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Abstract

Background: Automatic measurement becomes a preference, and indeed a necessity, when analyzing 1000 s of ECGs in the
setting of either drug-inducing QT prolongation screening or genome-wide association studies of QT interval. The problem
is that individual manufacturers apply different computerized algorithms to measure QT interval. We conducted a
comparative study to assess the outcomes with different automated measurements of QT interval between ECG machine
manufacturers and validated the related heart rate correction methods.

Methods and Results: Herein, we directly compared these different commercial systems using 10,529 Fukuda Denshi ECGs
and 72,754 Nihon Kohden ECGs taken in healthy Japanese volunteers. Log-transformed data revealed an equal optimal
heart rate correction formula of QT interval for Fukuda Denshi and Nihon Kohden, in the form of QTc=QT/RR %%,
However, with the raw data, the optimal heart rate correction formula of QT interval was in the form of QTc=QT+0.156 x(1-
RR) for Fukuda Denshi and QTc=QT+0.152x%(1-RR) for Nihon Kohden. After optimization of heart rate correction of QT
interval by the linear regression model using either log-transformed data or raw data, QTc interval was ~10 ms longer in
Nihon Kohden ECGs than in those recorded on Fukuda Denshi machines. Indeed, regression analysis revealed that
differences in the ECG machine used had up to a two-fold larger impact on QT variation than gender difference. Such an
impact is likely to be of considerable importance when ECGs for a given individual are recorded on different machines in the
setting of multi-institutional joint research.

Conclusions: We recommend that ECG machines of the same manufacturer should be used to measure QT and RR intervals
in the setting of multi-institutional joint research. It is desirable to unify the computer algorithm for automatic QT and RR
measurements from an ECG.
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Introduction ingly important not only for clinical benefit, but also from the
pharmaceutical drug safety screening perspective.

It is well established that the rare Mendelian diseases of extreme
associated with an individual’s increased propensity to develop a QT duration, the long-QT syndromes [6] [7], are risk factors for
ventricular tachyarrhythmia called Torsades de Pointes and SCD [8]. However, recent population-based cohort studies
increased risk of sudden cardiac death (SCD) [1,2,3,4]. demonstrated that multiple common genctic variants that

All new drugs must .undergo a thorough Q.'T/ Qre (TQT) contribute to the repolarization affect the risk of SCD in the
study to detect drug-induced QT prolongation. Indeed, in general population [9] [10]. Although individual common variants
accordance with the GGP (good clinical practice) E14 guidance, would be expected to induce only modest increments in QT
development of scveral drugs that prolong QTc by >5 ms was interval (3-6 ms per locus) [10], these common variants could,
abandoned by the relevant companies [5]. Therefore, accurate individually and in aggregate, more markedly increase SCD
and consistent measurcment of the QT/QTc interval is increas- through influencing susceptibility to arrhythmogenic triggers such

Prolongation of the QT interval is an intermediate phenotype

PLOS ONE | www.plosone.org 1 September 2014 | Volume 9 | Issue 9 | 106947

— 234 —




>

H

PR

& 2y
] &

2 % 2 ¥
& =

154 21
- '™

W x 3

®X 3 L = A “* A =
QT log (@

% »

> 3

H «

H

5o &

< =
¥ @

5 - 3 .

[t o ox
o o4

s 3

w ¥ L

H H

PR A A S So s se s gz ex cw <
RR log {FRY

log (GT)

Manufacture-Related Difference of QTc Values

~outliers

log (QTe_ours_log)

52 4s ose %k

log (éR)

Figure 1. Analysis of resting Fukuda Denshi ECGs. (A) Histograms of QT, log-transformed QT, RR, and log-transformed RR intervals. (B) Scatter
plots of log QT versus log RR and log QTc_ours log versus log RR. (C) QT versus RR and QTc_ours raw versus RR. Units of all variables are ms.

doi:10.1371/journal.pone.0106947.g001

as myocardial ischemia, electrolyte disturbance, or QT-prolonging
medications [11]. In fact, a 10-ms increase in the observed QT
interval was associated with an increased risk of SCD (hazard
ratio, 1.19; 95% CI, 1.07 to 1.32; P =0.002) [12].

QT interval is inversely correlated with heart rate. Generally,
QT intervals are corrected for heart rate so that QTec is equal to
QT if the heart rate is 60 beats per minute, i.e., RR interval of 1 s.
Various formulac have been used to correct QT interval (QTc)
with respect to heart rate, and such correction can be done by the
linear regression model using cither raw data or log-transformed
data.

Measurement of QT intérval by surface electrocardiogram
(ECG) is performed cither manually or automatically. Manual
measurement, in which the end of T wave is determined as the
intersection between the tangent to the steepest down-slope of the
T wave and the isoelectric line, is made according to published
guidelines, but is time-consuming and contains inter-rcader
variability. For automated measurements, difficulties in delineating
the end of T wave arc encountered when either the ECG is
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polluted with noise or the T wave is flat, bifid, biphasic, or
overlapping on a U wave [13] [14]. However, automated QT
measurement technologies are evolving rapidly and their precision
has been increasingly demonstrated to be appropriate in various
studies [15]. Automatic measurements also show greater consis-
tency and are more suitable for processing a large volume of data.

In Japan, Nihon Kohden and Fukuda Denshi together provide
most of the ECG machines used clinically. However, each of these
manufacturers uses a different automatic computerized algorithm
to measure QT interval and different methods for heart rate
correction of QT interval, with Nihon Kohden adopting the
ECAPS12 formula [QTc (ECAPs12)=QT+1-RR)/7] and Fu-
kuda Denshi the Bazett formula [QTc (Bazzet)=QT/RR"?].
Surprisingly, the impact of such system differences on the clinical
results has been ignored. Thus, we conducted a comparative study
to assess the outcomes with different automated measurements of
QT interval between ECG machine manufacturers and validated
the related heart rate correction methods.
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Methods

Ethics statement

Since all the data used in this study were anonymous data, the
cthical committee of Fukuda Denshi and Nihon Kohden both had
a same judgment that there is no ethical problem to provide us
with anonymous data, IRB committee at Keio University said that
the submission of this study for the approval by IRB is not
necessary.

Evaluation of automatic QT and RR measurements in
adult resting ECGs by Fukuda Denshi and Nihon Kohden

The QT interval and RR interval in healthy Japancse were
measured  from  12-lcad digital ECGs based on automated
algorithms. Fukuda Denshi and Nihon Kohden provided anon-
ymous data sets. Nihon Kohden ECGs were taken at 2010 by
ECG-1450. Fukuda Denshi EGGs were taken at 1999 by FCP-
4000 serics (Algorithm to determine the T wave end is the same as
current ECGs.).

We evaluated resting ECGs recorded on a Fukuda Denshi
machine from 10,529 adult (220 years old) healthy subjects (8,651
males aged 46.1£9.2 years and 1,898 females aged 45.327.9
years) and resting ECGs recorded on a Nihon Kohden machine
from 72,754 adult (=20 years old) healthy subjects (42,673 males
aged 49.9+15.3 years and 30,081 females aged 53.6:216.5 years).
Histograms of QT', RR, log-transformed Q'T', and log-transformed
RR intervals demonstrated normal (Gaussian) distributions for
these variables (Figure 1A and Figure 2A), although the distribu-
tion of cach log-transformed variable was closer than the raw
variable to the normal distribution (Data St1).

Definition of outliers

Scatter plots of log QT versus log RR are shown in Figure 1B
and Figure 2B. Outlicrs were defined as the plots outside the
contour line that includes 99.9% of the integral of the probability
density function of the bivariate normal distribution defined by the
means, SDs, and the correlation coceflicient of the observed values
(log QT versus log RR or QI versus RR) (Figure 1B, 1C, 2B, 2C).
The contour line of a bivariate normal distribution is expressed by
an cllipse on a plane defined by two means, two SDs and a
correlation coeflicient. After the ourliers ourside of the cllipse were
excluded, the remaining data were used for the analysis.

Correction of QT by heart rate

Regression analysis was performed separately for the data from
two manufacturers, Nihon Koden and Fukuda Denshi for the
calculation of optimal heart rate correction formula. In one
analysis, we used the log-transformed RR value as an independent
variable and the log-transformed QT value as the dependent
variable, while in the other, we used raw RR interval as an
independent variable and raw QT wvalue as the dependent
variable. After performing the linear regression analysis, we used
the estimated coefficients for constructing the correction formula.
When both independent and dependent variables are in the raw
form, the formula used for the regression analysis was as follows.

OT =aRR+X +b,

where @ and b are coefficients to be estimated, and X denotes a
variable for the variation other than RR that affects QT. Units of
QT and RR are scc. Using the estimated cocfficients, the formula
for the calculation of QTc (ours_raw) was constructed as follows,
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OTc(ours.raw)= QT +a(l— RR)

where, @ is the estimated cocflicient.
Note that QYT'c {ours_raw) = X-+h+a, and this adjustment for the
intereept was made so that Q¢ (ours_raw) = QI" when RR = 1.
When both independent and dependent variables are in the log
form, the formula used for the regression analysis was as follows.

log QT =clog RR+ Y +d,

where ¢ and d are coclficients to be estimated, and Y denotes a
variable {or the variation other than log RR that affects Q1. Using
the estimated cocflicients, the formula for the calculation of log
QTc was constructed as follows,

log OTec(ours_log) = log QT —clog RR,

or

or

Te(ours.log) =
QTc(ours.log R

Note that log QT'c (ours_log) = Y+d, and this adjustment for the
intercept was made so that QY'T'c (ours_log) = QT when RR = 1.

We also validated other published heart correction formula as
comparison.

The formulas for the correction of QT by Fredericia, Bazzet,
Framingham and ECAPs12 methods were as follows.

QTc(Fredericia) = _QII_
RR3

T
QTc(Bazzet)= —Igl—ﬁ

QTc(Fra min gham) = QT +0.154(1 — RR) (16)

1—-RR
7

OTc(ECAPs12)= QT +

Note that, in all the correction methods, QTc=QT when
RR =1. We calculated those published QTc values using the data
from the two manufacturers, and tested for differences between the
manufacturers by Student t-test for cach gender for each published
method for QTec calculation.
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Figure 2. Analysis of resting Nihon Kohden ECGs. (A) Histograms of QT, log-transformed QT, RR, and log-transformed RR intervals. (B) Scatter
plots of log QT versus log RR and log QTc_ours log versus log RR. (C) QT versus RR and QTc_ours raw versus RR. Units of all variables are ms.

doi:10.1371/journal.pone.0106947.g002

Manufacturer-related effects on QT variation

The values obtained by cach correction method for QT were
compared between the two manufacturers for cach gender by
Student t-test.

Next, to examine whether the manufacturer-related differences
in automatic measurement of QT interval was independent of
other factors such as gender and age, we combined the data sets
from Fukuda Denshi and Nihon Kohden ECGs, and performed a
multivariate regression analysis. Thus, the combined data were
analyzed by the linear multivariate regression model shown by the
following formula

OT =aX +bGender+cAge+ Y,
where X denotes a manufacturer (0 or 1), Gender denotes a

gender (coded as 1 or 2), Age denotes an age in year and Y denotes
the residual variable. We tested whether a is equal to 0. Age was

PLOS ONE | www.plosone.org

expressed by year because relation between QT and age was
nearly linear in each gender as judged by the visual inspection.

Statistical analysis

All statistical analyses were performed using R environment
(version 2.15.0). Data arc presented as means = SD. A value of
P<0.05 was considered statistically significant.

Results

Optimal correction formula for QT interval

After the elimination of outliers, the remaining 8,595 male and
1,889 female adult resting Fukuda Denshi ECGs and the
remaining 42,398 male and 29,936 female adult resting Nihon
Kohden ECGs were subjected to QT interval analysis. In the
following formulas for the correction of QT by RR, the units of
QT and RR are sec.
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Regression analysis using the log-transformed RR value as an
independent variable and the log-transformed QT' value as the
dependent variable produced a regression cocflicient of 0.347
95% CI, 0.342 10 0.552, P<2.0x107"%, Resquared = 0.609) for
Fukuda Denshi ECGs, whereas 0.347 (95%CI, 0.345 10 0.349; P<
2.0x107'° Regquared = 0.612) for Nihon Kohden ECGs. There-
fore, an appropriate correction formula for both Fukuda Denshi
and Nihon Kohden would be in the form of Qe (our-
s_log) = Q’I"XRRNO‘:"?‘ When this correction was made, as
expected, the effect of heart rate on Q'T'c was negligible as shown
by scatter plots of log (QT'¢) (ours_log) versus log (RR) (Figure 1B
and I'igure 2B).

We next tested other published methods as to whether those
methods cfficiently remove the effects of RR. We performed the
lincar regression analysis by using log-transformed RR as an
independent variable and log-transformed Qe calculated ac-
cording to Fredericia or Bazzet method as the dependent variable.
Note that both Fredericia and Bazzet methods assume the linearity
between log-transtormed QT and RR. The effect of RR on Q'T'c
(Fredericia) remained as shown by the linear regression model
using log-transformed variables (B=0.0103; 95% CI, 0.00513 to
0.0155; P=954%10"" for Fukuda Denshi ECGs, B=0.0144;
95% CI, 0.0125 to 0.0164; P=2x10""" for Nihon Kohden
ECGs). If the cffect of RR is completely removed, the correlation
cocflicient  would be 0. The effect of RR on Q' (Bazett) was
large as shown by the lincar regression model using log-
transformed variables (B = —0.156; 95% CI, —0.151 to ~0.157;
P=2x10""% for Fukuda Denshi ECGs, B=—0.152; 95% CI,
~0.150 to —0.154; P=2x107"° for Nihon Kohden ECGs). The
regression cocllicient after correction by Bazett’s formula indicated
excessive correction of QT by RR in normal Japancse resting
ECGs, as previously reported [17].

We also performed a regression analysis using raw RR interval
as an independent variable and a raw QT valuc as the dependent
variable. Alter excluding the outliers, the remaining 8,578 male
and 1,885 female Fukuda Denshi ECGs and the remaining 42,309
male and 29,960 female Nihon Kohden ECGs were subjected to
analysis, which produced a regression coefficient of 0.156 (95%CI
0.15470.158, P<2.0x107'%, R-squared=0.608) for Fukuda
Denshi ECGs and 0.152 (95%CI, 0.151 to 0.153, P<
2.0x107'%, R-squared = 0.607) for Nihon Kohden ECGs. There-
fore, an appropriate correction formula is in the form of QTc
(ours_raw) = QT+0.156 x(1-RR) for Fukuda Denshi and QTc
(ours_raw) = QT+0.152 x(1-RR) for Nihon Kohden. When this
correction was made, as expected, the effect of heart rate on QTc
was negligible as shown by scatter plots of QTc (ours_raw) versus
RR (Figure 1C and 2C). This formula is relatively close to the
Framingham method, i.c., QTc¢=QT+0.154 x(1-RR).

Comparison of automatic QT measurements in adult
resting ECGs between Fukuda Denshi and Nihon Kohden
Table 1 summarizes our comparison data. The proportion of
outliers under the assumption of bivariate normal distribution of
log-transformed QT vs. log-transformed RR was larger in Nihon
Kohden ECGs than in Fukuda Denshi ECGs, especially in male
recordings (0.64% vs. 0.42% in males, P = 0.014, by Fisher’s exact
test; 0.48% vs. 0.47% in females, P = 1.00, by Fisher’s exact test).
The average uncorrected automatic QT interval was
378.6%25.7 ms in males and 388.1%26.2 ms in females for
Fukuda Denshi and 404.028.4 ms in males and 406.427.3 ms
in females for Nihon Kohden. Therefore, the average uncorrected
automatic QT interval was longer in Nihon Kohden ECGs than in
Fukuda Denshi ECGs (difference of mean; 25.4 ms in males and
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18.3 ms in females, P<<2.2x107'% for both males and females,
Stuclent t-test).

lincar regression model using the log-transformed  data, Qe
(ours_log) interval by Fukuda Denshi in males was 400.1216.8
ms, and in females was 407.2217.7 ms, while QTc (ours_log)
interval by Nihon Kohden in males became 412.9417.8 ms, and
in females beeame 4188+ 17.4 ms (P<2.2x107'° for both males
and females, Stucent t-test). After optimizing the heart rate
correction of QT interval by the lincar regression model using raw
data, Q¢ (ours_raw) interval by Fukuda Denshi in males was
400.515.9 ms, and in females was 407.3£16.8 ms, while Q'T'c
(ours_raw) interval by Nihon Kohden in males was 412.3+17.4
ms, and in females was 418,45 17.1 ms (difference between two
manufacturers, P<2.2x107'% for both males and females,
Student t-test). Thus, after optimizing for heart rate correction
of QT interval by the lincar regression model using cither log-
transformed data or raw data, the QTc (our method) interval was
~10 ms longer in Nihon Kohden than Fukuda Denshi ECGs.

The effect of ECG manufacturer on automatic
measurement of QT interval

To examine whether the manufacturer-related differences in
automatic measurcment of QT interval was independent of other
factors such as gender and age, we combined the data sets from
Fukuda Denshi and Nihon Kohden ECGs, and performed a
multivariate regression analysis using a log-transformed RR value,
gender, age and ECG manufacturer as independent variables, and
a log-transformed QT value as the dependent variable, as
described in the Methods. The analysis produced the following
regression coeflicients: 0.348 for log-transformed RR {95%CI,
0.346 to 0.349; P<2.0x107"%), —0.0123 for gender (malc)
(95%CI, ~0.0117 o —0.0129, P<2.0x10™'%, 0.000686 for age
(95%C1, 0.000667 to 0.000704, P<2.0x107'%), and, of notc,
0.0275 for ECG manufacturer (Nihon Kohden) (95%CI, 0.0266 to
0.0283, P<2.0x107'%. Assuming that the average QT interval is
400 ms, the inter-manufacturer difference in QT interval was 11.1
ms.

Similarly, a multivariate regression analysis using raw RR,
gender, age and ECG manufacturer as independent variables, and
a raw QT valuce as the dependent variable revealed a regression
coeflicient for RR of 0.153 (95%CI, 0.152 to 0.153, P<
2.0x107'%, —5.154 for gender (male) (95%CI, —4.917 to
=5.391, P<2.0x107'%), 0.276 for age (95%CI, 0.268 to 0.284,
P<2.0x107'%, and, of note, 10.610 for ECG manufacturers
(Nihon Kohden) (95%CI, 9.808 to 10.962, P<2.0x107'%),
resulting in an inter-manufacturer difference for QT of 10.6 ms.

Effect of the difference in ECG manufacturer on
automatic measurement of RR interval

The automatic RR interval by Fukuda Denshi was
859.7£132.8 ms in males and 876.5=123.3 ms in females, while
the automatic RR interval by Nihon Kohden was 947.6+151.2
ms in males and 922.6+133.4 ms in females. We verified the
causcs of inter-manufacturer differences in RR interval. A
multivariate regression analysis using age and ECGG manufacturer
as independent variables and an RR value as the dependent
variable revealed a regression coeflicient for ECG manufacturer
(Nihon Kohden) of 84.95 in males and 44.72 in females.
Surprisingly, RR interval was longer in Nihon Kohden ECGs
than in Fukuda Denshi ECGs, cven after adjustment for age.
Thus, RR interval was 9.43% longer in males and 4.97% longer in
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Table 1. Comparison of automatic QT measurements in adult resting ECGs between Fukuda Denshi and Nihon Kohden.

gender
number
age QT RR QTc (log) QTc¢ (raw)
study statistic . sfudy - statistic

Nihon Kohden

male 404.0x28.4

94761512 Ours
42,673
49.9%153
A E Fredericia
Bazett
female 406.4+27.3 9226+133.4 - Ours
30,081
536%165
Fredericia
_Bazett

Fukuda Denshi

male 3786+25.7 859.7+132.8 Qurs
8,631
46.1%9.2
Fredericia
Bazett
female 1388.1%26.2 87651233 . Ours
1,898 : : ;
453%79
Fredericia
Bazett

corrected coefficient: 0.347

-7 corrected coefficient: 0.347

corrected coefficient: 0.152

4129178 Ours 412.3+174
4125+17.8 Framingham 4122+174
417.2+20.8 ECAPs12 41162174
4188x174 - QOurs 418.4x17:1
418.3%17.5 Framingham 418.2+17.1
4248+196 ECAPs12 41742172

. corrected coefficient: 0.156
400.5+15.9

400.1+£16.8 Ours

3992177 ~ Framingham 4002159
410.3+20.0 ECAPs12 398.6+15.9
407.2+17.7 Ours . 4073+168
406.4+17.7 Framingham 407.0+16.9
416.1%19.7 ECAPs12 4056+17.0

Units of RR, QT and all corrected forms of QT in this table are ms.

for each gender were all P<2.2x107'® (Student t-test).
doi:10.1371/journal.pone.0106947.t001

females on Nihon Kohden ECGs than on Fukuda Denshi ECGs
(P<2.0x107'9),

Discussion

What we expect from automatic measurements of QT/QTc
interval varies with the times. The automatic approach has been
widely used to rule out high-risk patients for SCD in clinical
practice. However, as automatic QT measurcment technologics
have evolved with concomitant increases in precision, automatic
measurement becomes a preference, and indeed a necessity, when
analyzing 1000 s of ECGs in the sctting of either large,
multicenter, genome-wide association studics (GWAS) of QT
interval identifying common genetic variants among ethnic groups
or drug-inducing QT prolongation screening [15]. Automatic QT
measurement has advantages over manual measurcments from
tracings in such scttings in terms of reproducibility and time
reduction. According to our experience, errors often occur in
automatic measurements because the identification of the end of
the T wave is difficult in some cases. They were excluded as
outliers outside the contour line that includes 99.9% of the integral
of the probability density function of the bivariate normal
distribution (log QT vs. log RR or raw QT vs. raw RR).

We initiated the present study because the difference in QTc
between different manufacturers was big enough to disturb our
GWAS for ECG parameters even if it is too little to be noticed in
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The results of the tests of differences in QT, RR, QTc(ours_log), Fredericia, Bazett, QTc(ours_raw), Framingham and ECAPs12 between Nihon Koden and Fukuda Denshi

clinical situations. EC:G machines from Fukuda Denshi and Nihon
Kohden dominate the market of ECG in Japan; however, these
companies independently developed automated computer algo-
rithms for QT measurement. In addition, they apply different
methods for heart rate correction of QT interval, with Fukuda
Denshi machines using Bazett’s formula and Nihon Kohden using
the ECAPs12 formula. Despite such key differences, the validity of
QT correction formulac and the differences in absolute values of
QTc between Fukuda Denshi and Nihon Kohden recordings have
never been considered.

Using automatic measurements of QT and RR intervals from
10,529 Fukuda Denshi ECGs and 72,754 Nihon Kohden ECGs
recorded for healthy individuals, we found that corrected QTc
values calculated by either Bazett’s or ECAPs12 formulac had
residual heart rate dependence after correction. When we used
log-transformed data, the optimal heart rate correction formula of
QT interval was equivalent between Fukuda Denshi and Nihon
Kohden systems, and would be in the form of QTc (our
mcthod)ZQTXRR"O'S’”. However, when we used raw data,
the optimal heart rate correction formula of QT interval was in the
form of QTc (our method)=QT+0.156%(1-RR) for Fukuda
Denshi and QTc¢ (our method) = QT+0.152%(1-RR) for Nihon
Kohden. Since our study included the largest number of subjects
from the Japanese ancestry, we proposed our own correction
formulas for QT to adjust for RR.
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In addition, alier optimization of heart rate (HR) correction of
QT interval by the lincar regression model using cither log-
transformed data or raw data, QT'c (our method) interval was ~ 10
ms longer in Nihon Kohden ECGs than in those recorded on
Fukuda Denshi machines. Indeed, regression analysis revealed that
differences in the ECG machine used had up to a two-fold larger
impact on QT variation than gender difference. Such an impact is
likely to be of considerable importance when ECGs for a given

individual are recorded on different machines in the setting of

multi-institutional joint rescarch. For example, the effect of various
factors (gene, gender, age, drug ctc) on QT interval can never be
evaluated without the information about the ECGG manufacturer.

The explanation for this difference remains speculative but one
would emphasize that Fukuda Denshi and Nihon Kohden adopt
dilferent definitions for measurement of QT interval. TFukuda
Denshi adopts the average duration of QYT interval, in which QT
interval is defined as the mean of 12-lcad measurements, By
contrast, Nihon Kohden adopts the global duration of QT
interval, in which Q' interval is defined by the carlicst QRS onset
in onc lead and latest offsct of T-end in any other lead (wave onset
and offsct do not necessarily appear at the same time in all leads
because the activation of wave fronts propagates differently). Such
difference should yicld longer QT interval by Nihon Kohden ECG
machine than Fukuda Denshi EC:G machine.

Surprisingly, cven alter adjustment for age, the automatic
measurements of RR interval are 9.43% longer in males and
4.97% longer in females on Nihon Kohden ECGS than on those
recorded by Fukuda Denshi systems. So  far, we have no
explanation for such a big difference in RR interval, which
Fukuda Denshi calculates as the mean RR interval during
recording time, whercas Nihon Kohden calculates RR interval
by length of time between the first beat and the last beat during
recording time divided by number of beats —1. Neither
manufacturer excludes premature beats from automatic measure-
ments of RR interval.

In conclusion, inter-manufacturer difference of QT interval was
~10 ms even alter optimizing the heart rate correction of QT
interval. Based on these study results, we recommend that ECG
machines of the same manufacturer are used to measure QT and
RR intervals in the setting of multi-institutional joint rescarch. It is
desirable to unify the computer algorithm for automatic QT and
RR measurements from an ECG and optimize the heart rate
correction formula of QT interval. Otherwise, interchangeable
formula should be established.

Limitations
A motive of the present study was that we found clear
differences in average QT¢’s between different sampling sites for
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3,000 healthy individuals, Although they were clustered into two
different groups, we were able to identify neither the manufactur-
cers nor the correetion formula for (YT'c in cach sampling site. In
contrast, the manufacturers and corrcction formula but not
phenotypes are clear in the present data set with about 80,000
subjects. Therefore, a limitation of this study is that the two
different data scts are quite different in nature since the former is
from healthy individuals while phenotypes of the latter are
unknown, the manufacturer data are obtained from the latter
but not from the former and the correction formula are obtained
from the latter but not from the former.

There are, in general, two different approaches in medicine, i.c.
one by the analysis of a small number of individuals in detail and
the other by analyzing big data from multiple individuals using
statistics. Both of the approaches are important because each of
them has drawbacks and both of the approaches compensate for
the drawbacks of cach other. Our present study employed the
latter approach.

"T'his is a retrospective study. Since we were not able to collect all
covariates including BMI, some factors not included in our
analysis may have been important confounding factors. So far, we
have no explanation for a difference in RR interval between ECG
machine manufacturers. We could not exclude the confounding
variables that influence autonomic nervous system activity.

To the best of our knowledge, this is the first work to assess the
outcomes with different automated measurements of QT interval
between ECG machine manufacturers. The next step is to obtain
ECG data from many individuals for cach of whom the machines
from the two manufacturers arc used at the same time.
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Data S1 The log-transformed QT and RR assumed a
closer to normal distribution than the raw variables.
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Alms Ryanodine receptor gene (RYR2) mutations are well known to cause catecholaminergic polymorphic ventricular tachy-
cardia (CPVT). Recently, RYRZ exon 3 deletion has been identified in patients with dilated cardiomyopathy (DCM) and/or
CPVT. This study aimed to screen for the RYR2 exon 3 deletion in CPVT probands, characterize its clinical pathology, and
confirm the genomic rearrangement.

Our cohort consisted of 24 CPVT probands. Polymerase chain reaction (PCR)-based conventional genetic analysis did
not identify any mutations in coding exons of RYRZ in these probands. They were screened using multiplex ligation-de-
pendent probe amplification (MLPA). In probands identified with RYR2 exon 3 deletion, the precise location of the de-
letion was identified by quantitative PCR and direct sequencing methods. We identified two CPVT probands from
unrelated families who harboured a large deletion including exon 3. The probands were 9- and 17-year-old girls. Both
probands had a history of syncope related to emotional stress or exercise, exhibited bradycardia, and were diagnosed
with left ventricular non-compaction (LVNC). We examined 10 family members and identified six more RYR2 exon 3
deletion carriers. In total, there were eight carriers, of which seven were diagnosed with LVNC (87.5%). Two carriers
under the age of 4 years remained asymptomatic, although they were diagnosed with LVNC. Using quantitative PCR
and direct sequencing, we confirmed that the deletions were 1.1 and 37.7 kb in length.

and results

Conclusion RYR2 exon 3 deletion is frequently associated with LVNC. Therefore, detection of the deletion offers a new modality for
predicting the prognosis of patients with LVNC with ventricular/atrial arrhythmias, particularly in children.

Keywords RYR2 exon 3 deletion e Catecholaminergic polymorphic ventricular tachycardia e Left ventricular non-compaction
e Bradycardia e Genetic screening e Multiplex ligation-dependent probe amplification

I ntrod ucti@n ventriculartachyarrhythmias and sudden cardiac death in structurally

Cardiac ryanodine receptor (RyR2) is an essential Ca*" release
channel of the sarcoplasmic reticulum (SR) and plays a central role
in excitation—contraction coupling in cardiomyocytes.” Abnormal
Ca®* leak from SR due to RyR2 dysfunction generates delayed after-
depolarization (DAD) and causes catecholaminergic polymorphic
ventricular tachycardia (CPVT).? Catecholaminergic polymorphic
ventricular tachycardia is characterized by exercise-induced

normal hearts.

In 2007, Bhuiyan et al.* reported two families who carrieda 1.1 kb
deletion of ryanodine receptor gene (RYR2) including exon 3. The
carriers displayed sinoatrial and atrioventricular node dysfunction,
atrial fibrillation, and atrial standstill, in addition to exercise-related
ventricular arrhythmias. Some affected members also displayed left
ventricular dysfunction and were diagnosed with dilated cardiomy-
opathy (DCM). Other CPVT families were subsequently identified

* Corresponding author. Tel: 481 77 548 2213; fax: +81 77 543 5839, E-mail: horie@belle.shiga-med.ac.jp
Published on behalf of the European Society of Cardiology. Al rights reserved. © The Author 2014. For permissions please email: journals.permissions@oup.com.
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What's new?

e Ryanodine receptor gene (RYR2) exon 3 deletion was sus-
pected as a genetic cause of left ventricular non-compaction.

e |eft ventricular non-compaction associated with RYR2 exon 3
deletion was related with catecholaminergic polymorphic
ventricular tachycardia and/or bradycardia.

e The deletion range varied among each family. To confirm the
deletion and to characterize the precise location of the
genomic deletion, we performed quantitative polymerase
chain reaction (PCR), long-range PCR, and direct sequencing.

as carryinga 1.1 or 3.6 kb deletion including exon 3>*Inone patient
with 1.1 kb deletion, increased trabeculation of the left ventricle was
observed, suggesting the presence of non-compaction cardiomyop-
athy [left ventricular non-compaction (LYNC)].” Left ventricutar
non-compaction is a form of cardiomyopathy characterized by a
pattern of prominent trabecular meshwork and is thought to be
caused by an arrest of normal endomyocardial morphogenesis.”
Although LVNC is primarily classified as a cardiomyopathy, its
genetic background is not yet fully elucidated.®

In the present study, we screened for RYR2 exon 3 deletion in 24
probands diagnosed with CPVT and identified two carriers with
the deletion. In addition to exercise-induced ventricular tachycardia
and bradycardia, echocardiography identified the presence of LVYNC
in both probands. Here, we performed detailed clinical and genetic
analyses on the probands and their family members who carried
RYR2 exon 3 deletion.

Methods

Study population

The study cohort consisted of 24 CPVT probands (13 females), who were
referred to two institutes in Japan, Shiga University of Medical Science and
Kyoto University Graduate School of Medicine, for genetic evaluation.
Their mean age at registration was 15.0 + 2.2 years. In addition to

Table | Primer design for long-range PCR and qPCR

CPVT probands, we included five probands with LVNC identified by
echocardiography—four of them were diagnosed with DCM (one
female) and one female was diagnosed with sick sinus syndrome (SSS).
The mean age of the five probands with DCM and SSS was 47.4 + 10.5
years. All subjects submitted written informed consent in accordance
with the guidelines approved by each institutional review board. They
were evaluated according to medical history, physical examination, stand-
ard 12-lead electrocardiography (ECG), exercise stress test, ambulatory
24 h ECG (Holter) monitoring, and echocardiography. Left ventricular
non-compaction was diagnosed according to previously proposed echo-
cardiographic criteria:” (i) the absence of coexisting cardiac abnormal-
ities, (i) the presence of a two-layer structure, including a compacted
thin epicardial band and a much thicker non-compacted endocardial
layer of trabecular meshwork with deep endomyocardial spaces, a
maximal end systolic ratio of non-compacted to compacted layers of
>2, and (iii) colour Doppler evidence of deep perfused intertrabecular
recesses.

Genetic analysis

Catecholaminergic polymorphic ventricular tachycardia probands were
found to be negative for mutations in all coding exons of RYR2, CASQ2,
KCNJ2, KCNQ1, and SCN5A, as verified by polymerase chain reaction
(PCR)-based direct sequencing. cDNA sequence of RYR2 was identified
on the basis of GenBank reference sequence NM 001035.2. To identify
RYR2 exon 3 deletion, we performed multiplex ligation-dependent
probe amplification (MLPA) analysis. The probes for MLPA analysis of
RYRZ exons 3 and 97 (SALSA MLPA Kit P168) were purchased from
MRC Holland. Because the MLPA Kit P168 consists of ARVC/
D-related genes, only RYR2 exons 3 and 97 were included. Multiplex
ligation-dependent probe amplification was performed according to
the manufacturer’s instructions. To confirm the precise location of the
deletion, long-range PCR was performed using Tks G flex polymerase
(Takara Bio) for reactions using previously reported primer pairs® or
KOD FX neo (TOYOBO) for newly designed primer pairs (Table 1).
Conventional direct sequencing was performed using ABl PRISM-3130
sequencer (Applied Biosystems).

Quantitative polymerase chain reaction
analysis for detecting deletion range

Quantitative PCR (qPCR) primers (Table 1) for Universal Probe Library
system (Roche Diagnostic GmbH) were designed with the Universal

Primer set Probe number Primer
#;&;rd
Long PCR1 - 5'-agctgctgagtagcagaaccag-3'

intron 1 10
intron 2-1 24
intron 2-2 20
exon 3 67
intron 3 58
exon 4 -

intron 4 86
KCNE1 78
Long PCR2 -

5'-ttcactggaaatcagtgagea-3’
5'-cgaggtatcatttcacagattgg-3'
5'-tcttgctggecteatgaata-3/
5'-tgatgctgctgactgetett-3”
5'-gcecacagaagetttcagat-3’
5'-tgtggtgcaaggaccaaat-3’
5'-caaaaaccttgactgtttaatctcaa-3’
5'-gcatcatgctgagctacatee-3'
5'-agctgctgagtagcagaaccag-3’

5’-gctactcaccaccacagact-3’
5'-caggcaaagcccaatattttt-3
5’-gccaaagtgcttatacegtea-3’
5'-ttgggtctgcactgetttta-3
5'-ggtgttagccageatctect-3/
5'-ttctecttetegttgectgt-3
5'-attagaggcgagagcaagea-3’
5’-caacatagtgagactccatctatacca-3’
5'-agacgttgaatgggtcgttc-3’
5'-tagaggcgagagcaagcatgeac-3’
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Family 1 lll-4

Relative copy
number

Relative copy
number

RYR2

exon3 deletion
DM
@ Not examined

&~ Proband

Figure I Multiplex ligation-dependent probe amplification analysis and family trees. (A) Multiplex ligation-dependent probe amplification analysis
ofthe probands. Both graphs show the decrease in ryanodine receptor gene (RYR2) exon 3 (arrows). (B, C) Family trees of the RYRZ exon 3 deletion

carriers.

Table 2 Clinical summary of carriers with RYR2 exon 3 deletion

Family Patient Age Syncope HR
1 | 4 80 - 70 (PM)
I 2 52 - 75 (AF)
n 2 25 + 44
4 17 + 54
v 1 3 - 83
2 1 - 78
2 | 2 38 + 52
I 1 9 + 54

LVNC CPVT Other Medication Device
+ SSS - PM

- - AF Verapamil -

+ + SSS BB ICD

+ + SSS BB ICD

+ . — - -

+ — — — -

+ -+ - = -

-+ + CAVB BB PM

AF, atrial fibrillation; Age, age at clinical evaluation; BB, B-blocker; CAVB, complete atrioventricular block; CPVT, catecholaminergic polymorphic ventricular tachycardia; ICD,
implantable cardioverter-defibrillator; LVNC, left ventricular non-compaction; Other, other clinical diagnosis; PM, pacemaker; SSS, sick sinus syndrome; -+, positive; —, negative

or none.

Probe Library Assay Design Center (https:/www.roche-applied-science.
com/). We performed relative quantitation using the Light Cycler probe
master mix (Roche). With the exception of the exon 3 primer setting, we
introduced the human G6PD gene assay (Roche) labelled with LC yellow
555 as the reference and performed dual-colour analysis. For quantifica-
tion of exon 3, we used the reference probe—primer set designed for
KCNET located on chromosome 21 and performed monocolour analysis.
Forexon4, weusedthe SYBR green method because we could not design
the probe set for the exon (Table 7). All gPCRs were performed using
LightCycler 480 instrument (Roche Diagnostic GmbH), and the data
were analysed using AACy method.

Results

Multiplex ligation-dependent probe
amplification analysis

No mutations were detected in any exons of RYR2 of 24 CPVT pro-
bands using conventional PCR methods. We next performed MLPA
analysis to identify the RYR2 exon 3 deletion and identified two pro-
bands with the deletion. Figure 7A (indicated as arrows) shows the
results of MLPA analysis in the two probands. The ratio of copy
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Figura 2 Clinical characteristics of Family 1. Twelve-lead ECG at
rest (A) and multifocal PVCs recorded in the exercise stress test of
proband lll-4 (B). Atrioventricular dissociation was intermittently
detected in ECG at rest. (C) Apical four chamber view showed a
thick non-compaction layer and an increased trabeculation in the
proband (lli-4). (D) Colour Doppler echocardiogram of IlI-2
showing the intertrabecular recesses filled with blood from the
left ventricular cavity. Scale bars indicate 1 mV and 400 ms.

number for RYR2 exon 3 was half compared with that of controls,
suggesting that these probands carried a deletion in exon 3. We
further performed MLPA analysis in 10 family members from the
two families and identified 6 family members carrying the exon 3
deletion (Figure 1Band C). Although we screened for RYR2 exon 3 de-
letion in five other patients with LVNC, no one carried the deletion.

Clinical characteristics

Table 2 summarizes the clinical characteristics of the eight carriers
with RYR2 exon 3 deletion.

Family 1

The proband (lll-4) was a 17-year-old girl diagnosed with CPVT, with
a history of repeated syncope related to exercise (Figure 1B). Her
ECG at rest showed sinus bradycardia (54 b.p.m.) and intermittent
atrioventricular dissociation (Figure ZA). In addition, bidirectional ven-
tricular tachycardia was detected by Holter recording (data not
shown). Frequent premature ventricular contractions (PVCs) were
observed with increasing heart rate during the treadmill exercise
test (TMT) (Figure 2B), and echocardiography revealed the presence
of LVNC (Figure 2C). B-Blocker therapy failed to suppress the
syncope and worsened the bradycardia. Therefore, she was adminis-
tered flecainide after implantable cardioverter-defibrillator (ICD)
implantation. Her sister (lll-2) had also experienced syncope while
swimming in her teens and was diagnosed with LVNC on echocardi-
ography (Figure 2D). Her heart rate at rest was 44 b.p.m., and PVCs
were also observed in TMT with increasing heart rate. She was also
diagnosed with CPVT and was administered flecainide after ICD im-
plantation. Her 3-year-old daughter (IV-1) and 1-year-old son (IV-2)
were asymptomatic, although their ECGs showed mild bradycardia at
age, 83 and 78 b.p.m,, respectively. Furthermore, they were diag-
nosed with LVNC on echocardiography. The proband’s mother
(11-2) was asymptomatic but had persistent atrial fibrillation, and ver-
apamil was prescribed to control her heart rate since the age of 47.
Her echocardiography did not show LVNC. The proband’s maternal
grandmother (I-4) underwent pacemaker implantation due to severe
bradycardia. Moreover, she was diagnosed with LVNC on echocardi-
ography. Other family members in the family tree did not complain of
any cardiac symptoms and showed no apparent ECG abnormality.

Family 2

The proband was a 9-year-old girl (II-1) who lost consciousness while
playing a game to beat a drum (Figure 1C). When she was newborn,
premature atrial contractions were observed and was diagnosed
with peripheral pulmonary stenosis. She was followed up until the
age of 2 years, during which she did not exhibit any morphological
or neurological abnormalities. She experienced syncope at the age
of 1 and 4 but had recovered immediately both times. She suffered
a third episode of syncope at the age of 9 and was admitted to the
emergency hospital by an ambulance. Her ECG showed bradycardia
(54 b.p.m.), Mobitz type 1 atrioventricular block, and T-wave inver-
sions in lead V1-3 (Figure 3A). In an exercise stress test, PVCs
appeared immediately and changed to polymorphic ventricular
tachycardia (VT) with increasing heart rate (Figure 3B), and she was
diagnosed with CPVT. Left ventricular non-compaction diagnosis
was confirmed on echocardiography (Figure 3C) and cardiac magnetic
resonance imaging (MRI). In both examinations, her left ventricular
compaction layer was thin with a prominent trabeculation. In con-
trast MRI image, non-compaction area was clearly visualized. For
the evaluation of bradycardia, she was performed electrophysiologic-
al study and was diagnosed with complete atrioventricular block. A
pacemaker was implanted, and she was treated with carvedilol
(0.1 mg/kg), which successfully suppressed her syncope thereafter.
Her mother (I-2) also experienced syncope while exercising at the
age of 12 and 35. Her mother’s ECG (Figure 3D) was similar to the
proband’s, showing bradycardia (52b.p.m.), T-wave inversions
from V1 through V5 leads, and atrioventricular dissociation was sus-
pected. Polymorphic VT was recorded in the exercise stress test
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Figure 3 Clinical characteristics of Family 2. Twelve-lead electrocardiography (ECG) at rest of the proband (1I-1) (A) and her mother (I-2) (B) showed Morbitz type 1 AV block (A) and sinus bradycardia
(B). Polymorphic ventricular tachycardia was recorded in an exercise stress test of the proband (C) and RYR2 exon-3 deletion in LYNC her mother (D). (E) Apical four chamber view of the proband, which
showed a noncompaction layer and numerous trabeculations. Scale bars indicate 1 mV and 400 ms.
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families (n)

arrhythmia (n)

dysfunction (n)

arrhythmia (n)

{4.6}

{155}

10
2

{6}

3.6

{3}

{33

11
1.1

{11}

{1}

377

{This study}

{24}

213

9(31.0)

5(17.2)

16 (55.2) 7 (24.1) 23(79.3)

16 (55.2)

Total (%)

AV, atrioventricular; LV, left ventricular; CPVT, catecholaminergic polymorphic ventricular tachycardia; ICD, implantable cardioverter-defibrillator; LVNC, left ventricular non-compaction.

(Figure 3E) and Holter recordings. Therefore, her mother was diag-
nosed with CPVT. In addition to the diagnosis of CPVT, her echocar-
diography revealed LYNC as well We could not obtain further
clinical information of maternal side because they did not give the
consent to our study.

Of the eight carriers of RYRZ exon 3 deletion, seven had LVNC
(87.5%), whereas four were diagnosed with CPVT (50%). These
results are summarized in Table 2. No carriers showed left ventricular
dysfunction (Table 3).

In remaining 22 CPVT probands without RYR2 exon 3 deletion, we
did not identify any other cases of LVNC.

Analysis of detailed genomic
rearrangement

Bhuiyan et al. were the first to report a large genomic rearrangement
in RYR2. Here, we performed long-range PCR using primer pairs (long
PCR1) located in introns 2 and 3, as previously designed.” We con-
firmed the presence of PCR products in the two probands
(Figure 4A). In one proband (F2-II-1), we detected two clear bands
similar to the previous report.” The sizes of the PCR products
were 3.9 and 2.8 kb. In contrast, only one band was detected in the
other proband (F1-11-4), the intensity of which was faint compared
with the control. To confirm the deletion range for proband
F2-11-1, we performed direct sequencing and confirmed the same
deletion (Figure 4B and C) reported in 2007.* The deletion was
¢.169-198_c.273+823 del1126, and the deletion caused an
in-frame deletion of 35 amino acids p.Asn57_Gly91. To identify the
specific range of the deletion in F1-lll-4, we designed primer pairs
(Table 1) and performed multiple gPCR spanning from intron 1 to
exon 4. Figure 4D summarizes the results of gPCR; the deletion
started 35 kb after exon 2 and ended before exon 4. To confirm
the exact deletion range, we designed new primer pairs (Table 1,
long PCR2), the location of forward and reverse primers were
shown in arrows in Figure 4D, and performed a long-range PCR reac-
tion. As a result, we could confirm a PCR product in the proband,
which was longer than 10 kb (Figure 4E, arrow), the product was
not visible in the control sample. In the sequence analysis, we con-
firmed that the deletion was ¢.169-22924_c.273+4 14653 del37682
insCAT, corresponding to a 35 amino acid deletion (p.Asn57_Gly91-
del35), which was consistent with another proband (Figure 4F and G).

Discussion

Clinical phenotype of RYR2 exon 3
deletion carriers

Since the first report from Bhuiyan et al.* in 2007, RYR2 exon 3 dele-
tion has been identified in six families with an atypical CPVT pheno-
type.*~¢ Table 3 summarizes the clinical manifestations of 29 deletion
carriers from eight different families, including the two families exam-
ined in this study. Of the 29 carriers, 23 (79.3%) patients suffered
from ventricular arrhythmias, and they were highly complicated
with atrial arrhythmias (n = 16, 55.2%) or sinoatrial dysfunction
(n=16, 55.2%). The frequency of supraventricular arrhythmias
was higher than that reported for CPVT probands harbouring
RYR2 mutations.'® Although the first report emphasized left ventricu-
lar dysfunction,” cardiac function was reduced in only five patients
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Figure 4 Detailed analysis of genomic rearrangement. (A) Long-range PCR amplification with the primers designed in introns 2 and 3. Polymerase
chain reaction products of 3.9 and 2.8 kb (arrows) were obtained with DNA from F2-II-1. The PCR product with DNA from F1-1ll-4 was faint com-
pared with that of the control. (B) DNA sequencing electropherogram of F2-1I-1 showed the starting point of the large deletion. (C) The scheme
simplified the genomic rearrangement in the proband F2-Il-1. (D) The upper bar graphs display the relative ratio of the qPCR from DNA from
family1-lll-4. The ratios of intron 2-2 to exon 3 decreased. The lower scheme denotes the primer locations (arrows) in introns 2 and 4.
(E) Long-range PCR amplification with the primers designed in introns 2 and 4. Polymerase chain reaction product longer than 10 kb (arrow)
was obtained with DNA from F1-1li-4 but was not obtained from control. (F) Upper sequence shows the 3’ end of the break point of the deletion
and lower sequence denotes the 5’ end. Electropherogram displays three nucleotides (CAT) insertion between the break point. (G) Schema of the
deletion in the proband of Family 1.
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(17.2%). In contrast, LVNC was diagnosed in seven of the eight car-
riers in our cohort, whereas only two patients were diagnosed
with LVNC in the previous studies.”'" Potential reasons for the
low detection rate of LVNC in previous studies may include the
fact that the diagnostic criteria for LVNC are still debatable®'* and
the fact that carriers in previous studies may not have been evaluated
for LVNC. Therefore, a clear definition of LVNC and detailed
echocardiography studies will be indispensable to demonstrate the
relationship between LYNC and RYR2 exon 3 deletion.

RYR2 exon 3 deletion as a cause of left
ventricular ﬁ(}ﬂmﬁﬁmpaitk)ﬂ

As the cause of LVNC, many genes have been reported. Although an
X-linked recessive inheritance has been reported in children,"
LVNC has most commonly been reported to be transmitted as an
autosomal dominant trait in adult familial cases.” Amongthe reported
genetic cases, sarcomere gene mutations have been mostly identified
in LYNC patients.” And among calcium handling genes, one calse-
questrin2 (CASQ2) mutation, p.H244R was reported.”* However,
their penetrance was variable depending on the mutations and fam-
ilies, and a phenotype compatible with DCM along with LVNC was
frequently observed. Relative to the variance in these previous
reports, the penetrance of RYR2 exon 3 deletion in our study was
as high as the phenotype of LYNC (87.5%), suggesting that it may
be a cause of LVNC.

In 2006, chromosome rearrangement, 46,XX,del(1)(q43g43), was
identified in an infant with LVNC, facial dysmorphism, and psycho-
motor retardation.'® Although other candidate genes for LYNC
were examined, no mutations were identified. Because RYR2 is
located on chromosome 1g42-43, this case report supports our
hypothesis that RYR2 exon 3 deletion causes LVNC. More recently,
afemale patient with CPVT and LVNC was reported in the Nether-
lands."” The patient had no family history but carried the same RYR2
exon 3 deletion that we identified in Family 2 (c.169-198_c.273+4-823
del1126).

Regarding RYR2, mutations other than deletion of exon 3 have not
been reported to be associated with LYNC. In this connection, we
identified 26 CPVT probands harbouring RYR2 mutations, although
none of them exhibited signs of LVNC in echocardiography.'®

Functional change by the RyR2 exon 3
deletion

In RyR2 mutations associated with CPVT, the threshold of store
overload-induced Ca** release (SOICR) was reduced, which in
turn increased the propensity for DADs and triggered arrhyth-
mias.”""® The functional change induced by RyR2 exon 3 deletion
was analysed using HL-1 or stable inducible HEK293 cell lines.”? In
addition to the change in SOICR, RyR2 exon 3 deletion reduced
the threshold for termination of Ca** release and increased fraction-
al Ca®* release from SR, resultingin a further Ca** overload that was
suspected to be associated with cardiomyopathy.‘i9 More studies are
needed to elucidate the association between Ca®* overload and the
disturbance of the normal process of intrauterine endomyocardial
morphogenesis.

Conclusions

Here, we reported for the first time that RYR2 exon 3 deletion
co-segregated with LVNC in two families, with both families exhibit-
ing phenotypes that included sinus bradycardia, atrioventricular
conduction disturbances, or atrial arrhythmias in addition to CPVT.
Although we could not identify any RYR2 exon 3 deletion in probands
without CPVT phenotype, further studies are required to elucidate
the association between LVNC and RYR2 exon 3 deletion.
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Background: Because there is limited information on fetal bradyarrhythmia associated with congenital heart defects
(CHD), we investigated its prognosis and risk factors.

Methods and Resuits: In our previous nationwide survey of fetal bradyarrhythmia from 2002 to 2008, 38 fetuses
had associated CHD. Detailed clinical data were collected from secondary questionnaires on 29 fetuses from 18
institutions, and were analyzed. The 29 fetuses included 22 with isomerism, 4 with corrected transposition of the
great arteries (TGA) and 3 with critical pulmonary stenosis; 14 had complete atrioventricular block (AVB), 8 had
second-degree AVB, and 16 had sick sinus syndrome; 5 died before birth, and 10 died after birth (5 in the neonatal
period). Neonatal and overall survival rates for fetal bradyarrhythmia with CHD were 66% and 48%, respectively.
Pacemaker implantation was needed in 17 cases (89%). Beta-sympathomimetics were administered in utero in 13
cases and were effective in 6, but were not associated with prognosis. All cases of corrected TGA or ventricular rate
>70beats/min survived. A ventricular rate <55beats/min had significant effects on fetal myocardial dysfunction
(P=0.02) and fetal hydrops (P=0.04), resulting in high mortality.

Conclusions: The prognosis of fetal bradyarrhythmia with CHD is still poor. The type of CHD, fetal myocardial dys-
function, and fetal hydrops were associated with a poor prognosis, depending on the ventricular rate. (Circ J 2015;
79: 854-861)

Key Words: Atrioventricular block; Bradyarrhythmia; Congenital heart defects; Fetus; Left atrial isomerism

disease, especially in cases of complete atrioventricu-

lar block (AVB), which has a poor prognosis even in
the postnatal period because of fetal hydrops and severe heart
failure.* Fetal bradyarrhythmia may occur with and without
associated congenital heart defects (CHD). In fetuses without
CHD, the association of AVB with maternal anti-Ro/Sjogren’s
syndrome A antibodies is well established.®* These antibodies
damage the conduction system and the myocardium, and lead

F etal bradyarrhythmia is an uncommon but life-threatening

to AVB and myocarditis, respectively, resulting in a poor prog-
nosis. We previously reported that fetal hydrops is associated
with a poor prognosis in fetuses without CHD” and we suggested
that myocardial dysfunction, rather than the severity of brady-
arrhythmia, was associated with fetal hydrops. In contrast, in
fetuses with CHD, congenital bradyarrhythmia is thought to
result from the structural defect itself.>* An embryological
insult in the early gestational phase has been proposed to be
the pathogenic mechanism of conduction system defects. Het-
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Fetal Bradyarrhythmia With CHD

fahis 1. Baseline Patient Characteristics
Characteristic

At diagnosis

GA (weeks)

Atrial rate (beats/min)

Ventricular rate (beats/min)
Minimum ventricular rate (beats/min)*
Bradyarrhythmia

Complete AVB

Second-degree AVB (2:1 AVB)

S$88
Fetal hydrops
Fetal myocardial dysfunction
Fetal treatment
FD
At birth

GA (weeks)

Body weight (g)

Neonatal survival (>28 days)
Permanent pacemaker after neonatal period

855
With CHD Without CHD
(n=29) (n=90)" P value
2515 2645 0.15!
113222 135+20 <0.01
70817 64113 0.06!
64118 59:14 0.02!
14 (48) 61 (68) 0.08
8 (28) 16 (18) 0.29
16 (55) 8(9) <0.01
11.(38) 27 (30) 0.43
13 (45) 25 (28) 0.09
13 (45) 53 (59) <0.01
5(17) 6(7) 0.13
36545 35:4 0.87!
2,449710 2,286+661 0.261
19 (66) 73 (81) 0.08
17 (89) 29 (40) <0.01

Data given as mean=SD or n (%). P<0.05, significant difference ('Student’s t-test; other data analyzed using chi-
squared test and Fisher's exact test). *Recorded in utero. AVB, atrioventricular block; CHD, congenital heart defects;
FD, fetal death; GA, gestational age; SSS, sick sinus syndrome.

erotaxy and corrected transposition of the great arteries (TGA)
often lead to discontinuity between the atrioventricular node
and the ventricular conduction tissues, resulting in bradyar-
rhythmia,'" and sick sinus syndrome (SSS) often occurs with
heterotaxy and worsens the bradyarrhythmia.

Editorial p 761

In the fetuses with bradyarrhythmia, an association with
CHD was reported as a significant risk for the prognosis.'*-17
However, there is limited information on the risks related to
outcomes of fetal bradyarrhythmia associated with CHD. Al-
though Jaeggi et al reported that in all survived cases there was
a ventricular rate >60beats/min, the data were not based on
multivariate analysis because of the limited number of cases,
especially survivors.'™ Therefore, in this study we investigated
the prognosis and risk factors for fetuses with bradyarrhythmia
associated with CHD based on a large cohort in a Japanese da-
tabase in recent years.

Methods

Study Design

Our primary nationwide questionnaire survey has been described
in detail.” In brief, data were collected using questionnaires
sent to Departments of Perinatology and Pediatric Cardiology
at 750 institutions in Japan over 7 years (2002-2008). The re-
sponse rate was 61% (455 institutions). Among 128 fetuses
previously identified from 52 institutions, 38 (30%) had CHD,
of which additional data were collected in 32 cases in a sec-
ondary survey.

All CHD cases were diagnosed prenatally using fetal echo-
cardiography. Left or right atrial isomerism was confirmed by
neonatal echocardiography, morphology of the auricle of the
atrium during an operation such as pacemaker implantation
(PMI), or postmortem examination. Fetal bradyarrhythmia was

defined as a ventricular heart rate <100 beats/min. Fetal brady-
arrhythmia was categorized into 3 subtypes: complete AVB,
second-degree AVB (2:1 AVB), and SSS. Fetal SSS was de-
fined as atrial heart rate <100 beats/min. These conditions were
diagnosed prenatally using echocardiography or magnetocar-
diography, and confirmed in survivors by electrocardiography.
Fetal myocardial dysfunction was subjectively evaluated by a
pediatric cardiologist at each institution, based on contraction
of the ventricles and the degree of cardiomegaly or atrioven-
tricular valve regurgitation. In our secondary survey, the follow-
ing additional perinatal data were collected: detailed anatomi-
cal features, fetal heart rate, fetal treatment, mode of pacemaker,
operation, and outcomes during the follow-up period. Ventricu-
lar rate was defined as the minimum ventricular heart rate re-
corded in utero.

Statistical Analysis

Statistical analysis was performed using STATA 11.1 (StataCorp
LP, College Station, TX, USA) and JMP 10 (SAS Institute,
Cary, NC, USA). Data are presented as the mean®SD or num-
ber of patients and were evaluated with Student’s t-test, or by
Wilcoxon rank sum test when the data were not normally dis-
tributed. Categorical variables were evaluated using chi-squared
test and Fisher’s exact test. Time to death was analyzed using
the Kaplan-Meier method with log-rank test. We also conducted
univariate and multivariate Cox proportional hazard model
analyses. The best prediction model was selected by backward
elimination with P=0.10 as a criterion for exclusion. Stepwise
analysis was used to adjust for baseline variables. P<0.05 was
considered significant in all analyses.

Results

Baseline Characteristics
Of the 32 fetuses, 3 were excluded because of large atrial sep-
tal defect with maternal anti-Ro/Sjogren’s syndrome A anti-
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Bradyarrhythmia With CHD (n

Minimum V rate

Subtype of

At diagnosis ‘ Type of' Hvdrops
GA (weeks) A rate (beats/min) V rate (beats/min)  (beats/min) arrhythmia CHD yérop

1 28 100 100 100 888 LAI -
2 20 90 90 75 8SS LAl -
3 22 80 80 70 SSS LA} -
4 24 100 100 90 SSS LAl -
5 26 141 74 74 HHAVB LAI -
6 24 100 50 50 CAVB SSS LAl -
7 20 130 60 57 CAVB LAl -
8 20 0 90 90 SSS LAl -
9 29 98 89 83 IIAVB SSS LAl -
10 22 130 58 58 CAVB LAl -
1 21 120 60 59 IIAVB SSS LAl -
12 26 114 63 63 CAVB SSS LAI +
13 21 100 100 68 8SS LAl +
14 20 132 60 58 CAVB LAI -
15 25 120 70 60 1IAVB SSS LAl -
16 22 120 60 60 IIAVB LAl +
17 25 90 45 30 CAVB SSS LAI +
18 32 136 70 45 CAVB LAI +
19 20 53 53 36 S8S LAl +
20 17 90 45 40 CAVB S8S LAl +
21 37 136 67 67 IIAVB RAI

22 22 110 55 45 CAVB SSS RAI +
23 28 140 80 75 CAVB cTGA -
24 36 100 100 99 IIAVB SSS cTGA -
25 29 120 60 55 HAVB cTGA -
26 23 141 70 70 CAVB cTGA -
27 20 142 66 60 CAVB cPS +
28 28 135 56 56 CAVB cPS -
29 31 130 55 50 CAVB cPS +

A rate, atrial rate; AAl, atrium paced, atrium sensed, and pacemaker inhibited in response to sensed beat; lIAVB, second-degree AVB; AVVR,
atrioventricular valve regurgitation; Beta, 8-sympathomimetics; CAVB, complete AVB; CAVVR, common AVVR; cPS, critical pulmonary steno-
sis; cTGA, corrected transposition of the great arteries; DDD, dual-chamber inhibits and triggers; DDI, dual-chamber inhibits; LAI, left atrial
isomerism; LD, late death (>28 days after birth); MR, mitral regurgitation; NND, neonatal death (<28 days after birth); PMI, pacemaker implanta-
tion; RAI, right atrial isomerism; TR, tricuspid regurgitation; V rate, ventricular rate (minimum ventricular rate=minimum ventricular heart rate
recorded in utero); VVI, ventricle paced, ventricle sensed, and pacemaker inhibited in response to sensed beat. Other abbreviation as in Table 1.

bodies, cardiac tumor and termination of pregnancy at 21 weeks
of gestational age, respectively. Thus, a total of 29 fetuses
were analyzed in the study. The baseline characteristics of the
cases in this study compared with our previous study” are shown
in Table 1. There were 5 deaths before birth and 10 after birth
(5 in the neonatal period and 5 after the neonatal period). All
except 1 died from heart failure within 6 months of birth de-
spite multidisciplinary treatment. The overall survival rate was
48% in a mean follow-up period of 36442 months. The ven-
tricular rate at diagnosis in fetuses with CHD did not differ
significantly from that in fetuses without CHD, but the atrial
rate was lower in fetuses with CHD because of a higher inci-
dence of SSS. Fetal myocardial dysfunction was frequently
associated in fetuses with CHD than in those without CHD
(45% vs. 28%, P<0.01). The incidence of fetal hydrops, fetal
death and neonatal survival did not differ between fetuses with
or without CHD. Of 19 neonatal survival cases, a permanent
pacemaker was needed in 17 (89%), which was more frequent
than in fetuses without CHD (40%).

(Tabie 2 continued the next page.)

Subtypes of CHD

The 29 fetuses with CHD were morphologically categorized
into 3 subtypes: 22 with isomerism (20 left atrial isomerism,
2 right atrial isomerism), 4 with corrected TGA, and 3 with
critical pulmonary stenosis (PS; Fable 2; Figure 1). There were
no cases of abnormal karyotype. Of the 22 fetuses with isom-
erism, 15 (68%) had SSS, 9 had complete AVB, and 6 had
second-degree AVB. Of the 15 cases of SSS, 5 were associ-
ated with complete AVB, and 3 were associated with second-
degree AVB. There were major extracardiac anomalies that
required an operation after birth in 2 cases of left atrial isomer-
ism (1 case of biliary atresia and 1 of jejunal atresia), which
were not associated with a poor prognosis. In 2 cases of left
atrial isomerism, there was a single umbilical artery.

All 5 fetal deaths were those with isomerism (4 left atrial
isomerism, 1 right atrial isomerism) and associated fetal hydrops.
In these cases, the ventricular rate ranged from 30 to 45beats/min
(median, 40) and all fetuses died in utero at 21-35 weeks of
gestation (median, 32). Among the 8 neonatal and late deaths
in cases of isomerism, 7 fetuses had fetal myocardial dysfunc-
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