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1 Introduction

The electrocardiogram (ECG) contains information about the electrical activity of the heart. Abnormal
electrical activity may cause aghmic eventsi.e., events in which the normal rhythm of the heartbeat is
interrupted The detection of these events is important since they can lead to the deterioration of the
mechanical functioning of the heawhile the ECG may be well suited to dettand classify these

events, it is not nearly as ubiquitpm®r as simplea measurement as that of the pulse. The OFIT
acquired pulse waveform, or sphygmogrisrmg measure of the changes in pulse pressure that occurs
within the radial artery at therist. Although every electrical contraction of the heart may not result in a
pressure wave that travels through the arterial system, every pulse detected by fhis pefeded by a
ventricular myocardial contraction. Thus, it follows that irregulagitéheartbeats thdb not prevent the
ejection of blood into the arteries are captured in the sphygmogram. This connection between the
electrical and mechanical domains of the heartbeat presents some interesting possibilities.

The shape of the ECG pulseindicative of the source of an arrhythmic event. Thelitlis evidenceo
suggest that the shape of the radial pidses informativei.e.,able to indicate the source of the
arrhythmia However, there is ample evidence to suggest that the rathal gaptures arrhythmic events
via rate and amplitude changes within the pulse waveform. A collection of such pulse waveforms is
presented ilppendix A: UFIT ® Detection of Instantaneous Arrhythmic and Amplitude Anomalies
These UFIT readings are visualisuitable for detection of arrhythmic events. Advanced panse
anomalydetection algorithms provide a framework for automatic detection of arrhythmic events,
followed by classification within the domaiAs a standalone application, this can be verjulge
healthcare as a screening tiestarrhythmias, as well as a tool for monitoring changes in arrhythmias
over time.Further work in this field to explore the relationship between the ECG and the sphygmogram
in the context of arrhythméds required © assess its diagnostic capabilities.

This document presents a general background of cardiac arrhythmias, with examples of various types
based on the ECG, followed by evidence of arrhythmic events within the®@Etfired pulse
waveform.

© 2011 Biosign Technologies Inc.
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2 Background of Cardiac Arrhythmias

In this section, a brief explanation is provided for various forms of arrhythmias. @8ihgghmias are a
result of abnormal electrical activity within the heart, this chapter will discuss arrhythmias in the context
of theECG.

Cardiac arrhythmias are generally caused by conduction abnormalities, and can be classifiexhtthe
site of origin. Thidallsinto 4 major areasinoatrial (SA) node, atria, atrioventricular (AV) node, and the
ventricles (see Fig.1).

Atria
Heart
SA Mode
AV Node Ventricles

The sinus or SA node (Fig. 2.1) consists of a group of cells located on the wall of the right atrium that are
responsible for the initial activation of a heartbeat. They are also known as gaceriks. The reason

that these growgof cells are given this role is that they can generate impulses slightly faster than other
cardiac myocytes with pacemaker potential. Thus, although other sites, such as the AV node, are capable
of providing a regulaimpulse, their potential impulses are prevented since they occur during the

refractory period induced in them by the SA node.

Normal sinus rhythm is considered to be between 60 anéhii@@these values may vary). The
conduction pathways for sinus rhythare shown in Fig2.2. A rate of actigtion of the sinus node above
100 /minis known as sinus tachycaadiwhereas a decrease to beld@wréin is known as sinus
bradycardia. Note that both of these conditions still exhibit a regular heart rate, astchdoessarily
indicate any health conditions.

© 2011 Biosign Technologies Inc.
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However, there are cases where there is a conduction abnormality in the sinus node. Thisa&s known
sinus node disease or sick sinus syndrome and includes the following conditions [1]:

1.

w

Inappropriate sinus bradycardid his refers to cases of sinus bradycardia that do not occur due
to drugs and cannot be brought back to sinus rhythm with naturtibexer

Sinoatrial exit blocK In this condition, the SA node does initiate the heartbeat but the impulse is
not able to reach the atria. This results in missed beats (note thatiffesrent from a delayed

beat).

Tachybrady syndromé This is a suddenhange between high and low heart rates.

Sinus arrest and asystold heseresultin a delayed beat (> 3 s dgla

The atria (Fig2.1) are the heart chambers responsible for receiving blood from the veins and forcing it
into the ventricles. Threeommon atrial arrhythmias will be presented: premature atrial contraction
(PAC), atrial tachycardia, and atrial fibrillation.

In normal sinus rhythm, the SA node initiates the heartbeat. In PAC, also known as atrial ectspic beat
the heartbeat is initiated prematurely from a focus outside of the SA node, as show.iB Figs

results in an ectopic beat with an interval shorter than that of a sinus beat. The ectopic beats can occur in
patterns, such as bigeminy (every otheat), trigeminy (every third beat), and quadrigeminy (every

fourth beat), or in sequences such as couplets, triplets, salvos (4 to 7), or episodes (8 or mos).4Figure
and 2.5show examplgeof PAC withanECG.

© 2011 Biosign Technologies Inc.
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Note that in Fig2.4, there is a compensatory delay between the ectopic beat and the following sinus beat.
This indicates that the heart rhytlomntrol has been returned to the SA node and normal sinus rhythm is
established. Another situation can occur in which the SA node is in its refractory period following the
ectopic beat, and another focus initiates the next beat. In thitheasds no empensatory delay between

the ectopic beat and the next beat.

Atrial tachycardias belong to the family sfipraventriculartachycardias These refer to rapid heart
rhythms that originate from outside the ventricles; including the SA rodeginus tachycardia), atria,
and AV node (see Secti@m). Atrial tachycardia occurs due to rapid impulses from an ectopic focus
(outsde the SA node) within the atrfgimilar to Fig. 2.3) Si n c e twhve noEnallg ériginates
from the SA node, atrial tachycardias are usually diagnosed from abnomaaieB combined with a
rapid regular heart raté&n example of a supraventriculachycardia is shown iRig. 2.6 with anECG.

In contrast, sinus tachycardia will generate normadaves.

© 2011 Biosign Technologies Inc.
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Fig. 2.6: Supraventricular tachycardia (ECG).Pul ses mar ked O0AO6 eplhibit a high pulse r

Atrial Fibrillation

Atrial fibrillation occurs when disorganized impulses originating in the atria form multiple conduction

paths, shown in Fig.7, resulting in an irregular heart rhythm. In this condition, atrial contraction is

replaced by ineffective twitching of atrial muscles (fibrillation). Since the atrial muscle contraction is
unpredictable (resulting in absentvRves), the ventricularrespes e ( whi ch f orms t he EC
complex) is variable in shape, duration as well as amplitude. This is illustrated #8Fig.

Fig. 2.7: Conduction pathways for atrial fibrillation.
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Fig. 2.8: Atrial fibrillation (ECG). Poi nt & A B th8sbart ohatnalkfibrillation. [1]
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In sinus rhythm, the purpose of the AV node (Rid) is not only to conduct the impulse from the atria to
the ventricles, but also to introduce a conduction delay of the impulse to alleviotitne relaxed
ventricles to fill with blood before thegontract. In this section, twoajor arrhythmias associated with
the AV node will be presented: AV reentrant tachycardia and AV block.

In this arrhythmia, the AV nods part of a reentry circuit in whidihe heartbeatasa rapid and regular
rhythm. This may lead to two variations in the impulse propagation. One possibility is that the impulse
travelsfrom the atriato the ventricles firstia the AV nodeand therbackto the atria via an alternate
pathway. This is called orthodromic AV reentrant tachycardia. The other possibility is that the impulse
travelsfirst from the ventricleso the atria vianalternate pditway, and thebackto the ventriclevia the

AV node(resulting in a wide QRS complexjhis is called antidromic AV reentrant tachycardia.

In some situations, the AV node contains multiple pathways that cause a continuous circuit of conduction
around it.This is known ag\V nodal reentrant tachycardiar junctional reciprocating tachycardidn

this condition, the heartbeat is not necessarily initiated by the AV node; however, with the existence of
multiple pathways within or around it, the impulse magppéually surround it if the pathways repolarize

fast enough (Here the impulse loops around).

Since the AV node is the electrical junction between the atria and ventricles, conduction abnormalities in
it may delay or prevent the pulse from reaching the ventricles. This is known as AV block and can be
categorized as first, second, or third degree. In first degree AV block, there is simply a delay in
conduction from the atria to the ventricles (no blockage), as shown ia.$ag This results in a

prolonged PR interval in the ECG.

(a) First degree (b) Second degree (c) Third degree

Second degree AV block refers to when not all impulses are conducted from the atria to tHesjeadric
shown in Fig2.9b. This is subclassified &sobitz Type BndMobitz Type Il Mobitz type | is a generally
benign condition where the delay caused by the AV node gets successively larger until eventually a pulse
is blocked from entry into the veidles, resulting in a dropped QRS complex, but retaining atrial rhythm.
Mobitz type 11, which may not be benign and may lead to third degree AV block, does not exhibit the
successive increase in PR intervals between pulses. Instead, the AV node maitdrioate impulses

© 2011 Biosign Technologies Inc.
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(constant Mobitz Type)llor intermittent impulsegériodic Mobitz Type )lwith no specific pattern. The
formeris illustrated in Fig2.10.
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Third degree AV block refers to when there is a complete interruption ofictod from the atria to the
ventricles. This is also known asmplete heart blockfo compensate, impulses may be generated from
within the ventricles (at a slower rate), as shown in ERg. These impulses, which form aacape

rhythm arenot affectel by theautonomianervous system, and thus the ventricular rhythm has low
variability (somewhat constant RR intervals). The atrial rhythhwdRes) retains regular sinus rhythm.
Thus, there is no apparent relationship between atrial and ventriculatyactivi

The ventricles (Fig2.1) are the heart chambers responsible for receiving blood from the atria and
pumping it to the pulmonary and systemic circulation systems. Three ventricular arrhythmias will be
presented: premature ventricular contiat (PVC), ventricular tachycardia, and ventricular fibrillation.

This condition is similar to PAC (Section 2.2), with the ectopic beats originating from within the
ventricles, as shown in Fig.11. This results in an extra systole in the ECG, which appears wider and
taller than regular sinus beats. Also similar to PAC, PVC can occur in bigeming.(p.trigeminy

(Fig. 2.13), and quadrigeminy patterns, as well as sequences of couplets,,tspleds, and episodes.

© 2011 Biosign Technologies Inc.



Page 12 of 916

A r. A |l l Al Al ‘ Al Al
YT WA BPe| WA it WAY I Wil AL~ ML
e M L e R | I
I\ \ { A ~
0:20« . \Y . v o v . v
(B | | |
A A f

\ /) al 1\ / \
VI [ o] | [/ LR A__’l PR | :-/ ‘mw\)ifw—mw f R e ‘,/'\.J [ My ‘_-f\-'.J‘ / [ rem— ]
! - » Al [ [

Grid intervals: 0.2 sec, 0.5 mV
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Fig. 2.13: PVC with trigeminy pattern (ECG). Pulsesmarlke d 6V6 i ndicate [Lllhe premature beats

If the ventrtular ectopic focus changes, thithe PVC pulsemay differ in morphology.

Ventricular Tachycardia

Ventricular tachycardia is a fast rhythm that originates in the ventricles and may be sustained by a
repetitive conduction path (possibly due to scarred heart tissue). This is shownb¥4-iglthough the
rhythm may revert back to sinus rhythm, thisdition may degenerate into venttiaufibrillation.

Fig. 2.14: Conduction pathway for ventricular tachycardia.

The morphology of the ECG resulting from ventricular fibrillation is that of a wide QRS complex. Since
this appears similar to other typesaofhythmias (that also exhibit wide QRS complex morphology),

© 2011 Biosign Technologies Inc.
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ventricular tachycardia is sometimes classified afda complex tachycardi&n example of this form

of tachycardia ishown in Fig2.15.
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Fig. 2.15: Ventricular tachycardia (ECG). Note the wide QRS complexf pulsesma r k e d

Ventricular Fibrillation

The conduction pathways of ventricular fibrillation consist of disorganized impulses contracting the
ventricular muscles, resulting in their fibrillationnlike atrial fibrillation, this condition prevents the

heart from adequately pumping blood and in a matter of seconds ceases blood circulation, followed by

cardiac arrest if not treated. Figutd6 shows an example of ventricular fibrillation.

Fig. 2.16: Ventricular fibrillation (ECG). [2]

© 2011 Biosign Technologies Inc.
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3 UFIT® Classification of Arrhythmic and Amplitude Anomalies

The UFIT® acquired pulse waveform is suitalite detecting certain forms of arrhythmic and amplitude
anomalies that are associated with cardigloythmias. This chapter classifies the various forms of

arrhythmic and amplitude anomalies that have been detected within th@ t@htling database. The

classes are grouped overall under two main types: Instantaneous anomalies, and series of anomalies.
Instantaneous anomalies refer to those that are associated with a single pulse. Series of anomalies refer to
those that are associated with a series of pulses.

All examples shown in this chapter are actual \Jfi@adingsA larger collection ofexamplesare also
presented ilppendix A: UFIT ©® Detection of Instantaneous Arrhythmic and Amplitude Anomalies
These analyses are automatically generated using proprietary pulse and anomaly detection algorithms,
which are regularly tested and improved. Regions a@ngamovement artifacts are detected and

ignored.

This is defined as the absence of a pulse where an otherwise regular pulse raieeexiste(missing
pulse were inserted into the wémen, it would contain the underlying pulse rateany types of cardiac
arrhythmias may present a missing pulse, for exar§#idylock (Sectior2.1) andAV block (Section
2.3). An example of aissing pulse is shown in Fig.13

This is defied as a pulse duration that is abnormally long. In contrast to a missing pulse, if a pulse were
inserted during the delayed portion, it would not retain the underlying puls&liatg.types of cardiac
arrhythmias may present a delayed pulse, for exammiples arrest (Section), a collateral effect of

other types of arrhythmias, such as a premature contraction with compensatory delay (Z2cioths

2.4), and atrial fibrillation (Sectio.2). An example of a dayed pulse is provided in Fig-23and3.4.

This is defined as a pulse duration that is abnormally sivbere the proceeding pulse may or may not
have a compensatory deldany types of cardiac arrhythmias may present a premature pulse, for
example, RC (Section2.2) or PVC (Sectiorz.4). An example of a premature pulse is shown in&g).
and 3.4

This is defined as a pulse amplitude that is abnormally low (taking into account the oscillometric behavior
of the pulse waveform). Low amplitudetigically observed together with a premature pulse. This

decrease in relative amplitude of a pulse, especially when occurring during an arrhythmic event, is
indicative of a change to the regular heartbeat. An example of a low amplitude pulse is shigw8.5n F

© 2011 Biosign Technologies Inc.
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This is defined as a pulse amplitude that is abnormally high (taking into account the oscillometric
behavior of the pulse waveform). High amplitude is typically observed together with a delayed
compensatory pulse occurringefa premature pulse. This increase in relative amplitude of a pulse,
especially when occurring during an arrhythmic event, is indicative of a change to the regular heartbeat.
An example of a high amplitude pulse is shown in Fig. 3.

This is defined as a regular pulse rate undegnn. If taken under normal conditions, this may suggest
form of bradycardiaRecall that the activation frequency of the SA node, which is the primary
pacemaker, isormally607 100/min. An example of low pulse rate is shown in RAd.

This is defined as a regular pulse rate over/ttif. If taken under normal conditionthis may suggest
one of the many forms of tachycardéa example of high plse rate is shown in Fi§.7.

This is defined as a sudden change between high and low pulséf tateen under normal conditions,
this may suggest tacHyrady syndrome (Sectidhl). Sudden pulse rate changes should contaltipheu
delayed and/or premature pulses. An example of a suddenrptéschange is shown in Fig8.3

This is defined by highly constant pulse ratesaken under normal conditionhis may suggest alv
block (Sectior2.3). An example ofow pulse rate variabilitys shown in Fig3.9.

This is defined by highly variable pulse ratekany types of cardiac arrhythmias may calhigg pulse
rate variability, for exampletrial fibrillation (Sectior.2), or a collateral effect of various other
arrhythmiaghat result in premature, delayed, or missing pulsasxample ohigh pulse rate variability
is shown in Fig3.10.

This is definedy highly variable pulse amplitles (taking into account the oscillometric behavior of the
pulse waveform)This may exist in the pulse following a missing, delayed, or premature pulse. It may
also be a collateral effect of atrial fibrillation (Sect®8). This is because the amouhbtod within the
ventricles after atrial contraction is unpredictable, since the rate of atrial contraction itself is
unpredictable. It may be a low volume of blabdt may leado an unusually low amplitude pulse, or a
high volume of bloodhat maylead to an unusually high amplitude pulde example of high pulse
amplitude variability is shown in Fig. 3.1

© 2011 Biosign Technologies Inc.
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Arrhythmias

Appendix A: UFIT ® Detection of Instantaneous Arrhythmic and Amplitude Anomalies

A collection of UFIT ® acquired pulse waveforns that contain arrhythmic
and amplitude anomalies.

Biomedical Engineering Team
2011%:11-09

These analyses are automatically generated psogietarypulse and anomaly detection algorithméich are regularly tested and
improved Regions containing movement artifacts detected and ignored.
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