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Abstract

Background: The exact differences between the TU wave complex of ATS1 and that
of healthy individuals remain to be investigated. We sought to characterize the TU
wave complex of Andersen-Tawil syndrome type 1 (ATS1) using high frequency elec-
trocardiogram (ECG) data.

Methods: Electrocardiograms were recorded as time series data with a 2 kHz fre-
quency ECG amplifier in 13 patients with ATS1 (positive for KCNJ2 mutation, ATS1
group) and age-matched healthy individuals (control group). Conventional ECG pa-
rameters were measured, and principal component analysis (PCA) and independent
component analysis (ICA) were applied to the TU wave complex.

Results: Time from T peak (Tp) to U peak (Up), time from bottom (B) to Up, and time
from B to U end (BUe, U duration) (0.232 + 0.018 vs. 0.165 + 0.017, p < .0001), where
B is the lowest point between T and U waves, were all longer in the ATS1 group
than the control group. Multivariate logistic regression analysis revealed that BUe
could completely differentiate the two groups. PCA ratios in the ATS1 group were
significantly larger than the control group (26.5 + 12.3 vs. 10.4 £ 6.2, p = .0005). ICA
revealed 1 or 2 U-wave-specific independent components (ICs) that exclusively com-
prise the U wave in ATS1, whereas U waves in the control group were composed of
some ICs that also comprised T waves.

Conclusions: U-wave-related temporal parameters, particularly BUe, and the exist-
ence of U-wave-specific ICs, extracted in the ICA, are useful for differentiation of U

waves in ATS1 from those in healthy individuals.

KEYWORDS
Andersen-Tawil syndrome, electrocardiogram, independent component analysis,

repolarization, U wave

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Annals of Noninvasive Electrocardiology published by Wiley Periodicals, LLC

186 0f 194 |

wileyonlinelibrary.com/journal/anec

Ann Noninvasive Electrocardiol. 2020;25:€12721.


www.wileyonlinelibrary.com/journal/anec
mailto:﻿
https://orcid.org/0000-0002-6090-7531
http://creativecommons.org/licenses/by/4.0/
mailto:hhorigom@md.tsukuba.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fanec.12721&domain=pdf&date_stamp=2019-11-14

HORIGOME ET AL.

1 | INTRODUCTION

Andersen-Tawil syndrome (ATS), an autosomal-dominant or sporadic
disorder, is characterized by ventricular arrhythmias, periodic paral-
ysis, and dysmorphic facial and skeletal features, although patients
with ATS do not necessarily exhibit all these features (Kimura et al.,
2012; Plaster et al., 2001). ECG findings of ATS include large U waves,
a prolonged repolarization process, frequent premature ventricu-
lar contractions (PVCs), and polymorphic/bidirectional ventricular
tachycardia (PMVT/BiVT) (Haruna et al., 2007). However, ECG char-
acteristics may overlap with other primary electrical disorders, such
as catecholaminergic polymorphic ventricular tachycardia (CPVT) or
long QT syndrome (LQTS) (Barajas-Martinez et al., 2011; Tully et al.,
2015). Large U waves may also appear in healthy individuals at low
heart rates, although their duration and amplitude fluctuate depend-
ing on the status of autonomic nervous system (Magnano, Holleran,
Ramakrishnan, Reiffel, & Bloomfield, 2004), making it difficult to con-
firm the diagnosis of ATS based only on the abovementioned ECG
findings. Furthermore, the electrophysiological mechanisms under-
lying the appearance of the U waves have not been fully clarified.
Although ATS has been classified as LQTS type 7, it is the QU intervals
rather than QT intervals that are typically prolonged in ATS, leading
to some researchers to suggest that ATS should be excluded from the
LQTS list (Haruna et al., 2007; Zhang et al., 2005).

Mutations in the KCNJ2 gene, which encodes the alpha-subunit
of the potassium channel Kir2.1, are identified in about 60% of ATS
cases, which are classified as Andersen-Tawil syndrome type 1 (ATS1),
and approximately 30% of these are de novo mutations (Nguyen,
Pieper, & Wilders, 2013). The Kir2.1 channel functions at the last part
of repolarization, and the presence of myocardial cells with loss of
function of the channel might distort TU wave complex morphology.
However, the mechanisms explaining the formation of large U waves

via the mutated channels have not been fully elucidated.

TABLE 1 Clinical characteristics of patients with ATS1

Age KCNJ2 Ventricular

Case no. (years) Gender genotype arrhythmia

1 6 M R218W Bidir-VT

2 14 F R67Q PVC

3 17 F N190I Bidir-VT

4 19 M R218W PVC

5 24 F R218W pPvC

6 24 F R67W Bidir-VT

7 28 F R218W Bidir-VT

8 34 M R67W Bidir-VT

9 46 F N190I pPvC
10 52 F R67Q PVC
11 54 F R218W PVC
12 56 M R218Q Bidir-VT
13 69 M R67W -

WI LEY 187 of 194

Electrocardiographically, Zhang et al revealed characteristic TU
wave complex patterns observed in ATS1, including a prolonged ter-
minal portion of T-wave downslope, a wide T-U junction, biphasic
U waves, and enlarged U waves (Zhang et al., 2005). Subsequently,
Kukla, Biernacka, Baranchuk, Jastrzebski, and Jagodzinska (2014)
reported five additional electrocardiographic clues to the diagnosis
of ATS1. We hypothesized that the large U waves observed in ATS1
have different morphological and temporal characteristics from
those of healthy individuals due to abnormal channel currents, and
in this study used multivariate analysis applied to T-U wave areas of
digitized ECG to investigate whether they can be elucidated.

2 | METHODS

2.1 | Study population

We studied 13 patients (age 6-69, median 28 years; eight females)
with genetically confirmed ATS1 (positive for KCNJ2 gene mutation)
(ATS1 group) and 13 age-matched healthy individuals free from car-
diovascular diseases and medications with electrophysiological ef-
fects (control group). Clinical characteristics of the participants in
the ATS1 group, including facial dysmorphic features, short stature,
periodic paralysis, and ventricular arrhythmias, and mutation types of
KCNJ2 gene are presented in Table 1. Five of the 13 patients were tak-
ing antiarrhythmic drugs: two patients took flecainide, one flecainide
combined with beta-blocker, one mexiletine combined with beta-
blocker, and one verapamil (Table 1). Discontinuation of the drugs
during the study period was considered risky for these five patients
because their ventricular arrhythmias were incessant. The remaining
eight patients were not on antiarrhythmic drugs when the ECGs were
recorded.

The study protocol was approved by the Ethics Committee of
the University of Tsukuba Hospital (Tsukuba, Ibaraki, Japan), and

Short Periodic
Dysmorphism stature paralysis Medication
+ + + Verap
+ + - Carv, Mex
+ + - BB + Flec
i = i Flec
+ + + Flec
+ + + (once) -
+ - + -
+ + - -
+ + - -
+ + + -
+ - + -

Abbreviations: BB, beta-blocker; Bidir-VT, bidirectional ventricular tachycardia; Carv, carvedilol; Flec, flecainide; Mex, mexiletine; PVC, premature

ventricular contraction; Verap, verapamil.
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informed consent was obtained from each participant or from par-

ents if the participant was aged <15 years.

2.2 | Sampling of ECG Data

The methods of ECG data sampling are described in detail in our previ-
ous report (Horigome et al., 2011). Briefly, ECGs were recorded using
an ECG amplifier (Polymate AP 1532; TEAC) from 10 channels using 20
silver-chloride surface electrodes. The recorded data were digitized on-
line using an A/D converter (EC-2360; Elmec) at a sampling rate of 2 kHz.

2.3 | Measurement of temporal and amplitude
parameters of TU wave complex

For each participant, waveforms from the 10 channels exhibiting
large U waves (V2 or V3 lead) were selected for analysis. Temporal
parameters were measured on raw tracings, or those following first
and second-order differential, and obtained as corrected values
using the formula: divided by \/ﬁ Amplitude parameters included

T peak (mV) and U peak (mV). All these values were measured after
signals averaging 10 beats.

The parameters measured (shown in Figure 1) were: time from
Qonsetto T end/\/ﬁ (QTc) (s); time from Q onset to U end/\/ﬁ
, (QUC) (s); time from Q onset to T peak (QTp) (s); time from Q onset
to U peak (QUDp) (s); time from T end to U end (TeUe) (s); time from
T peak to U peak (TpUp) (s); time from bottom between T and U
(B) to U peak (BUp) (s); time from B to U end (BUe) (s) or U dura-
tion; T peak amplitude (Tp) (mV); U peak amplitude, (Up) (mV); U/T
amplitude ratio (U/T); where T and U ends are the points at which
tangents drawn to the steepest down slopes of each wave crossed
the isoelectric line (tangential method), and where bottom was the

lowest point between the bifid TU complex.

2.4 | Principal component analysis (PCA)

Principal component analysis (PCA) was applied to the TU complex
segment, from J-point to U end. The component with the largest

variance was extracted as an eigenvector, that perpendicular to the
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FIGURE 1 Diagram of typical ECGs. Raw tracing (upper panel), that after first (middle panel), and second-order differential (lower panel)
of ECG. Refer to the text for definitions of each parameter. All temporal parameters are corrected using v/ RR. T and U ends are the points at
which tangents drawn to the steepest down slopes of each wave cross the isoelectric line (tangential method). B (bottom) is the lowest point

between the bifid TU complex



HORIGOME ET AL.

eigenvector was extracted as the second component, that perpen-
dicular to the second component was extracted as the third compo-
nent, and so on. PCA ratio, a frequently used parameter in PCA, was
calculated as the ratio of the second component to the first compo-
nent of the eigenvector for TU wave complex.

2.5 | Independent component analysis (ICA) and
inverse ICA (i-ICA)

The methods used for and independent component analysis (ICA)
and inverse ICA (i-ICA) are described in detail in our previous report
(Horigome et al., 2013, 2011). Briefly, they involve the following four

main steps:

noise reduction by wavelet thresholding method;
radical ICA with additive random noise;
selection of the best model from the results of repeated ICAs; and

H> NP

estimation of origin of each IC on the observed surface ECG
(i-1CA).

In the present study, the number of ICs that comprise the TU complex

and the origins of the ICs that comprise the U wave were determined.

2.6 | Statistical analysis

Continuous variables are expressed as mean = SD, and Student's t
test was used for comparison. Multivariate logistic regression model
selection was then carried out in the bestglm package of the R pack-
age to find the best fit using Akaike's information criterion (AIC)
(McLeod & Xu, 2018). Logistic regression is a method for fitting a
regression curve, y = f(x), where y is a categorical variable (ATS1 = 0
or Normal = 1 in this study). This model was used to predict y given a
set of predictors (all explanatory variables were related to U wave in
this study). p values of <.05 were considered statistically significant.
A receiver operating characteristic (ROC) curve analysis was also
performed for each parameter, yielding both an estimate of the area
under the curve (AUC) and cutoff values that could be used for the

prediction of ATS1. Data were analyzed using R package.

3 | RESULTS

3.1 | Temporal parameters

Although QUc and QUp were longer in the ATS1 group than the con-
trol group, QTc and QTp were comparable between the two groups.
TeUe, TpUp, BUp, and BUe (U duration) were all significantly longer
in the ATS1 group than in the control group (Table 2). For multivari-
ate logistic regression analysis, the following 15 explanatory variables
were used: Tp, Tpy, Te, B, Up, Upy, Ue, Uey, UeTe, JTe, BUp, BUe, UpUe,
TpUp, and PCA ratio. Since the family is non-Gaussian, Morgan-Tatar
search was used for best subset selection. Best fit may be found using
the AIC.
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TABLE 2 Comparison of parameters between patients with
ATS1 and healthy individuals (control)

ATS1 (n=13) Control (n=13) p value

HR (bpm) 62.8+11.5 63.8+7.5 NS
QTc (s) 0.400+0.031 0.388+0.017 NS
QUc (s) 0.670 £ 0.033 0.599 +0.026 <.0001
QTp (s) 0.289 +0.018 0.301 +0.020 NS
QUp (s) 0.538 £ 0.025 0.497 +£0.023 .0002
TeUe (s) 0.269 +0.029 0.211 £ 0.023 <.0001
TpUp (s) 0.249 +0.019 0.196 +0.021 <.0001
BUp (s) 0.101 £ 0.013 0.063 £0.013 <.0001
BUe (s) 0.232+0.018 0.165 £ 0.017 <.0001
Up amplitude 0.166 + 0.063 0.062 +0.033 <.0001

(mV)
Tp amplitude 0.456 £ 0.261 0.767 +0.326 .0132

(mV)
U/T ratio 0.465 +0.387 0.0895 + 0.0557 <.0001
PCA ratio 26.5+12.3 104 +6.2 .0005
number of T-ICs 4(n=13) 4(n=13) NA
number of U-spe- 2(n=11),1 0(n=13) NA

cific ICs (hn=2)

Note: Refer to the text for abbreviations and definitions of each param-
eter. All temporal parameters are corrected by \/ﬁ

Abbreviations: ATS1, Andersen-Tawil syndrome type 1; HR, heart rate;
IC, independent component; NA, not applicable; NS, not significant;
PCA, principal component analysis.

y(BUe) = exp(35.89 + 37.89 x BUe)/(1 + exp(35.89 + 37.89 x BUe))
was adopted as the best model (AIC = 4). With this equation, ATS

and normal could be completely separated with no overlaps.

3.2 | Amplitude parameters

Although U peak amplitude was larger in ATS1 than the control group,
T peak amplitude was inversely larger in the control group than the
ATS1 group. These results made the U/T amplitude ratio much larger
in the ATS1 group than in the control group (Table 2).

3.3 | PCA

Principal component analysis ratio in the ATS1 group was signifi-
cantly larger than that in the control group (26.53 + 12.33% vs.
10.39 + 6.24%, p = .00054), indicating dyssynchronous repolariza-
tion process in ATS1 (Table 2).

34 | ICA

Independent component analysis revealed that the number of ICs
that compose the T wave was 4 in both the ATS1 group and the
control group. However, i-ICA showed that in the ATS1 group the
ICs comprising the U wave did not form any part of the T wave but

exclusively formed the U wave, whereas all U waves in the control
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FIGURE 2 Results of independent component analysis (ICA) and inverse ICA (i-ICA) in a patient with Andersen-Tawil syndrome type 1
(ATS1). The number of ICs was 10 because ECG data were obtained with 10 leads, and 6 of those constituted the TU wave complex. The 10
ICs were numbered in order of appearance not on the T wave but by the results of the ICA. In this patient with ATS1, the TU wave included
6 ICs. Two of the 6 ICs were added (IC4 + IC5) and are represented by red lines. The remaining 4 ICs were added and are represented

by blue lines. The results of i-ICA are also shown. The green waveforms represent the original ECG, and the red waveforms represent

the distribution of IC4 + IC5 on the original leads, making it possible to recognize the origin of IC4 + IC5 on the original ECG. IC4 + IC5
exclusively comprise the U wave without contribution to formation of the T wave, typically shown in leads V2-V3 and 4C9. In all 13 patients

with ATS1, 1 or 2 of this kind of U-wave-specific ICs were extracted

group were composed of some ICs for the T wave. The number of
U wave-specific ICs in ATS1 was 1 (n = 2) or 2 (n = 11), making the
number of ICs for TU wave complex 5 or 6 in ATS1 and 4 in controls.
Examples of i-ICA for a patient with ATS1 and a healthy individual

(control) are shown in Figures 2 and 3.

3.5 | ROC curve analysis

Area under the curve, sensitivity, specificity, and cutoff values

for each parameter are shown in Table 3. The AUC values of U-

wave-related parameters (QUc, TeUe, TpUp, BUp, BUe, and U
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FIGURE 3 Results of independent component analysis (ICA) and inverse ICA (i-ICA) in a healthy individual. The number of ICs was 10
because ECG data were obtained with 10 leads, and 4 of them constituted the normal TU wave complex. In all 13 healthy individuals (control
group), the TU wave included 4 ICs. Two of the 4 ICs were added (IC2 + IC7) and are represented by red lines. The results of i-ICA are also
shown. The green waveforms represent the original ECG, and the red waveforms represent the distribution of IC2 + IC7 on the original
leads, making it possible to recognize the origin of IC2 + IC7 on the original ECG. The U wave was composed of some of the ICs constituting
the T wave, typically shown in leads V3-V5. In all 13 healthy individuals of the control group, the U wave was formed by some of ICs for T
waves, and no U-wave-specific IC were extracted

amp) were >0.9 (indicating high accuracy). Particularly, the AUC

of BUe was 1.0, coincident with the result of our multivariate lo-

gistic regression analysis that BUe (U duration) could completely

differentiate U waves of the ATS1 group from those of the con-

trol group.

4 |

DISCUSSION

In the present study, we analyzed the TU wave complex on ECGs

recorded with a high frequency (2 kHz) sampling system in patients

with ATS1, and the results were compared with those of healthy
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TABLE 3 Results of ROC curve analysis

Parameter AUC Sensitivity  Specificity  Cutoff value
QTc 0.598  5/13 13/13 0.41(s)
QUc 0.941  12/13 11/13 0.62 (s)
QTp 0.314  2/13 11/13 0.32 (s)
QUp 0.882  11/13 12/13 0.53 (s)
TeUe 0.959  12/13 12/13 0.24 (s)
TpUp 0.976  12/13 12/13 0.27 (s)
BUe 1 13/13 13/13 0.21(s)
BUp 0.988  12/13 13/13 0.09 (s)
T amplitude 0.805 10/13 11/13 0.59 (s)
Uamplitude 0941  12/13 11/13 0.09 (s)
PCA ratio 0.875 10/13 11/13 17.5 (%)

Note: Refer to the text for abbreviations and definitions of each param-
eter. All temporal parameters are corrected using \/ﬁ

Abbreviations: AUC, area under curve; PCA, principal component
analysis.

individuals. Among the temporal parameters measured, QUc, QUp,
TeUe, TpUp, BUp, and BUe (U-wave duration) were longer in the
ATS1 group than in the control group, although QTc and QTp were
both comparable between the two groups. It is worth noting that
there were no overlaps in the values of BUe (U duration) between
the two groups, and multivariate logistic regression analysis revealed
that this parameter is the best model for prediction of U waves of
ATS1. As for amplitude parameters, U-wave amplitude was higher,
and T-wave amplitude was lower in the ATS1 group than in the con-
trol group, making the U/T ratio larger in ATS1. Similar results have
been previously reported. Zhang et al described characteristic ECG
phenotypes of ATS1, including prolonged terminal T downslope,
wide T-U junction, and biphasic and enlarged U waves. U-wave
duration and amplitude were significantly larger than those in ATS
patients without KCNJ2 mutation or healthy individuals, just as ob-
served in the present study. They also showed that not QTc but QUc
was increased in ATS1 compared with patients without KCNJ2 mu-
tation and healthy individuals (Zhang et al., 2005). Recently, Kukla
et al. (2014) reported five additional electrocardiographic clues to
the diagnosis of ATS1, two of which being related to large U waves.

Andersen-Tawil syndrome has been classified as long QT syn-
drome (LQTS) type 7 based on prolonged QT intervals due to
mutated ion channel protein, leading to ventricular arrhythmias
(Tristani-Firouzi et al., 2002). However, QTc and QTp in ATS1 were
both only slightly prolonged or comparable with the control group in
our study as it was in previous studies; whereas QUc and QUp were
both significantly longer in the ATS1 group than the control group
(Zhang et al., 2005). These results suggest that the typical repolar-
ization abnormality in ATS1 is not QT prolongation but rather QU
prolongation, and this syndrome should be annotated as ATS with
KCNJ2 mutation rather than being listed as LQTS type 7.

In the present study, we demonstrated, using ROC curve analy-
sis, that several U-wave-related parameters (QUc, TeUe, TpUp, BUp,
BUe, and U amp) were useful for prediction of U waves of ATS1 as

these had a high AUC values of >0.9. Their cutoff values are pre-
sented in Table 3.

We also tried to characterize the TU wave complex by multivar-
iate statistical methods, that is, PCA and ICA. In PCA, we used the
PCA ratio (the ratio of the second component to the first compo-
nent of the eigenvector) as a parameter for representation of dys-
synchrony in myocardial repolarization. PCA ratio has already been
shown to be a useful diagnostic tool for the diagnosis of myocardial
dyssynchrony in LQTS as the PCA ratio in LQTS is higher than that
in healthy individuals (31.6 + 21.3% vs. 16.8 + 8.5% in our previous
study) (Horigome et al., 2013; Priori et al., 1997). Okin et al demon-
strated that the PCA ratio of the T wave was useful for prediction of
cardiovascular mortality (Okin et al., 2002). PCA ratios in the ATS1
group in this study (26.5 + 12.3%) were significantly higher than
those in the control group; however, whether this is effective for
differentiation of ATS1 from the other types of LQTS remains to be
investigated.

Independent component analysis is a multivariate statistical
method that can be used to extract source signals from the observed
signals under the assumption that an observed signal is a linear mix-
ture of non-Gaussian source components, which are independent
of one another. In a previous study, we applied ICA to T waves on
digitized high frequency ECG data and showed that normal T waves
consist exclusively of four ICs, whereas those of LQT type 1 consist
of five or more ICs, including additional ICs (Horigome et al., 2011).
In the present study, the number of ICs that comprise T waves was
4 in healthy controls, the same number as in our previous study.
However, 1 or 2 additional ICs were extracted in all participants
with ATS1 when TU wave complex was analyzed using ICA. i-ICA
revealed that these additional ICs exclusively comprised U waves
without contributing to the formation of T waves on the original ECG
(Figure 2). U waves in control group included some ICs that were not
U-wave-specific but were mainly involved in formation of T waves
(Figure 3).

While the exact origin of the large U waves observed in ATS1
still remains unknown, one possible mechanism is related to intrin-
sic potential differences at the terminal points of action potentials,
resulting in spatial dispersion of repolarization in which some parts
of the ventricles, such as Purkinje fibers and papillary muscles, have
a longer repolarization process (Postema et al., 2009). We studied
patients with ATS1 (positive for KCNJ2 mutation), which is identified
in approximately 60% of genotype-proved ATS (Donaldson et al.,
2003). KCNJ2 encodes Kir2.1 channel, which plays a critical role in
maintaining the stable membrane potential through the inward rec-
tifier potassium current, IK1, and contributes to the terminal phase
of repolarization (Lopatin & Nichols, 2001). KCNJ2 mutation-induced
reduction of Ik1 could augment the U wave through several mecha-
nisms. As spatial dispersion of Kir2.1 is a possible mechanism of U-
wave formation in healthy individuals (Watanabe, 1975), existence
of mutated channels can further increase spatial heterogeneity of
the terminal phase of repolarization. Lengthening of action poten-
tial duration via pharmacological lk1 block was also demonstrated
in animal models. Morita et al, using a canine tissue model of ATS1
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created with cesium chloride (a suppressor of Ik1), demonstrated
that delayed late phase 3 repolarization of action potential and de-
layed after depolarization were both related to the appearance of
large U waves (Morita, Zipes, Morita, & Wu, 2007). This enhanced
heterogeneity could account for the appearance of U-wave-specific
ICs as extracted with ICA that reflects delayed repolarization area.
However, it should be noted that specific ion channels or confined
myocardial areas do not necessarily correspond individually to par-
ticular ICs. Also, if the U wave originates from delayed Purkinje fiber
or ventricular myocyte repolarization, it might appear as a prolonged
or notched T wave rather than as a separate deflection or a U-wave-
specific IC (Zhang et al., 2005).

5 | STUDY LIMITATIONS

Limitations of the present study include the small number of pa-
tients with ATS1, of whom some were receiving antiarrhythmic
agents during the study period, which might have affected the re-
sults. However, discontinuation of the drugs was considered risky
as they had constant ventricular arrhythmias, and we waited for ap-
pearance of sinus beats even short in duration. Such medication
has reportedly less effects on U waves (Miyamoto et al., 2015),
and actually large U waves were apparent in these cases. We also
compared the values of U-wave-related parameters, including QUc
and BUe, between ATS1 patients with medication and those with-
out and found no differences in the values (data are not shown in
Section 3).

6 | CONCLUSIONS

This study indicates that U waves in patients with ATS1 can be dif-
ferentiated from those in healthy individuals by several parameters
of the TU wave complex, especially U-wave-related temporal param-
eters. Furthermore, ICA extracted U-wave-specific ICs that exclu-
sively comprise U waves in ATS1 are also useful for the diagnosis of
the disease, although the mechanisms of independency of the ICs

from T wave remain to be clarified.
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