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A Comparison of Four New Time-Domain 
Techniques for Discriminating Monomorphic 
Ventricular Tachycardia from Sinus Rhythm 
Using Ventricular Waveform Morphology 

Robert D. Throne. Janice M. Jenkins, Senior Member, IEEE, and Lorenzo A.  DiCarlo 

Abstract-Electrical management o f  intractahle tachycardia 
via implantable antitachycardia devices has become a major  
form o f  theraov. Newlv advanced methods o f  ventricular . - 
tachycardia detection propose examination o f  changes i n  in- 
traventricular electrogram morphology i n  addition to o r  in 
combination wi th  earlier rate-based ditect ion algorithms. Un- 
fortunately, most o f  the proposed morphology analysis tech- 
niques have computational demands beyond the capabilities o f  
present devices o r  may be adversely affected by amplitude and 
baseline fluctuations o f  the intraventricular electrogram. 

We have designed four new computationally efficient time- 
domain algorithms for distinguishing ventricular electrograms 
during monomorphic ventricular tachycardia (VT) f rom those 
during sinus rhythm using direct analysis o f  the ventricular 
electrogram morphology. A l l  four techniques are independent 
o f  amplitude fluctuations and three o f  the four  are independent 
o f  baseline changes. These new techniques were compared to 
correlation waveform analysis, a previously proposed method 
for distinction o f  VT f rom sinus rhythm. Evaluation o f  these 
four new algorithms was performed on data f rom 19 consecu- 
tive patients wi th  31 distinct monomorphic ventricular tachy- 
cardia morphologies. Three o f  the algorithms performed as well 
or  better than correlation waveform analysis but  with one-tenth 
to one-half the computational demands. 

T HERE are many proposed methods for differentiating 
sinus rhythm from ventricular tachycardia (VT). Most 

early methods were based primarily on timing information 
which could be implemented in the existing hardware 
available in antitachycardia devices. Besides sustained 
high rate, simple mcasures derived from rate have been 
examined for more precise detection of ventricular 
tachycardia. These include the maximal rate of sinus 
tachycardia compared to the onset of VT [I] ,  changes in 

cycle length at the onset of VT [2], and rate stability dur- 
ing VT [3]. Among the methods most widely used for 
detection of VT in single chamber antitachycardia devices 
are rate, rate stability. and sudden onset [4]-[lo]. 

Along with rate, morphology differences between ven- 
tricular electrograms during sinus rhythm and ventricular 
tachycardia are being investigated for more accurate dis- 
crimination. One commercially available device for treat- 
ment of VT uses rate alone or both rate and a probability 
density function (PDF) [I I] ,  (121 as an attempt to dis- 
criminate sinus rhythm from ventricular fibrillation. How- 
ever, PDF has been less reliable in VT detection than it 
has been in detecting ventricular fibrillation. 

Recently, investigators have proposed a variety of 
schemes for detection of VT based on analysis of the ven- 
tricular electrogram. Amplitude distribution analysis, a 
software algorithm similar to PDF, has been tested with 
limited success [ lo] ,  [13]. Some success has been re- 
ported using the gradient pattern detection (GPD) method 
[14]-[I61 which proposes discrimination of ventricular 
electrograms during sinus rhythm from those during VT 
using the order in which the first derivative of the ven- 
tricular depolarization crosses predetermined thresholds. 
Another technique proposed for detecting VT combines 
bandpass filtering, rectifying, amplitude scaling, and sig- 
nal integration over a 5 s moving time window [17]. A 
feature extraction algorithm [I81 utilizing the product of 
the peak amplitude difference (maximum - minimum) 
and duration (time between maximum and minimum) has 
been developed, but has been tested on only four patients. 
In other studies, the use of amplitude dV/d t  and the -3 
dB point of the frequency domain power spectrum have 
not been consistentlv successful in discriminating sinus 
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phological changes only. The computational demands of TABLE l 

CWA are considerable, however, and implementation of PATIENT DATA 
-- 

this technique in an implantable device is problematic. S R / A F  VT 

Thus, we sought to develop alternate methods which 
might produce results similar to those of CWA but which 
are computationally simpler. 

We present four new time-domain template matching 
methods for discriminating sinus rhythm from mono- 
morphic ventricular tachycardia based solely on ventric- 
ular electrogram morphology. Three methods, the bin area 
method (BAM). the derivative area method (DAM), and 
the accumulated difference of slopes (ADIOS) are inde- 
pendent of fluctuations of the baseline in ventricular elec- 
trograms as well as changes in electrogram amplitudes. A 
fourth method, the normalized area of difference (NAD), 
is independent of amplitude changes but not baseline fluc- 
tuations. Like CWA, two methods (BAM, NAD) use the 
electrogram directly while the other two methods (DAM, 
ADIOS) utilize the first derivative of the ventricular 
waveform. The computational requirements of these 
methods range from one-tenth to one-half those of CWA. 

Patient Population and Datu Acquisition 

Bipolar ventricular endocardial electrograms were re- 
corded from 19 consecutive patients during elective clin- 
ical cardiac electrophysiology studies. From the start of 
our study each patient undergoing an electrophysiology 
study who had monomorphic VT induced was included, 
whether the underlying rhythm was sinus rhythm (16 pa- 
tients) or atrial fibrillation (3 patients), and whether the 
patient was on an antiarrhythmic drug (15 patients) or not 
(4 patients). All distinct VT morphologies induced were 
examined; however, the same VT morphology reinduced 
during serial drug testing was not used, as this would be 
more a measure of the effects of drugs on the electrogram 
than of the detection methods. Patient information is given 
in Table I .  Patients were studied in a fasting postabsorp- 
tive state after sedation with 1-3 mg of intravenous med- 
azolam. After administering I % lidocaine for local anes- 
thesia, three 7 French side-arm sheaths (Cordis 
Corporation) were positioned in the right femoral vein 
using the Seldinger technique. Three 6 French quadra- 
poler electrode catheters with an interelectrode distance 
of 1 cm (USCI division. C. R .  Bard, Inc.) were intro- 
duced and advanced under fluoroscopic guidance to the 
high right atrium (or right atrial appendage) and right ven- 
tricular apex. Two catheters were positioned in the right 
ventricular apex with one dedicated to pacing and the other 
to obtaining recordings from the distal electrode pair. All 
recordings were made with the patients lying supine. Im- 
mediately before programmed stimulation, a 12-lead elec- 
trocardiogram was recorded during sinus rhythm. Ven- 
tricular electrograms were recorded on FM magnetic tape 
(Hewlett-Packard Models 3968 and 3964A) from distal 
bipolar endocardial electrodes positioned in the right ven- 
tricular apex using amplifiers with filter settings of 0.5- 
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C A D  = Coronary Artery Disease. V H D  = Valvular Heart Disease: Am 
= Amiodarone. D i  = Digoxin, En = Encainide, M e  = Mexiletene. Proc 
= Procainamide. Qu = Quinidine; SR = sinus rhythm. AF  = atrial fi- 
brillation: LBBB = left bundle branch block. RBBB = r~ghr bundle branch 
block, I V C D  = nonspecific intraventricular conduction delay: LBB = left 
bunde branch morphology. RBB = right bundle branth morphology: I = 
inferior axis. I N D  = indcterminant. S = superior axis: L = leliward. R 
= rightward. 

*These patlent* were studied on two different day* with rwo difl'erent V T  
morphologies. 

'This patient had five distincr V T  morphologies. 

500 Hz (Siemens Mingograf-7) or 1 to 500 Hz (Honey- 
well Electronics for Medicine). Tape speed was 3-' ' ~n per 
second with a bandwidth of 0-1250 Hz. The recorded 
atrial and ventricular electrograms were subsequently dig- 
itized on a personal computer with an analog-to-digital 
system (Scientific Solutions, Inc.) at a sampling rate of 
1000 Hz. The programs for digitization and subsequent 
waveform analysis were written in C pmgramming lan- 
guage and Assembly language. 

Methods of Analysis 

Data sets typically consisted of three 15 second pas- 
sages from each patient. Two separate passages were dig- 
itized of ventricular signals during passages of the pa- 
tient's underlying rhythm (sinus rhythm or atrial 
fibrillation). A third passage was digitized from a segment 
of induced monomorphic ventricular tachycardia. In some 
patients pacing intervention was required during VT be- 
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fore the full 15 s elapsed and shorter passages were used 
for analysis. The minimum number of depolarizations 
used for any VT passage was 20. Only 7 passages had 
fewer than 30 depolarizations. Any fusion depolarizations 
occurring during ventricular tachycardia were also in- 
cluded in the processing. 

Each patient's initial sinus rhythmlatrial filtration pas- 
sage was used to construct a ventricular waveform tem- 
plate for subsequent comparison to each normal depolar- 
ization during the second sinus rhythmlatrial fibrillation 
passage and each depolarization during a later passage of 
monomorphic ventricular tachycardia. The patient spe- 
cific template was constructed by averaging all normal 
ventricular depolarizations in the initial sinus rhythm1 
atrial fibrillation passage and the size of the template was 
chosen to include only depolarization, as described pre- 
viously 1231. The four detection algorithms were then 
evaluated for separation of the ranges for the similarity 
index p during the two rhythms of interest, normal ven- 
tricular conduction and conduction during ventricular 
tachycardia. Correlation waveform analysis was used as 
a reference for evaluating the similarity of each method. 

Triggering: A software trigger was used for detection 
of waveforms. Two distinct methods were used for align- 
ment of templates with waveforms in similarity analysis 
of these algorithms. Templates were initially aligned using 
peak amplitude and the appropriate similarity measure 
con~puted. Subsequently a best f i r  algorithm was used to 
maximally align the templates with the waveforms under 
analysis within an I I ms window as described previously 
[23]. The location of the best alignment for one algorithm 
did not necessarily coincide with the best alignment for 
another algorithm. 

Methods for Detection of Ventricular Tachycardia 

In presenting the five algorithms which were evaluated 
for VT recognition, the following notation will be used: 

N = the number of points in the template. 
t, = the template points. 
s, = the signal points to be processed. 
t = the template average. 
S = the signal average. 
i, = the first derivative of the template points. 
Si = the first derivative of the signal points. 
p = the value of the similarity measure. 

In each case in which the derivative was computed. the 
signal was first passed through a software low-pass filter 
(Hamming window. 21 points, cutoff 250 Hz) to remove 
extraneous noise. The derivative was then computed using 
a software differentiating filter (9 point Parks-McClellan 
differentiator, cutoff at 300 Hz). The differentiating filter 
had a cutoff beyond that of the cutoff of the low-pass filter 
to ensure that the derivative was correctly computed at all 
frequencies, even in those frequencies in the leakage areas 
of the low-pass filter. Both the differentiating and low- 
pass filtering operations are assumed to be performed in 

analog hardware in an eventual implementation of any of 
these techniques. Thus, computations required to perform 
these processes in software are not included in the anal- 
ysis of computational cost for each method. 

Correlation Waveform Analysis (CWA): Correlation 
waveform analysis employs the correlation coefficient p 
as a measure of similarity between the template and 
waveform under analysis [ 131, [23]. The correlation coef- 
ficient is independent of both amplitude fluctuations and 
baseline changes. and produces an output between - 1 and 
1. Mathematically. the correlation coefficient is defined 
as 

r = N  

C (t ,  - i)(s; - 3)  

To avoid computing the square root, we use the similarity 
measure 

= sign (p)p2. (2) 

The correlation coefficient has been shown to produce a 
reliable metric for recognition of waveform changes. 
Thus, this well-established method is used as stundurd for 
evaluation of other techniques, as well as a basis for com- 
parison of computational costs. 

Bin Area Method (BAM): BAM compares correspond- 
ing area segments or bins constructed from the template 
with bins constructed from subsequent depolarizations 
using a simple norm. Consecutive sample points are 
summed to estimate the areas using a rectangular area rule 
in equal-sized bins. The average of these bin values is 
then removed resulting in a correction of baseline devia- 
tion, and these corrected bin values are normalized by the 
absolute sum of all corrected bin values. As a final step. 
the sum of the absolute difference of these normalized and 
corrected bins with an identically processed template is 
computed. 

More simply, for 3-point bins, S, = s, + s2 + s3. S? 
= s4 + ss + s6, . . a , SM = s,,, -, + s ,  - + s,. For M 
bins the similarity measure is 

where 3 = ( I / M )  E : I ~ s ~ .  
BAM, like CWA, is independent of both baseline 

changes and amplitude fluctuations, and produces a sim- 
ilarity measure between - 1 and 1 (I  being an ideal f i t  to 
the template). 

Normalized Area of Diflerence (NAD): This method is 
identical to BAM except that the average bin value is not 
removed. By not removing the average value the algo- 
rithm avoids one division which would otherwise increase 
the computational demand each time the BAM algorithm 
is applied. NAD is independent of amplitude changes. 
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Derivative Area Method (DAM): DAM differs from 
CWA, BAM, and NAD by utilizing the first derivative of 
the electrogram waveform rather than the waveform it- 
self. The zero crossings of the derivative of the template 
are used to partition the template and the same partition- 
ing is applied to each subsequent waveform under analy- 
sis. The area beneath the derivative in each partition of 
the analyzed waveform is computed and compared to the 
corresponding area of the template. It is important to note 
that the locations of the zero crossings of the derivative 
of the template are used to partition all subsequent 
waveforms under analysis. 

In order to force the segmenting of the derivative tem- 
plate on each subsequent depolarization, the following 
conceptual scheme is used (see Fig. I ) .  Starting at the 
beginning of the template, if the sign of the current deriv- 
ative is the same as the sign of the previous derivative the 
value of "0" is stored in the zero crossing array (ZCA): 
whereas if the sign has changed, a "I" is stored. Tem- 
plate values TL are computed by summing values of the 
derivative of the template i, for each point which has a 
"0" in the ZCA array. When a " I  " occurs in the ZCA, 
the current der~vative value is included in the area, but a 
new summation begins for the subsequent area. 

To process subsequent depolarizations, the ZCA con- 
structed from the template is aligned with the depolar- 
ization and the area under the derivative, Sk ,  is computed 
for the segments defined by the ZCA. In such a manner, 
the initial template partitioning is imposed on each de- 
polarization under analysis. (See Fig. 2.) 

As a final step, the similarity measure is given as fol- 
lows: 

DAM produces a similarity measure between - 1 and I 
(1 reflecting a good fit) and is independent of baseline 
changes and amplitude fluctuations. 

Accumulated Difference of Slopes (ADIOS): ADIOS is 
similar to DAM in that it also employs the first derivative 
of the waveforms. This method was designed to exploit 
differences reflected by notching which may appear in the 
ventricular electrogram using sinus rhythm or  ventricular 
tachycardia. A template is constructed of the sign of the 
derivative of the ventricular depolarization template. This 
template of signs is then compared to the signs of the de- 
rivative for subsequent depolarizations. The total number 
of sign differences between the template and the current 
ventricular depolarization is then computed as 

. . 

sign (if) GI sign (Sf) P = ,= I  (5 )  

where @ is the Exclusive-OR operator. The number of 
sign changes is bounded by 0 and the maximum number 
of points in the template (N). i.e., p E {0, . . . , N}.  
Since this method is based on the sign of the first deriv- 

Fig. I .  Derivative of a waveform for construction o f  thc lemplatc drriva- 
tive areas T, and the zero crossing array (ZCA)  for eae in thc dcrivativc 
area method (DAM) .  

Flg. 2 .  Derivative o f a  waveform ~ h i c h  i r  partitioned by the zero crossing 
array (ZCA) for cnnstructlon of the aignal dcrivalivc area SL fur use in the 
der~vative area method (DAM). 

ative only, it is independent of baseline changes and am- 
plitude differences between signals. It is the least com- 
putationally demanding algorithm of the five under 
consideration, requiring no multiplications nor divisions. 
In comparing the results for ADIOS to the other methods. 
the similarity measure p is mapped into the range [ -  1. I] 
using the mapping 

For each instance of ventricular tachycardia, the differ- 
ence in the mean value of p for all ventricular tachycardia 
depolarizations was subtracted from the mean value of 
for all normal depolarizations during the same patient's 
sinus rhythm passage. The average separation of the 
means is computed as 

where 
- 
8~ = the average separation of the means. 
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p:T/" = the mean value of p for the ith passage of 
SR/AF. 

p)' = the mean value of p for the ith passage of VT. 

Finally, in processing the data with each of these meth- 
ods, the initial templates were identical for CWA, DAM, 
ADIOS, and both BAM and NAD with 1 point bins. For 
DAM and ADIOS the first derivative of the common tem- 
plate was used. For BAM and NAD with 3 and 5 point 
bins, the window was extended as necessary to the left 
(towards onset of depolarization) to make all bins sizes in 
the template identical. For all algorithms under study. the 
initial alignment (triggering point) during sinus rhythm/ 
atrial fibrillation and VT was identical. Thus, all algo- 
rithms compared used the same template (or the derivative 
of the template) and the same alignment point. 

The results of applying each of these methods to each 
of the V1' passages and the corresponding SR/AF pas- 
sage are summarized in Tables I1 and 111 for the original 
and best fit template alignment, respectively. If there was 
any overlap in the range of similarity index p computed 
for each depolarization during the VT passage with the 
range of similarity values computed for the corresponding 
SR/AF passage a "*" is entered in the tables. If there 
was no overlap in the ranges. the corresponding entry was 
blank. As Table I1 and I11 indicate, if one method failed 
for a patient. generally all methods failed for that patient. 

The computational complexity of each method is sum- 
marized in Table IV. In addition, this table summarizes 
the total number of instances VT could be distinguished 
from SR/AF at both the original and best fit trigger lo- 
cation. The computational complexity reported is that re- 
quired to apply each algorithm ones. i .e. .  to evaluate the 
match between the template and the waveform under anal- 
ysis at one location. The results of averaging the sepu- 
ration of the meutzs over the 31 VT passages are shown 
in Table IV. The average separation of the means is com- 
parable for NAD, BAM, and DAM, and is larger than for 
CWA or  ADIOS. 

Fig. 3 presents the average value of each similarity 
measure during sinus rhythm and VT for CWA, BAM, 
NAD, and DAM for the best fit trigger points. In these 
figures, there are results from 31 VT passages and 21 
SR/AF passages. In addition, there are a few instances 
where the VT or SR/AF means occurred at the same value 
so it is not possible to observe all of the mean values. 
Table V shows each method and the number of VT's 
which had mean values of the similarity measure p during 
any passage overlapping any of the mean values of the 
similarity measure during the sinus rhythmlatrial fibrilla- 
tion passages for both the original and best fit alignment, 
respectively. 

Correlation Wuveform Analysis: CWA discriminated 
27/31 (87%) and 28/31 (90%) VT's from sinus rhythm 
using the original and best fit trigger locations, respec- 
tively. The absolute maximum temporal distance from the 

TABLE 11 
RESLLIS  OR ORIGIVI\L. T R I ~ I F R  LOCATIOV 

BAM NAD 

Pt CWA Ipt 3pt 5pt Ipt 3pl Spt DAM 

I * * * *  

1 84 
I Kb 
I Rc 
I8d 
I Xe 
IOb 
I Oc 
6h * l i t -  

19 
Totill 

Succcsscs 27 26 25 25 31 31 29 27 

A blank entry indicates no overlap in range> of p indicating complete 
SUCCL'SS in separation o f  every depnlarizat~on In VT froni those In SR/AF. 
The "*" indicates some overlap. The totill numberof VT's with noovcrlap 
15 shown in the last line of thc tablc tbrcach ot'thc methods. Tolal ruccesb 
reflect the nurnbcr of dislinguishcd cpiaodes oul of the 31 posbiblc. 

original trigger to the best fit alignment between template 
and all subsequent sinus rhythm or atrial fibrillation de- 
polarizations was I ms for 19/21 (91 %) and 2 ms for 
the remaining two cases. Data processed with CWA gen- 
erally had the highest mean value and smallest variance 
during sinus rhythm, but also has the second smallest av- 
erage separation between sinus rhythm or  atrial fibrilla- 
tion and VT. As shown in Fig. 3,  the mean values for 
CWA in sinus rhythm were generally much closer to 1 
than for any other method. In a separate analysis with the 
template size fixed at 64 ms, CWA discriminated VT from 
sinus rhythm in 28 /3  1 (90%) cases at the original trigger 
point. In this analysis. we used the correlation coefficient 
p directly, rather than p. 

Bin Area Merhod: Depending on the number of points 
per bin, BAM discriminated 25/31 (81%) to 28/31 
(90%) VT's from sinus rhythm or atrial fibrillation using 
the original and best fit trigger points. Of the three differ- 
ent bin sizes, a 1-point bin was slightly more effective in 
separating sinus rhythm or atrial fibrillation from ventric- 
ular tachycardia using the original trigger. Using a best 
fit alignment, 1 -  and 3-point bins were equally effective. 
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TABLE 111 
RESULTS FOR B ~ S T  FIT TEMPLATE ALIGNMENT 

BAM NAD 

Pt CWA Ipt 3pt 5p1 Ipt 3pt 5pt DAM ADIOS 

I * 
2 * 
3a * I * *  
3b * * 
4a 
4b 

16b 
17 * 
18a 
I8b 
18c 
18d * 
18e 
lob 
I Oc 
6b * * * *  * * 

19 
Total 

Successes 28 28 28 26 30 30 29 28 18 

A blank entry Indicates no overlap in ranges of indicating complete 
success in separation of every depolarization In VT from those in SR/AF. 
The "*" indicates some overlap. The total number of VT's with no overlap 
is shown in the last line of the table for each of the methods. Total suc- 
cesses reflect the number of distinguished episodes out of the 31 possible. 

TABLE IV 
COMPUTATIONAL COMPI.EXITY A N D  RESULTS FOR 3 1 DIFFFRENT VENTRICLII.AR TACHYCARI)IAS 

Method 

CWA 
BAM (Ipt/bin) 
BAM (3pt/bin) 
BAM (5pt/bin) 
NAD (Ipt/bin) 
NAD (3pt/bin) 
NAD (5pt/bin) 
DAM 
ADIOS 

Multiplications Divisions 

Original Trigger Best Fit Trigger 

SR/AF-VT - 
Separation 6p 

-- 
27 0.575 
26 0.721 
25 0.720 
25 0.705 
3 1 0.735 
3 1 0.742 
29 0.732 
27 0.664 
- 

SR/AF-VT 
Separation Tp 

28 0.444 
28 0.633 
28 0.625 
26 0.613 
30 0.653 
30 0.654 
29 0.648 
28 0.585 
18 0.417 

Separation indicates no overlap in the range of similarity values ( p) during an insrance of ventricular 
tachycardia compared to the ranges of similar~ty values during the corresponding sinus rhythmlatrial ti- 
brillation (SR/AF) passages. & is the average separation of the SR/AR and VT mean valucs for the 31 
VT instances. The bound on p for ADIOS was scaled to a range of - I  lo I. N = the number of points in 
the template, M = the number of partitions of the waveform. All methods assume a threshold y has been 
determined and all template professing has been performed in advancc. 

'For the patients studied. M I N/4. 
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CWA DAM BAM-1 BAM-3 BhM-5 NAD-1 NAD-3 NAD-5 

Fig. 3.  Average values of the similarity measure (p) for each passge of 
sinus rhythmlatrial fibrillation ( 0 )  and ventricular tachycardia ( n) for 
CWA, BAM with I - ,  3.. and 5-point bins. NAD with I - .  8-. and 5-poinl 
bins. and DAM using the best fit alignment. 

For I-, 3-, and 5-point bins, the maximum absolute tem- 
poral distance from the original trigger to the best fit 
alignment between template and subsequent sinus rhythm 
or atrial fibrillation depolarizations was 1 ms for 18/21 
(86%), 19/21 (91 %), and 17/21 (81 %) cases, respec- 
tively. This value was 2 ms for the remaining cases. Even 
three computations of BAM (one at the original trigger 
point and at one point to either side) with 3- or 5-point 
bins requires considerably less time than computing the 
correlation coefficient at the original trigger point. Data 
processed with BAM generally had a larger variation in 
sinus rhythm range than CWA and DAM, but was much 
less computationally demanding than CWA. 

Normalized Area of Difference: NAD discriminated 
31/31 (100%) to 29/31 (94%) VT's from sinus rhythm 
or atrial fibrillation using the original and best fit trigger 
locations. For 1-, 3-, and 5-point bins, the maximum ab- 
solute temporal distance from the original trigger to the 
best fit alignment between template and subsequent sinus 
rhythm or atrial depolarizations was I ms for 18/21 

(86%), 16/21 (76%), and 15/21 (71 %) cases, respec- 
tively. This value was 2 ms for the remaining cases. Since 
this algorithm requires no real-time diqisions, computing 
p at the original trigger point and at 1 or 2 points to either 
side of the original trigger point requires fewer compu- 
tations than computing the correlation coefficient at the 
original trigger location. Data processed using NAD gen- 
erally showed a larger variation in sinus rhythm values 
than CWA, DAM, and BAM. However, this method was 
the most effect~ve of the five in discriminating sinus 
rhythm from ventricular tachycardia overall, and also had 
the largest average separation of the means. 

Derivative Area Method: DAM discriminated 27 / 3  1 
(87%) and 28/31 (90%) VT's from sinus rhythm or atrial 
fibrillation using the original and best fit trigger locations, 
respectively. The maximum absolute temporal distance 
from the original trigger to the best fit alignment between 
template and subsequent sinus rhythm or atrial fibrillation 
depolarizations was 1 ms in 8/21 (38%) cases, 2 ms in 
6/21 (27%) cases, and 3-5 ms in the remaining 7 cases. 
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TABLE V 
NUMBER OF VENTRICLILAR TACHYCARI~IA EPISODI:~ (OUT 01. 3 1 POSSIBLI:) 

WITH MEAN VALUES OF THESIM~LAR~TY MEASLIRE ( ? )  TOR A PASSAGE 
EXCEEDING THE M E A N  VALUE OF THE SI~IILARITY MEASURE FOR A V Y  OF 

THE SINUS RHYTHM PASSAGES 

Method Original Trigger Best Fit Alignment 

CWA 0 
B A M  (Ipt/bin) I 
B A M  (3pt/bin) 2 
B A M  (5pt/bin) 2 
N A D  (Ipt/bin) 2 
N A D  (3pt/bin) 2 
N A D  (5pt/bin) I 
D A M  6 
ADIOS - 

Results using DAM were similar to those of CWA. While 
DAM does not have a predefined number of multiplica- 
tions, for the patients studied the number of multiplica- 
tions was always less than 1 / 8  that required by CWA. 
DAM had the second smallest range of mean values dur- 
ing sinus rhythm but also had good average separation of 
the sinus rhythm and ventricular tachycardia mean values. 

Accumulated Diference of Slopes: ADIOS discrimi- 
nated 18/31 (58%) VT's from sinus rhythm or atrial fi- 
brillation using the best fit trigger. Because this method 
is sensitive to correct alignment between the template and 
the waveform under analysis, the original trigger was not 
used. ADIOS was the least computationally demanding 
method, but also the least effective (on average). How- 
ever, since this algorithm did not require multiplications 
nor divisions the computational cost of sliding the tem- 
plate to achieve a best fit is undemanding. The results of 
this algorithm, using an overlaplno overlap performance 
criteria, were unimpressive. 

Since activation as seen by a closely spaced bipolar pair 
is sensitive primarily to the direction of activation tra- 
versing the axis of the pair, the premise of this study is 
that abnormal depolarization will display a different mor- 
phology by virtue of its different conduction pathway. 
This is not always the case when recording from an elec- 
trode which exhibits such a proximity effect. 

Results showed that no single discriminant boundary 
derived from any of the four methods can separate all ven- 
tricular depolarizations during sinus rhythm (or atrial fi- 
brillation) from those during ventricular tachycardia. Pa- 
tient specific thresholds were necessary to ensure optimal 
separation. In actual implementation, not all VT must be 
separated from all SR/AF depolarizations, and looser 
thresholds might be allowed. Based on the results of this 
study, it might be possible to determine the range of sim- 
ilarity values p during a 15 s passage of SR/AF and set 
the detection threshold at the minimum y obtained during 
the SR/AF passage. 

In addition, injury current produced by acutely placed 

electrode catheters can affect results when using fixed 
sized windows as reported previously [I 31, [19]-1221. 
While fixed sized templates may be preferable once per- 
manent leads are implanted, we purposely used patient- 
specific template sizes to avoid inclusion of acute injury 
current in this study. Further work needs to be done to 
determine whether the inclusion of repolarization might 
result in greater discriminatory ability once acute injury 
current subsides. However, this can only be determined 
from chronic leads. Unfortunately, there are currently no 
methods available for examining digital waveforms from 
chronic devices, particularly at the resolution required for 
this analysis. 

Applying a fixed 64 ms template such as proposed by 
Lin et ul. [I31 to our series of patients, CWA (using the 
true correlation coefficient p, rather than y) separated sinus 
rhythm from VT in 28/31 (90%) cases using our pro- 
posed patient-specific thresholds. However, VT correla- 
tion coefficient values in 14 / 3  1 (45 %) instances exceeded 
0.90, above the single discriminant boundary found to be 
successful in the earlier Lin study. Differences may be 
due to the distinct patient populations of the two studies 
(there was no overlap between the patients used by Lin 
and those used in this study). In contrast to the observa- 
tions in Lin's earlier study, the present study suggests that 
a universal threshold for separating VT from SR cannot 
be expected using CWA. 

An important feature of BAM is the simplicity of com- 
putation (on average that of CWA). The realignment of 
the waveform with the template showed that a best fit oc- 
curred within * 1 ms of the original trigger point for 91 % 
of all depolarizations in the 3-point bin case. Thus, three 
calculations of BAM could be expected to yield excellent 
results and still give a computational reduction o f f  when 
compared to a single calculation of CWA. 

DAM and ADIOS are based on the first derivative of 
the ventricular waveform, as is the gradient pattern detec- 
tion (GPD) algorithm of Davies et ul. [14]-1161. The GPD 
algorithm discriminates waveforms based on the order in 
which the first derivative crosses predetermined thresh- 
olds. Such crossings are directly dependent on the ampli- 
tude of the waveforms; hence, modest fluctuations in am- 
plitude may cause ventricular depolarizations with 
identical morphology to be classified differently. Our 
technique differs from theirs in that the ZCA derived from 
the template is imposed upon all subsequent waveforms. 
This serves to emphasize even subtle differences between 
the waveforms during sinus rhythm (or atrial fibrillation) 
and the waveform during VT, and results in better per- 
formance in the case of small but real differences in the 
waveform only, disregarding amplitude changes. More 
importantly. there is no well-defined discriminant mea- 
sure in the GPD algorithm to determine how closely a 
waveform matches the template, i.e., there appears to be 
no general means for setting thresholds for detecting ven- 
tricular tachycardia using the GPD algorithm. In contrast, 
both DAM and ADIOS produce bounded error measures 
indicating the relative similarity of the template and the 
waveform under analysis. Such a bounded measure is cru- 
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cia1 to selection of robust discriminant boundaries for fi-  
nal implementation. 

The m o r  results from ADIOS were due in part to the 
fact that this algorithm generates an integer corresponding 
to the number of sign differences between the t em~la te  - 
and the derivative of the current depolarization, (i.e., p E 
{O, . . . , N ) ) .  In two cases, the largest p in sinus rhythm 
(or atrial fibrillation) was identical to the lowest p in VT. 
so the method was declared to have failed. In fact, only 
3/38 VT depolarizations in one patient and 1 /40 VT de- 
polarizations in the other patient were responsible for this 
coincidence of values. In three other cases, the VT range 
overlapped the highest sinus rhythm value by a single in- 
teger. Since both DAM and ADIOS utilize the first deriv- 
ative of the ventricular waveform, we submit that the ap- 
plication of ADIOS as a first pass followed by DAM when 
VT is not positively identified may be a rapid and com- 
putationally effective sequential method for detecting VT. 
If ADIOS detects VT, there is no need for further analy- 
sis; while if ADIOS cannot reliably detect VT. DAM can 
be applied as a second pass for increased sensitivity. The 
combination of the two techniques matches the perfor- 
mance of CWA, but the combined computational cost of 
ADIOSIDAM is still less than that of CWA. 

BAM and NAD are similar to the area of difference 
method used by another group of investigators 119)-1221. 
The area of difference algorithm is computationally very 
simple, requiring no multiplications nor divisions. How- 
ever, this simplistic method can be affected by baseline 
and amplitude fluctuations such that depolarizations iden- 
tical in morphology may be misclassified [22]. In con- 
trast, BAM and NAD are independent of amplitude fluc- 
tuations. In addition, we impose a normalization scheme 
which serves to bound the output (- 1 s < I). 

Our criteria for success versus failure in this study were 
particularly exacting. If even a single depolarization from 
one class (SR/AF or VT) fell within the range of the other 
class, the test was considered to have failed for that pa- 
tient. In actual implementation this requirement could 
conceivably be relaxed with the use of statistical methods 
such that only a certain percentage of consecutive depo- 
larizations would be required to meet the criterion for VT 
detection. 

At the 1000 Hz sampling rate. LOO% of all best f i r  
alignments for CWA. BAM, and NAD fell within k2 ms 
of the original trigger (peak). There was generally a slight 
improvement in separation of VT from SR/AF using the 
best fit alignment, but this was usually due to improved 
alignment of only one or two depolarizations. Using 
DAM, the best f i t  alignment occurred within k 2  ms in 
65% of the cases. However, results using DAM at the 
original trigger were identical to those of CWA and su- 
perior to the results using BAM. The results at the best fit 
were identical for DAM, CWA, and BAM with I -  and 3- 
point bins. 

Limifarions 
The present study examined only electrograms from the 

distal tip of bipolar electrodes with a 1 cm spacing during 

clinical cardiac eiectrophysiology studies. Electrograms 
recorded with a different electrode configuration or  re- 
corded from the epicardium may produce different results 
and improve (or degrade) the ability to detect VT. Sec- 
ond, the selection of patient specific thresholds presents a 
difficult problem in the actual implementation of these al- 
gorithms. Future work in this area is necessary to deter- 
mine the number of SR/AF depolarizations that need to 
be observed in order to set a reliable threshold. We chose 
to examine 15 s passages in this study because most pa- 
tients could tolerate VT for this length of time without 
hemodynamic collapse. This allowed a significant num- 
ber of VT depolarizations to be tested to be fairly confi- 
dent that these algorithms could distinguish a large num- 
ber of VT depolarizations from sinus rhythm or  atrial 
fibrillation. Third, we tested monomorphic VT and did 
not examine the results using polymorphous VT or ven- 
tricular fibrillation. However. these template-matching 
algorithms are designed to be used in conjunction with 
rate-based algorithms to increase antitachycardia device 
specificity. Since ventricular fibrillation will occur at a 
high ventricular rate. we assume a rate detection algo- 
rithm will override any morphology information these al- 
gorithms might provide. Finally, the present study did not 
examine the effects of antiarrhythmic drugs on the mor- 
phology of the ventricular depolarizations. To compen- 
sate for such potential changes in the chronic situation, 
new ventricular templates may occasionally need to be 
constructed. 

In order to achieve real-time cycle-to-cycle analysis of 
ventricular electrograms during both sinus rhythm and 
ventricular tachycardia, computationally efficient algo- 
rithms will be crucial. In this study, four new time-do- 
main algorithms were developed and evaluated on clinical 
electrophysiology data. The best discrimination of VT 
from sinus rhythm or atrial fibrillation occurred using 
NAD. Three other algorithms, CWA, BAM, and DAM, 
were also effective, though slightly less so than NAD. 
ADIOS was the least impressive of the group but may be 
found to be a good first pass method with the companion 
DAM as a followup. The most computationally demand- 
ing method is CWA, which has been used for over two 
decades as a classic technique for analysis of surface 
ECG's. Because of this acceptance as a morphological 
discriminant, it was used as our reference for the new 
techniques as well as for a comparison of relative com- 
putational costs. BAM. DAM. and NAD exhibited dis- 
criminatory power equivalent to CWA with computa- 
tional requirements in the range of an order of magnitude 
lower. In addition, the average separation of the sinus 
rhythm mean compared to the corresponding mean during 
ventricular tachycardia was considerably larger with these 
methods than for CWA. ADIOS was the most computa- 
tionally efficient algorithm, but with results trailing dra- 
matically behind the other methods. It had a very low false 
positive rate though. and should be considered as a first 
pass screening method with good true positive detection 
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titachycardia devices, while maintaining the discrimina- 
tory capability of CWA, an established method of wave- 
form discrimination. 
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