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LIN, D., ET AL,: Identification of ventricular tachycardia using intracavitary ventricular electrograms:
analysis of time and frequency domain patterns. Tachycardia detection by impIantabJe antitachycardiu
devices using rate alone has major limitations. SeveraJ alternative methods have been proposed to distin-
guish ventricular tachycardia or ventricular /ibriiJation from normal sinus rhythm using intracardiac
electrograms. These methods have not been tested, however, for recognition 0/ventricular tachycardia in
patients with abnormal surface QRS conduction during sinus rhythm or with antiarrhythmic drug therapy.
In this study, three techniques for the indentijication of ventricular tachycardia from intracavitary bipolar
ventricular eJectrograms were examined and compared: correlation waveform analysis, amplitude distri-
bution analysis, and spectra] analysis using Fast Fourier transformation. Thirty episodes of induced
monomorphic ventricular tachycardia were analyzed and compared sinus rhythm in four groups of
patients with: I. Normal surface QRS conduction during sinus rhythm without antiarrhythmic drug ther-
apy (five episodes); II. Intraventricular conduction delay or bundle branch block during sinus rhythm
without antiarrhythmic drug therapy (nine episodes); III. Normal surface QRS conduction during sinus
rhythm with antiarrhythmic therapy (six episodes); and IV. Intraventricular conduction delay or bundle
branch block during sinus rhythm with antiarrhythmic drug therapy (ten episodes). Correlation waveform
analysis had 100% sensitivity and specificity in distinguishing ventricular tachycardia from sinus rhythm,
even in the presence of an intraventricuiar conduction delay, bundle branch bJock, and antiarrhythmic
drug therapy. In contrast, amplitude distribution analysis differentiated 15/30 episodes (50.0%] of ventric-
ular tachycardia from sinusrhythm,andamaximumof 18/30 episodes (60.0%) of ventricular tachycardia
were identified by specal analysis using Fast Fourier transformation. Correlation waveform analysis
appears to be a reliable technique to discriminate ventricular tachycardia from sinus rhythm using
intracavitary ventricular electrograms. Its computational demands are modest, making it suitable for
consideration in an implantable antitachycardia device. (PACE, Vol. II, November 1988)
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/'^ determination of a tacbycardia rate and
duration which exceed an arbitrarily defined
minimum,'"^ and observation of a stable RR in-
terval during the tachycardia.^ Additional
methods suggested for determining the site of
tachycardia origin have utilized differences in the
intracavitary ventricular electrograms recorded
during sinus rhythm and ventricular tachycardia
from bipolar electrode leads positioned in tbe
right ventricular apex. These latter methods have
considered the ventricular electrogram ampli-
tude and slew rate,^ gradient pattern analysis,^
power spectrum analysis using Fast Fourier
transformation,^ probability density function,'"
the area of difference between waveforms re-
corded during sinus rhythm and ventricular
tachycardia,'^ electrogram morphology,'^ and
multiple electrodes.'^

While some of these methods have been use-
ful in detecting the occurrence of ventricular
tachycardia in patients having a normal electro-
cardiographic QRS complex during sinus rhythm,
they have not been uniformly reliable.''''^ Their
reliability has not yet been tested in patients with
a wide-QRS during sinus rbythm due to an intra-
ventricular conduction delay or a bundle branch
block. The impact of antiarrhythmic drug therapy
upon electrogram analysis for the detection of
ventricular tacbycardia has also not been deter-
mined.

In this study, we evaluated a new method for
identifying ventricular tachycardia from intra-
cavitary, bipolar ventricular electrograms using a
correlation method of waveform analysis. A simi-
lar method has been traditionally applied to
waveform analysis of surface electrocardio-
grams.'''"^" We also compared its reliability to that
of amplitude distribution analysis^" and power
spectrum analysis in identifying ventricular
tachycardia in the presence or absence of antiar-
rhythmic drug therapy in patients having either a
normal surface electrocardiogram QRS, an intra-
ventricular conduction delay, or bundle branch
block during sinus rhythm.

Methods

Patient Population

Electrograms analyzed were recorded during
clinical cardiac electrophysiology studies of con-

secutive patients undergoing evaluation and
treatment for documented episodes of sustained
ventricular tachycardia having a duration of at
least 30 seconds or causing bemodynamic col-
lapse. There were 13 men and 5 women of ages 14
to 83 years. There was clinical evidence of struc-
tural heart disease in 17 patients: 15 patients had
ischemic cardiomyopathy, one patient had a con-
gestive cardiomyopathy due to hypertension, and
one patient had valvular heart disease. One pa-
tient had no clinical evidence of heart disease.

Electrophysiology Study

Patients were studied in a fasting postabsorb-
tive state after sedation with 1-3 mg of intrave-
nous medazolam. After administering 1% lido-
caine for local anesthesia, three 7 French side-
arm sheaths (Cordis Corporation, Miami, FL,
USA) were positioned in the right femoral vein
using the Seldinger technique. During baseline
studies without antiarrhythmic drug therapy,
three 6 French quadripolar electrode catheters
with an interelectrode distance of 1 cm (USCI di-
vision, C.R. Bard Inc. Billerica, MA, USA) were
introduced and advanced under fluoroscopic
guidance to the high right atrium, tricuspid valve
(for His bundle recording), and right ventricular
apex respectively. After completion of atrial pro-
grammed stimulation, the right atrial electrode
catheter was securely positioned in tbe right ven-
tricular apex and remained fixed in this position
for the duration of the study. Ventricular electro-
grams were recorded from tbis catheter during
sinus rhythm, programmed ventricular stimula-
tion, and induced ventricular tachycardia. Sus-
tained ventricular tachycardia was induced using
a previously described protocol for programmed
ventricular stimulation.^' During subsequent
electropharmacological testing of antiarrbythmic
drugs, two quadripolar electrode catheters were
positioned in the right ventricular apex with one
catheter being used only for the recording of ven-
tricular electrograms during sinus rhythm and
induced ventricular tachycardia.

Data Acquisition

All recordings were made with the patients
lying supine. Immediately before programmed
ventricular stimulation, a 12-lead electrocardio-
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gram was recorded during sinus rhythm. Ventric-
ular electrograms were simultaneously recorded
on FM tape (Hewlett Packard 3968A and 3964A
San Diego, CA, USA) from the distal pair of elec-
trodes of the rigbt ventricular apex recording
catheter using amplifiers (Siemens Mingograf-7
Solona, Sweden) with a filter setting of 1 to 500
Hz. Tape Speed was 3 | inches per second with a
bandwidth of 0-1250 Hz. The recorded ventricu-
lar electrograms were subsequently digitized on
an IBM PC/XT with Tecmar Lab Master (Scien-
tific Solutions, Inc.) analog-to-digital system at a
sampling frequency of 1000 Hertz (sample inter-
val equals one millisecond) during playback of
the tapes. Tracings of the surface lead electrocar-
diogram and ventricular electrogram were also
obtained during playback with Gould (Brush 220)
strip chart recorders. The programs for digitiza-
tion and signal analysis were written in C and
assembly language.

Methods of Analysis

The surface 12-lead electrocardiograpbic re-
cordings during sinus rhythm were examined for
the presence of intraventricular conduction
delay, right bundle branch block, or left bundle
branch block, defined as having a QRS duration
^0.12 seconds and a morphology conforming to
the criteria of Marriott.^^ Paired data sets, consist-
ing of 10-second passages of both sinus rhythm
and ventricular tachycardia from the same pa-
tient, were digitized for computer analysis. There
were five paired data sets (sinus rhythm vs ven-
tricular tachycardia) from five patients with a
normal QRS during sinus rhythm and no antiar-
rhythmic drug therapy (Group I), nine paired data
sets from eight patients witb an intraventricular
condution delay or bundle branch block during
sinus rhythm without antiarrhythmic drug ther-
apy (Group II), six paired data sets from five pa-
tients with a normal QRS during sinus rbytbm
with antiarrhythmic drug therapy (Group III), and
ten paired data sets from eight patients with an
intraventricular conduction delay or bundle
branch block during sinus rhythm with antiar-
rhythmic drug therapy (Group IV).

Three digital signal processing methods were
applied to each paired data set to determine
whether ventricular tachycardia could be distin-
guished from sinus rhythm: (1) correlation wave-

form analysis, (2) amplitude distribution analysis,
and (3) power spectrum analysis.

Correlation Waveform Analysis
A statistical measure of the difference be-

tween two curves was applied for correlation
waveform analysis. A standard equation for the
correlation coefficient^^ was used to detect mor-
phological changes in the intracavitary ventricu-
lar electrograms during ventricular tachycardia
when compared to the electrograms during sinus
rhythm.

A template of the ventricular electrograms
during sinus rhythm was obtained by signal aver-
aging the ventricular depolarization waveforms
from a passage of sinus rhythm to produce a rep-
resentative waveform. A window size of 64 milli-
seconds was selected for the ventricular depolar-
ization resulting in 64 sample points obtained at a
1000 Hertz sampling rate. In a second analysis of
the same sinus rhythm data set, ventricular wave-
forms with a correlation coefficient of ^0.90 with
the representative waveform were retained in the
residual average and the remaining waveforms,
representing ventricular premature depolariza-
tions during sinus rhythm, were rejected. This
revised representative waveform then constituted
the sinus rhythm template for comparison of sub-
sequent waveforms during sinus rhythm and ven-
tricular tachycardia. A second, separate passage
of sinus rhythm and a passage of ventricular
tachycardia were then correlated on a beat-by-
beat basis using the sinus rhythm template as the
reference,

The following equation was used to calculate
the correlation coefficient:

p =
MxJ

yM2

Where
M = the window size of the ventricular depo-

larization
Ti = the ith sample point in the sinus rhythm

template
Xi = tbe ith sample point of tbe ventricuiar de-

polarization being examined
HT = mean of sinus rhythm template
fix = mean of the ventricular depolarization

being examined
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Template Sinus
Rhythm

Ventricular
Tachycardia

p = 0.999 p = 0.535

Figure 1. Example of correlation waveform analysis of a ventricular intracavitary electrogram.
A template of ventricular depolarization (left} was created from a 10-second passage of signal-
averaged ventricuiar depolarizations. A typical ventricular depolarization during sinus rhythm
fcenter) has a correlation coe^cient fp) > 0.90 while a ventricular depolarization during ventricu-
Jar tachycardia (right) exhibits a change in morphology with resultant p ^ 0.535. The sampling
rate is 1000 Hertz and the ivindow size is 65 milliseconds.

The correlation coefficient (p) represented a
measure of similarity in the range —1 < p < +1,
where -M indicated a perfect match. Figure 1
shows an example of correlation values of intra-
cavitary ventricular electrograms in sinus rhythm
and in ventricular tachycardia, respectively, with
the sinus rhythm template. The correlation coef-
ficient was used for discriminating beats in sinus
rhythm from beats in ventricular tachycardia.

Amplitude Distribution Analysis

Amplitude distribution analysis was per-
formed by examining the signal amplitude distri-

bution within each cardiac cycle of a passage of
intracavitary ventricular electrograms during
sinus rhythm and ventricular tachycardia. This is
a digital method patterned after a hardware tech-
nique developed by Mirowski et al̂ *̂  for the com-
mercially available automatic implantable car-
dioverter-defibrillator, and has also been called
probability density function. It is based upon the
premise that the amount of time which is spent at
baseline in each cardiac cycle is significantly
longer during sinus rhythm than during ventricu-
lar tachycardia or ventricular fibrillation.'^

A cardiac cycle was defined to be a sequence
of sample points extending from the midpoint be-
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tween two ventricular depolarizations to the next
sequential midpoint. The total peak-to-peak am-
plitude of each cardiac cycle was divided into 30
equivalent amplitude subranges. Eacb sample
point from the cardiac cycle whose amplitude fell
within one of the subranges was counted and
later plotted on an amplitude histogram. The iso-
electric baselines of sinus rhythm and ventricular
tachycardia were defined as the five amplitude
subranges within a cardiac cycle which centered
on the subrange with the greatest number of sam-
ple points. Normalization for differing heart rates
was achieved by dividing the total number of
sample points in each subrange by the total num-
ber of sample points in each cardiac cycle.

Ten second passages of sinus rhythm and
ventricular tachycardia were compared using the
assumption of amplitude distribution analysis
(probability density function) that a significantly
greater percentage of sample points occur on, or
near, the isoelectric baseline during sinus rhythm
than during ventricular tachycardia.

Spectral Analysis

Power spectral analysis was applied to a typi-
cal ventricular depolarization during sinus
rhythm passage and a typical ventricular depolar-
ization during ventricular tachycardia in each of
the paired data sets. The mean was subtracted
from the ventricular depolarization to eliminate
DC offset. Templates were smoothed using a
Hamming window to avoid the introduction of
spurious high frequency artifact which results in
abrupt truncation of the data with rectangular
windows.̂ "^ The smoothed templates were padded
with zeroes to form 1024-point data arrays to en-
hance resolution. A digital Fourier transform was
then performed. The 1024-point power spectrum
of each ventricular depolarization waveform pat-
tern was calculated with a resultant frequency
resolution of 0.98 Hz.

Three classification techniques utilizing
spectral analysis were examined. The first classi-
fication technique of spectral analysis examined
the peak frequency component with the highest
power as one feature to distinguish sinus rhythm
from ventricular tachycardia. This classification
scheme was based on the premise that ventricular
depolarization during sinus rhythm would ex-
hibit faster conduction with higher frequency

components than ventricular depolarization dur-
ing ventricular tachycardia. The second classifi-
cation technique of spectral analysis examined
the magnitude of the bandwidth having 3 dB
points as limits. This classification scheme was
based on an assumption that one of the two
rhythms might have a wider spectrum of fre-
quencies than the other. The third classification
technique of spectral analysis compared the cut-
off frequency during sinus rhythm versus ventric-
ular tachycardia, defined as the frequency limit
below which 95% of total power is contained.
This technique was based on the assumption that
one of the two rhythms might have more power
over a wider range of frequencies than the other.

Results

Results from the processing of the thirty
paired data sets are presented for each of the three
analysis methods. Table I summarizes patient
characteristics and the accuracy of each of the
three detection algorithms for patients with nor-
mal and abnormal surface electrocardiographic
QRS conduction during sinus rhythm in the ab-
sence of antiarrhythmic drug therapy. Table II
summarizes the data for patients receiving antiar-
rhythmic drug therapy.

Correlation Waveform Analysis

Correlation waveform analysis was success-
ful in discriminating all ventricular depolariza-
tions during ventricular tachycardia from both
normal and abnormal ventricular conduction
during sinus rhythm using a linear boundary
placed between 0.855 and 0,874 with a sensitivity
of 100% and specificity of 100% (Fig. 2). This
method was also successful in discriminating ven-
tricular tachycardia from sinus rhythm during
antiarrhythmic drug therapy witb amiodarone,
flecainide, quinidine, and procainamide. The dra-
matic change of morphology of ventricular acti-
vation upon initiation of tachycardia was easily
detected by correlation of the ventricular wave-
form with the sinus rhythm template. (Fig. 3)

Amplitude Distribution Analysis

Amplitude distribution analysis discrimi-
nated 15 of 30 episodes (50,0%) of ventricular

1596 November 1988, Part I PACE, Vol. 11



IDENTIFICATION OF VENTRICULAR TACHYCARDIA

Table I.

Patient Characteristics and Results of Digital Analysis Techniques
without Antiarrhythmic Drug Therapy

Patient

1
2
3
4
5
6
7
8
9

10
11
12
13
13

Age/
Sex

72/M
14/F
52/M
61/M
66/M
65/M
82/M
63/F
63/M
83/F
81/M
75/M
77/M

Heart
Disease

CAD
None
CAD
CAD
CAD
CAD
CAD
CAD
CAD
HTN
CAD
CAD
CAD

Characteristics

Sinus Rhythm

QRS
Morphoiogy

Normal
Normal
Normal
Normal
Normal
LBBB
LBBB
RBBB
IVCD
IVCD
IVCD
IVCD
IVCD
IVCD

CL (ms)

1134
730
745
853
633
729
975
577
610
918
699
704
980
791

Ventricuiar
Tachycardia

QRS
Morphoiogy

LBB-S
LBB-S
LBB-S
IND-S
RBB-S
RBB-S
RBB-S
LBB-I
RBB-I
LBB-S
RBB-S
RBB-S
LBB-I
LBB-lso

CL (ms)

190
540
247
325
260
278
422
223
330
290
320
430
478
350

CWA ADA SA

-1- -1- -1-

-1- - -

+ + +
+ + -
+ + +
+ + +
-1- - -1-
-1- -f -1-

+ - +
+ + +
+ - +
-\- - -
+ - +
+ _ _

The results show that correlation waveform analysis can distinguish ventricular tachycardia for patients vi/ithout
antiarrhythmic drug therapy with 100% accuracy. The other two methods, amplitude distribution analysis and
spectral analysis, cannot distinguish ventricular tachycardia from sinus rhythm with 100% accuracy for all patients.
Abbreviations: + = the two rhythms can be separated with 100% accuracy: - = the two rhythms cannot be
separated with 100% accuracy; ADA = amplitude distribution analysis; CAD = coronary artery disease; CWA
= correlation coefficient waveform analysis; CL = cycle length; HTN = hypertension; I = inferior axis; IND = inde-
terminant; Iso = isoelectric axis; IVCD = intraventricular conduction delay; LBB = left bundle branch morphology;
LBBB = left bundle branch block; RBB = right bundle branch morphology; RBBB = right bundle branch block; S
= Superior axis; SA = spectral analysis (cutoff frequency).

tachycardia from normal sinus rhythm. It identi-
fied four/five episodes (80,0%) of ventricular
tachycardia in group I, three/nine episodes
(33.3%) of ventricular tachycardia in group II,
three/six episodes (50,0%) of ventricular tachy-
cardia in group III, and five/ten episodes (50.0%)
of ventricular tachycardia in group IV. The classi-
fication scheme required that the entire passage
of sinus rhythm had a baseline percentage in a
range well separated from that in ventricular
tachycardia. Passages in which an overlap of
ranges occurred were classified as a failure to dis-
criminate between sinus rhythm and ventricular
tachycardia since no threshold existed which
provided complete separation, (Fig. 4)

Spectral Analysis

Using peak frequency to differentiate sinus
rhythm from ventricular tachycardia, the peak
frequency of sinus rhythm was greater than the
peak frequency of ventricular tachycardia in 11 of
30 paired data sets (36.7%), was the same as the
peak frequency of ventricular tachycardia in 9 of
30 paired data sets (30.0%), and was less than the
peak frequency of ventricular tachycardia in 10 of
30 paired data sets (33.3%), Using the magnitude
of the bandwidth with 3 dB points as limits, suc-
cessful discrimination between sinus rhythm and
ventricular tachycardia was possible in 17 of 30
episodes (56.7%). Comparison of the cutoff fre-
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Patient

4
5

14
15
15
16
9

10
11
12
12
15
15
17
18
18

Patient Characteristics and Results

Age/
Sex

83/F
75/F

62/M

64/M
67/M

Heart
Disease

CAD
CAD

CAD

CAD
VHD

of Digital

Tabie ii.

Analysis Techniques

Characteristics

Serum

Sinus
Rhythm

Antiarrhythmic Concentration QRS
Therapy

PROC
PROC
AMIO
AMIO
AMIO, PROC
PROC
QUIN
PROC
OUIN
PROC
AMIO, FLEC
AMIO
AMIO, PROC
AMIO
AMtO
AMIO, PROC

(MQ/ml)

5.7
5.0
2.1
2.6

2.6, 4.9
5.5
2.5

12.6
ND
12.7

1.6, ND
2.3

2.3, ND
2.1
2.2

2.2, 5.9

Morphoiogy

Normal
Normal
Normal
Normal
Normal
Normal
IVCD
iVCD
iVCD
tVCD
IVCD
RBBB
RBBB
RBBB
IVCD
IVCD

with

CL
(ms)

819
580
760
940
945
540
560
945
667
770
930
845
945
732
984
952

Antiarrhythmic 1Drug Therapy

Ventricuiar
Tachycardia

QRS
iUlorphoiogy

IND-S
RBB-S
LBB-lso
RBB-I
RBB-I
RBB-I
RBB-I
RBB-S
RBB-S
RBB-S
RBB-I
RBB-I
RBB-I
IND-S
LBB-S
RBB-I

CL
(ms)

331
505
215
340
420
200
366
336
420
497
488
340
380
366
396
440

CWA

+
-1-
-1-
-f
-)-
-»-
-1-
-1-
-1-

+
-1-

+
+
-1-
-1-

+

ADA

-1-

+
4-
—
—
—

—
—

+
—
—
—
-1-

+
-1-

SA

—
—

-1-

+
—
+
+
—
—
-1-
—
—

-t-
-1-

The results show that correlation waveform analysis can distinguish ventricular tachycardia for patients with normal or abnormal conduction
systems with antiarrhythmic drug therapy with 100% accuracy. Abbreviations: AMIO = amiodarone; FLEC = flecainide; ND - not determined;
PROC = procainamide; QUIN = quinidine; VHD = valvular heart disease. The remaining abbreviations are the same as those of Table I.

quency during sinus rhythm versus ventricular
tachycardia was the most successful of the three
spectral analysis techniques in identifying ven-
tricular tachycardia (18 of 30 episodes, 60.0%). It
identified three of five episodes (60.0%) of ven-
tricular tachycardia in group I, seven of nine epi-
sodes (77.8%) of ventricular tachycardia in group
II, two of six episodes (33.3%) of ventricular
tachycardia in group III, and six of ten episodes
(60.0%) of ventricular tachycardia in group IV.
Figure 5 shows two examples of power spectral
plots of ventricular depolarization during sinus
rhythm and ventricular tachycardia in the same
patient, with and without antiarrhythmic drug
therapy.

Discussion

Using correlation waveform analysis, a single
discriminant function was successful in distin-

guishing ventricular tachycardia from sinus
rhythm with 100% accuracy in patients with nor-
mal or aberrant surface electrocardiographic QRS
conduction during sinus rhythm, in the absence
and presence of antiarrhythmic drug therapy. In
contrast, 15/30 episodes (50%) of ventricular
tachycardia were identified using amplitude dis-
tribution analysis, and a maximum of 18/30 epi-
sodes (60%) of ventricular tachycardia were
identified using spectral analysis with Fast
Fourier transformation. The correlation wave-
form method has been associated with some mod-
est computational complexity but is capable of
execution in real time^^ making it feasible for use
in an implantable antitachycardia device.

Antitachycardia devices currently available
utilize a preprogrammed minimum rate as the es-
sential means of detecting the onset of a patho-
logic tachycardia.^"^ However, complications may
occur when increases in the sinus rate or parox-

1598 November 1988, Part I PACE, Vol. 11



1.0

0.5

0.0 •

•0.5

-1.0

' t t •

IDENTIFICATION OF VENTRICULAR TACHYCARDIA

Correlation Coefficient Waveform Analysis
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Figure 2. Results of correJation waveform analysis of the 30 paired data sets of sinus rhythm fSR)
and ventricular tachycardia (VT). Solid circles are average values and vertical bars represent the
range o/correlation coe^cients/or each patient during sinus rhythm. Open squares are average
values and the vertical bars represent the range of correlation coefficients during ventricular
tachycardia. Each paired set is aligned vertically. The dotted line represents a decision boundary
(between 0.855 and 0.S74J which separates sinus rhythm from ventricular tachycardia with 100%
accuracy. Groups I-A' are defined in the text.

ysmal occurrences of other arrhythmias, which
exceed the preprogrammed minimum detection
rate, are misdiagnosed as the pathological tachy-
cardia and result in programmed stimulation and
possible initiation of a pathological tachycardia
by the tachycardia-terminating device.^'' In other
cases, a spontaneous occurrence of ventricular
tachycardia may fail to be detected and treated by
the tachycardia-terminating device because the
rate of the ventricular tachycardia is slower than
the preprogrammed minimum detection rate.'^
Other commercially available tachycardia-termi-
nating devices have utilized additional rate crite-

ria such as analysis of onset or sustained high
rate.'^ These criteria have not proven to be uni-
formly reliable, especially when the pathological
tachycardia occurs paroxysmally during sinus
tachycardia, or when sinus tachycardia follows
termination of the pathological tachycardia by
the tachycardia-terminating device.

The implantable cardioverter defibrillator
designed by Mirowski has utilized the combina-
tion of amplitude distribution analysis (probabil-
ity density function) with a minimum detection
rate for the detection of ventricular fibrillation.
This method utilizes the striking absence of a
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PANEL A

SURFACE ECG LEAD

01.8̂ 51 6.760 0.

Figure 3. VentricuJar electrograms during sinus rhythm (top) and ventricular tachycardia (bot-
tom) in two patients. Panei A is from a patient in Group 1 fnormai conduction during sinus rhythm
without drugs) and PaneJ B is from a patient in group U (intraventricuJar conduction delay during
sinus rhythm without drugs). Di^erences in waveform morphology, when ventricular tachycardia
is compared to sinus rhythm, are apparent from the tracings. Correlation coe^ciants are given
below each ventricular depolarization. Chart speed is 50 mm/sec.

peak at amplitude zero in the differentiated signal
as a means of distinguishing ventricular fibrilla-
tion from other arrhythmias and sinus rhythm.
However, this combination of detection criteria
has had limited applicability for patients having
recurrent ventricular tachycardia as well as re-

current ventricular fibrillation. In many cases,
the activity peak of ventricular tachycardia may
occur at amplitude zero, resulting in failure to
detect the presence of ventricular tachycardia by
probability density function.^"

In the present study amplitude distribution
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Figure 3b. Continued,

0.1514 0 L 0 2 2

analysis was found to be effective in the identifi-
cation of ventricular tachycardia for the patients
with normally conducted sinus rhythm without
antiarrhythmic drug therapy, but not for the pa-
tients with an abnormal conduction system,
especially those with intraventricular conduction
delay, bundle branch block, and antiarrhythmic
drug therapy. Changes in amplitude distribution
as a result of an intraventricular conduction
delay, bundle branch block, or antiarrhythmic

drug therapy appears to have resulted in a smaller
percentage of time spent on or near the baseline
during sinus rhythm when compared to ventricu-
lar tachycardia in these groups (Tables 1 and II).
Since performance in patients with normal ven-
tricular conduction during sinus rhythm was ac-
ceptable, and the time required to calculate the
distribution was less than that required to calcu-
late a correlation coefficient for a similar cycle,
amplitude distribution analysis may provide a
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PANEL A

30

25 •

20-

15 -

10-

5

0

Sinus Rhythm Cycle

Baseline: 95.9%

30-

25

20 -

15 -

10 -

5 -

Ventricular Tachycardia Cycle

Baseline: 64.1%

—r—
00 10.0 20.0 30.0 400 500 60 0 70 0

Percentage of Sample Poims

Figure 4. Examples of success (Panel A) and failure (Panel B) in identifying ventricular tachycar-
dia by amplitude distribution analysis in individual patients. An amplitude histogram of a
cardiac cycle with its associated ventricular electrogram during sinus rhythm is shoivn in the
upper half, and an amplitude histogram of a cardiac cycle during ventricular tachycardia with its
associated ventricular electrogram during subsequently induced ventricular tachycardia is shown
in the Jower half of each panel. The peak-to-peak amplitude range of the cardiac cycle has been
divided into 30 subranges and temporal normalization was performed by dividing by the number
of sample points in each subrange by the total number of sample points within the cardiac cycle.
The percentage of sample points faiJing within each subrange has then been plotted on a histo-
gram. Determination of the baseline percentage of sample points on, or near, the isoelectric
baseline has been made from the 5 subranges centered on (he most populated subrange. During
sinus rhythm, 95.9% of all amplitude points fall within the baseline region while only 64.1% fall
within the baseline region during ventricular tachycardia. In Panel A (patient 8), the baseline
percentage of sample points during ventricular tachycardia was significantly less (han the base-
line percentage during sinus rhythm, thus successfully identifying ventricular tachycardia. In
Panel B (patient 10 during antiarrhythmic drug therapy), (he opposite occurred, preventing
successful detection of ventricular tachycardia by amplitude distribution analysis.
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Figure 4b. Continued.

valid alternative for the patients with a normal
conduction system when speed and simplicity are
essential.

None of the three techniques of spectral anal-
ysis using Fast Fourier transformation produced a
distinct discrimination function suitable for all
groups of patients. Because ventricular depolar-
ization using the His-Purkinje system during
sinus rhythm is faster than ventricular depolar-
ization during ventricular tachycardia, more high
frequency components with higher powers were
anticipated to be seen in sinus rhythm than in
ventricular tachycardia. However, the results
suggest that this may not be always true, whether

or not there may be abnormal QRS conduction
during sinus rhythm.

Limitations

Our investigation was an acute study which
utilized temporary implantation of electrode
catheters having 1 cm interelectrode spacing. The
results of a similar investigation may or may not
differ with chronically implanted electrode cath-
eters having similar, wider, or more narrow inter-
electrode spacing.

Our investigation demonstrated correlation
waveform analysis to be consistently reliable in
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Figure 5. TypicaJ power spectrum plots o/ventricular depolarization during sinus rhythm and
ventricular tachycardia from one patient (patient 4) without antiarrhythmic drug therapy (Panel
AJ and with antiarrhythmic drug therapy (Panel B). The peak frequency content of the depolariza-
tion waveform from each of the two rhythms has been plotted as a percent of fhe power. Identiji-
cation of ventricular tachycardia has been based on the hypothesis that slower conduction (i.e.
widened waveforms) during ventricular tachycardia result in a shift of peak frequency to a lower
value than that observed during sinus rhylhm. However, whereas sinus rhythm has a higher peak
frequency than ventricular tachycardia in Panel A, the converse is observed in Panel B. No
consistent pattern is present in the differences in bandwidlhs having 3 dB points as limits, or in
the cutoff frequency, to distinguish sinus rhythm from ventricuiar tachycardia.

distinguishing ventricular from sinus rhythm in
the presence of several antiarrhythmic drugs. Be-
cause our investigation utilized acute electrode
catheter placement, we were not ahle to deter-
mine whether antiarrhythmic drugs might
change the ventricular electrogram template ob-
served during sinus rhythm. Should the template
of ventricular activation during sinus rhythm
need to be reestablished after administration of
antiarrhythmic drugs, an adaptive template
method such as is used in surface electrocardiog-
raphy^^ may be appropriate.

There were only two patients in this study
whose analysis included ventricular tachycardia
with a right bundle branch morphology being
compared to sinus rhythm with right bundle
branch block (Tables I and II). There were no pa-
tients in this study whose analysis included ven-
tricular tachycardia with a left bundle branch
morphology being compared to sinus rhythm
with left bundle branch block. Larger studies in-
corporating more patients with similar bundle

branch morphologies during ventricular tachy-
cardia and sinus rhythm may be necessary to de-
termine whether correlation waveform analysis
remains consistently reliable in distinguishing
ventricular tachycardia from sinus rhythm in
these two subsets of patients.

Further Study and Future Improvement of
Ventricular Tachycardia Diagnosis By
Antitachycardic Devices

It remains to be determined whether correla-
tion waveform analysis will be helpful in distin-
guishing ventricular tachycardia from other
tachycardias in the subset of patients who de-
velop aberrant ventricular depolarization during
sinus or other, supraventricular tachycardias.
Nonetheless, the establishment of a reliable
means of detecting real-time changes in ventricu-
lar electrogram morphology by the present study
provides an important first step toward the goal of
improved tachycardia diagnosis by an antitachy-
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cardia device. Preliminary work suggests that re-
liable, real-time, beat-to-beat analysis of cardiac
rhythms may be possible when hased upon corre-
lation waveform analysis of atrial and ventricular
depolarizations, determination of the time inter-
vals between successive atrial depolarizations
and ventricular depolarizations, respectively, and
determination of the time interval between suc-
cessive atrial and ventricular depolarizations.^''^'

Summary

Correlation waveform analysis appears to be
a reliable technique for distinguishing ventricular

tachycardia from sinus rhythm using intracavi-
tary ventricular electrograms. Its computational
demands are modest, making it suitable for con-
sideration of its incorporation in tachycardia
diagnosis by an implantable antitachycardia de-

vice.
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