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T Wave End Detection, Electrocardiogram (ECG).

T wave end detection is essential for electrocardiogram (ECG) processing and analysis. Several methods have
been proposed and tested, but an objective comparison is lacking. In this paper, four different (semi-)
automated methods are compared with the manually annotated T wave ends of the PhysioNet QT database.
The first method is a semi-automatic method, based on a template matching algorithm. The second method
uses the tangent of the steepest point of the descending limb of the T wave. The third and fourth method
perform amaximum areasearch of, respectively, atrapezium and the area under the curve. In order to evaluate
the accuracy and repeatability of the proposed algorithms, the mean and standard deviation (sd) of the
detection errors were computed. This was performed for leads | and Il separately, after selection of the best
annotated T wave end per beat and after selection of the best lead. We demonstrated that the trapezium method
is the least repeatable of all methods tested (sd=29.7ms), whilst the integral method scores best in terms of
accuracy (mean=2.2ms). These findings were strengthened by the analysis of the generated Bland-Altman

plots, where the smallest bias was observed for the integral method (-1.89ms).

1 INTRODUCTION

The QT interva is an indirect measurement of the
time of the depolarization and repolarization of the
ventricular cells. Prolongation of this interval is
associated with the occurrence of letha ventricular
arrhythmias in patients with the congenital long QT
syndrome (Schwartz and Wolf 1978)(Goldenberg et
al. 2008), in patients taking QT-prolonging non-
antiarrhythmic medication (De Ponti et a., 2002) and
even in the general population (Goldenberg et al.
2006). Therefore, accurate measurement of the QT
interval is of major importance.

Manual detection of the T wave end requires a
time consuming effort of the clinician. Unfortunately,
the great morphological variation in ECG signals
makes it hard to design an automated and widely
applicable agorithm (Manriquez and Zhang, 2007).
Whereas the QRS onset is easily detected, because of
its sharpness, it can be quite challenging to determine
the end of the T wave, since it gradually merges with
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the baseline (Couderc and Zareba, 2005).
Furthermore, the presence of U waves might cause
additional difficulties. Large U waves, fused with the
T wave, should be included in the measurement, in
contrast to small and/or separate U waves which
should not be included (Vohra, 2007). During
exercise, the problems with T wave end detection are
even more distinct, since at fast heart rates, the T
wave might fuse with the following P wave (Chauhan
et a. 2002). These facts make it difficult to
automatically detect the end of the T wave.

Despite all these challenges, severa agorithms
have been developed using different methodologies.
Since these different algorithms can differ in QT
interval measurement by 10 to 20ms it is important
that a correct detection method is selected (Panicker,
Karnad, Joshi, et a., 2009). This paper is the first to
compare four different (semi-)automated methods on
the same manually appointed T wave ends of the
PhysioNet QT database.
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The first method is a semi-automatic method,
based on a template matching algorithm in which the
user manually selects, hence the semi, the beginning
and the end of the QT interval on a template beat
(Berger et al., 1997). The second method determines
the end of the T wave using the tangent of the steepest
point of the descending limb of the T wave. The third
and fourth method perform a maximum area search
of, respectively, a trapezium (Véazquez-Seisdedos et
al., 2011) and the area under the curve (Qinghua
Zhang et al., 2006). In the following, we will briefly
summarize the four methods mentioned.

2 METHODS

2.1 Method 1: Semi-automatic (SEMI)
T Wave End Detection

The first step of this algorithm is the storage of all
beats, 0.35s before and 0.75s after each R pesk.
Hereof the trimmed mean is calculated, excluding the
upper and lower 10% percent of the data, to create a
template representing the average beat. In order to
calculate the QT interval, the distinct features of the
template have to be detected. The template’'s R peak
is known, since we segmented the signal based
hereon. Thetimelocation of the R pesk isdenoted T},
Hereafter, the user manually selects the beginning
and the end of the QT interval. This segment is
denoted ¢ (n), where n isthe sample number. Thus,

pn) =x(n) forn=mng:ny ()
where x(n) isthe ECG signal and n, and n, are
the manually selected beginning and end points of the
QT interval. Theduration of theinterval isN samples.
For the purpose of matching all other beats to the
template, only the region of the template from n =
T, + ny ton = n, is used, with n;, equal to 50ms.
Per beat, an error function ¢;(a) is defined:

g(@) = N2 KoM+ ) —x(Ti+apl* (2

where a is the time-stretching factor and T; isthe
R peak under investigation. The result is the sum of
squared differences between the template T wave and
the stretched or compressed T wave for beat i. A
progressive search in the interval [0.9 1.1] is
conducted in order to find the value of a that
minimizese;(a). Thebest value of a isdenoted @; and
the QT interval of the i™ beat is defined as

QT; = a;N ©)
with, as stated before, N equal to the duration of

the template QT interval. The i™ T wave end is
defined by the sum of the i QT interval and the
location of the according R peak, minus the length of
the template's QR interval. In summary, the
agorithm findsthe QT interva for each beat such that
the T wave shape best matches the template T wave
under the time-stretch model.

The working principle of this method is
demonstrated graphically in Figure 1. The top panel
presents the template beat. Here, the manually
selected beginning and end of the QT interval are
indicated. The region highlighted in bold is the
segment used to compute the error function. In the
next panel, several time-compressed versions of a
new beat’s T wave are superimposed on the template.
The area of difference between the template T wave
and the uncompressed T wave of the beat is then
calculated and the optimal value of a is determined.

QT Variability Algorithm

Template beat

Template QT

m’

New beat

Figure 1: Operator selects beginning and end points of the
QT interval from the template (top panel). For each of the
other beats in the epoch, multiple time-compressed or time-
stretched versions of the QT interval are generated (second
panel). These will be used for comparison with the template
QT interval to derive the optimal time-stretching factor a.

2.2 Method 2: Tangent Method (TAN)

The first step of this algorithm is again the
segmentation of all beats, 0.35s before and 0.75s after
each R peak. Every beat will be processed and
analysed separately. The second step is an additional
cleaning of each beat using a cubic Savitzky-Golay
filter in order to remove high frequency noise.
Afterwards, the isoelectric baseline of the beat is
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aligned with the zero line by subtracting the median
of the first 320ms of the studied beat.

In the third step, a search window is defined in
which the T wave peak is selected. The left bound is
set at 60ms after the R peak, in order to exclude the
QRS complex, but to include the whole T wave. The
right bound is set in the interval between the
suspected end of the T wave and the next R peak. In
this search window the derivative is calculated,
followed by a detection of al sign changes. This
operation results in the location of all pesks and
valleys in the selection window. Subsequently, the T
peak isdefined asthe peak or valley with the maximal
absolute amplitude in the selection window, but
located maximally 850ms from the start of the beat.

1.5

my
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Figure 2: Tangent Method. The red line represents the
tangent of the steepest point of the descending limb of the
T wave and the red dot representsthe T wave end.

Thefourth step is the selection of the T wave end.
First the steepest point of the descending or ascending
limb of the T wave is defined. Secondly, the tangent
through this point is calculated and the cross point
between this line and the zero baseline is searched.
Finally, since this cross point does not exactly align
with the T end, the point 20ms after the cross point is
selected to bethe T end. Theworking principle of this
method is demonstrated graphically in Figure 2.

2.3 Method 3: Trapezium’'sArea
(TRA) Method

The TRA method assumesthat T peaksare previously
detected, following the described steps. First, asearch
window is defined, which enclosesthewhole T wave.
Second, the search window is narrowed. The left and
right bound are replaced by the samples with the
maximal and minima slope in the search window.
Finaly, the first point with an absolute slope smaller
than 0.1 is selected and a maximum search of the
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absolute values around this point is conducted. The
maximal isreferred to asthe T peak.

This T wave end detection method is based on the
calculation of consecutive areas of a rectangular
trapezium defined by three fixed and one variable
vertex.

The first fixed point is located 100ms past the T
peak in order to ensure the inclusion of the T wave
end (x,, y,). The second fixed point is defined by
subtracting each value of asearch window in between
the T peak and the first fixed point. A maximum
search is performed and the steepest point of the
descending limb of the T wave is selected (x,,, Yim)-
The third fixed point is the cross point between a
vertical line through the first and a horizonta line
through the second fixed point (x,., y,,,). The variable
point starts at the second fixed point and follows the
graph, until it reaches the first fixed point (x;, y;).
This is demonstrated graphically in Figure 3. The T
wave end is defined as the point where the area A of
the trapezium is maximal. A is calculated by the
following formula:

A=05%m —yi) * (2x —x; —Xp) (4)

This means that the area 4 will be zero when the
variable point equals the second fixed point and
maximum when it islocated at the end of the T wave.

T peak

Positive T wave

Xr, Yr

Figure 3: Determination of the T wave end by the
computation of thearea A of several trapezes. T end denotes
the maximum area.

24 Method 4: Integration (INT)
Operation

Based on the R peak detection for each beat, an
interval, [k, k], is delimited so that the T wave end
isinside this interval, with no overlap with the other
wave forms. The proposed algorithm mainly consists
of the computation of an indicator A, which reaches
its maximal value when the T end is detected. It is
computed through an integration operation in a
sliding window, with the window size smaller than
the length of the whole T wave. 4, is computed by
the following formula:
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A = 2K 1S — 5k (5)

where w is the diding window size in discrete
time, s; isthesignal value at time point j and 5 isthe
mean value of the signal in asmall window around k.
For each instance k inside the earlier defined interval,
the value of A, is computed and the T wave end is
located at the value of k maximizing A.

3 EVALUATIONWITH
MANUALLY ANNOTATED ECG
SIGNALS

The performance of the presented algorithms is
evaluated on the PhysioNet QT database. We
compared the performance of the different detection
methods with the manually annotated T wave endsin
this database.

3.1 ThePhysioNet QT Database

The PhysioNet QT database has been designed to
serve asareference for the validation and comparison
of T wave end detecting algorithms (Laguna et al.
1997). It contains 105 records of 15min two-lead
ECG signas and a total of 3944 T wave end
annotations. The annotations were performed
manually by two expert cardiologists. 3542 T wave
ends were annotated by the first cardiologist and 402
were annotated by the second cardiologist, in 11
recordings. At least 30 beats per record were
annotated, except for 2 records in which no T wave
ends were annotated. The signals are sampled at
250Hz.

Since each detection method uses different types
of filtering, their performance could depend on the
characteristics of the filters. To homogenize this
dependence, the pre-processing was generalized. All
signalswerefiltered with azero-phase bandpassfilter
between 1 and 40Hz, to correct for baseline drift and
high frequency noise.

3.2 Performance Comparison

In order to evaluate the accuracy and repeatability of
the proposed algorithms, the mean and standard
deviation (sd) of the detection errors, that is the time
difference in ms, between the manualy and
automatically detected T wave ends, were computed
for the four different methodsin the two ECG leads.
The mean and standard deviation of the errors
were computed as follows. First, the four algorithms

were applied to each of the two leads of an ECG
record in the QT database. Each T wave end is
annotated once by the cardiologists and located twice
by the four agorithms, once per ECG lead. Second,
the detection error is computed. Each manually
annotated T wave end was compared with the
corresponding four automatically annotated T wave
ends. For each lead, the mean detection error and
standard deviation per algorithm was computed.
Finally, the overall mean and standard deviation for
al ECG records were computed.

In Table 1 the results of the validation of the four
proposed algorithms are presented. Inrow 1 and 2 the
overall mean and sd of lead | and 11 are presented. The
mean value expresses how close the algorithms are to
the manually annotated markers (accuracy), and the
sd value provides information about the stability
(repeatability) of the detection criteria The mean
values haveto beinterpreted with caution, since over-
and underestimation of the manually annotated T
wave ends cancel each other out. Thismight result in
alower overall mean value.

Table 1. Comparison of the overall mean and standard
deviation (sd) of the differences, in ms, between the
automatic and manually annotated T wave ends for al
methods in both |eads separately.

SEMI TAN TRA INT
Lead | mean d mean sd mean sd mean d

| -6.2 154 | -180 | 178 | 257 37.2 10.1 214

Il -2.1 15.9 -5.4 18.0 .7 36.1 14.9 29.1

The results of Table 1 show that, in terms of the
overal mean error and standard deviation, the TRA
method is outperformed by the other three algorithms,
when evaluated on the PhysioNet QT database.
Although obtained on the same database, this method
showed worse results, compared to the original paper
(Vézquez-Seisdedos et al., 2011). A first explanation
might be the exclusion of some beats in the origina
paper due to poor quality of T wave end detection.
Eliminating cardiac cycles of poor quality generally
improves the results. Therefore, evaluating the
detection errors without removing the bad cardiac
cycles puts the proposed algorithms in the least
favourable evaluation condition, which might explain
the difference. The second explanation is the choice
of lead. In this paper, the algorithm is applied on both
leads separately, whilst in the origina paper the a
posteriori best result among two computed positions
was chosen for error evaluation (best beat per record
(BB)). In clinical practice, the human operator could
choose the best lead for each patient individually
(best lead per record (BL)), but it isless reasonable to

95



BIOSIGNALS 2017 - 10th International Conference on Bio-inspired Systems and Signal Processing

switch leads per cardiac cycle (Zhang et a., 2005). In
order to take this difference in lead selection into
account, the BB and BL values were aso calculated.

The BB vaues were computed according to the
method adopted first in (Martinez et a., 2004) and
later in (Zhang et al. 2005; Vazquez-Seisdedos et al.,
2011). This method defines the T wave end per beat
by selecting the lead in which the detection error,
between the automatically and manually annotated T
wave end, is minimal. The BL method selects the
ECG lead which contains the most T wave ends,
appointed by the previously described method. If an
equal amount of T wave ends were appointed in both
leads, the first lead was selected. From the viewpoint
of a human operator, this is a more redlistic
procedure. The results of both methods can be found
in Table 2.

Table 2 Comparison of the overall mean and standard
deviation (sd) of the differences, in ms, between the
automatic and manually annotated T wave ends for all
methods with the supplementary BB and BL protocol.

SEMI TAN TRA INT

Lead | mean sd mean sd mean d mean d
BB -4.9 151 -8.0 163 | 11.8 | 29.7 2.2 20.0
BL -6.2 17.6 -7.6 190 | 143 | 375 3.9 22.9

When applying the BB protocol, it was observed
that the overall sd, obtained by each of the methods,
was lower compared to the sd obtained for lead | and
Il. This was expected, since the lead in which the
detection error is minimal was selected per beat. This
protocol is most in accordance with the annotation
method of the cardiologists, since they made their
annotation by examining both leads and based their
decision on the best lead (Martinez et a., 2004).

In clinical practice, the best lead can be selected
after the ECG recorder is set up. Hence, the BL results
are clinically the most relevant, concerning everyday
T wave end detection. We demonstrated that the TRA
method is the least repeatable of all methods tested
(sd=37.5ms), whilst the SEMI method is the most
repeatable one (sd=17.6ms). The integra method
scores best in terms of accuracy (mean=3.9ms).

It might be noted that the mean and sd calculation
was simplified. One value was computed per record
and the overall mean and sd were computed as the
average of these values. This method does not take
the number of annotated T wave ends in each record
into account. Therefore, we opted to generate Bland-
Altman plots. These alow a direct comparison
between all manua annotations and the T wave end
selections of the four algorithms. Only the BB values
were taken into account, since this protocol ismost in
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accordance with the annotation method of the
cardiologists. Based on the Bland-Altman plots of the
respective QT intervals, Q being manually annotated
by the cardiologists, an evaluation of the agreement
of the methods was performed. The results of the
evaluation are depicted in Figure 4.

The comparison of the TRA method shows the
largest limits of agreement (-109.10/87.27ms). These
results strengthen the previous findings. In
accordance, the best agreement was determined for
the SEMI method (-75.69/85.01ms), although the
agreement of the INT method was only dightly worse
(-84.48/80.70ms). The obtained biases are in the
range of the ones earlier reported (Panicker, Karnad,
Natekar, et al. 2009; Vazquez-Seisdedos et d ., 2011).

The results of the SEMI method could be
explained by the small influence of baseline wander
and U waves on the detection of the T wave end.
Because of their low amplitude, U waves have
significantly less influence on the sum of the squared
differences compared to the T waves. However, it
should be noted that the method is very operator
dependent. Thisis highlighted by the cluster forming
of the difference pointsin the Bland-Altman plot. All
QT intervals computed per record will be biased in
accordance to the difference in end point selection of
the template T wave end, compared to the manually
annotated T wave end. This results in a relatively
unaffected QT variability, but alters the QT lengths.
This operator dependency should be taken into
account when using this method in QT interval
analysis.

Besides the agreement intervals, the biggest
difference between the algorithms could be observed
for the cloud on the right. This cloud contains the
longest QT intervals, including biphasic T waves and
fusions with the U wave. Both the TAN and TRA
method were outperformed by the INT method for the
detection of the actual ends of these QT intervals.
Probably, thisisdueto thefact that the TAN and TRA
method rely on the detection of the T wave pesak,
making it harder to detect more complex biphasic T
wavesor fused T and U waves.
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Figure 4: Bland-Altman plots of the four T wave end
detection algorithms, compared to the manual annotated
beats. The dotted black line indicates the average bias, or
the average of the differences. The dotted red lines
represent the 95% limits of agreement.

3.3 Limitations

We annotated the T wave ends on the template beats
for the SEMI method ourselves. Better results could
have been obtained by annotation of the template by
a cardiologist. Also, the tangent and trapezium
method heavily rely on an accurate T peak detection.
This could not be fully guaranteed and might be an
additional cause for the large limits of agreement of
the TRA method. Finally, although the PhysioNet QT
database provides alarge database of annotated beats,
it should be noted that it is not known which lead was
annotated. In this paper the BB approach is further
investigated, but it should be noted that this approach
cannot be applied in aclinical setting.

4 CONCLUSIONS

This paper is the first to compare four different
(semi-)automated methods on the same manually
appointed T wave ends of the PhysioNet QT database.
We demonstrated that, in terms of overall mean error
and standard deviation, the TRA method is
outperformed by the other algorithms. The SEMI and
INT methods perform approximately equivalent, but
the SEMI method is very operator dependent.
Therefore, the INT method is the preferred method.
As presented, an important difference remains
between automatically and manually annotated T
wave ends. This is probably due to the previously
mentioned morphological variation, U wave fusion
and omnipresent noise, which also impede manual
annotation.
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