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Abstract

Modern device therapy for treating atrial brillation (AF) is inadequate because
patients poorly tolerate the high-energy shocks requiredtterminate AF. Recently,
a low-energy de brillation alternative called anti-tachycardia pacing (ATP) has been
considered.In-vivo experimental studies of ATP on AF have been limited by the ldc
of an e ective research tool. This work describes the desigimplementation, and
evaluation of an implantable cardiac telemetry system delgped for the long-term
study of AF and ATP in conscious and ambulatory animals. By bilding a pacing and
sensing system with remote interrogation and real-time trasmission of atrial elec-
trograms (AEGS), this system yields valuable results thatannot be obtained in an
acute surgical setting or by using commercial implantableacdioverter-de brillators.

This novel system was designed to provide the following cdmhties for AF re-
search in conscious, untethered animals: (1) chronic rapatrial pacing for AF in-
duction; (2) programmable stimuli for atrial e ective refractory period (AERP) mea-
surements; (3) conventional ATP; (4) real-time telemetry 64 channels of AEGs.
The resulting system consisted of an implantable unit that @ced and sensed from
the atria and an external communication unit with a graphicé user interface that
remotely controlled the pacer and displayed AEGs.

The device's usefulness was demonstrat@dvivo. One pacer was implanted in a
sheep for 3 months, during which time AF was successfully inded by rapid pacing.
AEGs and AERPs were recorded throughout the course of AF indtion. A decrease
of AERP was documented, con rming the progression of the al&ical remodeling
process in the atria. Another pacer was implanted for 32 dayDuring this study
AF was induced and ATP was delivered. Immediately after eacATP trial, AEGs

were acquired to examine the direct e ect of the ATP. The paaebattery was also



rechargedin-vivo. All data was collected remotely using a wireless network ©oec-

tion, eliminating the need to remain in close proximity of tle animal. These studies
demonstrated that the implantable cardiac telemetry systam can be used to collect
unique and comprehensiven-vivo data from a conscious animal for an extended

period of time, making this system a useful research tool.
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Chapter 1

Introduction

1.1 Atrial brillation (AF)

Atrial brillation (AF) is the most common cardiac arrhythm ia in clinical practice.
It is characterized by multiple wavelets of electrical actity randomly circulating
in the atrial myocardium. Unlike a healthy heart in sinus rhyhm that contracts
uniformly at 60 to 80 beats per minute, atria in AF quiver at a aepid and irregular
rate of 350 to 600 beats per minute [1]. Typically, each of tke electrical impulses
depolarizes only a small area of the atrial myocardium ratihéhan the entire atrium.
Consequently, there is only a weak rhythmic contraction ofhte atria during AF.
These rapid atrial impulses also produce an increased numbef stimuli for the
AV junction. Because the AV node cannot keep up with these ragh impulses to
conduct them to the ventricles in a 1:1 fashion, the conduahn through the AV
junction is intermittent, causing an irregular ventricular rate. Over time, AF leads
to ine ective atrial transport and a loss of atrial contribution to the cardiac output.
Most importantly, weak atrial contraction causes blood tognate in the atria, which
increases the risk for development of atrial thrombus and siemic arterial embolism.

AF is an independent risk factor for stroke, increasing theisk about 5-fold, and is



responsible for 15-20% of all strokes [2].

Atrial brillation is an arrhythmia which was previously th ought to be a mere
nuisance, but is now proven to be related to considerable h#mrisk, a ecting an
increasing number of individuals. The prevalence of AF ist@®ated to be 2.2 million
in the United States, and more than 5 million worldwide. The mast common cause
of AF appears to be aging. The lifetime risk for AF developmens 1 in 4 for people
over the age of 40. The average age for men and women diagnosed AF are 66.8
and 74.6, respectively [2]. AF is an increasingly signi carnealth concern that needs

to be addressed more fully.

1.1.1 Studies of AF and its mechanisms

In the early twentieth century, studies of AF and its mecharsms were impeded
by the diculties in creating a suitable and sustainable anmal model. In 1914,
Garrey pioneered the investigation of AF by establishing auhdamental concept
that a critical mass of cardiac tissue was necessary to maam brillation of any
kind, either atrial or ventricular [3]. He later proposed tlat AF was caused by \a
series of ring-like circuits of shifting location and mulfle complexity" [4]. Other
investigators including Mayer, Mines and Lewis postulategimilar mechanisms of
AF, and suggested that AF is due to \single circus movement".These hypotheses
were novel at the time, and were vital to the early understandg of AF and its

mechanism.

In the 1960s, Moe and Abildskov proposed the \multiple reerint wavelet hy-
pothesis". This hypothesis was based on the studies of valgainediated AF in the
canine heart and on computer simulations [5][6]. Accordini this theory, it is ran-
dom reentry rather than orderly reentry of circus movement, that causes brillation.

Moreover, it was hypothesized that the stability of AF is depndent on the continuous



propagation of individual wavelets in the atria [7]. In othe words, without a critical
number of wavelets circulating in the atria, AF cannot suste itself. This notion was
later validated in a series of high-resolution mapping stues of acetylcholine-induced
AF in isolated canine hearts by Allessieet al. [8]. The experimental results demon-
strated the presence of multiple reentrant wavelets in thetaa during episodes of
induced AF. Today, this hypothesis is the most widely acceptl theory of the elec-

trophysiologic mechanism of AF.

With the advancements in technology in the past few decadesgveral new animal
models of AF have been developed to facilitate the-vivo experimental studies
of AF. Among these are: (1) rapid atrial pacing during acetyholine infusion, (2)
mitral regurgitation, (3) sterile pericarditis, (4) continuous vagal stimulation, (5)
prolonged rapid atrial pacing, and (6) pacing-induced hetfailure models [9]. By
combining these experimental models with simultaneous ntiskite mapping, a more
comprehensive picture of AF emerged. Consequently, otherepohanisms of AF were
hypothesized. At present, the precise mechanism of AF degpment in patients is
still undetermined. However, several new mechanisms of AFamtenance in animal

models have been described and researched.

In addition to the \multiple reentrant wavelet" phenomenon, two commonly ob-
served AF mechanisms in animal models are (1) a single focusng rapidly that
causes brillatory conduction, also known as the ectopic fus theory; and (2) geo-
graphically stable reentrant circuits of very short cycledngth that generate brilla-
tory conduction [10]. During mostin-vivo experimental studies, AF does not occur
naturally or spontaneously, but is rather arti cially induced by administration of
drugs or by some form of pacing [11][12]. By exciting one or necatrial sites in this
manner, rhythms of very short cycle length are created in tlse local regions. These

rapid rhythms, commonly termed as \drivers", elicit impulse propagations at such



a high rate that other parts of the atria are unable to follow with a 1:1 response.
Consequently, brillatory conduction is produced by thesarivers, which trigger and

sustain AF in the animals.

The two AF mechanisms described above provide signi cant sights into the
electrophysiologic state of the atria during brillation, yielding valuable information
for the development of therapy. For example, the focal mechsm of AF has been
demonstrated in patients with arrhythmic drivers primarily found in the posterior left
atrium and within the pulmonary veins [13][14]. Theoretichy, if the rapid rhythm
created by a driver or the driver itself is eliminated, brillatory conduction will cease
and AF will terminate. Treatments therefore have been deveped with the intention
to isolate or ablate arrhythmic drivers in the atria. In somepatients, AF has been
cured by this technique. In others, AF persists despite thelimination of some
drivers. This clinical observation is in accordance with tb rapid pacing model of
AF in animals, in which AF continued to exist in the animal depite the cessation of
pacing [15]. This unexpected result has an important implation { there seems to
exist a critical relationship between the initiating causeof AF and the modi cation
of the atrial substrate. Over time, it becomes the modi ed shstrate rather than the
arrhythmic driver that stabilizes and maintains brillati on.

In addition to the \multiple reentrant wavelet hypothesis”, Moe discussed in his
manuscript the importance of the atrial substrate in AF mairtenance. He proposed
several factors that could play a major role in sustaining welet propagation and
creating a suitable substrate for AF perpetuation. Among tkse factors are: (1) a suf-
ciently large atrial mass, (2) a relatively brief refractay period, (3) a relatively slow
conduction velocity, and (4) a temporal or spatial dispersn of refractory periods.

Analogous to Garrey's \critical mass" theory, Moe hypotheiged that a su ciently

large atrial mass is required to support the critical numbeof wavelets needed in the



atria for AF to sustain. The number of wavelets that can be aa@mmodated in
the atria depends on the e ective refractory period and the anduction velocity. A
refractory period that is too short, and/or a conduction vebcity that is too slow
increases the chance that the cardiac tissue can be re-egdipromptly by an ectopic
impulse. Wiener and Rosenblueth de nedvavelength of excitationas the distance
traveled by the depolarization wavefront during its refratory period, i.e. conduction
velocity refractory period [16]. It has been demonstrated experimiatly that if the

wavelength is relatively long during brillation, fewer waves can circulate through the
atria and brillation tends to self-terminate. Conversely if the wavelength is short, a

greater number of wavelets can be present, and brillationands to self-sustain [17].

Besides AF maintenance, wavelength also plays a criticalleoin AF induction as
demonstrated by Rensmaet al.[18]. It was shown that the likelihood of establishing
a reentrant circuit increases when the wavelength is shorompared to the arc of the
conduction block. Conduction block can be anatomical or fumional in origin. It
can be the result of the heterogeneity of structural or eleaphysiologic properties.
Factors such as dispersion of the refractory period, anisopic tissue properties,
brosis, and diseased or dilated atria can cause areas of &aonduction delay or

blockage, around which a depolarization wavefront can reten.

Once a suitable substrate is established, ectopic impulsesthe atria can trigger
the formation of reentrant circuits, giving rise to brillation. One of the problematic
characteristics of AF is its progressive nature and gradualorsening with time. In
other words, once AF is initiated, it modi es the atrial tissue in a way that fur-
ther stabilizes and maintains brillation, a process knownas \remodeling". One
remodeling process, \electrical remodeling"”, starts wiih the rst hours of AF. It
is characterized by a continuous shortening of atrial refcdoriness. This remodel-

ing process progresses for a few days as AF persists, but appeo be completely



reversible. Details of the electrical remodeling processsiciated with AF will be
discussed in Section 1.4.1. As AF continues to sustain, coattile and structural
remodeling of the atria starts to occur. Unlike electrical @modeling, these processes
require a much longer time to develop, ranging from 5 days toweeks. These AF-
induced ultra-structural changes increase AF stability ad inducibility, and require a

much longer time to recover completely, if they recover at BJ15][19].

1.1.2 Current AF treatment and limitation

According to the treatment guideline suggested by the Amaran Heart Association,
the therapeutic goals in managing AF patients are to maintai sinus rhythm, control

ventricular rate, and prevent stroke [20]. Generally, drugherapy is the rst line of

treatment for AF patients. Antiarrhythmic drugs such as ambdarone and dofetilide
are used to restore and maintain sinus rhythm. Also, a varigtof beta blockers
like propranolol, and calcium channel blockers such as veamil and diltiazem are
administered to control ventricular rate. Although pharmaological therapies provide
satisfactory results in some patients, others remain pessently symptomatic or have

experience serious side e ects that require alternative éatment options.

To provide alternative treatments, non-pharmacologicalhlerapies have been de-
veloped for AF patients. Packeret al. classi ed these non-drug treatments into four
general categories [21]. The rst category targets at AF pxention through atrial
pacing. Pacing strategies like overdrive pacing, alternae or bi-atrial site stimu-
lation, interactive overdrive pacing in response to atriakctopy are included in this
category. The second approach focuses on restoring normiaus rhythm, using man-
ually or automatically triggered high-energy de brillation shocks or antitachycardia
pacing. The third category aims at preventing AF through a stgical or ablation

procedure. Pulmonary vein isolation, left atrial linear alation, and surgical maze



procedures fall into this category. Finally, the fourth caégory is palliative therapy,
which reduces symptoms but doesn't eliminate AF. Some of tee therapies are AV

nodal modi cation, and right atrial linear ablation.

Of these four categories, immediate restoration of sinusytihm is particularly
challenging. As mentioned above, one cardioversion methschigh-energy de brilla-
tion shocks. Direct-current, external cardioversion is ghly e ective, with a reported
success rate of 75% to 95%. However, a shock strength as high280 J is often
used in the process, requiring either conscious sedation amwesthesia. Low-energy
internal cardioversion with less than 20 J also has been pewv e ective in restor-
ing sinus rhythm. Even these shocks typically require sedah of the patient and
must be performed by a quali ed health care provider [20]. A ew generation of
implantable cardioverter-de brillators (ICD) can de bri llate the atria automatically
upon arrhythmia detection. ICDs typically deliver about 30J of energy, which still
causes major discomfort for the patient. There have been arigg e orts aimed at
reducing the de brillation threshold necessary for cardigersion, thereby, increasing
therapy tolerance. The need for an e ective electrical thapy that converts AF with

a pain-free process has yet to be met.

1.2 Anti-tachycardia pacing (ATP) { an alterna-
tive treatment for AF

Anti-tachycardia pacing (ATP) is a therapeutic low-energypacing intervention. In
ATP, electrical pulses are used to stimulate an endocardialte repeatedly at a cycle
length that is shorter than that of the target arrhythmia. The concept of ATP
iIs based on the observation that during an arrhythmia, an \egitable gap" exists.
The excitable gap is de ned as the portion of the reentrant ctuit preceding the

advancing arrhythmic depolarization wavefront. The cardic tissue in this gap is

7



functionally capable of depolarizing, and could be activad by a suitable stimulus.
The therapeutic strategy of ATP is to elicit an activation by electrically stimulating

the tissue within this excitable gap. Once arti cially activated, the tissue will be
refractory when an arrhythmic wavefront arrives. Due to itsinduced refractoriness,
the tissue will be unable to depolarize, thereby creating aumictional conduction
block for the arrhythmic wavefront. As a result, the deliveed electrical stimulus
becomes the source of the reentrant circuit. ATP pulses areclivered repeatedly
and at a higher voltage, to ensure consistent tissue captuaad continuous control of
the reentrant tachycardia, a technique known as \entrainm&". Theoretically with

entrainment, the arrhythmic reentrant circuit will be annihilated by the applied ATP.

Ideally the arrhythmia will terminate itself, resulting in restoration of normal sinus

rhythm.

Over the past few years, anti-tachycardia pacing has e ectely demonstrated its
potential in treating atrial tachyarrhythmias. Studies have shown that 30% to 59% of
AF and AT episodes were successfully converted to sinus rhy with a type of anti-
tachycardia pacing protocol called \high frequency burst @cing" [22][23]. The most
bene cial and attractive characteristic of ATP is that the eectrical stimuli used in the
process are low-energy. Because the stimuli are below thdigat's pain threshold,

ATP therapy is better tolerated than high-energy de brillation in cardioversion.

1.2.1 ATP protocols

Generally, ATP protocols are more vigorous than that of corentional cardiac pacing.
A longer pacing pulse width of up to 9.9 msec, or a higher pagrvoltage or current
(up to 9.9 mA) has been frequently used [24]. The purpose ofilg a more vigorous
pacing methodology is to increase the likelihood of captug a large atrial mass

consistently with ATP.



For the past few decades, cardiovascular medical device qmanies have researched,
designed, and tested a variety of ATP protocols for treatingtrial tachyarrhythmias.
These sophisticated pacing algorithms have a wide range abgrammability and are
often proprietary. BURST, RAMP and 50-Hz high frequency bust pacing are three

of the most frequently cited protocols in the literature.

BURST and RAMP pacing protocols described and used in this wioare adopted
from those implemented in a commercial, dual-chamber impitable cardioverter-
de brillator (Jewel AF model 7250, Arrhythmia Management Device, Medtronic,
Inc., Minneapolis, MN) [22][25]. The schematic represerttan of these two protocols

is shown in Figure 1.1(a) and 1.1(b).

In the BURST protocol, the pacing cycle length remains conatt throughout
the ATP attempt. If an ATP attempt fails to terminate the arrh ythmia, the pacing
cycle length is decremented by a xed interval in the next tl. In contrast, in the
RAMP protocol, the pacing cycle length is decremented by a pgrammable, constant
interval between consecutive ATP pulses. Typically, the pang cycle length chosen
is a percentage of the detected cycle length of the intrinsiachycardia. Ranges from
75% to 91% have been reported and used [26]. The number of pggbulses delivered
is increased if the previous ATP attempt fails to cardiovert Another ATP protocol
is 50-Hz burst pacing, depicted in Figure 1.1(c). A xed pacig cycle length of 20
msec is used. If a 50-Hz ATP attempt fails to cardiovert, pragssively more pacing
pulses are delivered in the following trials. Conventionl} the duration of each ATP
attempt varies between 0.5 sec to 3.0 sec [22]. The number ofFAtrials delivered
by an ICD is programmable, and normally ranges from 6 to 10 ba® an alternative

protocol is attempted [27].

The BURST and RAMP protocols are also known as \adaptive" paog because

of their high programmability and the capability to adapt to the electrophysiologic
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Figure 1.1 : Schematic representation of three of the most commonly ubenti-
tachycardia pacing (ATP) protocols: (a) BURST, (b) RAMP, and (c) 50-Hz high
frequency burst pacing.
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state of the heart during the tachyarrhythmia. In the BURST protocol, the pacing
cycle length is decreased between successive ATP attempissearch for an e ective
pacing interval that could consistently entrain the tachyarhythmia. Also, because
the tachyarrhythmia tends to accelerate in the presence oépid atrial pacing, the
RAMP protocol was developed to maintain consistent capturby decreasing the pac-
ing cycle length between successive pulses. In the case eHz0protocol, the high
frequency pacing induces new and faster reentrant circujtsausing the tachycardia
to accelerate. Ideally, this rapid rhythm will create enoul instability in the intrinsic
reentrant circuits that upon cessation of ATP, the intrinsc wavefront will be broken
up and the arrhythmia terminated. Studies have shown that tese ATP protocols are
e ective in treating ventricular tachyarrhythmias, and organized atrial tachyarrhyth-
mias like atrial utter. Their e ectiveness in atrial de br illation, however, awaits

validation [28].

1.2.2 ATP for atrial tachyarrhythmia

Atrial tachyarrhythmia (AT) refers to cardiac arrhythmia t hat is characterized by a
high atrial activation rate. Clinically, both atrial utte rand brillation are considered
as types of AT. In ICDs however, the device discriminates aal tachyarrhythmia
(AT) from atrial brillation (AF) for therapy selection pur poses. AT is generally
identi ed as a more organized arrhythmia, with a longer and rare regular cycle
length. If the detected arrhythmia cycle length falls in therange of 200 msec to 340
msec, it is typically classied as AT. If the detected arrhyhmia has a cycle length
between 100 msec to 270 msec, it is normally classi ed as AR]2Because there is
an overlapping region in cycle length between the two categes, the ICD can further

classify the arrhythmia on the basis of cycle length unifority.

AT such as atrial utter is both spatially and temporally organized. It is a macro-
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reentry arrhythmia with a relatively wide and stablexcitable gap. The average atrial
utter cycle length in humans is reported to be 238 26 msec with an excitable gap
of 62 16 msec. The excitable gap occupies almost 26% of the utteyae [30].

Due to its regularity, atrial utter can be entrained with re lative ease. Thus, it is a

good candidate for ATP therapy.

In 1977 Waldoet al. rst proposed using rapid atrial pacing for entrainment and
interruption of atrial utter [31]. Since then, signi cant advancements have been
made in areas such as pacing protocols, pacing rate, pulsa goration and shock
strength, to increase the e cacy of terminating atrial utt er with ATP. Modern ICDs
such as the Medtronic's Jewel AF (model 7250) has the capatyilto detect organized
AT like atrial utter, and deliver ATP therapy automaticall y. In a recent World-Wide
Jewel AF Study, it was reported that the ATP delivered by theg ICDs successfully
terminated 58.5% of device-diagnosed AT episodes in one ipat group, and 62%
in another. E cacy rates as high as 70.9% have also been reped [22][27][32].
Moreover, it was demonstrated that the cardioversion ratean be further increased
by pre-treatment with antiarrhythmic drugs [33][34]. As the tachycardia cycle length
increases in response to these drugs, the excitable gap alsdens. As a result, the
applied ATP is more likely to entrain the arrhythmia, increasing the chance of AT
termination [22]. Because of these promising clinical ndgs, ATP has become more

widely accepted as a treatment option for organized and relgu AT.

1.2.3 ATP for atrial brillation

Unlike atrial utter, atrial brillation (AF) is character ized by a short and irregular
cycle length. Two reasons have been suggested for the cyeegth inconsistency
seen in AF. First, it can be a result of a varying refractory peod. Factors such

as direction of the propagating impulse, duration of the prgous cycle length, local
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anisotropy, or conduction block can alter the cycle lengthroa beat-to-beat basis.
Second, it can be a result of a varying excitable gap [35]. Enhfactor is particularly
important because it will directly a ect the notion of using ATP to treat AF. Unless
it is demonstrated that an excitable gap exists during AF andhat the tissue can be

entrained by pacing, the feasibility of using ATP to terminde AF is unlikely.

The presence of an excitable gap during atrial brillation vas successfully demon-
strated by Allessie, Kirchhof and Kalmanet al. [35][36][37]. The rst two studies
were performed in canine models in which AF was induced elgcally. In both stud-
ies, regional entrainment of the brillatory process was dgeved by pacing at a rate
near themedian brillation rate. More successes were seen when a slightlgster rate
was used. When pacing at such critical frequency, the atridlssue near the pacing
site suddenly became phase-locked to the stimulus. Simuigously, the con guration
of the electrograms became more consistent and organizeduridg entrainment, the
delivered pacing pulses captured up to 6.1 cm diameter ofgise from the pacing site.
The AF cycle length and the duration of the excitable gap werestimated in the ex-
periments, and the results are summarized in Table 1.1. Thestudies demonstrated
that when pacing at a rate that was too fast, local accelerain of AF resulted and
the chance of entrainment decreased. Despite successflaloentrainment in these
studies, termination of AF by rapid pacing was never achiede Later Kalman et al.
demonstrated the feasibility of regional entrainment in pgents with chronic AF. In
his study, the excitable gap measured in three patients was 2Znsec, 18 msec, and
13 msec, respectively. Tissue capture was achieved for atalge up to 5.6 cm in
diameter from the pacing site during entrainment. Similar ¢ the previous studies,
ATP failed to control a su cient mass of the brillating myoc ardium to terminate

the arrhythmia.

The three studies described above demonstrated that an etable gap exists dur-
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Table 1.1 : Studies on regional entrainment of AF in canine models by WEssie and
Kirchhof. Atrial brillation cycle length (AFCL), excitab le gap (EG) and diameter
of local capture by pacing were measured in these experimentThe feasibility of
regional entrainment of AF in canine models was demonstrate

Author Median AFCL EG EG/AFCL Diameter of Capture
Allessie 85 8 ms 12 4 ms 14% 6.11.6 cm
Kirchhof 98 16 ms 16 5 ms 16% 4 cm

ing AF, and that regional entrainment of AF is feasible. On tle other hand, they
also showed that the excitable gap was short during AF, occwipg only 14% to 16%
of the arrhythmia cycle. As a result, entrainment of a su cient atrial mass in AF
was di cult. Thus, pace-termination of AF by rapid pacing was almost impossible.
Israel et al. performed a comparison study on the reported success ratetef-
minating AT and AF using ATP in patients [29]. For device-diggnosed AT, an ATP
e cacy rate in a range of 39% to 71% was observed. However, gr14% to 30% of
device-diagnosed AF was successfully cardioverted by ATResults from this study

is summarized in Table 1.2 for reference.

1.2.4 Need for an alternative experimental method

There are a number of factors that could contribute to the lowcardioversion rate
of AF by ATP seen in the clinical studies previously descrilzk It is possible that
the reason was physiological in nature { there were too manysibrganized, reentrant
circuits involved during the periods of AF. Thus, ATP could rot interrupt a su cient

mass of the brillating myocardium to terminate the arrhythmia. On the other hand,
the reason could be device-related { perhaps the devices dise the studies failed to
detect and pace e ectively during the excitable gap. Hencehey could not entrain
the atria. In addition, it could be that the ATP protocols applied were insu cient

in managing a disorganized arrhythmia like AF. The chance gface-termination of
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Table 1.2 : Comparison of 50-Hz high frequency pacing e cacy in termiating de-
vice-diagnosed atrial brillation (AF) made by Israel et al. In these studies, devices
automatically delivered 50-Hz high frequency pacing protml upon detection of AF.
Irregular atrial cycle length (ACL) was de ned by the di erence between the second
shortest and the second longest ACL 25% of the median ACL.

Author Device-based AF Criteria E cacy(%)

Adler[22] Median ACL during 12 ventricular intervals 30
270 ms, irregular ACL

Dijkman Median ACL during 32 ventricular intervals 18
280 ms, irregular ACL

Friedman[27] Median ACL during 32 ventricular intervals 24
270 ms, irregular ACL

Gillis Median ACL during 32 ventricular intervals 26
230 ms, irregular ACL

Gold Median ACL during 32 ventricular intervals 18
270 ms, irregular ACL

Ricci[32] Median ACL during 32 ventricular intervals 14
250 ms, irregular ACL

Schoels Median ACL during 32 ventricular intervals 17

270 ms, irregular ACL

AF may improve by enhancing the ATP protocol.

Despite the unfavorable preliminary outcome seen in the nical studies, there
are still a multitude of strategies that could be attempted b enhance ATP for AF
management. One obvious tactic is to tailor and implement agw detection algorithm
or pacing protocol especially for AF. In other respects, it my be bene cial to conduct
a more comprehensive study on the current ATP technology, thi an alternative

experimental method using a more e ective research tool.

As an example, the commercial devices used in the clinicalugies could only
record a limited number of electrograms from a couple of caat sites during an
ATP attempt. A more accurate depiction of the ATP's e ect is possible by utilizing
an equipment that allows simultaneous recording of elecigoams from multiple sites
before, during and after ATP delivery. Moreover, in most chical studies, the e cacy

of ATP is solely determined by the percentage of cardioveosis that were successful.
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The potential for recognizing the subtler impact of ATP coull be overlooked. Thus,
additional and important experimental ndings could be obained by evaluating ATP
on a case-by-case basis and by using a spectrum-based quantather than a binary
scheme. Furthermore, there are interesting situational ptocols for ATP that are
rarely researched or attempted due to the lack of a suitablesearch tool. Examples
of these trials include: (1) applying ATP on recurrent AF epsodes, (2) delivering
ATP at di erent times of day, and (3) performing extended repeated trials of ATP
on the same subject. Unique and in-deptlin-vivo data can be acquired for these

situations, with an improved experimental research methodnd a new instrument.

1.3 Limitation of the current AF research meth-
ods

The need for an improved experimental method and instrumesitis justi ed by the
inherent limitation associated with the current AF researb methods. Currently,
in-vivo experimental research on AF is typically performed using enof following
methods: 1) in an acute surgical setting on research animais during electrophysi-
ological (EP) study on sedated patients; 2) in a long-term sy on research animals
chronically instrumented by external pacing devices; or 3)ith an implantable tele-
metric device implanted in patients or research animals [R8Despite their popularity
and many advantages, these research methods are associatéd some undesirable

weaknesses and complication that may a ect the experimenrtaesults.

1.3.1 E ects of anesthesia

Experimental results collected from an acute surgical saétig can be a ected by the
use of anesthesia on the subject. The e ects of anesthesiatbe atria are complex.

Some of the side e ects include depression of the sinus nodéamaticity, increased
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atrial refractoriness, and decreased atrio-ventricularadal conduction. Side e ects
from a drug can be antiarrhythmic or proarrhythmic, dependag on the types of
anesthesia used [39]. As an illustrative example, iso uranis commonly used as a
maintenance anesthesia in electrophysiologic studies.has also been shown to have
an anti- brillatory e ect on the atria [40]. When iso urane is used to anesthetize
an animal in a study, there is a chance that the collected reks are biased by the
presence of the anesthesia. This may be especially true in ituation where an
AF treatment is being investigated. The antiarrhythmic e ect of iso urane may
contribute to the treatment e cacy favorably. As a result, it may be inappropriate
to apply the ndings from a study performed on sedated animamodel to the same
model in a conscious state. To overcome this issue, a methdtat minimizes or

eliminates the need for anesthesia is desired.

1.3.2 E ects of the autonomic nervous system

The autonomic nervous system (ANS) has a major impact on thdeetrophysiologic
state of the heart. Compared to the e ects of anesthesia, theects of ANS are even
more di cult to study and control in a laboratory setting. Sudden cardiac death
and myocardial infarction have been shown to be related to ABltone. It has also
been postulated that a change in ANS tone may contribute to ediac instability [41].
The natural, diverse e ects of ANS are di cult to examine and are often concealed
during an acute experiment on sedated subjects [42][43]. ANone also has diurnal
cycles. This e ect simply cannot be fully observed in a labatory setting when the
experimental period is limited. An AF treatment can potentally be more e ective
with a certain ANS status, however, it will be di cult to con rm this in a surgical
setting. To accurately examine the e ects of ANS tone on thehierapies for AF, it is
critical that the experimental subject remains consciougnobile, and in its natural
environment throughout the study. In addition, it is prefered that the experimental
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data be acquired in a minimally-invasive manner by limitingthe disturbance and
interference with the experimental subject. An experimeial method that preserves

the ANS tone and allows long-term studies encompassing théN& cycles is needed.

1.3.3 Lack of longer-term, minimally-invasive AF studies

As previously described, atrial brillation is progressie in nature and it is widely
believed that \AF begets AF" [44]. Continuous observation 6AF progression since
arrhythmia initiation clearly can provide vital informati on about AF, its develop-
ment, and its time course. Additionally, repeated therapy tials over a long time
period can yield unique experimental data that, unquestiably, cannot be replicated
in an acute surgical setting. To perform these types of longéerm experiments, an

alternative method is necessary.

Long-term studies of AF have been successfully performed bgveral research
groups who followed AF development from a 5-day to 1-month ped on conscious
animals. Wijels et al. was able to monitor changes in the atrial e ective refrac-
tory period and the conduction velocity in goat models as AF eleloped and after
cardioversion for a total of 4-week experimental period [#4 Garret and Todd et
al. studied the inducibility and the cumulative e ects of repeaed AF inductions in
goats over repetitive 5-day and 4-week cycles of sustaine& p5] [46]. These studies
generated valuable information on the atrial remodeling jarcess associated with AF.
On the other hand, the methods used in these experiments recgd tethering of the
animal with percutaneous electrode leads, which limited ghmobility of the animal
and could lead to an increased likelihood of wound infectionAlso, percutaneous
epicardial leads could cause pericarditis, giving rise talditional complications [47].
To address these limitations, a method for studying chroni@&F that is less invasive

is needed.
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1.3.4 Limitation of commercial telemetric devices

An ideal method to study AF for an extended period is a transveous, telemetry
based data acquisition system. Systems like DSI's Physiast ECG Analysis (Data
Sciences International, St. Paul, MN) are available commeially for collecting phys-
iologic data from conscious and freely moving laboratory anals [48]. However, one
drawback associated with such systems is that they are uslyalimited to 3 or fewer
sensing channels. Rollingt al. successfully implemented a telemetry system for
studying spontaneous cardiac arrhythmias with as many as &rssing channels [49].
The system was designed for continuous monitoring of the amals without pacing in-
tervention, and was limited by an external unit worn by the afimal for power and data
transmission. Some AF studies have been performed using coarcial pacemakers or
implantable cardioverter-de brillators (ICDs) [26][50] This method is advantageous
because it provides all the monitoring, pacing, and de briation capabilities. Also,
data can be downloaded repeatedly and non-invasively by giag a \programming
magnet" over the implant. However, one of the disadvantagesith this method is
that only speci c types of data can be collected with these iplantable devices due
to their commercial function. Also, a nite amount of data can be stored due to
limited memory space. Custom modi cation of ICDs could impove their usefulness
and provide additional functionalities. Unfortunately, this is di cult to do because
medical device companies are reluctant to disclose the pragiary design details of
their products with research groups. A custom-built telenmtey system is essential for

performing long-term minimally-invasive studies of AF andts potential treatments.

1.4 A novel AF research tool

To directly address the needs and limitations previously dcussed, this work describes

the design, implementation, and evaluation of an implantde cardiac telemetry sys-
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tem, developed for the long-term study of AF and ATP in consous and ambulatory
animals. One of the bene ts of this work is that this novel sytem allows the collec-
tion of unigue and comprehensivén-vivo data that cannot be acquired in an acute
surgical setting or by using a commercial implantable cardverter-de brillator. To
illustrate this advantage, the new system was utilized to alerve two physiological
phenomenon: (1) the change in atrial e ective refractory pgod (AERP) in electrical

remodeling; and (2) the atrial spatial organization immeditely after ATP delivery.

1.4.1 Examine AERP in atrial electrical remodeling

Atrial electrical remodeling (Section 1.1.1) is a processsociated with AF, in which
the arrhythmia itself modi es the atrial tissue in a way that further stabilizes and
maintains brillation. It is characterized by a continuous shortening of the atrial
e ective refractory period. This remodeling process not dy occurs inherently with

the progression of AF, but can also be induced in the atria byheonic rapid pacing.

In 1995, Morillo et al. documented the notion of chronic rapid pacing-induced
electrical remodeling of the atria [51]. In his study, the ght atrial appendage of dogs
was paced at a cycle length of 150 msec for 6 weeks. AF was riyadducible in these
animals, and the AERP was shortened by 16% by the end of the styiperiod. Wij els
et al. performed similar experiments on goats, which were chroaity instrumented
by an external pacing device. AF was also inducible in thesaianals, and the AERP
was shortened by 45% in this study [44]. The shortening of &t refractoriness was
found to be a result of alterations in the expression of ion annels. Speci cally,
the down-regulation of the L-type C&* channels caused by continuous rapid pacing
[15]. This remodeling process was shown to be complete witt8 to 5 days in goats.
They also showed that this electrical remodeling process svaompletely reversible.

Within 1 week of maintained sinus rhythm, the AERP returned 0 its initial baseline
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value [44]. Today, chronic rapid atrial pacing is commonly sed in research to yield
a reproducible model of sustained AF [52][53][54][55][5&imilar methodology was
adopted from these studies and employed in this work, allomg a comparison between

the experimental results collected with the new system andhose cited in literature.

1.4.2 Examine atrial spatial organization after ATP delive ry

Atrial spatial organization (ASO) has been widely investigted in recent years. A
realistic quantitative characterization of ASO has many @hical applications. For ex-
ample, the measure can be used to assess AF severity over tberse of arrhythmia
development. It can lead to new ways to analyze and detect AR iICDs. More-
over, attempts have been made to use ASO during the course of As an index to
guide therapy delivery time (Appendix A). In this work, atrial spatial organization
was characterized to showcase a possible usage of the ebgrams collected with
the telemetry system. ASO was quanti ed using AEGs collectefrom events such
as AF, normal sinus rhythm, and post-ATP. The potential impat of ATP on the

organization of AF after ATP will be brie y examined.

To quantify the atrial spatial organization during di erent time periods of interest,
a time domain cross-correlation algorithm was chosen. Seakother research groups
have developed di erent mathematical algorithms for quantying ASO (Appendix
A). A time domain cross-correlation method was chosen sinypbecause it is straight-
forward and easy to implement. Theoretically, when cros®orelation estimates are
computed using signals collected from multiple recordingtss, results can represent
the global spatial organization of the area encompassed hbyetse recording sites. In
the case of atrial spatial organization, it has been experigntally shown that cross-
correlation estimates can be used to discriminate organdenon- brillatory rhythm

from those disorganized, brillatory episodes.
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In a study by Botteron et al., AEGs from ten patients were collected during
episodes of sinus rhythm, atrial utter and atrial brillat ion [57]. Using the collected
AEGs, the absolute peak of the cross-correlation functiort ai erent electrode dis-
tances were computed. The resulting correlation coe cierst were plotted against
electrode distance to generate cross-correlation curvdswas discovered that cross-
correlation curves obtained during organized events sucls ainus rhythm and atrial
utter were stable at high values, whereas those obtained iAF decayed exponen-
tially. It was concluded that atrial activation remains wel-correlated, independent of
distance during normal sinus rhythm and atrial utter. During AF however, corre-
lation decays monotonically with increasing distance. Ftinermore, it was proposed
that by assuming an exponential decay, a correlation spacenstant can be de ned
and used to describe the relative spatial organization of @l brillation. By ad-
ministering di erent antiarrhythmic agents during AF, Bot teron's group was able to
document the changes in the spatial organization of AF and ithe resulting corre-
lation space-constant. This observation not only validai Botteron's methodology,
but also proved the usefulness of cross-correlation estit@a in quantifying changes
in AF organization. The cross-correlation estimates algithm was later adopted
and cited by several research groups, to measure the exteritintracardiac spatial

organization during various events.
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Chapter 2

System Design and Implementation

2.1 Overview

To address the limitation discussed in Section 1.3, a new ezsch tool for studying AF
was developed. The objective was to build an implantable adiac telemetry system
for the purpose of long-term minimally-invasive monitorig of the electrophysiologic
state of the atria in a conscious and ambulatory animal. Theystem was designed to
provide AEG monitoring and deliver chronic and programmald atrial pacing. These
unique features of the system would be used in AF induction, ERP measurements
and anti-tachycardia pacing (ATP) delivery. Some of the madrial in this chapter
can also be found in the article \A novel implantable cardiadelemetry system for
studying atrial brillation" by Au-Yeung et al.[38].

The implantable cardiac telemetry system was designed to quide the following

capabilities:
Induce AF in the animal by chronic rapid atrial pacing;

Deliver programmable stimuli for measuring the atrial e etive refractory pe-

riod (AERP);
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Deliver conventional anti-tachycardia pacing (ATP) protccols including BURST,

RAMP, and 50-Hz high frequency burst;
Sense and telemeter real-time atrial electrograms (AEGS);

Perform the above functions frequently and minimally-invaively on a conscious

and untethered animal.

The system consisted of two major components: an implantabtievice (PACER),
and an external communication unit that was used to interrogte the PACER. The re-
lationships between various components of the implantabtardiac telemetry system

are illustrated in Figure 2.1.

The PACER was a unique sensing and pacing device, which waspianted in
a sheep. Upon request, it provided simultaneous recordind electrocardiograms of
programmable duration from four sensing sites. This featarwas a signi cant im-
provement over the existing commercial telemetry systemsrfresearch. The PACER
delivered the pacing protocols mentioned above, and alsooprded pacing pulses of
biphasic morphology, selectable voltage, with synchronswand asynchronous initia-
tion. A variety of pacing experiments could be performed wit these sophisticated
features.

A charger was designed and built for recharging the PACER btary, allowing a
longer experimental period. When recharge was desired, ttlearger was connected to
the implanted device via a small percutaneous connector. BER interrogation was
performed non-invasively using the external communicatiounit. A researcher would
utilize a graphical user interface (GUI) on a computer to sett the programmable
parameters to be sent to the PACER. ECGs collected by the PACE were displayed
on the same interface. A researcher could choose to perforntlase-range PACER

interrogation, in which case a handheld communication boxag used. For this com-
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Figure 2.1 : An overview of the implantable cardiac telemetry system
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munication mode, the researcher would remain in close praxity of the animal with
the handheld unit connected directly to a laptop computer. Aernatively, a re-
searcher could choose to perform remote PACER interrogatiautilizing the remote
communication box mounted inside the animal's cage. For thicommunication mode,
the researcher would control the system with a similar GUI &m a computer terminal
at a remote location. Commands would be sent via the networlotthe PACER, and
the acquired ECGs would be received and displayed on the infigce. With this novel
feature, the animal remained in its natural environment thoughout the entire pro-
cess, allowing the acquisition of realistim-vivo results. Design and implementation
details of these components are presented in this chapter.

Designs of the implantable cardiac telemetry system wereefijuently modi ed and
upgraded in the past in the areas of sensing and pacing strgtes, data communi-
cation scheme, power management, and packaging. As a restlio versions of the
system were produced. Most of the system design and implertegion details, eval-
uation methods, and experimental results described in Chag 2, 3, and 4 are based
on the most recent version (V2) of the telemetry system congtied in October of
2004. Some features and results from the older version (Vi) tbe system are also

included, for performance comparisons and completeness.

2.2 Implantable device (PACER)

The main tasks of the PACER included: (1) deliver user-de ne electrical stimuli to
the atria, (2) sense atrial electrograms (AEGS), and (3) r&ive user commands from
and telemeter AEGSs to the external communication unit. A blak diagram illustrat-
ing the four basic functional blocks of the PACER is shown in igure 2.2. Each of
these functional blocks will be described in detail in the flowing sections. The pri-

mary design speci cations of the PACER are summarized in Tdb 2.1. Additionally,
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Figure 2.2 : A block diagram of the PACER of the implantable cardiac telmetry
system, illustrating the design of the four basic functionablocks of the device: 1)
signal processing front-end, 2) pacing, 3) power managereand 4) telemetry.
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Table 2.1 : Primary design speci cations of the PACER.

Parameter Value
Signal Number of sensing channels 4
Processing Zener-diode for circuit protection Rated 11 V
Sensing mode Unipolar/Bipolar
Input impedance 10 G
CMRR 94 dB
Passband 5-160 Hz
Gain 150/625/2500
A/D resolution 8-bit
Sampling frequency 333 Hz
Input signal range without saturation 2-33 mV
Pacing Pacing pulse morphology Biphasic
Pacing pulse width 0.2-4 ms (0.1 ms inc.)
Pacing cycle length 50-400 ms (5 ms inc.)
Pacing mode Unipolar/Bipolar
Number of S1s, ATPs 2-128
Pacing channel Any 1 of the 4 channels
Pacing voltage 4.00r 10.0V
Pacing initiation Async/sync
Activation threshold -0.02 to -3.0 mV/ms
Synchronous channel Any 1 of the 4 channels
ATP protocols BURST, RAMP, 50-Hz
ATP cycle length 20-200 ms (5 ms inc.)
ATP decrement interval 0-6 ms (0.2 ms inc.)
Power Battery capacity 920 mAh
Management  Battery voltage 8.4V
Battery type Li-ion rechargeable
Regulated voltage 25and 5.0V
DC-DC converter output voltage 5.0and 12.0 V
Telemetry In-building range 30 m
Carrier frequency 433.92 MHz
Data packet size 27 bytes

Data rate
Preamble search

40 kbits/s half duplex
For 5 ms, every 3 s
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the schematic and the bill of materials of the PACER can be fowd in Appendix B.

2.2.1 Signal processing front-end

The PACER provided 4 sensing channels and performed on-bdasignal processing
before the atrial electrograms (AEGs) were telemetered tdé external communica-
tion unit. A simpli ed schematic of the signal processing font-end is shown in Figure
2.3. When AEGs were rst acquired, the sensing mode was setat as either single-
ended (unipolar) or di erential (bipolar). In unipolar sensing mode, the intracardiac
signals collected from the reference voltage electrode ahe tip electrode of the sens-
ing/pacing lead were di erentially ampli ed. In bipolar sensing mode, the recordings
from the ring and the tip electrodes of the lead were di eremally ampli ed. Each of

the 4 AEG channels was equipped with blanking switches to disnnect the sensitive
ampli er ICs from the sensing/pacing leads when a pacing psé was delivered. Each
sensing channel was additionally protected against high Kage electrical shocks by

zener-diodes.

Intracardiac signals were rst ampli ed by a preampli er stage with an internal
xed gain of 5. A micro-power instrumentation ampli er was diosen for this stage for
its high common mode rejection ratio of 94 dB and a high inputmpedance of 10 G .
The gain of the second ampli cation stage was programmabl&he programmability
was achieved by connecting the ampli er to a network of redisrs using two serially
controlled switches. Three gain settings of 30, 125, or 50@re provided by this
stage. Thus, a total gain of 150, 625, or 2500 was resultedrfrahe two ampli ers.
The collected intracardiac signals were also actively lted. The cuto frequencies of
the bandpass Iter were determined based on data cited in &rature. In one article,
Irnich indicated that the ventricular signals contain commnents extending from 20

to 45 Hz, while the frequency content of atrial signals extes from 50 to 90 Hz [58].
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Figure 2.3 : A simpli ed schematic of the signal processing front-endfahe PACER.
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Therefore, at the second ampli cation stage, the collectethtracardiac signals were
actively lItered with a passband of 5 to 160 Hz. Amplied and ltered signals were

passed to the MAIN PIC (Section 2.2.5) for analog-to-digitaconversion.

2.2.2 Pacing

Pacing stimuli were created using the PACING PIC (PIC16F76,7Microchip Tech-
nology Inc., Chandler, AZ), driving an output circuit that generated a train of pro-
grammable pacing pulses (4.0 or 10.0 V) of biphasic morphgio The PACING PIC
was a 28-pin microcontroller with an instruction speed of 1 Mz provided by a 4.0
MHz internal RC oscillator. Four of the PIC's input/output p orts were used to con-
trol the switching of the MOSFETSs in the pacing output circut, thereby creating
stimuli of precise and programmable cycle length and pulsadth. The cycle length
was timed by an external 32.768 kHz crystal, and the pulse wildwas controlled by
the built-in pulse width modulator (PWM) of the PACING PIC.

The PACER was capable of delivering either unipolar or bipar pacing. In unipo-
lar pacing mode, the positive terminal of the output circuitwas connected to the
reference voltage electrode, and the negative terminal wesnnected to the tip elec-
trode of the pacing lead. In the case of bipolar pacing, the pitive and the negative
terminals of the output circuit were connected to the ring ad the tip electrodes of
the pacing lead, respectively. The pacing channel output wamultiplexed { pacing
could be delivered from any one of the four pacing leads choday the user.

The PACER could deliver electrical stimuli for the followirg applications: 1)
atrial brillation induction; 2) atrial e ective refracto ry period measurement; and
3) anti-tachycardia pacing for atrial de brillation. AF in duction was achieved by
programming the device to pace continuously at a high ratereating the chronic

rapid atrial pacing model of AF. To measure AERP, short sequeees of stimuli such

31



as that of \S1-S2 pacing" (Section 3.2.3) were delivered. tally, to deliver ATP
therapy, the three conventional ATP protocols described irsection 1.2.1 (BURST,
RAMP, and 50-Hz high frequency burst) were implemented in #n PACER. ATP
cycle length and decrement interval were programmable in i mode, allowing the

user to test a wide range of ATP therapies.

Monophasic output circuit in the V1 PACER

The output circuit illustrated in Figure 2.4(a) was used to gnerate pacing pulses of
monophasic morphology. Prior to stimulus delivery, a regated power source des-
ignated as \Pace Voltage" was used to charge the reservoirpaitor to the pacing
voltage of 5.0 V by closing \Switch0". At the time of stimulus delivery, this ca-
pacitor was disconnected from ground by opening \SwitchO'and was connected to
the biological tissue by closing \Switch1". By closing thiswitch, the capacitor was
discharged through the tissue for the duration of the desidepulse. At the end of
the pulse, \Switch1" was re-opened, and \Switch2" was clodeto remove the charges
built up on the coupling capacitor during the pacing processAt the end of the dis-
charge phase, \Switch2" was re-opened and \Switch0" was sled again, to resume

charging and repeat the pacing cycle.

Biphasic output circuit in the V2 PACER

To generate pacing pulses of biphasic morphology, a H-brielgesign shown in Figure
2.4(b) was used. A DC-DC converter was incorporated in the pang circuit, such that
the \Pace Voltage" was programmable to either 4.0 or 10.0 V. #\mentioned in Section
2.2.2, the PACING PIC was used to control the gates of the two fhannel (Q1, Q2)
and the two N-channel MOSFETSs (Q3, Q4). During the rst anodc phase of pacing,
Q1 and Q4 were turned on, while Q2 and Q3 were turned o. This coguration
connected the positive terminal of the output circuit to the\Pace Voltage" node, and
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(a) Monophasic output circuit found in the earlier V1 PACERs
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(b) Biphasic output circuit used in the recent V2 PACERs

Figure 2.4 : Contrast between the monophasic pacing output circuit faud in the
earlier V1 PACERs, and the biphasic design used in the recemM2 PACERs. A
simple capacitive discharge technique was used in V1 to deli a basic square-wave,
whereas a H-bridge design was used in V2 to provide two phasépacing of opposite

polarity.
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the negative terminal to the \Ground" node. Once the desiregacing pulse width
was reached, Q1 and Q4 were switched o. A xed delay of 200sec was inserted
between the two pacing phases, during which time all switchevere turned o. At

the end of the delay, Q2 and Q3 were turned on for the cathodichpse of pacing.
This con guration changed the polarity of the pacing pulseconnecting the positive
terminal to the \Ground" node and the negative terminal to the "Pace Voltage"
node. When the programmed pulse width elapsed, all switchegre turned o until

the next pacing cycle. As shown in the gure, y-back diodes1 to D4) were added

to the H-bridge design, to protect the MOSFETSs from potentibhigh voltage spikes.

Synchronous pacing

One of the unique features of the PACER was that pacing couldelgin either asyn-
chronously or synchronously. With the asynchronous optigrpacing began immedi-
ately upon receipt of a pacing command. Pacing initiation wanot controlled and
the phase of the pacing with respect to the cardiac cycle wasde ned in this mode
(with an exception when chronic pacing was in progress, in wadh case the pacing
cycle length was always maintained). With the synchronousption, pacing delivery
was initiated after a user-speci ed time delay following aetected atrial or ventricular

activation.

Synchronous pacing required three parameters to be set inetiPACING PIC:
(1) a detection threshold, (2) a selected synchronous semgichannel (any 1 of the 4
AEG channels), and (3) the pacing cycle length. The synchrouns pacing feature was
implemented entirely in the PACING PIC. The electrogram fran the selected sensing
channel was digitized at a rate of 333 Hz. Results were seqtielty stored in the
microcontroller. For every 5 collected AEG data points, annstantaneous derivative

of the AEG signal was computed using Equation 2.1:
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f Axo) = %m (xo 4h) 16f (xo 3h)+36f(xo 2h) 48 (xo h)+25f (xo) (2.1)

wheref (Xg), ..., f (Xo 4h) represent ve consecutive digitized AEG resultsxo,
..., (Xo 4h) represent the times of sampling, and is the sampling period. The
derivative at xo was estimated using this numerical di erentiation technige [59].
This equation was coded in the PACING PIC to compute the slopef the input
AEG, and the resulting derivative was compared against theser-de ned detection
threshold. If the threshold was passed, pacing was initiadeat the user-specied
delay from the time of the detected eventxy). Otherwise, the computational process
would be repeated until a software timeout elapsed, in whicbase no pacing would
be delivered. The user would be noti ed of the unsuccessfuyrehronous pacing

attempt, and would be advised to modify the detection thresbid.

2.2.3 Power management

The PACER was powered by a custom-made battery pack assemiley ToCAD
(ToCAD America, Inc., Parsippany, NJ). Inside this battery pack (Figure 2.5), two
lithium-ion rechargeable batteries manufactured by Ultréfe (UBP563450, Ultralife
batteries Inc., Newark, NY) were connected in series, praling a total battery voltage
of 8.4 volts and a capacity of 920 mA-Hr. Additional protecton and charge regulation
circuitry recommended by the manufacturer were also incladl in this battery pack,
with the nal assembly fully encased in a plastic shrink wrap

A micropower voltage regulator (LT1120, Linear TechnologyMilpitas, CA) was
used to regulate the 8.4 V battery voltage to the required sygy voltages of 2.5 and
5.0 V used by the ICs of the device. Switchable power lines wealso implemented

to supply these voltages to the ICs only when necessary. Faxagnple, the signal
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Figure 2.5 : An image of the custom-made rechargeable battery pack.
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processing front-end of the PACER shown in Figure 2.3 was pewved only during
AEG acquisition. The \Temp 2.5 V" and \Temp 5.0 V" shown in the gure indicate

temporary power supplies. They would be connected to the nelgted power supplies,
\Reg 2.5 V" and \Reg 5.0 V", when the front-end was needed, anavould be left
unconnected otherwise. A step-up DC/DC converter (LT1301L.inear Technology,
Milpitas, CA) was incorporated in the PACER to provide a progammable 5.0 or
12.0 V \Pace Voltage" to the pacing output circuit. Decouplng and bulk capacitors
were added throughout the circuitry to provide reliable andstable power supplies for

all the ICs .

2.2.4 Telemetry

User's commands and digitized AEGs were transmitted betweethe PACER and
the external communication unit using a pair of commercialadio packet controllers,
or RPCs (RPC-433-A, Radiometrix Ltd., Hertfordshire, Engand). The RPC was a
bi-directional transceiver { a combined SAW controlled FM tansmitter and a super-
heterodyne receiver. An SMA connector was added to the RPC whale, for attaching
a commercial quarter wavelength whip antenna rated at 433 MH(ANT-433-CW-
RH, Linx Technologies, Grants Pass, OR). The RPC module canpepackaged, and
had a physical dimension of 32 mm by 54 mm by 16 mm, weighing 3tams. The
antenna was cylindrical in shape, with a length of 54 mm and aiameter of 8 mm.
The RPC had a maximum indoor transmission range of 30 meter<@rding
to the product speci cations. When the RPC was packaged andniplanted in the
animal however, power loss due to the presence of package enal and biological
tissue was expected, resulting in a decreased transmissiange. The RPC provided
RF data transfer automatically { it arranged user-provideddata into a 27-byte long

packet, performed packet framing and error checking, and rdethe packet to the
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complimentary RPC at 433 MHz. Upon receipt of a packet, the R@ passed the
content to a host microcontroller for processing at 40 kBaudtalf duplex. In the
PACER, the RPC was programmed to turn on its receiver every 3sonds, to search
for a \preamble signal" sent by the external communication nit. This \preamble
signal” was used to initiate RPC synchronization and data @nsfer between the two
modules. Once successfully synchronized, data could belextged between the two
RPCs continuously.

Using RF data transfer, PACER interrogation could be done welessly over a
distance. It eliminated the need to tether the animal with chles during the ex-
periment, thus, the animal could remain ambulatory througbut the entire process.
When multiple animals were housed in the same area, researclalso had the ability
to interrogate a particular implanted device. Each PACER hd its own identi cation
number, and would respond to the request of the researchecemmand only when
the ID number was matched. If a foreign ID was received, the REER would remain
inactive for 20 minutes. With this added feature, each implated PACER could be

selectively programmed without interfering with other impanted devices.

2.2.5 MAIN PIC microcontroller

The MAIN PIC microcontroller (PIC16F877, Microchip Techndogy Inc., Chandler,
AZ) was the heart of the PACER. This PIC managed and executed gariety of
operations of the PACER. It was a 44-pin device, running at amstruction speed of
2.0 MHz. The CPU clock was provided by an external 8.0 MHz cri. The primary
functions of the MAIN PIC are summarized below.

Ampli ed and ltered AEGs were passed to the MAIN PIC for analog-to-digital
conversion. Using an external crystal of 32.768 kHz, this €lsampled analog AEGs

at 333 Hz. AEGs within an analog signal range of 0 to 5.0 V werdgitized into
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values with 8-bit resolution.

The MAIN PIC also interfaced with the Radio Packet Controlle (RPC) { the
communication unit of the PACER. The RPC received sensing ahpacing commands
sent by the user, and passed them to the MAIN PIC for interpredtion. In return,
the MAIN PIC provided digitized AEGs to the RPC, which then transmitted the
data to the user.

Based on the received sensing and pacing commands, the MAINCRcontrolled
the parameters of the PACER including the sensing mode, chael gain, and data
acquisition time. Moreover, to prolong battery life, the MAN PIC would enable the
signal processing front-end of the device only when AEG adgiion was needed.

A magnetic proximity sensor was added to the \master-clearpin of the MAIN
PIC, creating a hardware reset for the device. With this feaire, the PACER software
could be reset simply by waving a small magnet within a closeqximity (3 cm) of
the device.

Finally, the MAIN PIC exchanged pacing parameters with the RCING PIC {
the timing control unit of device. As described in Section 2.2, the PACING PIC

was dedicated to handling all the pacing timing and switchig issues.

2.2.6 PIC programming

Both the MAIN PIC and the PACING PIC were CMOS-based ash progammable
embedded microcontrollers manufactured by Microchip Tedology. They each had
14k bytes of program memory for coded instructions. They ashad 368 bytes of
RAM or \ le register” memory for storage of variables. Each RC microcontroller
was equipped with a variety of peripheral devices such as I/@orts, A/D converters,
timers, pulse width modulators and Universal Asynchronoufeceiver Transmitter

(USART). They provided appropriate solutions for this embdded system applica-
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tions.

A software program called MPLAB Integrated Development Environment (IDE)
was used to develop core programs for the MAIN, PACING and oér PIC micro-
controllers used in the telemetry system. Using the IDE, soce code was written in
the PIC's assembly language, tested and compiled prior to @gramming. In addition
to source code development, a full-featured simulator cal MPLAB SIM was pro-
vided in the IDE, for simulating code instructions and periperal functions. Complex
function and computation, such as the numerical di erentiion routine described in

Section 2.2.2, were extensively simulated and tested usiMiPLAB SIM.

After the source code was nalized, it was programmed into # microcontroller
with a PICSTART Plus device programmer. During the prototygng phase, DIP-
package PIC microcontrollers were used and could be prograrad directly with the
PICSTART Plus. For PACER fabrication, surface mount devics were employed and

were programmed using two commercially available adapters

2.2.7 Printed circuit board fabrication & assembly

The PACER circuitry was initially constructed on a prototype breadboard for test-
ing and veri cation. The prototyping ensured that all functionalities met the re-
guirements set forth by the design specications. The comete schematic of the
PACER circuitry was entered using \Design Architect” (Mentor Graphics Corpo-
ration, Wilsonville, OR). Component placement and circuitrouting of the PACER

printed circuit board (PCB) were done using the \Board Staton" suite of tools by
Mentor Graphics (Mentor Graphics Corporation, Wilsonvile, OR). The nal layout

of the PACER PCB was extensively reviewed prior to board falication.

The PACER circuitry was designed on a six-metal layer custormade PCB man-

ufactured by Tek-Tronics (Tek-Tronics Manufacturing Inc, Crystal Lake, IL). There
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were two outer and one inner metal routing layers, and three intlayer power planes
of 0V, 2.5V and 5.0 V. The inner routing layer was stacked beten the ground and
the 2.5 V power planes to reduce noise interference. The whdof all power traces
was increased to lower the trace resistance. The di erentiaput signals were routed
with similar trace length and style to improve common mode jection. In addition,
sensitive analog signal traces were guarded with ground &@s to reduce noise inter-
ference. Each of the metal layers was made from 14 grams of wep The PCB was
laminated with the conventional FR-4 ( ame retardant, woven glass reinforced epoxy
resin) base material.

The PACER board was manually assembled in the laboratory wit ne-pitch sol-
dering techniques, using commercially available comporen To protect the printed
circuit board from possible exposure to moisture in the PACE package, both the
top and the bottom layers of the PCB were sprayed with a siliage resin conformal
coating material (Fine-L-Kote™ HT 2106, Tech Spray L.P., Amarillo, TX) prior to
implant packaging. Images of the top and the bottom layers ad fully assembled

PACER PCB are shown in Figure 2.6(a) and 2.6(b), respectivel

2.2.8 PACER packaging

Titanium enclosure used in the V1 PACER

A titanium box was used to package the early V1 version of theACER. To package
a device with this technique, the printed circuit board, bateries and RPC were
hermetically sealed in a prefabricated titanium enclosuresing tungsten inert gas
welding technique. A reference electrode wire was connetfeom the printed circuit
board to the inside of the titanium enclosure using conduaté epoxy. Eight sensing
electrode wires were routed through a 1 cm diameter opening the titanium can,

and were connected to the 1S-1 lead connectors embedded ie theader. The header
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(b) PCB V2 { Bottom

Figure 2.6 : A new printed circuit board was designed for the V2 PACER, tk top
and bottom layers of this PCB are shown here.
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was molded using a USP class VI biocompatible epoxy called $ty. It held a quarter-
wavelength wire antenna for the RPC and also served as a contor stage for four
pacing/sensing leads. Finally, the header was attached anthe top of the welded
titanium enclosure using Hysol biocompatible epoxy. A phograph showing the

components of a V1 PACER and the titanium enclosure can be fod on Figure 2.7.

Silicone encapsulation technique used in the V2 PACER

To package a PACER with this alternative technique, the compnents of the PACER
including the printed circuit board, battery pack and RPC wee bundled together
and wrapped in Kaptori polyimide tape prior to molding. Figure 2.8(a) and 2.8(b)
depict the device contents before molding. A thin layer of bmedical grade silicone
elastomer (Silasti€ MDX4-4210 BioMedical Grade Elastomer, Dow Corning Corpo-
ration, Midland, MI) was poured into a rigid plastic disposdle mold. Once this layer
of the silicone elastomer had cured, the wrapped PACER compents were placed
above it in the mold. Eight sensing electrode wires from the AZER board were
connected to the 1S-1 standard lead connectors using contiue epoxy. These IS-1
lead connectors were suspended in the mold using four staiss steel rods, creating
the cavities needed for pacing/sensing lead insertion. Afezence electrode wire from
the PACER board was threaded through a small opening on the gudtic disposable
mold to the outside of the package. This wire would later be omected to a titanium
plate that was used as the reference voltage electrode of tthevice.

Four charging wires from the PACER board were threaded thragh a silicone tube,
creating the charging cable. The cable assembly was tunreliarough an opening in
the mold to the outside of the package. These four chargingnes were connected to
two bipolar skin electrodes (MS303/71, Plastics One Inc.,danoke, VA), which made

up the connector unit of the charging cable. The connector itrwould be used for
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Figure 2.7 : This image depicts the V1 PACER initially used in this work.
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(b) PACER V2 content { Bottom

Figure 2.8 : These images illustrate the contents of the V2 PACER, whichvere
bundled and wrapped in polyimide tape prior to the molding pocess.
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the battery recharge process. To keep the electrical contadree from moisture and
dust, the electrodes at the connector unit were covered wittemovable caps when

not in use

Once all the interconnections were made and the componentoperly arranged,
a second pour of the silicone elastomer was performed. Abdili0 grams of the sil-
icone elastomer and 15 grams of the curing agent were thordilyg mixed at room
temperature. Entrapped air introduced during the mixing pocess was removed by
exposing the material to a vacuum of 560 mmHg for 15 minutes. h€ silicone elas-
tomer mixture was then poured into the prepared, assembledaid to the desired
package thickness. The thickness of the device was somewadiitrary, but all con-
tents of the mold were generously covered by the silicone stlamer mixture. Air

pockets introduced during pouring were removed with a ne reglle and a syringe.

The silicone elastomer was cured at room temperature for 2édrs. Small air
bubbles that surfaced during this time were removed with a twthpick. After 24
hours, the mold was placed in an oven at 7& for 30 minutes to complete the curing
process. The PACER package was removed from its plastic dosgable mold once the

silicone elastomer was su ciently cured.

To complete the packaging process, the four stainless steetls used to suspend
the 1S-1 lead connectors were extracted from the package. i$Heft the connectors
properly embedded in the cured silicone, and created fourties for pacing/sensing
lead insertion. Using a medical adhesive (SilasticMedical Adhesive Silicone Type
A, Dow Corning Corporation, Midland, MI), eight silicone s@ta were epoxied onto
the PACER package to protect the 1S-1 connectors from exposito moisture and
corrosion when the PACER was implanted in the animal. For fuher protection, a
small amount of the silicone elastomer was used to cover angiakthe septa. Any

gaps found on the PACER package were sealed using the medmdhesive to prevent
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uid leakage into the device. Finally, the reference eleatrde wire from the PACER
board was connected to a 62mm by 22 mm titanium plate using cduactive epoxy.
This metal plate was glued onto the outer surface of the PACERSsing adhesive; it
served as the reference voltage electrode during sensingva#l as in unipolar pacing.

Images of the V2 PACER and the charging cable are shown in Figu?2.9.

2.3 PACER battery charger

2.3.1 Rechargeable battery selection

The power source selected for the PACER was a custom-madespnatic, lithium-ion
rechargeable battery pack (Section 2.2.3). There are seaknotable features of this
battery. First, the battery does not exhibit a memory e ect, meaning that it can
be recharged at any state without rst being completely didtarged. Second, the
battery recharges via a chemical reaction during which no g&ormation occurred.
This is critical because when the battery is sealed in an aight container like the
one of the PACER, gas formation can potentially cause an exgdion. Finally, the
battery has a long cycle life of 500 and can operate over a witgmperature range of
-20 C to +60 C. Thus, this battery pack was best suited for the PACER apptiation,
where requirements such as compatibility with an enclosedrgght package, repeated

discharge and recharge, and operation at high body tempeusie were essential.

2.3.2 Charger circuitry

Based on the recommendation by the battery manufacturer, aconstant current/
constant voltage" (CC/CV) charging algorithm was needed fothe rechargeable bat-
tery pack. During the CC phase, the charger circuitry suppéid to the battery a
steady charge current at 1C (1 Capacity), until the battery reached its nal voltage.
At this point the charger circuitry would switch over to the CV phase, adjusting the
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(b) Another view of the PACER showing its
thickness

(c) Connector unit of the charging cable

Figure 2.9 : Photographs showing the PACER and the connector unit of theharging
cable. This fully packaged PACER was sterilized with ethylee oxide gas prior to
implantation in animal.
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current as necessary to hold the battery at its nal voltage.With this charging proto-
col, about 80% of the battery capacity was restored in the CChase. The CV phase
restored the remaining 20% at a slower rate. According to theattery speci cations,
the time to complete the CC phase varied based on the batteryagus, but the CV

charging phase could be achieved in under 50 minutes.

To provide this CC/CV charging algorithm for the battery pack, a battery charger
controller IC was used (LT1571-1, Linear Technology, Milpas, CA). The maximum
charge current and the desired battery voltage were both cagurable on this IC.
The charge current was internally controlled and adjusted dsed on these two user-
de ned parameters. The maximum charge current was con guceto 820 mA, and

the battery voltage was set at 8.4 V.

This IC required a precise feedback of the battery voltagé/{g ) in order to adjust
the charge current (charge) accurately at all times. Because the amplitude Ofcharge
was set at a high value of 820 mA, even a small resistance on ffath (the resistance
of the charging cable, for example) could cause a signi cambltage drop, a ecting
the accuracy ofVrg sensed by the IC. To address this issue, two battery voltage
sensing lines (\Sense POS" and \Sense NEG") were added angarated from the
battery charging lines (\Charge POS" and \Charge NEG") in the charger circuitry.
As illustrated in Figure 2.10, these two sensing lines wereilered and di erentially
ampli ed with unity gain. The output of the di erential ampl ier thus represented
the true voltage of the battery and was connected to th&gg pin of the IC.

Two optional functions of the charger controller IC { FLAG ard SHUTDOWN
{ were utilized to appropriately handle the end-of-charge qmcedure. The charger
controller IC provided a FLAG signal, which generated a higho-low transition when
the charge current dropped below 20% of the maximum. This FL@ signal was fed

into a PIC microcontroller (PIC16F628, Microchip Technolgy Inc., Chandler, AZ),
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Figure 2.10 : A schematic of the charging and sensing paths of the charggrcuitry.

To provide a precise feedback of the battery voltage to the ahger controller IC at
all time, the two sensing lines were separated from the chamg lines. By adding two
bu ers to increase the input impedance at these sensing lisethe battery voltage
could be accurately measured.
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to indicate a \near charge completion” status. When the PIC dtected a transition
on the FLAG signal, it would turn on a yellow LED to notify the user that the charger
was in the nal \CV" phase. The PIC would also start a 50 minutetimer, to count
down the nal charging phase. At the end of the 50 minute perid, the battery was
su ciently charged and the charger could be shut down. The RT switched on a
green LED to indicate \charge completion" to the user. To preent overcharging, the
PIC would pull the SHUTDOWN pin of the charger IC to low, causnhg the charge
current to drop to 150 A. This shutdown procedure was implemented as a safety

measure in case the user did not power o the battery chargempon completion.

2.3.3 Packaging

The components of charger circuitry including the chargeromtroller IC, di erential

ampli ers and the PIC microcontroller were assembled and p#aged in a plastic
instrument enclosure. A photograph of the charger contrat is shown in Figure
2.11. Four pin-style receptacles were included in the enslge, for connection to the
bipolar electrodes of the PACER using appropriate conneciy cables. Two voltage
regulators were added to the circuitry to step down an 18 V ing and provide 12
and 5 V supplies to the circuit. An AC power adapter was used toonvert the 110
V AC outlet to an 18 V DC supply for the charger. A hospital-grale power cord was
chosen for the charging system, to ensure grounding relityi and minimal leakage
current. A toggle switch was added, to immediately power dawthe charging system

when necessary.

2.4 External communication unit

The external communication unit consisted of two major comgnents: a commu-

nication box and a graphical user interface (GUI) running ora computer. The
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Figure 2.11 : A photograph of the battery charger.
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communication box contained all the necessary circuitry f@reparing and decoding
programming commands and AEG data to be transferred back aridrth between the
PACER and the GUI on the computer. The GUI was a software progim designed
to provide a user-friendly control environment for interrgating the PACER and dis-
playing AEGs. Details of the graphical user interface are deribed in Section 2.5. A
block diagram illustrating the relationship between the components of the external

communication unit and the PACER is shown in Figure 2.12.

2.4.1 Communication box

Inside the communication box, it housed a complimentary rad packet controller
(RPC) similar to the one found in the PACER. Unlike the RPC in the PACER which
was programmed to wake up from an energy-saving mode to sdafor a \preamble
signal" every 3 seconds, the RPC in the communication box wastive as long as
power was supplied. This RPC acted as a \master" that initiatd and governed RPC
synchronization and data transfer between the communicatih box and the PACER
via a frequency modulated signal at 433 MHz. The antenna in ghcommunication
box was a commercial quarter wavelength whip antenna rated a frequency of 433
MHz (ANT-433-CW-HD, Linx Technologies, Grants Pass, OR). Fis antenna had a
rugged outer layer, with a length of 89 mm and a diameter of 14m

The following sequence was used to establish data transfeztlveen the PACER
and the communication box. The master RPC in the communicatn box would
rst send out a 27-byte long \wake-up" packet. The slave RPCnside the PACER
would respond to the wake-up request and signal the MAIN PIC mrocontroller
to verify the identi cation number (ID) sent in the packet. If a foreign ID was
received, the MAIN PIC would turn o its slave RPC and remainal inactive for

20 minutes. However, if the ID received matched the PACER IDthe MAIN PIC
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Figure 2.12 : A block diagram illustrating the relationship between thecompo-
nents of the external communication unit and the PACER of themplantable cardiac
telemetry system. The external communication unit consisd of two major com-
ponents: 1) communication box, and 2) graphical user inteate (GUI). The com-
munication box prepared and decoded programming commandadaAEG data to

be transferred back and forth between the PACER and the GUI. fie GUI on the
other hand, provided a user-friendly control panel for inteogating the PACER and

displaying AEGs sent by the PACER.
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would switch its slave RPC to an active transmission mode, sghronize with the
master RPC, and send an \acknowledgment" packet back to the aster. Once an
acknowledgment was received, the master RPC would transniid the slave another
27-byte long \instruction" packet, containing all the userde ned pacing and sensing
parameters. Upon receipt of this packet, the slave RPC woulgass the information
to the MAIN PIC microcontroller for interpretation. During each AEG acquisition
event, a user-de ned length of AEG would be requested in thdanstruction” packet.
The PACER collected the AEG requested, passed them to the s RPC, which in

turn transmitted them as AEG data packets back to the master.

Depending on the number of sensing channels selected, the G\lElata packet
transmission rate varied. Note that the RPC had a packet sizef 27-bytes and the
PACER had a sampling frequency of 333 Hz. When four channeleme selected for
AEG acquisition, six samples from each channel would Il a pet, leading to a
packet transmission frequency of 55.5 Hz. For acquisitiomoin 3, 2, and 1 sensing
channel(s), the rates were 41.7, 27.8, and 13.9 Hz, respesly. When the slave RPC
nished sending the requested length of AEG data, the MAIN RC would switch the
slave RPC back to an energy-saving mode, and would wait forémext data transfer
sequence.

The communication box also contained its own PIC microcontiler (PIC16F876,
Microchip Technology Inc., Chandler, AZ). One of the tasks fothis PIC was to
interface with and provide handshaking to the master RPC toresure accurate digital
data transfer. The PIC performed the necessary format comson between the
ASCII character convention used by the GUI and the simple 8#digital format used
in the PACER. This PIC microcontroller also interfaced to a R5-232 driver/receiver
in the communication box which connected the data stream tdie RS-232 serial data

standard used by the GUI. All the circuitry described above @as constructed using
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commercially available devices built on a prototype board.

There were two di erent methods used to communicate infornteon between the
communication box and the graphical user interface on the sguter. First, infor-
mation could be transferred directly to the computer via a R32 link during close
range interrogation. Alternatively, a TCP/IP (Transmission Control Protocol/ In-
ternet Protocol) data transfer scheme could be used for remeointerrogation. Details

of the two methods are described below.

2.4.2 RS-232 for close range interrogation

PACER interrogation could be performed within close proxinty of the animal us-
ing an RS-232 data transfer scheme. All the circuitry of theanmunication box
previously described was packaged in a small plastic handthease. This handheld
communication box was connected directly to a laptop compat with a 24 AWG se-
rial cable. The user placed the handheld communication boxitwin a 5-meter range
of the animal implanted with a PACER, and remained in the sameoom as the an-
imal throughout the interrogation process. Using the grapbal user interface, the
user could select di erent pacing and sensing commands to bent to the implanted
PACER via the handheld communication box. Similarly, the hadheld unit would
receive AEG data from the PACER, and pass it to the graphical ser interface for

immediate display. An image of this handheld unit is shown ifrigure 2.13.

2.4.3 TCP/IP for remote interrogation

Another method of PACER interrogation was through a TCP/IP network connection
with which remote AEG acquisition and PACER programming wagossible. A block

diagram of this convenient system is shown in Figure2.14.

Similar to the RS-232 data transfer scheme, the user wouldlset pacing and
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Figure 2.13 : An image of the handheld communication unit for close rangaterro-
gation.
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Figure 2.14 : A block diagram illustrating the remote PACER interrogation system
using a TCP/IP link. Data transfer between the GUI and the PACER was bidi-
rectional { not only that AEGs could be acquired from a remotdocation, but the
PACER could also be programmed using this system, eliminatj the need to remain
in close proximity of the animal during the experiment.
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sensing commands to be sent to the implanted PACER using thergphical user
interface on a computer terminal at a remote location (for eemple, the user's o ce).
These commands were sent to a wireless access point locatedhe veterinarians'
o ce in the Vivarium building, using TCP/IP via an Ethernet ¢ onnection with a
link speed of 100 Mbps. From the wireless access point, commda were sent to
a handheld personal digital assistant (PDA) device (Sharp airus SL-5500, Sharp
Electronic Corporation, Mahwah, NJ), housed in a communiden box placed at the
animal housing facility. The communication between the weless access point and
the PDA was achieved via wireless LAN, at a rate of 11 Mbps. Cqgrarable to the
handheld communication box, this remote communication bokad all the essential
components to exchange information between the PDA and the aster RPC. All
the components were stored in a rugged, watertight protes# case, mounted inside
the animal's cage with cable ties. An image of the remote conumication box is
shown in Figure 2.15. From the master RPC, the data transfercheme between
the communication box and the PACER was identical to that of he RS-232 link
previously described. This remote PACER interrogation syem was bi-directional,
hence, AEG data packets were sent back to the user via the sampath and were

displayed on the GUI immediately.

2.5 Graphical User Interface (GUI)

The graphical user interface (GUI) was a control applicatio, for interrogating the
PACER and for displaying the collected atrial electrogramqAEGS) sent by the
PACER. The interface was created in LabVIEW graphical develpment environment
(LabVIEW Express version 7.0, National Instruments Corp.Austin, TX).

To program a PACER the user would rst select and de ne all prgrammable

features such as pacing/sensing parameters, PACER identation number, and data
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Figure 2.15 : Remote communication box used in TCP/IP-based data transf.
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acquisition time using the menu rings, dials and control babns on the GUI. Next,
the GUI compiled these user commands into a string of ASCII ehacters. This
ASCII string was sent to the handheld communication box seily when RS-232
data transfer scheme was used. When remote interrogation svdesired, the TCP/IP
functions in LabVIEW were utilized to send the ASCII string over the network to
the remote access point located at the Vivarium and subsequby, to the remote
communication box. Once the ASCII character string containg user commands
reached the communication box, it was sent to the PACER usinthe RPC. On the
return path, the PACER would collect and send AEGs back to thecommunication
box and the AEG data would be relayed to the GUI via the same rda. The GUI
would decode the AEG data received, generate pacing outconmdormation, and
nally graph the resulting 4 channels of electrograms apppiately on the screen.
Using the GUI implemented in LabVIEW, the pacing algorithm ad sensing pa-
rameters could be con gured in an easy-to-use control engimment. Also, with the
AEG graphing window incorporated onto the same control parheit eliminated the
need to use another software for plotting and displaying AES A snapshot of this
GUI is shown in Figure 2.16. With this comprehensive user iatface, the entire
PACER programming plus AEG data display process took placenijust a few sec-
onds. It allowed user to test pacing algorithms and see thesdting electrograms

on-the-y.

2.5.1 Implementation and features

LabVIEW is a powerful graphical programming language. The Gl of the im-
plantable cardiac telemetry system was implemented in 9 ssences, executed con-
secutively during each data acquisition event. The functits of each sequence are

summarized below:
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Figure 2.16 : A snapshot of the graphical user interfaced implemented itabVIEW.
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Frame O { Initialization. De ne data array, reset outputs, and import total
transmission time counter from a le. Open serial port or TCPIP connection

for communication.

Frame 1 { Compile and send a 54-character long \wake-up" comand to the

desired PACER, initiating data communication.

Frame 2 { Wait in a loop to receive a 60-character long \acknoledgment"

packet from the PACER indicating that it is ready to receive ser commands.

Frame 3 { Compile and send a 54-character long user-de nednstruction”

command to the active PACER.
Frame 4 { Store the user-de ned settings sent to the PACER in deader le.

Frame 5 { Wait in a loop to receive AEG data from either the sesl or the
TCP/IP port. Count the number of samples received until the g&pected sample
number has been met. If data packets are missed or lost duritginsmission,
move to the next frame after a 10-second wait time and notifyhie user of the

number of missing packets.

Frame 6 { Receive AEG data as an ASCII character string. Groudata points
into appropriate sensing channels, convert into 8-bit nundrs and arrange in a
2-dimensional data array. Interpret the synchronous pacgresult encoded in
the last data packet as success or failure and save it in thedder le. Close

the serial or TCP/IP connection.

Frame 7 { Plot the AEGs from the data array on the control panel Optionally,
apply \noise- Itering" prior to data display. Also display success or failure of

synchronous pacing attempt in the message window.
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Frame 8 { Give the option to save the received AEG data along wi the header
as a text le for future analysis and processing. Generate ehame from the

date and time-stamp of the data acquisition event.

In addition to the core function described above, many optital and convenient
features were implemented in the GUI to facilitate data codiction and to provide
useful information to the user. For example, the total transiission time was updated
continuously, to help estimate the battery capacity remaimg in the PACER. An
optional RF noise lItering function was designed, to elimiate unwanted amplitude-
modulated transmission noise in the signals. During a dataquisition event, progress
was frequently reported to the user on a message window, arttetnumber of data
bytes received was incremented in a real-time counter. Fdn¢ TCP/IP data transfer
scheme, the remote communication box could be reset with agiuof a button on the
GUI. The remote communication box could also be programmea ta power-saving

sleep mode for a user-de ned period of time.

2.5.2 Automatic data acquisition

An automated data acquisition feature was added to the grajtal user interface to
be used with the remote PACER interrogation system. To use th unique feature,
the user would rst select a time for the data acquisition ew&t, and also the pac-
ing/sensing commands to be sent to the PACER during the evenCommands were
then stored in the GUI, and were sent automatically to the PAER at the scheduled
time. The AEGs received from the PACER were saved in a le foruture review.
Multiple data acquisition events could also be scheduled advance. The GUI would
put the remote communication box in a power-saving sleep medn between data
acquisition events to prolong the battery life of the box. W this convenient au-

tomated feature, programming commands could be sent regdiaand promptly at
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scheduled times without the user's attendance.

A hierarchical structure in LabVIEW was utilized to implement this automatic
data acquisition system. First, the conventional versionfathe GUI previously de-
scribed in Section 2.5.1 was con gured as a \sub-virtual ifment”, or \sub-vi".
With this con guration, the conventional GUI could be called in another user inter-
face, much like a custom-built function. The primary operabn of this sub-vi was to
accept programming command input, send it onto the PACER, ahgenerate a data
le from the received AEGs. Second, a new automatic data actgition interface was
designed. This interface allowed the user to assign the pagisensing commands to
be sent to the PACER, assembled these commands into ASCII chater strings, and
stored them on the computer. At the speci ed time, these ASQIcharacter strings
were passed to the conventional GUI sub-vi one by one. The subwould save the
collected AEG data automatically. At the end of a data acquision event, the auto-
mated interface would program the remote communication baxto sleep mode until
the time of the next scheduled data acquisition event. The s could monitor the
progress of the data acquisition events on a message windand could also choose

to abort the process at any time.
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Chapter 3

Evaluation Methods

The performance of the implantable cardiac telemetry syste was evaluated thor-
oughly both on the testbench andn-vivo. The electrical characteristics of the system
were studied on the testbench. Sensing, pacing and timingcagacy, power consump-
tion, charge characteristics and packaging were tested aedaluated. The telemetry
system was also evaluateth-vivo by implanting a total of four PACERS in sheep
over the course of 3 years. AEGs were collected, AERPs wereasered, and various
features of the PACER were exercised to validate their desig. Chronic pacing and
anti-tachycardia pacing (ATP) were delivered to the atria b showcase the capabilities
of the telemetry system in providing these sophisticated p#&ng protocols. Their use-
fulness in AF induction and de brillation was also tested. krthermore, in the event
of system failure, the device was explanted and thoroughlxa&mined to identify the
cause of failure. These evaluation methods con rmed the dgs speci cations and

proper operation of the telemetry system.
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3.1 Testbench evaluation
3.1.1 Sensing

The sensing capability of the PACER was tested using the expmental setup shown
in Figure 3.1(a). To simulate the tissue impedance, a bath @.9% sodium chloride-
deionized water solution (4:1) was used. A function genert (33220A, Agilent
Technologies, Inc., Palo Alto, CA) supplied atrial electrgrams of programmable
amplitude to the saline bath. Four commercial sening/pacip leads were submerged
into the saline and connected to the PACER. A metal plate waslaced in the bath and
also connected to the PACER to represent the reference vaifa electrode. Unipolar
and bipolar sensing were exercised in this test and the acopd signals were examined
on the graphical user interface. The saline bath was later me@ved and the outputs
of the function generator were connected directly to the PAER inputs to determine
the e ective sensing amplitude range. The magnitude of theest signals was varied
until saturation was observed on the GUI. This test was repéed for all three gain

settings.

3.1.2 Pacing and timing accuracy

The experimental setup shown in Figure 3.1(b) was used to tethe pacing voltage
and the timing accuracy of the pacing pulses. A 750 resistosimulating a cardiac
load was placed across the \Ring" and the \Tip" electrode oytuts of one of the
pacing channels. The PACER delivered bipolar, biphasic pangy and the di erential

voltage of the two electrodes was measured with a digital akbascope (WaveMas-
ter 8300A, LeCroy Corporation, Chestnut Ridge, NY). Measwement of the e ective

pacing voltage was repeated for low and high voltage pacinyarious timing spec-
I cations of the PACER including pulse width and cycle lengh were measured and

veri ed with the oscilloscope using the same setup.
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Figure 3.1 : Experimental setup for evaluating the sensing and pacingapabilities
of the implantable device.
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3.1.3 Power consumption

The supply current of the PACER was measured under di erentensing and pacing
conditions using the experimental setup illustrated in Figre 3.2. Instead of using a
battery pack, a power supply (1760, B&K Precision Corp., Ydra Linda, CA) was
used to power the PACER. A 1.5 resistor was placed in seriesf the input voltage
path, and the voltage across this resistor was ampli ed withan instrumentation
ampli er. The output voltage of the ampli er was proportional to the supply current
drawn by the PACER by a known calibration factor. The output wltage of the
instrumentation ampli er was continuously monitored usirg a digital oscilloscope,
to measure the supply current requirement of the PACER undedi erent operating

conditions.

3.1.4 Charge characteristics and packaging

To study the electrical characteristics of the battery packand the charger, a simple
circuit was set up to measure the charge current and the batte voltage throughout

the recharge cycle. A depleted battery pack was connected tioe PACER and to

the charger circuitry. A handheld multimeter (187, Fluke Cop., Everett WA) was

con gured as an ammeter and placed in series of the charge m@nt path. Another

multimeter was used to record the voltage at the battery ternmals. Both the charge
current and the battery voltage were recorded every 5 minuseuntil the charger
indicated \charge completion" and the battery capacity wadully restored.

Lastly, a simple water bath test was conducted to study the esctiveness of silicone
encapsulation in preventing uid from leaking into the devce. A bath of deionized wa-
ter was prepared, and was dyed with food coloring. Four commugal sensing/pacing
leads were connected to the PACER, and the assembly was sulbgeal into the water

bath. The operation of the PACER was monitored daily for at last 10 days, and the
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appearance of the device was examined to look for uid leakag

3.2 In-vivo evaluation
3.2.1 Implantation procedure

The implantation procedure was performed in accordance Wita protocol approved
by the Duke University Institutional Animal Care and Use Conmittee. Prior to
implantation, the PACER, the pacing/sensing leads, and theequired accessories used
during implantation were sterilized with ethylene oxide ga. A sheep was sedated with
ketamine hydrochloride (15-22 mg/kg, IM) and anesthetizedavith iso urane gas (1-
5%). Once anesthesia was achieved, endotracheal and ortgasubes were placed.
An IV line was established and a continuous IV infusion of 098 sodium chloride was
maintained throughout the procedure. Surface ECG and hearate were monitored

continuously.

To implant the PACER and the leads, the right side of the animbs neck was
rst prepared and draped using sterile technique. A skin insion was made over the
right external jugular vein. With the aid of uoroscopy, padng/sensing leads were
advanced transvenously into the right atrium (RA). Two 7 Fr Tendril" active xa-
tion leads (Bipolar 1488T, 58cm, St. Jude Medical, Inc., Sunyvale, CA, USA) were
positioned and xed onto the high RA appendage and the antesr RA appendage.
A 9 Fr AV Plus" pacing lead (DX Bipolar, 1368, 65 cm, St. Jude Medical, Inc.,
Sunnyvale, CA, USA) was guided into the coronary sinus. Thikad had two pairs
of electrodes spaced 12 cm apart. The placement of this leadsnadjusted until the
proximal electrode pair was near the ostium of the coronaryiralis, and the distal
electrode pair was near the left ventricle. After satisfacry placement, all leads were
connected to the PACER. The charging cable of the PACER was gied through

the subderma and the muscle layers of the animal, and the cautor unit of the
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charging cable was tunneled to a small skin incision made ohet back of the neck.
The connector unit was sutured securely to the skin. A subcabheous pocket was
made by blunt dissection between the subderma and the musdbger of the neck.
The pocket was treated with an antibiotic lavage, the PACER s inserted, and the
wound was sutured in two layers. The animal was allowed to rag consciousness,
and buprenorphine (0.005-0.01 mg/kg, IM) was administerefibr analgesic purposes.
After the animal was fully conscious, it was returned to the Warium and monitored
daily. The animal was allowed to recover for 1 week during wth time prophylac-
tic antibiotics and analgesics were administered as neededor to beginning the

experimental protocol.

3.2.2 In-vivo demonstrations of system functionalities

In addition to testing and validating the operation of variaus design features of the
implantable cardiac telemetry systemin-vivo, the capabilities of the system were
also demonstrated through two protocols. In \Demonstratia A" the chronic and
programmable S1-S2 pacing functions were showcased, byigdically measuring the
atrial e ective refractory period (AERP) of the animal while chronic pacing was in
progress. In \Demonstration B", the anti-tachycardia pacng (ATP) function of the

system was illustrated by inducing AF and delivering ATP in hie animal.

Demonstration A

The primary goal of this demonstration was to showcase the efsiiness of chronic and
programmable pacing features of the telemetry system. Chriz rapid atrial pacing

was delivered to induce atrial electrical remodeling in th@nimal. This remodel-
ing process was characterized by the shortening of the AERRjeasured using the

programmable S1-S2 pacing feature of the system.
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The implantable device was programmed to chronically paceoim one channel
in the right atrial appendage at a constant cycle length. Theacing amplitude was
xed at 5.0 V and the diastolic threshold was obtained by varing the pacing pulse
width. The diastolic threshold was de ned as the shortest dae width that elicited
consistent atrial response. All pacing was then performed a pulse width of twice
that of the diastolic threshold. During the chronic rapid atial pacing phase of this
demonstration, the AERP was measured at least once daily. €conventional S1-S2
pacing technique (see below for details) was utilized to nea&re AERPs with the
telemetry system. When the AERP stayed within 5 msec of the pwvious measure-
ment for at least 48 hours, the AERP was considered stable amtironic pacing was
discontinued. During the subsequent recovery phase, the RIP was again measured
at least once daily. Measurements continued until the AERPeturned to within 15

msec of the initial baseline value. At this point, the demongation was complete.

Demonstration B

The main objective of this demonstration was to showcase theésefulness of ATP
functionality of the telemetry system. This was done by indaing AF in the animal
and examining the e ect of various ATP protocols. The demortgation was further
divided into implant and acute portions.

During the implant portion, a V2 PACER was programmed to chronically pace
from one channel in the right atrial appendage at a low voltagyand a cycle length
of 150 msec. The diastolic threshold was determined and pagiwas set at a pulse
width of at least the measured threshold. During the initial3-day period, AERP was
measured with a S1 cycle length of 300 msec at every few housing the telemetry
system. When the AERP was stable, measurements stopped anidranic pacing

continued. During this AF induction phase, three di erent ATP protocols at pacing
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cycle length between 20 to 200 msec were delivered. Pacindtage of either 4.0
or 10.0 V was also used. The purpose of delivering ATP durindiis phase was
to determine if arrhythmias could be provoked by ATP. After AF was successfully
induced and persisted in the animal, ATP therapy began. Dunig each ATP attempt,

a protocol was randomly delivered and post-ATP AEGs of at lest 2 seconds were
collected. The intrinsic AF cycle length was estimated andhe ATP cycle length was
adjusted. ATP therapies were repeated until successful choversion was observed.
After cardioversion, the demonstration returned to the AF mduction phase. If AF

was re-induced, the ATP therapy cycle was repeated.

Upon completion of theimplant portion, a nal study was performed in anacute
setting for comparison. Surgical techniques similar to trs@ described in Section 3.2.1
were used to prepare the animal. A skin incision was made onethight side of the
neck to expose the implanted device. The four pacing/sengifeads were disconnected
from the PACER, and the device carefully removed. With the a of uoroscopy, the
positions of the leads inside the right atrium were veri ed.The leads were connected
to a second V2 PACER and the nal acute study began. Various dggn features of
the V2 PACER were tested and validated again in this acute sehg. An identical
ATP methodology to that outlined above was used { cycles of Ainduction and ATP

therapy were repeated until a su cient number of ATP trials were obtained.

3.2.3 S1-S2 pacing technique

A S1-S2 programmable pacing technique was used throughotnetin-vivo demon-
strations of the system to estimate the atrial e ective refactory period (AERP)

[60][61][62][63]. A train of electrical stimuli (S1s) of xd cycle length was delivered
repeatedly to an atrial location. The objective of the S1 paeg was to excite the

atrial tissue consistently with all the S1 pulses. Immediaty following the last S1,
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a premature stimulus (S2) was delivered. The success or tmé of the S2 to elicit a
response was determined from the AEG and recorded.

Each AERP measurement began by using a long S1-S2 couplingemal. The
coupling interval was then shortened by 5 ms in subsequentains until the S2 stim-
ulus fell into the refractory period and could no longer actate the tissue. As a
result, the AERP was determined and de ned ashe longest S1-S2 interval that did

not cause an atrial activation

3.3 Data and system analysis

Using the collectedin-vivo data, AEGs were plotted, reviewed, and additional data
analysis was performed. All data processing was done in theAVLAB environment
(The MathWorks, Inc., Natick, MA). A conversion factor was sed to convert each
electrogram saved with the telemetry system in 8-bit A/D leels (0-255) to AEG

amplitude in mV. The following equation was used:

500amV  (A=D 128)
Gain 256

Amplitude(mV) = (3.1)

whereGain was 150 for the low, 625 for the medium and 2500 for the high 8eg.

3.3.1 Maximum cross-correlation estimate (MXC)

On some collected AEGs, for example post-ATP and AF electrogms, it was desir-
able to quantify the atrial spatial organization. This was @ne using a time domain
cross-correlation algorithm. In brief, a xed time segmentlength T) of the electro-
gram of interest was rst extracted from each sensing chanheThe signals were then
normalized, and the mean adjusted to zero. Next, a cross-celation estimate was

computed for each pair of signals using Equation 3.2. Assurtteat two time series
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X(t) and y(t) of length T were collected at two di erent locations, the cross-correlation

C( ) at a given time delay was de ned as:

P o
)= pp O Xyt ) 9]

T x2 () y)? 52

C( ) was calculated for all -T T, resulting in a cross-correlation series of
length 2T. Each data point on the cross-correlation seriegpresented the similarity
of the two signals at time delay . The denominator in equation 3.2 normalized the
correlation coe cients, suchthat-1 C( ) 1. Typically, only one cross-correlation
value € is extracted to represent the similarity between the two sés during the time
segment T. For the purpose of this work, the maximum cross-gelation estimate,
namely MXC, was reported from each cross-correlation comjation. When multiple
sensing channels were available resulting in several MXCx f given time segment

T, their average was used to represent the atrial spatial oagization for that episode.

3.3.2 Post-study investigation

A few features of the PACER failed during thein-vivo evaluation phase. Therefore,
a post-study investigation of the device was conducted to tigEmine the cause. The
physical appearance of the PACER was visually examined to adtify and locate
possible leakage sites. The explanted device was cut opendahe components
removed from the package. The device integrity was mainta@a as much as possible
in order to e ectively replicate the observed failure on theestbench. An experimental
setup similar to that discussed in Section 3.1 was used to esaluate the electrical
characteristics of the explanted device. When needed, therdormal coating of the
PCB was carefully removed and the area cleaned with isoprdpglcohol. When
necessary, components of the PCB were resoldered or repthte help identify the
location of the circuit failure.
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Chapter 4

Results

4.1 Testbench evaluation
4.1.1 Physical characteristics

There were a number of design di erences between the V1 ancetv2 PACERS, thus,
their physical characteristics di ered substantially. The PCB in V1 was \L-shaped"
with a connector for directly attaching the RPC to the board. The board dimensions
were approximately 42 mm by 70 mm. A primary battery and a simig wire antenna
were used for the V1 device, and a titanium enclosure techuig was employed to
package the device. A photograph showing these PACER compns can be found
in Figure 2.7. The dimensions of a fully assembled V1 PACER v&110 mm by 80
mm by 25 mm, with a volume of 220 cr

For the V2 PACER, the printed circuit board was fabricated am assembled using
the technique described in Section 2.2.7. The board was raogular in shape, with
dimensions of 42 mm by 63.5 mm and a thickness of 0.9 mm. Thelyuhssembled
board with components weighed 12.3 grams and had a maximumidig of 9.2 mm.
Images of the top and the bottom layer of a fully assembled V2olard can be found

in Figure 2.6(a) and 2.6(b), respectively. A custom-made chargeable battery pack,
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shown in Figure 2.5, supplied power to this PCB. The dimensis of the battery pack

were 50 mm by 70 mm by 7.3 mm and it weighed 50 grams.

Prior to molding, the PCB was bundled and wrapped in polyimid tape with the
battery pack, the RPC and the magnetic proximity sensor. Figre 2.8(a) and 2.8(b)
depict the device content before packaging. The physicalrdensions of the PACER
were 58 mm by 85 mm by 40 mm, and it weighted 243.8 grams. The woie of the
V2 PACER was 197 cm, showing a size reduction of 10% over V1. The nished
charging cable was 3.5 mm in diameter and 25 cm in length with@nnector unit of
7 mm in base diameter and 24 mm in length. Photographs of the VRACER and

the charging cable are shown in Figure 2.9.

Prior to implantation, the packaged PACER was placed in a denized water bath
for 12 days to test the reliability of the encapsulation. ThePACER survived this

experiment, and remained operational throughout the test griod.

The external components required by the telemetry system weealso successfully
built and tested. The handheld communication box used for ate-range PACER in-
terrogation and described in Section 2.4.2 was constructadd tested. Its dimensions
were 145 mm by 90 mm by 30 mm. An image of this handheld unit is@hn in Figure
2.13. The remote communication box with TCP/IP capability was also assembled
and tested. As shown in Figure 2.15, the necessary comporeeiif this box were
stored inside a rugged container measured 270 mm by 250 mm k5Imm. Fur-
thermore, three graphical user interfaces were implemendt@according to the method
presented in Section 2.5. One was used in close-range inbgation, one for remote
interrogation using TCP/IP, and one for automatic data acqusition. A snapshot of
one of these user-friendly control panels is shown in Figuel6. Finally, the battery
charger circuit was built as a system accessory. Its physia@imensions were 80 mm

by 150 mm by 50 mm. An image of the charger is shown in Figure 2.1
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4.1.2 Electrical characteristics

The sensing capability of the PACER was rst evaluated on thetestbench. Test
signals of various magnitude were supplied to the PACER aspat to determine
the e ective sensing amplitude range. The maximum amplitud of the input signal
measured without saturating the collected waveform on the @& was 50 mV for the

low gain, 8 mV for the medium gain, and 3.6 mV for the high gainedting.

During low voltage biphasic pacing, the e ective pacing védge measured at the
electrodes was 3.44 V during the rst phase, and -3.54 V in theecond phase. For
high voltage pacing, the e ective voltage was 10.08 V and -1I3B V in the rst and
second phase, respectively. With input voltages of 5 and 12s¢pplied to the output
circuit, the average e ciencies of the pacing circuit plus he delivery system were

70% and 84%, respectively.

Synchronous pacing threshold was tested by supplying a sitated electrogram
to the PACER and initiating synchronous pacing delivery. Tk pacing threshold was
varied systematically until an activation was detected angbacing was successfully de-
livered. The synchronous delivery event was captured withdigital oscilloscope, and
the slope of the electrogram was estimated. In one synchrarsopacing experiment,
the slope of the activation event on the electrogram was -2&nV/msec. Synchronous
pacing was initiated successfully when the threshold was &t.5 mV/msec. The time
from the detected event to the delivery of pacing were alsotesated on the oscillo-
scope, and was shown to be correctly controlled by the device

The timing accuracy of the pacing pulses was also measuredhéelpacing pulse
width had a programmable range of 0.2 to 4.0 msec, with 0.1 neseesolution. The
mean error in pulse width was 16 sec, with a standard deviation of 7.6 sec. The
pacing cycle length had a measured range of 50 to 400 msec vitinsec resolution.

The mean error in cycle length was 65.8sec with a standard deviation of 10.3 sec.
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Other timing parameters such as S1-S1, S1-S2, S2-C and C-8dpting intervals were
evaluated, all of which were accurately controlled by the PBER.

The supply current requirement of the PACER under di erent pacing and sensing
conditions are summarized in Table 4.1. For a typical operatg condition { acquisi-
tion of 6 seconds of AEGs 10 times a day, delivery of 4-V chraenpacing of 1 msec
pulse width and 150 msec cycle length { the daily energy regqament of the PACER
was computed. An example of this calculation appears in TabK.2. For a recharge-
able battery pack with 920 mA-Hr of capacity and presuming tat a recharge was
needed when the capacity fell below 100 mA-Hr, the battery g should provide 69

days of PACER operation before recharging.

Table 4.1 : Supply current requirement of the PACER.

RPC status PACER function Supply current (mA)
Power-save mode Idling period 0.4
Preamble signal search 18.0
RPC Synchronization 17.2
Active mode Transmit AEGs 24.4
Deliver a 4-V pacing pulse 5.2
Deliver a 10-V pacing pulse 64.2

The regulated voltages of the PACER measured 5.01 V and 2.50Mhile supplying
power to the ICs on the printed circuit board. The switchablepower lines described
in Section 2.2.3 measured 5.01 V and 2.50 V when the signal gessing front-end
and the MAIN PIC were in use. When they were switched o , both wltages dropped
below 3 mV. When fully charged, the PACER battery pack had a nminal output
voltage of 8.37 V.

The charge characteristics of the rechargeable battery gaare plotted in Fig-
ure 4.1. This graph shows the charge current and battery valge with respect to
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Figure 4.1 : To illustrate the electrical characteristics of the chargr circuitry, the
charge current and battery voltage are plotted with respecto charging time.
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Table 4.2 : Daily energy requirement of the PACER under typical operahg condi-
tion.

PACER function mA-Hr
Idling =(0.4 mA)(99.8%)(24 Hr) 9.6
Preamble signal search =(18.0 mA)(0.2%)(24 Hr) 0.9
RPC synchronization  =(17.2 mA)(0.0056 Hr) 0.1
AEG transmission =(24.4 mA)(0.0167 Hr) 0.4
4-V chronic pacing =(5.2 mA)(0.67%)(24 Hr) 0.8
Total: 11.8

charging time. The constant current (CC) charging phase lésd for 24 minutes,
while the constant voltage (CV) charging phase took more thm100 minutes. The
majority of the recovery in battery voltage occurred in the © phase, with a voltage
rise of 0.78 V in 24 minutes. Thereafter, the charge currenttanuated gradually as
the battery voltage increased steadily to a nal value of 8 8V. The charging process
completed in 2 hours and 32 minutes for the fully depleted btry illustrated above.
Finally, the telemetry of the PACER was tested. Data transfe was successful
in the laboratory between the PACER RPC that was packaged andncapsulated in
silicone and the RPC in the handheld communication unit. Théongest transmission
range was 7 meters. With distances greater than 7 meters, tremission quality
declined causing intermittent data packet loss. This e egve transmission range was

shorter than the cited value of 30 meters in the RPC speci cains.

4.2 In-vivo evaluation

A total of four in-vivo experimental studies were performed on sheep, three were
implanted with the V1 and one with the V2 PACER. These experirants validated

the performance of various features of the implantable caat telemetry system. A
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summary of these studies is presented in Table 4.3. Among Heefour experiments,
two PACER implantation studies were exemplary in demonstréng the capability of

this novel system in acquiring uniquen-vivo data over an extended period of time.
A brief overview of these two studies, namely Sheep920 (Sp2did Sheep97 (S97),
is described below and selected experimental results areegented in the following

sections.

Demonstration A performed in Sheep920

In Sheep920 (S920), demonstration A described in Sectior2.2 was performed to
showcase the chronic and programmable S1-S2 pacing feasuoé the system. The
protocol was performed twice, one with a chronic pacing cycllength of 180 msec
and another with a cycle length of 150 msec. The purpose of shdemonstration
was to illustrate that both that long-term, repeated studies could be performed, and
that pacing parameters such as chronic pacing cycle lengtaud be manipulated and

tested using this novel system.

In summary, a V1 PACER was successfully implanted in a sheeméa used for
a total of 92 days. A total of 836 recordings of AEG were colled with an aver-
age length of 3 seconds for each recording. The diastolic ¢shold in this animal
was measured to be 0.4 msec, hence the pacing pulse width wetsat 0.8 msec
(2 diastolic threshold) for all pacing. Chronic rapid atrial pacing was given for a
total of 36 non-consecutive days. Paroxysmal AF was inducdy chronic rapid atrial
pacing and was observed in the animal for a total of 16 non-ceecutive days. AEGs
were collected and AERP was measured at least once daily ugithe methods de-
scribed in Section 3.2.3. Additionally, ATP was attempteddr the rst time using the
telemetry system. The PACER longevity was correctly calcalted by the software

and the study ended when the primary battery of the device dégted.
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Table 4.3 : Summary of thein-vivo experimental studies performed over 3 years.

ID Date(s)

Device Summary

S763 06/10/02 to
08/05/02

S920 10/22/02 to
02/27/03

S11 04/26/04 to
05/20/04

S97  05/02/05 to
06/02/05

V1

V1

V1

V2

Complications with wound healing in the animal.

Also, the sampling rate of the device was inaccu-
rate due to microcontroller start-up delay. Surgical

procedure was then modi ed to mandate two su-
turing layers. The delay problem was resolved in
microcontroller software.

Performed demonstration A to showcase the useful-
ness of the chronic and programmable S1-S2 pacing

features of the system. Also attempted ATP deliv-
ery for the rst time. See main text for details.

The wire antenna of this device was defective, limit-
ing transmission. A pacing lead was dislodged from
the RA appendage and fell into the ventricle. Dur-
ing the nal acute study of this animal, the new
V2 PACER features of synchronous and biphasic
pacing were tested and validated.

Performed demonstration B to showcase the useful-
ness of the ATP functionality of the system. Mon-

itored AERP, and successfully experimented with
3 ATP protocols when the animal was in AF. See
main text for details
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Demonstration B performed in Sheep97

In Sheep97 (S97), demonstration B described in Section 2 2vas performed to show-
case the ATP functionality of the telemetry system. Chronigacing was delivered to
induce atrial electrical remodeling and AF in the animal. Wien AF was detected,
three ATP protocols were delivered and their e ects were exained. The purpose
of this demonstration was to con rm that sophisticated paaag protocols like ATP

could be delivered and tested with this custom-built system

In summary, a V2 PACER was successfully implanted and usedrf82 days. A
total of 851 recordings of AEG were collected, with an averadength of 5 seconds for
each recording. The diastolic threshold in this animal was easured to be 0.2 msec,
the pacing pulse width was set at 0.2 msec or higher. Chroniapid atrial pacing
was given for 17 consecutive days. A total of four episodes A were observed in
the animal, for a total of 13 non-consecutive days. Over theoarse of AF, 138 ATP
attempts were made during thamplant portion of the study, 2 resulted in successful
cardioversion. AEGs were collected post-ATP, for additicsd analysis such as atrial
spatial organization calculations. Unfortunately, sensig failure and unexpected cur-
rent drain led to premature termination of the study. In the nal acute study, another
V2 PACER was used to repeat the protocol described in Sectid2.2. A thorough
investigation on the explanted device was conducted, in anpt to identify the cause

of the failures.

4.2.1 Atrial electrograms (AEGS)

AEGs were collected frequently using the telemetry systenotmonitor the electro-
physiological state of the animal. Ideally during an data aguisition event, 3 chan-
nels of AEGs from the right atrium (RA) and 1 channel near thedft ventricle were

recorded. An example of these electrograms is shown in Figut.2(a). This data was
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(b) S97 on Day19, showing sensing failure on two channels.

Figure 4.2 : AEGs collected in S97 using the telemetry system, showindl &ur
functional sensing channels during the initial period of ta study. Unfortunately, a
sensing failure was observed later in the same device.
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collected in S97 on day 2 of the experiment during normal siaurhythm. Distinct
atrial activations can be seen on the top three panels of AEGsom the RA, and
both atrial and ventricular activities are depicted on the lttom panel of AEG near

the ventricle. Similar electrograms were also successyuiicquired in S920.

In S97, however, a sensing failure occurred starting on dayo8 the experiment.
Two sensing channels were frequently non-functional withhé resulting waveforms
saturated at either high or low level. These channels were @sponsive to changes
in the gain setting. The channel would operate intermittery for a short period of
time with no discernible pattern. Figure 4.2(b) depicts a reording of the electro-
grams during the sensing failure. This data was collected 897 on day 19. In the
top panel, the signal was saturated at a high level initially Suddenly, the sensing
capability seemed to resume for 2 seconds then quickly ret@d to a high saturation
level. The bottom panel shows a signhal that was saturated abw level consistently.
During the study, attempts were made to resolve the sensinggblem by exercising
the various switches and multiplexers of the PACER. Unfortnately, the problem

persisted throughout the remainder of the study.

4.2.2 Pacing features

Asynchronous versus synchronous pacing delivery

The synchronous pacing capability of the PACER was e ectiyg demonstrated in-
vivo. The electrograms shown in Figure 4.3 were collected in S95ing a V2 PACER
during the nal acute study. Figure 4.3(a) illustrates the asynchronous pacing option
{ pacing was immediately delivered from the anterior RA appedage channel upon
receipt of the command. Thirty ATP pulses of 80 msec cycle lgth were delivered.
Figure 4.3(b) exhibits the synchronous pacing delivery féare. The AEG from the

high RA appendage channel was used as the synchronous sensimnnel. An atrial
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_ .3 . Contrast between asynchronous and synchronous pacingidety: pac-
ing was immediately delivered upon command in asynchronopscing, whereas an
activation event must be successfully detected prior to paw delivery in synchronous
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activation event was detected on this channel near 0.4 sec.ulfSequently at one
programmed cycle length (80 msec) later, a train of 35 RAMP AP pulses of 80

msec were delivered successfully.

4-V versus 10-V pacing strength

Higher voltage pacing was possible with the V2 PACER desigméd its e cacy was
con rmed in-vivo. The electrograms shown in Figure 4.4 were collected in SQdrithg
the nal acute study. Figure 4.4(a) shows an example of 4-V mang during AERP
measurement. Eleven S1 pulses were delivered at the antef®A appendage syn-
chronously at 160 msec, followed by an S2 of 115 msec. With tles voltage setting,
some of the atrial responses could be identi ed on the coraryasinus ostium channel,
but the responses at the high RA appendage were di cult to degrmine. In contrast,
Figure 4.4(b) shows a 10-V pacing event during AERP measuremt with the exact
settings as the case shown in Figure 4.4(a). Pacing artifactan be clearly distin-
guished in these plots. Also, with a higher pacing voltagetréal responses to S1
stimuli can now be recognized in both channels. An S2 atriaksponse can be seen

in Figure 4.4(b), indicating that the AERP is dependent on paing amplitude.

Monophasic versus biphasic pacing morphology

Biphasic pacing was shown to be more e ective at reducing thmost-stimulus artifact
than monophasic pacing especially in the case of a high fremey burst. Its e cacy
is illustrated in Figure 4.5. Figure 4.5(a) depicts a monopsic BURST ATP attempt
of 80 msec cycle length delivered using the V1 PACER in S920.uiihg the period
of ATP delivery, the collected AEGs were saturated after evg pacing pulse, across
all four sensing channels. Consequently, atrial activity uting this time could not be

determined. In contrast, the sensing ability was not a ectd during high frequency
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Figure 4.5 : Contrast between monophasic and biphasic pacing morphgha sens-
ing ability during ATP delivery is shown to be superior in bighasic pacing than its
monophasic counterpatrt.
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pacing when biphasic morphology was employed. Figure 4.5fepresents a biphasic,
BURST ATP attempt of 60 msec cycle length delivered using the2 PACER in S97.
Unlike the case of monophasic pacing, three sensing chasn@lll except for the pacing
channel) remained operational during ATP delivery. As a rest, the atrial response

to the applied stimuli could be properly examined.

4.2.3 AERP measurements

Results from Demonstration A in Sheep920

Demonstration A was repeated twice in S920 in two phases { tswith a chronic
pacing cycle length of 180 msec, and then a second time of 158em The AERP
had an initial baseline value of 230 msec before pacing begabhronic pacing was
then started at a cycle length of 180 msec. The AERP was measedr periodically
while chronic pacing was in progress. The AERP was shortenédl 155 msec after
24 hours of chronic pacing, and further decreased to 120 m$e®6 hours. Chronic
pacing was stopped on day 14, and AERP recovery was observeithim a few hours
of sinus rhythm. The AERP nally lengthened to 220 msec, 119durs after chronic
pacing was discontinued (Figure 4.6(a)).

After phase 1, normal sinus rhythm was maintained in the anial for 11 days
before the second phase began. The AERP had an initial baselivalue of 215 msec
before pacing began for the second time. Chronic pacing wédeh initiated at a cycle
length of 150 msec. The AERP shortened at a faster rate in thgghase; after 48 hours
of pacing the AERP reached 120 msec, showing a 44% reductidfigure 4.6(b)).

AERP recovery was not measured in phase 2.
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Figure 4.6 : AERP measurements in two animals.
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Results from Demonstration B in Sheep97

In Demonstration B, the AERP was monitored brie y during the early AF induction
period when chronic pacing rst began. The AERP had an initiabaseline value of
190 msec. Subsequently, chronic pacing was initiated at acby length of 150 msec.
The AERP measurements were inaccurate during the rst 2 hogrdue to technical
di culties. Later, the AERP shortened to 120 msec after 23 hars of chronic pacing
and further declined to 115 msec after 29 hours. The reductian AERP was 39%.
The percentage and the rate of AERP reduction in this animal ere comparable to
those of S920 during chronic pacing at 150 msec. The AERP slalkd at 115 msec
for the next 2 days.

On two occasions, chronic pacing was interrupted and stopgpdue to a low battery
in the PACER. During one of these incidents, the AERP lengtheed to 165 msec from
115 msec within 48 hours of stopped pacing. This pattern of A& recovery was

similar to that reported in S920.

4.2.4 Arrhythmia induction

Atrial brillation was successfully induced by chronic rapd atrial pacing in both S920

and S97 studies as illustrated in Figure 4.7.

In S920, AF was rst observed in phase 2 after the animal had ba chronically
paced for 72 hours at a pacing cycle length of 150 msec. AF waaintained in the
animal for 6 days by continuing chronic pacing. During epiges of paroxysmal AF
(self-terminating or with a duration of less than 7 days [20] the average intrinsic
AF cycle length was 110 msec. Figure 4.7(a) shows the elegirams collected with a
V1 PACER in this animal during AF. A high atrial activation ra te is seen in the top
three panels of AEGs. On the bottom panel of AEG acquired nedhe ventricle, a

varying ventricular rate is depicted. This is one of the prirary electrocardiographic
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Figure 4.7 : AF induced by chronic rapid atrial pacing in two animals
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characteristics of AF.

In S97, AF was rst observed in the animal after 216 hours of chnic pacing at a
cycle length of 150 msec. Four episodes of AF were documeniasting 3 days, 1 day,
9 days, and 2 hours, respectively. The average intrinsic Alyde length was 98 msec.
Due to the sensing failure in the V2 device previously desbad, only two channels of
usable signals could be recorded each time. Figure 4.7(istrates the electrograms
collected with this V2 PACER during AF. A high atrial activat ion rate can be seen
on these signals. The ventricular rate could only be estimadl by identifying the
sharp activation events that simultaneously occurred on lib of these channels. The

ventricular activation is denoted on the plot by a triangle Q).

425 ATP results

ATP protocols

Three conventional ATP protocols, namely BURST, RAMP and 5€Hz, were suc-
cessfully implemented in the V2 PACER and validated during ie implant and the
acute study of S97. Examples of these ATP protocols, deliverad-vivo, are shown
in Figure 4.8.

Figure 4.8(a) depicts a BURST pacing attempt with 25 ATP pulgs and a pacing
cycle length of 60 msec. The cycle length in this protocol i®estant. Figure 4.8(b)
shows a RAMP pacing attempt with 20 ATP pulses, a pacing cyclength of 100 msec
and a decrement interval of 2 msec. The cycle length betweeansecutive pulses is
shortened by the decrement interval in this protocol, and tl pattern is recognizable
in the gure. Figure 4.8(c) demonstrates a 50-Hz ATP technige, with a total of
100 pulses. At this short cycle length, atrial activity is olscured in the electrograms

during the ATP delivery.
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Cardioversion

Only 2 of 138 ATP attempts were successful in restoring sinubythm in S97. The
AEGs collected during these cardioversion events are shownFigure 4.9. The car-
dioversion event shown in Figure 4.9(a) happened on the thirday of the rst AF
episode in the animal. A 50-Hz pacing protocol was deliverddr 2 seconds, after
which sinus rhythm was restored almost immediately. The send cardioversion event
occurred on day 2 of the second AF episode. As illustrated indure 4.9(b), a RAMP
protocol was used with 25 ATP pulses, a cycle length of 100 nosend a decrement
interval of 1 msec. At the end of ATP, sinus rhythm was restowi@ within 1 second of
the therapy. For comparison, electrograms of unsuccessfilrP attempts preceding
these cardioversion events are shown in Figure 4.8(a) an@é).

An additional 202 ATP trials of various protocols were perfoned during the
nal acute study of the same animal. Unfortunately, none radted in successful
cardioversion. One incident of spontaneous cardioversiavas documented after 3
hours of repeated ATP trials during the nal study. Subsequetly, sinus rhythm
persisted for one and a half hours, during which time chronigacing and ATP were
applied to re-induce AF. AF was later induced by ATP and persited throughout the

nal acute study.

4.3 Data and system analysis

4.3.1 ATP and atrial spatial organization

The main objective of demonstration B described in Section.82 was to showcase
the usefulness of the ATP functions in the telemetry systemThree ATP protocols
were delivered during this demonstration, and their e ectoon the electrogram are

shown in Section 4.2.5. Since the telemetry system provideanultaneous recordings
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of AEG from multiple sites, additional analysis could be pdormed on this valuable
data. A potential usage of this AEG data is to quantify the atral spatial organization
for those periods of AEG acquisition. To illustrate this pratice, the maximum cross
correlation (MXC) values were computed on selected elecgams to quantify the

atrial spatial organization for those periods.

Maximum cross correlation (MXC) values were computed basezh the methods
detailed in Section 3.3.1 using the electrograms collectém demonstration B in

S97. Each MXC value was computed using 2.5-second long segintd AEGS.

During the implant portion of the demonstration, a total of 138 ATP trials were
performed over 3 days. Ninety-six of the post-ATP electrogms were suitable for
MXC computation. An additional 26 recordings of AEG colleatéd from AF episodes
without ATP deliver and 9 recordings of normal sinus rhythm wre also included in
the MXC computation. The means and standard deviations of # MXCs in these

three groups were calculated. Results are summarized in Tabt.4.

Table 4.4 : Maximum cross correlations.

AEGs collected during N MXC

Implant study AF post-ATP 96 0.25 0.09
AF without ATP 26 0.23 0.07
Sinus rhythm 9 0.58 0.10
Acute study AF post-ATP 149 0.35 0.09
AF without ATP 23 0.34 0.04
Sinus rhythm 6 0.580.01

A similar procedure was performed on the AEGs collected frothe acute portion
of the demonstration. A total of 202 ATP trials were performd in a 6-hour period of

the nal study, 149 of post-ATP electrograms were acceptablfor MXC computation.
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An additional 23 recordings of AEG collected from AF episodewithout ATP delivery
and 6 recordings of normal sinus rhythm were also included the MXC computation.
The means and standard deviations of the MXCs in these groupse also listed in

Table 4.4.

At rst glance, the MXCs from both AF post-ATP and AF without A TP are
higher in the acute study than in the implant study. The MXCs alculated from
the normal sinus episodes are comparable in both studies. Au8ent's t-test was
performed on the ATP data set. The two average AF post-ATP MXG were found
to be signi cantly di erent (p <0.0001). The two average AF without ATP MXCs
were also found to be signi cantly di erent (p<0.0001). When comparing the av-
erage MXC from AF without ATP to that of AF post-ATP in the same study, it
was observed that the applied ATP did not cause a signi cantmprovement in the
MXC. While no physiological conclusions can be made from rdts obtained from
one animal, this MXC computation illustrates one of the poskle data analyses that

can be performed using multiple AEG channels.

4.3.2 Post-study ndings

Following the nal acute study of S97, an investigation was anducted on the ex-
planted device. The purpose of this investigation was to: Jlverify the validity of

the silicone encapsulation packaging technique; (2) idefyt the cause of the sensing
failure observed during thein-vivo study; and (3) determine the reasons for the short

battery life of the PACER during the implant experiment.

The explanted device was carefully cut open and inspected.villence of uid
leakage was observed around the site of the reference eledé& plate. The metal
plate was easily separated from the device and the electdi@nnection between the

PACER and the metal plate was poor. Except for this leakage pblem, the silicone
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encapsulation technique appeared to be e ective in keepingoisture from leaking
into the main PACER circuitry. No uid stains were seen insice the PACER or

around the components.

The sensing failure seen during tha-vivo study persisted during the post-study
investigation. The two sensing channels which failed durnthe implant study re-
mained saturated and intermittently operational. The conérmal coating was re-
moved from the components in the signal processing front-@rof the PCB and one
of the two failed channels became fully operational. The o#lh channel resumed its

normal function after a blanking switch (U3, MAX4711) was rplaced.

During the implant experiment, the PACER battery was rechaged 4 times: on
the 18th day, the 25th day, the 29th day, and the 34th day. Altlbugh periodic
recharge was anticipated when the experimental protocol t@me more demanding,
the power consumption observed in the PACER was signi cantl higher than that
of the testbench measurements. Despite frequent rechardgiee battery continued to
drain rapidly, a ecting the progression of the required chonic pacing of the experi-
ment. The PACER was examined post-study on the testbench aritlwas discovered
that the supply current of the device had increased dramatadly from 0.4 mA to 16
mA in the idle state. The supply current dropped to 1.9 mA afte the conformal
coating around the battery charging path was removed, and t@ned to 0.4 mA af-
ter the conformal coating around some decoupling capacitowas removed. These

failures will be discussed in Section 5.2 and 5.6.
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Chapter 5

Discussion

Motivated by the limitations of the current AF research mettods, an implantable
cardiac telemetry system was designed, implemented, andaiated in this work.
This dissertation illustrates the process of developing th novel and advantageous
research tool, for long-termin-vivo experimental study of AF and ATP in con-
scious and ambulatory animals. The system was validated boion the testbench
and in-vivo, successfully demonstrating the system capabilities in A& acquisition
and programmable pacing. Various system functions were ttoughly tested and all
of the major design criteria met. As shown by the experimentaesults, this sys-
tem is preferable because it can yield comprehensive andfuselata that cannot be
replicated in an acute surgical setting or by using commeatdilCDs.

The telemetry system had a number of unique features that sét apart from
the conventional research tools and methods. These featsingere highlighted during
the in-vivo evaluation. Using this system, multiple channels of AEGs we acquired
simultaneously, providing in-depth information of the atral activities at di erent car-
diac sites. Chronic and S1-S2 pacing were fully programmabénabling the testing
of various protocols of AF induction and AERP monitoring. Rehargeable batteries

were used to increase device longevity and experimentatiome. The longer implant
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life enables an increased number of trials and more extersiprotocols to be tested in
each animal. Pacing therapy was included in the device, alMing delivery of some of
the latest ATP protocols found in sophisticated ICDs. Alsoall circuitry in this sys-

tem was built using commercially available components, wibut using costly custom
ICs. Most importantly, data collection and device programrnmg could be performed
non-invasively at any time, from any where, with the distintive TCP/IP network

capability of the system. This novel feature is unmatched byther experimental

research tools.

Another notable characteristic of this device is the exibity of the telemetry sys-
tem design for future upgrades. With the use of microcontriars, the core programs
of the device can be easily updated. System functionalitiesan be modi ed and
adjusted in software when necessary to better meet the needsthe experimental
protocol. Furthermore, the design of the telemetry systeman be modi ed for other
types of applications beyond atrial electrogram sensing drcardiac pacing. The sys-
tem could be re-designed to collect and analyze a di erentpye of biological signal. It
can be revised to drive a di erent type of output for example anechanical device. In
essence, this work provides a blueprint for building an imahtable telemetry system
that can be applied to other biological systems.

Over the course of this research, numerous technical obdegwere encountered {
from implantable device packaging and power management, temote access imple-
mentation. In most cases, the cause of the system failure wdenti ed and carefully
analyzed. The solution was engineered and the performancasmwe-evaluated. The
following sections present a number of the problems confted in the process of de-
signing and building this system. The source of the problens idiscussed, and the
actions taken to resolve these issues are described. ldead atrategies for future

re nement are suggested. The purpose of this discussion @ éxplore design pitfalls
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and provide recommendations for those who are interested building similar sys-
tems. Also, it is intended to encourage others to adopt the dgn described in this

work, make modi cations accordingly, and apply it in other dsciplines.

5.1 Pacing

5.1.1 Pace voltage e ciency

A major design requirement of the PACER was to deliver eledtral stimuli to the atria
for AF induction and ATP therapy. To e ectively trigger an at rial activation, the
output circuit of the PACER must provide an adequate potental di erence across the
two pacing electrodes. In designing the output circuit, theesistance of the delivery
path was carefully reviewed to prevent excessive voltageagrs along the way. The
following sources of resistance were considered in the dagprocess and discussed in
this section: (1) the on-resistance of the multiplexer; (2)he pacing lead resistance;

and (3) the cardiac load impedance.

Firstly, the on-resistance of the multiplexer depends on th selected IC. This
resistance may be a function of the supply voltage, and/or #hvoltage at the inputs.
As an example, the analog multiplexer used in the PACER has aon-resistance
ranging from 100 to 130 when powered with a 5-V single supplyThis resistance
is reduced to 75 to 85 when a 12-V supply is used. Secondly, ¢hresistance
of the pacing lead is based on its length and style. For the AVirgle-pass lead
used in the experiment, the resistance measured between #lectrode and the IS-1
connector varies from 20 to 70 . Lastly, the impedance of theardiac tissue was also
considered. For pacing output circuit design purposes, thimpedance is simpli ed
to a parallel combination of resistance and capacitance seacross the two pacing
electrodes. Based on a literature by Wagner, the capacitamsuggested is 0.05F

[64]. The cardiac load resistance ranges from 400 to 1000 56 For simplicity's
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sake, only the resistive component was considered in the @gsprocess.

Using the highest resistance values from each category désed above, the deliv-
ery path e ciency was calculated. The e ciency is de ned as the percentage of the
voltage measured at the pacing electrodes to the supply vatie of the output circuit.
With this de nition, the delivery path was 71% and 76% e cient during 5-V and 12-
V supplied pacing, respectively. This sub-optimal e cieng was primarily due to the
high on-resistance of the multiplexer. One way to improve #hdelivery path e ciency
was to replace the multiplexer by another IC with lower on-reistance. Unfortunately,
most other ICs with reduced on-resistance did not t the exisng footprint of the
multiplexer on the printed circuit board. As a result, instead of the changing the IC,
two of the original multiplexers were stacked on the same fgaint and connected in
parallel. This e ectively reduced the on-resistance by hal Using this strategy, the
e ciency of the delivery path was improved to 79% and 82% dung 5-V and 12-V
pacing, respectively. The e ective voltages at the pacinglectrodes were 3.95 V and

9.84 V, with an estimated pacing current of 3.95 mA and 9.84 mA

To evaluate if the pacing pulse generated by the PACER couldextively elicit
an atrial responsein-vivo, the pacing characteristics of the device were compared to
that of a commercial cardiac pacemaker. For a commercial panaker, the pacing
voltage is typically 3.5 V, and can be increased up to 7.5 V. Ehpulse duration
ranges from 0.1 to 2 msec. For the PACER, the e ective pacingoltages were 3.95
V and 9.84 V, and the pulse duration varied from 0.2 to 4 msec. d&h of these
parameters were similar to the speci cations of a pacemakeln addition, a stimulus
pulse generated by a pacemaker typically has a charge maguié in the range of 0.1
to 50 C [65]. For the PACER, assuming a pacing pulse width of 1 mseg,pacing
stimulus delivered 3.95 C in the 5-V mode and 9.84 C in the 12-V mode pacing.

The expected charge magnitude provided by the device is walithin the nominal
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range cited in literature. Based on these calculations, it @ determined that the

PACER could deliver e ective atrial stimulation.

5.1.2 Output circuit design

There are two principal di erences in the design of the pacmoutput circuit between
the one in the V2 PACER and that in the V1 PACER. First, the V2 PACER was
designed to generate a stimulus waveform with biphasic mdrplogy. The V1 PACER
delivered monophasic pacing stimuli. Second, a DC sourcesnased to directly pace
the atrial tissue in the newer device. In contrast, pacing shulus was delivered via
a capacitive discharge technique in the older version. A cgarison between the two

designs is presented in this section.

One advantage of a monophasic output circuit is its simplity in design and
implementation. For this reason, this type of output circui was rst employed in the
V1 PACER. The performance of these earlier devices, howeyevas unsatisfactory.
Speci cally, the pacing electrodes were often polarizedtaf a monophasic stimulus,
requiring a long time to discharge. Consequently, the postimulus sensing ability
was compromised with substantial saturation problems. Aérnatively, a biphasic
output circuit can be used, as in the recent version of the PAER. With a biphasic
waveform, charges that build up during the rst anodic phasare o set by the second
cathodic phase of opposite polarity. Theoretically, the darization e ect would be
reduced, and the sensing ability would be restored in a sherttime. To generate
this biphasic waveform, a H-bridge design was chosen. Thisw output circuit was
shown to be e ective both on the testbench andn-vivo. As shown in Figure 4.5(b),
improvements in the sensing ability can be clearly seen withe new biphasic pacing

output circuit.

When adopting the H-bridge design for the new pacing outputircuit, one concern
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arose regarding the nature of the pacing voltage source. lhe early version of the
PACER, a capacitive discharge technique was used to delivetectrical stimuli to
biological tissue. The purpose of this pacing technique was limit the energy that
could be delivered to the tissue. Unlike this approach, thegging source in the V2
PACER design came directly from a DC power supply. At the timeof stimulus
delivery, the output of the DC-DC converter was connected dectly to the tissue via

a series of switches.

Although both designs operated e ectively with no major prblem on the test-
bench andin-vivo, using a DC source directly for pacing raised some safety cenns.
For example, in case of switch failure, it could cause a cunteto drain continu-
ously from the DC power supply to the tissue for an extended ped of time. This
would not only be harmful to the tissue, but it could also damge the battery. Also,
during microcontroller start-up or reset, the states of theswitches were temporarily
unknown and could be activated. This could also cause unwamat current to ow
through the tissue. Despite these issues, one favorablettea of DC-source pacing
when compared to capacitive discharge was that the pacingltage remained stable
without decay over the entire pacing pulse width. Nevertheks, the aforementioned
safety concerns should be addressed in future versions. Tgwssibility of incorporat-
ing a reservoir capacitor in the H-bridge design should bevestigated. Additional
safety protection should be included to prevent unwanted ctent ow from the power

source of the PACER to the body.

5.2 Sensing failure

One of the powerful features of the implantable cardiac teteetry system is that
it can acquire up to four channels of electrocardiograms (E&s) of programmable

duration, at any time of the day. This is a signi cant advantage over a commercial

108



pacemaker or implantable-cardioverter de brillator sysem, which has a limit on the
amount of ECGs, and the types of electrophysiological datéh&at can be collected.
With multiple channels of ECGs available, the user can compa the di erences
in waveform morphology and take a more comprehensive look thie cardiac state
of the research subject. Furthermore, multi-channel mathmeatical analysis can be

performed on the data, generating additional experimentakesults.

To provide four channels of ECGs reliably and accurately, #hsignal processing
front-end must operate precisely to speci cation. In the dagn process, several pre-
cautionary features were implemented to avert potential ssing failure. For example,
zener diodes and blanking switches were added to protect tampli ers from possible
damage by high voltage shocks. Dual-packaged ampli er ICsid resistor arrays were
used throughout the analog front-end to minimize mismatchni electrical characteris-
tics among channels. Gain settings could be individually agured, such that ECGs
of di erent magnitude could be ampli ed appropriately. Degite these preventative

measures, sensing failure occurred in one of the four impled PACERSs.

Based on the behavior of the sensing channels during the expeent and the
ndings from the post-study investigation, it was hypothesed that the sensing failure
was attributed to aberrant conductive paths at the instrumeatation amplier IC
and/or the components surrounding it. One of the important bservations from the
experiment was that a DC o set frequently existed in two atral sensing channels. The
DC o set seen in the waveform could be explained by severales@rios. Improper
handling of the conformal coating could cause conductive e to form. A short
could be established between an input pin of the instrumentian ampli er and the
neighboring ground pin if there was a coating defect. This sht would pull the input
to a low level, causing the ampli er output to saturate. Alsq the capacitor in the

high-pass Iter could have shorted, allowing a DC voltage téeak across to the input
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pin of the ampli er. Although this DC voltage would have beensmall, it would be
ampli ed by the instrumentation ampli er. Depending on the gain setting, a DC
voltage ranged from 5 to 83 mV could cause the output to saturate. Another
possibility is that a conductive path could form at the gainsetting resistor array
terminals causing the individual sensing channels to intere with each other. Such
a conductive path would also introduce a parallel resistarcacross channels, reducing
the resistance and increasing the gain signi cantly. With gain increase, a small DC

o set would saturate the output waveform.

Another reason for the sensing failure was a damaged blanggiswitch. A damaged
IC appeared to be the most logical explanation for the interittent functioning of
the sensing channels. Also, because the problem persistadtinly the post-study
investigation but was immediately resolved once the switctvas replaced, it was a
strong indication that the IC was defective. The cause of theefect remains unknown.
It was speculated that a high voltage spike at the input of thewitch might cause the
damage. However this mechanism is unlikely, because the I@sha fault-protection
feature at its inputs that is designed to handle voltage sueg beyond the supply rails.
Unfortunately, the precise cause could not be identi ed.

To prevent sensing failure in future devices, two design armssembly modi cations
are suggested. First and foremost, the application of comfoal coating must be
carefully controlled. This issue is further discussed in 8&@on 5.5.2. Secondly, instead
of using a tightly packaged resistor array for gain-settingndividual resistors can be
used and placed further apart on the printed circuit board. Tis technique will
minimize the chance of shorting the resistors at the termitgand a ecting the gain.

Also, it will reduce the likelihood of the sensing channelsterfering with one another.
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5.3 Telemetry

5.3.1 E cacy of the commercial RPC

The commercial radio packet controller (RPC) o ered a conuagent solution to the
radio-frequency (RF) data transfer requirement of the telmetry system. This self-
contained RPC not only provided the necessary RF circuitryput also included a
microprocessor for packet formatting and data recovery. 8b, long-range telemetry
was possible using the RPCs. To download data from the implaim the conventional
pacemaker systems, a magnetized programming wand is placezhr the pacemaker
over the patient's skin. In this telemetry system, the data tansmission range was
signi cantly increased to 7 meters by using a pair of RPCs. Wle using the RPC
provided many advantages, there were some weaknesses aataut with it that are

worthy of discussion.

First and foremost, the RPC needed a considerable amount afreent to operate.
The controller itself required up to 20 mA during active datatransmission. This had
a tremendous impact on the PACER longevity. The supply curm& could be signi -
cantly reduced by re-designing and customizing the telenrgtportion. For example,
using a commercial transceiver module (TR3000, RF Monoliits Inc., Dallas, TX)
to handle the RF circuitry, the supply current of the RF portion would be lowered to
8 mA. Packet structuring could be done with a low-power microntroller similar to
that of the PACING PIC (PIC16F767, Microchip Technology Inc, Chandler, AZ),
which would require less than 5 mA to operate.

Secondly, the reliability of the RPC was limited. The e ectve transmission range
of the RPCs was less than 30 meters, which was the value cited the product
datasheet. Occasionally, the RPCs would fail to synchrorézwith each other. Sub-

sequently, packet transmission was suddenly interruptedesulting in data packet
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loss. The e cacy of data transmission appeared to be sensig to the position of the
RPCs relative to one another. If the antennae were not aligdgoroperly, transmission
failed. Also if the supply voltage to the RPC was low, transnsision would be a ected.
To diagnose and resolve these problems, detailed documeiaa such as schematics
and software of the components inside the RPC was necessadnfortunately, this

information was proprietary and not readily available.

As mentioned above, one solution was to rebuild the telemgtportion from the
ground up. Aside from this drastic approach, the reliabilig problem could be allevi-
ated by making the following two changes. First, data packetshould be numbered,
such that in case of transmission interruption and packet &s, data could be properly
reconstructed. Also, di erent antennae should be tested Wi the RPC, to determine

if the performance could be improved with a particular desig

Finally, the relatively large size of the RPC was not ideal fouse in implantable
devices. The height of the RPC (16 mm) was particularly proleimatic. This height
was associated with the metal shielding box on the RPC that ptected the RF
circuitry from interference, thus, it could not be removed.In the packaging process,
the RPC, the printed circuit board and the battery were stackd on top of each other,
which contribute to the vertical dimension of the PACER. Dueto the size of these
components, the thickness of the PACER was compromised, miagg implantation
di cult. One method to resolve this issue would be rearrangig the components of the
PACER to utilize a thinner but larger area package design. Gpmnally, eliminating
the RPC and integrating the telemetry portion into the main drcuitry would also

reduce the overall size of the PACER.
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5.3.2 Transmission noise ltering

Noise is a common issue for data acquisition equipment. Indhtelemetry system,

one noise source arose from the RPC radio transmissions.

Recall that the RPC had a packet size of 27 bytes and the PACERald a sampling
rate of 333 Hz. When 4 channels were selected for AEG acqudit, 6 samples
from each channel would Il a packet, leading to a packet trasmission frequency of
55.5 Hz. Depending on the number of channels selected, théder could vary from
13.9 to 41.7 Hz. Notice that since packet transmission ocead in an \ON/OFF"
fashion, the transmission noise generated was similar to @mplitude-modulated
(AM) signal. This AM derived RPC transmission noise was sulesjuently introduced
into the electrograms via the unshielded pacing/sensingdds (upper-left panel of

Figure 5.1).

To address this problem, the RPC transmission noise was lted in software
with a computer program. Because the exact frequency of theahsmission noise
was known, a \noise template” was formed by averaging segmerof a collected
electrogram at the transmission noise frequency. Once a s@itemplate was obtained,
it was subtracted from each segment of the original signal dra Itered electrogram
resulted (upper-right panel of Figure 5.1).

This noise subtraction algorithm was successfully coded both MATLAB and
LabVIEW. Its e cacy is demonstrated in the lower panels of Fgure 5.1, which show
the frequency spectrum of the two electrograms obtained usj fast Fourier trans-
forms (FFTs). As shown in the magnitude plots of the FFTs, theRPC transmission
noise at 55.5 Hz and its harmonic was greatly attenuated by ¢hnoise subtraction
algorithm. The amount of noise reduction was quanti ed by camputing the signal-
to-noise ratio (SNR) of the two electrograms shown. By de mig the atrial and

ventricular complexes as signal and the remainder of the AE@s noise, their cor-
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Figure 5.1 : A noise subtraction algorithm was developed to eliminate IRC trans-
mission noise in the electrograms. Top-left panel shows acoeding of the original
signal. This signal was processed with the noise subtraati@lgorithm and the I-
tered signal is shown in the top-right panel. Fast Fourier nsforms were performed
on both signals to obtain their frequency spectra, demonstting that the RPC trans-
mission noise at 55.5 Hz and its harmonic was greatly attenigal.
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responding root-mean-square (RMS) values were calculatéal obtain the SNR of
the electrogram. The SNR of the original and Itered data are2.1 dB and 12.7
dB, respectively. An increase of 10.6 dB in SNR demonstratésat the algorithm is
e ective in rejecting the observed transmission noise.

Another procedure used to reduce the RPC transmission noig&as by changing
the antenna selection and location. In the V2 PACER, the antena was embedded
inside the implantable device away from the pacing/sensingads, which helped min-
imize the interference between the leads and the antenna. sl a more compact,
commercial whip antenna was used instead of a quarter-waeegth long wire. A

reduction in noise was clearly seen after making these modations.

5.4 PIC microcontrollers

Microchip's PIC microcontrollers are robust and reliablethus, they are widely used
in industrial applications from security system to home apj|ances. The PIC was
selected for the telemetry system, particularly for the fédwing 3 characteristics: (1)
it is a powerful embedded microcontroller with many useful gripheral devices, (2)
it can control timing accurately and precisely, and (3) it ca perform mathemati-
cal computation e ectively with custom programming, allowng basic on-chip data
processing.

Both the MAIN and the PACING PIC had a number of peripheral fedures, al-
most all of which were utilized in the PACER. A built-in A/D co nverter was used
to transform analog AEGs into 8-bit digital values. Two intenal timers were used
to control the pacing cycle length and system sleep-time, W a pulse width mod-
ulator (PWM) was con gured to set the pacing pulse width. Gamn settings were
serially passed to two IC switches with the PIC's USART. Alspa number of PIC's

logic input/output ports were assigned to interface with oher components of the
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PACER circuitry. The PIC e ectively provided a centralized, single-chip solution to
many demanding requirements of the PACER that helped redudée size of the over-
all circuitry. Furthermore, execution of these peripheradevices could be precisely

controlled in the PIC software and made managing and debuguj these tasks easier.

An essential feature of the PACER was to deliver programmadlstimuli of ac-
curate and precise timing in various pacing protocols. To deo, the PACING PIC
was used exclusively to control pacing, providing an e ecaté solution to the strict
timing requirement. With its internal timer con gured in PW M mode, the PIC could
generate a pulse of programmable duration. For a desired oagtion of 0.1 msec, the
mean pulse width error measured on the testbench was 18ec (16%). The error
was high because a long PWM period of 4 msec was used in conpctwith a low
resolution 8-bit timer. The pulse width error could be redued either by the reducing
the PWM period or by implementing a custom routine for pulse wdth generation
instead of using the PWM. The pacing cycle length was contield by a 32.768 kHz
crystal with a 16-bit timer. As a result, the pacing cycle legth was more precise,
yielding an average error of 66 sec (1.3%) for all of the 5 msec resolution settings.

The PIC uses a byte-oriented instruction set with which simie procedures like
binary addition and subtraction can be done. More advanced athematical opera-
tions can also be performed with custom programming. In the 2/ PACER design,
it was demonstrated that computations like the one shown in guation 2.1 are pos-
sible with a PIC. The numerical di erentiation routine was cded, its operation was
simulated, and its accuracy was veri ed in MPLAB. Using a PICto perform more
complex computation, however, would be ine cient and not reommended due to
its slow processor speed and limited memory space. Nevetdss, straightforward

digital data processing was possible on-chip using the PIC.
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5.5 PACER packaging

5.5.1 Titanium enclosure and silicone encapsulation

Titanium enclosures are the industry standard in pacemakeasind implantable car-
dioverter de brillator packaging. Titanium is physiologically inert, resistant to cor-
rosion and can withstand most gas and uid. Thus, an enclosarmade with tita-
nium is ideal for biological implantation, providing an oustanding hermetic seal that
protects the electronics inside. Using a titanium enclosarfor PACER packaging,
however, led to some complications. For example, the eleatrics inside the PACER
were prone to electrical or thermal damage during the spot Wang process. This
problem was addressed by wrapping the contents in a thermaisulator. Also, ti-
tanium enclosures are expensive. Miniaturizing and customng these cases is very
costly. Furthermore, when a metal device case was used fomgmnent storage, it
was necessary to make a separate header stage using a traresgia non-conductive
material for pacing/sensing lead connections. A sizable ptant resulted after joining
these two sections together. Because titanium enclosure svaot optimal for PACER
packaging, a silicone encapsulation technique was attenept

Silicone encapsulation has been shown to be an advantagepaskaging method
in prototyping implantable devices such as a PACER. The sdbne elastomer chosen
for packaging the PACER was a commercially available matei called Silasti¢ . It
iIs biocompatible, and comes in the form of a viscous pouraheixture that can be
handled and cured at room temperature. Hence, by casting tiRACER with Silastic’
in a suitable mold, the PACER could be miniaturized and custmized into di erent
shapes easily in the laboratory. Silastic is clear when cured, with an appearance
similar to that of Hysol used in the header of the V1 PACER. Inhe new V2 PACER

package design, an attempt was made to combine the header lwihe rest of the

117



device to e ectively utilize valuable implant space. The tral was successful, with
a reduction in implant volume of 10%. When casting multipledyers of silicone, it
is recommended by the material manufacturer to do so in sequil steps without
time delay. Delaying the casting process a ects the crosskage property of Silasti€ ,
which could explain the leakage incident seen in one test PAR. Finally, it is critical
to avoid air pocket formation in the casting process. Air pdets weaken the strength

of the cast, and introduce potential channels for uid leakge into the PACER.

Although silicone encapsulation was shown to be an e ectiyeackaging method
for in-vivo implantation, there are some issues that require additioh&esting. As de-
scribed in Section 4.3.2, the medical silicone adhesivedtant used in the experiment
failed to prevent uid leakage at the site of the reference ettrode plate. As a result,
the electrode plate was not rmly adhered to the PACER and theelectrical connection
between the plate and the PACER was a ected. This faulty conection might have
worsened the sensing problem seen in the device. A more e oieadhesive should be
used or the package design should be modi ed to better accoradate this electrode
plate into the PACER. Moreover, the long-term physical and kectrical properties of
a PACER packaged in Silastit remain unknown and demands further testing. In
particular, since the PCB was tightly encapsulated with sitone when packaged, the
temperature rise of the PACER circuitry during the high-curent battery recharge
cycle could be signi cant. Although tests were conducted othe testbench, these

should be repeated at elevated temperature to simulate thenplanted conditions.

5.5.2 Conformal coatings

Conformal coatings are protective materials applied in tim layers onto printed circuit
boards (PCB). When properly applied, they help protect the eated circuitry from

moisture and contaminants, and prevent short circuits andarrosion of components
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and solder joints. Commonly used coating materials includacrylics, epoxies, ure-
thanes, paraxylylenes, and silicones. In one PACER prepai@n, a silicone-based
coating material (Fine-L-Kote™ HT 2106, Tech Spray L.P., Amarillo, TX) was ap-
plied to the PCB. Upon implantation, the device failed to sese and transmit AEGs
properly. In post-study inspection, it was discovered thathe conformal coating
material was associated with the failure. Particularly, itwas hypothesized that the
short circuits observed on the components were caused by iraper application of
the coating material, which trapped moisture onto the compents underneath the
coating. To prevent device failure in the future, some modcations in the material

handling procedure are suggested as follows.

First, during PACER preparation, a ux remover (such as Flux Remover G3,
Tech Spray L.P., Amarillo, TX) should be used to thoroughly emove any residues
of ux on the PCB from the soldering process. Since it is recomended that the
board surface be completely dry before applying the confoahcoating, the PCB
should be placed in an oven at elevated temperature for a biriperiod. Doing this
can accelerate the drying process and provide better moisturemoval. Heating
the PCB may also improve adhesion of the silicone to the sudes of the electronic
components. Moreover, coating can be performed under a furheod to prevent
collection of contaminants in the process. Alternativelythe coating process could be
professionally contracted. A professional coating procesitilizes special machinery
that ensures proper adhesion and complete covering by theatimg material. These
specialized procedures help eliminate any gap between thieotronic components
and the protective coating, where water can condense and dage the components.

Parylene could also be considered as the conformal coatingterial.

There are some critical issues associated with conformalatags that demand

additional investigation. Among those are (1) the compatitlity issue between con-
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formal coating and ux residues on a PCB; and (2) the water vapr permeability of
silicone. Also, because the coated packaged PACER was opierzal on the testbench
for 12 days andn-vivo for 2 days before the sensing problems arose, the preciseseau

and mechanism of the failure remains a mystery.

5.5.3 Device miniaturization

One weakness of this telemetry system was the physical sizetlee PACER. The
large size of the implant led to complications with wound hdiag in one animal. To
reduce the PACER size, several suggestions are made. Fitghen using a titanium
enclosure, the header could be made smaller by using the neptoposed high density
IS-2 multi-lead connectors instead of the 1S-1 standard. #drnatively, the header
could be incorporated into the device itself, similar to thenethod described in Section
2.2.8. Secondly, the battery size and shape could be custasd to e ectively Il the
available space in a smaller device case. Instead of using repgackaged RPC for
communication, the telemetry portion could be redesignednd integrated into the
main circuitry to eliminate the bulky RPC. Furthermore, a custom IC containing all
the circuitry could be developed. However, customizatiorf any of these components
is a complex and costly process, and may not be practical whenilding a research

tool.

5.6 Power management

Power management in the PACER is one of the biggest design tleages of the
telemetry system. In the early design, primary batteries we used in the device. Be-
cause only a limited number of batteries could be included e implantable device
without compromising its size, the battery capacity of the RCER was inevitably re-

stricted. Hence, to maximize device longevity, the power nsumption of the PACER
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circuitry needed to be minimized and monitored strictly.

The power consumption of the PACER was minimized both in handare and
software. In hardware, all electronics were selected based the supply current
rating. In software, the two PIC microcontrollers were fregently put in the power-
saving mode. The signal processing front-end of the PACER waowered only during
AEG acquisition.

Among all the components in the PACER, the RPC had the most deanding
supply current requirements. It required almost 18 mA durig preamble signal search
and RPC synchronization, and up to 20 mA when actively transitting. To conserve
power, the RPC was programmed to only search for the preambdggnal for 5 msec
in every 3-second cycle. During the rest of that cycle the RP®as placed in standby,

requiring less than 100 A of current.

The power consumption of the PACER was also monitored rigously. Prior to
implantation, the supply current of the PACER during all padng and sensing condi-
tions was measured. Throughout thén-vivo experiment, the number and duration of
active transmissions, pacing pulses, and all operationsahrequired power were tal-
lied. Results were entered into a computer program, by whidie PACER longevity

was calculated and correctly predicted.

A rechargeable battery was utilized in the V2 PACER design tdurther extend
the longevity of the PACER. Both the rechargeable battery ad the custom-built
battery charger were shown to be e ective in then-vivo experiment. Unfortunately,
due to device failure there was an increased current drawn ltiye PACER circuitry.
This caused the battery to deplete at a much accelerated ratdBased on the post-
study observation, this unexpected increase in supply camnt was determined to be
the result of an aberrant ohmic path near the battery terminés, potentially caused

by moisture trapped under the conformal coating. Assuming battery voltage of 8
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V, a current drain of 16 mA would indicate a resistance of abo®00 . This parallel
path was assumed to occur at the diodes, resistor array, or #te connector pads
(see Figure 2.10). Once the conformal coating was removedidathe components
were replaced or cleaned with isopropyl-alcohol, the supgpturrent returned to the
normal value. Therefore, the reason for the excess curremath was presumed to be

a packaging issue, and not related to the charging circuit dgn.

5.7 Atrial electrical remodeling

During the in-vivo experiment, a decrease in AERP was observed as chronic rapid
pacing was delivered to the atria. The experimental resulton rmed the progression
of a highly recognized phenomenon called atrial electricadmodeling associated with
this rapid pacing model of AF.

As illustrated in Section 4.2.3, the atrial electrical remdeling process was suc-
cessfully monitored using the implantable cardiac telemist system in the experiment
S920. A shortening of the AERP by 48% was measured during rdgacing at a cycle
length of 180 ms, and a reduction of 44% was recorded duringcpag at 150 ms. It
was also observed that the electrical remodeling processswaversible within 120
hours, with the AERP restored to 96% of the baseline value. Ese observations are
similar to those reported by other groups. Although no stastically signi cant obser-
vation could be made with the results obtained from a singlenamal, this experiment
demonstrated that the telemetry system was a reliable and efil tool for studying

the development of AF and changes in AERP induced by chroni@pid pacing.

5.8 TCP/IP for remote PACER interrogation

In the latest in-vivo experiment, the remote PACER interrogation capability of he
telemetry system was proven to be practical and convenientVith this upgrade, AEG
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acquisition and device programming could be performed frowmirtually anywhere.
Thus, the animal could remain in its most natural setting witout being disturbed
by the presence of the user, whilén-vivo data was being collected. Additionally,
PACER interrogation could be performed at any time of day, een when Vivarium
access was not possible. The amount of data that was colletteith this upgraded
system increased dramatically. Because this system allmveemote access and was
bi-directional, it had a signi cant advantage over the exiing commercial telemetry

system for animal research.

When comparing the TCP/IP with the RS-232 standard used in PEER interro-
gation, there are some key di erences that should be address One advantage of the
RS-232 close range interrogation method was that the phyaicactivities of the ani-
mal could be monitored. Any movements of the animal that wodl potentially a ect
data transmission could be noted by the researcher. Also,@ase of data transmission
failure, the researcher could immediately reset the impléed PACER by waving a
small magnet over the implant. The handheld communicationdx could also be reset
with a push of a button. With these convenient features, datéransmission could be
resumed promptly without a ecting the experimental protol.

When using TCP/IP, the implanted PACER could not be reset fran a remote
location in case of data transmission failure. Thereforef the remote data transfer
was accidentally interrupted, the PACER could remain in an etive transmission
state drawing up to 20 mA of current continuously. If the PACER was not reset
quickly, its battery life would decrease signi cantly. This problem can be resolved
by adding a \watchdog timer" in the PACER software, to reset tself automatically
when a transmission failure is detected. The rest of the corapents used in TCP/IP
data transfer could be remotely controlled: both the PDA andhe circuitry inside

the communication box could be remotely reset, restartednd put in a power-saving
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sleep mode.

The most bene cial advantage of remote PACER interrogations the ability to
collect in-vivo data without disturbing the animal. This capability can minimize
the potential e ects of the user's presence on the physiolmgl data being collected.
One simple example was that the sheep's heart rate was noadxy higher when the
investigator was collecting data in the room compared to reate data acquisition.
It is uncertain if the user's presence will have a similar, niceable e ect on other
parameters such as AERP, AF inducibility and ATP success rat With this novel

telemetry system, these potential e ects could be investajed.

5.9 ATP and AF organization

Anti-tachycardia pacing (ATP) was successfully incorporzd in the latest PACER
design. The potential of this pacing algorithm in de brillation was explored brie y
during the experiments. This work successfully demonstradl that conventional ATP
protocols can be delivered and post-treatment AEGs immedgly acquired and trans-
mitted using this custom-built telemetry system. Furthernore, ATP was periodically
attempted at di erent times of the day during both the initial AF phase and during
AF recurrence. Collection of uniquean-vivo experimental results was possible with
the improved system.

While comparing thein-vivo experimental results obtained from the PACER im-
plant to that of the acute study in a surgical setting, an inteesting nding was
reported. Both the average MXC during AF without ATP, and the average MXC
during AF post-ATP were higher in the acute study than that inthe implant study.
This result suggests that in general, the atria was in a morerganized state in the
surgical setting than in the implant study. The increase in MKC could be a result of

the use of anesthesia in the experiment. It could also be atiuted to an additional
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AEG channel used in computing the MXC for the acute study. Thesensing error
seen in the implant study might also have a ected the resultig MXC. In the fu-

ture, additional animal studies should be performed to rexamine and compare the
atrial spatial organization during chronic study to that of an acute study. The same

number of AEG channels should be used to compute the MXCs in thostudies.

Both the implant and the acute case, applying ATP did not caus a signi cant
change in the MXC in the experiment. To further investigate he potential e ects
of ATP, the telemetry system can be modied to include a longeAEG acquisition
period before ATP delivery. Direct comparison of the ASO befe and after ATP
delivery will be possible with this modi cation. Moreover,the AEGs collected from
the experiment can be manually examined to determine if costent atrial capture
was achieved during ATP. The ASO during ATP delivery can alstbe enhanced by

removing the pacing artifacts prior to calculating the MXC.

Despite the fact that no physiological conclusions can be mi@ from data obtained
in one animal, the ndings described above were encouraginghey reiterates the
need for a research tool like the implantable cardiac teletmg system. The in-vivo
data collected via remote telemetry is more realistic, an@ss a ected by experimental
variables such as the use of anesthesia. Moreover, ATP tsatan be conducted in a
physiological condition which most resembles that of an agl pacing scenario using
the telemetry system. The true e cacy of ATP can be more reaktically evaluated
in an implant study than in an acute study. This research su@ssfully provided a
solution to the need for research tool that allows long-ternexperimental study on
an ambulatory animal in a minimally-invasive manner. Becase this system can be
easily upgraded and customized, its future applications arabundant. In the search
for an e cacious electrical therapy for AF, this novel implantable cardiac telemetry

system has paved the way for an e ective experimental researtechnique to acquire
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comprehensiven-vivo data.
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Appendix A

Atrial spatial organization

A.1 Algorithms for quantifying atrial spatial or-
ganization

Atrial spatial organization has been examined by several search groups in recent
years. Each group has developed their own unique mathematialgorithm utilizing

either time or frequency domain analysis to describe and guiify the same physical
concept. Statistical methods such as principal componennalysis and cluster anal-
ysis have also been suggested as two automatic methods to swga AF organization

[66]. A few other mathematical approaches are described bdor reference.

Ropellaet al. usedmagnitude-squared coherendeinction (MSC) to discriminate
brillatory from non- brillatory cardiac rhythms in one st udy [67]. MSC is a fre-
quency domain measure of the similarity of two closely spatsignals, obtained by
calculating the cross-correlation of the power spectra ohé two signals. With this
operation, two linearly related signals will have a coheree function of 1 at all fre-
quencies, while 2 random uncorrelated signals will have ahsyence function value
of zero. Each MXC was computed using 60 seconds of AEG recogh. The mean

MSC ranged from 0.22 to 0.86 for non- brillatory rhythms, am from 0.042 to 0.12
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for brillatory rhythms. However, one of the limitations of the MSC algorithm was
that it was highly susceptible to noise. It was observed thathe presence of a low

signal-to-noise ratio greatly a ected the algorithm accuacy.

Sih et al. de ned a mean-squared erroralgorithm (MSE) as a predictor of the
linearity between two cardiac electrograms [68][69]. To kaulate a MSE, two of the
200 epicardial electrograms collected were rst re-sampl@nd processed, generating
two time seriesx andy. Two parallel linear adaptive Iters were then applied to the
signals to yield the best linear prediction of one signal fro the other, producingx,
from y andy,_ from x. The prediction results were then compared to the processed
signals that the linear adaptive Iters were trying to mimic to determine the mean-
squared error k¢ x.)and (y y.). It was postulated that a low MSE value would
represent a high level of linearity and organization betweethe two original electro-
grams. To validate this algorithm, this group used a gradedagal stimulation model
of AF in the canine and examined the organization of the atriguring sinus rhythm
(SR), atrial utter (Flutter), focal atrial tachycardia (F ocal ATach), and AF during
low and high vagal stimulation. Results show that the MSE algrithm was e ective
in distinguishing non- brillatory (SR, Flutter and Focal A Tach) from brillatory (low
and high vagal AF) rhythms, reporting a low MSE value when theatria was more
organized. The algorithm however, failed to identify thespeci ¢ arrhythmias. The
group further investigated the potential of using MSE to quatify AF severity. MSE
was calculated using electrograms collected from both pagsmal and permanent
AF groups. A higher MSE was resulted in the more disorganizegpermanent AF
case [56].

Everett et al. usedorganization index (Ol) to quantify the periodicity and orga-
nization of the atrial signals collected with de brillation coil catheters during periods

of AF [70]. Using their algorithm, inter-atrial electrograms were rst Itered and pro-
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cessed. A fast Fourier transform of the processed signal wadculated to obtain the
magnitude spectrum in the frequency domain. The maximum p&af the magnitude
spectrum was identi ed, and the position of the harmonic pdes were determined
based on the position of the maximum peak. Organization indgwas then de ned
as the ratio of the area under the maximum and the harmonic pka to the total area
of the magnitude spectrum. It was hypothesized that the Ol qgresents the degree
of AF organization at the time of data acquisition, with a hidh Ol corresponding to
a more organized AF. In their study, it was shown that period®f higher Ol were
associated with more organized AF episodes. Moreover, magccessful AF de bril-
lation attempts were observed during periods of higher Ol (805 0.087), than those
of lower Ol values (0.352 0.068).

A.2 Synchronizing therapy to organized AF: sup-
porting studies

Everett et al. is one of the research groups who pioneered the study of syriizing
AF therapy delivery to a more spatially-organized atrial shte to optimize therapy
e cacy. As described above, this group quanti es AF organiation by using a fre-
guency domain algorithm and computing a parameter called gh\organization index"
(Ol). By examining the changes in Ol before the therapy delery and observing the
outcome, Everett's group was able to study the impact of AF syial organization on
therapy e cacy. Speci cally, the group was interested in irvestigating the e ective-
ness of de brillation and burst atrial pacing in AF termination.

The rst study was published in 2001, which focused on the delopment of
the Ol methodology and the use of Ol to increase de brillatin e cacy [70]. In
this study on ten mongrel dogs, inter-atrial bipole electrgram was acquired from 2

de brillation catheters, placed contiguous to right and Iét atrial free walls. These
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de brillation coils were connected to a commercial programable de brillator, and
AF was induced by rapid atrial pacing at 20 Hz with another paiog catheter. When
AF was sustained in the animal, ten seconds of electrogramasvacquired prior to the
delivery of the de brillation shock. De brillation success or failure was documented,
and the collected electrogram was used to calculate the Ol ine. It was reported
that an average Ol of 0.505 0.087 was associated with successful de brillation
shocks, versus 0.352 0.068 for the unsuccessful ones. The authors interpretedath
AF signals that resulted in higher Ol values were more likelyo have a successful
atrial de brillation than those AF signals with lower Ol numbers. Although it was
not further veri ed in this study, the authors proposed that atrial de brillation could
be timed to coincide with periods of high Ols. Consequentlye brillation e cacy

might be increased.

A similar study by Everett's group was later published in 208, the objective of
which was to determine if the e cacy of burst atrial pacing in AF termination could
be improved by timing therapy delivery to periods of high Ol§24]. This study was
done on nine mongrel dogs, each with 2 coil electrode cathast@laced contiguous to
right and left atrial free walls to create an inter-atrial bipole electrogram. Using the
electrogram, Ol was calculated every 0.5 sec on a sliding&svindow. When AF was
sustained in the animal, burst pacing was delivered to the atim through a decapolar
catheter in attempts to terminate the arrhythmia. Burst padng was delivered either
randomly or synchronously to Ol of 0.5 during the experiment. Results of this
study show that burst pacing termination was attempted 1814imes, with successful
termination in 7 of 9 dogs. It was found that Ol was normally dstributed, with an
average of 0.41 0.11. Synchronous burst pacing delivery led to a higher oadr
success rate of 11.1%, versus 6.3% for random delivery. Thehers concluded that

timing the delivery of burst pacing to periods of higher Olsricreases the e cacy of
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atrial capture, and the subsequent burst pace terminationfcAF.

The two studies by Everettet al. are signi cant in demonstrating the potential of
synchronizing therapy delivery to periods of more spatigltorganized atrial state to
optimize the therapy e ciency in AF termination. These study results are promis-
ing, however, there are two critical factors that deserve fther investigation. Firstly,
a very vigorous, high-frequency burst pacing protocol wassed by Everett et al..
Burst pacing was delivered at 20 Hz, with 9.9 msec pacing palsvidth at 9.9 mA for
a duration of 1 to 4 seconds. Since other conventional adagi pacing protocols such
as RAMP, BURST and 50-Hz burst pacing would be more applicablclinically, they
should also be examined. Secondly, Everett's experiment svaerformed during an
acute animal study. This experimental method is inadequatdecause the experimen-
tal result obtained using this method could be signi cantlya ected by many factors
of a surgical setting. Details of the limitation of an acute aimal study are discussed
in in the main text Section 1.3. Nevertheless, to e ectivelyshow the involvement
of AF organization in burst pace termination, longer-term gdy on conscious and

ambulatory animal is preferred.
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Appendix B

PACER schematic and bill of materials

This appendix presents the bill of materials and the schemiat of the implantable
device (PACER) of the cardiac telemetry system described the main text. Detailed

discussion of the PACER design can be found in Section 2.2.

Table B.1 : Bill of materials of the PACER.

Designation Description Part number

U1, U2 Fault-protected, low-voltage QUAD SPST ana- MAX4713EUE
log switches with 2 NO and 2 NC switches

U3, U4 Fault-protected, low-voltage QUAD SPST ana- MAX4711EUE
log switches with 4 NC switches

U5, U6 Micropower instrumentation ampli er (dual ver- INA2126E/250
sion)

U7, Us Dual single-supply operational ampli ers MAX417CSA

U9, U10 Seria;}lly-controlled, low-voltage 8-channel SPST MAX395CAG
switc

Ull (I;’rlf microcontroller, 20 MHz, 8K program mem- PIC16F877

Uiz PIC microcontroller, 20 MHz PIC16F767

uUl3 Fast, low-voltage, 4 ohms, 4 channel CMOS anaMAX4634EUB
log multiplexer

Ul4, Ul5 4-channel high performance analog multiplexer ADIB9

Ul6 Micropower voltage regulator with comparator LT1120ACS8

and shutdown

132



Table B.2 : Bill of materials of the PACER (continued).

Designation Description

Part number

ulv

uils

Ral to Ra3
Ra4 to Ra7
Ra8

Ra9

Ral0

Rall

Ral2

Ral3

Ral4

Ral5

R1

R2

R3

R4

R5

R6

Cal

Caz2

Clto C12
C13

Cl14 to C15
Ci16

C17

C18, C19
C20

Cc21

C22

C23 to C26
c27

C28 to C31
C32
C33to C34
C35

Fast, low-voltage dual 4 ohms SPDT CMOS ana-MAX4638EUB

log switches

DC-to-DC step up converter
24.0k, 4 0402 resistor array
1.0M, 4 0402 resistor array
33.0k, 4 0402 resistor array
8.2k, 4 0402 resistor array
2.0k, 4 0402 resistor array
150.0, 4 0402 resistor array
8.2k, 2 0402 resistor array
1.0M, 2 0402 resistor array
150.0, 2 0402 resistor array
4.7k, 2 0402 resistor array
121.0k, 0402 resistor

1.0M, 0402 resistor

13.0k, 0402 resistor

51.1k, 0402 resistor

20.0, 0402 resistor

1.00k, 0402 resistor

1nF 4, capacitor array, 1206
33pF 4, capacitor array, 1206
33nF, 10V ceramic

10uF, 10V tantalum

8pF, 50V ceramic

1nF, 25V ceramic

33uF, 6.3V tantalum

10uF, 10V tantalum

47uF, tantalum

33uF, tantalum

0.1uF, 25V ceramic
0.01uF, 50V, ceramic
10uF, 10V tantalum

0.1uF, 25V ceramic

1uF, 16V ceramic

0.01uF, 50V

0.01uF, 50V ceramic

LT1301CS8
Y7243CT
Y7105CT
Y7333CT
Y7822CT
Y7202CT
Y7151CT
Y5822CT
Y5105CT
Y5151CT
Y5472CT

P121KLCT
P1.00MLCT

P13.0KLCT

P51.1KLCT
P20.0LCT

P1.00KLCT

P10604CT
P10586CT
PCC2140CT
P11309CT
PCCO80CQCT
PCC102BQCT
PCS1336CT
P11309CT
478-1788-1
478-1785-1
445-1316-1
478-1227-1
P11309CT
445-1316-1
445-1416-1
478-1542-1
478-1227-1
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Table B.3 : Bill of materials of the PACER (continued).

Designation Description Part number
CONN1 to CONN2 Right angle connector, 4 posts H2221
CONN3 Right angle connector, 10 posts H2226
RPC CONN Right angle connector, 12 posts H2228
D1 to D9 Zener diode 10V MAZS1000MLCT
D10 to D13 Ultra fast switching diode 50V 1A US1ADICT
D14 Schottky 30V 1A MBRS130LCT
D15to D16 Schottky 50V 2A B250DICT
L1 33uH, 1.2A power inductor 308-1243-1
Magnetic switch Magnetic proximity sensor CKN6008
Q1to Q3 MOSFET, N-chan ZVNO545GCT
Q4 to Q5 MOSFET, P-chan BSS84ZXCT
Q6 to Q8 MOSFET, N-chan ZVNO05445GCT
RPC Radio packet controller
SOCKET], 2 Crimp socket connector, 4 housings H2181
SOCKET3 Crimp socket connector, 10 housings H2186
RPC SOCKET Crimp socket connector, 12 housings H2188
Terminals Socket crimp contacts H9991CT
Jumper cables Various jumper cables H4BXG-10112-Y8
XTAL1 8 MHz crystal 300-8126-1
XTALS, 4 32.768 kHz crystal 300-8039-1
Antenna RP-SMA reduced height quarter ANT-433-CW-RH
wave whip
Antenna connector SMA right angle PCB mount CONREVSMAO002
Ferrite EMI suppression ferrite bead 490-1006-1
Zero ohm zero ohm resistor P0.0JCT
Decoupling capacitor 0.01uF, 50V 478-1542-1
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