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Abstract: The T wave is the most important portion of the Electrocardiogram (ECG) since it detects
abnormalities. Various ECG leads produce different T waves. In research, various waveform morphologies may
present as an indication of benign or clinically significant injury or insult to the myocardium. The frequency of the
QT interval and the shape of the electrocardiographic T-wave are both signs of abnormal ventricular repolarization,
according to many scientific and clinical investigations. Furthermore, it is still unclear if T wave inversion has any
clinical value in the ECG diagnosis of coronary artery disease (CAD). To obtain the accurate results of ECG of
patients with CAD, this study aims to analyze the correlation using the right triangle hypotenuse for T wave
detection. In this paper, we have proposed an algorithm for detecting T waves in ECG for all types of leads. We use
the right triangle hypotenuse to determine T wave start and end points. Moreover, we determine the T wave upslope
or downslope, as well as up or down peak value. An extensive experiment is performed on 53 datasets, including 18
databases from the MIT-BIH ST database and 35 databases from the European ST-T database with long duration,
which exhibits a promising result.

Keywords: T wave, right triangle hypotenuse, electrocardiogram, cross correlation, T wave alternate
detection.
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1. Introduction

T wave is essential in determining proper heart
function and detecting ECG abnormalities. T wave
anomalies are more commonly encountered in adult
patients.

Different studies have focused on different types of
T wave pattern on adult patients. T wave patterns may
show gradual upstroke or rapid downstroke. Normally
T wave upright in 4 leads which are I, 11, V, and V.
Negative T wave or inverted T wave finds in lead aVR.
T wave pattern automatic changes in Lead Ill, aVL,
aVF and I. Musculoskeletal chest pain is caused
because of abnormal T wave inversion in lead IlI. T
wave inversion is associated with ST segment elevation
and depression, which is the pre-syndrome of
myocardial ischemia [1]. The Support vector machine
has been used for the simultaneous detection of Pand T
waves in [2]. The authors have used CSE (Common
Standards for Electrocardiography) databases, MIT-
BIH databases where every database contains 10s
episode with 500Hz and 5000 samples. In [2] T waves
contain various kinds of shapes with upslope and
downslope in various leads. T wave has been
estimated using the lead potential and SVD. It has been
shown that downward slope curves take about 90-10%
time approximately 100 msc. In other side
repolarization time it had taken about 50 msc. QRST
was also divided into two segments intervals. In paper
[3] authors have focused on T wave morphology and its
measuring process. T wave was measured using a
surface density process with a parameter. In this paper,
T wave location r was measured in time instance t.
ECG T wave detection using Wireless Body Sensor
(WBS) was performed in [4]. The authors monitored
the ECG signal for 7 different leads. It has also
provided an algorithm for detecting ECG T wave using
WBS. ECG T wave has classified T wave into 2 main
categories and one subcategory using seven supervised
learning processes. Another work performed by Nada
Vasic [5] has focused on ECG abnormalities after the
surgery of lung. This paper has emphasized changes in
ECG and finding the abnormalities after this type of
surgery. Paper [6] focuses on a survey of 468 patients.
Paper has compared the ECG signal with syncope type
patient’s ECG signal and has compared the QT signal
with syncope patient. In [7] T wave alternates and
QRSA complex alternates have been detected. Here

main focused issue was detecting the T wave alternates
and their significance in patients. The morphology of T
waves using five categories those were T wave
duration, amplitude, alternate nation, singular value
decomposition and T wave loop morphology has been
analyzed in [8]. T wave Alternate Detection (TWAD)
algorithm has been developed in [9]. This TWAD
article has focused on detecting T wave alternates
based on 3“order spline interpolation. TWAD was
detected at different frequencies. The T wave peak
detection process has also been developed based on the
skewed Gaussian function in paper [10]. The authors
have used physio Net QT and ST-T databases for
validation purposes, where every database contains 15
min with 250Hz sampling. This article has detected
only T wave peak value and T wave end points. In an
article [11] T wave detection and alternation have been
proposed based on wave variation. The authors have
used the move average technique in [12]. P, QRS, and
T wave patterns were detected on the basis of the
wavelet transform system on a noisy ECG signal in 12
leads ECG in paper [13, 14]. A rule-based method for
detecting Myocardial Ischemia Detection had been
developed. In paper [17] focused on Support Vector
Machine (SVM) Sparse Representation Classifier
(SRC) for detecting T wave. For identifying the
Myocardial Ischemia, it is important to detect the T
wave and its pattern. Different types of ECG feature
extraction techniques have also been developed. In [18]
ECG feature extracts using a clustering method and T
wave features have also detected. Other existing
processes with T wave and its angle variation have
been shown. In [8, 20] automatic detection of T wave
and QRS complex alternan detection is also developed.
Fig. 1-3 show different ECG signals.
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Fig. 1 ECG signal with P, QRS complex, T and U waves
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Fig. 2 ECG signal with T wave up slope
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Fig. 3 ECG signal with T wave downslope

This paper uses a 106 ECG signal, classified based
on smoker and non-smoker, male and woman. They
tested a different ECG signal under different
conditions, such as a stress test and so on. Before
analysis, they also prepared the ECG signal. In an
article [9] biomarkers based on T wave morphology
have been proposed. In [10] T wave alternans detection
in microvolt because of baseline wandering had also
developed. This work also detected T wave alternan
(TWA) beats, TWA segment, TWA segment length,
TWA mean amplitude (mV) and TWA magnitude
(mV). In an article [11] T wave peak detection and T
wave end location detection had also developed. In this
article, authors used a skewed Gaussian function and
cross-correlation process. In [12] they detected the T
waves and classified them into three categories. Those
categories are Asymmetry, Notch and Flatness.
According to results of T-wave alternative assessment
showed that the least squares curve fitting (LSCF) is
effective and promising in detecting and quantifying
TWAs [13]. In another paper, we have proposed right
triangle hypotenuse to determine T wave as well as up
or down peak value. This research creates the
possibility that precise T-wave detection might enhance
MTWA quantization. For identifying T-waves, the
fixed-window technique, the adjustable-window
approach, and the triangular area approach were all
tested. The ECG signals from the Physionet T-wave
Alternans database were subjected to these techniques
[27]. We have also figured out from another research
that the Grid search technique and k-means clustering
are used to determine the search limits and maximize
the parameter values. The enhanced technique worked
better, as shown by experiments conducted in the QT

database and the European ST-T database [28]. The
main contributions of this paper are

(a) We develop a new algorithm using right triangle
hypotenuse for detecting T wave.

(b) We apply cross-correlation for detecting upslope
or downslope in T wave

(c) Our proposed algorithm works well for long
duration wave.

2. Materials and Methods

We have sketched out a rough outline of the
proposed methodological architecture in Fig. 4.

Filtering ECG data & Detrending it
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Fig. 4 T wave detection architecture
2.1. Data Pre-Processing

2.1.1. Filtering Data

As explained in [15, 20], there are numerous types
of denoising approaches. We have used the MIT-BIH
Data Base and the European ST-T Data Base, both of
which have sampling frequencies of 350 and 250 Hz.

Various types of noise, such as trend ECG and pain
signals are mostly present in the raw data. As a result,
we must denoise it to accurately measure data and
determine the peak value of ECG signals. As a result,
in our proposed approach, denoising is required. We
also employed a 100-order FIR band pass filter with a
0.05-45-Hz bandwidth and the Savitzky-Golay
smoothing filtering approach [16]. Each ECG signal
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had at least one episode lasting 5 to 20 minute.

Fig. 5 ECG data with Ilnear and non-linear trend

2.1.2. Detrending Data
It contained the trends after denoising the ECG
signal with linear and nonlinear trends in every ECG
signal. We use the polynomial equation (1) of degree n
for detrending. The mean and standard deviation of the
time series signal is then calculated. Fig. 5 and 6 depict
the before and after detrending operations, respectively.
We can easily recognize the base line after detrending.
P(X) =p1X"+P2X" ...+ PpX+Phg (1)
x=(X—ul)/u2 (2
Here Py, P, P, are the coefficients of the
polynomial, x is the independent variable of signal in
time domain. p; is the mean of x and p, is standard
deviation of x.

Filtered ECG Signal

Kttt vt oot P et i Pt S e

Fig. 6 ECG data after removih‘g\‘linear and non-linear trends

2.2. R Wave and S Wave Detection

For detecting R wave peak value, we use the
following function:

f(d,h) = {n,e(n) when An >dande(n) >h (3)
where d denotes minimum peak distance and h
parameter denotes minimum peak height, is4n the
minimum peak distance after selecting the peak. For
every ECG signal n is the time domain value and e(n)
is the amplitude value at the time n. The above function
— the primary R peak value described in [19], provides
the local maxima in the minimum interval.

For detecting S wave peak value, we invert the ECG
signal first and then find the local maxima using the
following function.

f’ (d/,h/)={n,e/ (n) when 4An >

d’ ande(n)=h’ ... 4)
where d ' denotes minimum peak distance and h’
parameter denotes the minimum peak height. An is the
minimum peak interval after selecting the peak.

S wave Detection

Fig. 7 R wave and S wave detection in ECG

We find the R wave and S wave peak values using
functions (3) and (4). Fig. 7 shows R wave and S wave
detection, where S wave is marked with “®” and R
wave is marked with “a..”

2.3. Start and Endpoint Detection of ST Segment
The endpoint of the S wave and the start point of the
T wave both define the ST segment [21].

2.3.1. J Point Detection

The J point marks the end and beginning of
ventricular depolarization and repolarization. The J
point denotes the start of the ST section. It may be
detected using various R-R intervals, and it can also
reveal a pattern of normalcy and abnormalities in the
ST segment. On various leads, different J points can be
found [22]. Based on another [23] study, we have
applied R+X approach to find the J point.

For R-based we use,
( ifAR<160thenx =10
if 160 < AR < 180 then x = 12 |
{if 180 < AR < 270 thenx = 14 (5)
if 271 < AR <390 thenx = 16
\ if AR >390thenx = 20
For S-based we use,

if AS <160thenx =2
if 160 < AS <180 thenx =8
Jif 180 < AS < 270thenx =6 (6)
if 271 < AS <360 thenx =8

if AS > 360thenx =10

Here AR is the difference between R-R,AS is the
difference between S-S and x is the sampling value
after detecting R and S waves for every interval that
provides the starting point of the ST segment or J point.

Sometimes some leads contain less magnitude of
the R peak. According to this study [24], they contain
dissimilar R peak value. In these cases, miss of R
wave, for example Lead V1, we use S wave and then
apply the above method.

2.3.2. ST Segment Endpoint Detection
The start of the T wave is the endpoint of the ST
section. The angle between the start of the ST segment

and the T wave peak value is calculated.
Y

X4, W
%Pt X2, )2

XV | xnyr

v
Fig. 8 Straight line angle in two-dimensional space
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201 9 = tan~1 2222 (7

We calculate the angle using equation (7) where X,
y1 is the starting point and x,, Y, is the endpoint.

y .
rd ’ /
. I

A o, /6, 0. /e,

Fig. 9 Right triangle with different hypotenuse

From the angle value (Fig. 9), 6.< 6, < 6; < 6,
<6<6, means when the angle goes closer to
perpendicular it increases. We applied the above
process for detecting T wave start point.

From the angle value, we calculate the maximum
angle, and then select the start point of the T wave.

2.4. T Wave Detection

Different kinds of leads contain different kinds of T
waves. Most of them are up slope, some of them are
down the slope. Sometimes some leads contain flat or
horizontal type T wave.

2.4.1. Probability of T Wave Start Point

The probability of T-wave means that J points to the
main T wave start point. Those points we call T wave
false start points. We detect the T wave false start point
using formula (5) and (6).

2.4.2. Probability of T Wave End Point

If we select R-R or S-S interval, this dividing R-R
or S-S interval is called beat difference. This beat
difference is denoted as o and to find the probability of
T wave false end point, we use the formula (8). Fig. 10
indicates the probability of start and end points of T
wave.

R+ 6/2 (8)

ECG Signal

o Amplitude mV

Time (Sec)

Fig. 10 Probability of T wave start and end points

2.4.3. Upslope and Downslope T Wave Detection
After detecting the T wave false start point and false
end point, we select this segment for further process. If

we select this T wave segment, we will not specify it
upslope or downslope. To identify this T wave segment
as upslope or downslope we apply cross correlation
process with this selected segment to known T wave
upslope and downslope databases. Similar types of T
waves, such as upslope T wave segment cross-
correlation with the upslope segment or downslope
segment of T wave cross-correlated with the downslope
segment, return positive values between 0 and 1.
However, different types of T waves, such as upslope T
wave segment cross correlation with downslope
segments return negative values between 0 and -1.
Applying this above process, we detect T wave types
that are upslope or downsloped (Fig. 11-13).

Let us assume cross correlated values set C. If the
maximum number of values of C is between 0 and 1
as 0<C<1 then it is the same type. If the maximum
number of values of C is between 0 and -1 as -1<C<0
then it is the different type.

Twave Up Slope
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Twaverr -
0l Wave 10 £CG signal|_|

©
Time(Sec)
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1 — - 1 1
o 0 Fl E) “ 50 60 0 )

Time{Sec)
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o 5 10 15 » P 0 3 w o
Time{Sec)

Fig. 11 Cross correlation with similar signal
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2.4.4. T Wave Upper Peak Value and Lower Peak Value
Detection

After detecting T wave upslope or downslope type,
we select the upper peak value for upslope and
minimum lower peak value for downslope T wave.

The upper peak value detects from upslope T
maximum value of the wave, and the lower peak value

detects from minimum T wave value. If the T wave 3
value is set peak value will be the maximum value S
from the T set for the upslope T wave (Fig. 14). =7

However, lower peak value will be a minimum value
from the T set for the downslope T wave (Fig. 15).

T wave Detection in ECG Signal 327m
T

‘‘‘‘‘‘‘

R L AU A

Fig. 15 T wave lower prérak point detecting

2.4.5. T Wave Main Start Point and End Point
Detection
The T wave start point refers to the exact place on s e
the T wave where it begins, whereas the T wave end
point refers to the exact location on the T wave where it
concluded, whether it was at the higher or lower peak
value.
We discovered the following items in the preceding | | |
— T wave false start points

T wave false end points ) O
— T wave upper peak values Fig. 16 T wave start point detecting process (a, b, ¢, d, €)

— T wave lower peak value

For T wave upslope start and end point detection,
we have used formula (7). Using this formula, we have
drawn lines from T wave false start points to T wave
upper peak value or lower peak value if it is upslope or
downslope, we calculate the angle for every line. For
every line angle according to horizontal, it changes
every time. At every point, angle value from the T
wave false start point to the upper or lower peak point -
we take the highest angle. This highest angle point is '
the T wave actual start point (Fig. 16).

Simultaneously, we again apply this same process . me—
for detecting T wave actual end point. e Teeaee

dy

Fig. 17 Flowchart of T wave detection
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Fig. 18 T wave detection algorithm

3. Results and Discussion

The T wave on an electrocardiogram (ECG) usually
represents ventricular repolarization. From a study, the
proposed strategy has been validated on a much more
conventional QT-database with accuracy of 96.66%. In
this process of detecting T-wave, they used two filters
for preprocessing naming two-stage median filter and
a Savitzky—Golay smoothing filter, resulting in
elimination of P-QRS complex and amplification of the
visibility of T-wave. But in this method, the data
amount was limited [25]. By another research finding,
the variable benign or pathologic myocardial states can
cause changes in the T wave shape [30]. But in our
proposed method, we have applied an algorithm based
on right triangles hypotenuse and used a huge amount
of raw data for preprocessing our strategy to extract
those ECG features. Then, after detecting the S and R
peck values through the peck detection process, we
searched for T-wave starting and ending probability
points. Then, using and applying the cross-correlation
process for detecting T-wave’s up or downslope, we
detected upper peak or lower peak values accordingly.
Finding the start end probability point and T wave final
value, we applied the right triangle hypotenuse system
to find the actual T wave start and end points. Firstly,
we apply a data preprocessing process, which is more
important for extracting ECG features. Then we have
applied peck detection process to detect the S or R peck
value using (3) and (4) equations. After selecting R and
S peak values, we searched for T wave start probability
points and end probability points using equation (5).
Here, Equation (6) was used for detection T of the final
start point of the wave and (7) was used for final end
point detection. Then we apply the cross-correlation
process to detect upslope or downslope T wave. If we
find an upslope T wave, then we detect the upper peak
value. If it is down slop T wave, then we detect the
lower peak value. After finding the start and end
probability points and T wave peak value we apply the
right triangle hypotenuse system to find the actual T
wave start and end points.

Moreover, our proposed method focuses on T wave

detection in ECG signal. For detecting T wave, we
have processed our algorithm on MIT-BIH ST data
based a European ST-T change database. Applying our
method, we constructed Table 1 by applying the
proposed algorithm.

By applying all the process, if Tables 1 and 2 have
been observed, then it can be shown that we use 5 to
25-minute length ECG data. Most of the time, our
proposed algorithm gives better result (Table 1).
Different types of ECG signals give different types of
results. It occurs because of abnormal or highly noise
ECG signals from ECG records such as 305 m, 321 m,
e0415. Fig. 19(a)-(d) confirm our expected result in
every figure, T wave start and end peak values are
clearly detected, and it exhibits better results in
comparison with existing methods for all types of
amplitude values and alternates. Right triangle
hypotenuse method for detecting T-waves provides
much clearer detection of T-waves.

From another study, the proposed method used the
ST segment to lead the ECG signal and classified it by
using cross correlation [26]. Though the method
achieved good accuracy while detecting the T-wave,
they classified the ECG signal by using cross
correlation. But in our process, we applied a cross-
correlation process for detecting T-wave’s up or
downslope and detected upper peak or lower peak
values accordingly. To determine the start end
probability point and T wave peal value, we applied the
right triangle hypotenuse system to find the actual T
wave start and end points. In this way, we found much
better detection of T-wave from the ECG signals. Our
proposed method has achieved 90.015% of accuracy
with having balanced with modern and updated
databases compared to the method explained in this
approach. Unlike those study methods, our approach
yielded a massive amount of data [25, 26]. Based on
this, we can guarantee that the output detection rate and
accuracy will be executed successfully and
satisfactorily using our process.

For finding accuracy of the proposed method we use
the formula for detection of confusion matrix accuracy

given below.
TP+TN

Accuracy = —————— (C))
TPATNAFPAFN
+
Error Rate = ———— (10)
TP+TN+FP+FN

Using formula (8) and (9) we get Tables 1 and 2. We
have used total 53 data samples where 18 from MIT-
BIH ST data which accuracy is 87.49% and the rest
from European ST-T change data samples which
accuracy is 92.54%. The overall accuracy of our
proposed algorithm is 90.015%. If we look through
these calculations, the optimized parameters computed
by the DE algorithm and the denoised ECG signal
using the EKS framework were used to develop the
new algorithm, which is an intelligent process of
searching and subtraction for detection of, off, and
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T mave Deteciion in ECO Signal 34

peak locations of P and T waves without using an
amplitude threshold. The usefulness of the suggested
approach has been verified using a real-time QT
database [29]. This way, an existing method is being
executed. A comparison based on our proposed method
and the existing method is described in Table 3.

¥ wave Detection i EOG sigwal

a)
: d)
Fig. 19 T wave detection in ECG signal
b)
Table 1 Databases

Data Name Length (minutes) Total Bit TP TN FP FN T wave Type
MIT-BIH ST Change Database
301 m 12 731 648 11 70 2 Up
302m 25 2116 1803 0 312 1 Up
303 m 15 1275 1156 3 113 3 Down
304m 15 795 676 32 75 12 Up
305m 15 795 637 78 68 12 Up
306 m 25 1575 1324 17 228 6 Down
307m 15 855 692 31 130 2 Up
308 m 5 275 240 10 23 2 Up
309m 25 2100 1876 5 218 1 Up
312m 25 1575 1377 3 195 0 Up
313m 25 1950 1826 1 123 0 Up
317m 25 2250 1855 11 383 1 Up
321m 25 1806 1686 2 118 0 Up
324 m 25 1286 1062 3 221 0 Up
325m 25 1842 1653 22 165 2 Up
326 m 25 1500 1335 15 146 4 Up
327m 25 930 897 8 25 0 Up
Total 377 25906 22403 262 3191 50
European ST-T database
€0103m 25 1560 1409 2 149 0 Up
e0106m 25 1440 1195 14 228 3 Up
€0108m 25 1350 1218 4 128 0 Up
€0110m 25 1470 1246 17 206 1 Up
e0111m 25 1350 990 6 354 0 Down
e0112m 25 1515 1038 9 468 0 Down
€0113m 25 1515 1314 6 195 0 Up
e0114m 25 900 809 21 65 5 Up
€0115m 25 2250 2182 0 68 0 Up
€0116m 25 1035 980 26 26 3 Up
€0118m 25 1622 1545 13 64 0 Up
€0119m 25 1485 1398 2 85 0 Up
€0121m 25 1830 1688 0 142 0 Up
€0206m 25 2280 2074 3 203 0 Up
€0207m 25 1320 1303 2 15 0 Up
€0208m 25 1905 1822 11 72 0 Up
€0210m 25 1395 1341 2 52 0 Up
e0211m 25 1680 1512 3 165 0 Up
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Continuation of Table 1

€0213m 25 1905 1786 3 116 0 Up
e0305m 25 1650 1503 12 134 1 Up
e0404m 25 1395 1257 9 129 0 Up
e0405m 25 1605 1473 4 128 0 Up
e0406m 25 1470 1338 21 109 2 Up
€0408m 25 1635 1508 2 125 0 Up
€0409m 25 1800 1725 0 75 0 Up
e0410m 25 1575 1507 0 68 0 Up
e0413m 25 1650 1540 4 106 0 Up
e0501m 25 1725 1707 5 13 0 Up
e0509m 25 1665 1647 0 18 0 Up
e0515m 25 2025 1957 0 68 0 Up
e0601m 25 1380 1358 0 22 0 Up
€0602m 25 2145 2057 22 65 1 Up
e0603m 25 1710 1487 27 194 2 Up
e0604m 25 1590 1489 32 65 4 Up
€0606m 25 1755 1672 3 80 0 Up
Total 875 56582 52075 285 4200 22

Table 2 Accuracy

Data Name Total Data Total Time (Min) Total Bit TP TN FP FN Accuracy (%)

MIT-BIH ST Change Database 18 377 25906 22403 262 3191 50 87.49

European ST-T database 35 875 56582 52075 285 4200 22 9254
Total 53 1252 82488 74478 547 7391 72  90.015

Table 3 Comparison and specialty of our proposed algorithm

Category Proposed Method Existing Method
Database (i) MIT-BIH ST Change Database (i) MIT Database [8]

(ii) European ST-T Database

(ii) QTDB, European ST-T,MIT-BIH ST Change Database [11]

(iii) QT-database [24]

Slope Detection (i) Detect Upslope with upper peak

(i) Lower and upper peak values detect only no upslope and

value downslope [11]

(ii) Detect Downslope with lower
peak value

(i) Evaluated on long duration data
minimum 5 min and 25 min

Duration

(ii) Detect only upslope and upper peak values [25]

(i) Processed around 10 to 15 min [21]
(ii) Processed from less than 30 sec data [25]

4. Conclusion

The T wave on the ECG signifies repolarization of
the ventricular myocardium. Its shape and length are
commonly used to diagnose illness and predict the risk
of severe ventricular arrhythmias. T-wave anomalies
have been investigated to determine whether they may
predict benefit from early coronary angiography in
people with non-ST-segment elevation acute coronary
syndromes. Although ST-segment changes are the most
important ECG feature, T-wave abnormalities are the
most common ECG finding. One of the malignant
diseases with the highest morbidity and mortality rates
worldwide  is  cardio-cerebrovascular  disease.
Electrocardiogram (ECG) has essential reference
relevance for the diagnostic and pathological
investigation of cardiovascular and cerebrovascular
disorders, according to medical research, which
demonstrate the diversity of causes that cause heart
blood cerebrovascular disease. While working on this
paper, we had to face certain limitations. The
limitations are described here. If there are numerous
amounts of noise while doing ECG, the T wave in the
ECG Signal Detect System may not be able to detect
all of the noise at a time and the output may be
improper. But using our approached Savitzky-Golay-

smoothing filtering, this problem can be overcome in a
very small amount. And if the length of the data
exceeds 1 hour or 1.5 hours, it can take a long time.
Despite all of these facts, we have proposed a
method in a way to detect T waves to measure patients’
disorder precisely and quickly. T wave start, end, and
peak values are detected using our suggested technique,
which includes the right triangle hypotenuse tangent
angle. The proposed algorithm's experimental findings
for various data sets show that it is more accurate and
precise in detecting cardiovascular illnesses, and its
clinical application will enrich the diagnosis of
cardiovascular diseases for a better treatment plan.
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