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Sudden cardiac death (SCD) is one of the leading causes of death in the United

State, but the prediction and prevention of SCD have not generally been successful. Di-
‘ mension, flow, and pressure measurements will be instrumental in further the’understand-
ing of the arrhythmic events. I designed and tested a new multichannel telemetry system
with dimension, flow, pressure, and electrogram measurements with lower power,
smaller size, and less weight. This telemetry system can be divided into three parts: front
end, backpack, and host PC. In the front end, I have designed and calibrated sensor elec-
tronics for dimension and blood flow measurement. I have adopted the electronics of
pressure channels and cardiac electrograms from the previous telemetry system to better
fit in the new system. A stainless steel watertight package for the front end was also de-
signed, manufactured, and tested. The backpack included a control unit, Bluetooth radio,
and batteries. The control unit digitized the analog signals from the front end and trans-
mitted the data to the host PC. The host PC had another Bluetooth radio as a receiver and
the data were archived and displayed on the host monitor. The whole system was pow-
ered by six AA batteries for 24 h. The peak power consumption in the new telemetry sys-
tem was reduced from 5 W to 0.46 W, the weight for the system was reduced from 2.1 kg

to 1.1 kg, and the volume was reduced from 2.6 L to 1.3 L. The whole system was suc-
ii
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cessfully tested on the bench and in animals. To our knowledge, this is the first telemetry
system that has integrated dimension, flow, and pressure measurements with cardiac elec-
trograms. It is novel to bring dimension measurement and Doppler flow into one system.
Dimension, flow, and pressure measurements are more direct indicators of heart function.
The availability of these measurements in the chronic study of sudden cardiac death will
help us to better characterize cardiac arrhythmias and will greatly enhance our ability to

study events leading to spontaneous sudden cardiac death.

il
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INTRODUCTION

Sudden cardiac death (SCD) accounts for over 50% of cardiovascular deaths an-
nually in the United States [1]. SCD is largely due to ventricular fibrillation (VF) or ven-
tricular tachycardia which degenerates into VF. Because it is the main cause of unex-
pected death, VF has been widely studied worldwide. Tremendous progress has been
made in the understanding of the mechanism of VF. Thanks to extensive basic and clini-
cal research, there are many therapeutic strategies such as drug therapy and electrical de-
fibrillation used in practice. However, SCD prevention with drugs has not been shown to
be effective clinically. By far the most effective way to terminate VF is to apply an elec-
trical shock, which terminates all electrical activity in the heart briefly; then the heart re-
covers on its own [2]. The shock can be applied externally with a strong shock but this
requires quick response and available devices at the onset of VF. A more effective treat-
ment for SCD is the internal cardioverter defibrillator (ICD). Since being first implanted
in a patient in 1980, the ICD has reduced mortality in patients with coronary artery dis-
ease and heart failure [3]-[5]. However, an ICD implant is expensive, and the criteria and
risk assessment of the ICD implant are not foolproof. To improve the prevention, therapy,
and cost-effectiveness of ICD implants, prediction and a thorough understanding of VF
are necessary. During the past four decades, there has been considerable interest in the
identification of patients at increased risk of death following myocardial infarction. Ac-
cumulating knowledge of postinfarction risk stratification has provided a rational founda-

tion for individualizing diagnostic and therapeutic strategies. However, the prognostic
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significance of some of the techniques used for risk stratification after myocardial infarc-
tion remains controversial. The most commonly used techniques are as follows:
(1) Ejection fraction,
(2) T-wave alternans,
(3) Signal-averaged electrocardiogram (ECQ),
(4) QRS intervals,
(5) Heart rate variability,
(6) Electrophysiological testing, etc [6], [7].
Most of these measurements are from electrograms and could be obtained noninvasively.
These predictive parameters were proven to have reasonable accuracy by various studies
[8]-[10]. For example, the signal-averaged ECG has a negative predictive value and T-
wave alternans has a positive predictive value for mortality from SCD [7]. However, not
a single measurement could predict SCD alone. By far the most wid’ely used predictor for
SCD is ejection fraction. The ejection fraction is the volume of blood pumped from the
heart divided by the whole volume of the heart during one contraction. It measures the ef-
ficiency of the activity of the left ventricle (I.V) and is a good indicator of cardiac func-
tion. The predictive power of the ejection fraction perhaps results from the fact that it is a
more direct assessment of the heart function than the ECG parameters have been found to
be. Besides the ejection fraction, the pressure-volume loop is another direct and important
way to assess LV function.

Only limited clinical data are available due to many restrictions in hospital envi-
ronments. In acute animal models variables other than electrograms can be collected in a
controlled situation, but the physiological status of available acute animal models may

not reflect what is really happening in patients at risk of SCD. Killingsworth et al. con-
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ducted a chronic study of 12 dogs with induced ischemia using a previous eight-channel
electrogram telemetry system [11]. They found that 5 of the 7 animals with SCD died of
VF or of tachycardia-associated VF with small infarcts, and 2 of the 7 showed bradycar-
dia degenerating into VF with larger infarcts. They concluded that the two bradycardia
deaths might be mistakenly classified without continuous recording. This finding con-
firmed the advantage of the telemetry system. They also found that the majority of the
dogs with SCD had histopathologic evidence of thrombus or serum clot in the left cir-
cumflex coronary artery at the time of death. This suggests that major contractile and
subsequent hemodynamic failure may have occurred, leading to death from bradyar-
rhythmia death. However, none of the hemodynamic measurements were available. The
association of pressure, heart volume, and coronary flow with cardiac arrhythmias is not
clear. It is still largely unknown what happens immediately before the ventricular fibrilla-
tion. Does the hypotension happen before the VF, or does the autonomic tone change first
and subsequently affect the coronary flow, eventually leading to ischemia and VF?
Chronic study of free-roaming animal models with myocardial infarction or ischemia
may simulate the clinical situation better. Recordings of dimension, flow, and pressure,
along with electrograms, will provide us with the tools to evaluate which factor is more
important in the initiation of VF by allowing analysis of all variables immediately before
the VF.

However, no currently available telemetry systems can record heart volume, pres-
sure, blood flow, and cardiac electrograms at the same time. To deal with this problem, I
redesigned an eight-channel telemetry system to include these parameters. Furthermore, it
was important that the system minimize the trauma to the animal and drastically reduce

the power consumed. The original system used a generic CPU and wireless local area

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



network which were inefficient since they were designed for generic use. The design

goals were as follows:

(1) A telemetry system will record one heart dimension, blood flow, blood pressure, and
five cardiac electrograms.

(2) The controller for the system will be a specific task microcontroller.

(3) Data will be telemetered by a low power wireless transmission protocol.

(4) Power consumption will be minimized to reduce the size of the battery pack while ex-
tending battery life.

(5) The size of the implant and associated electronics will be minimized to reduce the
burden on experimental animals.

With these requirements in mind, I have developed a low power sonomicrometer
for one-dimension measurement and an ultra low power continuous wave Doppler flow-
meter suitable for coronary artery use [12]. The pressure was implemented from the pre-
vious design. The 386 computer in the original system was replaced with an ultra low
power microcontroller, and the wireless local area network was replaced with a low
power Bluetooth link. The system has been designed, implemented, and validated on the
bench and in an animal. The biggest concern for this telemetry system is the power con-
sumption since this system is powered with batteries. We have successfully reduced the
power, size, and weight for all parts. Part of the work has been published in a paper and
the other is ready for submission. These two manuscripts make up the main body of this
dissertation.

The first article in this dissertation reports the design and evaluation of two chan-
nels for dimension and flow measurement: sonomicrometer and flowmeter. The circuit

design emphasized power, size, and accuracy. In other telemetry systems, the sonomi-
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crometer and flowmeter are not generally used together because of the potential interfer-
ence present from high voltage excitation pulse. Keeping the two channels at the lowest
working power reduced the interference. The two systems use the same 10-MHz clock,
so common background noise was eliminated. The circuits for the two channels were
separated with low-pass RC filters to further reduce interference. It is novel to have a so-
nomicrometer and flowmeter working together. The two channels were validated on the
bench with artificial bench settings and in animals.

The second article describes the development and validation of the whole teleme-
try system. The telemetry had three main parts:

(1) An implantable front end used for data collection and conditioning;

(2) A backpack with control unit, wireless radio, and battery pack for system control, data
transmission, and power supply; and

(3) A host PC with another Bluetooth radio for data display and archiving.

All circuits were miniaturized on a small six-layer printed circuit board. This cir-
cuit board was hosted in a custom-made stainless steel case. A Teflon lid with IS-1 con-
nectors connects the transducers and seals the package from the outside environment. The
data are forwarded to the microcontroller in the backpack for processing and then stream-
ed to the host PC. The data received on the host are displayed on the monitor and saved
on a disk. When in use, the front end will be implanted inside the animal, with the back-
pack on the back on the animal. The host PC will be placed within 10 m of the animal to
ensure successful data transmission. The whole system was validated in a pig model. The
animal care complied with Section 6 of the Animal Welfare Act, 1989, and adhered to the
guiding principles outlined in the "Guide for the Care and Use of Animals," National In-

stitutes of Health Publication #85-23. The Institutional Animal Care and Use Committee
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Approval letters are attached in the appendix. The simultaneous recordings of dimension,
flow, pressure, and electrograms from the pig model under normal conditions and in VF

are shown in the second manuscript.
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Abstract

We have developed a sonomicrometer and continuous wavelength (CW) Doppler
flowmeter for a multichannel telemetry system. These developments will enable us to
measure ventricular dimension and coronary artery blood velocity, which are valuable pa-
rameters to characterize sudden cardiac death (SCD) in ambulatory animal models of
ventricular arrhythmias. The design goals for the sensors were accuracy, low power con-
sumption, small size and compatibility with each other. The circuits were designed suc-
cessfully and tested simultaneously in vivo. The CW Doppler flowmeter draws 9 mA and
the sonomicrometer draws 28 mA on a 5-V supply. The ability to measure heart dimen-
sion and blood velocity will add significantly to our understanding of the sequence of

events leading up to spontaneous sudden cardiac death.

Introduction

Sudden cardiac death (SCD) is one of the leading causes of death in the United
States. It is frequently related to coronary artery disease and myocardial infarction. SCD
has been intensively studied with acute animal models and clinical data. However, study
of the episode leading to spontaneous SCD has not been possible with these methods.
Chronically implanted telemetry in conscious, ambulatory animals may provide useful in-
formation to test hypotheses about the cause and effect among coronary artery occlusion,
reperfusion, left ventricular (L'V) pressure-volume relationships, and bradyarrhythmias
[1].

While commercial and specially designed telemetry systems have been used to
study spontaneous arrhythmias, they have either an inadequate number of channels, lim-

ited battery lifetimes, or unsuitable sensors for cardiac study [2], [3]. We have previously
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built an eight-channel implantable telemetry system for this purpose [4], [5]. This system
was implemented successfully and collected significant data [6]. However, since a major
goal was expedient development time, available physiological signals were limited to
cardiac electrophysiological signals and pressure, and power consumption was not opti-
mized.

Previous studies showed that the temporal relationship between electrophysio-
logical and mechanical phenomena was important in understanding modes of SCD [6].
For example, the relationship between pressure and volume is a useful tool for the as-
sessment of ventricular performance [7]-[9]. A pressure channel is available on our pre-
sent system but dimension sensors are required for an appropriate estimate of cardiac me-
chanical function.

Blood velocity is another important variable in understanding events leading to
SCD. The flow in coronary arteries provides less ambiguous information about the rela-
tionship of ischemic events to arrhythmias than indirect measures such as ST segment
changes in the electrocardiogram. Results of a few implantable ultrasound flow meas-
urement systems using telemetry have been reported [10]-[14]. They have demonstrated
their usefulness in various animal models but they consume more power than our design
goal and the modulation techniques used limited their flexibility.

Our goal was to build an ultra low power, small size sonomicrometer and a con-
tinuous wavelength (CW) Doppler flowmeter for use in telemetry in acute [15] or chronic
[6] animal models of SCD. The CW Doppler flowmeter will be used to detect presence or
absence of flow in coronary artery in this specific study. In this paper we describe two

sensors that we have fabricated and characterized for measuring dimension and blood
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flow. These sensors complement those already in use for pressure and electrograms and

will be valuable in the study of spontaneous ventricular arrhythmias.

Design
A. Sonomicrometer
The circuit of the sonomicrometer channel for telemetry consists of two parts. The

first part of the circuit is a pulse generator. A 10-MHz crystal is used as the clock. A 0.5-
ps pulse at a 1-KHz rate switches on a 67.5-V battery to generate an excitation pulse for
the transmitter. The second part of the circuit is a two-stage amplifier, a comparator, and
an integrator. The received signal is amplified and low-pass filtered at 4-MHz and com-
pared to a preset level in the comparator. The transmitted signal starts the beginning of a
pulse and the received signal marks the end of the pulse. This pulse is integrated to gen-

erate an output voltage that is proportional to the distance between the two crystals.

B. Ultrasound Flowmeter

Because of the low power requirement of our telemetry system, we developed the
flowmeter with nondirectional CW Doppler [16], [17]. Our design is based on that of
Franklin and Yonezawa [11], [14], modified for ultra low power consumption. The 5-V
and 15-V power supplies were replaced with one 5-V supply, and all the integrated cir-
cuits were replaced with ultra low power devices. A on board oscillator within a balanced
mixer generates a 10-MHz sine wave to excite the transmitter. The ultrasound waves are
scattered from the particles in the fluid and the receiver detects the reflected signals. The
signal received 1s multiplied by the origirial sine wave using a balanced mixer to derive

the Doppler shifted signal. After amplification, the signal is bandpass filtered with cutoff
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frequencies at 300 Hz and 30-KHz. Finally, a zero crossing frequency to voltage con-

verter is used to convert the frequency information to a proportional voltage output.

C. Noise Reduction

In order to reduce noise for simultaneous operation, both circuits use the same 10-
MHz frequency and the common background noise is filtered out. The two circuits are
separated with a low-pass RC filter on the 5-V power line and bypass capacitors were
used. Noise was further reduced by the selection of ultra low power parts to reduce emis-

sions.

Validation

Two 2-mm circular piezoelectric crystals (Sonometrics, Inc., London, ON, Can-
ada) were used to test the sonomicrometer. Two transducers were placed on holders so
that they were approximately 1 cm above the supporting surface. Then the holders were
placed on the bottom of a 25 x 25 x 50 cm aquarium half filled with tap water. The
transmitter was fixed to one end of a ruler and the receiver was moved away from the
transmitter along the ruler to test the range. Measurements were taken at 1.27 cm inter-
vals and the output voltage was compared to the true distance by linear regression.

The ultrasound flowmeter was tested by pumping Doppler test fluid (ATS Labo-
ratories, Inc., Bridgeport, CT) through polyimide tubing (Small Part, Inc., Miami Lakes,
FL) that formed a closed loop. The transducer was a 10-MHz CW Doppler flow probe
from Iowa Doppler Products, Inc. (Iowa City, IA). The output voltage of the flowmeter

was compared to the true velocity by linear regression.
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The Doppler flowmeter and sonomicrometer were tested together in one animal.
A pig was prepared as described previously [18]. The chest was opened and the left ante-
rior descending coronary artery (LAD) was exposed. A flow cuff was wrapped around
the artery. Two sonomicrometer crystals were fixed to the base and apex of LV. A unipo-
lar electrogram from a mapping plaque placed over the posterior LV was simultaneously

recorded with dimension and flow.

Results

The sonomicrometer measured over a range from less than 1.27 cm to more than
15 cm with spatial resolution of 0.15 mm. The linear regression fit the data with a value
of R? 0f 0.99. The current draw of this sonomicrometer circuit is 27 mA measured with
an ammeter.

The Doppler flowmeter was able to measure velocities from less than 3 cm/s to
more than 90 cm/s. The linear regression fit the data with an R? of 1. The flowmeter
draws 9 mA from a 5-V supply.

Fig. 1 shows simultaneous recordings of electrogram, dimension measurement
and descending coronary artery flow. There 1s no interference between dimension and

flow measurements.

Discussion
A CW Doppler flowmeter and sonomicrometer were built and tested for future
use in a chronically implanted multi-channel telemetry system. Our CW flowmeter was
designed for ultra low power consumption. The power consumption for the front end of

Yoshiharu’s flowmeter is 48 mW, the transmitted power for Franklin’s flowmeter is less
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Fig. 1. Simultaneous recordings of electrogram (top trace), dimension measurement
(middle trace), and descending coronary artery blood flow (bottom trace).
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than 500 mW, and the transmitted power for Wyatt’s pulsed flowmeter 40 mW while our
whole system consumes 45 mW [14], [17], [19]. Power consumption for other sonomi-
crometers was not found in literature [20]. The printed circuit board with both flowmeter
and sonomicrometer should be about 3.8 cm x 3.8 cm.

The ultrasound flowmeter and sonomicrometer generate high energy pulses as a
normal consequence of their individual operation. This interference is generally present
for commercial instruments, but not present in our system. The result is that the baseline
noise of flow trace with the sonomicrometer operating is comparable to that of flowmeter
when operating alone, and vise versa.

The diastolic diameter of the canine LV has been reported to range from 3.0 to 4.7
cm (mean 3.7 cm) and systolic diameter from 1.9 to 3.3 cm (mean 2.6 cm) [21]. Our test
shows this sonomicrometer is adequate for measuring these dimensions.

Chilian and Marcus reported that the mean frequency shift, proportional to blood
velocity, in the LAD was about 1.5 KHz shift and peak LAD artery frequency shift was 5
KHz [22]. The corresponding velocities are calculated to be 8.3 cm/s (mean) and 27.7
cm/s (peak) [16]. The measurable velocity in our system ranges from less than 3 cm/s to
more than 90 cm/s and thus should be adequate to measure canine coronary velocity.

The addition of a sonomicrometer and a flowmeter to an implantable system will
allow measurement of coronary artery flow and pressure-volume relations which will
greatly enhance the ability to evaluate cardiac function and the changes associated with

the spontaneous occurrence of cardiac arrhythmias and sudden cardiac death.
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Abstract

We have developed an eight-channel telemetry system for studying experimental
models of sudden cardiac arrest. The system is an extension of a previous device that has
been miniaturized, reduced in power consumption, and provided with increased function-
ality. We previously developed sensors for ventricular dimension and C(v)rona(ry artery
blood flow that are suitable for use with the system. The telemetry system consists of a
front end, backpack, and host PC. The front end is a watertight stainless steel case with
all sensor electronics sealed inside; it acquires dimension, flow, pressure, and five cardiac
electrograms from selected locations on the heart. The backpack includes a control unit,
Bluetooth radio, and batteries. The control unit digitizes eight channels of data from the
front end and forwards them to the host PC via Bluetooth link. The host PC has a receiv-
ing Bluetooth radio and Labview programs to store and display data. The whole system
was successfully tested on the bench and in an animal model. This telemetry system will

greatly enhance our ability to study events leading to spontaneous sudden cardiac death.

Introduction
Sudden cardiac death (SCD), the leading cause of death in the industrialized

world, accounts for 400,000 deaths yearly in the United States alone [1]. About 80% of
SCD results from ventricular fibrillation (VF) and ventricular tachycardia [2]. The mech-
anism of VF is still not clear. Prevention of VF with anti-arrhythmic agents has not been
effective [3]. The most effective way to terminate VF is timely electrical shocks. The in-
ternal cardioverter defibrillator (ICD) is by far the most effective way to terminate spon-
taneous VF but requires good risk assessment by clinicians determining who should have

an ICD implanted. Current management of SCD is still not satisfactory for the following
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reasons: 1) the prevention of SCD is not successful; 2) we are not able to predict SCD in
patients with preserved left ventricular (LV) function, although these patients account for
over 50% of SCD [3]. As a result, people who have an ICD implanted may never have
VF and people without an ICD often die of SCD [3]. These problems in prevention and
treatment of SCD raise a question: how to predict VF? Most of the studies dealing with
prediction of VF used electrogram variables such as heart rate variability, signal-averaged
electrocardiogram, and T-wave alternans. However, the specificity, sensitivity, and accu-
racy of these predictive variables are yet to be proven [4]. Ejection fraction is the main
standard in use today to screen patients for ICD implant [2], but its sensitivity and speci-
ficity are also in question [5]. In the meantime, other important parameters such as heart
volume index, flow, and pressure were not readily available. These parameters may be
instrumental to prediction of VF since they are directly related to cardiac function. Alt-
hough these measurements are available in acute, anesthetized, open chest animal models
of ischemia and infarction, the applicability of these data to clinical situations is limited
because of the unphysiologic conditions present during their acquisition. In addition, ar-
rhythmias in acute studies are typically artificially induced, while the onset of clinical
cardiac arrhythmias is spontaneous and random. Because of the artificial conditions in-
troduced by thoracotomy, anesthesia, and the induction of VF, chronic studies may pro-
vide more insight into the nature and mechanisms of cardiac arrest. To target prediction
of VF with chronic study of spontancous VF, we designed this new telemetry system to
include dimension, flow, and pressure parameters, in addition to five cardiac electro-
grams. The wire free data transmission makes the physiological condition of the animal

more realistic and removes obstacles for researchers and animal care personnel.
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There are commercial telemetry systems available but their channels and usabil-
ity are limited [6]-[8]. To study the chronic animal models, we have previously designed
an eight-channel implantable telemetry system for our special needs [9], [10]. This sys-
tem was useful but it was developed with a goal of rapid development time and conven-
ient implementation. Most components were off-the-shelf parts and thus not optimized
for implantable needs. Neither size nor power consumption was minimized.

The ability to record many physiological variables is limited in many current te-
lemetry systems [8], [11], [12]. In a previous study, the final event in 2 of 7 animals that
experienced sudden cardiac arrest was bradycardia. Because all of the recorded signals
were electrograms, it was impossible to determine the temporal relationship between me-
chanical and electrophysiological derangements [12]. As a result, we have designed and
implemented sonomicrometer and flowmeter channels [13]. The pressure channel had
been designed but was not implemented in the original telemetry system. The full system
integrated dimension, flow, pressure, and five channels of cardiac electrograms for a
more complete characterization of SCD. Critical design goals were 1) low power con-
sumption for long battery lifetime, 2) ability to use multiple sensors simultaneously with-
out their interfering with each other, and 3) sufficient information to characterize phe-

nomena associated with SCD.

System Design
The system consists of the implantable front end, backpack, and a host PC. Fig. 1
shows the diagram of the telemetry system. The front end consists of electronics and sen-
sors for the sonomicrometer, flowmeter, pressure meter, and five cardiac electrogram

channels. The desired physiological data are collected and amplified in the front end and
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Fig. 1. A block diagram of the telemetry system. This telemetry had a front end, back-
pack, and host PC. The front end included electronics and sensors. The data collected
were forwarded to the backpack through a cable. The front end also received power from
the backpack via the same cable. The backpack had a control unit, Bluetooth radio, and
batteries. The control unit in the backpack digitized the data and sent them to the host PC
through the Bluetooth radio. The host PC archived the data and displayed them on the
screen.
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experimental animal. The front end also receives power from the backpack. The back-
pack contains the control unit, Bluetooth radio, and batteries. The control unit in the
backpack digitizes the data with eight channels of onboard A/D converters. The data are
conditioned and forwarded to the Bluetooth radio for transmission. The host PC has a re-
ceiving radio and the received data are saved to the hard drive and displayed on the
screen. This telemetry system was designed in modules so that partial upgrade could be

easily accomplished without affecting other parts.

A. Front end

The front end consists of all of the implantable sensors and electronics. The de-
sign and test of the sonomicrometer and flowmeter have been published previously [13].
The pressure meter is a simple amplifier with an INA114 instrumentation amplifier
(Texas Instruments, Inc., Dallas, TX) with a gain of 600. The pressure sensor was a Mil-
lar Mikro-Tip pressure transducer catheter, SPR-524 (Millar Instruments, Inc., Houston,
TX). Cardiac electrical channels were imported from the original system with modifica-
tions. The electrodes were custom-made unipolar screw-in electrodes adopted from Med-
tronic electrodes (Minneapolis, MN). The gain for the cardiac electrograms was 50.

All of the sensor electronics were built on a 4.7 cm x 5.9 cm six-layer printed cir-
cuit board. The components were soldered with reflow solder. The printed circuit board
was housed in a custom-made stainless steel case measuring 8.9 x 5.5 x 2.3 cm. There is
a plastic lid with two O-rings which, when pushed into the stainless steel case, made the
package watertight. All transducers except the pressure probe were connected to the front
end case with commercial IS-1 lead connectors (Oscor, Inc., Palm Harbor, FL) for easy

replacement and waterproofing. All IS-1 female connectors were fixed inside the lid with
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implantable grade silicone adhesive (Rhodia Silicones, Inc., Ventura, CA). The front end,
with sensors and electronics, was implanted inside the animal. A wire through the skin
connected the front end and the backpack. Power was supplied to the front end through

this cable and collected data were forwarded from the front end to the backpack.

B. Backpack
The backpack had the control unit, Bluetooth module, and batteries. The

MSP430F 149 microprocessor (Texas Instruments, Inc., Dallas, TX) was chosen as the
control unit for its ultra low power and small form factor. It has a 16-bit CPU and two on-
board universal asynchronous receiver/transmitters. The main timing for the MSPF149 is
provided with an external 3.58-MHz clock. This clock provides a good balance between
performance and low power consumption. The development board MSP-TS430PM64 of
the MSP430F149 was used directly for easy debugging (Texas Instruments, Inc., Dallas,
TX). The MSP430F 149 was programmed in assembly language. MSP430F149 was pro-
grammed to stay in lower power mode. An interrupt wakes up the microcontroller at 1
kHz. Then analog data from the front end were digitized with eight channels of A/D con-
verters. The universal asynchronous receiver/transmitter was then configured to a baud
rate of 115 kbps. One start bit, 8 data bits, and 1 stop bit were used. The data were condi-
tioned and sent to serial send buffer for transmission to the host PC via the Bluetooth
link. The microcontroller went into lower power mode afterward and this continued in a
loop. The front end and backpack were powered with six AA batteries. The MAX1864

| regulated the 9-V to two power voltages, 3.3-V and 5-V. The microcontroller MSP430-
F149 and Bluetooth module were powered with 3.3-V and the front end was powered by

5-V. There is also a 67.5-V battery in the battery pack for sonomicrometer excitation
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[13]. The control unit and the dc-dc converter were hosted in a watertight aluminum box
measuring 14.5 x 9.4 x 5.0 cm. The batteries were in another box measuring 13.2 x 7.4 X
5.0 cm. The battery box was connected to the control unit box with a general purpose

connector (Tyco Electronics, Harrisburg, PA) for easy and fast replacement of batteries.

C. Host PC

The host PC had another Bluetooth serial adapter to receive the radio signal. The
Bluetooth adapter in the backpack and the Bluetooth adapter on the PC were configured
to talk only to each other, and the data transmission was password protected. Data throu-
ghput was verified at 115 kbps when the telemetry system and the host PC were placed
10 m apart across one wall.

On the PC end, we have developed two applications in Labview (National instru-
ment, Inc., Austin, TX). One application received the data and saved it on a disk every 10
s. It used current time to generate a unique file name. The application was preset to re-
cord for 10 s, close the file, and create another data file. The data can be joined together
when analyzed later. The data display was accomplished by another application program.

This program read the latest written data file and displayed it on the screen.

Validations
Each channel was extensively tested on the bench and in animals. The battery life
was tested by powering up the telemetry system with six AA batteries until the batteries
were depleted. The front end package was tested by submerging the front end package
and all leads and transducers in tap water at room temperature. The front end was pow-

ered on and stayed underwater for 3 days. The currents of front end and backpack were
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measured with an ammeter. The power consumption was calculated by multiplying re-
spective currents and voltages. Since this system will be used in animal models and since
a bench test may not simulate the animal environment perfectly, we did a test in a pig
model. The animal preparation followed the methods described in Killingsworth et al.’s
paper [12]. Basically, the animal was placed in dorsal recumbency on the surgical table.
The chest was opened via a median sternotomy. The locations for all sensors are shown
in Fig. 2. The places chosen for the sensors were only for testing purposes and the sensors
can be moved to other places if necessary. The animal was allowed to recover for 30 min
from the screw-in electrode injuries. The flow and pressure channels were verified
against commercial instruments by making simultaneous measurements at adjacent loca-
tions. For the flow measurement, the flow transducer from a pulsed Doppler flowmeter
(the University of lowa, Towa City, [A) was placed next to a telemetry flow cuff on the
left anterior descending coronary artery (LAD). The audio signal from the pulsed Dop-
pler flowmeter and the flow signal from the telemetry system were recorded at a sam-
pling rate of 100 kHz with an NI DAQcard-6024 E (National Instrument, Austin, TX) on
a laptop. The audio signal was then analyzed and frequency changes were converted to
flow. Pressure measurement was verified with pressure channel of a Hewlett Packard
monitor (78534 C; Hewlett Packard, Palo Alto, CA). The pressure sensor of the Hewlett
Packard monitor was placed in the aorta near the pressure sensor of telemetry system.
Pressure from the Hewlett Packard monitor was recorded by replacing an electrogram
channel with signals from the pressure channel of the Hewlett Packard monitor. Then VF
was induced by applying a dc current to the epicardium. The VF was allowed to continue
for about 20 s and then a defibrillation shock was applied. Acute ischemia was simulated

by tying a 4.0 suture to the LAD just above the flow cuff for 30 min. The animal died of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

Pressure
catheter
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Fig. 2. Locations for sensors. Five custom-made screw-in epicardial electrodes were
place over the coronary arterial beds to monitor electrograms. The left leg served as the
ground for electrograms. The pressure sensor was placed in the lumen of the ascending
aorta. Two sono crystals were placed on the base and apex of the LV to measure one di-
mension of the heart. A segment of the LAD was isolated and one 1.5-mm Doppler flow
probe was wrapped around the vessel. Sono = sonomicrometer.
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spontaneous VF before the end of the 30 min. Data were recorded for more than 4 h con-
tinuously throughout the study. The implant was examined and there was no damage to

the front end package and transducers.

Results

A new telemetry system with expanded capabilities has been designed, built and
tested successfully. We can acquire dimension, flow, and pressure measurements, as well
as five cardiac electrograms, with this system. Compared to the size and power consump-
tion of our original telemetry system, both were greatly reduced in the new system. The
combined front end and backpack volume was reduced from 2.6 L to 1.3 L. The weight |
was reduced from 2.1 kg to 1.1 kg. The average power consumption was reduced from
2.5 W to 0.46 W with additions of sonomicrometry, flow, and pressure measurements [9].
The batteries were reduced from eight AA batteries and twelve C batteries to six AA bat-
teries but the battery life was extended from 12 h to more than 24 h. The front end and
backpack lasted more than 24 h on six AA batteries. The submerge test for the watertight
front end package lasted 3 days and no leak was found. Verification recordings of flow
and pressure are shown in Fig. 3 and 4, respectively. Fig. 5 shows simultaneous re-
cordings of all eight channels in a pig model. The recordings from top to bottom are di-
mension of the LV from apex to base, flow speed in LAD, pressure in aorta, and five
electrograms on the surface of the anterior LV. Fig. 6 shows an induction and termination

of VF with a shock from a Lifepak 12 defibrillator (Medtronic, Minneapolis, MN).
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Fig. 3. Verification recordings of flow. Flow measurements from the telemetry system
and pulsed Doppler flowmeter are shown. They were recorded simultaneously from the
LAD. The top trace was from the telemetry system and the bottom trace was from the
pulsed Doppler flowmeter.
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Fig. 4. Verification recordings of pressure. Pressures recorded simultaneously in the aorta
are shown. The top trace was from the telemetry system and the bottom trace was from
the pressure channel of a Hewlett Packard monitor.
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Fig. 5. An example of eight simultaneous recordings. Simultaneous recordings for dimen-
sion, flow, pressure, and five cardiac electrograms (in that order) are shown from top to
bottom.
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Fig. 6. Recordings of induced VF and defibrillation. A VF was induced by applying a dc
current to the epicardium of the LV. The VF was sustained for about 20 s and was termi-

nated by a defibrillation shock.
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Discussion

A complete eight-channel telemetry system was designed, implemented, and
tested. This work brought dimension, flow, pressure, and cardiac electrograms into one
implantable system. SCD is a major problem in the industrialized world and VF is one of
the main causes of SCD. Predic;cion and prevention of VF will greatly reduce mortality
and improve patients’ quality of life if successfully done. Most attempts to predict VF
tried to identify electrogram patterns that may lead to VF [14], [15]. Many other impor-
tant, more direct parameters were not available, especially for spontaneous VF. This defi-
ciency in clinical therapy requires better understanding of events preceding spontaneous
VF. The measurements of dimension, flow, and pressure, along with cardiac electro-
grams, will greatly enhance our ability to evaluate cardiac functionality and then events
surrounding the onset of cardiac arrhythmias. This new technique may improve our un-
derstanding of VF mechanism in terms of mechanical electrical coupling and autonomic
tone changes. If prediction of VF is successful, the significance is two fold: 1) long term
prediction may improve the cost-effectiveness of the ICD implant since this capability
will dramatically decrease the incidence of unnecessary expensive heart surgeries and
ICD implants, and 2) short term prediction of VF may improve the therapy algorithm in
devices like ICDs and pacemakers.

For future improvements, the microcontroller can be incorporated into the front
end to reduce the number of wires through the skin. Multiple signals can be multiplexed
at this level. This modification will leave only the battery box outside and it also makes
the cable thin and imposes fewer burdens on the animal. By far, the low power Bluetooth
radio still consumed most of the total power in the current system. The Bluetooth link can

be replaced with an Ultra Wide Band for wider bandwidth and lower power when the
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Ultra Wide Band becomes available. The sonomicrometer should be expanded to two or

three channels so that heart volume can be estimated from these measurements [16], [17].

The cardiac electrograms should be expanded to more channels for a more precise defini-

tion of activation fronts of action potentials.
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DISCUSSION
The focus of basic research is often driven by a need in the real world. Only then
could basic research flourish. SCD is a serious problem in the western world. Thanks to
the brilliant work of thousands of elite researchers in cardiology, successful
therapy such as the implantable defibrillator has been saving people’s lives every day.
However, there are still many unanswered questions regarding the mechanism of cardiac

arrhythmias and SCD. Most research done in clinical settings or with acute animal mod-

els has limited available data, altered physiological environments, or both. A more realis
tic physiological animal model is needed to improve our understanding of the clinical
phenomenon. As a result, members of our laboratory proposed to study the episodes pre-
ceding spoﬁtaneous VF and SCD in animal models with prior myocardial infarction or
ischemia. This research will create a real world model of patients at risk of SCD. In this
animal model, we will study direct heart function indexes such as heart dimension, coro-
nary artery flow, and pressure, along with electrograms. For this purpose, I have success-
fully developed a new low power telemetry system which can acquire one dimension
variable, one flow measurement, and one pressure, along with five cardiac electrograms.
This system was tested chronically on the bench and acutely in an animal. A series of
chronic studies will further test the stability and durability of this telemetry system and
provide feedback for future developments. The current system has one-dimension meas-
urement but could be expanded to three-dimension measurements. The ejection fraction

could be obtained real time from three-dimension measurement. The pressure-volume
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loop could be plotted from simultaneous pressure and dimension measurements. The im-
plementation of this system is the first successful step in preparing hardware necessary

for this kind of study. As we discussed in the second article, there are still improvements
to be made. Future upgrades should be straightforward because of the modular design of

the whole system.
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