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ABSTRACT

" : !

_ HIGH SPEED MINICOMPUTER ANALYSIS OF CARDIAC ARRHYTHMIA
N Q - - " —

IN 24 HOUR HOLTER TAPE RECORDINGS
,

‘David R wOn%

diagnqstic method for the detection and analysis of cardiac
%rrhythmia. Its use has been limited, h$wever, by the size and
complexity of the task of analysing 24 hours of ECG tapg -

recording produced for each paiient under surveillance. Although

énalog ~ and hybrid - tape scannin§ systems have beén developed to
facilitate ‘this task, each tape anélysis still requires
considerable oferator intervention. This thfsis descrjbes a
fully digital system designed to provide accu;a;e éuantilative/
information 'about the. occurreqceg‘ of \Erfhythmia, while
-significantly reducing operator overheéd. The system is based on
the use of a small miﬁicomputer that reads and analyse the ECG

tapes directly at 60 times real time, without the use of a

hardware preprocessor. A unique aspect of the softwere design is
the partitioning of the analysis into ‘on-line and off-line

functions .in order to achieve the analysis speed potential of

'\

hybrid siitems, while retaining the flexibility and precision.
that cha acteriie aigital systens. The results of extensive

testing have demohstrated a high degree of reliability. in beat

N {
detection and classification.
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Preface i < - N

The topic of cardiac arrhythmia has been receiving growing .
' ' ,

attention in recent years. 'This 1is primarily due to- the ? |
increased understanding of its origin and relation to more
serious .cardiac diseases. Afrﬁythmia detection has been based

prfhaﬁfly on two ‘electrocardiogram (ECG) ana}ysis methods: - . ‘

"hospital monitoring. and ambulatdky monitoring. : While both '\ 1

methods promise to provide the large sample of ECG which is
necessary for effective arrhythmia analysis, the latter method
has the added advantage of being able to collect the data under ‘

the patient's normal living Eonditions. As ambulatog& monitoring

-

involves the recording of the ECG over a 12 to 24 ﬁour period of
time, a vast amount of data is collected for each Aﬁﬁient. The
analysis. of 'a sample of this size is an appr£ciable task,
especially in consideratfon of the complexity of some
arrh¥§2$ias; 'Trédifionally; the analysis iqugrférmed by trained

operators “with the aid( of an analog/hybrid computer. The

dnalysis process, however, has nei;her the efficiency nor the
b -
accuracy Qgeded for wide acceptance and application of this

technique. The' analysis’ system developed 1in the .research

{

undertaken’ here was designed to ovércome the drawbacks in

contemporary ambd;atory ECG recording analysis systems. The
reédlts‘obtained by this system compare very favourably to
existing systems and it also has the pofential of possible

implementation based on a low cost microprocessor system.
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GENERAL INTRODUCTION

£~

P .

THE HOLTER SYSTEM ) !

-

In 1957, the Holter Foundation LaboFatory_of Helena, Montana,

reported on the development of a system which allows observation

of a patienp's heart activities over an extended period of time
[Holter, 1961]. It was designed to provide a means of observing : N
waveshape variations of the eleytrocardiogram (ECG) of an
ambulant subject. A system based on these techniéues is marketed
by Avioni%§ Research Products, Los Angeles, California. The
Holter—AQionics ambulatory ECG recerding system consists of a
portable, self-contained electrocardiograph;c amplifier and a low
speed precision tape reeogder. .The recorder 1is capable of
recording up to 24 hours of ECG information under the patient's
normal daily activities [Hinkle, 1967). A log is carried by the
patient to record all the changes in activities and other
manifestations for the duration of the ECG recording. The

.analysis is performed on a cémposite scanner which superimposes

complexes of the recorded ECG on an oécilloscope screen at 60
! o v -
times redl time.

—_

The Holter-Avionics system opened up a new dimension in heart
<,

care, }It provides 'a means of observing the activities of the

heart over an extended period of time. With 1it, significant
' de

lo . pathological-+changes bf"ought on by daily activities which would
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otherwise pass unno£ﬁced can be detected. This is particularly
useful for" thé detection of cardiac arrhythmia which is not
normally apparent;in conventional electrocardiograms. It has
therefore proven to be a valugble technique in anti-arrhythmia
drug research, wﬁere lo%g term effects of the drug can be
observed ([Sheffield, 1976; Harrison, 1976]. It has also been

Succe§sfully applied inlthe early detection of several cardiac

diseases [Reiffi}, 1977; Romero, 1976].

HOLTER MONITORING AND CARDIAC ARRHYTHMIA

IR

The topic 6f cardiac arrhythmia has been the subject of
intense intefést?in recent years. The _term cardiac arrhythmia
refers £o 2 heart condition characterized. by changes in the
regular rhyphm of the heart that are usually abrupt and, except
in cases of severely degraded heart condition, transient. This

interest}‘1s due to an increased understanding of their

'relationship to sudden death and as foretokens of more serious -

cardiac disorders [Macfarlane, 1974; Romero, 1976]. This,

coupled with the development of medication for suppressing and

even terminating arrhythmias, have made their detection very

desirable.

/) '

It has been observed that approximately 206% of routine ECG
contains arrhythmia [ﬁacfarlane, 1974]. In short record ECG
analysis only a small amount of/data, usually 5 to 2§'seconds, is

collected, making detection of all but very severe arrhythhias

improbeble. The actual condition is difficult to assess in this
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time span because it cannot be dete?mined whether the record is
shorter o; longer than the average occurrence of the arrhythmia
manifestation [LeBlanc; 1975; Prody, 1975; Geddes, 1971]. ' In
order to effectivelzuggtect arrhythmia, records much longer than
those obtained in routine'ECQ;pre needed. The' Holter recording
systeﬁ is capable of providing the size of sample required fér an

accurate analysis of cardYac arrhythmia.

A 24 hour ECG recording contains approximately 10¢,00¢ to
150,600 heartbeats. The analysis of a sample of this size and
complexity is an appreciable task, especially since practical

considerations dictate that the analysis should belperforméd in
le;§ than 35 minutes. Most contemporary  Ho1ter tape apalysis
sy§tems ach%gvas this speed by employing special purgoseuanalog
hardware preprocessors for the detection and identification 'of
abndrmal heartbeat complexes. While hardware circuits promise
higher analysis speed, they have the inherent disadvantage of
being inflexible. This 1lack of flexibility is due, to a great
“extent, to the inability of the analog circuit to adapt éo the
many non-pathological variations in the data. In view of the
cqmplexigy and variability of the ECG signal, this drawback of
the hardware preprocessor cannot be ignored when designing an
analysis system. A programme% analysis system, on the other
hand, can overcome these problems and can potentially provide a
higher accuracy in the detection and classification of abnormal

cardiac activities. A fully software detection method can be

programmed to accommodate and adapt‘ to the inter and intra
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‘and time consuming task. \
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patient variations that hardware devices are unabll to track |

1

-effectively. This implies, however, that special detection and

\ .
classification alﬂkrithms must be designed to meet veéery tight
time cons&raints. The work presented here concerns the

implementation of such an analysis system on a standard
minicomputegyaithout any special ©preprocessing hardware. This.

design philogophy takes adQéntage of the high accuraay and

flexibility that characterize digital systems, and the 1low \cost

of a standard minicomputer. ° \

\

1}

\

»

COMPUTER INTERPRETATION OF ELECTROCARDIOGRAMS N

Convéntional EQG interpretation by-an electrocardiographer is
an extremely time ébﬂguming process., Due to this f%ct, the use
of electrocardiograms in preventive medicine has beeﬁ very
limited. Heart att%cks and relatﬂ@ heart diseases remain the
single biggest killer\én Canada, accounting for 34 percent of. all
deaths each year [Wylie, 1978]. Most,of these death could have
been prevented iR the c&&diac disorders had been discovered at an
early .stage. dical ‘facilities as they presently exist,
however, cannot provide), the throughput* necessary for mass
screening of 'ECG's. Tr;hitipnal ECG analysis with huiman

\

interpreters measuring the winute repetitious detail is a tiring
)

v
A

\

The basic objective in aut&pated ECG analysis/diagnosis .is to

relieve some of the cardiologists' burden. In 1its present

evolutionary stage, it is inhérently ‘incapable of replacihg
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convey a summary of cardiac activities of the patient to him at a

. glance. It is more accurate for this purpose than the hupan

observer, because unlike human beings, it excels in repetitiye

and lengthy tasks. An automated analysis system also has the

potential of reducing costs to a point where arrhythmia analysi

can become' part of a regular checkup procedure. The Holter

system could be especially valuable in this respect as it could}

/

I be used to detect arrhythmias that are pgecursofs to dangeipés

/

cardiac abnormalities. The analysis process |is, however,//more
. £

complicated than that of conventional ECG due to the sheef/volume
//

of data. : /”

Contemporary ECG interpre;ation sysgems can ,be categorized
into two types: static ECG diagnosis and dynamic ECG analysis.
The static Ecé has been useq.to diagnose cardiac diseases based
short records; while dynamié gCG analysis includes intensive care
unit (ICU) monitoring and ambulatory ECG recording\ analysis.
Short records (5 to 25 seconds) of ECG recorded on paper or
magnetic tape, obtained during visits to clinics or Hospitafs,
have been used for diagnosis of cardiac diseases. This type of
diagnosis requires detailed examination of the heart beat
complexes, timing and morphological differences. In ICU

monitoring, the main interest is in the recognition of transient

cardiac abnormalities.

4




SHORT RECORD DIAGNOSIS o

Short record ECG analysis attempts to determine the condition

E 3

of the‘Patient's heart bx careful measurement and classification
of ﬁ?e shape of individual hearg’beat complexes. ‘This could be
terméq as an entirely static measurement that provides an
assess%ent of the condition of the patient's Heart at the point
in time of the ECG recording. The inf%ia;,efforts in automated
ECG pfogessjng were concentrated in the diagnosis of sﬁort
records.“The technique involveé digitizing 5 to 25 seconds ofl
ECG on 12 leads under  carefully controlled coﬂditions, and
performin‘ gh off-line analysis process by compu£§r./ The first

experimental programs were developed in the early sixties

[Caceres, 1969; Piberger, 1962]. A detailed discussion on

‘automated ECG diagnosis systems is presented in Appendix A,

ICU MONITORING

Later developments in cardiac analysis wused much longer

-

samples of ECG in an attempt to make a dynamic -measurement of the
heart's condition that would provide an assessment of the
stability of the- patient's heart. Unstable cardiac activity Iis

! - 1.
denoted in general by the term arrhythmia, but within this

- general category there are many specific manifestations of

instability, some benign, others indicating a dangerous condition
potentially 1leading to a cardiac failure. The fundamental
difference betwaen a "static" analysis of the heart's condition

affd an arrhythmia analysis is the nature of information required.




A single heart beat could potentially proyide sufficient
information for a static anal?s@s, whereas, to be ” significant,
§ érrhythmia analysis depends on a scan of many consecutive beats,

with detection of changes from beat to beat and the

classification of irregular. beat shapes.

One . way 'to obtain the amount of data required for arrhythmia

analysis 1is to hospitalize the patient  for monftoring.

Conventional ECG monitoring with, medical personnel watching
oscilloscopes was, however, found tg be inaccurate and- it was

robserved that proper quantificatibn was almost impossible in the

case of patients with frequent arrhythmias [Romhilt, 1973] . The-

initial successes in short record ECG diagnosis have prompted

A d

researchers to develop automated systems for rhythm mpnitoring in
the hospital environment (see Appendix B for further discussions
on automatea ECG monitoring systems) . Such systems have proven
to be extremely valuable in intensive and coronary‘care units as

early warning systems to catastrophic cardiac disorders such as

cardiac arrest [Hulting, 1976, 1977].

\

AMBULATORY 'ECG MONITORING

)

‘Hospitalizatioﬁ’ for rhythm.monitoring presents both economic

' aﬁd diagnostic problems. 1In economic terms, it is expensive for
the public health system, and too inconvenient and impractical to
be used for routine checkups. The diag;ostic problem is that it

places the patient in an atypical environment. Since the'

occurrence of arrhythmia is often highly dependent on stress and

a
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exertion ([Fortuin, 1977], monitoring under clinical conditions

does not necessarily produce the same conditions which- may be:

causing. the cardiac rhythm disorder of the patiept. Ahis is

especially true if the patient isoon1§ marginal%y illﬁf
' \
. o \
\
Since arrhythmia is actuated by certain activities causing

s

physical or emotional stress, it is desirable to use samples '

.

which are taken under'a variety of conditspns. One method which
|
v A

has gained increasing acceptance  is the exercise

electrocardiogram, where the patient is subjected to steadily
increasing physical stress [éortuin, 1%?7]. Another\method,
which has bggn growing in popularity since the late fiftf%s, is
the Holter émbulatofy ECG recording technique. While the Holter
method provides an excellent sample sf information for arrhythmia
analysis, it has the disadvantage of involving a large volum%,of
data in the analysis process«

The only commercial equipment in widespread use today, the
Avionics Electrocardioscanner, is capable of processing the tapes
at 68 to 120 times real time, [Holter, 1961]. This equipment,
however, requires constant operator supervision apd interaction,
and is far from ideal in its ability “to produce an accuratd
summary of cardiac activities over Qhe 24-hour period. The
analysis procedure relies heavily on visual scanniﬁg by the

6perat9r and the quality and quantification of the analysis is

directly related to the skill of the operator [Hinkle, 1967;

Romero, 1276]. A large variety of artifact has been observed in -

v
these recordings, some of which are erratic disturbances which




. and therefore suffers from the same problems of inflexibility as

. .§ ' ‘-
obliterate the 'ECG signal, while others mimic arrhythmias which

could lead.to erroneous diagnostics [Kgrsnow,elB?G]. The job of
distinggishing these artifacts rests entirely on the operator
[Romero, 1976}. The Qetection parameters of the system a;e
fairly rigid, making tailoring to suit individual needs difficult
and Pftén.impossible, ‘It is for this reason that %Pteregt has

been shbwn’in the computer analysis of these tapes.

The most common approach te¢ the proBle@'is to share the A

2 s

analysis task between two or more. processing elements. ~In

general, the digitization and beat detection function is

e

performed by a hardware preprocessor, which then” passes the

partialiy lﬁrocessed data to a digital computer for ectopic beat
and arrhythmia classification. The preprocessor may be digital :

or analog, but it is usually hardwired.

-

The design philosophy behind a hybrid system is a division of
tasks between processing elements. This division is imposed by
the fundamental conflict betWeen pthe req¥irement of speed of N
analysis, and’ t@e amount‘ of proéessiﬂg required to achievg

accurate classification. By .assigning the tasks ' of Sea;

detection and measurement to a preprocessor, the remaining tasks

of classification and report generation can be accommodated

without difficulty by a small processor. Such a task division,

however, has the inherent disadvantage of leaving a critical part
!

of the pattern recognition process to a hardware ‘pféprocessor,'

the analog scanner. : ’ ‘
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A number of ‘-experimental and cgmmercial digital/hybrid-
« : : ’ @

pmbulétory ECG analysis systems, 'representing a wide range of
ol ¥

o

complexity and capability, are presently available. A commerical
system marketed by Catdio—Dynamids'La oratories Inc., California,

uses a random sampling process calle the “Dyna-Giam Analysis"

[Hansgfhn, 1975]. The frequencyl f occurrence of arrhythmia i§

estimated statistically from the ipformation contained in the

random samples. One fact that is immediaéely obvious is that the
tape is not completely analysed; qp&yfportigﬂ!’of it are sampleé.

L] G ‘/’

~Since arrhythmia does not occqt/}andgmly, the gract;cal value -of

such an analysis tgchnique &5 not certain. The Stanford
University system, [Fitzé:alé,‘léiSi, utilizes a hardware circuit
for detection of the heart Beat nset and offset points. The
analysis requires 2 passes of the analog ape, where the first
pass collects information about thg heart %g; the second
pass utilizes the data obtained dur1ng the‘first pass to locate
areas of abnofmalitiés. The Ar;&s/ﬂ system from Washington
University, [Nolle, 1974], uses xtensive operaéor editing to

assist the computer in the classific‘tion of Dbeats. A system

based on finite state machine concepts was devekoped in Columbia

_University, [Florenz, 1977], however, the system's performance is
. ; « ’ 0

©

not clear at this time. The University of Edinburgh system
employs a special purpose hybrid computer, [Neilson, 1974], which

detects’ abnormal beats.’by Cross hcorrélabion with “an average '
model. The U. S. ghr F;rce system uses a hybrid computer in
‘conjuction with the Avionics qoﬁposiée electrocardioscanner

Vd
[Walter, 1973]1. The Universite de Paris system relies on, a
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speéial‘ purpose hardware circuit to provide the digital computer

with the wkdth; pelarity, amplitude and timiné information of the
heart beat complexes [Coumel, 1975]. ' e

a i

The . degree of success Qapies.greatly,,but no one system is

4

superior in all aspects. The major problem: lies in the
inflexibility of the hardware detectors, ;hé Jery problem that
plagues the Holter-Avionics system. TABLE 1.1 summarizes seﬁe;al

ambulatory ECG analysis systems,. their features and degrees of

2

success. - An effort was ‘made to include na11 the present

1 o o

experimental Eand commerical systems found in pubiicat&ons. The

v

generally acéepted approaches to qualit; control are even less

devéloped in this area thanl in real time monitoring, so the

results must be jddged accordingly.’

’

%
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B ' - ‘ - . N "/
) . . , # OF MAX. SPEED ' /
- ' SYSTEM : COMPUTER PASSES (X REAL TIME) EVALUATION
Stanford . PDP-12 2 60 . 98% '
[Harrison, special purpose ) ) ' , .
19761 . hardware '
Washington IBM SYSTEM 7 2 60 89%
N [Nolle, special purpose , - o : :
19741 hardware -
[ ( . .
Ed inburgh hybrid 1 60 i 96 %
[Neilson, 1974] ° : : '
! ° .
. usar f hybrid 1 60 .
[Walter, 1973) '
" @
Universite g ) v
de Paris special purpose 1 ) 60° -—
(Coumel, .~ hardware :
19751 RS “
N .
COMMERCIAL SYSTEMS o )
Cardio- special -purpose . 3 C v 60 R, ’
Dynamic random .sampling ’ i
[Hansmann, , ", P
1974 ] L
AyionicS,;', hybrid 17 4,A20 L - .
. [Hinkle, 1967] : S - .
Medilog }\Q}brid B » © 25 . . —=-
[Cashman, 1974] - .
" NOTE: The evaluation results quoted~qre those claimed in the
published ‘reports. - ’ Y .

N A
\ . o ,
. . N v .
A Pral i
. . . .

W,TABLE 1.1 : - Ambulatory ECG Recording Analysis Systems;

!

& -
Y
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DIFFERENCES BETWEEN AUTOMATED ECG DIAGNOSIS
AND ARRHYTHMIA ANALYSIS

2

From the ©point of view of the deéigner of an automated ECG
interpretation system, the difference betwegnmECG diagnosis and
arrhythmia analysis is in the nature of the information required.
ECG diagnosis requires detailed examination of all 'waveforms‘ of

the ECG signal, morphological differences, &nd exact timing

‘information. The diagnosis process is usually based on a small

amount of data (186 to 30 heart beats). The origin of the

disorder (type of diséaée) is determined from the of the

shife

parameters. On the /other hand,

( r
an overall view of

heart beat .and various other

arrhythmia adnalysis attempts to obtain the

condition (stability) of the heart by scanning a 1arge'amount of
information. It does not require examinaéion of minute details
nor correla;ion qf the information.to specific cardiac diseases.
Due to the difference in the nature of the two-'inteip;etation
systems, Fhe 'accuracy of arrhythmia analysis systems can be

!

substantiaily higher (approaching 18¢%) than that of a short

record diagnosis system.




% DIFFICULTIES IN DIGITAL ECG ANALYSIS SYSTEM IMPLEMENTATION

In classical fextbook examples, érrhythmias are easy to
recognize, as they usually have features that are distinctly
different frém those of a normal ECG. .Experience has shown,
however, that while these arrhythmias do occur, the§ do not
always follow the rules found in textbooks: There are three |

“major contributing factors of ECG waveform Qariability, namely:

b,
intersubject variability,

record-to-record variability, and -
beat-to-beat variability.

A'bewilderiﬁg variety of QRS shapes cap and do occur in thé ECG's
of many patients, even in seemingly "normal" ECG's of different
patients. The variability of the "normal" QRS complexes, against
which abnormality must be detected, togethef with transient
superimposed muscles tremors, baseline dfifts and other
artifacts, render simple hardware devices like those used in many

monitoring system unsuitable for the task of 4eliable wave
detection.’ *

N
.

AN

«

' Unlike the human interpreter; the computer requires lengthy

and explicit instruction to recogn;ze and classify the various
ECG waveforms. The lack of definitive standards between norﬁal
and abnormal ECG has further complicated the\,problem. This is
not wunique to the area of computer ipterpretation of ECG's, as

even experienced_cardiolégists themselves are sometimes faced

LY

| witn ¢this problem, especially in marginal cases [Caceres, 1973].
|

‘ . , . R L.
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This factor presentﬁithevgreaﬁest difficulty in automated ECG

analysis; Vast qaﬁ; in the diagnostic criteria are left open to

the interpretatlon of 1ndiv1dual researchers [Glantz, 1978].

»

*

'LIMITATIONS OF THE COMPUTER IN ECG INTERPRETATION

o .

The basic limitatiohs of ECG programs‘are tHe result of the
difficulties mentioned above. These are prlmafily a result of
the lack of objectivity in clihical electrocardiographic criteria
for Dboth ‘measuremgnt and diagnosis. In addition, the lack of

-réasbnably exact correlation between electrocardiographic

waveforms and cardiac diéeases, have further complicated the

problem, Recent medical research has revealed, for example, that

/

arrhythmia occurs in apparently normal healthy people and is even
J

more pronounced in- athletes.. This further narrows the

distinction between normal and abnormal ECG waveforms. To be

it

fully effective the_ECG must be .correlated with various other

symptoms for an accurate diagnosis.

! 4

ECG ' analysis systems will necessarily be evolving systejg.
As they provide new knowledge to medical science, the correlation
between the ECG and cardiac abnormalities \3;11,,be» better
understood. This in turn can be used ﬁo improve the diagnostic

crlterla of automated ECG analysis systems. .

|
!

.
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- GOAL OF THIS THESIS

Since the introduction of the Holter-Avioniecs system, several
studies have been made on its limitations [Hinkle, 1967; Romero,
1976; Reiffel; 197717. Most of these limitations have been
mentioned previously in this chapter. The major drawbacks are
the inability to obtain precise quantitative'information, and
extensive operator interaction required. A number of researcﬁers
have attempted’ to implement ambulaﬁory ECG recording analysis
systems based on small digital . computers with analog
preprocessors. *The infiexibility of analog devices for‘this type
of appiication is,( however, well demonstrated in the Holter-
Avionies system. An entirely digital system where all the
analysis aigorithms are implemented in software, can potertially
provide far more versitility and flexibility.

~d

In this project an attempt was made to design and implement
an entirely digital ambulatory ECG analysis system within, the

following constraints:

A) analysis at high speeds (50-100 times real time) ,

-

B) construction with commercially available equipment, no
> special hardware is to be used,

C) :'Emplementation based on a small digital computer system,

D) quantitative record of all arrhythmias occurring during
tne period of the recording with a very low error rate,
A :

E) presentation of tne analysis result in a compact printed
report.

N e e e e . e TR TR R AN s
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The system described here differs from the existing systems,

TABLE 1.1, principally in constraint B;.it is the only system

_/_”"—\ r
r ted h d ot requinr some kind of special ur po se
eppr ed whic oes n equ \g\\\ p purp

—

nardware preprocessing device. Thfgik§s“a\significant factor in
the - development of the system, as it placed much tighter
constraints 6n the time allowed for processing of the signal. 1In
return,‘however, it has the advantage of being easily adaptabie
and extendable, both qualities that will be desirable when the
results of cliniéal use ‘are obtained. - Fur thermore, it ‘is
potentially realizable with standard microp;ocessor sysiem
cémponents, whose cost would be significantly lower than existing

systems.

. - -
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. CHAPTER TWO

THE ECG SIGNAL

INTRODUCTION .

The design préblems of an ambulatory ECG recording analysis
system are intimately related to the nature of the signal to be
analysed. This chapter describes the different characteristics
of the ECG signal and how they are related to the physical
structure of the heart. The pathological conditions that tyg
system is designed to detect along with their representation in
ECG waveforms, are discussed in the following sections.

c

THE STATIC ELECTROCARDIOGRAM

The electrocafﬂiogram is a recording of the electrical
activity of tﬁe heart expressed as a function of time. The
"recording is made by means of glectrodes taped to the surface 'of
the body in various locations, including the-region of the heagt,
the back and the‘limbs. The signals captured bf these electrodes
'a;e the projections of the electrical -polarization and
depolarization of the heart muscle as if cdontracts and relaxes
rhythmically [Marriott, 1972]. This activity represents a volume
change in polarity which propagates from a single node throuéh
the Atria and the Ventricles of the heart. It can be modelled

for the purposes of anﬁlysis as a three dimensional vector which

rotates about a point, varying in amplitude and radial velocity.

18 ' T e
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An electrode §n the surface of the body déﬁects a projection of
this vector, 'developing the corresponding variétion in. the
voltages of the ECG sidhals captured. The signal amplitude as a
_function of time is therefore quite depenéent on the position of
the electrode, the size of the patient, and the position of the
batient's heart, among other féctors. Other muscle activities
also préduce signals similar i; nature, and the quélity of
contact between the electrode and the patient's skin is a
critical factor. A poorly placeé electrode will pick up noise
from any gource of electromagnetic radiatidn,‘in particular, from

the electrical system of a building, whose frequency of

alternation is in the same range as the frequencies which

characterize cardiac activity.

THE DYNAMIC ELECTROCARDIOGRAM

The\dynamic ECG (for exahple, hospital monitofing, ambulatory
recording) is a method of observing the beat to béat variatiéns
in the ECG waveshape. It is a measurement of the stability off,
the heart's %unctioﬁ over a periQd of time. 1Its main concern is
variation in the shape and timing of the heart Dbeats in the

context of a series of beat rather than the usual waveshape of

the heart beats. Since the primary objective is to determine the

significant transient variations in the ECG, a single lead (refer
to Appendix C for discussion on ECG lead systems) is sufficient

for this.type of monitoring.




I . — N o ———
. 20 !
| - | ]
¥~ ANATOMY OF THE HEART g ) .
In order to understand the anatomical basis of the ECG, it is Ei
‘ . . i
first necessary to béiefly examine the structure of; the heart, 13
Figure 2.1. , ) s
*
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E Flgurg 2.1 : , Anatomy oi The Heart. _
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The heart is divided into two primary sections: the upper two

Atrié, énﬂ the 'lower two Ventricles. 2 nqode of spediaiized
tissue located “in the upper part of the right Atrium, the Sino- .’
Atrial (S-A) node or "pace-maker" of the heart, éenerates pulses
which  regulate the heart rate. It is automonous, that'is, it is

capable of the independent rhythmic generation of impulses. The

.electrical wave from this node spreads‘through the two Atria,

é;using them to contract and fofce blood into the Ventricles. At
the lower part of the two Atria there 'is another node of
specialized tissue, the Atrio-Ventricular (A-V) node. If is
sti%ﬁlgted by tﬁé electrical waves originating from the Atria and
relays these impu}ses to the Ventricles wvia a nerve network

called the Bundle of His. This nerve bundle fans out into a

network of fiberg called the Purkinje System., . The electrical

waves are proépagated to the Ventricular walls by this system
causing their contraction and the pumping of the blood [Bellet,

'

1972]. . ; .

]
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RELATIONSHIP OF THE ECG TO HEART ANATOMY

In each cardiac cycle there are up to five major deflections
referred to as the P, Q, R, S, and T waves, Figure 2.2. These
waves correspond to the activ.ation and relaxation of the cardiac

N

muscles.

Figurefz.é H ECG Waveforn,
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P AVE - The contraction of the Atria initjated by’ the
N - »
? a

'S~A node.

¢
&

PRINTERVAL, - ‘The beginning of the P tS\she beginning of the

.-
QRS. This is the |time it takes from the

beginning of Atrial contraction ‘to the

beginning of Ventricular contraction. : ‘ ) )

3

[} : . . N .
QRS COJ¥LEX ¢ - The contracgion of the Ventricles,

)

depolarization of both Ventriclés.i
= . L]
{ 3 v ) g

i . i
'\

,T WAVE ' - The relaxation of the Ventricular mqécles,A ' 1

ki &

|
4

. _ X
\ Ventricular recovery. . o

R-R INTERVAL °

The time interval between two successive heart

N -« beats,

e
Is

. ’ ‘ . }
‘ , ' Heart rate (beats per minute) = 60 seconds /

- R-R seconds

" TABLE 2.1 :  ECG Deflection’ Definitions. ‘ ¥
IS ) k E . A ;o
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'Fﬁguﬁe é.3 relates the yarious deflections to théir origins

in ‘the heart. =~ . v . \“

/

-

Figure 2.3 : . Relations " Between ECG Deflections and Heart
- Anatomy, . . .
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_ CARDIAC ARRHYTHMIA

The normaliheart function in a resting adult is characterize¥

by a cycle of electrical activity whose rate is 60 to 100 times a
' g . ! a i ! ,
minute. Any transient change in this operation, in the origin of

\

the discharge, in the conduction paths& or in the rate of

‘ . 7
.

operation , is classified as a cardiac rhYthm disorder, or .

. arrhythmia.’ , , , i
S ; . 3

_Although the term arrhythmia refers in principle to cardiac

¢

H " rhythm disorder, it has acquiiéd a conventional usage as a global
& 1 ) « :

ferm» to refer to any non permanent abnormal cardiac activity,
‘even those ;haﬁfdo not involve rhythm va:iation. Anofhef term
that‘ has gainéd.conventional usage as a synonym of’frrhythmia is

+

% : ’ éciopic rhythm, althoggh, in its strict definiti%p, it refers
. 4onl§ 0 an abnormal origin of impulses' {Bellet, 1272]. 1In this
report the currént convgntional hsége of these terms is adoptea,

"and the two are used interchangab1y7to refer to any non permanent

‘abnofmagtcérdiac activity. L :_“

. ! ) , .
.medical profession has classified c¢lose to 700 types of

..
e

_arrhy%hmia, ranging in importance from benign fluctuations in the
heart rhythm to cbmpleteibreak down of the heart function 1eading

to/ déath in minutes [Shaub, 1965; Bellet, 1972].. It is

restilataandiloaloiitar o

impractical to program an automatic system for such a large

0  number of  variations. The purpose bf‘ambulatbry ECG monitoring

Saltlesint eazais. theral
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is, however, toJobservé ﬂhe marginally ilY or apparently healthy

o . . . .
patients and detect qrrhybhmias that are precursors of more

o n

'sefibug cardiac abnormalities. This reduces the number of

arrhythmias " of interest to a relatively small subset of the 700,

T
- 1

making: iiw ecpnomically feasible' for implementatioﬁ as an
uéupomépig 'clini_c'al‘é_ystem.~ Severai types of“;rrhythmia wﬁiéh are

,i 5erti&ent'in’ thé' apalysis .of ‘aMBQIatory ECG recgrdiqgs are-
B de{cripgd in the folibw}ng sections. ] : : ) .

‘

”




THE PREMATURE BEAT

Premature beats are the most common ®f arrhythmias. They are

usually the initial evidence of cardiac ‘abnormality. Medical

-studies have shown that serious, life~threatening cardiac

disorders are frequently preceded‘by premature beats and other
less serious arrhythmias, _ Their frequency of occurrences
correlateddwith the ﬁatieét's symptoms are of tremendous value in
tbg early diagnosis of cardiac diseases [Bellet, 1972; Marriott,

19721, \
SN

- LN

- N
Premature beats may occur as isolated beats or -in clusters,

~ !

they /may appear infrequently, or they may'be ne@brreﬁt. There
A /7

are two basic types of premature beats: plassified‘ according to

s
the site of the originating impulse: Premature Atrial contraction

———— .

t
i

W Ve B v s

and Premature Venmtricular Contraction.

——

—

The Premature’Ventricular Contractgén ,(PVC)/nor: Ventricular

/ .
Extrasystole (VE) as suggested by iyYs name is a beat that arises

: {
" prematurely before the next expected)discharge ef the dominant

14

) .
pacemaker of the heart. It may arise from any region of the
/ .

. / .
Ventricules or the conduction system, i.e. the A-V node or His
Bundle. The wave 'shape 1of the PVC is abnormal. The QRS is

/

widened, frequently slurred in a bizarre fashion, and may have a

different directioqA(Figure 2.4), It is not breceded'by45 P wave

14 [

and most of the time it is followed by a full compensatory pause,
a cycle long e@ough to compensate for the prematurity of the

extrasystoiéz The T wave ‘following the PVC is usually large and

o

©

Y
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Another type of Pr;matgre ;Ventricula?i éontraction is the
Ventricular fusion beat Figure 2,%. This is an éctoﬁf& impul se
arising from the Ventricules whi;h occurs after the S-A node has
iﬂitiated- a beat. The contrg%tionl of the Ventricules is
triggered-.partly”by the ectopi% impulse and partly by ;he Sinus .
idpulse. 3The_ resul tant wavefo}m is a‘' Premature Ventricular
Contraction and a normal beat fuéed together. The ohs complex of
a Ventricular fusion beat is uséaily slurred and notched.

{

|
!

e . ,

Figure 2.5 : . Ventricular Fusion Beat .




The Premature Atrial Contraction (PAC) or ’Supraventricular

Extrasystole (SVE) is caused by an impulse whose origin ?riseé
prematurely grom an ectopic focus in the Atria outside the S-A
node. In an Atrial premature beat, the QRS complex is of normal
duration (width) and shape, Figure 2.6. It 1is preceded by a
premature ectopic P wave and is followed by’Less than a full
compensatory pause [Californ@a Heart Association, 1968; Bellet,
1§721.

<

" Figure 2.6 : Sdprébeﬂfricular Extrasystole.

'




;

Thére are some exceptions toﬁQpe Atrial rules: a premature
atrial contraction may be followed by a full compensatory\ pause
and there may be aber?ant Vé;tricular\Eqnduction so that the QRS
is of abnormal shape. The P wave may be byrie? in some other
wave or  artifact and cannot be seen, although\this is more of a
1imitation of the present recording technique rather than an
exception to the rules. Similarly, there are corresponding
exceptions to éhe wave shape of the Premature Ventricular
Contraction. A PVC may not be followed by a full compensatory
pause, it may be preceded by a P wave, and the shape of its QRS
complex may not be abberrant. In both cases ﬁhe exceptionai

. v <
features seldom occur together, .

3




. ( ) Ventricular Bigeminy is a rhythm where every second beat is a
Premature Ventricular Contraction, Figure 2.7. It indicates a

; more advanced stage of cardiac disorder than isolated Premature

" Ventricular Contractians. When the ratio of premature beat to

normal beat is two to one, Figure 2.8, it is called Trigeminy.

.

Figure 2.7 :* Ventricular Bigeminy.

o a8
() Figure 2.8 : Ventricular Trigeminy. | ' i

~




In géneral, occasionél')Prematgre Atrial Contractions are
relatively' benign. The condition becomes more serious as the
frequency of oceurrence increases. Premature Ventricular
contractions are usually of a more serious nature, and they are
associated with a definitely inereased fisk of sudden death

[Bellet,‘ 197213. . They may forewarn the possible occurance of

Ventricular Tachycardia and Ventricular Fibrillation.

3

There are no definitive rules as to the significance of the
various types of premature beats. Cliﬂical observations have
shown that clear differentiation between thosei ocecurring in
abnormal ﬁéarts is often difficult. Premature beats that occur
mainly in tﬁe presencé of cardiaé diseases have been gbserved in
hearts that‘ are considered to be normal.- The significance of
these beats must be determined by a complete clinical evaluation

of the patient.
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( . OTHER ARRHYTHMIAS

Ventricular

indicates

successive Premature Ventricular Contractions, Figure 2.9.

O a ~ Figure

serious

209

34

Tachycardia is a type

cardiac abnormalify.

-

Ventricular Tachycardia.
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of arrhythmia that

It is a series of
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Sinus Arrhythmia is an irreqularity in the rate of the

»

pacemaker which the-“whole heart beats in reponse to, Figure 2.10.

Sinus Arrhythmia per se is. a normal phenomenon; its preéence.

. 2 H

neither establish nor rules out the present of cardiac
: ~

abnormality. The interest in this case is its effect on the

k]

calculation of the average heart rate rather than the

L4

"“physiplogical significance (see chaA&Et 4). *
‘ o

J

i . L}
-

Figure 2.10 : Sinus Arrhythmia.

kY
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13

<»)" Ventricular Fibrillation is a completely irregular rhythm

caused by random patterns of electrical activation of the

Ventricules. The pattern is bizzarre with no rhytﬁm of any sort,
?igure 2.11. This is a most dangerous rhythm which, if not
corrected immediately,.wi;l lead td death in minutes. Ambulatory
rhythm analysis is of no practical Fusé in this case, as any
information derived will be too late for medical attention. It

is included .?n this description because of its elinical

importance.

KN




SYSTEM DESIGN

o
|

INTRODUCTION

Py

The exberimenQal system consists of two subéystems, a
. | .

developmént systfm and a proetotype analysis system. The - |
development éystem/was designed as a facility to support off-line
testing and refinement of different detection algorithms using a
stable data base.| The analysis system is a working prototype of

a high speed Holter tape analysis system. The development.system

consists of two modules : a data acquisition system: ACQSYS,
' which digiéizes. and \ stores on a disc file a large Segment of a
- Holter‘tape recording;iand an algorithm ‘testing system, EXSYS,
which provides. a host\\ or algorithms tqy be tested on the
digitized ECG dqpa filp. he prototype analisis system can be
subdivided inte two sectzzﬁs: an on-line phase and an off-line
phase. The oniﬁine phase pexforms processing ‘'functions thch
extract the ectopic beats fkim the data, and stores them in an
event fiie; in secondary storage. The off-line phase then
classifies these beats and gener%tes a report.
The en;ire experimental system, including the development
system and éﬁe analysis system, was implemented in software. No

\ -

special pur pose hardware device was semployed for the

{

: preprocessing of the signal or th detection of the QRS. The

partitions of the experimental system are shown in Figure 3.1.°
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DEVELOPMENT ' SYSTEM

‘2

‘Under .ideal conditioﬁs;‘ beat detection and classification

would not beAa'compiex task. The QRS waves are well. defined in

. —

the time domain, and have several features that distinguishﬁthem

N

clearly from other cardiac activities. Examination of a typical
. . ; ,

‘set ‘df‘ECG traces acquired by Holter recording reveals, -however,

>

"that the ‘actual detection process will necessarily be quite

'complex.‘ Under the poorly controlled conditions where ambulatory

ECG is recoréed, the presence of artifacts and other

-

abnorma%ities renders the detection of the QRS g¢omplexes a

tedious process. Factors such as baseline drift, poor electrode
—_— . ) .
attachment 'and variation in recording quality introduce many

S T = St
. o e P 2 L AT DR O
- . .

"additional variables into the detection and classification

-

process. Furthermore, the wide range of normal inter patient
variations in the ECG characteristicds, the intra patieanrchanges
in.a 24 hour recording period, rand the 1large variety of

pathological conditians, must also be taken into consideration.
In order to develép an effective andlysis ‘ system, a
comprehensive data base éont;ining a variety of the common
aféhythmias such as VE, SVE, Bigeminy -and Trigehin& is needed ?tq
bgpyide a precise comparison of algBrithm;, as the po;gﬁble rangé
‘of variation in waveshapes of both normél' and p?thological QRS
beats is Qéry wide. The’?se of a small sample in the development

of, beat detection and classification algorithms, 'will tend to

optimize the system towards the charaptefistics of the sample

o
1 ’

QﬁS's. ' . & .
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For reasons of convenience, it is preferable to have the data

P

in digital, rather than analog form. Redigitizationof a tape -

for every test of a new or modified algorithm is a time consuming

task. In addition, the set of beats used in each successive

- 1

eiperiment will vary according to the tape 'positioning at the

start of eacHa éamplg run. There 'is; ﬁowever, a significant

advantage in reusing the same set of sample points for successive

tests. In the final stage of refinement of an aigorithm, a

deterministicﬂevaluation ‘of the feason for its.-performance on a
- .

given waveshape may provide the adjustment necessary to improve

it in marginél cases. A stable data base provides the means for

¥

- directly evaluating the results of the adjustment, on exactly the

-

same data points which were used as the basis for - its
development. While ' the ultimate performance of the system must
“be independent of séﬁple ﬁbint positions, this feature provides a

*"fine tuning” support which can save considerable time and effort

?

in the _finai phase of algorithm development. Figﬁre 3.2

’

il}ustrétes the structure of the development system.

-

Tapes from five different patients were used for the

>

construction of the dgta base. "Thirty %}nutes were selected from
each tape, digitized and stored on disc. An effort was made to
include all ghe common arrhythmias and as many different QRS
waveéhapes as possible, Figure 3,3 shows a representgtive subset

of the different QRS waveshapes (both for normal and abnormal

rhythms) included in the data set.

; -
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‘Differefit QRS Waveshapes (Normal and Abnormal)
Included in the Data Set. .

.- - 7
/
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ACQSYS - DATA BASE TCREATION

A standalone system, ACQSYS, was used to build the disc files
for the data base. It accepts data from the A-D converter and
creates a binary disc file togéther with identity information.
The flow-chart of ACQSYS is sgown in Figure 3.4.. The files
cr;ated by ACQSYS are compatible with the file structure of
TI980B FORTRAN.. The capacity of the disc 1is approximately 4.5
megabytes, i.e. é.25 megawords (16-bit words), so that a max imum
of “about 6 houré,of digitized ECG can be stored on one disc pack.

A standalone system was used because the operating system is too

slow for the sampling rate used.

The acquisition rate is 6000 samples per second‘on the analog/
recording which is biing pla&ed back at 60 %?mes real -time. The
real timéosampling freqﬁency is therefore 100 Hz, corresponding
to a Nyquist frequq;cy of 50 Hz. This upper ffequency limit is
more than sufficient for the analysis of Holter recordings
(Coumel, 1975; Bussman, 1975].

&
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'(:) . *FIGURE 3.4 : Flowchart of ACQSYS.
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.line data, processing speed was not the main concern and the

45

EXS5YS -~ ALGORITHM TESTING

Medical 1literature in the past 15 years has been u&éble to
communicate precise meaJLrement data to characterize arrhythmia.
This is primarily due to the large variabjility of the ECG signals
and the limited understanding of its 6rigﬁn and ?ffects. Since

4

there 1is no .definitive standard for | ECG interpretation the
evaluation of algorithms must be déne either by cardiologists o;
according to their criteria, Té a large extent, the evaluation
process is performed by visual inspectionh of the data. Although
some measurement criteria exist [to categorize ECG they depend on
the existence of accdrately deteémined iducial points on which
to base the decisions. The |accurady of these points cannot,
however, be gquaranteed in lesq than | ideal conditions. The

ultimate test for'a‘system is therefore]always visual inspection

by a medical expert. For this reason, aﬁhighly vishal (graphic)

system is needed to facilitate the &development, testing and

verification of such an analysis |system.

*

The development system, EXSYS|, with wvery wversatile graphic
f <
capabilities was Gé;igned foF the sﬁﬁection, testing and

refinement of various algorithms.‘ Thé‘purpose of this system |is

/

|
1

twofold: to facilitate development | and precise comparison of

!

algorithms and, as will be described later, for the verification
of analysis results. The modular design of the system allows
algorithms to be inserted, replaced, or modified with minimum of

programming effort. Since the development system works with off-
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majority of the program could be written in FORTRAN, with the

exception of the graphic screen driver which was written 'in

TIY980B assembler language; EXSYS performs its analysis using the

digitized data base acquired by ACQSYS.

The output of EXSYS is fed directly to the graphics display
terminal for visual aseesemént of the behaviour of the
algorithms. The ECG data can be scanned at a maximum - speed of
approximately 4 times real time or in a "single step" mode under

the oﬁerator's control. Figure 3.5 shows a simplified flowchart

of EXSYS.

OPERATION OF EXSYS -

The operation of EXSYS is initialized through a routine which

~

requests operator approval of the initial parameters of slope and
R-R interval. /T &f is done by, displaying approximately 2.5

seconds ‘of digit d ECG data on the graphic screen, and

requesting the rator fo signify if the data displayed is
satisfactory for in%tlalizatlon by typlng a "yes" or "no" on the

CRT terminal.’ Théglnltlalizatlon routxne selects 3 consecutive

QRS complexes,‘calcq‘ates the average slope and R-R interval, and

preduces the dlspw_y. The operator 1is simply requested to
‘recognize whether tl\ beats are normal or not. If he signifies
disapproval wi;h en "no", the operation is repeated.. A "yes"
causes the parametdrs to be initialized in the detection

algorithms, and passds control to the next routine.

|

i
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| , -~
|

i

i
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Figure 3.5 : Flowchart of EXSYS, ‘
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After initialization,~approximately 10 seconds of ECG data is
displayed on the graphic screen and the detection points are

graphically indicated by two rows of markers, Figure 3.6.

> ‘ , :
HEART RATE = 7S TIME = @ HRS 1 MIN SLOPE = - 685

»

I

Figure 3.6 : - Graphic Display of Digitized ECG Showing Beat
Detection (Bobttom Row of Markers) and Ectopic

Beat Identification (Top Row of Markers).

L .
The - lower markers indicate the detection of a beat and the

i

upper one signify that the beat hgs been identified as premature.
At the end of processing the current buffer (the displayed data),
the program will eitﬁér display and process the next section (if

the end of the file has not been reaéhed), or pause and enter

~an interactive mode, depending on the position of a sense switch




operator can select one of the following options:

a)
b)
c)
d)

e)

g

on the front panel of the computer. In the interactive mode the

magnify any portion of the display (the ECG), Figure 3.7,

dump the numerical value of any portion of the display,

- e —baw

\

skip ahead a specified amount of time, , |

terminate the analysis,

’r

advance to the next section: 3
f‘l

Figure 3.7 : Visual Magnification : The Original Trace 1is

Displayed With the Enlargement of the Segment
Selected for Magnification. ' -
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THE HARDWARE SYSTEM X . o L

The ambulatory ECG analysis system described was implemented
on a TIY980B mini-computer manufactuyred by Texas Instruments
Incorporated, Houston, Texas, with a 9 megabyte disc wunit, (2

3

drives, 4.5 megabytes each), a console, a printer and a Tektronix

4010 graphic display unit. The ECG data is acquired +through a

12-bit analog to digital converter opefating at 6000 samp}es'per

second. For further discussion on the hardware configuration and

software support refer to Appendix D.
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THE ANALYSIS SYSTEM

OVERVIEW

!

The system described here was designed to analyse 2h-hour ECG °

recordings ak 60 times real time, and produce a report containing
}quantitatiie information aPout t%é occurrences of arrhythmia
events pertinent to the patient's qonditioﬁ. Mofe\ precisely,
"exact counts of Premature Ventricular Contractions, Premature
Atrial Contractions and related rhythms (Bigeminy, Trigeminy,
Ventricular Tachycardia and Sinus Arrhythmia), are presented with
\

a'low percentage of gglse positive and false nggative.

_"Since axlarge variety -of noige has been observed in these
recordings, a test is _incorporated into the Dbeat detegtion
routine to detect and report the occurrences of significant noise
disturbances. "Multiple scanning.of tbe analog ECG tape recording

is not neceséary. The complete analysi% requires only a single

pass over the original data.

P



SYSTEM DESIGN CONSIDERATIONS

The implementation of a high speed arrhythmia analysis system
is complicated by a number of fipdamental constraints. Pt is not
possible to effectively detect arrhythmia by examining individual
heart beats ‘as they must be examine? in ;he context of
surroundiog beats. The ECG signal is recorded on analog medium
and must be digitized before it can be processed by the digital
compoter. Since the analog tape is a‘continuous and contiguoﬁs
" source of data, it cannot be started and'stopped without the loss
“of synchronization and, therefore, 1loss of some informotion.
This implieé that the entire analog tape must be processed in one

continuous run. Since asygchronous processing of. the, analog tape

cannot be used, a very tight time constraint -is imposed on the
a

implementation of a high speed analysis system on a small digital,

computer. There are three ways to solve this problem:

A) use a hardware preprocessor to detect beats and measure
various parameters,
B) digitize the tape and ‘Store the data on an asynchronous
digital medium such as a disc, N
a v
C) develop an analysis .system whlch can keep up with the
data rate. .

//
’

o

. The first solution will not bé considered for reasons already

’

discussed in chapter 1. The second alternative requires a
digital storage device with a capacity of approximately 18 mega
b%tés (1990 samples/second‘* 60 second;/minute‘* 60 minutes/hoyr *
24 hours * 2 bytes/sample) Since the system was designed to be

implemented on a small computer system, this solution is

o4

in]
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“ ‘ . h

- - impractical and will also not be considered.' The,third solution
‘/é (') was therefore chosen as the de§}gn gpal of the analysis sy;iemz‘
The processing speed is of prime Ymportance when a large
number of long eleéprocardiographic records ha;e to be analysed.
Each of the Holter tape ‘recordinés contains .24 hours # of
information and wunless it can be processed at high speeds
(50"~ 100 ,times real timez the analysis will be intolerably slow.
The fundamental design problem 1is° to allow, adequate time for !
" processing, while emphasis must also be placed on the overallA /
system. efficiency. ’Theu processiné speed of 60 timeé real time

was‘chosen‘for a number of reasons: 1) it .is/ compatible with

available equipment since the ECG recordings are made at a speed

. '“ of 7.5 inches peﬁ minute (when playea back at 60 times real time |

',Epe speed becomes 7.5 inches per second, which is a standard f
|

playback épeed on most audio tape recorders); 2) it was estimated

0 i

to be within the performance range of a small digital computer’;

. A and 3) it allows a 21U hour tape to be processed in a reasonable

[ t R o
\ X . . R I A - / |
& ) period of time. ’

. )
s fl‘—‘bt -y
.The analysis process can be divided into two major steps.

———— '

' Tne first is to locate the ectopic beats and the second, to

.

’ classify them (into VE's.or .QWEKB); These Tuncﬁions can

{ logically bexseparated into twoo/distinct‘ sequential processes,

i.e. ,the detection process need only > to 'ﬁrovide the
- v ' e ‘ . .
classification procéss _with sufficient. “inhformation for

classification, 4?5119_ no feedback -is ‘required from the second

(:) ﬁrdcéss to the yérqy. v;;he complexity of ectopic . bea

t
. N,
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g - :
classification is of an order\éf magnitude greater than that of
‘ectopic beat detection. Since no assumptions can be made about
tne frequency of occurrenge: of eLtop?c beats, performing'the »
classification at the same time as detection would require
alléttment of the neces:;ry processing time for every beat. This

would result in a drastic reduction of the overall system speed1
. : ‘ &
In comparison with the total number of beats in a ECG

recording the percentage of ectopic beats is\usually very low

(less than 5% in mgst cases).,. This implies that more than 95% of -

the time allotted for parémeter computations would be wasted. A

mdch more efficient approach is to separate the analysis into two

phases. The ,Q;irst : ﬁhase céllects information about thé
‘}occurrences of ectopic beats and‘Areeords ihem{ along “with any

information that may be required for subsequent analysis, on k}

se;ondary Storage.— The- second phasevclassifies théée‘beéfs based .

on- thne info;mation :eollected. In most other;ambﬁlqéory ECG

analysis systems, tife equivalent of the first phase :analysis is

~

. M o . ! ]
further analysis by‘a software program (Fitzerald, . The
system deseribed here was implemented entirely ih tware .

} .
‘v, N 3 .
- . o I A
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N . - ) ADVANTAGES OF A TWO PHASE SYSTEM . i
1 AVANTAGES X 4 :
"Figﬂre 3.8 shows a diagram relating the different stages of .
i the analysis system. ) . ‘ ‘
A/D DATAé;UFFER . s
| MANAGEMENT
. - ' + ,
- : BEAT DETECTION
' /SELECTION :
' l \{/ | | |
v ~
! . & ’
R © FILE MANAGER '
‘:, 1
" i )
g e
v ) B
° \ e .\ V4
- i BEAT RECORD BUFFER*: - ) .
. ] N
> . N ’ T 4
- . -BEAT CLASSIFICATION R
! . RHYTHM ANALYSIS .
o\ coL ¥ .-
b , ] . .. o
- - . ® STATISTIC COLLECTION ° ¢
. . ‘ T .
< Y B . )
L " . . . . REPORT PRINTING - Y
&
: O Figure. 3.8 : Software Organization of the Analysis System;, -
N v _ , . . . : .
5 Y. - - 'b . ./ .
9 ./ ‘ ‘ ' ! »
4 . )
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During the first phase the tape is scanned at high speed and
ectopic events are selected and stored on a disc fi}e. This

phase selects beats within the context of the surrounding beats,

"and performs on-line beat  detection and - ectopic beat

identification. - The second phase program performs detailed

analysis, ectopic beat classification and rhythm analysis, on the

beats selected by the’ phase 1.

There were a number of advantages in separating the analysis

-

! , N
into two phases. The total processing time was greatly reduced

because very little computation time is wasted. Each phasé was -

[}

develobed and optimized independently.-:The second phase was also

de;}gne to s pport the development of-classification and rhythm

detectjion élgorithms, false detections caused by failures of the
. L

detéction algorithm. Sincg/the ectopic beats detected are stored

-

on disc file, the /perfprmance of the beat classification

algorithms can be examined Mnder static conditions.

4
i N
J o -

[

-
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: PHASE 1 - ON-LINE BEAT ANALYSIS
‘ DESIGN CONSIDERATIONS (f/

~

This phase of the analysis is basically a ‘data reduction

! /
process, where individual heart beats are examined in the context

of surrounding beats. The tape is scanned at 60 times real time  ,

and ectopic beats are identified and stored on a d}sc file for

further analysis in the second phase. .

;o kY

The critical factor in the design ' of this phase of the \

’ 7

analysis is processing time. At 6008 samples per second ( 1¢0

B ‘o 7 .
able to process each data poimt im under 166 msec. This time

) samples per'secopd at 68 times real time ), the system must be Kr’”

pgriod is equivalent "to approximately 65 typical instructions.
In addition to tﬂe process of acquiring the digitized sample
point, the taskﬁof managing the sfﬁtem buffers, beat detection,
beat classification, and secondary storage management must also
be performéd. This time’ copstraiﬁt excluded the use of anyi;
stapdard software packages. A)épecial higﬁly efficient system | 0!

was designed in order to attain the required analysis speed. The

operation of the PHASE 1 pgogram,is described by. the flowchart in
! ]

Figure 3.9,
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o

i YES

I
. TERMINATION ROUTINE

L

\Flowchart .of the
System. . ;

PHASE 1

.

i
>

Analysis




59

; " DATA ACQUISITION AND SYNCHRONIZATION

; The digitized ECG data is read in via an interrupt driven

rqutiné. Upon acknowledgement of the interrupt, control is

passed to an A-D covverter service routine which reads and stores =

the data in a 25@6-word long circular buffer,;Figuge 3.19. This
bufFer is shared by the beat detection routine §nd the twd
routines are synchronized using a common counter. Each time thé
beat detection process requires a datd point the counter is
decremented and when a data point is to be stored in the buffer

by the A-D converter service routine the counter is incremented

once. If at any time the beat detection routine requires a data

_ point and the counter is equal to zero“.then it will idle and wait

for the next interrupt (the next data point from the A-D ™

converter) . . ¢

/
During the development phaseJiof the analysis system, this .

counter is also uséd to deteé?,bhffer overflow, }.e. the data
points cannot be processedq at ‘or above the speed the; are
acquired. 1If guffer- ovirfléw is detected, the analysis |is
terminated and an abort message is printed on the CRT. Such a

conditiqn would occur only when the system fails to kKeep up with !

the data rate and should not happen during nofmal operations.
Its princi£a1 purpose is to. act as a check during the development
period to indicate whether the phase 1 program runs‘efficiently )
enough to process the signal at 6ﬂ'gimes real time. This test

’ \

was included in the system as a "fail-safe" feature for algorithm

testing and will not be needed in the final system. /
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?
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.

Figure 3.10 { Flowchart o®f the Data Acquisitiop and Buffer
Management Routine.




. FILE CONSTRUCTION

An ectopic’ event is recorded as a record of 25¢ data points
centered about the identified event. Except in the ‘tase of
> extremely low heart rate, the beat preceding and following _the

L

premature beat will be stored. A complete event record consists

of the «circular buffer, pointer indicating the start of buffer,
: 4
current R-R interval, and other timing information, associated

with the ectopic beat.

¢ . ' : ’ .
‘ When noise is detected, the entry is similar to the premature /

beat record, with the exception of the heart rate, which is set to

a negative value. This will be interpreted by the phase 2

prqgraﬁ as an indicator that the record contains noise. The last . 3
premature beat record contains a. zero heért rate. The only valid
informaéion in this reco;d is the time (total elaéped time) and a
o floating- point number indicating the totallfnumber of beatg
’ detected. ' ‘ ' R

oo -~

1

These records are stored in memory in a pair Sf‘ interface
S - . ’ ‘ '
! \ ' buffers, each of which is 2816 words long (11 records, the number’

of records in each buffer, was chosen as a trade off between

‘ : !
memory space and. the frequency of transfer to disc). After a

buffer has been complétely filled, it .is tranéferred to a disc
. y ' ~
file via & direct memory access (DMA) channel. While oqg buffer

is being copied to disc, the premature records are.stored in the
~other. The status of the disc is checked before each transfer ’

i . .and at no time does the analysis halt and wait for the disc to”

+
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el ) ° : 1
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1

become ready. Direct memory access is used so that as ‘little

'processor time as possible is consumed in transfering Ehe data.

By using twin buffers, the creation of premature records and

building of the file can be performed éimultaneously.

ECTOPIC BEAT FILE

The general organization of the file is shown in Figure 3.11.

\

t

PATIENT IDENTITY
. ~ TIME AND DATE OF TAPING

S

ECTOPIC BEAT RECORD

-~

— : L.
’ ECTOPIC BEAT RECORD

- ECTOPIC BEAT RECORD '

RECORD SEPARATOR \‘x

HEART RATE RECORD

o

‘ » LT

-t

’Figure 3.11 : Event File Organization. .
. N , .




63

Tne data on the disc is organized ifi sectors ‘of 32 words.

Oy

| ' of the file. Each ectopic beat record is made up of 8 sectors

The identity and time information is stored on the first sector

(256 words). The format is shown in Figure 3.12.

WORD 1 TIME (MINUTES)
TIME (MILLI-SECONDS) =~ ‘ ‘
HEART RATE

POSITION OF THE PREMATURE BEAT IN THE BUFFER
"HEAD POSITION OF THE CIRCULAR BUFFER
_PREMATURE RATE '

-~ O U =W N

CIRCULAR BUFFER

g .. . —

Qg\\§J . | . “ P \\\\\\~ |
o 2564~ “CIRCULAR BUFFER -

A}

. . ..
. . >
\‘ R bl \

Record Organization.

. Figure 3.12 : Ectopie Beat_k

a




HEART RATE RECORD

~The avérage heart -rate

. Stored in a buffer in memory.

. ————— R ———
64 '
" o
¢\ ) Y
is sampled every two minutes and

It is expressed in terms of R-R

1 .
- intervals in 10's of milli-seconds. When the analysis 1is
terminated this record is tr sferred onto the disec file after
thellast ectopic beat record. .
. ’ L]
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INITIALIZATION OF THE ANALYSIS SYSTEM

The purpose :%f initializatian . is to set the adaptive
parameters of tape a;alysis to initial values appropriate for the
‘tape under 'anaiysis. This is done by measuring the R-S slopes
and R-R intervals,of a set of three acceptable reference beats.

The operator intervention in this phase of analysis is to ecénfirm |
i ’

that the three beats répré}ent a characteristic reference sample

thew indivi tion.
. for the- individual. in queétion\ , ﬂ//
- . ‘ . ! ‘

-y » o

The initialization , precedure is as follows. The operator

Sy

enters through the console key bqsrd the identification data of

the patient, including qemé anh date .of analysis, FigpreA3.13.

He then starts the tape, and types the "CR" key to command the

. &=
. System to start sampling the tape. He allows the tape to run for

a few seconds and then  stops 1it. The initialization routine
diglitizes the 1input signal from the tape and stores it in a

temporary file. It thén issues the display of Figure 3.14, and‘

e

Fehdésts approval. If the sample is good the operator types Y,#

'

. . , BN
and the routine takes the appropriate measurements and sets up i

- a “21 . PRI
initial values -for the analysis. If the sample. contains an

ectoRic beat the operator‘types an N, and phé system displays the ' !

next three beats from the temporary file.. This can be ' repeated

4

“until an @cceptablé“ set of beats is' displayed. Once the

4

Y ’
initialization is complete, the operator restarts the tape at the

beginning, and the analysis proceedé for twenty four minutes (for -

a 24 nour tape).

W v
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ECG ANALYSIS SYSTEM

4 ENTER DISK UNIT N, 0, OR 12 0 ‘ 4
?  SCR8 |

ENTER TAPE DATE (YY/MM/DD) :
~ ? T78/02/12 . : "
ENTER TAPE START TIME (HH/MM/SS)
. . ? 15/35/00
. - ENTER SAMPLE IDENTIFICATION
, ? JOHN "DOE

) T N . ST‘ART TAPE RECORDER AND HIT CR
I)

Figure 3.13 :.- PHASE 1 Initialization : Patient Information.

K . —;‘P—‘_ L —‘" . . ’ " N
. “. . L ' ‘ C} )
GRE THESE POINTS SATISFA_CTCQYQ&Q INITIALIZATION . '
HEART RATE ' - 72 SLOPE = 616
ARE THESE PEAKS SATISFACTORY 7 7 .
. tafes e - . 1 5 -
i e _
7 B g ' , v
. -t » \
]
& °
c}w‘ r
It 4 ]
a '3 ' é
' 0 Figur"e'3.1ll { PHASEg! Initialization : Three Beats Displ»ayed T
o, for 0O jator Approval. ‘
\’ v ’ i

8 ' 5 : ‘
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0 . 0 B M ?
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- TERMINATION OF THE ANALYSIS

¥

.Thé. systeﬁ can be terﬁdnﬁbed ‘b; °ohgg\b{ the “%&i&owing
conditioné‘ a) the total time count (tape) has reaghe 24 nours,
"b) the disc - file 1s full, c) by the operator via a senwe,hsthch
on the/ -front panel of  the computer,, d) hanQﬂg;é error (for”

~

. example, disc write error. When the analysis is terﬂinatéd

o

i

(normally “or abnormally) a/ proceduﬁe is executed to clon\‘the

file, 80 that all 1nformat10n collected up to the point 6& the
v

terminatioS\dwlll be saved even in the abort, easez Mith t%é

~present disc capa01ty, approximately 8900 recor&g can be stored.
' . ’ ' ‘" .. . '
The entire phase~1 program requires approximately 9K words of

1l

memory, 5 5K word$ of which are used as buffers for tée disc flle

of abnoréal beats.l *

A

i




e

< of
4

) classification b)

3 L

‘ s - p 68 »

¢ - . kK

% PHASE 7 - CLASSIFICATION, RHYTHM ANALYSIS AND REPORT GENERAKION-
«*

s

This pnage of the analysis consists of parameter measurement ‘

DESIGN CONSIDERATIONS

the ectopic beats; ectopic beat Jclassiflcation, rhythm’

detection and report generatlpﬁ{Ls1ng the event records in. the

file donstructed by ‘the phase T program. The .program can be

- v . :
divided 1into three major sections:’ a) beat - analysis and

‘rhythm detection, and c¢) organization of

g,

1nformatidn and report,. generation. ’Flfure 3;¥5 shows “ the flow- .)

™~

chart of the phase 2 program. ‘

!

The

~

'first sectlon .can bhe subdivided-into'three parts: a)

. locating the beats in thé/record b) parameter meagk:ements (QRS

width, QRS ' arplitude, baseline and compensatony pause), and c)

-

4 ' L A «
VE/SVE classificatdon) The Second section ) performs ,rhythm?

detectione

utilizing t e timing information on the event record

and the ectopic‘beat cla sification result \to deyect various

@rhythms (Bigeminy, Trigeminy, inus Arrhyth 1a angxﬁentricular.f‘

Tachycardia). The third sec

on computes the average heart. rate"
the

the
1nfq§mation collected and print &\report I .

-

from heart rate -reaord, organizes, ectopic. beat

fu,

. -, '\‘v )
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PRINT PATIENT "IDENTITY :
- N L ' ’ .
Cal o * - 2 ‘ .
! “_READ 'RECORD . ‘\:
< v : o
T . §ES ‘
’ END OF ECTOPIC RECORDS? ————— ‘
» 4 ’r N@ / *
Lo \ LQCATE QRS'S IN BUFFER -
% - B
’ ‘ 1\ Y W 7
L . \ ~
- MEASURE PARAMETERS '
B . i -1 ' ,, *
- . \ * : &) 1'% .
CLASSIFY THE BEAT, '
. N i“ . -
L] r I
t‘?‘ ez - ! . (:‘ - /'#:.
- RHYSHM CHEGK ~
1 - - R '
LN ’ - 1. | | ,,
. g o PR
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—~— ORGANIZE|AND PRINT . '
. : ; , INFORMATION COLLECTED -
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P . ) ‘ W " . } .l '
., . o * ’ v L4 .
~ Figure 3.15 sortwar-e Organization of th PHASE ;2 0ff-1line
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By 2 ot

(:; . STATISTIC ORGANIZATION AND REPOﬁT GENERATION - C

- . . s . R
, R N R . . ‘;r

. When the analysis 1s complete, the system produces the set of .

report33111ustrated in the APPENDIX E. The reports were produted \“\

]
- i

-?on a ylin prlnter, and were therefore formatted to accommodate ’
{ N - . .

the limitationS\of thit device. Although the analysis is- given lg

3 -

. by half hour segment, it could be easlly,modified to give greater, ’

Q@
resolution on a 'hard. copy peripheral capable OPVﬁroviding ag\égre }

~ - refined output format. . T,

- . y
P ; X , , Y

., The full report consists of aq,‘_antgsummany followed by a. CT

y o

“% "set of hlstograms illus&;ating the \sgecific resulﬁs of the °©
anaLysj? In the event summary, each event is listed in order qf

occurrence. The Ventricular Ectopic and Supraventricular’fgtopic

&

heat counts are ylisted by half hour summaries. he events—-
listed, apart from the ectobic beat coumts, include all
. oceurrences of Bigeminy, Trigeminy, Ventricular Tachycardia, ‘and i 4
ﬁ\\\ :L 2inus Arrhythmia, as.well as segmentis of noige that are’ rejected
friom the analYSis . The’ hﬁstograms show the VE and SVE counts,
the averaged heart rate, the coupllng interval and the pencenthoff//’

prematurity. - -t
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- PHASE 2.IN GRAPHIC MODE . o
Y - e , .
The phase 2 analysis can also be operated in an interactive
’ Y N
mode. In this mode, event records can be displayed on the
. R ) ' ‘ .
graphic screen, together with @the baseline, QRS onset and end, ﬂ
e . " . 1 g

' =) 4 s
points (thé tvo vertical bars bracketing, the preme;ture beat),

LY

parameters measured and the classification results, Figure 3.16."'

Q: 4: 35 HEART RATE = 83 TOTAL COUNT = 18
“QRS WIDTH = 148 MS <HNORMAL RR = 720 MS COUPLING = €20 M3

L ot . . ¢ .
-~ 4 L : . . . R B
Figure 3.9’:7Mea.surments . Displayed . by - PHASE 2 ot
o N . Classification System, a Ventriculare Ectopic >

ot Beat . ‘ { N - .
NN ' . * " 4 ! !
e i . . , , '*C f\'
- N A -
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' caused by Sinus Arrhythmia, this was detected by the program ‘and

. the message "*#delete®¥*" was displayed.

i ¢
s v
4 ' . ? r /
) h . o P ; i’ %
. A}
) TP N . " ‘ ¥ ) ’
4 : Y
o " SUE .
YXDELETEXX N ’ .
0: 4: 39: HERRT RATE = . B84 TOTAL COUNT =

) ‘ V72
- ' . i‘;\\
- V \\R' ) '- ’\.

Figure 3.17 shows a° false Supraventricullar ,ed%opic beat

u v

: 3 - .
QRS WIDTH = , 80 MS NORMAL. RR = 710 MS COURLING = 499 MS

- oL o T . N - . )
N . N, /‘ »" ' ” - Lo » ‘
O d ¢ 5
, \ , . . §’ id\\ o o '
False Supraventriculér Ectopié‘ieft Caused 'by . |
Sinus Arrhpyhmia, Detected and\ Deleted by. m&~ |

PHASE 2 Analfysis system. .
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The graphic presentation of results permits close observation

of the éccuracy of the baseline ) calculatiop, QRS ~width

t \‘ : measurement and classification can bg observed visually for each

beat. In this mode of operation, an .interactive function

.is
1 =,
L

provided ' which allows the operatof'qo quickly locate any record
A\

according to.it§ t.ime of occurrence. gThe .program can also Jbe‘

\

ww -

operate%» in' /a continuous mode, wh%re each record with its

classification is displayed on” the grabhic screen for a period of
, , - ' \ " ’
a 2-15 seconds (depending on the positions of four. sense swﬁ}ches)

before advancing to the next record or in a "single-step" mode
: ‘ ‘ ; . ®
/ ‘under - the qperator's control. With this graphic and interactive

v ,
i

* -

Qﬁgipabi;ity,;reviewing of the rgsults\becomes a relatively éimple

sk. Cafdiologists can examine the beats visually, verify'the

lresultsqof the classification, QRS onseﬁ/end pgint% and B%s:}ine

,estimation. This feature of the off-line system was designed to °

<

. . ) >
facilitate the testing' and development of algorithms. It was
L. .o . : o o
¥ “also part of the verification tool used to détermin? the accuracy

of -the* various measurement and classification logic.

-

i - e ¢




SUMMARY OF THE SYSTEM

Sﬁecial care was.employed in the design of the user interface

T

of the systen. Two ~ciriteria _guide® the ~design of the wser

.' . «
interface - of the system: minimum operator interventicn and

maximum visibility of the results of the' analysis., “The former is

¥

an essential criterion for a' practical systen. The time and
v’

effort required to analyse a tape must necessarily be minimféed

if this dxagnostlc tool is tdx be of practical wuse' to health
- professionals. Th? second cr1terion, visibility, is required to
prdvide a basis for establlshlng the clinical acceptability of
the system. The abllity to display sample waveforms classified
by the system as ectopic is an essential feature of the system,
, . as illustrated“lby‘ the tf%ical modé of use of commercial analog

tape séaﬁhers [Holter, 1961]. y - ‘ , : {
' Ty

4

. Minimal operator training is required as the basic analysis
mode of operation requires only a simple "yes" or "no" answer

prompted by the ‘system on initralizagion: The second phase can
' Ve @

be performed entirely ‘without gperator intervention and s

~ . \
, capable of correcting ergors madf by the  phase 1 program.. By N

ros

splitting the ®nalysis into two phases -the total amount of memory
Y . -

v . |

required is greatly, reduced making it suitable for implementation - )
’ ¢ ’ T T . ‘ [y ]

on micro—processogs. - Very fleiible interactlve graphic functions

. -1 .

are provided for system development éﬂd valldat1on.

A rouqh estimate oJ’the pyase 1 progtam s speed reveals that

(it could operate up to 128" t{»es real ime.- Thﬁ;lack of a ,
4 ' /

“ i > “uf‘
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~

Suitable tape player, however, prevented the ‘testing of the

program's maxigum speed. 1

~

‘ ";

The phase, 1 scahning of'the tape requires‘about 26 minutes,

]

. approximately 2 minutes for mounting the tape ahd initialization

-

and 24 minutes  for scannihg a 2U-hour tape. The analysis time,

-

required for the<second phase program is directly dependent on .

the ‘humbep ‘of %etopic beat records. Approximately 1 minute of
processing time is needgd for every 1200§ecords'. ‘Experiencé 30

/ = - K B '
far. has shown that most tapes contain less than 5000 éctopic

Ly .

Lt ‘ 1,
befts, 80 that the total processing time for a 24-hour tape 1is

under 30 minutes. If a suitable tape recorder were available to
¢ ’ R H

operate the phase 1 program at .100-120 times real time, the total
processing time coulds be reduced: to ?bout 15 minutes. This
compares very révourably to the Avionics commercial system; and

! :
to all other published experimental systems.
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CHAPTER FOUR , %

DE%&CTION AND CLASSIFICATION ALGORITHMS -.

[ i .

L ’

INTRODUCTION ' )

3

well defined in the time domain but poorly characterized in-the

frequency domain. fé? lends itself  to

[

heuristic feature

methods than

particularly inztp case of Holter tape analysis, where a high

- exfraction rather mathematical techniques,

if:ume of data must,‘ée processed in a limited period of time.
Likear pétterh récognition techﬁiques such as c¢ross correlation
and Fourier analysis are of 'limited use because of_tggse factors.
The design of the detection and blassification«algoritghs reflect
"these general .constraints, .moderated, to a certain extént, by the

N «

partition of the analysis process into two phasgs.

1

tiﬁes real . time. The detection algorithm must, therefore,

T -/

"operate dﬁkectivelz/g( an environment where a new samp;e is
’ accepted every 166.6 microseconds, and a QRS complex must be

the worst  case myst be written onto. secondary' storage

approximately every 10 beats. These factors impose very strict

algorithms. In the second phase of the analysis, the event

- \
‘records

)

As in“the case of most biological signaﬂp, the ECG is fairly"

, During the on-1line phase, the ECG recording is scanned at 60

¢ \
processed every 80-100 sample points, while the event records in

time ooﬁstraints on the first phase detection and classification'

are retrieved from the disc file and classified as VE or

b mr——

o Pk e e, W L



|

- developed.

SVE. Ectopie rhythw detection is performed on the basis ‘of .the

result of fhe classification and timing informatiob in the event
e .

\
In order to‘classify the ectopic

record. number of

beats, a
parameters have to be measured and classification logic has to be

The parameter élgoriihms

measurement must perform

cdmplicatéd measurements on the recorded beat. In
|

con‘&ast to the first phase, however, the only time constraint

detailed and

imposed on this ana1y31s is the cdglideration of practical system

design. The on—linef off-line algorithmswqu their nelations are
* , o '
illustrated in Figur¢ 4,1, ’ ;

In the' follow1ng sections, the, éﬁ:::;teristics Sf the ECG

signals and” diffenent beat detection methods Qill be examined,

and the algorithms de31gned for this implementation will be
described, The WF/SVE classificatiéon  parameters, their
measurement algorithﬁs and classificatien logic

will be

presented.

B
-
{

-
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QRS DETECTION —>—NOISE DETEC&%ON
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CURRENT R-R -——r—:;j;;PPIC BEAT DETECTION '
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PARAMETERS
MEASUREMENT
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BEAT DETECTION : Cot.

<

AMBULATORY ECG RECORDING CHARACTEAISTICS )

N
)

Body surface ECG is predominantly contained in“the frequency

band from 0.5 to 100 Hertz [Pipberger, 1975]. Some small notches -

occur duringVVentricular depola;izatioh (the QRS complex), and
slow moving parts of the ST segment may have frequenciés outside

this band.: In general, the information requiréé for arrhythmia

“analysis on these long term réco?dings is'contained~we11 within

this range. Spectral analysis of ECG signal shows that the P
wave is about 6 Hertz, the QRS about 15 ‘Hertz and -the T wave

around 4 Hertz [Scher, 1960]. These frequencies, however, vary

~and sometiges oveflap [Feldman, 1951]. Since the objective of

L

14 . . ! .
ambulatory ECG analysis is to detect the gross changes 'in the
’ /

shape and timing of QRS copplexes, a upper freqguency of 50 Hertz

.

is sufficient.

The quality of Holter tape recording varies considerably from
patient to patient. These variations are primarily the result of

slightly different electrode placements, variations in the

~

physcial position of the heart, the build of the patient and his
activities [Oliver, 1871]. A variety of artifacts have also been

observed in these recordings. They can be divided into two basic

catggories,‘pseudo-aprhythmia and nqn-arrhythmia (Karsnow, }976].
| /

. N
N o

Pseudo-arrhythmias are usually‘éiused by problems relatéd to

the - functioning of the gec'order.,~~ Examples are “premature

contraction” caused by intersiitent slowing of the recorder for.

I3

L

¥



. ;
o ’\
e

brief periods . of time, "Sinus or Atrial Tachycardia", .a

o
" v

9

relaéivel& common artifact caused by Abétter% fajture, wnicn
usually gﬁﬁears towards the end of the recording and MAtrial -
Fibrillation" due to loose eiectrodes’. Non—a?rhythmié artifacts

are wusually in the form of h;én frequenky noisqﬂgbntamination

whicn completely obliteratps the ECG signal, baseline drift and //’
. £

60 Hertz .interference. Tne 60 Hertz interference and'baée;inp P

o

drift can be eliminated by suitable filters. Tne high frequeﬁcy'

- noise usually has components that overlap w1th tnat of the ECG "
y

signal but it can be detected by v rtue , of the‘ facpg that the,
¢ y - -

51gnal is erratic. The ﬁéeudo-arrhythmias,' however, are

extremely difficﬁit to recognize. .t . $ T
) G | | ‘ : | - \
ON-LINE DETECTION ALGORITHMS - { -

s o - .
Y o n '

Detectiion and cla551f1cat10h of arrhythmia types through the .

&
high speed scan of a Holter tape must sgtlsfy requ1rements of .

g
uefflclency and re11ab111ty in tpe recoéaltlon of the appropriate

waveforms. To satlsfy these requ1rements, it is neeessarx to

P

determlne a minimal complete set of features @ha? ‘chargeterize
the - different airhythmla ‘typei.&: Wnile completgﬁess,‘whiqﬁfis
necessary for'reliag}lity, is a quality shared with all tyngvﬂpf
Aan aftqmated ECG analysis, mdhimality ie the;qdali;y €hat°i§

* particuldr to Holter tape analysis, ".and is es§edtiaT’ to the we
- b o ,; I . «
design of a practical system.' ;o - '
’ bh . a - o "-\

For the derivation of tne 'required features it. is not

' 4 e . ’ 3
sufficient to cénsider standard or typical™ neartbeat wiveforms,

' ‘ “« o ’
»




- The many non-pathological factors tgpti can influence . these

- )
waveforms must be taken into accou&F, and featuresw that are
independent of these variations must e postulated, adapted, and

*

exhaustlvely tested. Features which gre differential, rather

than absolute measurements,, must alsb pe Ronsidered, together

with the means of Ealculaﬁion of the adaptive threshold values

that determine their ‘effectiveness. Many ‘of thé features

aiscussed in the following were derived from predﬁously published

| work, buy” their particular application, in;the environment of

high speed on-line digital processing without the wuse of a

preproc¢essor, has required fefinemen; and adaptation.

-

Since Qﬁs detection is an on—liné €unction operating/gt very
high speeds, the overhead of the algorithm must be kept to a
minimum. As the presentation on existing ECG recorders is
limited to a single lead, the beat detection >method used for

ambulatory ECG recording analysis must be based on the

b}

o

information available on a single ECG lead. In addition to
having a 1low overhead, the algorithm must be insensitive to the

foilowing factors inherent in the data:

o
‘4

1) the natural patient to patient variations due to
physical differences . I'4
. 2)- variations due to differences in 1lead placement in"

different recordings

3 variations in recording quality, such a’s gain, flutter,
and noise pick up.

In order to automatically measure &he parameters of an ECG, a

stable reference point must be detérmined for each heart'.beaf
/

Y T
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point is the QRS complex.‘ It is‘;he most consistenﬁ component in

L4

the ECG siynal and it has a number ¢f distinctive features: it

has a che;aJteristic shape, a hiq& amplitude, a large area under

it'@nd rapid changes in the slope. p

' Beat detection® based on a dbmbination\of these criteria has
been successfully applied in a nnmber of monitoring systems
[Frankel, 1975; ‘Bussmann, 1975}. The reqdired:processing spted

for ambulatory ECG recording analysis does not, however, leavee//q

L}

time for multiple parameter measurement. Tpe detectiop algorithm

should, therefore,‘ge based on a singlewcriterion. The different

distinctive Eharactéristios of the ORS peak are as follows. ff

s

-
v A
- - ad
. .

SHAPE

o
<

The QRS can be recognized-by jts characteristiekshape. This ™™

can be accomplished by a number of pattern ‘recognition
4 . .
techniques, such as, for example, cross correlation with a model,

" . - R
or piecewise detectioi_of various deflections, These techniques.
are, however, very time cdhsuming especially in consideration of

-’ ¢

. l
the fact that the inter and intra patient variation of the QRS

shape can be considerable. QRS detection based on its shape-

alone is therefore not a practical method in "high speed "ECG

analysief

. ® F’
‘ . / ] . v ‘ {)/ ( ¥
camplex. . The most logical region to establish a beat detect / "

a
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\‘\\ variation in the ECG signal render this detection method

K

()

AMPLITUDE 7 L ' . N
‘ Ny u—«v' ’_’ L%

Beat detection by{zg? amplitude of the QRS is a very simple

.

Lang fast method [Feidman, 971]; which |is Very‘ effective for
"well-behaved" ECG's. . Amplitude measurements of QRS complex are,
'howéver, highly sﬁbject to lead placgmenﬁ which: caql affect ' the
shapg/’szfzie complex, and'fecording problems whiéh can introduce

" such as nojise contaminéti?n and baseline drift. - These factors,

. S Y .
together with the 1large patiept-to—pétient "and beat-to-beat

unacceptable for recordings taken i% leas'than ideal conditions.
. — s . .

L]

AREA . ,
N e o '

The area’ under a portion of the curve can be estimated by

\ ::summafﬁon of .a num’er of points on tpen/curve, i.e. integration

through a window. This technique is basically equivalent to the

/ enhancem;:tjqf,waveform iﬂ/a érequency \depepdent‘ manner., This

élgorithm requires adaptation to waveshape variagion and may

1
1

result in confusion in cases where large T wave

drf??s are present. ' - )

- -~

. ~.
. SLOPE

The’ élope of the ECG§§ﬁgnal can be positive (up slope) or
negative (down slope), eithér one of these gan be used‘ as a
detection criterion [Millikén,~&97Q}.‘3The maximum positive slope

is found on the upriée of the QRS éomplex, howevér, it i§¥not of

P

and ;‘Raseline '

h
:
L

, .
4
H
:
I$ .
i
i
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very large magnitude and noise spikes can have values very élosé

to it. Tne negative slope (down slope), on the other hand {is’

much steeper and remains to be the most dominant feature eveén in

.
.

abnormal QRS complexes. . ?

T
'

.

.
>

Slope or the first dﬁkference of the ECG §ignai can be

cglculated by simply subtracting the X(i)th point from the value
of the X(i+1)th ECG data poink, Figure 4.2.

v

A

S (P ] I .

X(1)mmmmmmm e e e e

)

/

Figure 4.2.: Slope Measurement.
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- §lope was

_.measurements are, however, susceptible to noise in the

‘. due to. faulty connections during recording or digitization, can

result in spurious high slope indication betugen édjacent points,

85 3
« o o
QN*LIﬁE QRS DETECTIDN. ALGORITHM

Of the various ' detection parqmeters‘ tested, the negativé'

retained as the basis for QRS detection. Slope

14

highestT '

frequency range of the digitization (48 to 56 hz). This noisej

which can be attributed to either muscular activity, or pick wup

It can also create slope reversals (notches) in the QRS’comp

Although digital filtering could be used to attenuate this noisg,

it would require a complex filtering function to avoia excessive

distortion of the QRS wave, whose signal components are’ only an

octave 1lower 1in frequehcy. 'The resulting overhead would be ﬁﬁ

conflict with the requirement for a very efficient 'detection

meqpbd. The use of slope alone as a parameter for detection of

QRS complexes requires, therefore, a means of ensuring noise

immunity as paft of the measurement process, in addition to

adaptivity to cope with normal, non-pathological variations, -

1

The algorithms developed for QRS detection fulfill thede

N

requirements. The . QRS is detected by searching for a negatiwe

slope calculation at 26 millisecond intervals which is below an

adaptive threshold. The effect of noise in thejpigher frequency

. . ¥
randge of digitization is reduced by using this tQB point slope

measurement instead of a point to point first difference:

N\,
\
\

& v ‘ ) \
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‘Sn = x(n) -‘x(n~2)3*

Firat difference of signal smoothed with a two poipt average

____ LY

"snt = x(n) + x(h—l) = x(n-1) + x(n-2)

2 2 : C
Coexmy swne2) Y - . o
2 ’ ) . .
Xinﬁl: value o% Qémple F
>80 . ‘two point glopé at’m ‘
,‘LSn' : ‘fifét’ difference at n of the signaI'smoothga yiﬁh

RS . two point average

!

_Wh11e thlS requires no more calculation than the first difference

P

“the thresh&ld: - -

1
v

it 1is - equivalent apart from a scale factor of § to the first

difference of a gignal smoothed with a two point average. The

resulting attenuation curve,’ Figure 4.3, effectively reduces-

frequency scomponents betheeﬁ 35 and 50 Hi, the frequency range

where noise most seriousl} distufbs the QRS detection algorithm.

-

lhs,qualiﬁy of the threshold value .is mailitained by updating with

the maximum’ negative 'slape of a QRS complex rather than simply'

the first sample greater than tbe\threshold. Since this slope
rarely haﬁyfmore than four sample poiﬁts,'the max imum can be

determined from the greagef of the first two slopes which exceed

b
’ -

<

(/) Sn>St:  Sf = max <Sn,Sn+1>

Sn - slope at sample point

M » . .-
- 1
“~— : . : .
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- threshold sfope

oL st

‘ _Sf --slope at detection point

This ensures that the greatest

between the siope threshold and high frequency noise.
~. . N . ' 3

. ™ "
[}
f

o

. Amplitude *

1=

-+ 4 EKG signal
frequency

components
' ’ )

' ’ ! 1]
Fiéure 4,3 : Smoothing Effedt of 2 Point Average.

“
'

possible margin is maintained
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In order to maintain an accurate threshold level, an
[ ..

initialization routine at the start ®f eacH tape average measures
- s 4

the maximum negative slope of three normal QRS complexes. The

t?resho]d, calculated on the basis of this measurement, is then

¢

- R, s o

maintained and updated by a recursive averaging formula which
. L Y .
accepts eachx\new value for 2 normal QRS complex and averages it

A

w1th the previous samples. The use of two levels of adaptmybty,
the‘ initial adaptation to the tape under analysis and the
a continuous adaptaﬁion to non pathblogical ya;iations .within the %

. - tape, permit a narrow maréin between the normal slope apd the
threshold slppe; This in itself improves accuracy of detect{on,

*

as 'it eliminates lower frequency noise and artifacts. After a \\X

beat has been located the detection aléorithm is inhibited for a

period of time equal to 1/4 of the average R-R interval to avoid

\
multiple detection of the éﬁge complex. #

The: norma}é ORS complex is¥ a relativel? invariant
characteristic of the ECG waveform. The méjority of the“’:x
classical Premature Ventricular contrhétions are easy to “detect.

5 because they have a large amplitude and a steep slope (Figure
'k“?m4y. Experience has shown, however, that there are a l§rge- )

variety of Ventricular premature beats which are markedly

different from the <classical "well-behaved" PVC's. Some

Premature Ventricular Contractions are of very low amplitude,

(Figure 2.5), and are difficult to detect. The problems posed by
this type of beat have been noted by a number of researchers,

[Gerling, 1972; Oliver, 1971; Hinkle, 1967], but no soclution has

-y
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been offered. These beats represents a significant pertentage of

. - L 25

the ectopic beats and should be tﬁkén into consideration when. . .

designing a détection algorithm. Premature Atrial Contractions

)
have the same shape as normal QRS's and can thus be detected only

*

Lo by their asychrqglsm. The detection method for the various types

\“A' .
. o £ ectopic beats will be described below.

ECTOPIC BEAT IDENTIFICATION \»

PVC AND SVE

——— — & )
L2 - ‘\x &

An ectopic beat can be recogniied by two  criteria:’

Pl

synchronism ' and shape (see chapter -2). In an‘:bfrwhelming

A -

‘ majority of cases, it can be detected by the fact that it is out

Pl A

of synchronizat1on with the normal rhythm. The clinical
1 deflnition of prematurity is, however, gualitative and
insufficient to “definé a computer identification algorithm.
Researqh experience in arrhythmia analysis has established that a
: : beat /prematurity of 10-13% relative to th; current R-R interval
conétitues an adequate threshold for aune?ffed analysis [LeBlancc
1975; Willems, 1972; Geddes, 1971; Wantégabe, 1969}. The optimal
thrgshold value will, however, necessarily be affected by the
methoa of calculating the current R-R interval, and therefore
cannot be simply adopted from previous results. In the system
described  here, prematurity is determined on a threshold
| . comparison of -12% of the current R-R ipterval. Once a beat ‘has

been detected, it is relatively simple to calculate the R-R

interval and deterﬁing‘if it 1is premature. The average R-R
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intérvél, however, is subjected to fluctuations due to-the normal
physical or emotional activities of ' the patient. These
,fluctuations-occuf in a fashion wE?:h is completely unpredictablé
for the analysisqprocess, and the speed and extent of wvariation
from the current heart rate may be considerable. "The average
] iate (averaée R-R) must therefore be an adapti;e value which
m\w//folloés the true rate very closely. The degree of success of
this.premature beat detection method is directly agfected by the

¢
accuracy of the estimated heart rate. ‘ R

The most common method for the computation of the average

heart rate is a running mean of several beats [Sheffield, 1976;

.Gerlings, 1972]. This alone, however, is not sufficient, since

transient ‘changes (such as premature beats) may result 1in a

N

sudden decrease in the rate. -Some other constraints must be

imposed on when and how the updAting should be done. The average
-~

heart rate computatgon,algor thm must have the ability to track

normal heart vagiations but must not affected by transient

fluctuations. .Qpé main criterion of the updating algorithm

introduced in this wqrk is to include only the li--R'~ interval of
o

' : "normal”™ beats. Any arrhythmia that has an irreqular rate is not

used in the computation of the average rate.

F

One major, type of arrhythmia that hampers the operation of
- this algorithm is Sinus Arrhythmia, (Figure 2.103, which is a
spdden‘change (increase or decrease), sometimes ‘transient, in the ’

" heart rate. If ectopic intervals are excluded from the averaging

()' ‘algorithm, a sudden increase in rate by more than 12% will result

! i } ig? ' . £
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L . ‘ . ‘ .
in - a large inumber of false premature. beats, Figure 4.4,

Compensating logic must, therefore, be built inte this updating

metfod to recognize ﬁhis case and adapt ‘to it as Quick}? as

_/ .
possible. ) -

- -

.

]

M N ’~_‘ . )
False Supraventricular Ectopic Beat Caused by
Sinus. Arrhythmia.
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. When a preméture beatv occurs, a maximum of 2 beats (the
ptematute.beat and the compensatofy pause) afe excluded from . the
updating. Spufious detection caused by a sudden increase in
rate, 1is identified by simply counting the number of beats‘
skipped since the last update. If no updating has been done for
\. more than 3 _beaté, a "forced" updatg takqs place, using a

different updating formula.

el The computation of the current R-R interval was designed as a

- compromise between'tracking ability:and computational efficiency. .

It is a 1st order recursive averaging formula with a built-in
§ .

. scaling factor: '
. “ o~

0 . 4 ”c. ¢ Nl .

RRavg (n) ?BA*RR(n)+B*RRavg(n—1)

14

RRavg (n): value of current R-R interval at sample n

»

' RRavg (n-1): value of previous calculation
RR(n): measured value of R-R interval

A = .25 constant determined by experimentation-

B = .75 constant determined by experimentafion

1Y

5
The parameters A and B are constants whose values were

optimized by experimentation, and then Subseqﬁently adjusted to

M ¢
correspond to coefficients that could %e computed by shifting

rather than floatiﬁg point multiplication. The recursive

a

algor}fhmcwill track variations in heart rate more closely than a

5 point average, with a smoother response due to the natural. -~

€

exponential weighting of past inputs. The recursive computation -

is considerably simpler than the 5 point average used in most

1

S
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. - , N
previous works, as it .not omly requires feweﬁ%additions, but does

not need any buffer management of‘recentgreadings. A higher

order averaging fﬁnct@on would give marginal%y better trackfng

-

but would increase the overhead of the algorithm considerably.

¢

° &

. s ., ’ s
Thg values of these constants directly effect the performance

of the averaging algoriéhm. @*A weight factor that is biased more. F

—

. LR I .
towards the previous average, for example,

2

4

RRavg(n) = #.1 * RR(n) + @.9 * RRavg(n-1).,

gives a more sluggish’ response to changes, while a rétip'that

favours the new rate, for ‘example, .

e
. RRavg(n) = 8.9 * RR(n) +  ©.1 * RRavg(t-1),

results in e&treme sensitivity to s‘éll fluctuations: The 8.25 .

?

and 0.75 weight factors provide a near optimal rate of response

to heart rate changes under normal .conditiop. \ oo e,

’
>

In case of a "forced" update, a different ratio is used:
5 P

. ‘ . ‘ ' . ‘e 2 - &ﬂ A n‘
RRavg(n) = 8.5 * RR(n) + 8.5 * RRavg(n-1). ,

- o v M
- .

this ratio is biased more toward$s the new rate than the normals
] - > .-
updating formula so that the rpnniﬁg average will adapt to the

%

current rate in a short period of time. The purpose of this .’

o

second updating formila is to provide a means for the algorithm’

-0

to .,adapt to abrupt heart rate variqtidnéi
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A

This method was found to be éuperloh to the simple averaging
methbd. héed in many ECG monitoring and analysis systémsl elérno"
érﬁncati%n bccur; in the computation of. th;é raﬁe, i.e. an
infinite accuracy and word. size, iéep the algorithm is in fact a_

sum of  all past rates with exponentially. deérgasing weight ~

‘fachors. In- the context of this analysis program, (word size of

the computer and tﬁe range of the ‘raté), it is’ approximately

equaly to- 'the summing of the‘ past 10 to 15 heard rates with

exponentially decreasing weight factors. "Such a truneatiod is

advantageous in this case, since .errors in the rate wil ot

propagate. ) /

I3

Figure 4,5 shows a flow chart ,of the heart rate updating =

condition and algorithm,

.

{
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NO . L . .
, R-R. PREMATURE
N PROLONGED ? ?
RRavg(n)=1/4%RR(n)+ YES : YES
3/4*RRavg(n-1) .
i NO . S i
T . DAST BEAT s ‘ .
: i PREMATURE -
COUNT = 3 o
YES , . COUNT = EOUNT - 1
. . 1 . e ‘)‘
—<—COUNT = 3 . ¥ :
< COUNT = 0 ?
. o YES
y
NO
¥ TRRavg(n)=1/2%X(n)+1/2%RRavg(n-1) | :
1
. - COUNT = 3 ,
. ' A . ’ ~rv ‘ ) l/ _
) | Kwyf — ———— EXIT——— “
L %
COUNT is initialized to 3. &
b“ ) . /'/'
) e
O ' Figure 4.5 : ' Flgwcfxart of the Average R-R Computation

~ ) ) } g‘rithm.‘ ’ h
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FUSION BEATS

/

In most cases of fusion beats, the waveshape is so irreqular

that the maximum slope' ‘s less than the thresho}é of the QRS

RN - -
B

dgtection algorithm, (see apter 2). Thef? detection is

espec;ally difficult due to [the 1limited <choice of deiection
.algorithms di:lated by the sca ning speed requirement. - Their
presence can neverfheless be- determined by the failure to detect
a'béat resulting in an apparently é;olonged R-R inteéval} Upon
récognition~.of this, the in exval can be reécanned in phase 2
using a different detection sé:ategy which is tailored to detect

this type §f beats. The rescan method will be described in more

detail later. : - -~ . .

¢

; . .(\
ECTOPIC BEAT DETECTION ALGORITHM

L
Ectopic beats are detected by 2 criteria based on the R-R

interval. = A beat is flagged -as premature if the R-R interval is
more than 12% shorter than the running average R-R. . If the RR
interval fs mor? than 156% of the average R-R, then- it is almo;t '

rtain thét the QRS detection algorithm has failed to detect a
beat, and the "misse?" beat is probably a abberrant Ventriculari
fusion beat descfibed above. Figure 4..6 shows the 1logical

operétion of the ectopic detection algorithm.

A
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" HIGH LEVEL.NOISE ELIMINATION :

-

.The presence of noise spikes resembling QRS complexes in the

ECG recordings is a constant source of problems that cannot be

ignored. High frequency. noise and baseline drift in an ECG
signal can be‘removed by filtering the signal before. processing
by the cﬁmputer. The filtering could be perfofmfd by an analog
or a digital filter‘[iynn, 19711. The frequency spectrum of the
noise, however, often overlZps with that of the ECG and filtering

is of limited use ([Feldman, 1971). Furthermore, when the signal

is fflﬁered, some distortion is inevitably introduced. 1In this

case the reshaping of noise spikés into QRS like waveforms. is a
. 3

Vs common side effect. Co - yrdgd

A

The noise manifestation iliustréted ih Figure 4.7 is the most
comﬁgn type, where the, ECG signal 'is completely obstructed ané no
rhythmic waveform can be recognized. This nbise interference, if
dﬁdetected, could fesult in serious_errors’in the analysis. Most
of these disturbances can be detected by two characteristics:
they usually have much steeper slopes and are very -close

together, resulting in a rate much higher that the normal range

of heart rate [Bhssmann, 1975; Hochberg, 1969]. Since - these

- noise disturbances are uSually transient and obscure only a

minute fraction of the'information on a tape, a loss of several

. v _
minutes would not result in "~ any significant changes in the

overall analysis result. It is therefore more practical to omit

portions of the recording that are contaminated by artifacts,

| rather than to attempt to filter or analyse them. In the beat

- ' - Y
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%
detection algorithm 1léwer amplitude noise is eliminated by the

two point averaging scheme andvmore pronounced disturbances are
recognised by 5 éudden changé to a rate outside normal iimits
(gréater than 230 or. less' than 30 beats per minute), "QRS
complexes! that are too close together or too far apart. Once
they are'recognized the beat detection algorithm is inhibited for

2,

a short period of “time (two seconds recording time) before

analysis is resumed.

~

¢
Figure 4.7 : Typical Noise Disturbance (Top Display is the

Magfijipation): .




"OFF-LINE ECTOPIC BEAT CLASSIFICATION

b §

In the first sectian of the second phase analysié,‘a reliable

set of. ectopic beat classificatien logic has to be ‘deVm

The parameters needed for th; classification logic have to be
extrécted from the eventireco;QS. Tnis involves the loeatibn' of
beats in the record (including rescan for missed beats),

S,
parameter measurement and'ecggpic beat classification. - In the

second‘section, rhythm detection is performed basgd on thg‘r:suit
of the classification andftﬁh timing . information on ﬁhe event
record. The Operatﬁoné of these two séctions are interleaved,
with rhythm detectign being performed as the beats are
classified.: Since this phase of Yhe analysis is an eff-line
Pperation which does not require real _time data’ acquisitien,

processing speed is not as critical as in the on-line system.

’
3
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* - BEAT LOCATION

| The cireﬁlat buffer is first converted to a straight buffer
usﬂng the pointer stored in the record. If the -ectopic R-R
int\rvgl is gr;ater than the average R-R, then there prob?ﬁi} is
a loy amplitude éberrant beat which was not\ detected. Int this
case Ythe interval is scénned for the maximum negative slo;e

" 4

the point at which it is measured is taken to be the detection

Figure 4,8. If this is greater than 20% of the normal QRS slope,

point for a "missed" beat. If the slope 1is beneath the

threshold, .the record is classified as unknown and discarded. If

: . <
_the premature R-R is shorter than the average R-R theh the

premature Egat is located using the information in the‘}ecord.g

5
N

\

4 .
\?EARCH FOR MAXIMUM SLOPE

- \ 0 K 4@

Figure 4.8 : Rescan for "missed" Beat. .



ECTOPIC BEAT CLASSIFICATION PARAMETERS

- ) - !

The ~two basic éypes of 5ect9pic beat, VE and SVE, can be
differen;iaféﬁ by three parameters of the ECG waveform: the
‘presence of a. P wave, the shape of the QRS complex and the
existencé of a,Eompensatory pause. Numerous - methods have been

.

"developed for the detection of the P.wave [Klusmeier, 197§é
Breithardt, 1975; Rey, 19717. These detection Qethods usuall&
involve laSQrious computations and correlation of information
from several ECG leads. The degree of, success has been very
limited and even 1less in the detection of P wave based on the
information‘conﬁained in a single 1lead.. In view of these
factors," iE is impractical to use the-P wave as a classificatioﬁ
parameter. The shapg of tge QRS complex <can be divided into two
pgrts: . the QRS wid;h and amplitude. In an overwhelming majority .
of cases, the VE has a muqh wider QRS cohplex and an . amplitude
that is markﬁdly different formvthat of a normal QRS complex.

SVE beats, in c&htfﬁq}, are very similar in shape to normal heart

beéts. The VE is usually followed by a full compensatory pause

(see chapter 2), while the SVE is not.




BASELINE

»

In oréer‘to measure the QRS width and amplitude, a baseline
‘'is needed as a reference point. (The baseliﬁe‘ié estimated by
averaging the flat portion before the QRS complek. Such a
portion 1is taken at 160 mill;-secongs to 450 milli-seconds (30
points) beforg,the R peak. »TQ; région chosen for determining the'
baseline is justified by the fact that it is not affected by any

cardiac activity, Figure 4.9.

]

AVERAGED FOR BASELINE

'
o
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QRS AMPLITUDE

/
£

The QRS amplitude is represented.by‘twd values, the~beight of

¥

the R peak above the baseline and that of the¢ S wave below ths

baseline, "Figure 4.10.

. ‘ S .
, ,
S . ‘\ . BASELINE
oy } I ’ . .
S '
!

Figre 4.10 : QRS‘Amplitude Measurement.
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. QRS WIDTH

—any

< o

The QRS wid%h is the interval betweenhthe commencement of.

ot

Ventricular contraction te the termination of ' cotkraction',

(complete depolaﬁizatipn), Figure 4,11, In a normal EQSﬂ the

width- is approximately 80 milli-seconds. It i% fairly constant
and does not vary much .in normal ECG'!s of digferent patientd.

I

QRS

Figure 4.11 : QRS Width of a PVC.

. ),

As a concession to‘the éresence of noise in ECG recorfiings
.and the large variations in QRS wgves;ape,‘po attempt was made to
detect the exact QRS onset and end. The assumption was made thaf
these points are detected only accurately enough so that the

complexes could be classified.




The onset and: end points of the QRé are estimated by a

3

.'combination of change in slope and proximity to the baseline.

The odset point is foﬁ;d by searching backward from the R peak to
a point wﬁere a significant ghange in thet slope occurs. . A
significant change in slpope is defined as %p'area where the
difference betyeen two consecutive‘slobe valdes“is greater/\th;n

A . ‘ )
80%. The slope is calculated by subtracting two points which are

+ 20 milli-seconds, apart. .Once suych a point has been’ located its

g .

". amplitude is compared to that of the R wave (R' of Figure 4.8),

¢
if it is above 25% of that of thé R wave then the search is

I

resumed, ‘otherwise the poinﬁl,is taken as the QRS onset podint.

The end of the QRS is estimated in the same manner except the

-

slope is taken as an quolute value (to include the S wave).
-

Figure 4;12 shows the estimated QRS width for a Premature

Ventriéﬁlaﬁ Contraction, ~ .
HEART RATE = = 83 TdTR.wCOU!T - 1e

2 a4 35: '
QRS WIDTH = 149 MS NORMAL RR 720 MS ° COUPLING = 629 MS

YRS l

Figurey4.12 t QRS Width of a PVC Estimated by the Analysis
system. )
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) cdhpenSaiory pause is said to exist if the’eombined 1eﬁgth of the -

the preﬁature beat, X2, is greater'thap 188% (200 =

] normal ﬁ-R intervals. °

. . .
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- COUPLING INTERVAL AND COMPENSATORY PAUSE >

v - . . -

©

The coupling. interval is the time. interval between the .

premature beat and the beat preceding it, indicated as interval ®

P

- - -

X1 in Flgure 4.13. L ,

A compensatory pause is a cycle foilewing a prem;ture beat

which is long enough to cgmpensafe for the premature interval. A

premature R-R interval, X1, ahd the length of the cycle following . |
i( o & !.
12 $)%f 2 .
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VE/SVE CLASSIFICATION LOGIC

Tne premature beats -are classified according to the results
of tne parametérs measured. A beat is classified as Ventricular

if one of the following conditions ,A or B, holda: '

A) tne QRS widthn is greater than 110 milli-second;

v

OR

B) two or more of the following
1) the QRS is greater than 90 milli-seconds,
2) there is a compensatory pause; ‘

3) R' or S' of the prematuré beat differ by more&than
50% from that of the precedlng beat.

)

The cla331f1cat10n logic was designed in such a way that it
will function w1tn a complete or partial set of parameters. The
width was chosen as the prlmary decision parameter since it is
one of tpg moSt.do%inant features which dﬁfférentiates betyeen
VE's and SVE{E} In cases where the measureduﬁidth is between 90
and 110 milliseconds, however, waveshape, R' and S'} and the"
compenéatory pause é?e included innéhis logics This hcompensa%as
for the potential- inaccyracy' in the @idth measurement due to
recording variation. The ampligﬁde and lcompensatorygrpause are
qn;y used as Eecondary pérameters.‘ This arrangement ensures the
highest reliability possible witn the available da@a. Since the:

ectopic beat is centered in the even® record, itg.widtn can

always be measured. Tne shape measurement requires the presence




‘of the beat preceﬁing'the premature beat which is includeaﬂin the
record except in éases where the heart rate is extremely low,
below approximately ﬁ3 beats per minute, In most cases the
percent of prematurity is greatef than 12%, so that 1in pratice
the preceding beat will ge stored. By the same reaboniﬁg, the

beat following the ectopic beat will also be stored.

The VE and SVE counts are stored in twg separate arrays. with

R-R interval (coupling

7

wai?Ferval) is aL&S recorded.;//// S .

,/0
// ‘.‘
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RHYTHM DETECTION

-

Cardiac rhythm is associated with théléiming and the order of
“occurrence of ectopic and’nbrmal heart beats. The event records
contain complete timing information apout the ectopic beat stored
and its éype, which is determined by the c{pssification section.
These, together with the current R-R interval stored in the event
fecord coﬁstitute sufficient information for the detection of
ectopic  beat - ;elated rhythms. The detection method§ for

Bigeminy, Trigeminy, Ventricular Tachycardia and Sinus Arrhythmia"

are describéd belzw.

BIGEMINY _— ) !

| /

Bigeminy is a rhythm disorder where every second beat is a
ﬁremature Ventriculaf Contraction (Figu}e 2.6). It can be
detected by the ratio of normal and grematufe beats in contngous
recording. 1In this system the event records . are sport (2.5
seconds), but include acéuraie tihing informatign locating the

)

premature beat. The beat classifications togethher with this

timing information are used to identify Bigeminy.

-

‘The time elasped between two Premature Ventriculaf
‘coptracti;ns can Se calculated by the difference in the time of
arrival of the two beats. This interval compared to that of the
average R-R rate vyields an approximation of the normel and
premature beats ratio (at least for short intervals). A message
is printed if such a rhythm is detected and it persists for mo;e

than 8 beats (8 premature beats). Figure 4.14 shows how this

—

asl ’
1
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algorithm works.

0

CALCULATE THE TIME
ELASPED SINCE LAST VE

NO

COUNT = 0.___,9___IS.THE INTERVAL WITHIN 20% OF

2 TIMES THE CURRENT RR 7

Y YES

COUNT = COUNT +1

NO
EXIT

A
o
o
<
=
-3
v
-3
-

' g : v
(' PRINT, BIGEMINY MESSAGE

Figure 4.14 :

* 'YES-

’
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TRIGEMINY -

Trigeminy is a rhythm where every third beat is a Premature

Ventricular Contraction, (Figure 2.7). It is detected by a

s

method similar to that used for Bigeminys«
. 4

VENTRICULAR TACHYCARDIA - .
‘\7 "\ - -

Veritricular Tachycardia is a continuous series of Premature

Ventricular Contractions, (Figure 2.8). It is recognized by the
fact that the premature beat to premature beat interval
{(Ventricular beats) 1is shorter than the average R-R. A message

istrinted if the series is longer than 3 beats.

SINUS ARRHYTHMIA,

Sinus Arrhythmia is characterized by a éudden-?hanéeq in’ the
,heart rate, 1in a series of normal beats (Figure .2.9). A sudden
increase in rate is usually detected by the phase 1 program as a
series of Premature Atrial Contractions. This classification is
corrected by the second phase. If a continuous series of
Premature Atrial Contractions has been detécted, the Eeat§qare
-not counted and a Sinus Arrhythmia statement His pé?ntéd'

indicating the time of occurrence.

In order to achieve the efficiency required, the on-line beat

" processing algorithms were implemented in aséembly laﬁguage. For

-
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(;) . simpfer implementation the off-line ectopic classificdtion and

'rhythm detection algoérithms were progrémmed in FORTRAN;> A

summary of these algorithms is given in Appendix F.

Lo -
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_ CHAPTER FIVE

SYSTEM EVALUATION -

EVALUATION PROCEDURE

The evaluation of the performance of an ECG analysis system
is an important part in the development of the system. Since no
standard evaluation procedure is available for testing this type
of ECG analysis system, designers have to devise their own
evaluation methods. The normal evaluation procedure 1is to
compare the cardiologists' interpretation to the computer's
result. Most of these evaluations have had one or more of the

following faults in common:

o

A) very.limited amount of test data,

B) the data on which the system was evaluated was sometimes
the data on which it was developed,

C) limited . number of cases of arrhythmias, especially
Premature Ventricular Contractions.
The -evaluatidn methods used for the system reported here were

designed specifically to avoid these faults.

The cardiologist is the ultimate judge of whether a given
heartbeat . is normal or abnormal, and his dedision is made on the
basis of visual inspection of the beat and its relationship to
other beats in a recorded trace. In this context, an accurate
performance evaluation of én automated a#@ﬁ&thmia analysis system

requires a beat by beat comparison of'a set of recorded ECG

v

114
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segments with the results.produced by the detection algorithms of
the system. This can be done statistically, by a';émparison‘of
Phe results of a set of segments analysed -by a cardiologist with
the results of machine analysislon'the same segments. G}t can
also be done deterministically, through a beat by béat inspection
of the ECG trace with the analysis results superimposed on ‘each
ectopic Dbeat. This second technique has the advantage of
ensuring an exact correspondence between the-éegments analysed .by
the cardiologist and those analysed by machine. 1In addit{on, it

provides a display of the measurements made by the computer which’

can assist the cardiologist in marginal cases. .

The evaluation of the analysis system was performegféith the
assistance of the support software used in algorithm-;evelopﬁent.
This acquisition andedispiay software was wused to acquire one
hour segments of ECG tabes for storage on digitized files, to :
subsequently submit them to the analysis routines of the system,
and then to pkovide the interactive display.capability that

supports the deterministic evaluation of the system. The visual

magnification feature was particularly valuable for the judgement

'

©of marginal beats (Figure 3.7).

In the following the evaluation procedures are outlined for
each aspect of the performance of the syétém. The results of the
system testing aré discussed with reference to each of these

proccedures.
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- (VE) and Supraventricular Ectopic (SVE).

" MATERIAL

The test data set includes 6 tapes selected from 18 which

*were not used in the development of the system. An  attempt was

‘made to include as much variation in the QRS waveshape as

possible when the tapes Wpre selected. For the verificatioq of
the rhythm detbction algorithms, 4 tapes with frequent arrhythmia
weré used; To test the repeatability of the analysis, 3 randomly
selécted tapes were used. The ectopic beat content of the tapes
selected ranges from very. frequgnt (over 80¢ pér hour) to

occasional (2@ per hour).

ECTOPIC BEAT DETECTION/CLASSIFICATIOM

A total of'5 1/2 hours of EKG recording selected from the six

tapes of the test data was used in this evaluation. The selected

data consisted of contiguous segments of about one hour taken

from each test tape. The prdcedure consisted of digitizing the
tape segment, submitting the file to the analysis routine, and
then disblaying the results as described above on the Tektronix
display screen. The operator, trained to recognize Ventricular
and Supraventricular beats under the /supervision of a_
cardiologist, recorded all false positive and false negative
beats. A total of 23,722 beats were examined, with the results
of the analysis «classifying 22,573 beats as normal and 1149 as

beats premature. The details of these results a‘e shown in TABLE

E.1l. The. beats are classified according to Ventricular Ectopic

~

-




oo

. may be the same as that specifiéd for normal Dbeats,

17

The total false positive count, consisting only of SVE's, .is

,3’ out of a total of 1149 detected ectopic beats., This gives a

false positive rate of .013% of the 22,573 normalﬂ beats. . The

false negative count, including both VE's and SVE's 1is 6,‘for‘an

overall percentage of 0.5% of the 1149 ectopic beats. Divided
according to VE™g and SVE's, the false negative Rate is .4% and
~

2.7% respectively.

"The higher incidence of SVE errors is due to the similarity

+ . between normal.beats and SVE's. Because the width of \these beats

all false
positive detections will be classified as SVE's. False|negatives
in this category are beats that fall just beyond the prematurity
eriteria of -12%. SVE's are more likely to fali in this area
than VE's which tend to be clearlJ‘out of synchronism. It\ should
be noted thgt £hese results were obtained without ah!/f unﬂvg" of

)

the speed of the tape recorder, ang,,urth6ﬁ€//any special

ad jJustments,




#%% DET - Numbér Detected
%% FP - False Positive

T #%% EN - False Negative
”

y ' and Classification.
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()
. DURATION TOTAL |
PATIENT  (HOUR) # OF BEATS DET
A 1 4073 78
B 1 | 4258 n2g
c 1 4371 50
D © /2 " 2142 uyy
T E 1 4500 21
F 1 4378 49
5’ 4
TOTAL . 5 1/2 23722 1071
' 99.6%

VE -
FP FN
0 0
0 0
o 2
0 1
0o 0
0 1
- 4

0% 0.37%

TABLE 5.1 : Evaluation Results of Prémature-Beat

'
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.54
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.3 2
- 0.013% 2.7%

i dy |

SVE "

FP FN

0 0

1 o/

2 0

0 2

i

0 -0 |
0 -0
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RHYTHM DETECTION

The evaluation of the rhythm detection capability of the
syétem is different in nature from that of the premature beat
detection and classification _algorithms. In general, rhythm
patterns characterized by series of ectopic beats,. such as
Trigeminy and Ventricular Tachycardia, are much less cémmon' than
the occurrences of single premature beats, even in the case of
seriously ill éatients. Consequentiy,'a much larger volume of

recording is needed to verify the accuracy of the rhythm

detection algorithms.

<

IIt is impractical to visually scan long ECG records manually

-

(it would require 7200 feet of electrocardiographic tracing paper

for 24 hours of ECG plotted at the speed of 1 inch per second, or

.approximately 12 hours using EXSYS). Tape segments containing

high occurrences of arrhythmia were visually selected using an
qscilloscopé. " The result of the Qisual scan is compared to the
result geneyated by the analysis " system. Twelve hours of
recording, from 4 different tapes, were used in the‘evalugiion;
False positives were evaluated. by verifying the rhythm indicated
on the printed reports. For this, a total of 576 hours (24

\
tapes) were used. No false positives or false negative were

observed in this evaluation.

ETETITR
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ANALYSIS SPEED S o :

r

ﬂ} . s
,//// During periods of;~Ventricular Tachycardia, every beat is

detected as ectopie and stored in the Feyent ;‘sze. Since
Ventricu%;r Tachycardia can 1§§§ from seconasgﬂto hours, no
a@ssumption can be ma&e bout its: duration.. Theh‘system 'yas,
therefone,. designed . o handle the wo}st case coﬁhition of an
indefinité string of éqtopic beats, As Ventricular Tachycar@ia
is not vefy‘comm6n~am9ng these tape reéordings, it was‘necessary
to simulate %o in order to test the ‘system's capacity 'to meet
this :esign specification. The threshol; of ectopig beat

detection was reduced from 12% to 0%, éausing ‘fhé ectopic beat

detectioﬂ aigorithm to flag every beat-as premature énd therefore
-Stored on the disc file. This test was performed wusing a number
& + of different tapes and the prograé was never terminated due ‘to ﬁn

Y

R overflow of the circular buffer.




REPEATABILITY

-

One measure of the_accuracy of' an analysis system. is 'the
repeétabflity “of the results. Under ideal circumstances, the
results should be 1dentlcal for the analysis of any given tépe
repeated at Ewo dlfferent times. Under actual QSnditions,.
however, these results may be affected b}‘a ﬁumber af factors.

Typical problems associated with the play back and digitization

are as follows:

1) ‘alignment of the playback head.
o . ‘

2) "flutter" (speed varlatlons) in the tape drive.
Different Emple p01nts resulting in Minor differencés
in fiducial point locatioms. This may tip .measurements
beyond thresholds in marginal cases.

3) © Noise'in the playback system.

4) Start wup conditions: this may affect a small number of
QRS complexes. If a tape is started at a different
point each time, some beats at the start of the tape may

' be included or excluded, depending on the starting point
& of the tape.

- B

Most of these factors have a random effect on the analysis
process, ‘differing each time the tape is a;alysed. Some can,
however, be eliminated by taking appropriate .precautionary
actions. Noise gene;ated by the playgaék” system, for exampls,

‘can be suppressed with éareﬁhl shielding and grounding, and tﬂe
effect of flutter can be reduced by using a high quality tabe

deefz

The reproducibility of the rhythm classification resulE;.was_

‘&

tested by reggating the analysis 3 times on each of 3 tapes
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§eiectéd -at random from a library of 24 tapes. -None of tnese

. o e o

téBes‘héd been used_during the system development process. Ihe

results.are given in TABLE.5.2. =~ - , .@

5

o

+.The variatidns in the total number-of ectobic~beats detected

iS/Very %lose to the total error determined 1in the previous

P

.tests. The standard . deviation ‘in the 'worst case for VE's is

<

0.4%, of the mean. - The average percertage standard deviation for

.

the three tests was 0.265%. The average percentage standard
‘deviationrfdr §dpraventricuiar beats was 2.36%. These ¢two
‘résults matcﬁ the error obsérved in the beat detection

evaluat;pn, and suggest a system limitation impésed ‘entirely by

the data acduisition‘procegs‘ . ‘ : : .
,{7’ . ) R - ' [}
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' . 4
! : PATIENT: A X . ‘
o () 7 1EST s TOTAL # OF BEATS VE " SVE
4 1 81582 3018~ 209
. 2 ' 81601. 3038 201 .
3° 81598 3027 207
AVERAGE 81594 3028 206
STANDARD
DEVIATION 10 .10 oy
0.012 0.33 2.0 .
l‘*.*ll’ill**l***ill********'l’ll*!*l**l**lll.***lll .
PATIENT: B . \ )
TEST # TOTAL # OF BEATS VE - SVE ) . B K
1 100973 1806 46 ‘ 1
2 < 101022 1813 | 44
3 100989 . 1798 47
AVERAGE 100995 1806 46 ]
> STANDARD ‘ 3
DEVIATION 25 8 1.5 - ;
0.025 - 0.4 .- 3.3 ;
\ lllll*lll'l'l**'****ill**!l**’****'*!**'****Iﬂ**“lil
PATIENT: C g
) \! N q
TEST # TOTAL # OF BEATS  VE SVE
. R 87232 . 8uuy 61 |
2 - 87237 . 8455 63
3 87229 . 8446 61
AVERAGE ' 87233 8uuT 62 .
- STANDARD S -
DEVIATION 4 6 - 1
1 " 0.004y 0.065 1.8 _ )

%ﬁi(:) TABLE 6.2 : .Resblts of Repeatability Tests. - . ‘ i
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CHAPTER SIX ~
~ad

SUMMARY’ AND CONCLUSIONS : .

The system presented here has demonstrated the feasibility of
the implementation of a high speed ambulatory ECG analysis system
on a small general purpose digital computer. The entire system
was implemented in software ‘with‘ no special purpose hardware
preprocessor. The analysis requires only a single pass of the
analog tape at 60 times real time, played back on an ordinary
inexpensive: audio tape player. No special training is required

-

to operate the system and operator interaction with the system is
kept  10 a minimum. Parameters for initiélization‘of the phase 1
system are selected automatically, the operator ,intervention
being acceptance ‘of rejection of the aisplayed sample with a
"yes"™ or "no; answer. Artifact filtering and detection functions
are built into the beat detection routine. The beat detection
parameters are adaptive, so that they could track normal changes
in patient condition that may occur in the duration of the
recording. A noise detection algorithm is built into thé< beat

3 3 > » /
detection routine to recognize high frequency artifact.

Accurate quantitative information pertinent to the patient's
condition is presented in a compact report organized according to
the category of cardiac rhythm and time of day. Premature beats

detected are identifieg as VE or SVE and classified where

3
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appropriate into related rhythm disordérg, including Bigeminy,
Trigeminy,.Ventricular Tachycardia'anq Sinus Arrhythmia. .Since a
detailed record 1is kept foH each detected abnormal beat, the
phase 2 analysis is not limited to the types mentioned above buE
is extensiblé to meet any furtheé specific classification
requiréments that may be desired. All detection and
classification parameters, with the exception of the QRS Jidth,

are adaptive. The second phase analysis is capable of
apt I

recognizing and correcting the errors made Ey the phase 1 program’

which results in a much lower error rate than in other
contemporary, analysis systems, The 5system is capable‘ of
detecting low amplitude Premature Ventricular Contraction which
had been found to be a problem in Ecé.analysis (see chaptér 4).X
All premature beats detected are stored iﬁ a detailed event file.
This feature together with the interactive graphic ability of the
phase 2 program provides é very powerful research capability to

supélement the practical analysis system.

[
In order to keep a detailed record of the premature beats

detected, a fast mass storage device with approximately 2 mega
"‘bytes of storage is needed (450¢ records * 256 words/record * 2

bytes)word). This could be reduced to about 1 mega byte if the
' t

ECG signal is digitized to 8 bits instead of 12 (an accuracy of 8

bits is considered sufficient for ECG analysis [Dower, 1975])._

The present disc capacity can hold appro*imately 8900 records.

If a tape contains very frequent arrhythmia, the entire tape

"

cannot be analysed in one single pass. In such cases, however, a
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complete 2U-hour analysis 1is probably unneceksary, since a

2
partial analysis (10 to 12 hours) would provide sufficient

\
information to support a complete diagnosis by a-_cardiologist.
In . our experience, however, only a few tapes were found to

contain over 700 premature beats per hour. Due to the 1lack of

suitable qata, the system was not designed to analyse tapes from

patients with an electronic pace-maker, however, modification of

the system to include this type of tapes would not be difficult.

-

CONCLUSIONS

An automated, quantitative system for the analysis of

'ampulatory ECG recordings has been implemented and tested. From

the test data available, this system appears to meet, if not
surpass, the performance of any other reported system (TABLE
1.1). The results obtained with tﬁis system demonstirate a . degree
of accuracy that is more than adequate to justify its use as a
research tool and as a clinical diégnostic aid for cardiologist§.
Mofé significant, however, is the difference in the fundamental
design concept of the system. The jmplementation of the entire
process in software on a small digital digital has demopstrated
the feasibility of computer analysis witpout the use of special .
hardware. Adaptation Q{\\the software to take advantage of.
standard microprocessor technology is a logical next step. The
implications of the cost of such a system are sign@ficant, given
the downward price trends of contemporary migrbprocessor

hardware. The design features developed here could thus form the




"its present implementation, it provides a convenient off-line

i
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basis of a 1low cost systeqbthat would ﬁe attractive as a mass
screening diagnostic system. A second unique aspect of the
system, its generation of the ectopic beat file in the first

analysis phase, is also of interest for future clinical use. In

1

facility for iﬁspegting ectopic beat types occurring in a patient’

tape record.,
b

’_/.




APPENDIX A

COMPUTER ASSISTED ECG DIAGNOSIS

Research work on automatedifCG diagnosislstarted'in th; late
1950's. ’The ‘first computer >“program for automatic ECG wave
recognition was develobed by Pipbergef et al in 1961 ([pipberger,,
1962; Zywietz, 1973]. Most ECG‘analysis programs developed since
have employed the same general principles of wave detection.

Since his 1initial attempt,- Dr. Pipberger and his group have

‘developed both short record diagnostic [Willems, 1972}, and ICU

- monitoring systems [Haisty, 1972)]. At the same time, D. Carceres

has created a fully automatic system for processing 12-lead ECG's

on a short record basis [Caceres, 1969]. His diagnostic system

utilizes a decision tree while Dr. Pipbergér has based his systenm
. *

on multivariate statistical techniques to relate ECG parameters

: W
to diagnosis. According to the published information, the two

~different approaches yield approximately the same result,

Numerous researchers have since entered the field and developed

diagnostic systems with varying degrees of success. . TABLE A.1 is

aslist of some the programs and the evaluations ¢f their

peffo:mance.
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# OF RECORD LENGTH T :
SYSTEM LEADS - (seconds) EVALUATION
_______________________________________ e i S ot 2 0 o o " 2 -
V.A. Hospital
[Willems, 1972; 3 6-10 SQ}
Zyweitz, 1973] v
~

Medical Systems .

Developement Lab. 12 : h. 95%
[Caceres, 19701

Queen's '

University 3 10-12 80%
[Wartak, 19711 - , V.
University of

Minnesota 12 - 95%
[Burchell, 1976] , ~
University of

Montreal ' 3 10-15 ———
[LeBlanc, 1972; ] . .

19761 . |

NOTE: The evaluation results quoted those claimed in

are
published reports. .

A

TABLE A.1 Short Record ECG Diagnostic Systems.

v
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) .
Published information concerning the evaluation procedure and

data is usually sketchy and far from standardized. The lack of a
definitive interpretation of a given ECG has prevented rigorous .
quantificaffbn\\\pf ECG diagnostic programs' strengths and

weaknesses. These un‘c\:ér\"taintre\s were pdinted out by, Dr. Caceres
—

———

[Caceres, 1976; 1973; 1969]. In a series of tests he discovered
that the. average agreement in ECG diagnosis betyeen cardiologisté'
ranges from 60 toj80%. In view of this, one might expect to find
the accuracy of an.automated ECG diagnosis §ystem to peak\ at
about the same percentage points. The diagnostic methods of a
program are, howéver, inevitably tailored to, suit tﬁé
c;rdiologist(s) who participated in the developmenﬁ , and
evéluqfion.of the systen. Therefore, it is not surprising to

find that a much higher Wiccuracy i$ usually claimed.
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APPENDIX B S 6

AUTOMATED ECG MONITORING.

There are many significant différences between arrhythmia
monitoring and short record ECG diagnosis by computer. Iﬁ‘ the
former case, the objective is to detect transient cardiac
abnormigities, while the latteg attempts to determine the

!

specific condition of the :hiﬁit from the shape of the ECG
anjfé;ms. In consequence, quite different approaches are needed
for® optimum solutions in the two cases. In off 1line ECG
diagnosis th;re are virtually no time -constraintg except for
those impoged from an economic point of view. As/much computing
time as required can be spent in examining the gata collected.
In ECG acquisition procedure; fecordings can be repeated by the
techﬁician until a record which is free of muscle tremor,
basefine drift and other artifacts, has.géen obtained. This is,

however, not true in ECG monitoring. A substantial part of the

effort must go into the detection and elimination of noise

"disturbances. Since arrhythmia could occur at any time and lasts

from seconds to hours, all beats should be analysed.

In order to optiﬁize the cost effectiveness of a monitoring
system, it is\ - desirable to handle‘ several patients
simultaneously. " The analysis, therefore, must be p?rformed at
speeds in excess of real-time. Another importanf consideration
in real-time monitoring is that the patient is expected to go

. v .
through a serlies of states and the monitoring system must be able

|
.
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to track, and report these dynamic changeé.‘ Provision must be

made so-that alarm criteria can be modified to suit individual
conditions. As a tremendous amount of-: dat; is examined in
monitoring, verification of the analysis' result is much more
difficult than for ECG diagnosis and even a very low error rate

can lead to an intolerable number of false—alarms. = *

Almost all computer arrhythmia monitoring systems contain

v

five distinct functions: data acoquistion-digitization,

preprocessing (filtering, waveform coding), pattern recogpition

1

(beat detection), parameter measurehent, and rhythm analysis
-

(presentation of result or activation of alarm). While- each

individual system may employ special techniques in one or more
\
\ ‘ ' ,
areas, the general configuration remains- wuch the same. The.

-

testing procedures are, however, usually not very well documented

and the test data quantity and variety differ considerably from

. /
one system to another. An attempt to tabulate some of these

systems is gk;knd in TABLE B.l. It should be noted in the

assessment of these results, that the testing of a monitoring
system is inherently more @difficult than that of a diagnostic

- system due to the vast amount of data.
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SYSTEM ~ ALGORITHM EVALUATION

- - — — . — - > = = TSP WS D W WD S R ST ST W D G W I G G T S e e e e -
¢

Washington .

University . feature extraction
[Co¥, 1972] ) ’ '
Harvard ' -
University stored normal
[Feldman, 1971] o cross correlation

Medical Systems ' .
Developement "o : QRS shape
Laboratory
“[{Hochberg," 19691

|

V.A. Hospital o RR(intérQai

[Haisty, 19721°

University

of Virginia . cross correlation
[Gerlings, 1972]

University

of Chicago ‘ feature extraction
[Fozzard, 19761

IBM ‘ feature extraction .
{Bonner, 1969] ’

HEWLETT+PACKARD :
(COMMERCIAL) "AZTEC" coding
& - - [Cox, 1968]

L

NOTE: The evaluation results quoted are those claimed in the
published reports. . .

TABLE B.1 : Arrhythmia Monitoring Systems.

=
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. APPENDIX C

THE ELECTRQCARDIOGEAM'LEAD SYSTEM

)

Traditionally, short record electrocardiograms were taken
using a 12 electrodes system, commonly called "l1l2-lead" system’
[Shaub, 1965]" ‘Later work has ;hown that the same information
can be captured by 3, leads which assume a certain degree of
orthogonality, Figure C.1. éipce the humaﬁ body, and the heart
are 3 dimensional objects, the electrical activities of the heart
cannot be completely represented by the information contained 1in
a _single .plane (single ‘lead). The 3-lead system, the
“vectorcardibgram“, attempts to capture a component of the

‘cardiac vector in each of the 3 planes.

This 3-lead system measures the potential difference betweén
two limbs. Lead I measures the potential\difference between the
right arm and”\the left arm; Lead 1II measures the potential
difference between the left leg and the right arm and Lead III,
the potential\ difgerence between the left leg and the left arm.

This type of 1lead, which measures the potential differehce
between two points is called a bipolar lead [Shaub, 1965]. The
different elqétréde placements of the various leads 5926}d‘ é
different ‘projection for each lead. Figure C,2 illq;Zrates the

typ&cal differences between the three leads in a normal ECG.

A

i v
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THE HARDWARE SYSTEM

- ~

The

JFigure D,1. Figure D.2 is a photograph of the system.

hardware

APPENDIX D

- . \
s \ . .

" configuration of thé system is illustrated by

Console CRT'

’

Card Reader

ine ,Printer

Analog Tape Reco

Tektronix Video
{Display Unit.

Figure D:1

.
.

uTIg 80B
Minicomputer
' Disk
Storage
R
N
;
A/D [~ 4 .
Conv .| ‘
-
rdeY / .

Hardware Configuration of the

System, -

Experipental;

Fad
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Figure D.2 : Experihental set up of Holter Tape Andlysis

System. "\ .

¥

ANALOG R

.

The tape playback unit is an ordinary two-track "monaural

at

aﬁafg tapi recorder—-player, SONY model TC-106. The analog-to-
digital (A-D) converter [Bgrson, 1973), has a resolution of +
2048 (12 bits) and a maximum conversion time of 35 micro-gfconds.

It is connected to the input/output (I/0) bus of the compiter and

can issue interrupts -to the central processor via, the bus. - g




DIGITAL -

- ) -

The computer is a TI980B mlni computen—manufactured by Texas

Instruments Incorporated, Houston Texas, with 32K words (16 bits

per word) of main memory. Approximately 12K words of memory are

actually, required to run all the programS‘ developed. ~ The

——— T

\ :
peripherals include a Tektronix 4010 graphic ;\\\‘a\CRT

terminal, a line printer and a maghetic disc unit. The dise un

has two drives, one fixed and one removable with a total storage

capacity of approximaé?ﬂi\? megabytes.

The peripherals used ‘were not specially ‘chosen for the
1mp1ementatlon, but were 31mp1y the avallable ones. They are not

' necessarlly the optimal equipment, nor were they part of xthe
design specification, as any other compatible equipment could
also have be used. The use of a mini-computer with a 16-bit word

size is not essential.

SOFTWARE SUPPORT

o 5

The -software support includes a single user disec operatipgw
system supplied by the manufacturer (Basic §ystem Manual #961961-

¢ 9710), a FORTRAN IV compiler (FORTRAN Manual #961961-9740, 9742) “

and a symbolic assembler (Assembler Language Manual #943013-"

9701), which reside on the fixed dise unit.

4
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"t APPENDIX E
~ ° ]
ANALYSIS REPORT: ' | ‘
: ' . !
. Figures E.1 4o E.6 illustrate a typical report generated by ,
¥ ___ __——the PHASE 2 analysis system. , .
£ —— . . } . . |
g | v e
2
- .
| PAGE 1 .
: . © 24=HUUR ECG ANALYSIS Y
;. RECORD OF PREMATURE SEATS )
;- ~ Wk AR WA Rk A drddhbd - o 4
. | : . TIDENTIFICATIONs 8 -~ C .. :
k. . . TAPING DATE:  76/01/05 - .
3 ' . . TAPING TIME® 00/700/700 )
- . Tk vk e drde ek el Ao e dr b dede sk ey
‘ .
. : ’ TIME = - 0 HRS 30 MIN COUNT FOR THIS 172 HOUR VE = 130 SVE' = 0
g SINUS ARRHYTHMIA O HRS 52 MIN 5 SEC : .
A | TIME = | HIS O MIN COUNT FOR THIS 172 HOUR VE = 164 SVE= O
- | TINE = 1 HRS 30 MIN COUNT.FOR THIS 1/2 HOUR VE = 280 SVE = 0 ,
| TRIGEAINY START | HRS 47 MIN 11 SEC J " ,
l THIGEMINY END | HRS 47 NMIN 16 SEC CUOUNT = 10 , - N
. TIME = 2 HHS 0 MIN COUNT FOR THIS 172 HOUR VE = 319 SVE = Q. -
i TIdE = 2 HRS 30 MIN COUNT FOR THIS 172 HOUR VE = 68 SVE = 1
TI4E = 3 HRS O MIN COUNT FOR THIS 1/2 HOUR VE = 89 SVE = 2 !
. ' TIME = 3 HHS 30 MIN COUNT FOR THIS 12 HUUR VE = 50 SVE« 0 .
- | FI4E = 4 HRS 0 MIN COUNT FOR THIS (/2 HOUR VE = 82 SVE = (o] s
TIME = 4 HRS 30 MIN COUN[ FOR THIS 1/2 HOUR VE = 122 .SVE = | .
TIME = 5 HAS O MIN COUNT FOR THIS 172 HOUR VE = 83 SVE= |  °
TIME = 5 HHS 30 MIN COUNT FOR THIS 1/2 HOUR VE = 13 SVE = |
TINME = 1 HRS 0 MIN COUNT FOR THIS 172 HOUR YE = 10 SVE = 0
TIKE = 7 HRS 30 MIN “COUNT FUR THIS 1/2 HOUR VE = 1 SVE = 0, .
[I4E = 8 HAS O MIN COUNT FOR THIS 1/2 HOUR VE = 2 -SVE = | \
TIME = 9 HHRS™ 30 MIN COUNT FOR THIS 172 HOUR VE = 6 SVE = (o]
JSINUS ARRHYTHMIA 9 HRS 32 MIN 27 SEC _
TIHE = 10 HRS O MIN COUNT FOR THIS 172 HOUR VE = 20 SVE= O
TIME = 10 HRS 30 MIN COUNT FOR THIS 1/2 HOUR VE = 10 SVE =~ 1
SINUS ARRHYTHM A 10 HRS 51 MIN 27 SEC - .
M TIME = 11 HRS 0 MIN COUNT FOR THIS 172 HOUR VE = 156 SVE = 3 .
TIME =° {1 HAS 30 MIN COUNT FOR THIS 1,2 HOUR VE = 270 SVE = 23
SINUS ARRHYTHMdIA 11 HRS 32 MIN 15 SEC
SINUS ARHHYTHMIA Il HHS 39 MIN -54 SEC .
SINUS ARIRAYTHAIA tl HAS 41 MIN 24 SEC ’ ,
SINUS ARZHYTHMIA 11 HRE Se/ain 16 3EC .
. TEYE = 12 HAS O MIN COUNT FOR THIS 172 HUUR VE = 224 SVE = |6 - - :
, [T4E = 12 HHS 30 MIN COUNT FORt THIS 172 HWR VE = 180 SVE = 3 _
TIME = |3 HHS 0 MIN COUSNT FOR THIS 172 HOUR VYE = 213 SVE = [o] v
—
)
' { .-

o Figure E.1 : Event Summary. e : , .

Py s
C o .
w . -
“ . .
'
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) - . PAGE 2
\ TIME = 13 HRS 30 MIN COUNT FOR THIS 1/2 HOUR VE = 72 SVE = 2
\ SINUS ARSYTHUMIA 13 HRS 44 NIN 22 SEC
SINUS AKRUYTHAIA 13 HRS 56 MIN 60 SEC ~ .
R TIME = 14 HES O RIN COUNT FoR THIS 1/2 HOUR VE = ‘1|l SYE= 0
SINUS ARRHYTHWMIA 14 HRS 6 WIN 2) SEC
/ THIGEMINY STAR[L 14 HWS 20 MIN 59 SEC : )
THIGEMINY END 14 HHS 20 MIN 59 SEC COUNT = B . .
TIME = (4 HRS 30 WKIN COUNT FOW THIS 172 HWR VE = 175 SVE = 2
SINUS ARHHYTHMIA 14 HRS 31 MIN 12 SEC
TIME = 15 HHS O WIN COUNT FOR THIS 1/2 HUR VE = 310 SVE = O
TIME =. 15 HHS 30 WIN COUNT Foi THIS 172 HOUR VE = 306 SVE = O
TIME = 16 HRS O MIN COUNF FOR [HIS (/72 HOUR, vE = 308 SYE » O
TIME = 16 HQS 30 MIN COUNT FOR THIS 172 HOUR VE = 256 SVE = O
. SINUS ARRHYTHMIA 16 HRS 52 MIN 24 SEC
- TIME = 17 HRS O MIN COUNT-FOR [HIS 172 HOUR VE = {48 SVE= 0
TRIGEMINY START 17 HHS 11 MIN 21 SEC :
TRIGERINY EHD |7 HHS 1) MIN ° 24,5EC COUNT = 9
: TIME = 17 HRS 30 MIN COUNT FOR THIS 172 HOUR VE = 162 SVE =~ 0
. TINE = 18 HHS O MIA COUNT FOR THIS 172 HWR VE = 223 SVE= O v
] THIGEMINY START 18 HRS 21 MIN 33 SEC
) TRIGEAINY END 18 HRS 2) MIN 33 SEC COUNT =  8°
) TINE = 18 HRS 30 WIN COUNT FOH THIS 172 HOUR VE = 339 SVE= O
TRIGEMINY STARL 18 HeS 30 MIN 36 SEC
FRIGEUINY END 18 HHS 30 MIN 39 SEC COUNT =
. THIGEMINY STAHT 18 HHS 34 MIN 3% SEC
‘THIGEMINY END 18 HRS 34 MIN 38 SEC COUNT =
TRIGEMINY STAHT 18 HRS 38 MIN 19 SEC
TRIGEMINY END 18 HRS 38 MIN 23 SEC COUNT =
THIGEMINY STAHT it HHS 41 4IN 11 SEC
H TRIGEAINY END 18 Hlb 41 MIN' 18 SEC ooum‘ =
TINE = 19 HRS MIN COUNT FOR THIS 1/2 HIUR = 5|5 SVE = !
TIME =, 19 HRS 30 MIN COUNT FoR THIS 1/2 HOUR = 441 SVE = 2
TIME = 20 HRS O MIN COUNT FOR THIS 1/2 HOUR = 529 SYE= 0°
TIME = 20 HRS 30 MIN COUNT FOR IHIS 1/2 HUUR = 426 SVE= 0 Yo
TIME = 21 HRS O NIN COUNT FOR THIS 1/2 HOUR = 342 SVE = o
TIME = 21 HHS 30 MIN COUNT FUR [HIS 1/2 HWU® VE = 307 SVE = O
[IME = 22 HWS O MIN COUNT FOR THIS 172 HWUR VE = 371 SVE = 0
TIsE = 22 His *30 MIN COUNT FOR IHIS 172 HOUR VE = 24' SVE = 0
TIME = 23 HRS -O WIN COUNT FOR THIS 1/2 HOUR VE = 331 SVE = 0
PAGE 3
TIME = 23 HRS 27 MIN COUNT FOR THIS 27 MIN VE = 268 SVE = 2 -
TOTAL TIME = 23 HHS 27 MIN 16 SEC
TOTAL VE COUNT = 8503
. TOTAL SVE COUNT = 62 -
) TOTAL TIME LOST DUE TO NOISE = O HBS 0 MIN O SEC
TOTAL NUMUER OF BEATS = 87301,
. A .
. d '/*,
. -
Figure E.2 : Event Summary,
§ ~ -
\ o
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\ ,
*% PRENATURE VENTRICULAR CONTHACT [ON \ .
529 <1 \ . X )= 529
- 512 = . XX 1~ 512 -
‘. 495 =] X X 1~ 495
Top 478 =i X I- 478 ,
ST 48) =) X X 1- 46) /
444 -~ XXX = 444
427 - XXXX 1- 427 f
40 -1 XXxx i~ 410
93 -} XXXX - 393
316 ~i| XXXxX X |- 376
389 - XXX 1- 359
342 =] XXXXXX X 1= 342
325 =~} X XXXXXX X X = 325
308 -1 % XXX XXXXXXXX X 1- 308
291 . =) X XXX XXXYXXXX X 1= 29}
274 ~1 XX X XXX XXXXXXXX XX V= 274 .
257 -1 Xx X XXXK  XXXXXXXKXXX (- 257
239 =} XX X XxXxXx XXXXAXXXXXX §= 239
222 =1 XX XX XXXX  XXXAXXXXXXXX J= 222
205 =1 XX XX XXXX  XXXXXXXXXXXX 1- 205 E.
188 -1 Xx XX XXXX  XXXXXXXXXXXX $= 188 4 .
170 =1 xxx XXX XXXXX  XXXXXXXXXXXX J= 171
154 -] XxX AXXX XXXXXXXXXXXXXXXXXXX 1- 154
137 - 1XXXX XXXX  XXXXXXXXXXXXXXXXXXX. 4~ 137
120 =1XXXX X XXX XXXXXXXXXXXXXXXXXXX )= 120
103 ~4XXXX X XXX XXXXXXXXXXXXXXXXXXXX 1- 103
86 =IXXXX X XXX XXXX  XXXXXXXXXXXXXXXXXXXX 1= 86
69V  ~1XXXXXX XXX XXXX XXXXXXXXXXXXXXXXXXXXX )= 69
. 52 =~1XXXXXXKXXX o XXXX XXXAXXXXXXXXXXXXXXXXX 1= §2 /
I =~ IXXXXXXX XXX XXXX XXXXAXXXXXXXXXXXXXXXX 1= 35
138, = XXXXXXXXXXX X XXXXXXXXXXXXXXXKXXXXXXXXXKXK 1= 18 (
[} —lXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 1= ]
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!l!!!!!!!l!!l!l!!!!!
L 3 * * * * L 3 *
3 [ 9 12 i 18 21 o . .
HOURS ' :

Figure E.3 :

+

Ven¥ricular Ectopic>-Beat Histogram:

.

.

TOTAL TIME = 23 HaS 27 KIN 16 SEC




#*PHEMATURE SUPRA-VEN[RICULAH CONTRACE [UN#+

23 ~I X *
. 22 ~I X
21 =1 X
20 =) X
1y =i X
18 -I X
t7 «) X
16 =i N XX
15 =) XX
4 - XX ‘
13 =) XX
12 = XX
I = XX s
» 10 -t XX -
Y =i , XX
8 -~ XX .
- 7 =l L XX N
6 = XX
5 =j X
g ~! X
-1 XXXX
. 2 - X o XXxxX X X X X
1 =l XX XXX X XXXXX X X 44 X
!!HH!!I!!!!!!!!!!!!!!!!!!!!HH!HH!!!HH!!!!
' Y * * & 'Y y o * *
‘6 9 12 15 XIB 21 0
HOURS

)
’ H
H °

==

b

CNWE VO wDC

« PAGE 5

14

Figure EN : Wupgaventricular Ectopic Beat Histogram.
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e PAGE 6
**HEART RATEww ..

107 -1 . X 1-107
105 -1 - X X 1-105
103 -1 ' X X 1-103
101 - . XX X 1-10
w =l XXX A=
971 I X« X i~ 97
v§ ~| XX X 1= 95
93 ~i XXX X i~ 93 .
9 =i : XXX 1~ 9l
g -1 XKXXKXK |- 89
871 -1 ' ., XXXOXX 1= 87
- 85 -1 XXAKXXXX 1= 86 .
. 83 -l XAXXXXXX 1= 83
8l - XXREKEXX 4- 8
9 =i XXXKXXXX 1= 79
7 -1 : XOXEKNKX 1= 77
75 =1 XXXAXXKXX 1= 78
13 -iX : XXXKXAXXX 1= 73
no-ux XXXXXKKXX |- T
69 -1X X ~ XXXXXXXXXX 1= 69
67 -1Xx X XXXXXXXXXXX |~ 67
65 =1X X AXXXXXX(XXX 1~ 65
03 -iXx XX X XXXXXX(XXXXX 1~ 63
. 61 ~IXX X XXX X X X XXXXXXXXXXXK §= 6l
59~ XXXXXXXXXXX XXXX X X XXXAXXXXXXXX |- S9
57 =1 XXXXXXXXXXXXXXXX XX X XXXXXXXXXXXXXX |- 57 -
55 =] XXXXXXXXXXXXXXXX X XXX LXXXXXXXALXXNNKXX | 55

53 <P XXXXXXXXXXXXXXXXXXX XXX XXXXXXXXXXXXXXXXXXXX 1~ 63
51 = IXXXXAXXXAXXXXXXXAXK  XXXXAXXXXAXXXXXXXCXXXXXAXK = 60
49 =1 XXAXAXXKXXXXXXKXXXXXXAXX XX XX KXXXXXXXXEXXXXXNKXXX |- 49 '
RN RN N N N N E NN R RN NE RN RN RN SN NN AN AN Y,
* * & * * * * *
. . 3 6 L 12 15 i8 21 o -
‘ HOURS

TOTAL TIME = 23 HRS 27 NIN 16 SEC

’

Figure E.5 : Averaged Heart Rate.




" ##COUPLING INTERVAL#%

ASEC

540 -1
935 -1
830 -|
525 =1
520 ~i
515 =i
510 =i
505 -~|
3200 =|
495  ~|
490 ~|
485 =|
480 -1
475 ~|
470 -~
465 -}
460 -i

-1

-1

-1

=i

=1 XXXXXXXXXX
=1 XXAAXXXAXX
=1 XXXXXXXXXXX
=L XXXXXXXXXXX
=EXXXXXXXXXXX
=P XXAXXXXXXXX
~PXXXXX XX XXXX
~PXXXXXXXXXXX

2

XXX
XXX
Xxx
XXX
XXX
XXX
X XXXX
X XXXX

€ 2 2C 3¢ 2 pd 2 3C 2 X

XX xXxx

XX XXX

X XXX s

x; XXX

X XXXXX

XX XXXXX
XXX XXXXXXX
XXX XXXXXXX
XXXXXXXXXXX
XAXXXXXAXXX
XXXKXKXXXXX
XXXXXXXXXXX

XX
XX
XXXX
XXXX

XXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXX
XXXXXXAAXAXXXXXXAXX
XXXXXXXXXXAXXXXNXXK
XXXXXXXXXXXXXXXXXAX
AXXXLXEXXXXXXXXXAKX

XXXXAAAXXXAXXXXXAAXX

X X

X

X
X 1=~
XXXKXXXXXXXXXXXXXXXX X X XX §=

~PXXXXXXXKXXN XXX - XXXNLXXXXKXXX KXXXXKXXXXKX XXX |-
~PXXXXXXXXXXX XXX XXXXXXXXXXXXXXXXXXXXXXXXX XXX )~
=EXOOOEOEXXXA XXX XXXXXXXXX XXX XX XXXXXX XX XKXXNK =
threeeey HHHHHHHH!HH!!!lHHH,!!!!!!!!!!!
“w * * L # * * * *
3 -] 14 12 15 1y 21 (]
. - HOURS .

* TOTAL TIHE = 23 HHS 27 WIN 16 SEC

“ .

Averaged Coupling Interval.,

Figure E.6 :

'
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e PERCENT OF PREWATURITY %x
- %

59 -1
58 ~I
57 -1
5% -1 X

55 «1 XX X

b4 -1 XXXX XXX X
53 =1 XXxX XXX X
52 -1 XXXx XXX X
51 =1 XXXX XXX X
50 -1 XXXXXX XXX X

49 < XXXXXXX XXX XX

48 -1 XXXXXXXKXXX XX

47 ~LXXXXAXXXXAX XX

A6 -1 XXXXXXXXXXX « XX

45 =1 XXXXXXXXXXX XX

44 1 XXXXXXXXXXX XX

43 =LXXXXXXXXXXX XX

42 ~1XXXXXXXXXXX XX

41 ~PXXXXXXXXXXX XX

: 40 ~PAXXXXXXXXXX XX
39~ XXXXXXXXXXX XX
33 =1 XXXXXXXXXXX XX
37 —PXXXXXXXXXXX XX
36 ~DXXXXXXXXXXX XX
3%~ XXXXXXXXXXX  aX
e 34«1 XXXXXXXXXXX XX
33 = LXXXXXXXXXXX XXX
32 ~PXXXXXXXXXXX XXX
31 -IXXXXXXXXXXX XXX
30 =) XXXXXXXXXXX XXX

X
XX X

XX X XXXX

XX X XXxx

XX XXX XXXX s

XX X X XXX XXXX

XXX XXXXXXXXXXX
AXXXXXXXXAXXXXXXX
XXXXXXXXXXXXXXXXXX
AXXXXXXXXXXAXKXXXXX
XXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXX .
AXXXXXXXXXXAXXXXXXX X
XXXAXXAXXXXXXXXXAXXX X
XXXXXXXXXXXXX XXX XXX X
XXXXXXXXXXXXXXXXXXX X XXX
XXXXXXXXXXXXXXXXXXX X XXX
XROAXXXXXXXAXXXXXXX X X XXX
XXXXXXXXXXXXXXXXXXX XXX XXX
XXXXAXAAAXXAXXXXXXK XXX XXX
AXXXXAXAXAXXKXXXXXXX XXX XXX
AXXXXAXAXXXXXAXXXAXX XXX XXX
XXXRXAXXXXXAXXXXXXXK XXX XXX
XXAXAXXXXAXAXXXXAXXK XXX XXX
XXXXXXXXXXXXXXXXXXXX XXXX XXXX
XXXXXXXXXXXXXXXXAXXX XXXXXXXX
XXXXXXXXXXXXXXXXXXXX XXXXXXXX
XXXXXXXXXXXXXXXXXXXXKXXXXXXXXX

RN RN NN R RN RN R R R R R R R R RIRE R RN R Y]

* *
3 6

-

s
t

Figure E.7 : 7

* * * * *
12, 15 18 21 0

HOURS D

. TOTAL TIKE = 23 HHS 27 MIN 16 SEC

\ a

=END OF REPURT-

‘

N
’

Averaged Percent of Prematurity.
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' APPENDIX F

SUMMARY OF ALGORITHMS . ‘ ' . ~

[

: !
The detection methods and thresholds of the various waves are

—

1isted in TABLE F.1l.

P

3

WAVE TYPE

Premature beat

Late premature,
"missing™ beat

s \ -
~N

x Noise spike

Table F.l :

DETECTION PARAMETER(S)

First difference-
taken at 2p milli-second
intervals.

—

RR interval

7 RR interval

Negative slope, "RR"

’%

Detection Methods énd Thresholds.

/ . o 1

DETECTION THRESHOLD *

s i . . e o e . i s e P T = e e P D i i R N . Al ot AP S . it o D W e s S WY . S S o e W T i S D el e e Pt . o e S

> 58% of the average
maximum slope

< -12% of average RR

> 150% .of average RR

negative slope < 158%

of average maximum .
slope 1
rate > 250 beats per g
minute 3

i

£y
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. (i) | TABLE F.2 shows the updating methods and conditions for thé
= two adaptive parameters. -
L4 5 <+
, !
ty 5 . . ‘ ' /, ‘ . ,
PARAMETER UPDATING METHOD AND CONDITION
t
Average RR RRavg(n) = 0.25.* RR(n) + 0.75 * RRavg(n-<1), )
. . : using "normal" beats only. ’ ’ el
"forced" update ' 'RRavg(n) = 0.5 ¥ RR(n) + 0.5 * RRavg(n-1)
ﬁaximum .- . ‘ b
negative : . same as average RR
slope ‘

v

TABLE F.2 : Adaptive Threshold | Updating Methods and
.. ) Conditions. v *
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' , N
VE/SVE CLASSIFICATION LOGIC

o

Tne premature beats are classified accordfhg to the results

of tne parameters -méasured. A beat is classified as Ventricular °

. Y ' )
oriented if one of the ‘following conditions ,A or B, holds:
o . ) —

A) the QRS width is greater than 110 milli-second;

OR

N

B) two or more of the following

1) the QRS is greater than 90 milli-seconds,

2) there is a compensatory pause,

3) R' or'S' of the premature beat diffeéhby more than

50% from that of the preceding beat.
: f
8 é

-

RESCAN FOR MISSED BEAT

at o
3

. L L
The interval where the suspected missed beat occurs 1is

»

3

searched for the maximum (magnitude) negative slope. If the

. slope found is less than 20% of that of a normal QRS then the

point is taken as a detection for the missed beat.

,
BASELINE

%y
o L]

The baseliné is estimated by averaging the points which are

bet%een -160- milliseconds to--U450 hillisqconds from-the R péak;,

¢




o

/_\

" QRS AMPLITUDE

o

The' QRS amplitude is measured in two parts: the amplitude

. £ R
and the S amplitade. The ﬁ amplitude is calculated from the R
peak to the baseline and the S amplitude is calculatedb from the

baseline to the bottom of the S wave.

. -

.ORS WIDTH . :

P

v

The QRS width is_the»difference between the QRS onset and end

points. The QRS onset point is estimated by back tfacking from”

an the R peak to -a point where the difference between two

consecutive slopes is greater than Bﬂ% and the amplitude (from /

4

'the baseline) 1is less than 25% of the R amplitude. The QRS end
point,is estimated from the R peak forward in the same manner

' eicept‘ that the slopés are taken as absolute values so that the

rising edge.of the's wave will be included. -
:\\\_// 4 » N , [2

»’ I

.
’

7/ COUPLING INTERVAL'
° 3

. Coupling interval is thgﬂtime interval between
, 3

beat and the preceding beat. N

/ COMPENSATORY PAUSE /

FIERY

- .

A compensatory p@use is said to’ exist‘if the combined length

* of the coupling 1nterva1 .and the cycle following the ectoplc beat

-

B a-".
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7.
is gfeater than 188% (20@¢-12%) of 2 normal R-R intervals. , ‘

[}

BIGEMINY

!

.3

o

: - '
Bigeminy is detected, by comparing the ratio of the time

interval between ectopic beats and the current R-R interval. If
they occur in a 2°to 1 ratio, i.e. a premature beat occurs every
2 intervals, and this rhythm pefsists for mofe than 8 (ectopic)

v \c beats a Bigeminy message is printed.

TRIGEMINY

Trigeminy ,is .detected in the same manner as Bigeminy except »

\ s b

jﬁhat the intervals are in a 3 to ] ratio. .

-

VENTRICULAR TACHYCARDIA ° ‘ .

-
A . .o

4

. . .
Ventricular Tachycardia is detected by a continuous sequence

/' of Ventricula Ectopic " beats. if more than 4 beats occur in a
sequence a message is printed.
‘ -~ N //’ 7 . C

SINUS ARRHYTQMIA

. ¥ v
' Sinus Arrhytbmia is detécted by .a continuous Bequence of 3 or
. o , : s o
more Supraventricular Ectopi¢ beats. ./ When such a rhythm is
detected a message is printed and the. preceding.L 2 SVE's in :

removed froqkt array of SVE events. ° "' Coe

. . ‘ .
i N R . . . * ’
- -
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