atrial tissue resulting in highly variable ventricular rates. Typically,
the sinoatrial node (located in the right atrium) generates electrical signals that cause the right and left atriums
to contract. When the heart’s tissue or electrical signaling is damaged, the atria quivers, or fibrillates. The dis-
organized signals reduce contraction efficiency as the atria are uncoordinated with the ventricles, reducing
blood flow to the rest of the body.> Some patients do not experience symptoms while others may experience
heart palpitations, lightheadedness, and extreme fatigue. In addition to the severe effect on a patient’s quality
of life, people with AF have a higher risk of stroke and mortality. The weakened contraction of the atria due to
AF causes slowed blood movement, which can lead to blood clot formation within the heart; therefore, the risk
of stroke is higher in patients with AF. These blood clots can potentially travel to the brain and cause stroke -
resulting in disability or death.'*

Once the contraction of the atria becomes irregular, blood does not flow properly from the
atria to the ventricles. AF may occur in brief episodes or as a chronic condition” and can be catego-
rized as paroxysmal, reverts to sinus rhythm within 7 days; persistent, lasts more than 7 days; long-
standing persistent, lasts for more than 12 months; or permanent AF.? Permanent AF is when a patient
decides to not to pursue further action to restore or maintain sinus rhythm.* Electrical and morpho-
logical remodeling occurs when molecular, cellular, and/or interstitial changes alter the size, mass,
geometry and function of the heart, which can be associated with AF promotion.*>
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AF is a disease with genetic complexity making it difficult to predict and treat. The Genome-
wide association studies identified common genetic variants at nine different chromosomal loci sig-
nificantly associated with AF. For example, the cardiac sodium (INa) channel, encoded by the
SCNSA, generates the upstroke of the atrial action potential and is associated with AF. Mutations in
SCNS5A have been linked to AF, but also to ventricular arrhythmias, progressive cardiac conduction
disease, and overlap syndromes with mixed arrhythmia phenotypes.” AF is therefore a complex dis-
ease making it difficult to treat.

Evaluation of Current Treatments

Antiarrhythmics are used to control the atrial rate in AF. These medications are classified according to the main
mechanism of action, though several agents retain properties from multiple classes.® The classes include Class
I: Sodium-channel blockers such as Quinidine’; Class II: Beta-blockers such as atenolol®; Class III: Potassium-
channel blockers such as amiodarone’; Class IV: Calcium-channel blockers such as amlodipine!?, and miscel-
laneous antiarrhythmics such as adenosine!! that can fall into several categories. Despite being widely used,
antiarrhythmics have debatable results with class I and IITA agents only being able to terminate about 50% of
AF episodes.'> Moreover, antiarrhythmics were all also associated with some degree of proarrhythmic potential.
While suppressing arrhythmias with the medications, the drugs themselves can lead to other arrhythmias which
may be more dangerous. For example, Class IA - such as quinidine, procainamide, and disopyramide - effec-
tively prolong the QT interval, increasing the risk of ventricular tachycardia.'®

Due to the debatable results of antiarrhythmic medication, there should be alternative lines of treatment
such as catheter ablation. Anticoagulants, or blood thinners, are medications that prevent blood clots which
lower the risk of stroke. The weakened contraction of the atria due to AF causes slowed blood movement, which
can lead to blood clot formation within the heart; therefore the risk of stroke is higher in patients with AF. These
blood clots can potentially travel to the brain causing stroke - resulting in disability or death.'* Therefore, blood
thinners are only provided to high stroke risk patients.

Current Catheter Ablation Success Rate

Catheter ablation is an increasingly offered treatment option to restore sinus rhythm and improve long-term
clinical outcomes to patients suffering from AF. Catheter ablation uses heat to strategically destroy abnormal
tissue to block irregular electrical signals using thin tubes, known as catheters, inserted into veins or arteries'.
The first multicentre trial to compare catheter ablation and antiarrhythmic drugs as first-line therapy for persis-
tent AF reported that ablation resulted in more effective maintenance of sinus rhythm and better quality of life.!s
However, despite dramatic improvements in techniques over the last two decades, the short and long-term suc-
cess rate of catheter ablation remains modest.!® According to a study analyzing catheter ablation success rates
treating AF patients with single-procedure outcomes, paroxysmal AF ablation studies showed, unadjusted suc-
cess rate summary estimates ranged from 73.1% in 2003 to 77.1% in 2016 (increasing 0.9%/year). In non-
paroxysmal AF ablation studies, unadjusted success rate summary estimates ranged from 70.0% in 2010 to
64.3% in 2016 (increasing 1.1%/year). Though after controlling for study design and patient demographics, the
rate of improvement in success rate summary estimate increased 1.6%/year in paroxysmal studies.!” Therefore,
increased customization depending on individualized patient needs remain crucial for meaningful improve-
ments of catheter ablation.
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Preliminary Cardiac Imaging (CT/MR) Integration with 3-Dimensional
Intracardiac Echocardiography

Mapping and visualizing the anatomic relationship of the left atrium and pulmonary veins is vital for efficiently
guiding successful AF ablation. Pre-procedure X-ray computed tomography (CT) and magnetic resonance im-
aging (MRI) angiography are commonly used to visualize the complex construction and relationship of the left
atrium, pulmonary veins, and surrounding structures, therefore posing a guide to ablation lesion placement
specific to the patient’s anatomy and location of the electrophysiological disturbance.'® Additionally, preproce-
dural images can also be merged into 3D electroanatomical mapping (EAM) systems to visualize these struc-
tures in further detail. However, because of changes in patient position, movement within the chest cavity,
and/or cardiac rhythm, the use of CT, MRI, and EAM images obtained pre-procedurally may not accurately
reflect the most current cardiac anatomy posing difficulty to guide complex procedures."

Real-time guidance and visualization of cardiac anatomy is critical for procedural efficiency in catheter
ablation procedures. Intracardiac echocardiography (ICE), a branch of SONAR technology, is a well-estab-
lished tool in complex electrophysiological procedures, in particular in AF ablation with a modality that has
recently been applied to generate 3D images®. Though ICE has the benefit of generating images in real-time,
ICE depiction of 3D atrial anatomy is less detailed than images obtained by CT or MRI, has limited visualization
range due to the close distance of the ICE catheter, and relative instability of ICE catheter images®'. Figure 1"
depicts a grayscale histogram seen in a muscle ultrasound demonstrating the limited contrast, as healthy versus
diseased tissue look virtually alike. Even with an experienced user, the histogram proves limited contrast; there-
fore ICE has a high margin of error which increases with procedure difficulty. The combination of preliminary
cardiac imaging with ICE would allow both detailed imaging of an individual’s cardiac anatomy and real-time
guidance during the ablation procedure. To aid the issue, algorithms, artificial intelligence, and dedicated mus-
cle visualization systems can be used to help with image interpretation to improve usability.
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Figure 1. Grayscale histograms (0 = black and 255 = white) in a region of interest (ROI) in a healthy (A) and
diseased (B) muscle from a muscle ultrasound (Wijntjes and Van Alfen, 2020'°)

SONAR Technology

SONAR, short for “Sound Navigation and Ranging,” is used to explore and map the ocean, as it is able to locate
a transducer in relation to surrounding objects. The two types of SONAR are active and passive, with this report
focusing on active SONAR to localize the catheter in relation to heart walls.”> Active SONAR transducers emit
an acoustic signal, a “ping,” into the water. If an object is in the path of the sound pulse, the sound bounces off
the object and returns an “echo” to the SONAR transducer. Moreover, objects can be determined by density:
whether they absorb or bounce off said “echo.” If the transducer is equipped with the ability to receive signals,
it measures the strength of the signal. By determining the time and strength between the emission of the sound
pulse and its reception, the transducer can determine the range, orientation, and of the object.®

Though it is crucial for an effective ablation procedure, current technologies lack detailed real-time
imaging. To overcome these limitations, 3D/360 SONAR technology can provide a 360°, three-dimensional
view of surgical tools, surrounding tissue, and organs to provide a more accurate picture. 3D-SONAR is a
relatively new SONAR implementation as it has been developing over the past ten years and has only recently
become commercially available. Unlike conventional SONAR such as multi-beam and scanning SONAR,
which can generate 3D images by scanning and combining data as a post-process, true 3D-SONAR creates 3D
data instantaneously and in real-time. A 3D-SONAR image is created by simultaneously forming acoustic
beams to fill a 3D volume, as opposed to a narrow fan of beams.” SONAR anglers have also been implemented
with a 360° range of view. With traditional imaging, anglers have the ability to view SONAR returns directly
below and to the side of their boats, but 360 SONAR anglers have an expanded view of the water not only
beneath and to the sides but all around.?* The integration of SONAR into cardiac catheters will allow real-time
generation of 3D images and a 360° view range on all axis- expanding the imaging recency, quality, and range.
Once paired with preliminary high-resolution imaging, SONAR will allow real-time localization of the catheter
in addition to high quality imaging.

Noise Cancellation

Active SONAR has two performance limitations. First, excess noise may occur if the transducer picks up an
echo unrelated to the “ping,” such as the heartbeat. Second, reverberation may occur when sound persists as a
result of repeated reflection or scattering after the sound source has stopped. While an echo is a distinct sound,
reverberated sounds are difficult to hear clearly because the reflections repeat. In general, one of these will
dominate, enabling their distinction.?

Noise canceling monitors the sound around the source preventing the unwanted excess noise or rever-
beration. Miniature microphones detect outside noise frequencies and emit the exact opposite signal to effec-
tively “cancel out” both sets of sounds once the sound waves collide (Figure 2). If a loudspeaker emits tonal
sound, the amplitude and phase of a second speaker can emit pressure directly in front of the first to cancel the
pressure in both speakers. The result is that no sound pressure is radiated from a far field but a local sound field
exists.” Moreover, the heartbeat, even if in fibrillation, is periodic and predictable. Therefore, the recurring
fibrillatory sound generated by the heart can be eliminated, reducing error. This strategy would allow the ultra-
sound to generate images in real time with increased reliability.

ISSN: 2167-1907 www.JSR.org/hs 4



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 12 Issue 4 (2023)

ISSN: 2167-1907

Error microphone monitors
what user hears

[l Reference microphone
monitors ambient noise

J5 Music or
Conversation gn

\

Anti-noise signal cancels
ambient noise delivering
“clean”™ music or conversation
to the listener

Ambient Noise . Y,
Adaptive Filtering
Cirrus Logic's ANC
technology utilizes adaptive
filtering to provide a
continuous, customized
noise-canceling solution for
each user, each environment

Based on input from reference microphone
and error microphone, smart codec with
adaptive ANC generates anti-noise signal to
invert ambient noise waveform

5 08

Figure 2. Illustration of Noise Cancellation (Schweber, 2018)%

The Current Use of Intraoperative 360°/3D SONAR in Medicine

Real-time 3D image guided visualization has already been used in radiation therapy. For instance, a 360°/3D
transvaginal ultrasound system has been used to guide an intraoperative needle during interstitial gynecologic
brachytherapy.? In cases of radiation therapy, a precise patient-positioning system has been developed through
alignment of real-time 3D surface images, captured using a state-of-the-art 3D stereovision system. A surface
image is also used as reference, obtained from preliminary treatment planning data. Results from phantom
experiments and clinical applications demonstrated the excellent efficacy of <2 minutes as well as the desired
accuracy and precision of <1 mm in isocenter shifts and of <1 degree in rotations.?® The proposal of this paper
and this radiation therapy case align with the idea of real-time 360°/3D SONAR paired with preliminary imag-
ing which can improve surgery success and thus improve patient care and outcome. Hence, similar principles
can be incorporated into catheters.

The Potential Technology: MRI/CT Oveday onto 360°/3D SONAR
Generated Images

A potential combination to increase visualization is to overlay a patient's preliminary medical imaging over-
layed onto real-time 3D SONAR during the procedure. First the detailed CT or MRI would be taken as close to
the procedure time as possible. Then, during the procedure, the patient’s anatomical data can be processed as a
simple 2D slice like during an echocardiogram. In Figure 3A, color is mapped to signal strength relative to the
transducer.? In a potential medical case, loud echos, such as thin tissue, can be mapped as red and quiet echos,
such as more sound-absorbing muscle, can be blue. After, depth surrounding the transducer can be mapped.
Figure 3B shows a look-down orthographic projection with targets plotted in a 3D space.? This can be applica-
ble to find the distance between structures, such as heart walls or valve location, above and below the transducer.
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Finally, these data points can be visualized in a 3D space. In Figure 3C, the same data is plotted in 3D, allowing
clear navigation in an improved perspective.?’ Again, preliminary imaging can enhance this by linking the data
points to the patient’s anatomy.

Figure 3. 3D SONAR Development. As shown in Figure 3A, color is mapped to signal strength where red is
"loud" and blue is "quiet". There is clearly a feature crossing the field of view at about 45° (noted with the
dotted line) as well as another feature or "bright" spot (noted by the oval) (FarSounder, 2014)%. Figure 3B:
Color is mapped to depth. As noted by the red and blue data points, there is a presence of shallow and deep
objects, respectively (FarSounder, 2014)%. Figure 3C: The rotated “third person” view, signal strength, and
depth combined with this technique allow 3D navigation (FarSounder, 2014)%.
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Conclusion: Paired MRI and SONAR Imaging

Increasing knowledge of the anatomic basis for cardiac arrhythmias and improved catheter ablation tools have
increased our ability to cure complex rhythms such as AF. By overlaying a patient’s MRI or CT scans onto
their 360°/3D SONAR generated images, detailed and real-time images can be created. Preliminary MRI or CT
generate highly detailed images of the cardiac anatomy, but have the limitation of not providing the most current
structure and rhythms. On the other hand, SONAR technology is able to produce real-time images. With 3D
SONAR in addition to MRI or CT, this innovation can provide a 360°, 3D view of anatomy as well as surgical
tools for an even more detailed picture. With the current usage of a similar procedure in intraoperative radiation
therapy posing desirable results, this method shows promise in improving accuracy and patient outcomes fol-
lowing ablation procedures. By having real-time, detailed imaging during the procedure, the combination of
MRI/CT imaging with 360°, 3D SONAR can significantly improve how current ablation is performed to treat
AF.
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