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ABSTRACT

This thesis presents the results of the work on a computerized cardiac mapping system
for recording simultaneously the signzals from three electrodes placed at different sites
on the heart in order to diagnose the sites causing arrhythmias. The signals are buffered,
amplified, filtered and transferred to a personal computer via a multiplexing A/D
converter. The computer controls the data acquisitio:: process and stores the data in the
memory. Activation times of the heart are estimated by a computer algorithm and
displayed on a screen. The digitized waveforms and the vertical time marker of the
activation time on each waveform are also displayed for verification. Corrections of
computer-estimated activation times are possible using an interactive computer
program. With this system, the region initiating an arrhythmia can be localized within a
few minutes. The system has been used clinically and proved to be effective in detection
of the sites of early activation causing cardiac arrhythmia.
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CHAPTER 1

INTRODUCTION

1.1 Motivation:

Ventricular arrhythmia is a disturbance in the normal sequence of the electrical process
of the heart that can be both life-threatening and unresponsive to drug treatment [1, 2].
For these reasons, there has been an increased interest, in recent years, in the surgical
treatment of this electrophysiological disorder. The purpose of the surgical approach to
ventricular arrhythmia is the identification and ablation of the sites causing the
arrhythmia [3]). The offending site might be either an area of slowed and fragmented
conduction or an eclopic ventricular focus competing with the sinoatrial node. the
normal cardiac pacemaker [4, 5]. The principle of ablation is to destroy the cells at this
site in order to increase the resistance so that the arrhythmias cannot be sustained [6].
Determination of the site to be ablated requires a fast and reliable method for obtaining
the activation time from the orderly waveforms recorded at various sites on the
ventricular myocardium during arrhythmia.



1.2 Present state of knowledge:

The activation at a site on the heart refers to the occurrence of an electrical pulse on the
electrical cardiogram (ECG). The time taken for the pulse to propagate from a reference
point to this site is defined as the activation time [7]. A cardiac mapping system
measures the potentials recorded from electrodes at various sites on the patient's heart.
At each site , the activation is detected and the activation time is measured relative to the
activation at a reference site {8.] The activation times are displayed for visual
inspection. With this information, the surgeons can localize the sites having early or
late activation times [9].

1.2.1 Data acquisition:

Many cardiac mapping systems have been developed. There are two methods that are
currently used to collect electrical signals from the heart surface: single roving
electrode [10] and multiple electrodes [11].

Single roving electrode:

The single roving electrode method was used at the Duke University Medical center to
map the sequence of epicardial activation during sinus rhythm in patients with
Wolff-Parkinson-White syndrome [10]. In this method, a singie, hand-held probe, with
an electrode at its tip, is positioned on the surface of the ventricles and the ECG is
recorded from that area . The surgeon moves the electrode sequentially 1o a series of
regions over the entire ventricular surfaces so that enough data is gathered at each
region.

A reference electrode is held at a fixed site which is paced with a certain frequency. The
fixed site can be on the atrium or the ventricle. The roving electrode measures the
potential at different sites on the surface of the left or right ventricle during different
cardiac cycles [12].



The advantage of this technique is that it does not require much hardware development
since only one channel is processed at a time. However, this method is time consuming
because the data is recorded sequentially, one site after the other. Furthermore, the
ventricular arrhythmias usually cannot be sustained for the time required to record the
data seduentially[TS]. Finally, it is possible to have a variation in the activation
sequence from beat to beat [14]. Therefore, this method is not always practical.

Multiple-electrodes:

The multiple-electrodes method is used at many research centers. One of these, the
Department of Medicine and Pathology, Duke University [15], has developed a nylon
mesh sock which is pulled over the heart. Fifty-two electrodes are attached to the sock
and permit simultaneous recording of potentials from many sites on the ventricular
epicardium during one cardiac cycle. One of the electrode on the sock is paced and used as
the reference point for calculation of the local activation time at the other electrodes.
This method allows rapid recording and analysis of epicardial electrical potentials and
should meet the time constraints imposed during the study of ventricular arrhythmias in
patients.

At the Washington University School of Medicine, a band of sixteen bipolar electrodes
was developed [16]. This band permits simultaneous recording of potentials around the
atrioventricular groove. Only one heart beat was required to obtained the activation
times at the sixteen locations. This decreased cardiac manipulation during mapping and
removed the need for cardiopulmonary bypass. This approach decreases markedly the
time required for mapping and permits accurate study of non-sustained arrhythmias.

One of the disadvantages of the multiple-electrodes method is the large amount of data to
be processed simultaneously. This requires a large investment in hardware to acquire
the data as well as a powerful computer to process it.



Another disadvantage is that the recording electrodes may not be placed precisely over
one of the standard predetermined grid points on the ventricles. This occurs because the
sock is stretched when it is pulled over the heart and. because of its elasticity, it
expands and contracts during diastole and systole. The fit of the sock over the heart is
never perfect and in some regions, particularly at the apex, the contact between the
recording electrodes and the ventricle is sometimes poor [6]. The errors in location may
distort the maps.

Finally, leakage current is a problem: a few mapping systems are now available
commercially, but some of them are not suitable for clinical use because they do not
meet the leakage requirement [17]. It is easy to meet the leakage requirement for each
individual electrode and its associated amplifier, but it is difficult to meet this
requirement for many electrodes and amplifiers in parallel [18]. The mapping system
that is used to record the electricat induction of arrhythmias during surgery must meet
extremely stringent leakage requirements to reduce to infinitesimal limits the chance
that the mapping system will induce an arrhythmia. It is also crucial that a system be
electrically isolated from the patient so that in the event of maltunction, it does not
produce a current that could be harmful to the patient {19].

1.2.2 . Activation detection methods:

Several methods 1o detect the activation have been propesed. These are:

Analog detector:

In this method, the aclivations are detected with a2 hardware slope detector [18]. An
activation is defined as any point having a potential slope greater than a predefined
threshold. This method is very fast because the activation is detected in real time.
Furthermore, it does not require any software development and is less expensive than
current digital systems. However, it does not always give the true activation because the
signal amplitude varies from site to site.



Digital detector:

The present trend is to carry out signal processing tasks on the discrete or sampled
representation of the signal using digital computers [20]. This has led to the
development of digital algorithms for detecting the activation.

* Simple method [7]:

This algorithm was used to detect the activation based on a negative slope threshold. For
each unipolar electrode,the window of 50 ms in which the activation most likely occurs
is first detected based on the negative slope threshoid. The computer finds all the samples
within this window in which the potential slope is greater than the predefined slope
threshokd. If several samples meet this criterion then the sample that has the largest
negative slope is taken as an activation for the electrode.

The advantage of this method is its simplicity, and the small time required for analysis .
However, it is no! reliable. First, the method can be applied to certain waveforms only.
With the waveform as shown in Fig. 1.1, this algorithm might detect the first negative
slope region instead the second one as the activation. It would not work in some
arrhythmias in which the slowly conducted and small activation amplitude can have a
deflection of less than the specified slope threshold [21].

activation

maximum deflection

Figure 1.1  The maximum deflection region is not right at the acivation region.



° Interpolation technique:

This technique [20, 22] assumes that the recorded potentials are a continuous function
pass through the sampie points. The slope at every point is calculated based on the

potential at (n -1) samples around it. For example with n=3 (Three-point Lagrange
derivative):

£ t5) = [ f(4j1) - 14i.1)] 7 2 (at)

where At is sample time, f(tj) is a discrete sampie value of the continuous electrogram

and the activation is assumed to occur at time t;, the time at which f{t;) attained its

maximum negative value.

This technique is more reliable than the simple method since it does not depend on any
predetermined negative slope threshold. The disadvantage with this technique is the
effect of noise; the negative slope at the activation may not be the maximum negative
slope in the window. For example, with the waveform as shown in Fig. 1.1 the maximum
negative slope at a point inside the activation region is much less than the negative slope
at another point outside the activation region. Closer inspection revealed that the
intrinsic deflection at the activation containing about 10 ms or 10 samples (with
sampling rate of 1 kHz) of data between the maximum and minimum values as shown in
Fig. 1.2 [20]. Therefore, this technique becomes more reliable when n is large because
the probability of false detections due to noise is smaller. However, as n increases, the
computation time also increases especially when the number of electrodes is large.
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activation

maximum negative slope

Flgure 1.2 The intrinsic deflection at the acivation.

* Data-fitting technique:

"Data-fitting™ is the term used in [20,22]. This technique is very similar to the
intemolation technique except it assumes that the data contains noise of some form and
the discrete series only gives an indication of the shape of the original signal. A
data-fitting algorithm is used to approximate the original signal. Again, the location
which has the maximum negative slope is considered as the activation. For examples:

Five-point second-order data-fitting technique (n=5):

f{t) = 2f(ti,2) + (1) - Khoq) - 2f(tj_2)

The n-point second-order data-fitting technique (n is any odd number):

k02
Flt) = 2 K[ f(t.x) - k) 1
k=t



The important factor determining the ease and accuracy of a derivative calculation at a
particular point is the number of samples which must be included in the calculation.
With n>11, the data values from an interval of more than 10 ms are used . Thus, in most
cases, all of the data values used {o calculate the derivative are located between the
maximum and minimum values of the intrinsic deflection. However, as N increases, it is
difficult to decide what type of function to fit to the data so no signal information is lost
and the computation time also increases, especially when the numbsar of electrodes is
large.

Another problem arises when there are two equal negative deflections as shown in Fig.
1.3. Such a situation occurs when a single electrode detects the impulses in several
adjacent myofibers. An electrode has finite physical dimensions, and many myofibers are
adjacent to the electrode, but are separated from it by variable amounts of interstitial
fluid and connective tissue. The electrode also records potentials from myofibers that are
not adjacent to it [23]. Thus, a standard electrode does not always exhibit a single
discrete activation but many fragmented activation fronts. Therefore, even with the
high-order data-fitting technique, we would not be able to detect which activation front
is caused by the myofibers in contact with the electrode unless some other criteria must
be considered.

activation region activatior. ‘egion

Figure 1.3  Two fragmented activation icnts
occur in the same activation region.



1.3 Objectives:

The main objective of this project is to research, develop, and design a computerized
cardiac mapping system which would be faster, more efficient, more reliable and more
economical than the existing systems. The second objective is to test such a system in a
clinical setting.

1.4 Organization of the thesis:

Chapter 2: This chapter describes, at the system level, the various functional units of
the proposed cardiac mapping system. These are the data-acquisition, activation
detection and activation-time mapping units. The various blocks in each unit are
described.

Chapter 2: This chapter gives detailed description of various hardware blocks such as:
selectors, buffers, filters, amplifiers and converters to condition: the signals. The
function and diagram of each unit are presented.

Chapter 4: This chapter provides detailed description of the proposed activation
detection algorithm. The advantages and disadvantages of the method are discussed .
Finally, the software implementation of this algorithm and the mapping unit are
presented.

Chapter 5: This chapter presents simulation and clinical results obtained using the
computerized cardiac mapping system. The various test waveforms used for simulation
are presented. The proposed activation detection algorithm is compared with three other
algorithms. Finally, a statistical anaiysis of the clinical results is presented.

Chapter 6: The efficiency, reliability, computation time and the cost of the proposed
system are discussed and compared with other existing systems. Extensions of the
studies in computerized cardiac mapping are also explored.



Appendix A is the listing of the program which are used 1o detect the activation.

Appendix B is the listing of the mapping program.

Appendix C is the listing of data-retrieval program.

Appendix D contains detailed hardware configuration.

Appendix E describes man-machine interface.
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CHAPTER 2

DESCRIPTION OF THE SYSTEM

2.1 Introduction:

The computerized cardiac mapping system contains three major units as shown in Fig.
2.1:

* Data-acquisition unit.

® Activation detection unit.

* Activation-time mapping unit.

interrupt
Analog s'g"a’: Data-Acquisiion | "2 control Activation-time
unit detection unit
l activation time
Activation-time
marping unit

Figure 2.1 Systern block diagram.
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Data-acquisition unit:

Signals from many electrodes may be recorded simultaneously. At the present time, only
three channels are used but the system can be expanded to handle many more channels.
The number of channels is limited by the processing speed of the computer and the
conversion time of the A/D converters. Two fixed electrodes are generally sutured to
both the atrium and the ventricle for purposes of recording and pacirg with a frequency
from 2 Hz to 5 Hz. Either electrode may serve a dual purpose in providing a reference to
which the data are related: The atrial reference is used when the atrium is being paced
and the ventricular reference is used when the ventricle is paced. This also affords a
convenient method for monitoring the atrioventricular conduction time, and permits
prompt recognition of the development of a junctional rhythm or block in the accessary
pathway due to inadvertent trauma during mapping [24]. The site for the ventricular
reference should preferably be devoid of epicardial fat and blood vessels and yet be
located as close as possible to the atrioventricular ring in the area assumed to be the
location of the accessory pathway [12]. The third channel is used to record the signal
from the roving electrode positioned at various sites on the left or right ventricle . The
position of these electrodes are shown in Fig. 2.2

Atrial reference position

Ventricular reference position

Roving Electrode position

Figure 2.2 The posi:ion of the electreodes on
the atrium and the veatricles.
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The total ventricula: surface is subdivided into 17 regions labeled front A to Q as shown
in Fig. 2.3. The ouline of this map represents the ventricles separa 2d at the posterior
interventricular groove and spread flat. The measurements are made at the center of
each region with the roving electrode [13].

Activation detection unit:

The activation detection algorithm first detects the activation at the reference site and
then it detects the activation at a selectzd site on the ventricles. The activation time at
the selected site is calculated as the difference between these two times.

Activation-time mapping unit:

The activation times are entered on a ventricular chart using different colors for
different ranges of activation times. The waveform and the numerical value of the
activation times are also displayed, in tabular form, for verification z nd modification.

2.2 The hardware of the system:

The system is designed to receive and condition the signals from various electrodes. The
basic blocks of the hardware unit are shown in Fig. 2.4 . These included:

* Selectors; for selection of three channels from the six available channels.
* High-input impedance buffer amplifiers.

* RC low-pass filters and AC coupling.

* Variable gain amplifiers.

* Multiplexing A/D converter system with interface.

* A 286 personal computer with a VGA graphics terminal.

14



Variable gain ‘ J Sampling rate

6 3 3 3 3 3

- SO ECTORS P BURFERS =P FLTERS —Pmﬁ—h%%—-—h
Analog Digial
signals Signals

Figure 2.4 Basic blocks of the hargware.

In the system that have been developed at the University of Ottawa Heart Institute, there
are six channels available to collect the signals from the electrodes. These signals are
already electrically isolated before they are processed by this computerized cardiac
mapping system and other equipment in the operating room . Only three of the six
available channels are used during operations. The signals from the three selected
channels are fed to a set of buffers ( with input impedance of 1 MQ) and a set of RC
low-pass filters with AC coupling. Each channel of the system has a variable gain
amplifier. The output signals from the amplifiers are fed to a multiplexing A/D
converter system. The timing for the A/D conversion is supplied by a 5 MHz crystal
oscillator and a series of counters to give a 1 kHz sampling rate, which has been shown
to be the minimum sampling rate necessary for epicardial data recording [25). The
sampling rate can be modified by a program-controlled interface. An interrupt is
generated every millisecond and the contents of the A/D converter are transferred to the
buffers in the memory unit. For more details of hardware description, please refer to
Chapter 3.

15
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Figure25 Flowchart of the activation detector.

16



2.3 Software of the system:

The activation detection and activation-time mapping units are done by software residing
in the personal computer.

2.3.1 Activation detection unit:

The digital data from the A/D converters are transferred to a buffer in the memory unit.
Each sample in the buffer is analysed to find the region of maximum amplitude,
maximum positive and maximum negative slopes in order to determine the activation
time. After all the samples in the buffer have been analysed, the activation time found at
each charnel is sent to the mapping unit for display. The flow chart of the activation
detection unit is shown in Fig. 2.5.

* Buffer:

The reference point is paced with the frequency of 2 Hz to 5 Hz. If the heart paces by
itself, its own pacing frequency would be above 1.2 Hz (one stimulus every 850 ms). In
addition, the activation at the other channels usually happens witnin 350 ms after the
activation of the reference channel. Therefore, we need at least 1200 samples of
continuous data in order to determine the activation at all the channels as shown in Fig.
2.6.

* Peaks and valleys:

The maximum amplitude is one_of the criteria used to detect the activation. Therefore, all
the peaks and valleys are detected to find out which peak has the maximum amplitude. A
sample point is a peak if its potential is greater than its two neighbors’ potentials and it
is a valley if its potential is less than its two neighbors' potentials:

if f(t) > f(ti.¢) and (%) > f(t,.1) then tjis a peak.

it f(t) < f(ti.1) and Kt) < K, 1) then tiis a valley.

17



850 ms _..I

Ref channel ‘% /\/ activation

actwanon

Other channel

I<:= 350ms
{di 1200 samples

Figure 2.6 Buffer of continuous 1200 samples of data,

* The positive and negative slopes:

In addition to the maximum amplitude, the maximum positive and negative slopes are
also used to detect the activation. Therefore, The average positive slope between a peak
and a valley and the average negative slope between a peak and a valley are calculated to
find out which regions have the largest maximum slopes.

* The activation at the reference channel:
The activation time at a site on the ventricles is measured relative to the activation at

the reference channel. Therefore, the activation at the reference channel must be
detected before searching for the activation at the other channels.

18



* Set up Window:

As mentioned earlier, the activation at other channels usually occurs within 350 ms of
the activation of the reference channel. Therefore, instead of looking for the activation
of the other channels in the whole segment of 1200 samples of data, we can search for
the activation at these channels in the window in which they will most likely occur. The
window of interest is shown in Fig. 2.7.

Ref channel

Other channels ] 1

—l T Tle— 3%0ms

Flgure 2.7 Window usaed for searching
the activation time at the other channels.
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* The activation detection algorithm:

The algorithm considers the activation as a point of miaximum amplitude at which the

transient between the region of maximum positive slope and the region of maximum

negative siope takes place. Thus, it uses the maximum amplitude, maximum positive and
maximum negative slopes as criteria to detect the activation.(Please refer to section 4.1
for more details about this algorithm).

2,3.2 Activation-time mapping unit:

The sub-units of the activation time mapping unit are shown in Fig. 2.8.

Display:
Wavelorm of signals

Numerical value of activation timas

— Y

Map:

\

Store:

The activation times The waveforms

Correct:
computer-estimated
activation times

Figure 28 The sub-units of the activation time mapping unit.
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* Display:

The numerical value of the activation time at each location are displayed on the screen.
The waveform at each channel and the sample where the activation takes place is also
indicated by a vertical cursor on the waveform,

* Mapping:

The activation time at each location on the ventricles is mapped with color code. Each
color represents 2 certain range of activation time. The ra.iges of the activation time are
predetermined based on the maximum and minimum activation time determined on the
ventricles. At the present time, sSix colors are used to map the activation time of the
ventricles. These colors and the corresponding range of the activation time are shown in
Tabie 2.1. Hence, the region which is mapped with red color is the one that has early
activation and the one which is mapped with blue color is the one that has late activation.

Color Activation Time

Red <= min +scale

Pink <= min + 2°scale
Yellow <= min + 3*scale
White <= min + 4*scale
Green <= min + S"scale
Blue > min + S"scale

Table2.1 The cormesponding color for the activation time
( scale = (max-min) /6 )
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* Storage:

These waveforms can be stored into the hard disk for later study.

* Modification:

The point of activation, as determined by the computer, is indicated by the vertical
cursor on the waveform. Misinterpretations of the computer may be corrected if
necessary: The vertical cursor can be moved along the signal to the point of activation
selected by the user.
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CHAPTER 3

HARDWARE

This chapter describes the circuit diagram of each hardware sub-unit of the system. For
more details about hardware components, please refer to Appendix D.

3.1 Selectors:

€ channels Atrial referance channel
P Selector#1 f———-—P

—f———3{ Seloctor#2 |j—————

6 channels Ventricular referance channel
1 Saloctor#3  f——

Figure 3.1 Selector configuration,
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The selectors select any three of the six available channels as shown in Fig. 3.1 1o
record the data at the atrial reference, the ventricular reference and the roving
electrodes.

3.2 Butfers:

Fig. 3.2 shows the circuit diagram of the buffer amplifier in each channel. The amplifier
has a high input impedance and low input capacitance in order to prevent distortion of
the input signal. Two 1 kQ resistors are in series with op-amps inputs to limit the
currents in case of malfunction. Furthermore, the signal ground and the computer
ground are not directly connected together to provide rejection of common mode
noise[26].

Signal Ground
o— 1kQ \
/ 1k 1ka
I buffered signal
—0
I— H
i \ 1Q 1kQ
3'9:3[_ - /
7777
Computer ground

Figure32  Buffer Configuration,
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3.3 Filters:

Figures 3.3 and 3.4 show the filtering circuit diagram at the reference channel and the
other channels, respectively.

An AC coupling is used to remove any DC component. This RC stage { 100 kQ and 3 pF)
has a cut-off frequency of 0.5 Hz.

A low-pass filter, implemented with one stage RC filter (3.24 kQ and 0.1 uF), is used
to prevent aliasing during digitization and to reduce high frequency noise. The cut-off
frequency (500 Hz2) is chosen as half of the sampling frequency (1 kHz). This was
determined to be adequate, although a second order filter may be needed so that the
cut-off frequency is less than the Nyquist frequency. The frequency response is plotted
in Fig. 3.5.

3.4 Ampliflers:

The analog to digital converter {A/D converter) operates in the range from -5 volts to
+5 volts. The amplitude of the input signal can vary significantly depending on:

* Recording mode {(unipolar or bipolar).

* Method of measurement (epicardially or endocardially).

* Tissue where the electrode is placed (ischemic or normal).

The amplifier is used to amplify the signal to the optimum level that is suitable for the
A/D converter as well as for detection of the activation. The circuit diagram of the
amplifier in the reference channel and those in the other channels are shown in Figures
3.3 and 3.4, respectively. The output from the isolated preamplifiers (not shown) were
of the order of 1 volt.
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Buffered

signal I ' 3uF
b ' + 7 kQ
I I _: \ -> To A/D Converter
1
- { } .
/ 3.24kQ
| 1k .
100 kQ —
’ 0.1pF
Ri=10 kQ
— 777
Co d
Computer ground mputer groun
Rx
0.3kQ
0.7 k2 161Q
14 kQ 126 Q
3.3k 630
10kQ

Figure 3.3 Filter and amplifier circuit diagram in the reference channel.
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Y ed
Computer ground

25 k2
Sk

10kQ

0.2kQ

0.3 k2

-> To A/D Converter
—0
324kQ__ ¢
0.1pF
Riz10kQ
Computar ground
1.7kQ
1.1kQ
0.5k

Flgure 3.4 Filter and amplifier circuit diagram
in the others channels (non-pacing channels).
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In the fixed gain amplification mode, the gain for all the amplifiers is kept constant.
Recording in this mode is simpler than recording at variable gain because the hardware
to change the gains setting of the amplifiers does not have 10 be developed. Furthermore,
it is easier to differentiate which signals have large or small amplitudes. The signals
are in the range from 1 mV to 200 mV. However, the signals created by the pacing
stimulus can exceed 500 mV. A 12-bit A/D converter, with the range of +/- 5§ volts ,
has a step size of 2.4 mV. This siep size cannot adequately characterize any signal
below 24 mV. Therefore, a wide and independent gain range is needed for each channel in
order to adequately characterize all input signals.

Variable gain amplification refers to the ability to change the gain of each amplifier
individually and independently. As mentioned earlier, the amplitude of the signals
depends on the types of electrode, the location where the recording is made and the the
tissue where the electrode is applied to. For example:

* For unipolar recording, the signals are normally in the range from 20 mV to 60 mV on
the ventricles and from 5 mV to 15 mV on the atrium [12). For bipolar recording , the
signals are normally greater than 3 mV [27].

* The pacing stimulus at the reference site usually has an amplitude of greater than 500
mV. However, the amplitude of the signals recorded at the other sites is not greater than
70 mV [21].

* The amplitude of the signals recorded at the ischemic tissue is usually much smaller
than the amplitude of the signals recorded at the normal tissue [21].

Therefore, the variable gain mode is used. In this mode, the output signals have the same
amplitude. Since the sighals are optimally amplified to match the dynamic range of the
A/D converter, the signal to noise ratio (S/N) is better. The connections between the
ampilifier and A/D converter must be shielded to maintain an acceptable S/N of 60dB.
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* The reference channel:

The filtering and amplifying circuit for the reference channel is shown in Fig. 3.3. It is
very similar to the filtering and amplifying circuit of the other channels. The only
difference is that the signals are buffered and attenuated by 1/8. Since the reference
electrode is placed where the pacing stimulus is applied and the amplitude of the
stimulys is usually larger than 500 mV. Without the attenuation, the amplifiers and A/D
converter may saturate. The gain at this channel can also be changed manually . The totai
gain in this channel depends not only on the gain at the amplifier but also on the
attenuator setting. The gains and the corresponding Rx at this channel is shown in Table
3.2:

* The roving channel and the other channel:
The gain of the op-amps can be changed using different Rx:

Gain = 1 + Rf/Rx

The variable gains and the corresponding Rx in the roving channel and the other channels
are presented in Tables 3.2 and 3.3, respectively:
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Rx (Q) Stalﬂ:e-;:nmr Total gain
10k 20 0.2
3.3k 40 05
14k 8.1 1.0
0.7k 153 1.9
0.3k 343 43

161 63,1 79
126 80.4 10.0
63 159.7 20.0

Table 3.1 Gain and coressponding Rx (Rf=10 kQ)
in the reference channal (attenuation=1/8)
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Rx (kQ) Gain=1+R{/Rx

10 2.0

5 3.0
25 5.0
1.7 6.9
1.1 101
0.5 21.0
03 34.3
0.2 51.0

Table 3.2 Gain varsus Rx (Rfx10 k)
in the other channels.

3.5 A/D converters:

The A/D converters on AD1000 card are manufactured by Real Time Devices Inc. [28].
The card is placed in a slot of the personal computer. Since the computer and the
terminal are manufactured for commercial use, they have relative large leakage
currents (520 pA when the computer poewer switch was off and more than 1000 pA
when it was on). These figures made them unsuitable for clinical use. Therefore, an
isolating transformer (Hammond 171E) was used to reduce the system ground leakage
current below 100pA.
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The A/D converter converts the input analog signal to a digital signal for processing ,
storage and analysis. A sampling rate of 1000 samples/s is used because recordings
from thé surface of the ventricles with unipolar electrodes and with bipolar electrodes
whose interpolar spacing is at least 1 mm can be adequately characterized with the
sampling rate of 1000 samples/s [18]. The use of a smaller sampling rate may result in
degradation of the waveform in a manner that can lead to errors in activation time
measurements and misinterpretation of the wave shape. A higher sampling rate might be
required if detailed features of the waveforms are of interest. However, these detailed
features are not necessary in the present study. Furthermore, the increasing cost of data
storage is associated with increasing sampling rates especially when the number of
channels is large [25].
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CHAPTER 4

SOFTWARE

activation

— X

Bipolar signal

activation

Unipoiar signal

Figure 4.1 Determination of local activation
at bipolar and unipolar electrograms.
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4.1 The proposed algorithm:

The activation time at a unipolar electrode site is taken as the point of the maximum
negative slope, and the activation time at a bipolar electrode site is where the maximum
amplitude occurs [29). However, because of the noise, measurements of the activation
time from the bipolar signals cannot be based only on the maximum amplitude. It is
more reliably based on the time of occurrence of maximum absolute slope [23, 30, 31].
Thus, an algorithm is proposed which uses both the maximum positive and negative
slopes to detect activation times from either unipolar or bipolar signals. Closer
inspection reveals that for either unipolar or bipolar signals, the region of activation
usually contains a point of maximum amplitude at which the transient between the
region of maximum positive slope and the region of maximum negative slope takes place.
Therefore, this point is taken as the time of activation.

This suggestion would not violate what have been used so far in [23, 30, 31] because for
the bipolar signal, the point of maximum amplitude is truly the point of activation. For a
unipolar signal, the difference between the point of the maximum negative slope and the
point of the maximum amplitude is less than 2 ms. The sampling rate of 1000 samples/s
may cause an error of up to 1 ms. Furthermore, the local activation time at any point is
measured relative to the activation of the reference channel, and if the errors are
random then the rms error = V 22 + 12 + 22 4+ 12 = 3.3 ms. The local activation time
at any point on the ventricles is usually larger than 200 ms. Thus, an error of less than
1.65 % is acceptable for the estimation of pathway pathology.

The aigorithm contains two major sections: Data-extraction and data-justification.

(1) Data-extraction: Two types of features are extracted: iocal amplitude extrema
and local slope extrama.

- Amplitude extrema (peaks and valleys) are located by searching for a change in
the sign of the first derivative as follows:
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K () > f(ti-1) and (1)) > f(j.1) then i is a peak.

i f(t) < f(t;.1) and £t} < f{ti,4) then i is considered as a valley.

- Slope extrema (the sides of the peaks and valleys) are calculated as follows:
Positive slope is the average slope between a valley and a peak.
Negative slope is the average slope between a peak and a valley.

The extrema of all the regions are compared 1o find the regions of maximum
amplitude, maximum positive and maximum negative slopes as shown in Fig. 4.2.

Flgure 4.2 The amplitude extrema (peaks and valleys ) of the signals.

(2) Data-justification:

The time of activation is taken to be where the peak of the maximum amplitude,
maximum positive and maximum negative slopes occur. If these regiors do not coincide
then their amplitudes and the positive and negative slopes are compared to determine
which region is truly the region of activation and the peak in this region is taken as the
point of activation.
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The method is illustrated below:

Ax)

Figure 4.3 One example: when the regions of maximum amplitude,
maximum average positive and maximum average negative slopes are not
coincident,

* x is the region of having maximum amplitude A{x).
"y is the region of having maximum average positive slope P(y).
" 2 is the region of having maximum average negative slope N(2).

where A(i), P(i) and N(i} are the amplitude, average positive slope and average
negative slope of the region i, respectively as shown in Fig. 4.3. These factors are
converted into a common factor called R(i):

R(x) = 1 + P(x)/P(y) + N(x)/N(2)
Rly) = AlyVA(x) + 1 + N{y)J/N(z)
R(2) = A(Z)/A(X) + P(2)/Ply) + 1

The region that has maximum common factor is considered as the region of activation :
R( activation ) = Max { R{x), R(y). R(z) }
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These are several advantages of the proposed algorithm:

Although the algorithm appears complicated, it is more reliable, has better noise
immunity and is faster. It is reliable since it does not depend on only the maximum
amplitude or maximum slopes but on all of these criteria to detect the time of activation.

The results are not affected by noise or noise spikes because the slope is not calculated
at a specific point based on the the potential of the number of points around but the

average slope in each region of upslope or downslope.

it requires little computation time since it does not calculate the slope at every single
point in the window. The flow chart of this algorithm is shown in Fig. 4.4.
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Initializarion:
i=1
A max=Pmax= Nmax=0

i <-i+d =4

Y

R{k}=Max{ R(x), Riy),R
Activation time <- x (k)Am' {' .s’gme(i).km}

Figure 4.4 Flowchart of the propesed algorithm.
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4.2 Software implementation:
* Activation-time detection module:

This module controls the data acquisition and detects the activation time at each channel.
The two processes run concurrently.

The data-azquisition is interrupt driven. The interrupt handler is first enabled by a
data-acquisition request and an interrupt is generated at every millisecond until the
buffer is full.

Each interrupt initiates the A/D conversion and transfers the data into a buffer. Control
is then retumed to the second process to continue analysis of the data until the next
interrupt. The flow chart of the data-acquisition contro! process is shown in Fig. 4.5 and
the flow chart of the data-analysis process is shown in Fig. 2.5. The program listing of
this module is presented in Appendix A.

Since the first process takes less than 0.1 ms to record the digital data at all the
channels, we can make use of more than 0.9 ms to analyse the data during each sampling
period. After a buffer of 1200 samples has been collected, the activation time at each
channel is found and sent to the mapping unit for display. If any other request is issued,
the interrupt handler is enabled again and the new set of data is transferred to the
buffer. Therefore, it would take less than 2 min to delermine the activation times at al!
the sites on the ventricles. With the manual method, it requires more than 45 min to
obtain the activation times at these sites.
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L Interrupt
\

Disable interrupt

Y

Start conversion

Yes

Tranfer data into buffer

Butfer is full? No ¢
Yes
Enable interrupt
T

Flgure 4.5 Flowchart of data-acquisition control process.

* Mapping module:

This module provides the interface between the user and the cardiac mapping system to
performs the following functions:

- To receive the request from the user.

- To display and to store the numerical values of the activation times and the waveforms
of the signats at a specific location on the ventricles. A vertical time marker is also
displayed on each waveform to show where the activation time is detected.

- To map the activation time at different locations on the venuicies.
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- To permit manual correction of e computer-estimated activation limes.
The flow chart of this module is shown in Fig. 4.6. and its program listing is shown in

Gs)

Display:
Numerical value of activation times
Waveform of signals

Y

Read request
from user

m
‘Request:stora ‘
Yes

Store wavelorms

Appendix 3.

No
Yes

Map activation time

Correct computer-estimated
activation time

Gee)

Flgure 46  Flowchart of mapping module.
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* Data-retrieval module:

This module provides the user the facility to relrieve the results and the waveform for
further study after the operation is compiete. Since the waveforms at a specific location
on the ventricles were stored as a set of 1200 samples, the user can request a display of
the waveform at a specific set and sample. Please see Appendix C for program listing.
The flow chart of this module is shown in Fig. 4.7,

=)

Read request
from user

Getsat No. &
sample No.

Y

Display waveform these
set and sample

Figure 47  Flowchart of data-retrieval module.
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CHAPTER 5

NUMERICAL AND EXPERIMENTAL RESULTS

5.1 Simulation results:

Before the computerised cardiac mapping system was used on the patients’ data, it was
first tested on a simulator. The simulator is a simple board that can generate different
analog signals which are similar to those measured from a patient. These signals are then
fed into the computerized cardiac mapping system 1o see if it can detect the activation
time properly. The simulator was used to compare the results of different methods of
analysis.

5.1.1 The hardware configuration of the simulator:

The diagram of the simulator is shown in Fig. 5.1.
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Atrial

Digital Arzlog refergnca
i i ignals channel
Clock | GX 8-bit signals oA |59 ]
genarator ™1 countor1 —a EPROM1T }—a= converter - A plifir 1 f——
Digial Analog Roving
Doiay12 —u] 8% |l comoup [S9E  Om ML e -
oLy 14 counter 2 converter
Ventricular
Digital Analog referencae
8-bit sig?:als VA signals channet
coun P Amplifier 3 —
Delay 23  [—— w3 [ EPROM3 = olifier

Figure 5.1 Diagram of the simulator.

A clock generator produces one clock pulse every 2 ms. A desired waveform is digitized
and stored in the EPROM which has 256 samples. Therefore, the output waveform has
period of 512 ms or a frequency of 2 Hz which is equal to the pacing frequency used in
the operating room.

The activation potentials at the roving channe! occur approximately from 100 ms to 300
ms after the activation of the atrial reference channel (or the ventricular reference
channel). Delay 1-2 is used 1o set the local activation time of the roving channel relative
to the atrial reference channel and Delay 2-3 is used to set the local activation time of
the roving channel relative to the ventricular reference channel.

The output digital signals from the EPROMs are then converted into analog signals by the

D/A converters. The analog signals are then amplified to specific values which are at the
same voltage levels as those obtained from the patients.
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5.1.2 Simulation resulis:

The system has successfully detected many different types of waveforms as shown in
Figures 5.2 - 5.11 (The arrow in each figure indicates where the activation occurs).
The proposed algorithm correctly detected the time of local activation even with the
signals that were severely corrupted by noise. These waveforms were digitized and
stored in the EPROMs of the simuiator. The output analog signals were passed into the
system for detecting the activation time. The three other aigorithms discussed in chapler
1 were also implemented to detected the activation time of these waveforms. The results
presented in Table 5.1 demonstrates that the proposed algorithm has greater number of
true detections than these three methods. '

.
o
aaBEsraseRrEnasrdesadiddiaangus
e luunulu-lluuli-uuun"--un- sarensurenie
P T T T L L L TN LR LR R Y LA LR L L]
sosndavanrsannnisescfavssnrrannsoneeniner
[

seausirrenatsianiadashanran e nareinntrrdnnarrranasrady

Lll!hlllill“; Illil -uilmimui!mf..-:Sl...E-...;!;..Em.E!...E.mzl...

Figure 5.2 Waveform 1. +
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Figure 5.8 Waveform 8.
L 3 P : :
- - - - - - - -

Figure 5.10 Waveform
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Figure 5.11 Waveform 10.

In the following experiment, true detection was considered to have occurred when the
estimated activation time was within +/- 5 ms of the true activation time, and false
detection was any delection that was greater than +/- 5 ms away from the true
activation time. From the results in Table 5.1, we see that with the clean signals as in
Waveforms 1-4, all the methods gave true detection. When the signals contained many
sources of noise, tite simple method failed to give true detection. The data-fitting method
gave large number of true rletections, but it required much more computation time and
difficult to implement for iarge number of electrodes. The proposed algorithm had a
greater number of true detections (100%) than the other three methods.
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Methods

Wavelorms

Simple method

Interpolation
n=3

Data-fitting
n=S

Proposed method

Waveferm 1

d

d

Waveform 2

Waveform 3

Waveform 4

Waveform S

Waveform 6

Waveform 7

Waveform 8

Waveform 9

J|a|(3|3|3|d|d|d]|3

Waveform 10

3(3|3|3)|d|d|8|d}|d

gid3|3|d|ad|3d|d|d|d]|d

g|ld|g|d|d|3|3|d|d

Sensitivity

5

3
o

:

TD: True detection
+D: False detection

Tabile 5.1 The number of true detections of each

method using 10 diffarent waveforms.
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5.2 Clinical results:

The computerized cardiac mapping system was also used directly in the operating room
to map the activation times of the patients. Tables 5.2 -5.4 show the resulis obtained
from three different patients.

The values of the activation times obtained from the current mapping system at the
University of Ottawa Heart Institute are also listed. in this system, the activation times
were measured manually on the signals recorded on the chart paper, the resolution is
+/-10 ms. One can see the differences in the resuits obtained using these two systems.
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Pm:m: Anal pacng frequency: 2 Hz Vontneular pacng frequoncy: 2 Hz
{or panod; 500 mas) {or paniod: 500 ms)

Site Manual results Computer resuits Manual rests Computer results
(ms} (m3) {ms) (ms)

A 230 233 220 210

B8 230 =27 240 237

c 240 240 270 2N

D 260 262 280 275

E 240 243 270 264

F 250 249 250 252

G 230 223 240 246

H 190 182 205 202

J 160 164 190 188

K 160 161 190 181

L 150 150 180 190

L] 120 ->150 118 ->150 170 ->190 188 -» 190

N 140 139 190 188

o} 160 150 210 210

P 180 175 250 254

Q 220 2215 260 262

Table 52 The values of the activaton times obtained
from the first patient using two different systems.

The manual results and the computer results both showed that site M on the left

ventricle of patient 1 was early. After ablation, both results aiso showed that the
activation time of site M was comrected.
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P:u;m Atnal peang frequency; 2 H Ventnicular pacng irequency: 2 H2
{or pencd: 500 ms! {or penod: 500 rms)

Sie Manual results Cormputer reutts Maruai results Computer results
{rms) {ms) [ms} (ms)

A 230 234 20 225

B8 215 pral 20 219

c 230 x4 230 230

0 150 17 190 188

E 200 217 210 204

F 240 248 20 217

G 185 195 190 190

H 190 158 150 189

J 180 ihal 165 162

K 140 > 170 151 > 1N 110 -> 160 12 =151

L 170 18 180 18

M 180 175 180 175

N 190 1)) 180 176

(o] 190 198 190 179

P 180 196 200 186

Q 210 217 200 197

Table 3.2 The values of the activation times chunc 2
from the second patient using two difterent systems.

The manual results ana ihe computer results both showed that site K on the left ventsicle
of patient 2 is early. After ablation, both rcsults alsr  howed that the activation time of
site K was cormected.
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Pm;nt Atrial pacing frequency: 2 H Venincular pacrg frequency: 2 Hz
{or penod: 500 ms) {or penod: 500 ms}

Site Manual results Compestor results Manual msults Computer results
(ms) {ms) {rns) {ms)

A 200 205 200 200

B 220 223 200 210

c 240 250 20 232

(] 270 s 240 240

E 174 180 200 204

F 170 166 180 190

G 180 178 180 190

H 180 178 200 206

J 160 158 200 188

K 160 151 170 174

L 120 > 160 125 -> 158 15¢ -» 160 154 - 164

M 180 185 180 - 190

N 160 156 170 170

o 160 kL4 180 18

P 210 217 200 200

Q 200 190 200 210

Table 5.4 The values of the activation times obtained
trom the third patient using two different systems.

The manual results and the computer results both showed that site L on the left ventricle
of patient 3 is early. After ablation, both results also showed that the activation time of
site L was corrected.
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In order to assess the validity of the proposed method, the following tesis were used to
evaluate the reliability of the system:

* Determination of earliest activation site.

* Paired t test [32].

* Spearman rank correlation test [33).

Determination of earliest activation site:

To determine the site of ablation, the surgeon needs to know which sites have early
activation. From the results shown in the above tables, it is evident tha! the
computerized mapping system detected the same site of earliest activation as well as the
manual method for all three patients. The differences in activation time between the
ablation site and the next minimum activation time were 29+14 ms (meanzo). This
confirms that a precision ¢! measurerent of +/- 5 ms is adequate for the task of
localization of the ablation site.
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The data were further examined by using a paired t test and Spearman rank correlation
test. Tables 5.5 -5.10 give the analysis used in these tests:

Table 55 The results of 1-test and Spearman

comrelaticn using the atrial data from patient 1.

Pavent! Mamal Computer
! rasults rank | TSt | ooy =Y | (r-2)*2 st
A 1 (ms) r {ms) 2 (ms)
Site x ¥y
A 230 1 233 | 11s 3 025 Moan difloronce - 9.56 ms
B 230 1 =23 10 3 1 Standard eror = 0.54 s
C 240 135 240 13 0 025
1= 060

D 260 16 262 16 -2 [+]

E 240 135 243 14 3 025

F 250 15 2149 15 1 o]

G 230 11 233 ns 3 0.25

Spearman comrelation:
H 190 B8 %2 8 -2 1]
rs =099

J 160 S 164 6 - 1

K 180 5 161 5 -1 1]

L 150 3 150 35 0 025

M 120 1 118 1 2 0

N 140 2 138 2 1 0

C 160 5 150 35 10 255

P 180 7 175 7 S ]

c 220 9 215 9 5 0
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Pavent| manual Compute

ven pisy e [y % | e |
Site x Y
A 220 8 210 75 10 025
8 240 9.5 237 9 k] 025
c 270 145 2n3 15 -3 0.25
D 280 18 275 16 5 0
E a7c 145 64 14 & 025
3 250 15 252 1 2 025
G 240 9.t 246 9 £ 025
H 205 6 202 6 3 o
J 190 35 158 5 8 225
K 190 as 181 2 -} 225
L 190 s 190 4 0 0.25
M 170 1 163 1 2 ]
N 190 35 183 3 2 025
c 210 7 210 7.5 o 025
P 250 15 254 12 -4 025
c 260 12 262 13 2 0

Table 5.6 The results of I-testand Spearman

correlation using the ventricular data from patient 1,

tlesl

Mean diffarence « 0.54 ms

Standard error = 1.27 ms

te0.74

Spearman comrelation:

s =099
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comrelation using the atrial data from patient 2.

Patent| Mamual Computar
Sita y
A 230 14.5 23 15 -4 0.25
8 215 13 223 13 -8 0
C 230 14.5 224 14 6 025
D 190 8 178 5 12 9
E 200 1 217 115 a7 0.25
F 240 16 248 18 -8 )
G 185 5 185 8 <10 9
H 150 8 198 9.5 R -] 0.25
4 180 35 171 3 9 0.25
K 140 1 151 1 11 0
170 2 169 2 1 o
M 180 as 175 4 5 025
N 190 8 191 7 4 1
c 180 8 198 95 -8 225
P 150 8 186 6 4 4
c 210 12 217 115 7 0.2s
Table 57  The results of -test and Spearman

tlost:

Moean difleronce = -2.81 ma

Standard eror = 2.05 ms.

t=-1.37
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Pavent| manual Computer

Vet iy ran prio ol B
Site x b4

A 220 14 25 15 -5 1
8 220 14 219 14 1 0
o 230 16 230 16 o] o
B 190 6.5 188 B 2 225
E 210 12 204 12 6 0
F 20 14 27 13 3 1
G 180 75 180 10 <] 625
H 180 75 189 S 1 225
<4 165 2 162 2 3 o
K 110 1 12 1 -2 o
L 160 4 183 & -3 4
M 190 4 175 3 5 1
N 160 4 176 4 4 0
Cc 190 75 178 S 1" 825
P 200 105 186 7 14 1225
c 200 10.5 197 11 3 0.25

Table 5.8 The resuits of t-lest and Spearman
correlation using the ventricular data from patient 2.

ttesl:

Maan difference = 269 ms

Standard error = 1.21 ms

1=223

s =085
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Pabert| manual Computor

Site x y

A 200 115 | 205 12 -5 025
B 220 4 223 14 -3 0
c 240 15 250 15 -10 0
o 270 16 27 16 -7 0
E 174 7 180 9 ¥ 4
F 170 (3 166 6 4 Q
G 180 5 178 75 2 225
H 180 9 178 75 2 225
J 160 1] 158 4 2 025
K 160 35 151 2 9 225
L 120 1 125 1 -5 (i
M 180 9 185 1 S 4
N 150 35 156 3 4 025
e 160 35 162 S 2 225
P 210 13 217 13 7 0
c 200 1S 190 15 10 225

Table 5.9 The results of t-test and Spearman

correlation using the atrial cata from patient 3.

tigst;

Moan difforence = -1.06 ms

Standard grror = 148 ms

1072

5=097
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correlation using the ventricular data from patient 3.

t-Distribution test:

Pavert] mamcal lCompu:ar
v :‘ . resuls | rank resuls | ok -y (122
-~ (r;s) 1 (":'-) r” (ms)
A 200 10 200 95 0 025
B 00 10 210 135 -10 1225
c 230 15 232 15 -2 0
o] 240 16 240 16 0 0
E 200 10 204 B | -4 1
F 180 s 190 65 -10 225
G 190 7 180 6.5 [} 025
H 200 10 206 12 - 4
J 200 10 188 5 12 =
K 170 25 174 3 -4 025
L 150 1 154 1 -4 o
M 180 5 150 8 -10 $
N 170 25 170 2 o 025
c 180 s 183 4 -3 1
P 200 10 200 95 o] 025
c 200 10 210 13.5 -10 1225
Table 5.10 The results of t-tlest and Spearman

Tlost

Mean difference =-3.1Sms

Standard efror =« 1. 41 ms

tl=-226

rs = 0.90

Although the computerized mapping system detected the same earfiest activation site as
the manual method, there are slight differences in the activation times between two
methods. With the assumption that the distribution of the differences is normal and the
population mean p,, and the standard deviation oare unknown, the paired t test is used to

test the hypothesis Ho( vo= 0).
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For all six cases:

1. Statistical test: The Student t-ratio is chosen on the assumption that the distribution
of differences is a normally distributed variable in which & is unknown.

2. Null hypothesis (H,): The population mean Ho=0ms.

3. Alternate hypothesis (Hq): The population mean Ho # 0 ms.

4. Significant level: & = 0.05

5. Sampling distribution: The sampling distribution is the Student t-distribution with
df=15.

6. Critical region: Since H4 is nondirectional, the critical region consists of all values of
t >= +2.131 or t<= -2.131 (from Table E in [32]).

The calculated t-ratio for all six cases are shown in Tables 5.5-5.10.

Although the null hypothesis is rejected in two cases, the mean difference in these two
cases is approximately 3 ms which is still smaller than the resolution of the manual
method. A better approximation of p, may be obtained with a larger sample size [33). If
we assume that the distribution of the difference is the same for all six cases, we can
perform the t-ratio test on a group of 96 samples (df=95). The result of this test:

- Sample mean difference X = -0.48 ms.

- Standard error S = 0.61 ms.

- Sample standard deviation S = 5.95 ms

-t= -0.79.

- Critical region: t >= +2.00 or t <= -2.00 (from Table E in [32]).

Using the paired t-test, the 95 % confidence interval for Yo is (-1.63 ms, 0.81 ms)
[34]. The 95% confidence interval for standard deviation Gy is (5.21 ms, 6.93 ms)
[35). Thus, the population mean p, is not significantly different from zero and the
standard deviation G, is smaller than the resolution of the manual method (10 ms).
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Spearman correlation:

A further test which may be applied to the data is to examine the correlation between the
resuits from each method. Because these data are not normally distributed, the Spearman
non parametric rank correlation test was used.

For all six cases:

1. Hy The correlation between two method is zero.

2. Hy: The correlation between two method is not zero.
3. Test statistic: rg.

4. Significant level: & =0.05.

5. Critical region: |rg| > 0.506 (from Table G in [32]).

The Spearman correlation factors shown for all cases in Tables 5.5 -5.10 are greater
than critical values. Thus, Hy, is rejected in all cases. From these results, we see a very
high positive correlation between the two methods. Therefore, we can conclude that the
computerized mapping system provides comparable results with the manual method.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

6.1 Discussion:

Although this thesis has examined a method for analysis of single channel data, the
results are applicable to any mapping system. The computerized cardiac mapping system
was found more powerful anc versatile than the existing system. The total time required
to obtain all data and to construct the map is less than 2 min because the activation time
at each location can be obtained within 1.5 s. The display mode which uses different
colors for different ranges of activation enables rapid recognition of areas with early
activity or delayed potentials. The color at each location on the ventricles represents the
activation time at this location. Therefore, the surgeons can quickly localize the areas
causing the arrhythmia during the operation. Although we cannot save the map, the
signals recorded at each location and its numerical activation time are stored in the disk
for post-operation study. The map of the activation times is shown in Appendix E.
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In many computerized cardiac mapping system that have been developed [13, 14], the
data-analysis process is done after the data-acquisition. Thus, it takes longer to obtain
the results. In the proposed system, the time during which the data-acnuisition and data-
analysis are processed concurrently is approximately 1.2 s for each site on the
ventricles. The time taken for both processes to obtained the final result is about 1.5 s.
Therefore, the efficiency of this system is considerably high.

Although the activation time detection algorithm appears complicated, it is reliable as
shown in Chapter 5: the number of true detections over the total number of detections
{the detector sensitivity; is greater than those of other methods [7, 20, 22).

The resolution of this system is better than that of the manual system because the
smallest scale on the chart paper is 10 ms. The largest mean differsnce is 3 ms which is
smaller than the error of the manual method. The 85 % confidence interval for Uyis (-
1.63 ms, 0.81 ms) which is not significantly different from zero and the 95 %
confidence interval for 0y is (5.21 ms, 6.93 ms) which is still smaller than the error
of the manual method. The Null hypothesis H, in Spearman rank correlation test is
rejected. Therefore, we can see a very high positive correlation between these two
methods.

Finally, the cost of the system is relatively low as it requires only a personal computer
instead of large computers as in other systems [8, 13, 16, 18].

* Proposals:

Studies of the computerized cardiac mapping system will continue while the fundamental
information is being developed. This system can be further improved as more knowledge
and experience are gained, just as other systems have been modified many times in the
past. The interesting extension of the studies of the computerized cardiac mapping
system would be the one or more of the followings:
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(1) New pacing method:

As meniion in chapter 2, the local activation ai the roving electrode usually kappens in
about 350 ms after the activaticn at the reference channel takes place. In order to detect
the local activation, first we must detect the activation at the reference channel.

The pacing signal frequency at the reference channel that can be applied to a patient,
depends on the ability of a patient’s cells to conduct the electrical activity. Some can
conduct very fast up t0 one stimulus every 200 ms. Some are much slower than this.
However, the slowest pacing frequency that a patient would have is about the normal
pacing frequency of the SA node (the natural pace maker cf the heart). Hence, the slowest
pacing frequency can be 70 beats per minute or one stimulus in every 850 ms.

Right now, the pacing device and the mapping system are completely separated from each
other. In order to have one complete beat at the reference channe! we need continuous
850 ms of data plus another 350 ms to detect the activation at the roving electrode. That
is, we need to store at least 1200 ms of data to process. (See Fig. 6.1a). Therefore, we
can obtain the result of the map every second heart beat instead of every heart beat.

It would be better to connect the pacing device to the mapping system so that, whenever a
stimulus is generated, the mapping system would start to store only 350 ms of data for
processing (See Fig. 6.1b). Thus, we do not have to store 850 ms at the reference
channel in order to detect the activation at the reference channel. This can reduce the
processing time down to three quarters and the results can be obtain at every heart beat.
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[ Refanca Channel

a) Ia_ 850 ms _>l 350 ms I-_

Roving Channel

b) A Roving Channel

fe- 0

Figure 6.1 a) The mapping system and the pacing device are not connectad.
b) The mapping system and tha pacing device are connected.

(2) Multiple-electrodes:

This system is implemented with only three electrodes, but it can be expanded to many
more electrodes so that the data at many location on the ventricles can be recorded at the
same time. For example, a band of many electrodes can be quickly and easily applied to
the hear: and allows electrograms from many sites on ventricles 1o be recorded
simultaneously during one cardiac cycle.
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If each epicardial point is recorded during a different cardiac cycle. it is difficult of find
the cause of rapid, unstable arrhythmias [11, 23]. With the band of many electrodes, we
can overcome these limitations by capturing all the electrophysiclogic data necessary for
constructing a map of left or right ventricle within one cardiac cycle. At the present
time, recordings are made at only 17 regicons labelled from A to Q on the ventricles with
the assumption that the potentials of five areas labelled from 1 1o 5 in each region are
the same. When the number of electrodes increases, one can measure the electrical
activity at many smaller areas within each region as shown in Fig. 2.3. This would help
the surgeons to localize more precisely the area causing the arrhythmia.

Even if the electrodes are fixed to a band, it is easy to place the electrodes over the
standard predetermined points of the ventricles without losing the precision of an
electrode band. However, the size of the heart varies from patient 1o patient. A standard
band may introduce some erors in location. Although these errors in location may
distort the map of activation times [23], they do not affect identification of the site of
earliest recorded activation directly on the epicardium.

(3) Variable gain:

In the variable gain recording system, the signals have approximately similar
amplitudes after optimum amplification. Thus, we do not know the real potentials of each
signal. If the gain is recorded simultaneously with the recorded signal, it would be easy
to differentiate which signals have large or small amplitude. In order 10 detect the
activation in each channel, we do not have to know the potentia! of its signals. However,
the potentials of the signals may be used to classify the myocardium as normal or
infarcted [27].
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6.2 Conclusions:

The technique used to record the signals from the ventricles is either single roving
electrode or multiple electrodes. Several activation detection algorithms have been
suggested but they may not prove to be the algorithm of choice in all cases due 1o their
unreliability or the increased computation time required.

The proposed cardiac mapping system was developed to analyse single channel data but it
can be expanded to handle multiple channels. Its efficiency is high because the data-
acquisition and data-analysis are done concurrently. Furthermore, the proposed
activation detection algorithm does not require large computation time. Therefore, it is
useful to meet the time constraints in the operating theatre. The reliability of this
algorithm with the rapid display of results helps the surgeons to localize the area of
myocardium responsible for the arrhythmia. Finally, the cost of the system is low since
it was developed using a personal computer instead of a more powerful computer.
Overall, the system has beeti developed and proven to be successful in clinical
environment for its contributions to the ventricular arrhythmia treatment since it is a
useful tool for the intracperative study of patients who undergo surgery for drug
resistant, life threatening ventricular arrhythmias.

An interesting expansion of the system could be using the pacing stimulus to initiate the

data-acquisition process or using multiple electrodes to ~ecord simultaneously data from
Mmany sites on the ventricles.
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APPENDIX A

ACTIVATION TIME DETECTION PROGRAM LISTING
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#2117 gdokn Sloge rignt 292z~ un sizs2 fing pesitive slope =
1 {lup==trgbrtamp-2=ootosst=Git
i slpstpata(fiitsra-1 -zz73i0i{z2200s] 1/ ( Lemp~2-DOTDOS!;




. smz = mmzo= s geetizeamels
- veTeRoeTdl )

fulabdates Tttt

met.
e,

® g §5inne 1.

re-

. v P | 1y
Tro(galaiiiang-iagatails

sig=0:

/% 3F up slese riget 2isr onen siope Fine megative siape ¥
AP H M SRS T O

b oslpstgatz{0fitenc-zi-c2z2{di{topneg] )/ I tema-2-toan2g!

1f (§ip¢NESLE) ¢« KEIS15zgln: wHAEGzIeones:
l

topnregIiEnc=t:

upsi;

L
> —

/2 fing sanimus ang mintTum vzises 3T ail cranmels ¥/
1f fteep0)
- for tcrani=g;cnanl(MAsCmzcnznian)
t f (oataienanti{teso-1t:8i5i{cnani ]!
MINI[chanl)=data{cnani itamn-1];
f (gatajcrani]{teme-1ruaifcnanl])

MAXI{cnani]zcataicnaniiitenmo-1];

/= fing peax of the acTivation in tme reference chanmel ®7
1f 11Temn(=851 388 grani=z0)} paak{REFCH]=tenp~1:
}

L

espzl; /¥ reset the currert sampie ¥/

!88!!8!3!!!8888888!

¥oic PeaiRefi )

!lllllllllll!llt!l’

/% TS routing getects the 2:11e2::2n 2t the reference channet =/

{

-

T

i
"

02 Tempa,teapd,tempe:
t pax,pkl,pkC,pOS2.00SY, 0055, M232.RES, NEGE;

13 positive slope 3T Che pax'su= 232i17yg8 &/
cosazFinoSlop( REFCH, peak[REsC<"." :

£CsD=FOSLP: /% saxtoum posiites siope X/

/2 positive slope right Defore s~c maxieum negative slape s/
ocscaFeneSlop  REFCH, WHNEG. 1 +:

oo326eak [REFCH]: /3 the 2y =.r acoittude 3/



X Pra ame e
E Lne 2rgiriuce
-

;' -"'C .
/B Lhe amCIITUCE DETOME INE DAXTIUR NESEIVE Signe starts %
pkZIRENES;

/% negztive sloge 3% the :3x73un 2zpitiuge #;
negasFincioni REFCH, peak [REFCR].-T 1

/% negalive siope rignt after the aaxtoum Sositive sigse 2
nasnzfinCSion| REFCH WHE0E -1

negozNESLP: /3 maximue rengative sloge X

/* 3f the @zximus 2mplituce 2ns Ihe Gaximum cositive sicos ang %/
/T The 3aximum nesative S10J2 ©C RO OCOUr 2T the same oginL X

1. (lok3t=pkDEAtoKEI=pRe |38t caT2 (BN fona)i=0)88t posy? =0 88inaget=0

-

/% welgnting ractor at The E2xTRym ampiituce Xy
TENE3ST + (DOS2/COSS) + INSsainess::

1T weighTing Tactarz at tne m2xirym DOSILIVE SiGDE
teson={catalpetii{oknjreztzinsrlr][ nka11+.—lnecnlre

/X wgighTing Tactor at tre saxvmud recative slope ¥/
tesacz(cataf{REFCR]{pke]/eazzi3erChiipkal )+t pose/posh 1+,

1T 37 the werghting factor 20 ths meximum pesitive sizpe s largast @/
/% THER LM 3CTIVATION IS where The maXimum CasiTive slop2 acours  E;
1f ({tempdrtempaidditennnizanpc)! poak[REFCH]zpk2;

/=i the weignting factor 2T The maximub negative sicpe 15 largest
/% then Lhe activation 1§ «n2rs Ihe maximus Ragative slepe occurs 3/
¥ {(Terpc)tenca)dhitempeitsnse! peak[REFCHIzoNG;

I!!!lt!!t!!!t:lkl!]

it Fineslopich,pk,s15n)
inT ¢h,pr,S14N;

['!l!t!!!t:!l!!ltl]

/® TR1s routine fines the sloze 2t 2 s2ga-nt wRICh Can De eitner ul sioce
/% ¢r coen Slape.

{

T sie;

s szepl, o
sip=t.0;
orffsl;
sampizga;

whiletci£f30)

{ aitfzgatalcn](sampl]-gara z-iizzmni-signi;
saecizsanpl-sign;

}

17 Lpx-sampl-signt=0)

s:o=tcztafcn]pk]-dataen](szrci-stsnis 4 (pk-sampl-sign);

xf
x/
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JITTIALXITITNITRXL/

int FingPeas(int oh.int 1L, 1AL ©X, 18T Jhy)
/3TITTTIITTTIIIZRY/

/= Tms routine fings the peak of the activatiam at 2 specific channel T/
/% tn 2 certain range which 15 scecified By lower and upper bound, ¥
{

T sampl,geakx;

peaikx = In; Jr imitraitze tre ge3k 2t the lower boune ¥/

for (sampl=zib;sappiun;sangis~!
1f toacalchi{sampl] ) piy)
[ oky = catalen]{samp}]:
peaix=sampi;

}

raturn|{ peIix);

}

JEEXITTTITXTTIINEXXS

voia Endintl)

;:x::xtxx:x:::xx:tf

/8 This routine Sets the vector MATSrugl SO thal whenever counter O timed ¥/
/= out after every millisecond wnterupt $3 wirll cause 2 Jump to the z}
/% saepiing nterupt routine. x/
i

D)

unstgned IRt vect:

/x set the vectar interupt te che samplimg interupt routing s/
setvect{ VECINT+INT, sampling):

disablel); /= disaple 2i! the inferupts z/

vect=rnporti MASKP) : ‘x rgag Current vector 1nterupt !
vectsvestd L 1CCINT) Ox00fF): ‘X 30C interupt $3 ¥/

outporti MASKP, vect}: -% write new vector interupt &/

f* counter Q will e reset afis~ 2] the processes emadle again x!
SzTieertOx$F,0x00);

z gnable all the processes s.
enablets:

JERTXXTTTTXXXLILER)

veie Dislntl)
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-XIZITITITITIITIIXIXIIR,

§ regting  g1saniss W
”

anerypT $3 afier 1,2 ssconc 0 catz have tf
y soiisstel at 3il LRe ¢

nanneis, x;

i
T nee ;

LnETENEE 16T veor:

gisadiel}; /® g1satie al) the processes &/
YECTZINpOrTIMASXP); /% read current vector interupt 3/
vectavesl {1C(INT]: /% mask out interupt #2 ¥/

QULDOrtiMASKP vect); /= write new vectar interupt &/

gnaclet i; /= rzahie aii the processes 3/

flx!!!ll:!lll!!l!![

void Sefimer{bl.bZ)
un§iqnes nt DT,0::

;:xxx:x:xxxx:xx::x]
/% This routine lo3gs counter O with 2 certain amount of time %/
1% which is specified by two variables bi and b2 x/

{
outporch( TIHED,b1);
putportht TINEG,b2);
}

JEEEIXFATTXAIXZRL

vold search(}

]8!!3812!2!!83!!!8[

Jx The functions of this routtine: tf
I* - Ta fing the maxizum amplityge at 2 specific cnanne! =/
iz - To fing the maxizue pesitive slope 7]
= - T¢ fing the maximup negative slope x/
= - 7o fing the activation 1]
{

Int  cn,saepl,pka,pkd, oke, pOS2. BOSD, NOSC, NEGE, NEgD, R2ZC:
float tempa,tempd,tespe:

for (ch=1; Ch{MAXCH: ch++)

{
/% After the activation of tne reference channel, fing the peak 3/
/= of the other chamnels 1n an 1GTerst wingow im wAich the activation 3/
/% snaulg occurs %/

/* tne maxious aspiituge =/
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XI0UM [ASITIVE Sicpe ¥/
X

Lhe n2ylmum negative siope 3/

!

1Y R o

Y 4N e o
¥

woan it

cosazringilonton.ara, th; /® Uhe positive sicpe at the mamimum amplituge o/
2osG=FingSiepoh.oab. 1)y /3 the maximy goesitive sleps e/

/% LhE sositive slope Defors Lhe maxigum negalive sigpe ¥/
goscsringsiopizn.oke,1):

negazFingSicpicn,oka,-t); /¥ the neqative sioge 20 the maxioum amplituce %f
/* the negattve slope after the maximuz positive sloge #/

reqb=FrmaSiopich.pkl,=1);
regc=FineSlopich.oke.-1): /T the saxitua negilive siepe &/

JTrmiTialize the activatich where TRe Bmaximusm 2maiiTuls oooLrs */
peak[chjzpka:

7% % The maximus 2mpitTuse . JAXTBUR CASITIVE Siope zng &/
/T maximum negative siege @3 not escur at the same place ¥/
11 (Ipkatzpebb4ipkbzokeisstoatalcni{pka] =044(posl=0)88 nege!=0i)
|
/* the weighTing factor 3t the maximud acpliguds %/
tempazl « (posa/nask) + {negajneqc!:
/% wg1ghting f2ct0r 2l The maximul posiive Siope 3¢
temph=igatalch){pkb)/data{chli{pka] 1+i+(negasnege);
#x welghting factor at the maximu® negative sloge 3/
tempc={oatalcn][pke]seatalen] (pxal)+(posc/posh)+1:

J% 37 the weighting factor at the maximum pesitive siege 1s largest &/
/x then activation 1§ where the saximu 2mplituge cccurs x
1f (1tenpoatenpa)iditenpitenpct) peakfchizpkb;

13 3f the werghting factor at the maximum neagtlve siope 15 largest tf
fT then the activation 1§ where the maximum negative siope accurs %/
1f ((tempc)tempa)iditenpcitenpl)} peak{chlzoke:

——

JEERXRXXILXATTTILES

vo1d slpwdow{ 1t ch,ne ib,10T ub)

;u:uuunnn:t,‘

f* This routne fings the maximum poSI1Tive ang negativa sione at a &/
/% specific channel tn & window which 1s specifien by two x/
/% variables 1b ang ub 3/

1t up,botpas.topneq,temp,sin:

fr imtiahization g/
up=0;
WHPOS=WHNEG=10:
toprag=ln;
betpos=tesp=lh;
POSLP=NESLP=0;
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zz
temp+ilezzataionliv

TToLlugssl sl teapishotansii /T 1 2own sleze rgnt after up sicoa w/
¢ sipstgzca{cn]{tens]-cazalchiibotocstrttenp-aotcas;
11 1SipPOSLEY { POSLP=slp; wHFQS:=taap: |
i
totoos=temn+l;
up=0;

1* ug slope #/
tf tdata[ch]{temp+1))catafcni[tenc])
{ slp=0;
1 1 {up==0135ttempl=topneq!) /2 1 up slepa rigRt afzer gaws slepe 3/
[ slp=icata{ch]{temp]-cataich}{topnesi)sitemp-tonneg!;
17 [SipKNESLF) { NESLP=slp; wsNEG=:iooneq; |}
t
topreg=temp+i;
up=t;
t

temp+:l;

.
fl!!xtll::!tl!!!tlf

vaid mIisagelmsg)

[833!8!!!2!2!88!88[

f This routine Sends a message Lo the SCreen and Turns on the speaker ¥/
/% Whenever 2 wrong key 1S pressec. 3/

{

setcoior|d):
outtextxy(130,462,m58); /% send a message 3/

sound(440):  /* turn on the speaker x/

delay{ 100);

nosounal);  /x turn off the speaker s/
}
[::z:xx:x::xxtt:x:[

vad clrasgix1,y1,x2,y2]
1nt xi.x2,y1,y2;

jsIIIITITIZRRITYLLRL]
{x This routine clears the message ¥/
setf1]listyle(SOLID FILL,7;

barix!,yl.x2,y2):
}



CIXITIXTEIIITRLLRL

vC1g imtarrunl sampitngl!

JEFITIIIIITTITEIZIX/

/% TRIS routing rsags tpe CigiiiIes $ign3is 33 zli fnme channais s
J% eVETY TiRE IRE imTerysl $ 3 1§ genaratef orotn o Iinerowers ¥
J* tne cguater 0 15 timed out x

i

S

int CR,1:
gisaniel); /® disasle all the processes !

for [ch=0;cne;che+?
gatalenlicspi=aDCenverticnl; /% reag gata at the A/D boarg ¥/

£5a+21; jz increment the current sampie 3/

1T (csp(zMAXER] SeTimer(0x30,0x10); /= refozc counter 0 3/

glse Disintl!: fx gisabte imetrupt €3 1f 1.2 secong of cata x/
f* nave peen collected 3f

oytporthli CT8258.0x2¢ );

enablel}; /* enznle zll the procasses again 3/



APPENDIX B

MAPPING PROGRAM LISTING

84



CfYYIITIIIIFIYIIIIXIYITIITIIIIIRIINEIIEIIIZIZXIIIIIRRITIIXEIIZIZRIIINIIRRIIIZ

Iz 1z
1 Nars of mrzuimr WASRING 12
Ix Iz
ax Tars megule ¢iscizys tre activalion l1me 2t eacn lgcaticn st
Rt anz uscates the mas of the ventricles on the scresn so sz
1z tha surgeans ang The Carciolcgist can see wnich lecatien X
1z 15 eariy or late. 1z
1z It can zlsg stors the g1giT1zed waveiorss on the Rarg gisk =
Iz gr moCitTy the activation Lime. 1z
Iz IX
zz kritien by : Thuthuy Each zx
Iz Ix
xx Starting gate: May 15T 1380 3z
3z Closing cate: BDec 2¢ 1990 £2
Iz Iz

LY TITIIITL IR IIIIXITE LI ST LIZRXIRILIIXITIITRTTLIIZIITITZTIZILITIRILS

$nciuge "CimsoZ.cl /x 1nclude activation time madule 3/
sgef1ne Sn? "esres.gat”  /x gata Tile to storé the resslt of the gperation %

nt GDrivar, /® graphic orivar 3/
GMoge, /X grachic moge x/
ckey, /% current iecation on the veatricles 3/
clor,
marx; /¥ sapple whera the activatlam occurs =/

/% coiors that regresent the range of the activatice Lime */
nt laeel[6]={11,10,18,14,13,12};

nt ruli6}l; /= the ranges of the activation time ¥/
10t scale[MAXCK]; /= the autonomic gain 3t each channel To @isplay on the screem #/
box pos[20}; /% the penu ¥/
FILE rres; 1= result data file %/
void main{) /* main program 3/
t
foreworat }; /% the introguction of the the mapping moduie 3/
Initiapl); Jx 1mitialization of the map 3/
Imtabt}; /= mtiztization of the A/D board ¥/
DisplayMapl);  7* display the imitial eap 3/
penut); ft display the menu 3/
ImtFrlel); Jx Initialize the data files =/
keyint); fx read the key boarg 3/

whiletckey!=13} /s while 15 not the ESC key 3/

1 ¢ (IKORITI)} &8 {ckey<17) 88 (dreq==01 ) upsigt); /= collect signa:s 3¢
i (kBmti)) keywnih: /= read key bozr: 3
}

fcloseidat): /* close the data file 3/
fclose{res): /* close the result file =/
closegraon(); /= clase the grash ¥/

]tltl!!!!‘lt!l!tttttf
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Woin Sarewsrol
.’uu:xxununuxg
/% Tmis srogras iafrcguces the mapping systew Lo tre user ¥/
{
1Nt 2answer:

clescril;

prontfiT\RT ) grieefART); prantfi T\ S

printfl” NELCOME TO THE MAP OF ACTIVATICN TIME\R™);
pringfl” VERSION THUY 1.0\R"):

printfi\R"y;

prantfy” THIS PROGRAM WILL DISPLAY THE ACTIVATION TIMEin™);
printf(” AT DIFFERENT LOCATIONS OF THE HEART\n™J;

grinef("\n");
printf(T\n); _
printf(” Please press Esc key to STop or 2ny other key te coatinue\n’):

while (kbnicl)) getchi):
white [lkbmitl}});

answer = getchl();

1f lanswer==27} exit(d);

}

f!!!l:ll!tl!ll!!ltl[

void InitMapl}

[llttlt!txttltttlxtf

f® The functions of this routine: x/
Ix - To dectect the graphic driver and graghic mcge. 3/
s - To imtialize the graphic envirorment 3/
1* - To select the VGA graphic. x/
L - To set up the menu of intructions. x/
It - To resel the activation tiee at all location to Zero. 3/
{

met,);

getecigraphi{dG0river,icMode);

1n1tgraphi 860river,d6Node, ") ;

restorecrtecga):

if (B0rtverds) { printf (TYGA graphics required\n”); exiti1);

ckey = clet = 0
pos[0].let = "A";
pos{t].let = 8"
pos(2].let = °¢"
posfii.let = 0"
pos{4].let = £
-
s
-
1

-
.
-
*

pes{&l.let =
pos[€].let =
pas{7}.let =
pos(8].let =



pes{al.ler = 737,

pos{10i.lec = K7
pesit1].let = "L
posi12].les = "H7;
pes[13].1et = °N°:
pos{14].let = °0°
pos[13).1es = 7P
pos[16].let = "Q";
pas{17].les = “ReM":
pos{13].1et = “See’;
pos[19].let = "Esc”:

for (120;1¢=219:144)

{ pos[il.xe = 53€:
pos{il.ym = T4 + {21%1);
pos{1].t! = 0;

}

}

[:xxxxx:u:xuxun;

vold DisplayMan()

JRTITTITITIXTTIITLLT,

f® The function of this routine is to gispiay the mmitial mag %/
{

me 1;

/t The X ang Y coardinates of each poiat On the &ap %/
1t poly1[66]}={77,300,57,266,45,217,52,167,91,125.130.8¢4.165,52.208,17,220.29,
232,41,248,45,252,46,266,48,309,50,353,60,397,81,430,102, 465,
146,484,185,498,230,4958,269,460,273,458,238,445,202,423,172,
399,139,374,119,336,105,299,98,263,98,190,54,89,182,110.247};
Int poty2[48]=[460,273,458,238,445,202,420,172,399,139,374,119,336,103,299, 98,
263,98,190,64,89,182,110,297,154,284,145,206,193, 115,260,145, 288,
147,316,154, 344,165,354,175,386,200,400,223,411,251,417,279};
nt poly3[48)={154,284,745,206,193,115,260,146,288, 147,316,154, 344,165,364,175,
386,200,400,223,411,251,417,279,361,284,358,263,351,242,343,230,
329,214,316,207,297,200,277,196,257,195,210,178, 196,225, 204,265} ;
nt poly4[42)={361,284,358,263,351,242,343,230,329,214,316,207,297,200,277, 144,
257,195,210,178,196,225,204,266,255,249,267,248,277,249,290,251,
248,252,302,256,305,263,306,276,305,290);
nt dspi{17](2]={ {220,18},{165,33},(136,70},(85,112},(50,154},{35.203}, {45,282},
{66,301},1256,35}, {291,338}, (340,49} ,{389.70}, (423,87}, (460,126},
{483,168} ,{501,217}, {500,266} };

setgrapheode(SMode);
¢leardevicel);
clrsert);

setcolor{lasel{4]);
setfillstyle(SOLID_FILL,label[4]):
filipoly(33,polyi);
setcotar(label{3]);
setf111style(SOLID_FILL, 1abeif3]};
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AmT T4 mm \
e R TR

getcainrtagne il

flisslyigd,ooivii;
sercaisrilaneilitli;
setfillsoylelSOLID_FILL, Tateif1il;
fiiiezlyl2t, nolvd):

serfrlistybetSCLID FILL,T);
Bar[C,z38,540 450); /% extent the screen 8/

seccaiar(8):
for [1=0;1¢=18 104} .
ouczexseyldssi[3]{07,espi{1]{1],pas[1].let); /= dispiay the iccations */

jtxx:xxxxz::::xx:xx}

vo10 mesul |

]:xtt:x:xx:x::zx:a:;

jx Tms rostine ¢isplays the ment and the windows for opservang the s/
[ the input waveferns, x/

{

me 1

/x tisplay the peny 3/
setcolorts):
outtextxylpos{0i.xe,pos[0].ye,posi0].let);
setcoler{t);
for {1=0:¢s11814237)
linet §29+1,7,52841,427);
for 11=0;1¢=428:1+221)
Trne(52%,7+1,640,71);
for (1=21;14215;144)
outtextxylpos{i].xm,pos{i}.yn,pos(i].let);

/* qisplay the wingows &/

for 112329;1¢=2455;142126)
11net 35,1,5815,1);

for [1238;1¢515:14=480)
Tine(1,329,1,455);

outtextxyl12.357,°REF"I;

outlextxyl 12,393, NAP");

outrextxyl12.481,75YK7);

[xxtt::x::xxttt::xx[
void ImtFilel)

JIEEETIXTXETTITIRLIES

/% This rostine opens the cdata file to store 21l the digital signals 3/



orensl; st oreset cata acguisitien flag ¥/

1§ 1{cat=fonenifn, a2z isaNgLL) /3 gpen gata fije ¥/

)
LY

pessacel "File 15 not open’);

exitill;
H
11 ({res=fopem fnz, a2t )}==NULL} /% agen result file %/
{
messacel "Frie 15 not ogert);
ex1z{t);
}
}
[888!!!!!88!!:!!:!![

¥010 ugsicl)

[ITTTLTITTTTIATIZIL|

Jx The functions af this routing: 1
/= - T¢ fing the lecal activatien which have been detected 3/
13 from the activation getection modula. 3/
Iz ~ To oisplay the activation time on the screen. ¥/
Iz - 7o gisplay the waveforn at each channel with the x/
fx automatic gain in the windows. 3/
IE - To show where the activation takes place at each chamnel 3/
Iz for verification or modification. zf
{

T 1,x.ch,¥1,y2,t08,bat;
float tenmp; )
char zstr;

actiee(): /= find the activation at each chamnel 3/
pos[ckey].tt = peak{1}-peak{0]: /= local activation time /
pas{ckey].t2 = peak[2]-peak[1i;

clresqi36,330,514,45¢);  /* Clear the previgus wavefcrms 1 the wingcw ¥/

yis8+215ckey: /% clear the previus activatian time 3/
y2:y1+18; /3 In the meny %/

clrmsgl$67,y1,602,y2):

ciresg(604,y1,639,y2);

setcalort15); /x display the new activation time 2/

guttextxylposickeyl.xe+33,posfckey ). ym, itoatpos[ckey]. el str,100);
outtextxy!pas{ckey].xe+70,pos[ckeyi.ym,1toa(pos{ckey].t2,str,10)}:

f= find the automatic gaim for each channel so that the wavefore 3/



for txsifix/esiticyesy [ gisiizy the wzvetcre oF gach cramngi ¥/
F 0 tipearifi=x-TEN=3) 33 ((Deak{Riex-TE)(MARES-T) |

forich=0;cn(2;cne+)
{ boTzifi-{chzes);
tepsei-40;
yiztar-tecazalion] [seax{0f+x-T6]-MINI[cn] ) oscatefen]):
yZzosz-ilcataicn}izeax[Bisx-T51-NInI[cn] 1> rscatefcn]);
1| (yiespctrebry2essotisstyztapladtydr=tan) |
Timetx=1.vi,x,¥2):

-

!

setcolor(1); /¥ cisptay the vergical ar te shew where the activatien 1s 0electes &/
far [CN=0:CNCI Chet)
1§ ( {(peanich>zneakf0i1ébipeakfch]-peak{0]¢=433)) }) ({vear{0]r=ceak[ch]}idipeak{Ci-osak[chi(=38!) )
1inet 75+peaxicn]-pean{0],320+423¢k, 15+peakchi-peak [0, 370+422ch):

clatzckey; /* current pasition 1S the current key has been prassed =/
sarkzpeak[0]; /% tme position where the activation of the reference 3
/= cnannel tock place 3/

J3TTIRITTTTRTRRTIXR)

voi1g keyin()

JEETXEITITIZATLXZLIZ |

I The funtion of this routine 1§ to reas the keyboarg n order to perform 3/
/* 2 specific command for the user. ¥/

{

nT key:

key = getchi); /= read the key 1n 3/

7% 1f any letter from a to ¢ 15 pressed the cursor in the penu 1S Eaved */
/¥ to the corresponding location ang reset the data acquisition flag =/

if ({key)=b5)881key<z81}) { oreq=0: jump(key-65}; }

7% 1f any letter from A to Q 3§ pressed the cursor in the meny 15 soved /
/% to the corresponding Jocation 2n¢ reset the data acquisition flag 3/
else 1 {1key)>=97 )88 key¢=113)) { dregsD; jumplkey-97); }

/% 1f letter R 15 selected then reeark the activation on asy ¢ispiayed /



}

. Tra | meey e
L) B - 52T

b

[ I3 BTt ad 1 313 382z £2 tREn uoa

------ soadte ohe Z20 )

e

-arw B q 1 -
29150 uomani !

;X ang i¥ Lhe Current cursar at tRe remark menuy tRen resmare Lhe X/
jT activation time ¥/
gise 1f tekayssIT) oscrii;

{2 1f The current cursor at TRE SSe Besy LMem UCCaTE The AT X
glse 1 ickey==18) ugmasa(}:

121§ the cyrrent cursgr 2t amy other positicn them store the ¥/
gigi1tal waveferm at this position iRCG The nard Jisk 3/

glse | creg=-1; /3 set the cata acamsition flag 3/
fautelcies«sy, oati; /* store the pasitign ¥/
fwriteicata.2.3600.0at); | /t stare the wavefors 3/

}

H

fT it ore of The arrow Xey IS presses ¥/
else if {keyza0!}
{ key=gezehl): /x get the arrow key ¥/
moveikey); /% mave the cursor 3/
keyint}; /% read next key ¥/

else if (key==27) ckey=19; /= if ESC key key 15 presseg 3/
else Ir axy other keys wiil generale an error message &/
(
pessagel “Ungefined letter pressea!”);
jumpicxey);  /® move cursor to current key ¥/
keywnl); /% read next key ¥/
}

]xnxtxt:uuxxxu:]

void upmapt)

,ttllllllltllttlltl[
/® The functions of tmis routine xf
e = To fin3 the maxinum 2nd ainiaum activation times and ifie %/
It lacations where they take place. zf
- To ¢1splay a corresponding color for each segment of the z/
1% activation tiee. 2/
Ix - To gisplay a corresponding color for each recoprded 5/
i locatien. x/
I - To display the minimus activation time at 2 particular 3/
1z location 1n red. 3/
/s - Store the result 1ntc the nard disk. 3/
s - Reset the cata acquisition flag. 3/
{
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e

T soifE. e CEILOZMEL 0TI 4 REERE
o R T A TR TR A TIREE
L 57, 81 128,122,143} 28 217
(103,285, 87,2 35, 48,217, 85,234}, {110,287, 77,308,
1283, 35,238, 37, Z48, U5,265, L5}, ([Z%e, oE,2R%, 84,7
i336.108,299, 93,309, 50,383, §0},{27¢.198,236,105.3
{333,136,374,918,367, 81,430,102}, {426,172, 288, 73¢8,¢
1445, 307,426,172, 465, 146, 464,185} [435,238 445, 20,¢
{460.273,458 238 49g, 220,466,259} }:

ing 1, r,oe eax, pinval gaxvai,yl,vi, v cir;
char xstr.

/3 imgialization 3
[ 23 PN
Einvalz106d;
gaxzoinz-i:

/% fing the saximul ang EIMIBUD activatics times and the lecatiens whers
/% they taxe piace ¥/
for (120;1¢216;1+¢)
{ fipesirl.theaxval) { maxvai=posii].t1; max=i; }
1f( 1pesfr].tieainval) &8 (pes{3].t10) ) { mnval=zposit].ti; min=i:

I

/3 Qivige the range from the BINiEUR ©O the EaX1mum activation [ime ¥/
{® 1e%0 § segments ¥/
if ({max!=-1)i4(mint==1})
{

aivz(pos[eax}.ti-pes[min].ti)/6;

3=0:

for {1=5;1220;1~=)

{ rul1])= pos{mn].t1 + ()2div);

BASLH
}

CoRuleri); /= gispiay 2 corresponding color for each segment =/
/% of the activation time z/

/% Display a corresponding color for each recarded location t/
for 11=20;1¢=16:14+)

if (pos[1].t120)
{
for (325:2021;3==) /= chose the corresponding color */
1 1 (pesfal.ttrzrul{3]) 88 {pos{i].ticrutfj~11) )
clr=lasei(i];
f {pos{1].t1 = rul[0]) clr = label[0]:

/% only if the location has peen recordeq 3/

setcaloriclr): it coior this location 3/
setfilistyle(SOLID_FILL,clr);

f1ltpoly(4,pogon{i]);

1f {1==min) setcolor(iZ);
eise setcolor(15);
yi=ge2iss;

y2=yie1g;
clresql567,y1,602,y2);
outtextxylpos{i].xe+35,00s(1].yn,1toatposr].t1.str,1010;

- -

Iy +—a

-
€0 3 Ch & iT &N 3 I

X

}

I3 display the minieum activation 3/
/x time 2t 2 particular location =/
/% 10 reg¢ so that the surgeons  x/
/% c2n natice right away. 3/

. + .
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T ogTaez crzor ‘e . e

23,

[ g W

-t at

Sgrimifoess A :
i
gragz-t: % resel 223 ozcsuisifien fizgow

{ETITEXTTITIIIZITIIL/

vord CoRuier(!

JTTTITITETITITITRIR/

/= Tne functigns of tRIS routine 2re to clear tne previcus Solor ssale ®/
J® ang cisciay the nes color scale. z!
{

T

char zsir:

clrasgt.0,22,253); j= clear the previgus coler scaig =

far (1=0:1¢Bz1==r 7% Disziay the new cgior scale ®f

{
secfilistyistSOLIB_FiLL, lasel(n]);
bari@,422y 20, 28+4227);
setcalortiaseljtis:

-I.J

/* snoe the celor =f

outTextky(0,21+432y azoatryl[t],str,1004; /% show The activalion Time ¥/

} »

[!83!8!!32!323288881

voig seri!

!388!828!!8!!2!3833:

/% The functions o7 tms routine 15 to allow the user move the vertical bar 3/

/% 3t each channei o 2 new DOSITION TO Change the activation time.

{
1t keyl keyz,yi.yz:
char xsir;

tat w=0: sz imitiziize the cursor to the vertical nar of the first wingcw ¥/

setealorii):  /x remove the curser from the current position in the meny 3/

outtextxylpesii7].xe.pos[17].ym,pos[173.1et);
suttextxyiposicheyi.xe,pos[ckey].ym,pos[ckey]. let!;

setcolor(5); 75 eve the cursor to the current recorging location 3/
outtextrylnc:"le. xm,pos{ciet].ym, pos[clet].let):

wzugow (5, v}

keyi=getchl}: /= r=22 the key hoard 3/
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TlegetlzTio gL agyt T ¥ aRiie IME K@Y FBIIIAING [D TRE RATL MENL T

arrsw kev 1§ oresses 3,
ne arrdw kay =/

LR T TY R SR I L Y /% 30ve TNR Cursor cown U5 tRe nex: channsi s
fwzzwt i w}; wawlowl 3-8
glse 1f [(xey2:==801381wtz2)! /% mC¥e IRe cursdr ug TC the ReXT w!nCIw ¥/

fwcewi 1 w): w=w00wl{5. =1} )
else 17 (key2=z78) curscri-1,w); /T mGve tRE Cursor to the feft at the S2ot channe: &/
alse 1f (key2==77) cursorit,w); /% pOve the Curscr to the rignt at the sase chamkei x/

}

eise messagal ‘Use arrow key or Tyge £}, /* else sead the warming pessaga =/
Keylzgetent): /% reds key hoarc asaim 3/

}

cirnsg(10%,462,410,472); /x clear the message 3/
ckeyzclet; /% SeT the cCursdr to The curreni recorging focatign 3/

J* store the mew result in mare gisk ¥/ _ N
fprintfires,’ss L3a $30  Cor\n .pesfclec].let.peanitj-gean[0].peax|2i-ozak{1; ;

woNaow! 1,%); /% resova the cursar from the window =/

pos{ckey].t1 = peak[i]-pezk[0]; (= finc the new activation Ciee ®/
pasickey].t2 = paak{2)-p2ak[1l;

yi=z8+213ckey; {2 cleaar the previous activatien time %/
y2:y1+18;

clrasql567,y1,602,y2);

clrmsq(804,y1,639,y2);

setcelori15i; £* display the new activation time */
outtextxy{pos[ckey}.xe+33,pos[ckey]. ye, 1to2l pos[ckey]. 21, 5tr, 100! :
outtextxy{posfckey].xe+70,pos(ckeyl.yn, 1t0a( pos[ckey].t2,5tr, 101}

oregs=1; /® reset the gata acquisition flag x/

Ittt!lStIllllt!!Slt]

Y013 cursor{int ¢ir,Int w!

flll!lllttl!ltxt!:l!

It The function of thi1s routine 1s to pove the vertical bar at a crannei to x/ -
/% the left or to the rignt. z/

{

1ot x,y1,y2,00t,top;
clrms3(105,462,4:0,472); /2 clear the message 3/
if (181r)0)88¢(peak[w]-park}):438)) : /% prevenl the vertical bar move out of the %/

else af {[drrQbtitmark-peak{n]1)=38)) ; /% window either on the left or on the right =.
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ise
xzT3ezean{wi-cark; /T TNE S2EOic ON The current charnel 07 whign Lrhs Cursar t
/% 15 positigning %/
U0 lorrctitloarssx-T3t) ) 10 L 1Q1r0)88(aarkex-75HARSS=2] | |

{.

.—

woow(7,%); /% turn off the vertical bar at the srevigus samni &/
peak{wi+=gir; /* move the avilvatios tiMe T0 the next samole
wgow! 5,x); /% move the vertical bar 2T the mext sampie &/

bocz370+(wxd2); /% recisplay the previgus szmple of the wavefora ¥/

tap=nat-40;

yi=bot-{{oata[w][mark+x~air-T5]-MINI[w]))2scalefwn]};

y2=pat-({datafw][nark+x-75]-MINi[w]}>)scalefu]);

setcolor(15);

17 | [y1¢=bot)d${y2¢=bot)asty1d=to0issiy2r=2en) )
tinelx-gir,y1,x,¥2);

/:xx:z:xx:::x:xxx::]

1t wdow( int ¢l,1nt w)

j::x:::x:x:x:t:xx::]
/¥ The function of this routing 1S TO tyrn om or ture off the vertical par at &/
/% 2 specific channel. 3/

(
nt bot,top:

¢lresql105,462,410,472); /= clear gevious message ¥/

/= gispiay the vertical bar only when its position is stiil insree the window ¥/
1 { {{peak[w]>=mark)88(peak{n]-mark(=438}) |} [{mark)=peak{w]}tstmark-peak[w]j¢=3E1) )

setcaloricll;

boz=370+42zx; =

top=pat-40;

11nel 75+peak[w]-nark,top, 75+peak x]-nark,bot);
return{wj;

[!8!!!883!3!!3!8!8!]

void move(k)
mek;

f!!ttltttttlttllxtl]

/= The function of this procegure 1S TO mOve The CUrsar up or Cowm 3/
/= to the cesired location in the menu, )
{

switch (k)

{
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I TID R LD BIrOW KEY RS
;

o ovF ycusyzzfy [ jumptTf)ibreaw: Boo/® omave 10 DRE fast lecalion ¥
eise | jumplouey-1);brear; } f* cove us t2 next jgcaticn ¥/

}

cass 831 /® COWR Arrow key ¥/

{ 1§ texeyzzig) { Juepi0);preax; } /¥ move To the First location ¥/
gise ¢ Jumnickey+1):nrezi; } /2 move down $2 next lgcation ¥/

!

cefauit : message! "Undefined key presseg i

[,

JFrTEzTRXZIISXS

volid jumplk}
mtok;

/tl!l!ltllt!:![

/% This procegure removes the cursor from the previous igcation ang &/
/3 might lignt the current Jocation where The Cursar 1is, ¥/

[

cirmsqi105,462,410,472); /* clear previous message 3/
/% remgve The curser &t the previous lecation =/
setceloriil;

< outtextxy{pos{ckey).xm,posfckey].ym. pasckeyl. et);

ckey=k; 1 get the current key =/

f* move the curser to the current location 3/

setcoleris);

outtextxyipos[ckey]l.xm, pos{ckey].yz,pos{ckey].let);
}



APPENDIX C

DATA-RETRIEVAL PROGRAM LISTING
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P IITITIETIFIITIIEYYIIIEYFIIEIIINIIZINISIEZIIINIIRIIIINIIIYIIIRIEIXIZIR

1z

X Name av ompcsisr 0SF

b+ 4

X Tnis mecuie sonta

rr for tne mcaule DSPLLC
X

1z written Dy: Tnsthuy Bach

Tz Sgarting cate: May 3G 1880

ez Closing gate: Nov 15 1950

1z

X
L+ 4
Iz
Iz
24
1 24
Iz
Ix
b $4
Ix
xz
Iz

I!t!t!!!!!!l!!!!lX!!!8tltt!3388!X!3!!8t!8:!!2!182811833!8!88!!:!!!!

13 Tne following Iroraries are inclugeq 3/

sinciuge (cos.m
sincluge (graprics.m
sincluge (stalio.m
sinciuge (stgie.m)
sinclude (conio.m}
sincluge (alige.m
saclude (B3th.R?
sircluge (procass.h)

sgefine fn “citest.dat”

vo1Q main{volc):
vo1¢ InitManiveidi:
void Imitfiletvendi:
volg displaytvaidl;
vard keyinlvoici:
vOig MewSeriint!;

/= File recorged curing the gperations 3/

/3 Man prograe ¥/

/* Imtizlize the pap ¥/
Jx Imtizlize the file &/
/s Display the signals ¥/

/x Read the request ¥/

1= Dispaly new set of gats %/
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JFE I IITERIRYIINIIIIIEIIINIIIFIIIINENEEER IR PIIIITEIXTIITIIIZEIIIIEIY

1z I
x Ninpie mams:r DEROC 2
Iz t+ 3
rx  fumztioh: Th1s mogule ratrieve {ne catz that recorger zx
1z guring tme gperatich for post-gperation stucy. L]
Iz iz
X ¥riTien oy:  THUTHUY BACH 1z
3 Iz
X Starving gate: May 10 1§9% 1
Iz Iz
1 (lgsing cate: Kav 15 198D Iz
Iz 3 4

I IR I I IR I IITIIILIIIEITIIIIILIRINTINNITLINE/

finciude "c:gspl.h” /% 1ncluge the heager mocule 2/
18T GOriver, /% Graphics driver nuzper &/
GMgge, /= Gragnics mgoe :f
ckay, ;X gurrent key 3/
sefnum, /= set numder 3/
offset: /= samcle numper 1n 2 set ¥/
int ¢ataf3]l1200i: /= puffer of gata */
FILE cat: .* Data file &/

JXxrxzzzIaXIINY

vaid saini}

[!!t!!:!llttlx!

{
ImitHanl): /r Imtialize the map ®/
Imtfilel}; /2 Inmitizlize the data frie 3/

whiletckey!=27] /= while current request 1s not £SC &/
{
1f [kemitt]l) /2 If there is 2 request &/
{ keyim !; /* Read the request ¥/
¢ispiavily /= Display the corresponding signals 3/
}
}
feloselgati: /= Close the gata file &/
closeqraph: i: /% Close the graphics enviranment =/

}

JereTITIRRRIIR;

v01d InitMas::

fRaciitotesiz e

/s The fumctice of tmis progcedure 15 to wmtialize the gragmics z/
/% envireneers, the set nupber and the sampie numder in 2 set 3%/
{

detectgracr- s6Draver,s6Mode); /® Get the grapmics ariver and mode 3/



iningrazhidGiriver . 43¥ace, oo /3 Initiaiile thE §ragnics enviranment ¥/

13 The CrapRics Oriver angd soCe numper =/
restorecriange! ) /& Reswore CRT mgde 3/
SETGrashnccs(GMeseE!: /T %at the graghics mege %/
cleardevice:): iz Clear the gevice ¥/
setrymz0: /% Reset the set nuaber e the first set ¥/
offset=t: /T Reset the szmple number the first x;

/%10 the set ¥/

}

[::::::xxx:xx:j

¥010 InTtFilel}

[3!:!!!3382!!!]
1% The functiens THIS orocegure are z/
/* - T3 cpen the cata file. Ty
I* - To imtializ2 the pointer to the beqianing of %/
/= tne frie. x/
/z - To oisplay tne new sez of the file. 5/
{

1f ((dat=fopenifn, rz")t==NULL) /= open the gata file 2/

(
< printf("File 1§ not open”l:

exitii};
}
ckey=0: /* Reset currani request s/

fseekldat,0L,SEEK_SET:: /* Reset the pointer to the beginning x/
/x of the file 3/

NewSeti1): /* Read the first set 1n the file x/
displayll; /% Display the first set 3/

}

Il!!!ltllll:xt[

vord displayl]

] EI3TTXELTIRIL)
7% The functions of tn's procedure are: z/
12 - To clezr the s=-gen . z/
ft - To cispliay tne setnumder, sample number 2ng the signals &/
{

float temp: /> sc3ie of display &/

int yl,y2, /® tns potentiz) of the signals ¥/
X, X1, /= trz seple nuejer 3/
bot.top, /* tr: ToD and bottom of each window on Che Screen */
ch: 7% crz=nel number &/

char astr;  /r st~:ng of message &/

Tenp:155.G/4086.0; = Calculate the scale of the screen =
clrser{}; :3 ¢lear the screen s/

setcolor(7i; x set the color of the back olane s/
setf1listyletS0LID 2ItL.7); /= extent the screen &/ 100



par((,388,640,480);

setcoior(13): /3 set wmite coler

}iref0,156,600,158); Jx givide the sarees 1aT2 Thres wingows =/
Tinel@,312,600,3121;

Tine{d, 466,600,458}

seteclortt4); fx sec yellow coigr 34
guttextxyl(,460.1tcat setnum,53r,10)); /* gisplay the setnumpar z/
outtextxyl0,470,1toatof fsec,str,101); /3 gisplay the sampiz number %/

for tx=0;x¢=840:x%+] /% gisplay the signals 3/
{
xisx + offses: /& Finag current sample to cisplay 3/
if (x1¢1198) /= 1f current saspie not the last szmele in the buffer 3/
{
forichs0;cne3:che+} /% Dispiay the waveform of each chamnel 3/
[ bot=1553+(chx156); /= the bottom lime of the winaobw *®/
top=pot-iss; fx the top line of the wingow 2/
yizbot~(1nt}({ datafchix1]230.0)+42048.0)3zeap):
y2zhot-{1nt)(§ (daca{ch]fx1+1]330.01+2048. 2 12tans);
if | {yi(zbot)ss(y2¢=botidd(y1rstop)édiy2X=topt !}
/% draw the straignt line detween Uwc Sampies %/
Tineix, y1,x41,y2);

fR2z2azttiz ity

void keyin()

]ssxErsaxazss)

/x This pracedure rsacs the key board to recetve The rzsuest from 3/
/% the user then calls other subroutines to perform The request. 3/

{
ckey = getch(): /= et the request %/
1T {ckey!=27) /% 1f the reguest ‘s not ESC #/
{
/3 gisplay the next set &/
if (((ckey==142) ) tckey==70) Jebt setnum(2E)) kawdelt1l;
{2 g1splay the previous set ¥/
1f ({{ckey==88): 1ckey==68) jte{setnum)i)) Newdzli-i)k:
jx dispiay the next cycle in the same set ¥/
if {((ckey==110); 1ckey==78) )ikt of fset2240) ) oifsat~2840;
/= display the grevious cycle in the same se: =’
if ((lckey==3E};; (ckey==66) ekl of fset)fa0)} ofises~2040:
H
1

JezzsnTTILLTILS

vo1d NewSet{int num

[ STTTLIXTTXIIT i 101



/Tt TR1s pracesure reacs the next set of gat2 frezotre catz file ¥y

fx into the buffer. 3/
f
nT cua;
SeLRuB+=nUl: fx czlculate curreat set nuster ¥/
offset=0; /T set the current szeple G the Tirst sacple 3/
{10 the set 2/
1f{nug==-1) /x 1f previocus set 1s requireg xf

LR

/t set the pginter to the beqinming of previous set &/
fseek{dat,-7202,SEEK_CUR);

/% get the naee of location where the set were recorded 3/

due=fgetcldat);
freagidata,2.2600,d25); /* reag the gaca cof the sat 1nto the buffer %
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APPENDIX D

HARDWARE COMPONENTS OF THE SYSTEM

The hardware components of the system, as shown in Figure D.1, include:

* Two 9-pin male connectors. (206705-1 AMP)

* Two 9-pin female connectors. (206708-1 AMP)

* One 40-pin male connector.

* Three 1-pole, 6-position rotary switches. (71BD36-01-1-AJN Grayhill)
* Three 1-pole, 10-position rotary switches. (71BD36-01-1-AJN Grayhiil)
* One on/off switch.

* Two 9-pin male connectors:
These connectors receive the input signals from 6 electrodes that are recorded from the patient.

Before the signals are manipulated by the system, they are passed to the two 9-pin female
connectors so that other equipment in the lab can also access these signals.
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Figure D.1  Hardware configuration of the system.
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* Two 9-pin female connectors:
These connectors deliver the signals from the patient to other equipment in the lab.

* One 40-pin male connector:

After the signals are buffered, filtered and amplified, they go to the A/D board through this
40-pin connector:
- Pin 6 is connectec to the signal of atrial reference channel.
- Pin 25 is connected to the signal of the roving electrode.
- Pin 5 is connected to the ventricular reference channel.
- Pin 1 and pin 4 are connected to the isolated ground of the signals.
- Pin 19 is to provide +12 V to the op-amps.
- Pin 20 is to connected to the -12 V to the op-amps.
- Pin 16 (End of Conversion bit) is connected to pin 31 (port B) since this port is not
available at the /O connector. Port B must be configured as mode 0 input so that when this
port is read, the most significant bit will indicate the conversion status: EOC will be a logic
low while the conversion is in progress, and will g¢ high and remain high after a conversion
is completed [28].

* Three 1-pole 6-position rotary switches:
- RS1 is used 1 select one of 6 channels to be the atrial reference channel.
- RS2 is used {o select one of 5 other channels to connect to the roving electrode.
- RS3 is used to select one of 4 remaining channels to connect to the ventricular reference
channel.
* Three 1-pole 10-position rotary switches:
Fixed gain amplification is setting one level of gain for all the amplifiers. Variable gain

amplification refers to the ability to change the gain of each ampilifier individually and
independently of all amplifiers.

105



* One on/off switch:

This switch is used 1o supply the +12 V and -12 V from the computer to the system.
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APPENDIX E

MAN-MACHINE INTERFACE

This appendix presents the interface between the user and the computerized cardiac
mapping system.

Hardware:

First, the input from channel 1, 2, 3 should be connected to the first 9-pin male
connector and the input from channel 4, 5, 6 are connected to the second 9-pin male
connector. Any other equipment in the operating room can access the signal from channel
1. 2, 3 or from channel 4, 5, 6 through the first or the second 9-pin female connector
respectively. (See Figure D.1).

The upper left rZary switch is used to obtain the gain at the reference channel so that
the amplitude of the signals from this channel is at the suitable level. The minimum or
maximum amplitude of the signal should not be smaller than -5 V or greater than +5 V
otherwise there would be cut off at the waveform and the activation time cannot be
detected precisely because the A/D board can convert only the signals from -5 V10 +5 V.
However, when the maximum amplitude of the signal is very small, the signal might not
be seen. Therefore, it depends on the amplitude of the original signals to select one
variable gain in the range from 1/4 to 20. The amplitude of the original signal at this
channel is usually very large ( from -15 V to +15 V) since this is where the pacing
stimulus is applied. Thus, the attenuation (gain of less than one unit) would be useful.
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The lower left rotary switch can be used to select one of the 6 available channels to be
the reference channel.

The upper middle rotary switch is used to obtain the gain at the roving channel so that
the amplitude of the signals from this channel is at the suitable level. The amplitude of
the signals at this channel is usually much smaller the that of the reference channel;
Thus, the attenuation is not necessary at this channel. The gain at this channel can vary
from 2 to 50.

The lower middle rotary switch can be used to select one of the remained channels to be
the roving channel.

The upper right rotary switch is used to obtain the gain at the second reference channel
so that the amplitude of the signals from this channel is at the suitable level. The
amplitude of this channel is also much smaller than that of the reference channel. The

gain at this channel can vary from 2 to 50.

The lower right rotary switch is used to select the remained channel to be the second
channel.

The on/off switch should be at the on position to supply the power to the system.
Software :
The program is written in C language and the executable file of this program is called

“"MAP™. After the program is evoked, the introduction screen will appeared as shown in
Figure E.1.
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WELCOME TO THE MAP OF THE ACTIVATION TIME

VERSION THUY 1.0

TH!S PROGRAM WILL DISPLAY THE ACTIVATION TIME

AT DIFFERENT LOCATIONS OF THE VENTRICLES

Please press Esc key to stop or any cther key o continue

Figurs E.1 Introduction Screen.

From this screen, if any other key (except ESC key) is pressed, the initial screen will be
displayed as shown in Figure E.2.
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* Data acquisition:

To select a recording site, we just simply press one of the key from A to Q. The
screen appears as shown in figure E.3.

* The difference between the activation time of ihe reference channel and
that of the roving channel is 210 msec displayed on the second column of the
table.



* The diference between the activation time of roving channel and the second
reference channel is 4 msec displayed on the third column.

* The waveforms of the atrial rzierence, the roving and the ventricular
reference channels are displayea in the window at the bottom of the screen.

8 |210 4

Figure E3  Updating screen.



* Map of the activatien time:

The map of the activation times can be displayed by typing S (stand for See) or we can
move the pink curser to the See location in the menu then press Return. The screen will

be displayed as shown in Figure E.4.

* The smallest activation time at a particular location will be displayed in red color.
For example in Figure E.4 , location L has the smallest activation time which is 14C ms.

* On the left hand side, the linear scale of the activation time versus the colors from
red to blue is displayed.

* Each location on the ventricles is displayed with the corresponding cclor and from
the map as shown in Figure E.4, the surgeons can see right away which location is late or
early.

* At the same time, the activation time at all locations are stored in a file name
“crres.dat” for later examination.
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Fgure E4  Mapoing screen,

* Data storage:

In order to store the waveform at a specific location for later study, we can press Enter
if the pink cursor is already at the desired location. Otherwise, we can use the arrow
key to move the yellow cursor to the interested location then press Enter. The segment of
continuous 1.2 second of data at this location will be stored in the file “c:test.dat”.



* Data-retrieval:

The program “dspl® are used to display the signals that were recorded during the
operation:

The signals from the atrial reference, the roving and the ventricular reference channels
are displayed as shown in Figure E.5.

At the lower left comer of the screen there are two numbers:

* The upper number represents the number of the set.

* The lower number represents the number of the left most sample in this set.

For an example as shown ‘n Figure E.5, the number of the set is 9 and the left most
sample is 500.

Typing F is to display the next set of data in the file.

Typing B is to display the previous set of data in the file.

Typing N is to display the next cycle of data in the set (there is usually two completed
cycle in one segment).

Typing P is to display the previous cycle of data in the set.
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Atrial reference nnel
Roving Channel!

Ventricular referenca channel
1

500

Figure E.5 Retrieval of the data from the file.

* Correction of computer-estimated activation time:

The waveform at each channel is displayed with indicator where the activation is
detected. The user can modify the computer-estimated aclivation time by pressing R
(stands for Remark) or using the arrow key to move the cursor to the ReM location in
the menu then press Return. The pink cursor will move 1o the indicator of the atrial
reference channel. Now the left and right arrow key can be used to move the pink cursor
to the position which can be better to represent the activation time.

The up and down arrow key can be used to the move the pink cursor to the other channels
to modify the activation times at the other channels.

In order to exit from this modification routine, we just simply press R again. The cursor

now is moved back to the location in the menu where its waveform has just been
modified.
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