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Abstract

In drug-safety study, the measurements of QT intervals
require to have a level of precision to detect small drug-
induced prolongation (~ 5 msec). This paper discusses a
modified approach of [[-shaped FIR Filter to optimize the
quality of signal and improve the stability of QT/QTc
interval measurements.The proposed filter is designed to
have a time-dependent frequency characteristic based on
pre-defined fiducial points of the EKG. The radius of
regular [] -shaped FIR filter is modified to obtain
different frequency characteristics between QRS and the
repolarization interval. The evaluation of QTc stability
was based on the standard deviations of QTc interval
when measured from Holter ECG signals from 20 healthy
subjects filtered with the proposed five versions of the[] -
shaped FIR filter. The result shows that the standard
deviation of QTc interval with hybrid filter revealed an
averaged 50% increase of stability in comparison to
other filter, such as the regular [[-shaped FIR filter, and
the traditional FIR filters.

1. Introduction

The electrocardiogram (EKG) is a widely used clinical
tool in the assessment of drug cardiotoxicity linked to
cardiac ventricular repolarization. QT/QTc prolongation
is used as a surrogate marker of the risk for torsades de
pointes, and a dangerous polymorphic ventricular
arrhythmias associated with a prolongation of the
QT/QTc interval. The level of precision of the QT
measurement is very high and the use of automatic or
highly-automatic measurements is slowly adopted

validation effort such as the work published Handzel et al.

1 Among the factors that can affect the precision of the
QT interval measurements, the presence of noise
components coming from power line interference, body
movement (electromyograms), quality of skin-electrode
interface and other environment electrical sources have to
be considered. These external factors can pollute the EKG
signal and make interpretation and measurements of QT
interval more challenging (requiring human interaction).
The recording frequency content of the ECG signal in
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clinical settings is recommended to be between 0.05 Hz
and 150 Hz by the American National Standard
Diagnostic  Electrocardiographic ~ devices *).  This
frequency band does cover all bandwidth requirements
for the ECG interpretation by merging the frequency
fingerprints of all recorded complexes and waves of the
ECG surfaces. However, it has been described that these
waves have different frequency profiles. Therefore, a way
to improve noise-removal technique is to design a filter
with frequency characteristics depending on a-priori
information of the ECG.

This paper aims to optimize the quality of filtered
signal based on a filter with different frequency across
time and discusses a modified approach of [[-shaped FIR
Filter to optimize the quality of signal and improve the
stability of QT/QTc interval measurements. The proposed
filter is designed to have a time-dependent frequency
characteristic based on pre-defined fiducial points of the
EKG. The radius of regular [[-shaped FIR filter is
modified to obtain different frequency characteristics
within QRS and the repolarization interval. This hybrid
filter is compared to its simple forms (including 5
radiuses N=3, 5, 8, 10, 15). We compared the standard
deviation of QT/QTc interval between the hybrid filter
and the single-radius filters (radius N=5, 10, 15, 20).

2. Methods

2.1. ECG signals

The ECG dataset used for this paper is from
“Thorough QT Study # 2” of the Telemetric and Holter
ECG Warehouse P!, This study is a single-center, single-
dose, randomized, placebo-controlled study. Twenty
subjects are chosen randomly from the baseline for the
study. The data signals are Holter ECGs with a sample
frequency of 1000 Hz. We selected lead I signals from the
total 12-lead ECG and the randomly ECG epochs of five
minutes during daily activities from the 24-hour ECGs.
All files are from 20 subjects including 6 females (45+9
yrs) and 14 males (4010 yrs). The duration of the ECG
signal was 5 minutes and included in average 30,000£20
beats.
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2.2.  Signal-to-noise ratio (SNR) estimation

The SNR is defined as the ratio of the mean signal
value () to the standard deviation of the signal values (o),
that is, SNR = 20log (1 / o). We selected the SNR to
evaluate the performance of the candidate filters. We
define the SNR improvement to be the value of the
system output SNR (in dB) minus the input SNR (in dB).
The primary input to the system varies from relatively
noise-free (input SNR: 20 dB) to very noisy (input SNR:
5 dB) with 2.5 dB increment. Following this strategy, we
measured seven different levels of noises. Then, we
compared the SNR values of each candidate filter based
on the same signals.

2.3. []-shaped finite
(FIR) filter

impulse response

This []-F filter is a filter, with a given radius for
averaging around the center points. The filter was
implemented by Slonim et al. ¥, which is only one
addition, one subtraction and a single division for each
sample.
y@=1/N-[1/2-x{—N)+x({+N))+1/2-(x({-
N=-1))+xG+(N-D)))+--1/2-x{-1) +
x(i+ D) (1)

where N is the maximum radius for one specific point,
x and y are the input and output signal, respectively. The
bandwidth of the []-F filter is dependent on the number of
points defining the window. The proposed filter has
dynamic frequency range. The low-pass frequencies are
110Hz, 72Hz, 47Hz, 39Hz, and 26Hz for filter with
radius 3, 5, 8, 10, and 15, respectively.

24. QRS detection

To apply the filters described in Section 2.3, we need
the fiducial points (Q and J points) defining the ECG
sections associated with each filter designs. So, we
detected the R peak to apply the specific filter into each
part (P wave, T wave, QRS complex) for each cardiac
beat. We use the QRS detection algorithm developed by
Pan and Tompkins (1985). The method includes four
steps: 1) band-pass filter 2) the differentiator 3) squaring
and 4) time averaging .

This method was developed using MATLAB (Natick,
MA). The QRS detection algorithm was validated using
the annotation from the THEW database. The
corresponding assessment was done quantitatively from
the 20 subjects and described in the section 3.1. The RR
interval was measured and then compared to the one from
the annotation file available in the THEW database (these
were manually adjusted). We defined a difference less
than 10 ms between RR intervals to be acceptable, RR
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differences larger or equal to 10 msec were labeled wrong.
We reported an accuracy rate in percent computed as the
ratio between the number of right detection to the number
of beats.

2.5. QT/QTc measurements

The QT interval represents the recovery time of the
heart ventricles, which is a measure of duration (in msec)
between the start of the Q wave and the end of the T wave.
The Q point is identified as the onset of the QRS complex.
The end of the T-wave is determined by finding t. first,
which is the time at which the second half of T wave has
the maximum slope. The searching of t. starts at the apex
of T-wave (ta) and ends at t; or half the length of the T
wave when detection of t; failed. The t; is the point at
which the sign of the linear regression slope changes.
This is a modified version of the tangent method
described by Lepeschkin and Surawicz "®'. The heart
rate correction is based on the Fridericia’s formula '

QTe = iz We assessed the stability of the QT/QTe

interval by comparing the standard deviations of beat-to-
beat QTc interval durations across normal sinus beats
within the 5 minute-ECG epochs. The standard deviation
was measured for the five []-shaped FIR filters (described
in section 2.3).

3. Results
3.1. SNR evaluation and QRS detection
evaluation

For the SNR evaluation, it was observed that the SNR
curve in comparison to the regular averaging filter does
not increase much, especially in the case of N=3 and N=5
filters, which shows in the following figure that these two
curves are almost horizontal. The reason for this could be
that the noise-reduction of the system with the regular
averaging filter does not change much with the nature of
the primary input. Since each regular [][-F filter with
radius N=3, 5, 8, 10, 15 does not have a significantly
increase in the SNR improvement (show in the figure),
then we consider to try the combination of them to
achieve the better performance. Since filter with N=3
performs better noise-removing result in the QRS
complex section without any amplitude attenuation, and
one with radius N=15 achieves better filtering
performance in the P & T waves, then an comprised filter
is obtained by this combination of regular []-F filters. In
the case of SNR evaluation represented in figure 1 and in
comparison to the regular []-F filter, the system’s SNR
increases from 21 to 45 dB significantly as the input
signal becomes more and more heavily contaminated by
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the noise. The figure reveals that this
provides better reduction of noise effect.

hybrid filter

o —Ohybrid | o

) ——N=15

R = B i
- —4—=N=§ | <
§, 4w
il I
24" =
0

i

ﬂ'.r
;

'-|‘_ —— f i s i 4 4 ‘#
—F * * iy

Input R (¢B)

Figure 1. Description of SNR values after filtering for 7
different SNR inputs. The figure reveals the compared
performance of the hybrid filter.

Using the method mentioned in the section 2.3, the
accurate rate for R peak detection was 99.1+0.5 %,
therefore validating the reliability of our R peak detection
algorithm.

3.2. QT/QTc evaluation

The variability of QTc duration of filtered signal with
regular filter N=5, 10, 15, 20 was calculated by averaging
the standard deviation of QTc which was 10, 13, 10, 10
msec, respectively. These results corresponded to 42%,
76%, 37% and 45% decrease stability in reference to the
hybrid filter. Table 1 summarizes results.

Table 1. Standard deviation of QT and QTc (average
value).

Hybrid N=5 N=10 N=15 N=20
QT 5.7+2.1 73433  9.245.0 6.3+£23 6.4+£2.2
QTc 7.3+2.2 10.2+#3.2 12.6#4.8 9.842.7 10.4+3.0

Since the standard deviation reported in table 1 is its
average standard deviation across out study population,
the lower values show more stability of QT/QTc
measurement. The hybrid filter achieves the best stability
of QT/QTc interval.

3.3. QT variability and T wave amplitude

We investigated the influence of T wave amplitude on
the stability of QTc measurement. By plotting the relation
between the standard deviation of QTc and T wave
amplitude, which is represented in the figure 2, variability
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of QTc measurement was greater for low amplitude T
wave, and especially for those T waves with the
amplitude inferior to 0.25mV. The linear regression is
provided in figure 2. The slope of regression line is -1.0.
Also, 88% of the total variation of standard deviation of
QT interval (QT_std) is explained by the variation in T
wave amplitude. The P value is 1.0%¢”, representing a
highly significant correlation. The QT interval stability
was 3 times higher where T wave amplitude was inferior
to 0.25mV.

QT std (nas)

05 0

T wave amplitude {m\-j

Figure 2. Standard deviation of QT interval versus T
wave amplitude. The figure reveals strong dependency of
the stability to the amplitude of T wave.

4. Discussion

We propose the use of a modified version of the []-
shaped FIR filter to minimize the stability of the
measurements of the QT interval from the surface ECG
recordings. The strategy we propose rely on prior
knowledge of the location of the QRS onset and J point
for each cardiac beat of the ECG. Then, we use these
fiducial points to apply different filter configurations.
This strategy is not optimal in terms of computing
resources and computing time, yet it permits to increase
the stability of the QT interval measurement in
comparison with simple []-shaped FIR filter
configuration as described in reference ™. Our work
included the development of a QRS detector (accuracy =
99.1+0.5 %), evaluation of the hybrid filter performance
in terms of SNR, and an assessment of the QT/QTc
measurement stability (in comparison to five regular
averaging filters). Our results show that the hybrid filter
was associated with a larger reduction of noise effect and
more stability in measuring the QT/QTc interval.

Filter effects on QT measurement has been studied in
the past by several groups. McLaughlin ™ focused on the
influence of T wave amplitude on the accuracy of QT
measurement. Similarly to our approach, this group



implemented a filter to reduce myopotential and electrical
noises. In their study, a 2™ order low_pass Butterworth
recursive filter was used. By plotting the relation between
the standard deviation of QT and T wave amplitude, they
demonstrated that variability of QT measurement was
greater for low amplitude T wave, and especially so for
those T wave with an amplitude inferior to 0.25mV. Then,
they concluded that the amplitude of T wave is one of the
primary factors influencing the accuracy of QT
measurement. In their study, QT interval variability was
1.8 to 2.7 times higher in ECGs where the T wave
amplitude was inferior to 0.25mV, which compare to 3
times in our study based on the result from section 3.3.
Based on this evaluation, we confirm that the stability of
QT measurement is significantly lower when T wave
amplitude is below 0.25mV. Our work highlights that T
wave amplitude remains an important factor for QT
interval measurement stability. The effect of T wave
amplitude on QT stability should be considered
systematically in relation to T wave amplitude when
using a slope-based technique. Precisely, this method is
dependent on the overall morphology of the T wave
including the amplitude. Consequently, the use of another
technique may be required to reduce the effect of T wave
amplitude on QT measurement. One method such as the
one based on the amplitude threshold may perform better.

Another method by Chen ' for QT measurement used
Kalman filter (KF) to achieve smoothed ECG signals.
The difference between this method and ours is that Chen
et al. did not investigate the effect of T wave amplitude
on QT stability and thus such method cannot be compared
to previous reports. Future work will challenge the
hypothesis that Kalman filter is less dependent on T wave
amplitude for QT measurement stability.

5. Conclusion

We investigated the hybrid filter to increase stability of
QT measurement. The result shows that the standard
deviation of QTc interval with hybrid filter was
associated with 50% increased stability yet our method
still depends on T wave amplitude with a loss of stability
for low T wave amplitude.
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