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ABSTRACT OF THE THESIS
3-Dimensional Visualization of Cardiac Plaque Mapping Data
by
Phan Ly Vy Nguyen
Master of Science in Biomedical Engineering
Washington University in St. Louis, 2023
Associate Professor Christian Zemlin, Chair
Atrial Fibrillation (AF) of one of the most prevalent cardiac arrythmia in humans, and

also the most studied arrythmias due to its high association with cardiovascular morbidity and
mortality. Diagnosis of AF, which is highly dependent on the observation of the irregular signal
in the atria, is often challenging since AF is often asymptomatic at the onset. There has been a lot
of effort in exploring different cardiac mapping techniques to understand the dynamics of AF for
better intervention. This study aims at developing a MATLAB interface that assists the
development of a cardiac plaque mapping data acquisition system in Dr. Zemlin’s Cardiothoracic
Surgery Research Laboratory. The interface would load and process input signals, calculate data
of interest and visualize them on 3D atrial geometry for analysis and understanding of electrical

conduction behavior in the atria.
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Chapter 1: Introduction

Cardiac arrythmias refers to the disturbance or abnormalities in the normal heart rhythm.
The normal heart rhythm (sinus rhythm) begins with a signal is generated in the sinoatrial (SA)
node and conducted across the atria of the heart towards the atrioventricular (AV) node. This
results in atrial activation and contraction. The signal at the AV node is then conducted through
the bundle of His, to the bundle branches, and eventually into the Purkinje fiber, resulting in
ventricular activation and contraction. Any disruption in this pathway is called an arrhythmia [1].
The dangers associated with arrythmias are related to the presence of structural heart diseases,
e.g. about 50% of heart patients who die of sudden death due to cardiac arrythmia have structural
heart disease [2]. Therefore, diagnosis and management of cardiac arrythmias are important in
managing the epidemiology of heart disease. Atrial fibrillation (AF) is the most prevalent cardiac
arrythmia in humans, with its incidence increasing with increasing age [3] [4]. AF is an
arrythmia that happens in the atria of the heart, where abnormalities in electrical signals cause
the upper chambers of the heart to contract at a very fast and irregular way (fibrillation) [5]. The
irregular atrial contractions cause difficulty in pumping blood out of the atria and increase the
risk of blood clots [6]. Therefore, AF is also associated with higher cardiovascular morbidity and
mortality, including the increased risk of ischemic stroke and myocardial infarction if AF is left
untreated [3]. Due to such complications, AF has become a major public health concern that has
severe effects on public health and overall quality of life. Therefore, methods to improve AF
diagnosis and management would be helpful in reducing the morbidity and mortality associated

with AF. Due to its high prevalence and high association with cardiovascular morbidity and
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mortality, there have been many studies directed at understanding the causes and dynamics of
AF to develop methods to intervene or mitigate the effect of AF. In fact, AF is among the most
studied arrythmia among all heart rhythm disorders, resulting in a major understanding of risk

factors and causes of AF as well as the dynamics of AF [4].

However, diagnosis and management of AF are still a major challenge in the field as AF
can be asymptomatic at onset, making it difficult to screen and diagnose [3]. Diagnosis of
cardiac arrythmia, specifically AF, remains heavily dependent on observation and analysis of the
heart’s electrical activity to understand the nature of the irregularities [2]. The standard cardiac
diagnostic tool is electrocardiogram (ECG), which was developed more than a century ago [7].
As technology continues to develop with improvements in recording facilities and signal
processing methods, multiple changes have been made to improve ECG measurements [8]. There
have also been major efforts to improve cardiac imaging techniques, including the development

of electrocardiographic imaging (ECGI) [9][10].

Cardiac plaque mapping is another cardiac mapping method that is studied in Zemlin’s
lab. Similar to ECG or ECGI, cardiac plaque mapping studies the electrophysiology of the heart
by measuring the cardiac activation and potential using multiple electrodes that are divided into
plaques. However, methods such as ECG and ECGI mentioned above measures the far-field
potential of the hearts through body surface electrode placement (12-lead for ECG and 224
electrodes for ECGI) and deduce from it either the qualitative activation sequence of the heart
(ECG) or the quantitative epicardial potential distribution (ECGI). On the other hand, plaques
used in plaque mapping are placed directly on the area of interest in the heart and measure the

cardiac signal directly since the plaques carrying the electrodes are in contact with the area of
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interest. Therefore, the main advantage of the plaque mapping technique is that more accurate
data is obtained from direct measurement. However, the main disadvantage would be much
greater invasiveness compared to ECG and ECGI because the electrode needs to be placed

directly on the surface of the heart instead of the body surface.

Dr. Zemlin’s Cardiothoracic Surgery Research Laboratory is developing a new data
acquisition system for cardiac plaque mapping and applying such system to study how mitral
regurgitation leads to AF in a canine model. Not only is the canine model similar to a human
heart in terms of physical features such as size and weight, but the canine model also resembles
the human cardiac electrical behavior [11]. This makes the canine model appropriate for human
cardiac electrophysiology. In the context of this study, dog hearts are paced using different
pacing modalities (which will be described further in Chapter 2: Methods) to induce arrythmias,
specifically AF, and the plaque mapping data of sinus rhythm, paced rhythm, and AF rhythm

were collected from the dog hearts as input signal for development of visualization algorithm.

With the development of a new data acquisition system for cardiac plaque mapping in the
lab, there is a need for an algorithm that can be used to easily visualize the plaque mapping data
to provide a better understanding of the signal collected in relation to the 3-dimensional (3D)
geometry. The plaque mapping system consists of three plaques that cover different regions of
the atrial surface. This visualization system would also be beneficial in troubleshooting the data
acquisition system that the lab is developing as it allows us to identify unexpected signal patterns
resulted from an error in the data acquisition system. It will also be helpful as an analysis tool to

analyze the electrical conduction pattern of the atria during AF.



The main objective of this thesis is to develop a MATLAB graphical user interface (GUI)
that can process and visualize the cardiac plaque mapping signals received from the data
acquisition system on the 3D geometry of the atria. To achieve this objective, the study is

divided into two parts: signal acquisition/processing and 3D visualization.

The first part of the study focused on loading, processing, and visualizing the data
acquired on the 2-Dimensional (2D) geometry of the plaques. This part of the study focuses on
understanding the nature of the signal acquired to devise a signal processing plan for the input
data. Signal processing will focus on filtering the power line (60Hz) noise from the input signal.
There is also a need to remove signals from electrodes that have poor contact with the atria as
part of the signal processing process. Once the signal is processed, activation time within a given
time window is calculated and visualized, allowing us to further understand the nature of the
signal and troubleshoot the current data acquisition system, which helps to push Zemlin’s lab’s

effort in developing a new plaque mapping data acquisition system.

Once data have been loaded and processed on the level of the 2D plaques, the second part
of the study focuses on projecting data from the 2D plaques onto the 3D atrial geometry. The
projection is achieved by determining for each plaque a transformation (a combination of
translation and rotation) that maps the 3D atrial geometry onto the 2D geometry in a way that
reflects the actual positioning of the plaque on the atrium. Vertical projection of the atrial vertex
mesh points and interpolation of the electrode signal values (voltages or activation time) enables
mapping of the plaque data onto the 3D atrial geometry. Displaying the data in 3D integrates the
data from the different plaques and puts them into correct spatial relation and in this way

facilitates their interpretation. The data that are displayed in 3D could be the actual epicardial
4



voltage or derived data such as activation maps or action potential duration maps. An intuitive
and accurate 3D representation of electrophysiological data greatly helps in the accurate
assessment of the dynamics of arrythmias (including AF) pattern, which is the first step to

combat such cardiac complications.



Chapter 2: Methods

2.1 Signal Acquisition and Processing

2.1.1 Overview of Electrode Plaques and Pacing

Epicardial electrodes are distributed over three plaques with each placed in a different
location on the dog’s heart, specifically the left posterior atrium (LP) plaque, the right posterior
atrium (RP) plaque, and the biatrial plaque. The name of plaques is named according to their
location on the heart: LP plaque, RP plaque and biatrial plaque. The images of the three plaques
with electrodes are shown in Figure 2.1. The relative position of the plaques on the 3D atria is

shown in Figure 2.2

A variety of methods are used to pace the dog hearts to induce arrythmia, specifically AF,
including 300 ms pacing, s1-s2 pacing, or burst pacing. 300 ms pacing pace the dog hearts at a
constant basic cycle length (BCL) of 300 ms. s1-s2 pacing includes pacing the hearts 8 pulses at
a constant BCL, similar to that performed in 300 ms pacing, followed by an extra pulse at a
different interval, typically a shorter time. Burst pacing pace the heart with rapid pulses at
constant rate. In the context of the datasets used in developing the algorithm for the MATLAB
interface, 300 ms pacing was applied at the right atrial appendage (RAA) with approximately 2
mA. The pacing beats are watched closely as the signals at the electrode are recorded by the

recording system.



(©)

Figure 2.1 Images of (a) Left Posterior Atrial Plaque (b) Right Posterior Atrial Plaque (c) Biatrial Plaque with
electrodes connected to the Intan System. Rulers are placed side-by-side for scale.
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Figure 2.2 Two views of the 3D rendering of the atria and the plaque showing the relative position of the three

plaques on the atria (black: biatrial, green: LP, blue: RP)



2.1.1 Recording System

Electrical signals acquired from the electrode plaque placed on the heart atria are
recorded using the RHD2000 system (Intan Technologies, Los Angeles, CA), which is designed

to allow the recording of biopotential signals from multiple low-noise amplifier channels.

The plaque mapping system utilized in the Zemlin lab uses a total of 224 channels from
the Intan Recording System for data collection. Channels are divided into patches labeled with
letters A-G, with each patch containing 32 channels labeled numerically from 0 to 31. The
channel identifiers composed of a letter and a number from 0 to 31 (e.g., “A26”) will be referred

to as the Intan key in this thesis.

Intan Technologies provides open-source MATLAB code to import the .rhd output file
from the Intan recording system into the MATLAB workspace. This MATLAB RHD reader
function is utilized to import the collected electrode signals into MATLAB for further processing

and visualization.

2.1.2 Signal Processing and Activation Time Calculation

Signal Processing

Once electrode signals are imported to MATLAB, Bandstop Filter is applied to the signal
to remove 60 Hz noise from the input signal. A 60 Hz Bandstop Filter is a Butterworth Bandstop
filter developed using the Filter Designer Graphic User Interface (GUI) in Signal Processing
Toolbox from MATLAB, with a sampling frequency of 2000 Hz, lower cut-off frequency at 59

Hz and higher cut-off frequency at 61 Hz (Figure 2.3).
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Figure 2.3 Setting details of the 60 Hz Bandstop Filter used.

A 60 Hz Bandstop filter is applied to the signals via a MATLAB function to ensure that
the filter applied to our signal is zero phase as phase shift is not desired during filtering. The
MATLAB function takes in the filter and the signal as input, applies the filter in the forward
direction, reverses the filtered data, reapplies the filter, and then reverses the filter data back

before returning the filtered data as function output.

Activation Time Calculation

An activation time map is a compact and informative way to describe how excitation
propagates over the heart. Activation maps look at a single activation time that occurs in a
specified time window, so our software needs the ability to select a time window before
activation time calculation. A window of typical signal recorded showing a single activation is
shown in Figure 2.4 (all channels are superimposed). In each activation window, there are two
regularly paced signals recorded: an atrial signal followed by a ventricular signal. The atrial
signal has a wider distribution over different electrode locations as the atria points are activated
at different times with slight delay. The ventricular activation is more simultaneous, reflecting

the short QRS complex. Since we are only interested in atrial activation for this study, the
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activation time window can be manually identified from the plot of filtered data over time by

selecting the starting and ending time of the more widely distributed signal.
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Figure 2.4 Portion of the signal showing a pacing signal that is simultaneously across channels followed by the atrial
signal that is more spread out reflecting the atrial electrical conduction pattern.

Once the activation window 1is identified, the activation time of each channel in this
window can be calculated. There are several methods to identify the activation time from the
signal, including determining the point of maximum negative slope, or the midpoint between
absolute maximum and absolute minimum voltage or the point of absolute maximum voltage as
activation time. The point of absolute maximum voltage is chosen as the method for identifying
the activation time in this study as it would be more robust compared to the other methods. For
ease of comparison and visualization, activation time (rounded to the nearest ms) is calculated

relative to the start of the chosen time window using Equation 2.1.

11



Relative activation time = round ((activation time — window start time) * 1000)  (Equation 2.1)

2.1.3 Interpolation of Data Values

Interpolation is used to approximate atrial values based on nearby electrodes value (i.e.,
activation time or voltage) due to its accuracy in approximating the value of points within a
known boundary. The MATLAB function scatteredInterpolant (x, y, v) is used to create an
interpolant that fits a surface of the form v = F(x, y) with (x, y) be the coordinates of the
electrode points and v as the value associated with the point (x, y). The function F =
scatteredInterpolant (x, y, v) will then be used to determine the value of the chosen atrial points
by doing v4 = F(x4, y4) where (Xa, ya) is the coordinates of the projected atria points and va is
the calculated value associated with the point (xa, ya). For better accuracy, the local
scatteredInterpolant F function is determined for every atrial point. A set of nearby electrodes
points are chosen to perform triangulation-based interpolation via scatteredInterpolant function
and the value for the corresponding atria point is calculated. The set of nearby electrode points is
determined by setting a threshold to the distance between the atria points and the electrode
points. The threshold is calculated as threshold = k * min(distance between electrodes) where k
is a hyperparameter. In this study, k is set to 8 based on trial results to ensure that for every atrial

point, enough electrode points are chosen for triangulation.

2.2 Signal Visualization

The plaques with the recording electrodes are two-dimensional. As we described above,
data collected from the individual electrodes can be filtered, processed, and interpolated on the

level of a plaque. It is desirable, however, to project the data from all plaques onto a 3D atrial
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geometry, for a better appreciation of the spatial information provided from all the data of the
plaques in an integrated way. We are currently using a specific idealized atrial geometry for
visualizing the data collected from different animals. For accurate visualization, it is important to
specify the position of the individual plaques in the atrial geometry before projecting the data.
Once the correspondence between plaque coordinates and 3D mesh points is established, the data
to be visualized on the 3D mesh can be obtained via this correspondence and interpolation in 2D.
Dr. Zemlin’s lab is moving towards reconstructing the individual atrial geometries for each

animal, and the same approach will still be applicable in this situation.

2.2.1 3D Geometry Rotation of Plaques and Atrial Geometry

To allow for accurate projection of atria vertices onto the plaque plane, the plaque plane
and the atria geometry need to be positioned such that the plaque is attached to the atria
geometry at the position at which it was placed during the experiment (i.e., LP, RP, biatria). This
requires previous knowledge of anchor points on the atria geometry that corresponds to known
2D plaque electrodes. For this study, two atrial anchor points (labeled A, and B,) are chosen to
match two 2D plaque electrodes (labeled A, and B, respectively). For further experiments and
study, these anchor points - plaque electrodes pair will be determined during signal acquisition

procedure in the OR by the surgeons.

The match between plaques and atrial geometry can be achieved by either moving the
plaques to match the atrium or vice versa. For simplicity, we consider the plaques sequentially

and position the plaque in the xy-plane in each case.
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To simplify the later transformations, the 2D plaque is first translated such that point A,
is set to the origin (0, 0, 0). The plaque subsequently rotated in the xy-plane around point A,
such that ApB, aligns with the x-axis; therefore, the angle of rotation would be the angle 6

between vector ApBp and the x-axis (Figure 2.5), which can be calculated using Equation 2.2

0 =tan™?! Z—y (Equation 2.2)

A

p

Figure 2.5 Drawing showing the angle of rotation and the geometry for deducing Equation 2.2. B, is the point to be
rotated to the x-axis. By and By are the distance between B, and the x-axis and y-axis respectively.

Given this angle of rotation, the rotation matrix can be defined as Equation 2.3.
However, it is important to note that this rotation matrix only applies to the counterclockwise
angle between vector ApBp and the x-axis, which can only be visually determined. Visual
determination cannot be applied to the software; therefore, a method is necessary to ensure
that the right angle is chosen such that point B, is rotated onto the x-axis. Assuming point B,
is rotated onto the x-axis, its y-coordinate should be zero. Therefore, to decide between the
positive and negative 0 values to be used for formation of the rotation matrix, the y-coordinate
of point B, after rotation using both 0 values is examined. The 0 value that gives a y-

coordinate of zero will be used to form the rotation matrix using Equation 2.3
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R= [COS 6 —sin 9] (Equation 2.3)

sinf cosé

Once the rotation matrix is determined, the plaque points undergo transformation that
includes subtracting the coordinate of A, from the coordinate of the plaque points (translation)
followed by multiplying the rotation matrix R, with the plaque point coordinate (rotation). The

transformation of plaque point (Xi, y;) is demonstrated mathematically in Equation 2.4

xl] =R, [xi : Ax] (Equation 2.3)
Vi yi— A4y

Once the plaque is positioned such that ApB, is aligned with the x-axis and A, is at the
origin, the atria mesh will undergo transformation to position the atria in the correct relative
position to the plaque. Aligning the atrial geometry with the plaque requires scaling the 3D atrial
geometry such that the distance A,B, between two anchor points is equal to the distance A.Ba
between the two plaque points. To maintain the shape of the atria geometry, all the atrial vertices
are uniformly scaled using the same scaling factor calculated using Equation 2.4 where norm

(vector) function calculates the vector norm of the input vector.

norm(Bp—Ap)

Scaling factor = (Equation 2.4)

norm(Bg—Aq)

Once the geometry is scaled to match the two distances, the atrial vertices need to be
translated such that point A, on the atria matches point A, on the plaque (or the origin) and
rotated such that point Ba on the atria matches point B, on the plaque. The rotation matrix is

determined using Rodrigues’ rotation formula for 3D rotation (Equation 2.5) where k is a unit
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vector describing the axis of rotation. For any two non-zero vector a and b that defines the plane

of rotation, 0 is the angle measured away from a and towards b, and I is a 3x3 identity matrix:

__axb
k= la xb]
0 —k, k,
K=k, 0 —k,
—k, ky O
R.=1+ (sin®)K + (1 — cos9)K? (Equation 2.5)

To apply Equation 2.5 to our geometry, vector a is point B, and vector b is point Ba.
Since the plaque is aligned to xy-plane, the z-coordinates of all plaque points (including A, and
B;) are zero. The angle 0 between B, and B. is determined using Equation 2.6 and the rotation

matrix is defined using Equation 2.5

_ -1 BpBa .
6 = cos TBollBal (Equation 2.6)

Once again, to ensure that the right angle is chosen for rotation matrix formation, the
coordination for B, is calculated using both positive and negative 6. The 6 value that makes Ba

equal to By will be chosen.

Once the rotation matrix is calculated, the atrial vertices all undergo a transformation that
includes subtracting the coordinate of A, from the coordinate of the atria vertices (translation)
followed by multiplying by the scaling factor, followed by multiplying the rotation matrix Ra
with the vertex coordinate (rotation). The transformation of atria vertex (xi, y;, zi) is demonstrated

mathematically in Equation 2.7
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X X; — Ay
[yl-l = R, | scaling factor  |y; — A, (Equation 2.3)
Zj z; — A,

Once the above transformation is performed, anchor points and electrode points should
be checked to ensure that they match each other (i.e., point A, matches A. and point B, matches
Ba) before proceeding with the next step. After the pairs of anchor — electrode points are aligned,
the atria geometry undergoes the last rotation that rotates the atria geometry around the vector
AB (or x-axis) to reposition the plaque for projection. Since this is a rotation around the x-axis,
the rotation matrix is defined as Equation 2.3 where 0 is the angle of rotation. This angle of
rotation will be determined by the user to visually ensure that the plaque matches the atrial

geometry as well as possible.

2.2.2 Projection of Atria Vertices onto Plaque Plane

Once the plaque is positioned to match its position relative to the atria during the
experiment, the atria points are projected onto the plaque plane. Atrial points will typically not
coincide with measurement points on the plaque, but the data that are being visualized can be
interpolated on the 2D plaque, so the correct data value for the mesh vertex can be determined. It
is important to note that the signals collected are bipolar signals; therefore, the signal does not
correspond to the electrode locations but corresponds to the midpoints between the electrodes
(measurement locations). The plaque point coordinates recorded in this study are the
measurement locations. As mentioned previously, the interpolation needs to be done on the 2D
plaque plane, which makes it necessary for the projection of atria points onto the plaque plane

(or xy-plane). Since this is a projection onto the xy-plane, the z-coordinates of the atrial points
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are set to zero to generate the projected atrial points. To prevent atrial points outside the local
neighborhood of the plaque from getting assigned interpolated values, a distance threshold is set
to eliminate points from the opposite side of the heart. Since interpolation can only be performed
with points within the plaque boundary, only atrial mesh points that project into the plaque area
will be assigned values. The boundary of the plaques is determined from the electrode
coordinates using the boundary (x, y) MATLAB function which determines the boundary of a set
of points in 2D given their x, y coordinates. To determine if the projected atrial points fall within
the boundary, inpolygon (xq, yq, xv, yv) MATLAB function is used. This function takes in points
(xv, yv) that determine the boundary of the area of interest and the set of query points (xq, yq)
and returns a logical matrix indicating if the query points fall within the area of interest. With
these two MATLAB functions, we can identify the atrial points that will be assigned data values
via projection and interpolation. Once the atrial points are projected, interpolation function

derived above can be used to obtain the atrial value.

2.2.3 Visualization of Interpolated Atrial Value

The transformation, projection, and interpolation process are repeated for all three
electrode plaques and the interpolated atrial values are recorded. Using the recorded atrial value,
trisurf (T, x, v, z, ¢) function in MATLAB is used to create the 3D triangular surface defined by
the points in atria triangular face T and atrial points (X, y, z). Atrial value ¢ will determine the
color of the plot. Points that do not have an interpolated atrial value will be masked (i.e.,
assigned the color black). Voltage map video is also generated using VideoWriter function from
MATLAB that allows combining figures as frames to create a video. The frame rate of the video

is set to 5 frames per second (fps).
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Chapter 3: Results

The results presented below are for a single data set that is measured for external pacing

at the right atrial appendage (RAA) with a basic cycle length of 300 ms.

3.1 Data Processing

Figure 3.1 shows the effect of the filter on the acquired signal as a lot of the noise that
cover the signal in Figure 3.1 (a) has been removed to display more meaningful signals in Figure

3.1 (b)
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Figure 3.1 Superimposed epicardial potentials from all electrode channels (a) before and (b) after applying 60 Hz
Bandstop Filter.

A zoomed-in portion of the filtered signal (Figure 3.2) shows clear periodicity, reflecting
the fact that we are periodically stimulating (with a period of 300 ms). The atrial and ventricular

activation signal behavior described in the previous chapter is also clearly seen here where the
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atrial activation signal is more widely distributed followed by a more simultaneous ventricular

activation signal.
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Figure 3.2 A portion of the filtered signal

Figure 3.3 shows a window of a single activation, which is 12.453 — 12.563 seconds. This
activation window is specific to this signal and is representative of only one of the many
activations that were recorded. Once the activation window is determined, the activation time for
all the signals within that period is determined using Equation 2.1. Figure 3.4 shows an example
of an activation time relative to the activation window start time. There is a small discrepancy

seen in Figure 3.4 because of rounding the nearest millisecond.
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Figure 3.3 A portion of the filtered signal indicating the expected spike behavior. Indicated points identify
the start and end point of the activation window of interest.
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Figure 3.4 Activation time (red point) is defined at the time when absolute maximum voltage is achieved.

21



3.2 3D Visualization

3.2.1 Geometry

The 2D geometry of the plaques are shown in Figure 3.5 (biatrial), 3.6 (LP) and 3.7 (RP).
This geometry was collected during the signal processing procedure in the OR by the surgeons,
with the points being the measurement location of the bipolar signals (i.e., the midpoint between
two electrodes). This geometry will be used to visualize the distribution as well as interpolate the
value of interest, including the activation time that was calculated earlier. Other measurable
values can also be used as values for interpolation such as voltage, phase difference, etc.
However, in this study, only activation time and voltage are studied. For this portion of the

thesis, activation time will be used as the value of interest.
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Figure 3.5 Geometry of the biatrial plaque
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Figure 3.6 Geometry of the LP plaque
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Figure 3.7 Geometry of the LP plaque

23



*  Biatrial Plaque
Left Posterior Plaque
*  Right Posterior Plaque

40 —

30 —
20 —
10 —
N 0
-10
-20 —
50
230 —
40 —
-50
10 20 30 40 50 -50 Y
X
40 — * Biatrial Plaque
*  Left Posterior Plaque
*  Right Posterior Plaque
30 —
20 —
10 —
N 00—
10 ~
-20
-30 —
-40
;Mm
0
0

X -5050 Y

Figure 3.8 Two views of the 3D geometry of the atria and the plaque showing the relative position of the three
plaques on the atria (black: biatrial, green: LP, blue: RP)

The reference 3D atria and electrode geometry are shown in Figure 3.8. This geometry
will be used for 3D visualization of the value of interest (i.e., activation time). It is important to

note that the plaque positions shown in Figure 3.8 are only approximate and shown as a general
24



illustration. In reality, the atria can vastly vary in size due to the medical condition that is studied
(mitral regurgitation in this context). With mitral regurgitation, the left atrial volume can increase
by a factor of five. The change in atrial size between different hearts also affects the contact

between the plaque and the atria, which will be explored in the later part of this thesis.

The pair of anchor points and plaque points are presented in Table 1. These values are
approximate for this study. However, moving forwards, this information will be obtained and

recorded in the OR by the surgeons during the signal recording procedure.

Table 1: Pair of anchor point — plaque points for all three plaques

Plaque Plaque Intan Number Atrial Anchor Point Index
Ap A31 Aa 997
Biatrial
By BO Ba 707
Ap D31 Aa 535
Left Posterior
B, C1 Ba 603
Ap El Aa 728
Right Posterior
B, Gl4 Ba 1233

3.2.2 Interpolation

Interpolation is done on the 2D plaque using activation time as the value for
interpolation. The distribution of activation time for three plaques is shown in Figure 3.9

(biatrial), 3.10 (LP), and 3.11 (RP).

25



1200
100

1100
90

1000 +
80

900 r
170

800 B3 g6 oL
- o3 gz A0 N - sl B20~yB19| 160
> 700 i B4 g0 B2 . 823 41s
\ O2 g\3¢ ®25 A2 B2 NE17 150
600 - S

140

500 r
30

400 [
20

300
10

200 . . ) , . .
600 800 1000 1200 1400 1600
X

Figure 3.9 Activation time map for the biatrial plaque

Figure 3.10 (a) and 3.11 (a) shows areas of activation time where the activation time is
not consistent with the rest of the plaque. Specifically, there is early activation in the area from
C10 — C15 for LP plaque (Figure 3.10a), and an area on the upper right of the RP plaque (Figure

3.11a).
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Figure 3.10 (a) Distribution of activation time in LP plaque. Area circled in red shows an area in which plaque
electrodes did not have contact with cardiac tissue. (b) Distribution of activation time in LP plaque with selected
electrodes removed. The color bar scale is adjusted to better see the difference in activation time within the LP
plaque since there is little difference in the activation time in the LP atria.
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Figure 3.11 (a) Distribution of activation time in RP plaque. Area circled in red shows an area in which electrodes
were not in contact with cardiac tissue. (b) Distribution of activation time in RP plaque with selected electrodes
removed.
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The possible reason for this inconsistency is inspected by looking at the individual
signals recorded at these electrodes. The signal of one of the electrodes for each of the plaque
investigated is shown in Figure 3.12 (C11 for LP and E30 for RP), showing that there is no atrial
activation peak recorded at this position and only ventricular activation signal is recorded. This
behavior is representative of all the points’ area circled red in Figure 3.10 (a) and 3.11 (a). This
suggests that these electrodes did not detect atrial activation signals. This is relevant to the
problem in size variety between atria discussed earlier. Since the heart differs in size due to
different medical conditions, part of the plaques (especially LP and RP) has to be placed off the
atria and into the ventricle. This results in this portion of the plaques not detecting the atrial
signal. Therefore, for the purpose of this study, these electrodes will be removed from the

plaques (Figure 3.10 —3.11 b).
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Figure 3.12 Portion of the signal for (a) Electrode C11 in LP and (b) Electrode E30 in RP. No atrial activation is
seen in the activation window of interested identified earlier (indicated by the points shown)
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3.2.3 Rotation

Since the procedure for deducing the rotation of the plaque and atria mesh is similar in all
three plaques, the result of the rotation of the biatrial plaque is shown as representative of all

three plaques.

Plaque Transformation

Figure 3.13 shows the biatrial plaque after translation with the red crosses indicating the
plaque points which correspond to the chosen atrial anchor points (Table 1). The translation

successfully moves the plaques such that point A, (A31) is now at the origin.
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Figure 3.13: Plaque position after translation. Red crosses indicated the anchor points. The plaque has been
translated such that point A is translated to the origin (coordinate shown)

Figure 3.14 shows the plaque after the rotation that aligns vector ApB, with the x-axis.

Comparing Figure 3.13 and 3.14 shows that the coordinate of point B, has become zero after the
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rotation matrix is applied, verifying that the rotation matrix was calculated correctly, and the
rotation of the plaque to align vector A,B, with the x-axis is as expected. There is no distortion

in the shape of the plaque after the transformation, verifying that there is no error in the

transformation.
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Figure 3.14: Translated plaque after rotation. Red crosses indicated the anchor points. Plaque has been rotated such
that vector A,B; align with the x-axis, indicated by y-coordinate of point B, being set to 0 (coordinate shown)

Atria Transformation

Atrial mesh undergoes transformation that includes translation to match point A. to Ay,
scaling to match distance A.Ba to ApBp, and rotation to match point B, to B,. The rotation matrix
was determined using Equation 2.5 and the resulting atria geometry with biatrial plaque is shown
in Figure 3.15. From Figure 3.15, we see that the two atrial anchor points match the two

corresponding plaque points and there are no distortion in the shape of the mesh, indicating that
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the transformation is successful in positioning the plaque to the atria using the two anchor points.
However, it is clear that the plaque is not aligned at the right angle with respect to the atria. This
behavior is expected, which is why a third rotation around the x-axis is designed to align the

plaque at an accurate angle relative to the atria before performing projection and interpolation.
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Figure 3.15: Plaque and Atria Geometry Plot after first mesh rotation

Figure 3.16 shows the geometry after the second mesh rotation. The biatrial plaque is
now positioned parallel to its corresponding atrial mesh area. The two anchor points are still

matched to the plaque points and there is no distortion in the shape of the mesh.
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Figure 3.16: Plaque and Atria Geometry Plot after second mesh rotation

3.2.3 Projection and Interpolation of Atrial Vertices

Once the plaque and the atrial mesh are aligned as desired, the atrial mesh points are

projected onto the 2D plaque plane (i.e., Xy plane). The vertical distance threshold between the
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mesh point and the plaque plane is adjusted such that the mesh point on the other side of the atria

is excluded from the points to be projected (Figure 3.17).
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Figure 3.17: Threshold was adjusted so that the points on the opposite side of the atria (red) is not considered for the
projection.

Once the threshold is determined, the atrial mesh points are vertically projected onto the
2D plaques, and the points that falls within the boundary of the plaque are chosen for
interpolation (Figure 3.18). Figure 3.19 shows the positions of the chosen atria points relative to
the reference electrode plaque position, suggesting the atria vertices at the correct area were
chosen. There is a slight discrepancy between the electrode (in blue) area and the chosen atrial
points (in green) area. This is due to the possible differences in geometry between the idealized
electrode used for reference and the actual electrode position in the OR. However, the idealized

electrode geometry can still be used to approximate the area where the plaque was placed.
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Figure 3.18: 2D plaque (black) and the chosen projected atrial points (red). Only points that are within the boundary
(in blue) is considered for interpolation.
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Figure 3.19: 3D geometry showing that the chosen atrial points (green) are within the area determined by the
reference biatrial electrode plaque (blue)
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Interpolation is done to derive the value (i.e., activation time) of the projected atrial
points (Figure 3.20). The atria point activation time is consistent with that of the electrodes,

suggesting the interpolation successfully derives the activation time (or values) of the atrial
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Figure 3.20: Distribution of the activation time in the biatrial plaque. The points with black cross are interpolated
atrial points. Electrode points has its Intan number indicated next to it.
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3.2.5 Visualization

The procedure of transformation, projection, and interpolation is repeated for three
plaques to obtain the interpolated atrial activation time at all three plaques. The activation time
map is plotted using these interpolated values. The triangulations that were used to render the 3D
geometry of the atria are kept in the activation map instead of smoothing out the edges. This is to
prevent errors in the interpretation of the color map (Figure 3.21). interp shading smooths out the
edges of the triangulation in trisurf plot by interpolating the color value across different edges.
This results in the boundary of the plaques getting interpolated values that is not representative
of the actual value collected, creating red edges around all the plaques, disrupting accurate

interpretation of the map. Therefore, shading the trisurf was kept as flat instead of interp.

100

-30 -40 -50

Figure 3.21: Smoothing out the triangular edges causes an interpolation of edge values, creating red edges around
the plaques, affecting accuracy of the map.
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The activation time map is plotted using these interpolated values, without smoothing out
the triangulation edges (Figure 3.22 for RP plaque, 3.23 for LP plaque, and 3.24 for biatral
plaque). There is a consistent trend in the activation time across the atria starting from the RAA
where the stimulus was applied. Starting from RAA, the activation wavefront travels down the
right atrium (Figure 3.22) and then across to the left atrium (Figure 3.23). Another wavefront
also starts at RAA but travels across to the biatrial area (Figure 3.24). This activation wavefront
travels across biatrial plaques toward the left side of the atria. With a constant color scale across
all three plaques, the left side of the atrium has almost simultaneous activation (Figure 3.23a).
Adjusting the limit of the color map scale reveals that the activation wavefront approaches from
the top and left of the LP plaque (coming from the RAA and biatrial plaque) first before the rest

of the area is activated (Figure 3.23b).
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Figure 3.22 Activation map showing RP Plaque
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Figure 3.23 Activation map showing LP Plaque with (a) color map scale consistent with the other plaques (b) color
map scale is adjusted to reveal more details of activation time.
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Chapter 4: MATLAB GUI Overview

The workflow described in Chapter 2: Method to load and process signal, calculate

activation time, transform plaque and atria geometry, project and interpolate atria vertex points

and generate activation map is incorporated into a MATLAB GUI for accessible use of the

workflow in the lab. The view of the GUI is shown in Figure 4.1. There are a total of three tabs

in the MATLAB GUI: Pre-processing, Transformation, Projection and Interpolation, and

Visualization (Figure 4.1)

4.1 Pre-processing Tab:

Pre-processing Transformation, Projection and Interpolation Visualization

Plaque Signal Atria Geometry
1r
e
09r
08
08
E- 06}
() 07
=3
£
S04
0.6
0.2
> 05
0 L L L L L L L L L )
0 0.1 0.2 03 04 0.5 06 07 08 09 1 04r
Time (s)
03r
Activation Time Window
02r
Start Time (in s) 0
Import Key
0.1
End Time (in s) 0
0 " L " " L " " L n ,
0 0.1 02 03 04 05 06 07 08 09 1

X

Import Geometry

Figure 4.1: MATLAB GUI starting screen (Pre-processing Tab). There are three tabs indicating three steps of the

workflow.
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The MATLAB GUI starts with Pre-processing Tab (Figure 4.1) where relevant data
including reference geometry, Intan key and the RHD signal file is loaded. The signal will get
processed, and the activation time is calculated at this stage. Users start by clicking the “Import
Geometry” button (Figure 4.1) which prompts users to load the reference atrial and electrode
geometry (Figure 4.2). The “Import Key” allows loading of Intan Key files. The key needs to be
loaded first before being able to load the RHD file from Intan output. 60 Hz filter will be applied

on loading the RHD file before the filtered data gets plotted (Figure 4.2)

Pre-processing ion, Projection and

Plaque Signal Atria Geometry

Jl e 11
A o

HM |

0.5

Activation Time Window

Start Time (in s) 0
Import Key

End Time (in s) 0
Load RHD File

Calculate Activation time

Import Geometry

Figure 4.2: Reference geometry is displayed in the Atria Geometry panel after loading the geometry via “Import
Geometry” button. Filtered signal is displayed in the Plaque Signal panel after the key and RHD file is loaded.

After manually determining the activation time window from the plot in the Plaque
Signal panel, the activation start, and end time can be inputted in seconds (Figure 4.3). After the

start and end time is entered, the “Calculate Activation Time” button starts the activation time
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calculation using the method described above, and the signal within the activation time is

displayed in the Plaque Signal panel (Figure 4.3).

Pre-processing Transformation, Projection and Interpolation Visualization
|

Plaque Signal

8000

-8000 L L L L I
12.46 12.48 125 12,52 1254 12.56

Activation Time Window

Start Time (in s) 1245
Import Key

‘ End Time (in s) 12.56
Load RHD File

Calculate Activation time

Atria Geometry

Import Geometry

Figure 4.3: Start and End Time (in s) can be entered in the Activation Time Window panel. After Activation time is
calculated, the signal plot will displayed the signal within the window of interest.

4.2 Transformation, Projection, and Interpolation Tab:

After the Activation Time is calculated, users can move to Transformation, Projection

and Interpolation Tab (Figure 4.4). In this tab, users would be able to transform the plaque and

atria geometry to align the plaque to its position on the atria mesh for projection and

interpolation. Users start by choosing the plaque they want to map before clicking the “Map”

button to plot the plaque onto the axis (Figure 4.5)
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Figure 4.4: Transformation, Projection and Interpolation Tab
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Figure 4.5: Plaque of interest is chosen. “Map” button shows the geometry of the plaque.
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The anchor — plaque point pair corresponding to the chosen plaque (refer to Table 1) is
entered in order to perform the transformation to match the anchor points and plaque via the
“Match Chosen Atria and Plaque” Button. The atria and plaque geometry after the
transformation is displayed in the axis on the right (Figure 4.6). Users can rotate the map to
ensure that the anchor — electrode pairs of interest are matched as expected. Once that is
confirmed, the “Rotation Angle” slider can be used to rotate the atria mesh around the x-axis (or
ApByp vector). Users can rotate the atria until the desired position of the atria relative to the plaque

1s achieved.

Pre-processing Transformation, Projection and Interpolation Visualization
Left Posterior Right Posterior (@) Biatrial Map 1200
Anchor Points
500 Corresponding Atria Pts
1000
400 |
3001 800

200
100 (7

op

-100

-200 or

-3001 -200 -

-400 ke L s L " "
-200 0 200 400 600 800 400}

X
Plaque Point 1 Corresponding Match Chosen
(Origin) | A31 Atria Point 1 o1 Atria and 600k . . L L L L . .
Plaque -600 -400 -200 0 200 400 600 800 1000
Corresponding
Plaque Point2 | B0 Atria Point 2 707 X
Project Interpolate
Threshold 600 Map Type Rotation Angle
) (in degree) 11! [ T
Activation (_JJl) Voltage 0 20 40 60 80 100 120 140 160 180

No. of frames

Figure 4.6: Once anchor — plaque points pairs are entered, the atria and plaque points are matched. The geometry
after transformation is displayed in the axis on the right. Rotation Angle (in degree) slider is used to rotate the atria
geometry around the x-axis to position the atria relative to the plaque in preparation for projection and interpolation.

Once plaque and atria geometry are aligned as desired, the projection threshold is entered

before initiating the projection of atrial points onto the plaque plane. Chosen projected atrial
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point on the plaque plane is displayed on the left axis while the position of the chosen atrial
points in 3D is displayed on the right axis for users to verify its position relative to the reference
electrode plaque (Figure 4.7). A figure similar to Figure 3.13 will also be displayed to allow

users to verify if the chosen threshold is optimal.
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Figure 4.7: Axis on the left displayed the projection of the chosen atrial point on the plaque plane. Axis on the right
display the 3D position of the chosen atrial point in relation of reference electrode points for verification.

Once the chosen atrial points are verified, users can initial interpolation which will
display the interpolated values of the atrial points in relation to the values of the plaque points in
2D (Figure 4.8). Pressing the “Interpolate” button would also save the interpolated value for use
in visualization in the Visualization tab. Therefore, users need to make sure that they choose the
right type of Map before they initial interpolation process. Figure 4.8 shows that the activation
map is chosen. Only the “Activation” map option displays the interpolated value for verification.

For the “Voltage” map, the number of frames need to be indicated before interpolation.
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Figure 4.8: Interpolated activation time displayed in relation to that of the plaque points with “Activation” map as

4.3 Visualization Tab:

the chosen map type .

Any plaque undergoing the process in the Transformation, Projection, and Interpolation

tab described in 4.2 will be loaded into Visualization Tab for 3D visualization using the

reference geometry loaded in Pre-processing Tab. There are options to generate activation map

and voltage map videos. Activation map will be displayed on the axis if the “Generate Activation

Map” button is chosen (Figure 4.9). For the “Generate Voltage Map Video” option, users can

choose a preset view for the generated view. This option will generate a video (‘voltagemap.avi’)

displaying the changes in voltage across the chosen window using the total number of frames

indicated in the previous tab. Voltage Map generated will have a framerate of 5 fps.
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Figure 4.9: Visualization Tab with Activation Map generated and displayed on the axis.
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Chapter 5: Discussion

The study design has been successful in rendering a visualization of the 2D electrode
plaque signal on the 3D atrial geometry. The 3D visualization shows an expected pathway for
electrical conduction in the atria in response to the pacing signal. The signal travels from the
pacing point in RAA down the right atria and over to the biatrial area before reaching the left
atrium. Moreover, the processing and visualization of the input data have allowed us to
understand the nature of the input signal from the Intan Recording System. Noisy channels have
been investigated and troubleshooted to produce more meaningful datasets. For future study,
there are still rooms for improvement in signal processing and transformation. This includes
filtering for noisy channels and channels with poor atrial contact, evaluating different methods to
obtain the activation time, and isometrically transforming the 2D plaque to match the curvature

of the 3D atrial geometry.

Firstly, the signal processing design was able to remove most of the noise, especially
power line noise, from the input signal through a 60Hz notch filter. The filtered signal shows
clear peaks which allow for the detection of the activation time as the maximum voltage.
However, from the superimposed plot of the filtered signal from all the channels in Figure 3.1b,
there is still presence of low amplitude noise. This does not affect the determination of the
activation time done in this study since clear absolute peaks are not covered by low amplitude
noise. However, with other methods of identifying activation time with higher accuracy such as
maximum negative slope, this baseline noise can be disruptive. In the future, filters can be

developed to remove more baseline noise from the filtered signal. Since the noise is of much
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different frequency from the actual signal of interest, noise frequency can be identified, and
filters can be designed to remove them. Moreover, Adaptive Noise Cancellation (ANC) filters,
which include a filter and an adaptive algorithm, have been studied as an advanced method for
noise filtering, especially power line noise, baseline wanders or motion artifacts [12] This can be

another possible method for more advanced noise filtering moving forward.

Secondly, while most of the channels from the Intan Recording System have signals with
clear peaks, there are still a small number of channels that are pure noise and do not contain
meaningful signals. There is no method in this study to recognize these noisy signals and remove
them. In future studies, a plan can be devised to recognize the noisy channels and remove them
from the datasets. Z-score is a possible metric that can be used to filter out noisy channels. Z-
score measures the deviation from the mean of the population; therefore, a threshold can be set to
remove the channels that deviate from the rest of the channels. Z-score has already been proven

effective in removing bad channels in ECGI software [10]

As mentioned previously, absolute maximum voltage was used as the method of
calculation because of its robustness as well as because our signals have very clear peaks that
enable higher accuracy. However, for future studies, different methods for activation time
calculation can be applied to the design plan. Evaluation of different calculation methods can be

useful in devising the optimal activation time calculation method.

Scatterplots for activation time distribution in the plaques reveal problems of poor contact
between the plaque electrodes and the atria. Poor contact prevents the electrodes from detecting

the atrial activation signal, resulting in inaccurate activation time calculation. Early detection of
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these points in the signal processing procedure prevents the need for manually removing these
channels from the list of channels at a later time. A possible design can be to set a threshold for

the absolute maximum voltage to remove electrodes that do not detect an actual atrial activation.

The design of the transformation matrix shows accuracy in matching the anchor points
and the plaque electrodes. Although this study defines the anchor — plaque point pairs based on
the rendered 3D geometry, there is high confidence that the algorithm is able to match any pairs
of 2D plaque points and 3D atrial anchor points, ensuring its ability to match the geometry with
anchor — plaque point pairs given by the surgeons. One way in which our current matching of the
plaque and atrial geometry can be improved is to allow for isometric bending of the plaques, e.g.,
into a parabolic shape. Anchor — plaque pairs should not be chosen at the ends with our current
approach because high atrial geometry can lead to a significant mismatch. This problem is
especially pronounced for the biatrial plaque which attaches to a particularly curved part of the
atria. Future improvements can be made to the plaque transformation to take into account the

curvature of the atria.
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Chapter 6: Conclusion

Overall, the algorithm and the MATLAB GUI have been successful in achieving the two
aims laid out previously: loading, processing, and visualizing the input signal from the Intan
recording system for understanding of the nature of the signal and troubleshooting the data
acquisition system and projecting the 2D signal values onto 3D geometry to understand the
dynamic of the electrical conduction in the atria. Filtered signals provide a meaningful
understanding of the electrical activity of the heart, specifically in the calculation of the
activation time at each plaque electrodes. The 3D visualization of the interpolated values
achieved the expected integration of the data from all three plaques that greatly facilitates
interpretation. For future works, there is room for improvement in signal processing to further
remove noise and improve the signals as well as in transformation design to consider the
curvature of the atria geometry. It is also straightforward to extend the application of this
approach to generate other useful maps for arrythmia study, including phase mapping of the atria

and action potential duration.
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