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Abstract

Highly performing athletes are susceptible to cardiac damage of several kinds which may be irreversible.
The monitoring of heart rate and ECG waveforms from such subjects by wireless sensor networks has been
reported in health and sports care documents. However, a more decisive parameter for instant to instant changes
would be the time of Cardiac Action Potential Propagation. This time, which can be between 15-20 ms would
shoot suddenly in acute stress in highly performing athletes for short durations. Repeated incidents of such rising
values will tend to cause irreversible damage to the heart. We developed the technique of measuring this time and
reporting it through a wireless sensor network to monitoring station.
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1. Introduction

The extreme physical throughput under stressed conditions in highly competing games for athletes needs instantaneous
medical attention. Too much stress has a direct effect on hormonal balance, and eventually stress affects our entire
metabolism and immune system. Physical demands, psychological demands, expectations and pressure to perform to a high
standard all are causative in increasing the load on the heart. In a general arousal of the body, Heart rate increases, blood is
rushed to the muscles, blood pressure and muscle tension increase [1]. The ECG waveform (Fig. 1) will show elevated S-T
segment and temporary Q waves might appear in the waveform [2]. These wave changes will take place over very short
durations of a few seconds and the same may revert back soon. It is not feasible easily to observe the ECG wave from each
successive beat and from the various ECG lead positions. In clinically recorded ECG, what is observed is the standard 12
lead waveforms, which are not all taken from one and same heart beat, but over a staggered period which may be even one
or two minutes. In intensive care Cardiac bedside monitors, they observe just the single ECG from a so called rhythm strip
electrode set.

Highly trained athletes show striking LV cavity enlargement, with end-diastolic dimensions >60 mm, similar in
magnitude to that evident in pathological forms of dilated cardiomyopathy. Over the last several years, sudden deaths of
trained athletes, usually associated with exercise, have become highly visible events [3]. It is also reported that this risk can

be reduced or minimized by either temporary or permanent withdrawal from sports [4]. It is usually thought that a basic heart
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rate reporting through wireless network would suffice for the purpose of continous monitoring while athelets are in the brim
of intense performance. An increase in heart rate with the ECG waveforms being not abnormal in any of the leads is of no
concern. However, within a few seconds of the peak performance attempted by the exerting athelets, the observation of the
ECG leads remotely is not simple enough because it needs a specific physician to continously observe the changes as they
happen during that critical period. There is preliminary evidence that the disqualification strategies of the Bethesda

Conference [5] and the ESC may minimize risk and thereby reduce the number of sudden deaths in young athletes.
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Fig. 1 The typical ECG waveform and the parameters

The use of wireless sensor networks for health care monitoring specifically for performing athletes is an important
concern and is reported [6]. A wireless ECG acquisition sub-system with warning signal based on MSP430, a central
monitoring sub-system based on ARM and ECG analysis software on PC are described in [7] using wireless sensor network
with nRF905 wireless transceivers. Generally, ISM band at 2.45 GHz (centre frequency) has indicated some wireless

transmission standards that may be used for sports monitoring.

In this paper, we describe a technique for trnsmiting a single important parameter, which has been possible to determine

from successive heart beats, even under high beat rates of performing athelets.

We describe the essentials of the method in Section 3 and the devices in Section 4 as employed for the purpose. Section
5 just illustrates the application of a wireless module with an FPGA for testing and evaluation with patients and also

performing athletes.

2. Importance of Cardiac Action Potential Propagation Time in the Ventricles

The recording of ECG in cardiac care uses the externally placed electrode differential potentials. The heart's ventricular
contraction is due to the conducting nerve impulse from the Atrio Ventricular node to the entire ventricular volume. This
internal potential is known as the "Action Potential” (AP) [10] and this propagates through the ventricle in each heart beat. It
has a sharp rise (<20ms), a plateau period (0.4- 0.6s) and a droop time (0.2- 0.4 s) back to the resting potential and is about
100 mV is amplitude.
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Time measurements on a full ECG of a heart beat have been made in several ways and even automatic analysis of
variations attempted [11]. But what we deal with in this paper is the time of AP propagation, which is initiating the

compression of the ventricle.

The effect of a traveling wave of this action potential is seen as the familiar ECG waveform. The wave is generated not
by electronic conduction as in a wire, but by electronic conduction. In it, the QRS complex is a representation of the rising

AP. Several models for QRS complex estimation have also been reported as signal processing exercises [11].

The propagation of the action potential impulse through the ventricle is via nexus or gap junctions [12-13] and the
specific subcellular distribution of the gap junctions packed by rod shaped cardio myocytes causes continuous conduction
[14]. In a pathological condition, the substrate associated with Myocardial infarction (MI) contains islands of surviving
myocardium interconnected by narrowed strands with reduced coupling through nexus junctions. In diseased heart,
structural non homogeneities are present [15] which cause delay in the AP Propagation. Assessment of myocardial injury is
indicated by the external ECG waveforms through Q wave changes, T wave abnormality, ST deviation present long after a
MI and so on. Myocardial infarction recognized through just ST elevation (STEMI) is not very decisive in assessing M| and

methods of vector cardiography alone could detect delays in AP propagation [16].

Q waves with amplitude more than one fourth of the R wave in Einthoven and Wilson leads are taken as pathological. It
is stated [17] that patients with Q wave MI had worse prognosis compared to those without Q wave MI and hence warrant a
closer follow up. With or without a Q wave, for STEMI or NSTEMI patients, the presence of Ml certainly cause local delay

in the AP propagation and hence the time course of its propagation is a vital diagnostic aid in cardiac care.

At higher heart rates, the AP propagation time was not found by our measurements to decrease. Since it depends only
on the anatomy of the ventricular fibres, MI causes AP delay which is almost the same even at higher heart rates. But,
because of conduction contraction coupling [18], fibrillation may set in-with MI and high rates. A slow conducting segment
will contract incongruously with the rest of the myofibres, leading to fibrillation. The AP propagation time measurement

and its continuous trend observation will help a long way to avert events,

2.1. Synchronous Recording technique and Measurement of AP Propagation Time

Digital display and electronic circuits have all along been used for various ECG applications, but as yet, we do not find
any such measuring electronic instrument for the above measurement. Single action potential records from in-vitro cardiac
Purkinje fibers from sheep have been displayed with digital electronic circuitry [19] and the maximum rate of rise of the AP
has been measured by McGillvray et al [20], but so far, non-invasively, AP propagation time has not been measured with

any instrument. An instrument to measure and display this propagation time in every heart beat is described in what follows.

This displays the AP propagation time in a heartbeat in milliseconds. Normal values are 15 to 20 ms, while significant
increase is related to conduction disturbances in the heart chamber such as due to an infarction. The electrode system for the
purpose is also simple enough, with six electrodes spread on the chest, somewhat similar to the V leads and the five
differential voltages are used to determine this time. The pathological Q waves in the ECG are the most often looked at
patterns by the cardiologist (Fig. 2). The increase in amplitude and width of this Q wave is associated with infarct tissue.
The Q wave, as is being observed in standard ECG records, occupies just 1-2 mm of space horizontally and about 15mm
vertically. When it is required to check for improving heart conditions after a pathological Q wave, the same has to be
carefully observed for very small changes in the width of it, which is after all, only 1 to 2 mm in the record. Thus, any
improvement in the heart with drugs blood thinning etc., cannot be noticed until after a considerable decrease, i.e., until at
least about 0.5 mm in the width of the Q wave is seen. Since the Q wave is absolutely dependent only on the propagation

time of the AP through the ventricular space, it is much more useful if one could read the beat to beat propagation time.
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Changes from 25 ms little by little, down to 15 ms, as the heart recovers can be observed as for example when an athlete
relaxes after a peak performance. This is also useful to understand the efficacy of suitable drugs administered in the care unit.
An instrument of this kind has not been described or manufactured for cardiac care so far.
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Suppose we place electrodes on the chest wall similar to the Frank System or the usual precordial V leads; in each heart
beat, the action potential which propagates through the heart is sensed by the lead electrodes and the QRS complex spiky
wave of the propagating action potential through the ventricular volume moves from the right to the left electrode within a
time of about 15- 20 ms. For this purpose, we have to record all the electrode signals, say, those of the V leads,
simultaneously. Usually, ECG waveforms for the Leads 1-3, the Auxiliary leads and the precordial leads are taken
independently. Though these waveforms do not pertain to one and the same heart beat, the recorded waves indicate the
pathology because there are not such fast changes in the beat to beat waveforms. The current ECG technique of recording

with ECG Recording apparatus does not ordinarily use simultaneous recording.

When we arrange all the V lead electrodes all at once on the chest and record the waveforms differentially from the sets
of leads, we are able to do a synchronous recording. Such a recording from several leads is able to indicate the propagation
of the R wave from one set of electrodes to another. Since the sharp rising R wave on the external skin electrode coincides
with the first rise of the intracellular action potential, we could follow the propagation of the AP through the ventricle in each
and every heart beat. By measuring the time difference between the R waves in the first and the last V electrode, the

propagation time is found. The value of this time is displayed directly in milliseconds, once in every two beats.

3. Cardiac Action potential propagation time — a Vital Single Parameter in Performing Hearts

The action potential propagation in the ventricles is shown in the sketch of the anatomical figure given below. The wave
propagates and completes it tour through the ventricle within a time of 10-20 ms and only in case of high stress and/or
pathology, this time increases.

Since the days of Einthoven, several leads (Electrode pair positions) have been identified so as to determine the
condition of the heart and its contraction. Ischemia (Loss of blood /nutrient supply to local cells) and Infarction (inactive

fibres, partially scarred) are the two major constituents of a pathological heart. The waveforms of the ECG provide some
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information about these symptoms sufficiently early. Thus far, the ECG has remained as the fundamental and first

observation of the condition of a patient’s heart.
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Fig. 3 lllustration of Action potential propagation in the myocardium

A delay in the AP Propagation is very useful for assessment of myocardial injury. This has been noted from the external
ECG waveforms through Q wave changes, T wave abnormality, ST deviation and Q_T interval. Usually, Q wave width and
height are the vital parameters for assessing myocardial injury. But, from the ECG waveform, one cannot note small
changes in the Q wave width in its very small record. Also, one has to note such Q waves from among the several leads of
ECG records. Thus, if we want to transmit the ECG based information, it is necessary to transmit the digital data of the
waveforms from at least six ECG leads. But the positions of the leads in the standard pattern of ECG leads is cumbersome
for an athlete. If we use a chest belt for recording the usual precordial leads (the so called V Leads), then also we need to
worry about the fixing the electrodes on the chest for the person, which is rather infeasible. Further, by using the records
from the V leads we can get only waveforms for V1 to V6, which would not pertain to either one and the same heart beat or
even successive beats. What is required for a very useful monitoring in the tense moments of an athlete, say running a race,
are the beat to beat changes. Beat to beat ECG recording is infeasible for the two reasons mentioned, viz., impossibility of

placing the electrodes in the specified skin positions and the time gap that happens while recording the V1 to V6 waveforms.

So, in our technique, we had to find out an electrode set or system which is easy to wear and does not disturb the athlete

in any way. For this purpose, we employed the recently developed EPIC™ sensor tiny chips from Plessey Microelectronics.

These sensor chips come as integrated electrode cum preamplifier in a very small size. The person wears a small light
belt on the chest. This belt has fixed electrode sensors (EPIC) such that they span the chest from right to left at positions

which are fixed on the belt.

The EPIC sensor is having an integrated high input impedance amplifier. That provides the required gain and also
reduces the output impedance. The specific advantage is that it needs no skin preparation, not even wetting with water. Then,
the output impedance is low and enables easy connection to a simple amplifier. Even here, we have to use two electrodes for
every ECG lead, such as the right arm to left arm for lead I. The two signals from these two electrodes are fed to a OPAMP
in differential amplification. Instead of special FET input balanced circuits at the input end, an ordinary OPAMP suffices
because the output impedance of the EPIC sensor is low. Thus, a typical amplifier for one lead is shown in Fig. 4. This uses
metal film resistors for the series and parallel paths, and with 470K and 10K feedback and series resistors, a gain of 50 is

obtained. That makes the signal output of the lead to have a value of about 1 V. The basic lead voltage may be 1-5mV,
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which is amplified by a total gain of 10 x 50 =500. This yields 500 mV to 2.5V. The sensors need Dual 5Volt supply at a
very low current only and this could be obtained by a pair of 5 V Zener diodes connected to the +6 V supply. The 6 Volts

supplies were obtained from rechargeable mini- Li-ion batteries in series.

As the action potential propagates as shown in Fig. 4, the voltages picked up on the six electrodes are all simultaneously

recorded in memory in a microcontroller module.
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(a) Showing the miniature EPIC sensor (b) Showing the internal chip circuit of the sensor

Fig. 4 A typical amplifier for one lead

The circuit diagram of the same is as shown in Fig. 5. Here we are using PIC18F2550 microcontroller for acquiring the
ECG signal and transmitting the propagation time delay through its communication port. To acquire the ECG signals from
the body five EPIC electrodes are placed on the surface of the chest at equal distance positions in the transverse plane from
right side to left side. The four Op-amp differential amplification signals are connected to the analog to-digital converters on
the PIC18F2550 microcontroller pins 2 to 5. To get a level shifting, either a zener diode or ordinary silicon (IN4148) diodes

are wired in series. The same signals were also wired to a four channel Agilent model Digital Storage Oscilloscope.

The program, in essence, finds the maximum point (QRS peak) of the four signals. The time differences between the
signals are calculated based on the sampling rate. Amplified signals are processed by PIC microcontroller to find out the
QRS peaks of each signal for every heart beat. Because of our heart beat range is 60 to 150, for a single ECG, the signal time

is between 1 second to 0.4s. The ranges are digital values are 0 to 255 for 0 t0 Vger.

It was by taking the recorded digital values through an USB on the above instrument to the computer laptop and
through Matlab programs, that we could get the displays and enumerate the time between the several wave peaks of QRS as
well as the time course of propagation of the action potential from right side to the left side of the heart. 50 Hz noise is

removed using Matlab filter program. The figure taken from MATLAB is for example, shown below.

PIC18F2550 program gives the real time display of propagation time and heart rate. The program was developed by
using licensed version of OSHON simulator for PIC18 series. Program coding was stored in EEPROM of PIC
microcontroller and propagation timings are calculated in well manner. The time taken for the complete action potential
wave in the ventricle is 10 to 20 ms for normal hearts and this will increases to more than 30 ms for pathological Q-wave
symptom heart. In other way, by looking the intermediate timing of the two sensor signals, it is possible to assess exact

position of pathological problem of ischemic or damage or infarcted areas. The purpose of our embedded controller is to read
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through its multichannel fast ADC the samples of the signals from the electrode sets. Since the ADC time is just
50microseconds, the several channels are almost taken simultaneously, compared to the time of propagation which varies
from 10-40ms, A local LCD module could be used to display the time of APP optionally. Since the circuit board comprising

of these parts and battery is held in a small sized wallet along with RF communication unit, the same could be worn with
little discomfort and weight.
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Fig. 5 Schematic of EPIC sensor Electrodes, Differential Amplifier and Embedded controller

An example of the waveforms of three of these voltages (these waveforms are not transmitted at all) observed on a

digital scope appears as in Fig. 6. This figures is given only to indicate how there is a time of propagation as noticeable from
the peak positions.
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Fig. 6 Showing the simultaneous waveforms from three sets of electrodes, kept on chest below from right to left
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The six sensors used are fixed on a wearable light belt (Fig. 7) and connected by thin cables to the module worn by the
athlete on a neck hanging band. The module houses the embedded controller which reads the signals from electrode pairs 1-
2, 2-3, 3-4, 4-5 and 5-6. From the peak positions of the signals in each heart beat, the time difference from the 1-2 signal to

the 5-6 signal indicates the propagation time of the ventricular action potential.

Since the EPIC s sensors possess the extreme advantage of not requiring any contact resistance reducing jelly as in the
usual ECG electrodes, the mere wearing the belt on the unprepared chest of the athlete is sufficient to pick the voltages. The
signal is capacitively coupled in this sensor through a very high input impedance integrated circuit amplifier built into it. A

light touch on the skin is all that is needed.

Vi

J

Fig. 7 These miniature EPRI sensors and wires are connected to the neck module worn by the athlete
These sensors are fixed with tape on a wearable light chest belt

This single parameter alone is able to indicate any sudden changes in the heart function, including onset of ischemia, or

even a Myocardial Infarction (MI).

For this purpose, clinical tests on out-patients of cardiac pathology in a hospital were tested and the results indicate, as
shown in a table below, as to how the action potential propagation time (APPT) is related to the usually observed parameters

like Q wave width, S-T elevation/depression, which are indicative of cardiac stress leading to a pathological condition.

Table 1 Excerpt from Clinical Tests on Cardiac patients

Pathology as per | No. of patients APP

ECG of patients examined TIME
T- inversion 2 10-15ms
RBB with Mild Q 3 30-40 ms
RBB without Q 2 20-25 ms
STEMI 4 25-30 ms
NSTEMI 3 30-45ms

As far as patients with known conductance disturbance with or without Q wave of significance, the time delay due to
Bundle Branch Block pathology gives readings in the 20-25ms for those without Q waves and 30-40ms with those who have
an associated infarction at the time of their heart attack. Patients with T wave inversion are not gullible at all because T
wave inversion due to Ischemia does not very much increase the Tapp. Thus from a group of patients, thus far it is learnt
that the Tapp Will increase in the case of infarction and RBB and is a more decisive parameter for pathological classification
than Q waves. The purpose of our embedded controller is to read through its multichannel fast ADC the samples of the

signals from the electrode sets. Since the ADC time is just 50 microseconds, the several channels are almost taken
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simultaneously, compared to the time of propagation which varies from 10-40ms. With a suitable reference voltage for the
ADC, the accuracy of the time can be achieved up to 0.2 millisecond for the observed values.

3.1 Evaluating running race athletes

The APP time increases as the athlete is stressing to perform his best. This is because of the insufficient temporary
blood supply to the ventricular tissue at the increased heart rate. It should also be mentioned that the APP time is
independent of the heart beat time normally, but when ischemia sets in at the higher heart rate and the extreme stress put in
by the performing athlete, the time increases from the normal 15 ms to 20, 21, 23, 25 ms and so on. We examined sportsmen
in running race for a length of time and we could get the results of the changes in the APP time on the remote unit. However,
unlike the cases of patients with cardiac pathology, the time did not go beyond 25 ms in the subjects tested. In case, it does

exceed the normal value, the athlete is required to undergo a full cardiac diagnosis with an echocardiograph.

4. Wearable module for Wireless connectivity

The athlete, in addition to the chest nylon belt worn by him has a cell phone like module hanging on his neck belt and
held concealed in his clothing. This module houses the following;

(1) The embedded controller for ADC and data acquisition from the electrodes
(2) The battery set which is a pair of flat Li ion cells of capacity 1500mAh
(3) The wireless transmitter module.

Several such modules are available. Kohvakka [21] has listed a set of then available transceiver of low power for
connecting to a nearby node.

A wireless transceiver is based either on Radio Frequency (RF) .Most commercial short-range radio transceivers
CC1000, CC1020 nRF905. We made our prototype with one such wireless transceiver module CC2420.

The schematic of the same is shown in Fig. 8.
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Fig. 8 The schematic of the wireless transceiver Module
The following gives a short description of the C2400 — 2483.5 MHz RF Transceiver (2.4.GHz):

(1) Direct Sequence Spread Spectrum (DSSS) transceiver
(2) 250 kbps data rate, 2 MChip/s chip rate
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(3) O-QPSK with half sine pulse shaping modulation

(4) On-chip VCO, LNA and PA

(5) Low supply voltage (2.1 — 3.6 V) with on-chip voltage regulator
(6) Programmable output power

(7) 1/Q low-IF soft decision receiver

(8) 1/Q direct up-conversion

CC2420 features a low-IF receiver (Fig. 9). The received RF signal is amplified by the low noise amplifier (LNA) and
down-converted in quadrature (I and Q) to the intermediate frequency (IF). At IF (2 MHz), the complex 1/Q signal is filtered
and amplified, and then digitized by the ADCs. Automatic gain control, final channel filtering, de-spreading, symbol

correlation and byte synchronization are performed digitally.
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Fig. 9 The CC2420 IEEE 802.15.4 Receiver

The CC2420 is based on direct up-conversion. The data is buffered in a 128 byte transmit FIFO (separate from the
receive FIFO). The preamble and start of frame delimiter are generated by hardware. Each symbol (4 bits) is spread using the
IEEE 802.15.4 spreading sequence to 32 chips and output to the digital-to-analog converters (DACs). An analog low pass
filter passes the signal to the quadrature (I and Q) up-conversion mixers. The RF signal is amplified in the power amplifier
(PA) and fed to the antenna. The internal T/R switch circuitry makes the antenna interface and matching easy. The RF
connection is differential. A balun may be used for single-ended antennas. The biasing of the PA and LNA is done by
connecting TXRX_SWITCH to RF_P and RF_N through an external DC path. The frequency synthesizer includes a
completely on-chip LC VCO and a 90 degrees phase splitter for generating the | and Q LO signals to the down-conversion
mixers in receive mode and up-conversion mixers in transmit mode. The VCO operates in the frequency range 4800 — 4966

MHz, and the frequency is divided by two when splitin | and Q.

A crystal must be connected to XOSC16_Q1 and XOSC16_Q2 and provides the reference frequency for the 4-wire SPI

serial interface is used for configuration and data buffering. An on-chip voltage regulator delivers the regulated 1.8 V supply
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voltage. The voltage regulator may be enabled /disabled through a separate pin. A battery monitor may optionally be used to
monitor the unregulated power supply voltage. The battery monitor is configurable through the SPI interface synthesizer. A
digital lock signal is available from the PLL. The digital baseband includes support for frame handling, address recognition,
data buffering and MAC security.

5. Conclusion

The paper gives a description of an experimental prototype for an instant to instant heart condition monitoring based on
a single vital parameter — the Action Potential Propagation Time. It is proposed as a very useful system for athletes under
high performance. The prophylactic advantage is the main theme and the same is served through the WSN and our novel
method of cardiac function monitoring using the Action potential propagation time, in lieu of multiple lead ECG waveforms.
It is very easy to estimate the changes as seen from the numbers of millisecond values of what we transmit rather than
looking up the several ECG waveforms. Further, ECG waveforms are not taken all from one and the same heart beat. In a
highly stressed and performing athlete, the beat to beat variations themselves are of concern and only our technique of seeing
this value remotely through the WSN will prove to be good. The description of an experimental prototype for a instant to
instant heart condition monitoring based on a single vital parameter — the Action Potential Propagation Time — as a very
useful system for athletes under high performance.
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