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ABSTRACT

Background: Long QT syndrome (LQTS) is a genetic cardiac disease, where the corrected QT (QTc) interval is
prolonged. It can cause arrhythmias and lead to a sudden cardiac death. Duration of the QT interval depends on
the heart rate and this dependency is treated with QT correction. However, the current QT correction methods
have well known problems and limitations.

Objective: We study the relevance of QT correction method in evaluating the risk of LQTS. We evaluate the
reliability of the present and recently developed QT correction methods to discriminate LQTS subjects from
healthy controls.

Methods: We use the clinically prevalent QT correction methods, particularly Bazett and Fridericia, in comparison
with the recently developed AccuQT method. The data of healthy controls and LQTS subjects is extracted from
the Rochester THEW database. The analysis accounts for sex, major LQTS subtypes, and beta-blocker treatment.
Results: QT values corrected with AccuQT discriminate the healthy and LQTS samples with the best accuracy,
leading to (TP, TN) = (0.87, 0.65) with the conventional 450 ms threshold for LQTS. Fridericia correction yields
lower sensitivity (0.71), but comparable balanced accuracy, whereas Bazett shows significantly less accurate
results due to overcorrection at lower heart rates.

Conclusion: The selected QT correction method is important in the identification of LQTS. In particular, the use of
Bazett correction should be questioned. Fridericia correction yields good results with respect to its simplicity.
AccuQT has the best accuracy out of all the methods for LQTS discrimination. For practical applicability,
however, AccuQT needs further validation in realistic clinical conditions.

Introduction

lower the heart rate (HR) and modify the dispersion of the QT intervals
[3]. Potentially lethal ventricular arrhythmias due to LQTS can be also

The Long QT syndrome (LQTS) is a genetic cardiac disease of cardiac
repolarization that manifests clinically as QT prolongation on electro-
cardiogram and an increased risk of torsades de pointes potentially
leading to sudden cardiac death (SCD) [1]. The prolongation of the QT
interval can lead to chaotic heartbeats causing arrhythmias further
leading to palpitations and syncope, which can lead to SCD [1]. The
probability of SCD ranges from 2 % during childhood and 4 % during
adolescence up to 10 % during adulthood [1].

LQTS is affecting clinically around 1 in 3000-5000 people [1], and it
is divided in three main subtypes denoted as LQT1, LQT2 and LQT3,
respectively. [2] Furthermore, there are several minor subtypes ac-
counting for few percentages of the cases. LQTS is usually treated with
beta blockers (BB). The effect of the BBs is based on the fact, that they

treated efficiently with an ICD [4].

The main diagnostic criteria of LQTS are the prolonged QTc intervals
measured from the ECG, but several other factors are also considered
while diagnosing LQTS. Some carriers have normal QTc values in
baseline 12-lead ECG, which justifies the use of several other factors in
the diagnosis. To this day, LQTS is diagnosed with detailed diagnostic
criteria [5] consisting of three categories: ECG findings, clinical history
of cardiac events and family history. Usually, LQTS is also confirmed
with genetic testing. However, the current clinical criteria have been
criticized of poor sensitivity in identifying disease carriers [6]. Several
factors in the criteria can be also associated with other conditions, such
as epilepsy [7]. Therefore, a wrongly diagnosed LQTS can not only be
harmful in terms of misdiagnosed patients having unnecessary
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medication and fear of cardiac events and lifestyle restrictions, but also
there is a potential risk of other conditions being overlooked [7,8].

Even considering the full diagnostic criteria, the prolonged QTc in-
tervals still play a major role in rising a first suspicion of LQTS. Since the
QT intervals of the ECG are complexly dependent on the RR intervals
(RRI), the corrected QTc intervals are obtained with different QT
correction methods [9]. Several methods have been proposed, and
conventionally the most clinically significant formulae are those of
Bazett [10], Fridericia [11], Hodges [10] and Framingham [12]. How-
ever, the conventional formulae have received considerable criticism
due to their raw simplicity and lack of universality [13]. Subject-specific
individual QT correction methods have also been proposed, but they
require a considerable amount of RR and QT intervals to begin with to
draw physiologically reliable conclusions [9]. Furthermore, the con-
ventional methods have difficulties in capturing the complicated beat-
to-beat QT-RR dynamics comprehensively, and do not account for hys-
teresis [14] and the varying conditions of individual's autonomic state
[15].

In this work, we utilize AccuQT, a method presented by the current
authors, which calculates the corrected QT values with the means of
transfer entropy [16]. The aim of this work is to assess the classification
between ECGs obtained from healthy and LQTS individuals with
different QT correction methods. In our previous work with two large
datasets of healthy controls, AccuQT was demonstrated to yield superior
consistency in correcting the QT intervals compared to the conventional
methods.

Methods and data
QT correction

The Bazett and Fridericia QT corrections are defined as:

(i) Bazett = QT/vRR
(ii) Fridericia = QT/+v/RR

Here, the RR intervals correspond to those preceding the QT in-
tervals. The QT, QTc and RR values are expressed in milliseconds or
seconds.

AccuQT method utilizes transfer entropy (TE) [17] between the RR
and QT intervals [18], that is, the direction-dependent information flow
between these sets of time intervals. It has been shown that RR intervals
affect the QT intervals (not vice versa), and this effect extends into the
RR history; at least up to more than 10 RR intervals. The information
flow from RR to QT intervals can be quantified with transfer entropy as
follows: [18].

(iii)
p(QToT, RRY, )
p(oTjQr )

TErr-qr = ZP (QTn QTi(li)l 7RR§2)1 )lo&
i

where p(x) and p(x|y) are probability and conditional probability
density distributions, respectively. The numerator and denominator of
eq. (iii) are referred as transition probabilities, and the indices k and n
correspond to the preceding QT and RR values, respectively. Here, we
use the same parameters as in Ref. [16], that is, RR history (RRh) length
of RRh = 20 and QT history (QTh) length of QTh = 1. The details of the
calculation of the conditional probability density distributions are
explained in Refs. [16, 18].

To minimize the transfer entropy, we find the intersections of these
two conditional probability densities, where TEgg_.qr = 0. These in-
tersections are treated as candidates for the corrected QT value. To
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select the QTc value from the QTc candidates, we employ a selection
protocol for QTc, that is, selecting the QTc candidate that has the min-
imum distance to QTO corresponding to RR = 1000 ms according to a
second-order polynomial fit to the RR-QT point cloud. The selected QTc
candidate is considered as the corrected QT value.

Data

The study has been approved by the ethical committee of Pirkanmaa
Hospital District (R21067L). We use two datasets from Telemetric and
Holter ECG Warehouse (THEW) [19,20]: Healthy (E-HOL-03-0202-003)
and Congenital Long QT Syndrome (E-HOL-03-0480-013). They consist
of Holter recordings measured for several hours with 2 or 3 leads and
sampling rate of 200 Hz. The QT and RR intervals were extracted from
the raw ECG signal with an in-house algorithm (QRS detection speci-
ficity 99.5 % and sensitivity 99.6 % with 30 ms threshold for the MIT-
BIH Arrhythmia Database). The algorithm is based on finding the
approximate QRS complex locations with morphological derivative
differences [21] and refining the positions of R peaks from the roots of
Hilbert transform [22]. A more detailed description of the algorithm is
found in Ref. [23].

The healthy dataset contains 202 ECG recordings from as many in-
dividuals, and the LQTS database contains 480 recordings from 307
individuals. The LQTS set contains a considerable amount of young
people (mean age = 25 years, standard deviation (SD) = 18 years)
compared to the healthy set (mean age = 38 years, SD = 15 years). To
reduce any bias in the analysis arising from different demographics of
the compared datasets, we removed all the young subjects (age < 16
years) from both datasets. Two healthy samples were discarded because
of a BB medication. Furthermore, 9 LQTS samples were removed due to
missing metadata, and 5 healthy and 9 LQTS samples were removed due
to missing timestamps of the recordings.

Clinical QTc analysis is usually carried out in an appointment using
short ECG recordings instead of long-term Holter recordings. Therefore,
we utilize five-minute rest segments from the dataset to better corre-
spond to a clinical procedure. First, we excluded the night-time (00
h-08 h) data and determined a set of five-minute continuous segments,
where the mean HR was 50-90 BPM from the remaining data [24].
Then, we sorted the segments based on the mean HR and selected the
segment corresponding to the median of the mean HRs. As a result, we
had one representative five-minute rest segment for each healthy control
and LQTS sample.

The RR interval time series are often subject to noise [25]. The
following preprocessing procedure was used to remove outliers and
noise from the RR and QT interval time series of the segments: (i) local
median of 21 intervals was computed; (ii) the intervals exceeding 500
ms (250 ms) differences from the preceding RR (QT) interval were
removed; (iii) intervals outside 0.75-1.50 times the local median were
removed; (iv) the segments with a removal rate of >5 % were discarded.
If the initially selected segment was discarded, we moved to the closest
segment satisfying the criteria. If no segments of good quality were
found from a sample, the sample was discarded. In the analysis, we treat
all the intervals in the segments equally, since theoretically any of them
could be selected to be the representative interval of the segment based
on which the analysis is performed.

After preprocessing, we ended up with 185 healthy samples and 253
LQTS samples. From the LQTS database, 145 samples were of LQT1
subtype, 77 samples were LQT2 subtype, and 10 samples were LQT3
subtype. The basic information of the studied datasets is shown in
Table 1.

Classification
The conventional threshold for LQTS is QTc (Bazett) exceeding

440-450 ms for males and 460-470 ms for females [29]. Binary accu-
racy expresses how close a given set of measurements are to their true
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Table 1

Basic information of the datasets: The number of samples and the individuals of
the dataset N(individuals), the sex distribution as male/female, medication as
BB/other/none, age (years), RR interval (ms) and QT interval (ms) distributions
as mean =+ std.

N(ind.) Sex Medication  Age RR QT
intervals intervals
Healthy 185 94/ - 39 + 784 + 119 404 + 50
(185) 91 15
LQTS 253 95/ 101/9/183 36 + 834 + 149 468 + 72
(183) 158 14

value. We study the accuracy with the conventional formula of Accuracy
= (True Positive + True Negative) / (True Positive + True Negative + False
Positive + False Negative). For all methods, the classification is based
solely on the QTc value, where QTc > 450 ms corresponds to an LQTS
case. Even though the limit is often considered with Bazett, we extend
the limit to apply also for the other methods for a fair comparison. This
classification is done for all the intervals in the studied segments.

To measure how well different classes can be distinguished, we relied
on receiver operating characteristics (ROC) [26]. With ROC, the true
positive rate is plotted against the false positive rate using different
thresholds for simple binary classifier. The area under curve (AUC) of
the ROC curve corresponds intuitively to the probability of the classifier
correctly labeling two randomly chosen samples from both groups. The
resulting ROC-AUC score corresponds to the discrimination power of
different QTc methods.

Results

Fig. 1 shows the distributions of the QT(c) intervals extracted from
the LQTS database as described above. The results are grouped in the
three panels according to the LQTS subtype, BB medication and sex (Fig,
1 A-C). As the first observation, we find that the QTc distributions of
AccuQT have smaller deviations compared to those of raw QT, Bazett or
Fridericia. This is in line with the previous findings showing the stability
of AccuQT with varying HR [27]. Of the LQTS subtypes, LQT2 shows the
longest QT/QTc values, on average about 30 ms higher than those of
LQT1 regardless of the correction method. Moreover, LQT3 shows
slightly higher QT(c) values than LQT1.

As seen in the middle panel of Fig. 1, the QTc values are prolonged in
the group with BB medication. Even though the BB medication is used to
restrict the QTc prolongation in different conditions, the results might be
due to the fact that the population with BB medication has usually more
severe LQTS condition compared to the ones without medication, which

Il LQT1

3 LQT2 I LQT3

I LQTS no med.
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might be reflected in the results as more prolonged QTc distribution. In
raw QT, the difference is 46 ms on average, which is diminished in QT
correction down to about 20-40 ms depending on the method. We point
out that nine samples with other medications are discarded from this
analysis. Finally, in the right panel of Fig. 1 we found that the distri-
butions for males and females are very similar, but — as expected - fe-
males have slightly longer QT/QTc values with a difference of about 20
ms for all the correction methods.

Fig. 2 shows the density plots of QT and QTc intervals as a function of
RR intervals. In the first column, healthy dataset is presented and the
LQT1, LQT2 and LQT3 subtypes are presented in the next three columns.

Most of the density clouds show positive correlation with RR - an
effect that is expected to diminish in QT correction. However, it is
noteworthy that the figure contains all the intervals of all the samples,
whereas the subject-specific QTc may be less dependent on RR - an ef-
fect which was previously demonstrated for AccuQT [16].

For the healthy, only 13 % of AccuQT intervals are above the 450 ms
threshold as false positives, similarly to the raw QT values, whereas
Bazett and Fridericia yield 48 % and 28 %, respectively. However, Bazett
and Fridericia show high percentages of prolonged QTc intervals for all
the LQTS subtypes. For example, Bazett correction — which generally has
the highest QTc values of all the methods — yields 83 % and 91 % for
LQT1 and LQT2 values, respectively, above the threshold. The corre-
sponding proportions of AccuQT are 61 % and 82 %, respectively. To
evaluate the classification accuracy, it is important to consider a com-
bination of these performances, which is carried out in detail below.

Fig. 3 shows similar density plots for LQTS samples with and without
BB medication. The LQTS samples with BB medication yield higher
fractions of prolonged QTc intervals compared to the samples without
medication. For AccuQT, the samples without medication yield a rela-
tively low fraction of 53 %, whereas the samples with BB medication
yield 83 %. A similar pattern is observed for Bazett, Fridericia, and even
for raw QT intervals. This result underlines the importance to separate
the samples with BB medication from the ones without medication in the
analysis to diminish the bias caused by BB medication.

Fig. 4 shows the classification scores, in particular, the ROC-AUC and
accuracy values, between the intervals extracted from the healthy con-
trols and LQTS subtypes. AccuQT shows the best overall performance
with ROC-AUC scores above 0.8 for all the LQTS subtypes and 0.9 for
LQT2. AccuQT has the highest accuracies of all the correction methods
with values above 0.75 for all the subtypes. It is also noteworthy that
Bazett has worse performance compared to other methods, especially for
the accuracy. This is likely due to the tendency of the Bazett correction
to overcorrect the QT intervals of the healthy samples.

The results of a similar classification of the LQTS intervals with

3 LQTS BB Il Male [ Female
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Fig. 1. The QT(c) distributions for (A) LQTS subtypes (B) therapy (C) sex with QT, the conventional QT correction methods and AccuQT.
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Fig. 2. Density plots for the raw and QT corrected intervals of the Healthy, LQT1, LQT2 and LQT3 datasets as a function of RR intervals for all the compared
methods. The red line corresponds to the clinical healthy QTc limit of QTc = 450 ms and the percentages denote the fraction of the intervals below and above the
limit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

respect to the healthy with and without BB medication are shown in
Fig. 5. The ROC-AUC scores are higher for the LQTS BB group with every
QT correction method, whereas accuracy is increased in all the methods
except the Bazett correction. The classifier scores for AccuQT are the
highest for all the measures. In particular, the ROC-AUC score in the case
of BB medication in Fig. 5B is as high as 0.9 with accuracy of 0.85. Again,
the Bazett correction has the worst performance both with and without
BB medication.

To study the classification in more detail, the normalized confusion
matrices are shown in Fig. 6. Here, Bazett and Fridericia are effective in
finding the LQTS cases, but with a high proportion of false positives.
AccuQT, however, excels in distinguishing the healthy samples, but it is
left with a considerable number of false negatives. However, the overall
accuracy of AccuQT is the highest compared to the conventional
methods.

Discussion

In this work, we have assessed the role of QT correction in discrim-
inating LQT patients from healthy controls. The lack of universal QT
correction formulae calls for more advanced methods to accurately
evaluate the QTc intervals of the ECG. We have found that a newly
developed AccuQT method based on transfer entropy between RR and

QT intervals yields the best overall accuracy and classification power
compared to the conventional and clinically used QT correction methods
across several subsets of LQTS data. In particular, the sensitivity of
AccuQT is superior, but its specificity is slightly lower than for the
conventional methods. Bazett shows poor accuracy, which is in line with
previous findings [13,28]. Hence, clinical and educational use of Bazett's
formula can be questioned.

Even though the AccuQT method provides the best overall accuracy
and classification power, there are some practical limitations for the
method. AccuQT utilizes RR history in calculating the transfer entropy,
and the formation of the density probabilities of the method requires a
few dozen RR and QT intervals to get accurate results [16]. In addition,
it is still to be examined how AccuQT performs in situations with rapid
and significant changes in HR, beyond the studied regime of 50-90 BPM.
Also, the conventional QTc methods are usually used in this range and
the performance of the methods outside of the range must be studied
with care. Moreover, in the future the method should be extended to
account for hysteresis effects [14] that go well beyond the RR histories
considered here.

The effect of the BB medication on the QT interval dynamics has been
studied, but the causality of BB medication to QTc interval shortening
remains to be unconfirmed [29]. The subjects with BB medication are
expected to have more severe symptoms than the subjects without a
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this article.)

need for medication, which can explain the more prolonged QTc in-
tervals of the BB group in this set of data. Fig. 5 clearly demonstrates
that, with BB medication, the classification scores are consistently
higher for all methods. The analysis of samples without BB medication is
clinically the most fruitful, since the present BB medication implies a
previously discovered heart condition, including LQTS. The prevailing
BBs may also restrict the symptoms of a possible underlying LQTS. The
asymptomatic subjects without any medication are potentially in the
highest risk of developing symptoms from an undiscovered LQTS, and
therefore it is important to be able to distinguish them as efficiently as
possible to consider preventative therapy. The detailed role and effect of
medication in the QTc interval analysis need to be addressed future
works.

Furthermore, the clinical contexts of different LQTS subtypes are
considerably different. For example, the subjects with LQT1 subtype are
more likely to experience the symptoms during exercise or physical
activity, whereas the LQT2 and LQT3 patients are at highest risk during
rest or sudden arousal [30]. Therefore, it is important to keep in mind,
that the clinical resting conditions are possibly not suitable to discover
the QT prolongation for certain subjects in resting conditions, which
could explain the number of the false negatives presented by each
method and the raw QT values. Follow-up studies utilizing the 24 h-

recordings with different LQTS subtypes are therefore required to
improve the classification of different LQTS subtypes in their charac-
teristic clinical conditions.

Conclusion

In conclusion, the selection of a QT correction method is an impor-
tant factor in the assessment and discrimination of LQTS. The conven-
tionally applied Bazett correction performs poorly in the classification
and its use should be considered with care. On the other hand, Fridericia
correction yields good results in view of its simplicity. A novel QT
correction method AccuQT has the best accuracy out of all the methods
for LQTS discrimination. Thus, upon further validation we find potential
in the AccuQT method to be implemented in clinical procedures when
evaluating the LQTS via QT measurements. The more specific discrim-
ination of the different LQTS subtypes — including the effect of medi-
cation - is also an important topic for future studies.
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