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It is well known that the autonomic nervous system plays
an important role on the arrthythmogenesis of Brugada syn-
drome. Previous studies showed that the withdrawal of sym-
pathetic activity and the sudden rise in vagal activity was
an important triggering factor of ventricular fibrillation.!3-13
Similarly, it has been presumed that parasympathetic tone
increase during NMS events in patients with Brugada ECG.
Recent basic study showed that SCN5A, a major responsible
gene in Brugada patients, is expressed not only in the my-
ocardial cells but also in intracardiac ganglia.'® Makita et al.
also demonstrated a novel nonsense mutation in SCN5A gene
in a patient with Brugada syndrome who had been diagnosed
as NMS.!7 These results suggested that the abnormal regu-
lation or imbalance of autonomic nervous system may exist
regardless of the presence or absence of cardiac events in
patients with Brugada ECG.

ST-Segment Elevation in the Precordial Leads During the
HUT Test in Patients with Brugada ECG

In Brugada syndrome, spontaneous augmentation of ST-
segment elevation occurred along with an increase in vagal
activity, especially just before and after the occurrence of
ventricular fibrillation.'* The ST-segment elevation is also
known to be modulated by exercise,!® pharmacological in-
terventions that interact with automatic nervous activities,!®
or taking meals associated with glucose-induced insulin lev-
els.?0 In this study, ST-segment augmentation in the right
precordial leads was observed just before and after posi-
tive responses to the HUT test in two-thirds (69%) of the
HUT-positive patients with Brugada ECG but only in 7% of
the HUT-negative patients. In patients with Brugada ECG,
the preceding increase of sympathetic nerve activity during
the HUT test may cause augmentation of ICa-L, resulting in
attenuation of ST-segment elevation.!® Subsequent augmen-
tation of parasympathetic nerve activity during the HUT test
may decrease of ICa-L, and increase Ito, thus augmenting
ST-segment amplitude.

Clinical Implication

The second consensus report suggested that symptomatic
patients displaying type 1 Brugada ECG (either spontaneous
or after class Ic drugs) who present with aborted sudden
death should undergo ICD implantation.? ICD implantation
is also recommended in patients with syncope, seizure, or
nocturnal agonal respiration, after noncardiac causes of these
symptoms have been carefully ruled out.> Needless to say, the
ECG recording during syncope is the only convincing way to
rule in or out VT during syncope, and only clinical judgment
can be used to guide diagnostic and therapeutic decisions.
However, in patients with Brugada syndrome, there is an
abnormal regulatory imbalance of the autonomic nervous
system that may be a common denominator to both syncope
and ventricular fibrillation.

Limitations

The control subjects were significantly younger than pa-
tients with Brugada ECG or those with suspected NMS. How-
ever, it is reported that the positive rate of NTG-Tilt in the
elderly was comparable to that seen in younger subjects.?!
Therefore, lower incidence of positive rate of the HUT test
in the control subjects than that in the other 2 groups was
not due to the relevant difference of age. The incidence of
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spontaneous type 1 ECG and the positive rate of the HUT
test are smaller in Brugada patients with syncope episodes
only than in those with documented VT or asymptomatic
patients; however, statistical significance was not observed
between the 3 groups.

Conclusions

Thirty-five percent of patients with Brugada ECG showed
vasovagal responses during the HUT test. The HUT test was
also positive in 41% among only Brugada patients with doc-
umented VT or no symptoms. During vasovagal response,
ST-segment augmentation in the right precordial leads was
observed in 69% of the HUT-positive Brugada patients, but
no ventricular arrhythmias were induced. These data suggest
that some Brugada patients have impaired balance of auto-
nomic nervous system, which may relate to their syncopal
episodes. Additional studies including a large number of sub-
jects are needed to validate our findings and possibly evaluate
the role of the HUT test in risk stratification of patients with
Brugada ECG.
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QRS Prolongation is Associated With High Defibrillation
Thresholds During Cardioverter-Defibrillator Implantations
in Patients With Hypertrophic Cardiomyopathy

Takayuki Nagai, MD; Takashi Kurita, MD; Kazuhiro Satomi, MD; Takashi Noda, MD;
Hideo Okamura, MD; Wataru Shimizu, MD; Kazuhiro Suyama, MD;
Naohiko Aihara, MD; Junjiro Kobayashi, MD*; Shiro Kamakura, MD

Background: Although high defibrillation threshold (DFT) is a major and unavoidable clinical problem after
implantation of an implantable cardioverter defibrillator (ICD), little is known about the cause and management
of a high DFT in patients with hypertrophic cardiomyopathy (HCM). The purpose of this study was to assess the
predictors of a high DFT in patients with HCM.

Methods and Results: Twenty-three patients with non-dilated HCM who underwent ICD implantation were
included. The DFT at the time of the device implantation was measured in all patients. The patients were divided
into 2 groups, a high DFT group (DFT 2151, n=13) and a low DFT group (DFT <15J, n=10); and their baseline
characteristics were compared. The QRS duration was longer in the high than in the low DFT group (128431 vs
103+12ms, respectively; P=0.02). QRS duration, left ventricular (LV) end-systolic diameter, and LV ejection
fraction were significant predictors of DFT in univariate analysis. However, in multivariate analysis, the only
factor significantly associated with DFT was QRS duration (P=0.002).

Conclusions: QRS duration is the most consistent predictor of a high DFT in HCM patients undergoing ICD
implantation.  (Circ J 2009; 73: 10281032}

Key Words: Defibrillation threshold; Hypertrophic cardiomyopathy; Implantable cardioverter defibrillator;

QRS prolongation

opathy (HCM) is at a high risk of having ventricular

tachycardia and/or ventricular fibrillation. The
implantable cardioverter-defibrillator (ICD) is widely rec-
ognized as the most effective and essential therapy for this
patient population!-3 It has been demonstrated that both
appropriate and inappropriate ICD discharges are frequently
observed in HCM patients!-3 and this might impair quality-
of-life as well as reduce battery longevity. Class IIf antiar-
rhythmic agents such as amiodarone have the potential for
reducing ICD shocks# and might improve patients’ progno-
sis. Furthermore, class I agents are also used in HCM
patients to control atrial fibrillation or reduce the pressure
gradient in the left ventricular (LV) outflow tract or mid-
ventricle when an obstruction is presentS-7 The combined
use of antiarthythmic agents and an ICD in patients with
HCM, and the larger volume of myocardium (caused by
hypertrophy of the left ventricle) might result in a high
defibrillation threshold (DFT). However, the predictors of
a high DFT in patients with HCM have not been fully char-
acterized. Thus, the purpose of this retrospective study was

s- subgroup of patients with hypertrophic cardiomy-
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to evaluate the factors causing a high DFT in patients with
HCM and ventricular tachycardia/ventricular fibrillation.

Methods

Study Subjects

The study population consisted of 23 consecutive patients
with an established diagnosis of HCM who underwent initial
implantation of an ICD with a standard transvenous lead
system at the National Cardiovascular Center from 1997
through to 2005, ICDs were implanted for secondary pre-
vention in 20 of 23 patients, defined by clinical sustained
ventricular tachyarthythmia or resuscitation from sudden
cardiac death, HCM was diagnosed on the basis of echo-
cardiographic criteria defined as the presence of LV hyper-
trophy in the absence of other causes of hypertrophy. These
paticnts also met the definition and classification proposed
by the 1995 World Health Organization/International Society
and Federation of Cardiology Task Force$ All defibrillation
leads were implanted by a left cephalic vein cutdown and
positioned in the right ventricular apex. No patient had any
prior pacemaker implantation, and 2 had permanent atrial
fibrillation. Patients who were diagnosed with HCM who
progressed to a dilated phase of HCM were excluded from
the study.

ICD Implantation and DFT Testing

The following ICD models were implanted: 7220C (n=
1), 7223Cx (n=6), 7227Cx (n=2), 7229Cx (n=5), 7271Cx
(n=1), and 7273Cx (n=>5), manufactured by Medtronic, Inc
(Minneapolis, MN, USA); and the 1861 (n=3) manufac-
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Table 1. Patient Characteristics

1029

Defibrillation threshold

P value
<157 (n=10) 2157 (n=13)
Gender (M/F) 713 974 NS
Age, years 52%18 S4+16 NS
Height, cm 16348 16218 NS
Body weight, kg 5549 59+7 NS
QRS duration, ms 103£12 128431 0.02
LV ejection fraction, % 68%16 58%10 0.09
Defibrillation threshold, J 10+0.4 1815 0.0001
Antiarchythmic ageats, n (%) 3(30) 6 (46) NS
Amiodurone, n (%) 2(20) 431) NS
Disopyramide, n (%) 1(10) 1(8) NS
Mexiletine, n (%) 0(0) 2(15) NS
Single coil lead system, n (%) 9(90) §(62) NS
Data are mean£ SD.
NS, not significant: LV, left ventricular,
Table2. Echocardiographic Measurements
Defibrillation threshold
P value
<15] (n=10) 215) (n=13)
LV end-diastolic diameter, mm 3946 4246 NS
LV end-systolic diameter, mm 2216 2645 0.048
Tnterventricular septal thickness, mm 1745 1846 NS
LV posterior wall thickness, mm 1313 14438 NS
LV mass, g 286124 3691211 NS
LV mass index, g/m? 178264 2274126 NS

Data are meantSD.
Abbreviations see in Table 1.

tured by Guidant Corp (St. Paul, MN, USA). All ICD
systems used biphasic waveforms. A single-coil transve-
nous lead system was utilized in 17 patients and a dual-coil
system was used in 6 patients. All implant procedures were
performed under general anesthesia using propofol in the
operating room. At the end of the ICD implantation after
venltricular fibrillation was induced using a T-wave shock or
50-Hz burst pacing, DFT was measured using a step-down
method from an initial delivered energy of 15] with decre-
ments of 5J%10 If the initial 157 shock failed, the energy was
increased in 57 steps until defibrillation was successful. A
S-min interval was allowed between inductions and defi-
brillations of ventricular fibrillation. The DFT was defined
as the lowest delivered energy shock that resulted in a suc-
cessful defibrillation. According to the mean value of DFT
(14%51]), the patients were classified into 10 patients with a
low DFT (<15J) and 13 patients with a high DFT (215]).

Variables Assessed

The following variables were used for analysis: sex, age,
height, body weight, QRS duration, LV ejection fraction
quantified by radionuclide ventriculography or LV cinean-
giography, the use of amiodarone or class I antiarthythmic
drugs, utilization of a single-coil transvenous lead system,
echocardiographic parameters including the LV end-dia-
stolic and end-systolic diameters, interventricular septal
thickness, LV posterior wall thickness, LV mass calculated
from echocardiographic data by standard formulas}!12 and
LV mass index (dividing the LV mass by the body surface
area), The QRS duration was defined as the maximal QRS
length in any lead measured manually from the first to the
last sharp deflection crossing the isoelectric line using
standard resting 12-lead ECG (sweep speed, 25mm/s and
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1 mV/cm standardization). The average values of QRS dura-
tion that were obtained from 2 independent investigators
blinded to each other’s results were used (interobserver
correlation for QRS duration was 0.941).

Statistical Analysis

The results are presented as percentages or the mean+SD,
as appropriate. Several parameters in the 2 groups were
compared with an unpaired Student’s t-test. Categorical
variables were compared using a Fisher’s exact test. Linear
regression analysis was used to determine the relationship
between DFT and QRS duration. The variables with a P
value <0.10 were entered into a multiple linear regression
analysis to identify the independent predictors of DFT. The
level of statistical significance was set at a P value <0.05.

Results

Twenty-three patients (16 men; mean age 53£17 years,
range 16=77 years) were included in the analysis. None of
the patients had any extreme hypertrophy (=30 mm), and 4
patients were found to have significant LV outflow obstruc-
tion (230mmHg) at rest by continuous Doppler echocar-
diography. The mean LV ejection fraction was 62£13%.
Indications for an ICD implantation were primary preven-
tion in 3 patients, ventricular tachycardia in 4 patients and
aborted sudden cardiac death in 16 patients. At the time of
device implantation, 6 patients were being treated with
amiodarone (200mg/day), 2 with sotalol and 4 with class
antiarrhythmic agents (disopyramide and mexiletine). No
patient showed evidence of abnormalities in serum electro-
lyte concentrations and/or in acid-base equilibrium at the
device implantation stage.
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The ICDs were implanted without any complications,
and the induction and termination of the ventricular fibril-
lation were successful in all patients. The DFT (energy
delivered) ranged from 10J to 31J (10 patients, 10-14];
9 patients, 15-197; 2 patients, 20-247; 2 patients, 25-31)).
The DFTs in patients treated with amiodarone (6 patients),
combined amiodarone and a class 1 antiarrhythmic agent
(mexiletine) (1 patient), class 1 antiarrhythmic agents (3
patients), and sotalol (2 patients) were 169, (5], 17£7],
and 13+3], respectively. An unacceptably high DFT (225])
was obtained in 2 patients who were receiving amiodarone
(1 patient, 200 mg/day) or mexiletine (1 patient, 450mg/day)
at the time of the implantation (these 2 patients were included
in the high DFT group). However, the DFT in these 2 patients
decreased to a level with a 10J safety margin between the
maximum shock energy of the ICD and the DFT after cessa-
tion of amiodarone (21J) or mexiletine (20J), Therefore,
none of the patients required any additional use of a subcu-
taneous array or patch.

The baseline characteristics and echocardiographic mea-
surements for the 2 groups are listed in Tables 1 and 2,
respectively. The QRS duration was significantly longer in
patients with a high than with a low DFT (128431 vs 103+
12 ms, respectively; P=0.02). There was a trend toward a
lower LV ejection fraction in the patients with a high DFT
(P=0.09). The use of amiodarone and/or class I antiarthyth-
mic drugs did not differ between the 2 groups. As shown in
Table 2, the LV end-systolic diameter was significantly
smaller in those patients with a low than with a high DFT
(2246 vs 2615 mm, respectively; P=0.048). The LV mass
and mass index exhibited no statistically significant differ-
ence between the 2 groups.

The QRS duration demonstrated a modest positive cor-
relation with the DFT at the time of device implantation (1=
0.75, P<0.0001) for the group as a whole (Figure). A multi-
variate analysis was performed on the 3 variables that had a
P value <0.10 in the univariate analysis: QRS duration, LV
end-systolic diameter, and LV ejection fraction. This analy-
sis showed that QRS duration was the only independent
predictor of DFT (P=0.002).

Discussion
In this study, we identified QRS duration as the only

Figure, Relationship between QRS duration and
DFT. The QRS duration demonstrated a modest posi-
tive correlation with the DFT at the time of the device
implantation. DFT, defibrillation threshold,

variable that was associated with a high DFT at the time of
ICD implantation in patients with HCM. To the best of our
knowledge, this is the first report to investigate the associa-
tion between QRS duration and DFT in patients with HCM.
Because of the pro-arthythmic and/or negative inotropic
effects of class I antiarrhythmic agents, the use of these
drugs in patients with depressed LV function is contraindi-
cated. Furthermore, class Ta antiarrhythmic drugs such as
disopyramide or cibenzoline might lead to a rise in DFT by
producing a wider zone between the resting membrane
potential and threshold potential!? However, class Ia antiar-
rhythmic agents have been regarded as part of the standard-
ized therapy, not only for reducing LV pressure gradientsS-?
in patients with obstructive HCM, but also for improving
LV diastolic dysfunction even in patients with non-obstruc-
tive HCM!4.15 Therefore, it is even more important to predict
an increase in DFT before ICD implantation in patients
with HCM. Previous studies have described several clinical
factors that are associated with a high DFT, such as LV
dilatation!$ body sizel$ decreased LV ejection fraction)’
administration of antiarrhythmic drugs (class I; flecainide!8
mexiletine!9.20 efc, class HI; amiodarone?!~23), myocardial
ischemia?+27 the ventricular fibrillation duration2829 and
LV mass?33031 Among these factors possibly associated
with high DFTs, only the LV ejection fraction was found to
be a univariate predictor of a high DFT in the present study.
This might be because HCM exhibits a unique structural and
electrophysiologic substrate in the myocardium. Almquist
et al reported that extreme LV hypertrophy (wall thickness
>45 mm) and the administration of amiodarone were related
to a high DFT in patients with HCM32 The LV mass index
was slightly larger in the high than in the low DFT group in
spite of the absence of any extreme LV hypertrophy in our
series. Although this result was not statistically significant
because of the small sample size, this suggests that a larger
LV mass might increase the DFT.

QRS Duration and DFT

Although 2 published studies have shown an association
between QRS duration and DFT, QRS duration was not an
independent predictor of DFT in multivariate analysis!6.30
However, those study populations included mainly ischemic
heart disease patients. This is the first study to investigate
the association between QRS duration and DFT in patients
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with HCM. Dhingra et al showed that QRS duration was
positively related to LV mass and dimensions in individuals
free of heart failure and myocardial infarction?? However,
there was no sigaificant association between QRS duration
and LV mass in our subjects. Asymmetric LV hypertrophy,
which is frequently observed in HCM, might make it diffi-
cult to precisely evaluate LV mass in the clinical setting.
This might be a possible explanation for our observed data.

Study Limitations

The results presented here must be viewed as preliminary
as they are based on experience in a single center and in a
small number of patients. Furthermore, this study was con-
ducted retrospectively. In addition, we did not have any
follow-up data on DFT after device implantation. All patients
underwent the implantations under general anesthesia using
propofol, as described above, which might have elevated
the DFT3* Thus, it is possible that the DFT in the operating
room differed from that in the clinical setting. A further
major limitation is the absence of a uniform strategy for the
selection of lead systems and antiarthythmic agents that
could affect the DFT. Finally, 2 patients in this study who
had unacceptably high DFTs obtained a 10-J safety margin
after cessation of antiarrhythmic agents. Moreover, not all
patients taking antiarthythmic agents at the ICD implanta-
tion had their DFTs measured after discontinuation of anti-
arrhythmic agents. We report here that the QRS prolonga-
tion was associated with a high DFT at the time of ICD
implantation in patients with HCM, leaving doubt as to how
much the antiarthythmic agents would affect high DFT and
QRS prolongation. Additional studies in a larger patient
population are needed to determinc thc impact of QRS
duration on DFT, as well as the influence of antiarrhythmic
agents on DFT, and the long-term consequences of an cle-
vated DFT in HCM patients.

Clinical Implications

In patients with HCM, the presence of a QRS prolonga-
tion on the 12-lead ECG should raise concern about a high
DFT at the time of ICD implantation, and those patients
should be started at a higher energy level for DFT measure-
ments using a high-output device to obtain an adequate
safety margin for defibrillation. In the patients who have
already been implanted with an ICD, antiarthythmic agents,
which might cause a high DFT, should be prescribed very
carefully. Moreover, when QRS prolongation is present
before drug administration, DFT testing is warranted after
the initiation of drug therapy.

Conclusion

The present report revealed an association between the
QRS duration and DFT at the time of ICD implantation in
patients with HCM. This might provide an important insight
into the link between simiple 12-lead ECG markers and the
energy requirements for successful defibrillation in patients
with HCM.
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Background: Magnetocardiography (MCG) is a new technique for visualizing a current distribution in
the myocardium. In recent years, current distribution parameters (CDPs) have been developed based on the
distribution. The CDPs reflect spatial-time current abnormalities in patients with coronary heart disease
(CHD). However, the criteria and scoring method of the abnormalities using CDPs are still controversial.

Method: We measured MCG signals for 101 normal controls and 56 CHD patients (single-, double-,
and triple-vessel diseases) using a MCG system. The CDPs (maximum current vector [MCV], total current
vector [TCV], current integral map, and current rotation) during ventricular repolarization were analyzed.
To evaluate the CDPs that are effective in distinguishing between normal controls and GHD patients, the
areas under the receiver operating characteristic curve (A;) are calculated. Furthermore, the total scores
(“0” to “4”) of four CDPs with high A, values are also calculated,

Results: MCV and TGV angles at the T-wave peak had the highest A, value. Furthermore, TCV angular
differences between the ST-T segment also had high A, values. Using the four CDPs, the averaged total
score for patients with triple-vessel disease was the highest (“2.67”) compared to the other groups (normal
controls: 0.53). Furthermore, based on the assumption that subjects with a total score over “1” were
suspected of having CHD, sensitivity and specificity were 85.7% and 74.3%, respectively.

Conclusion: We concluded that the score and criteria using MCV and TCV during repolarization in
CHD patients can reflect lesion areas and time changes of electrical activation dispersion due to ischemia.

(PACE 2009; 32:516-524)

magneticardiogram, coronary heart disease, cardiac electrical current

Introduction

The number of people throughout the world
who die each year from coronary heart disease
(CHD) is about 7 million and counting.! In Japan,
more than 70,000 people have died of CHD, and
this number has remained steady for the last
decade.? Under the circumstances, several types
of medical equipment that allow early diagnosis
of CHD have been developed.38

The exercise-induced electrocardiogram
(ECG)*5 with treadmill and ergometer exercise
test helps to diagnose and assess the severity of
CHD. This device can detect abnormal electrical
potential changes in an exercise examination.
Therefore, exercise-induced ECG is prevalent in
an initial evaluation when CHD is suspected.
However, some problems with this method in-
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oratory, Hitachi Ltd., 1-280 Higashi-Koigakubo, Kokubuniji,
Tokyo 185-8601, Japan, Fax: 81-42-327-7783; e-mail;
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clude the burden on patients and the long time
required for measurement.

The magnetocardiogram (MCG) is a new med-
ical device that measures the weak magnetic field
generated by the ionic current in the human
heart.5'! It is a noninvasive technique that in-
volves no contact with the human body. The MCG
remains largely unaffected by other organs because
permittivity of the human body is relatively con-
stant. Therefore, the MCG is expected to be a use-
ful system to detect the imperceptible changes in
cardiac electrical activation that are caused by var-
ious heart diseases.

Some clinical research has been done based
on magnetic field parameters (MFPs), which are
calculated from MCG signals.'®?® These MFPs are
obtained from coordinates and amplitudes of max-
imum and minimum magnetic fields during the
ventricular repolarization phase. Park et al. exam-
ined four MFPs during the ST to T-wave peak for
185 patients with ischemic syndrome.’? Tolstrup
et al. examined seven MFPs during the ST-T seg-
ment for 125 patients with chest pain.’® These ex-
aminations showed that an MCG test using MFPs
had high sensitivity and specificity for detection

©2009, The Authors. Journal compilation ©2009 Wiley Periodicals, Inc.
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of CHD. However, it is difficult to understand from
MFPs how electrical current abnormalities (such
as abnormal current amplitude, direction, and site)
occurred in the myocardium.

However, MCG signals are converted into a
cardiac electrical image. This image is generally
obtained from a two-dimensional (2D) current-
arrow map (CAM).%'* The CAM gives us a pseudo-
2D electrical current distribution consisting of 2D
arrows and contours representing the magnitude
of arrows. The current distribution parameters
(CDPs), which are calculated from the CAM, reflect
spatial and time current abnormalities in patients
with CHD and other heart diseases.'~?® However,
the criteria and scoring method of the abnormali-
ties using CDPs are still controversial,

Method
Subjects

Table I contains the details of the study pop-
ulation, which consisted of 56 patients (46 males
and 10 females) with CHD and 101 normal con-
trols (70 males and 31 females). All of the pa-
tients were confirmed to have coronary artery le-
sions by coronary angiography (CAG). We defined
the coronary heart lesions as a vessel diameter
>75%. Of the patients, 25 had single-vessel dis-
ease (SVD) {right coronary artery disease in six, left
anterior descending artery disease in 16, and left
circumflex artery disease in three), 13 had double-
vessel disease (DVD), and 18 had triple-vessel dis-
ease (TVD). Patients who had undergone cardio-
vascular therapy (coronary artery bypass grafting

Table 1.

Clinical Characteristics of Subjects

N (h = 101) CHD (n = 56)
Age (years) 63 + 3 6546
Gender
Female/Male 31/70 10/46
BMI 23.7 24
HR (bpm) 63 63
Coronary status
1-vessel 25
LAD 16
LCX 3
RCA 6
2-vessel 13
3-vessel 18

N = normal controls; CHD = patients with coronary heart
disease (stenosis > 75%); BMI = body mass index; HR = heart
rate; LAD = left anterior descending coronary artery; LCX = left
circumtlex coronary artery; RCA = right coronary artery.

PACE, Vol 32

[CABGI, or percutaneous coronary intervention
[PCI]) were not included in this study. The nor-
mal controls consisted of healthy volunteers with
no history of cardiovascular disease and who had
a normal ECG at rest (see previous paper'?). In-
formed consent was obtained from all subjects.

The members of the control group were se-
lected on the basis of only the ECG results. There-
fore, cardiac hypertrophy, dilation, and high blood
pressure (HBP), which are measured with other
heart functional tests, cannot be excluded in this
study. Despite thal some cardiac diseases were not
completely excluded, we defined a normal control
group from the ECG results because an electro-
physiological test is used as a first step to diag-
nose cardiac disease. The CHD group was com-
posed of persons who had coronary artery lesions
confirmed by CAG.

MCG System and Data Acquisition

We used a Low-Tc superconducting quantum
interference device (SQUID) system with 64 coax-
ial gradiometers (50-mm baseline and 18-mm di-
ameter) to measure the axial component of the
magnetic field (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan). The gradiometers were in an
8 x 8 matrix with a pitch of 25 mm, and the mea-
surement area was 175 x 175 mm. Figure 1 illus-
trates the configuration for the MCG measurement.
To adjust the position of the measurement areas
for each subject, one gradiometer (position 51)
was placed above the position of the xiphoid pro-
cess. The measured MCG signals at this position

~N

(2]
-
-

;
:

sgooogooon

51

gogoooo
Op1onooo
-OoxOooood
oooooo
Jooooonoag
-Qooooooo

[
-t
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Figure 1. Configuration for measurement of magneto-
cardiography (MGG) system (Hitachi High-Technologies
Corporation). The 64 SQUID sensors are laid out in an
8 x 8 matrix; the sensor pitch is 26 mm. Channel no.
51 (black square) is placed above the position of the
xiphoid process. The MCG system measures the normal
component (z-component) of the magnetic field gener-
ated by the current in the myocardium.
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were acquired at a sampling rate of 1 kHz and
passed through a bandpass (0.1 to 100 Hz) and
power line noise filters, The maximum measure-
ment period was 120 seconds, and the MCG sig-
nals for all pulses over this period were averaged.
A lead II ECG was simultaneously measured as
reference signals for MCG averaging.

Spatial and Time Identification of Current
Distribution Using MCG

The amplitude and direction of cardiac elec-
trical current vary with the electrical potential
difference between normal and ischemic my-
ocardium. To detect these current changes in the
myocardium, we calculated CDPs based on max-
imum current vector (MCV), total current vec-
tor (TCV), current integral map (CIM), and cur-
rent rotation (CR). With the MCV, it is possible
to detect local changes in amplitude and direc-
tion of the cardiac current.’® TGV reflects the av-
eraged change in the primary current of the whole
heart.'5-16:1% CIM represents the amount of cardiac
current during the ventricular depolarization and
repolarization phase,'’~'® Furthermore, with the
CR, changes in the current distribution pattern can
be detected.?!

Maximum Current Vector

Averaged MCG signals are converted to a
CAM. CAM is the method for reconstructing 2D
pseudocardiac electrical current vectors at the
same number of measurement points. Pseudo cur-
rent vectors (I, = (Ixn, Iy.n)) are calculated by tak-
ing the derivatives of the normal component (B, ;)
of the MCG signals at n'® sensor as

ILin = dByn/dy (1)
and
Iyn = —dB,n/dx. 2)

CAM can also be calculated by using the tan-
gential components (By ; and By ;) of the magnetic
field instead of de.n/gy and dB;,/x in equations
(1) and (2). CAM gives us a spatial electrical ac-
tivity consisting of 2D arrows (Ix, and Iy ;) and
contours representing the magnitude of the arrows
(In — (Ixz + Iy2)1/2)‘14

To evaluate the spatial current distribution
and time variance of current distribution, we
calculated the “amplitude ratioc (Imgy),” “angle
{(6mcv),” and “angle of difference current vector
{oMmcv)” of a current arrow with MCV at four time
instants (Ty, Tz, Tp, and Te). The MCV (Inax =
(Ix.max> Iy,max)) indicates a vector with a maximal
magnitude of arrows (I,) at each time instant.
Figure 2 schematically shows four time instants
(T4, T2, Tp, and T¢). Here, Ty (T3 = QRSen +
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Figure 2. Schematic representation of fourtime instants
(T, T2, Ty, , and T,) during ventricular repolarization.

0.18/\/(RR]] and T, (Ty = QRS + OZO/J(RR])
are time instants during the ST-T segment. QRS,,
is the time instant at the beginning of the QRS com-
plex, and RR indicates an averaged R-R interval.
The term T} is the T-wave peak time, and T, (T, =
Tp + (Tp-T3)/2) indicates time instants during the
T-wave peak and the ending of the T wave.

Using CAM at the four time instants, MGV
parameters (Imcy, Omcv, and gmcv) are calculated
from the following equations

(1) Imev: amplitude ratio

Imev (T2, T1) = (nax(T2) = Imax(T1)}/Imax(T1)
Imcv(Tp, T2) = (Tnax(Tp) ~ Tinax(T2))/Imax(T2),  (3)
Ivcv(Tp, Te) = (Inax(Tp) — Imax(Te)) /Iinax(To)
(2) Omcv: angle
Omcv(T1) = tan™ (Iy max(T1)/Lx max(T1))
Onmcv(T2) = tan™(Iy max(T2) /I max(T2))
Oy (Tp) = tan ™ (ly max(Tmax) /I max(Tp))
Omcy(Te) = tan™" (Iy,.max(Te)/Lx max(Te))

(3) pmcy: angle of difference current vector

SUMCV[sz T1) = tan™’ ([Iy,max(Tz) - Iy.max[le)
/(Ix.max(Tz) . Ix,max(Tl ))

?’MCV(Tpx T,) = tan_l((ly.max(Tp) - Iy.max[Tz)]
/(Ix.max(Tp) — Iy max(T2)) '

@MCV(Tps Te) = tﬂn—l((ly,max(Tp) - Iy.max(Te])
/(Ix,max(Tp) - Ix,max(TZ))

where the angles (Fmcv and pmcy) are defined as
in Figure 3A and B, Amplitude ratio {Iycy) and
angle of difference current vector (pmcv) were cal-
culated from nearby time points (T, and T4, T}
and T, Tp and T,). Current amplitude and current
angle during the ventricular repolarization phase
slowly and continuously change for healthy sub-
jects.”® Therefore, we consider that such changes
at nearby time points are proper parameters for
detecting abnormalities in the ventricular repolar-
ization phase.

(4)

(5)
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A
Yy
A ~-90°
mas
0
() X
180° ° 0°
90°

B
A -90°
I.lA)
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7@ > x
180° 0°
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Figure 3. Definition of current angle (range: +0 to +180 degrees and —0 to —180 degrees). (A) Def-
inition of angle of maximal current vector (MCV}. Imex indicates maximal current vectors. (B} Def-
inition of angle of difference current vector. Inax (A) and I,qx (B) indicate maximal current vectors
at time instants A and B, respectively. Imax (A) — Inax (B) show the difference current vector.

Total Current Vector

The TCV based on the CAM is reflected simply
to the electrical axis of the heart.!®1¢ TCV (Iygy =
(Ix. 1y)) is calculated as a vector value by using
current vector (I} at each sensor,

64
Iy = ) L(T),  (6)

n=1

where T indicates the calculated time. We calcu-
lated the “amplitude ratio (Itcy),” “angle (8cv),”
and “angle of difference current vector (¢rcy)” of
TCV at four time instants (T4, T2, Tp, and Te) as a
spatial-time current parameter. Then, TCV param-
eters (Itcv, Orcv, and grey) are calculated in order
to substitute TGV vectors (I, 1y, and Itcy) for cur-
rent vectors (Ix max, Ly,max, and Imax) in Equations
{(3)-(5). The definitions of grcy and ¢1cy are the
same as that for the MCV angle (Fig. 2).

Current Integral Map

The CIM is a method of heart disease analy-
sis based on CAM.7"'® This map represents the
amount of current during ventricular depolariza-
tion and repolarization. CIM is obtained through
the summation of amplitude of current arrows
(I,) during ventricular depolarization and repo-
larization phases. CIM consists of two parameters
(JTi/QRSimax and JTi/QRSisym). The JTi/QRSimax
parameter is the ratio of the maximum integral val-
ues during ventricular depolarization and repolar-
ization phases, and JTi/QRSisum is the ratio of the
summed current integral values for all channels
during ventricular depolarization and repolariza-
tion phases.

Current Rotation

CR represents the degree of rotation of the 2D
current vector.?! This value can quantify change in

PACE, Vol. 32

a current distribution pattern. The CR value (L)
at the n'" measurement point is calculated from
the following equation (see Fig. 4)

II‘Otn — Iy,n+1 - Ix,n-—a - Iy,n—1 +Ix,n+a . (7)

In.max

where I, max denotes the maximal amplitude of
CAM for all sensors. CR parameters consist of max-
imal (Irotpyay) and minimal (Iroty,) values of Irot,
at time instant T, and the difference value (dIrot)
between maximal (Irotyg,) and minimal (Iroty,)
values of Iroty,.

Statistical Analysis of MCG Parameters

To verify whether it was possible to discrimi-
nate between patients with CHD from normal con-
trols using the 25 MCG parameters (MCV, TGV,

lx. n—8

Iy, n-| Iy, n+i

Ix, n+8

Figure 4. Rotation direction for summation (Irot,, =
Iy.n+1 - Ix.n‘a - Iy,n~1 + I.\'.n+6)-
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CIR, and CR), we calculated the area under the
receiver operating characteristic (ROC) curve (A,
value).?® The ROC curve is an index of diagnostic
accuracy, and a ROC graph is a plot of all of the
sensitivity/specificity pairs resulting from contin-
uously varying the decision threshold for MCG pa-
rameters, Here, we use four MCG parameters with
a high A, value (A, > 0.75) to detect patients with
CHD.

Detection Criterion for CHD Using MCG
Parameters

In the MCG test to detect CHD patients, nor-
mal ranges of four MCG parameters were deter-
mined by an optimal decision threshold that gave
the maximum value of the sum of sensitivity and
specificity. Furthermore, each MCG parameter was
assigned a score of “0” or “1” based on the nor-
mal range for an individual subject. Then, the to-
tal score of four MCG parameters was calculated.
This total score was in the range from “0” to “4.”
Based on the assumption that a subject with a to-
tal score over “1” was strongly suspected of having
CHD, we were able to distinguish electrical current
abnormalities in CHD patients. We call this total
score the repolarization abnormal score. To evalu-
ate the effectiveness of this criterion, the sensitiv-
ity and specificity of the MCG test were calculated.

Results

Evaluation of MCG Parameters Based on Current
Distributions

Table II lists the A, values of all MCG param-
eters, MCG parameters with a high A, value (A, >
0.75) are marked with an asterisk (*). As indicated
in the table, seven MCG parameters had a high A,
value.

Maximum Current Vector

MCYV angles had high A, values. In particular,
the MCV angle at the T-wave peak (Opcy (Tp)) had
the maximum A, value (0.808) of all MCV param-
eters. The angle of difference current vector (pmcv
(Tp, T2) and gmev (Tp, To)) also had high A, values
(0.755 and 0.780). On the contrary, the A, values
of MCV amplitude were low (0.572-0.704).

Total Gurrent Vector

The A, value of the TCV angle at the T-wave
peak (97cv (Tp)) was 0.832, the maximum A, value
of all MCG parameters, Furthermore, the angle of
difference current vector (grcv (Tp, T2) and ey
(Tp, Te)) also had high A, values (0.801 and 0.792].
These A, values of TCV angle and angular differ-
ence were notably higher than those of MCV. How-
ever, as in the case of MGV, the A, values of the
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Table II.

MCG Parameters and Their A, Values. The 25 MCG
Parameters Are Categorized as MCV, TCV, CiM, and CR

Parameter Group Name Unit A,
MCV
Amplitude Imev (T2, T1) - 0.572
Imov (Tp, To) - 0.704
tmev (Tp, To) - 0.594
Angle fney (T4) degree 0.613
Auev (T2) degree 0.643
Omecv (Tp) degree 0.808*
Oumey (Te) degree 0.743

Angle of difference  emov (T2, T1)
current vector omov (Tpy Tz)
omev (Tps Te)

degree 0.689
degree 0.755%
degree 0.780*

TCV
Amplitude lyov (Tz, T1) - 0.644
lrcy (Tp, Ta) - 0.697
lrcv (T, Te) - 0.534
Angle ey (Ty) degree 0.689

frev (T2) degree 0.681
Brev {Tp) degree 0.832*
frov (Te) degree 0.760*

Angle of difference  grov (T2, T1)
current vector  grev (Tp, T2)
Yicy (Tpn Te)

degree 0.708
degree 0.801*
degree 0.792*

CIM JTimax/QRSinax - 0.641
JTisum/QRSisym - 0.646
CR rotmax - 0.607
irotmin - 0.673
diot - 0.661
*A; > 0,75

A; = area under the ROC curve; ROC curve = receiver
operating characteristic curve; MCV = maximal current vector;
TCV = total current vector; CIM = current integral map; CR =
current rotation

amplitude during the ventricular depolarization
phase were low {0.534-0.697).

Current Integral Map and Current Rotation

The A, values of maximum and summa-
tion integral values (JTimax/QRSimax and JTigum/
QRSigym) were higher than 0.60, and there was
not much difference between JTijax/QRSimax
and JTigum/QRSisum. In contrast, CR parameters
(Irotmax (Tp), Irotmin (Tp), and dlrot (T,)), had low
A, values (0.607-0.673).

These results indicate that current angles
{(MCV and TCV angles) at the T-wave peak were
most effective for distinguishing electrical current
abnormalities in CHD patients. Furthermore, an-
gle of difference current vector (MCV and TCV)
during the ST-T segment also had high detection
accuracy for patients with CHD.
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Table HI

Normal Ranges of Four MCG parameters (fucv {Tp)s frov
(To), brev {Tp-T2), and trey (Tp-Te))

Parameter Name Unit Normal Range

vov (Tp) degree 6" < Omov (Tp) < 88°
frcv (Tp) degree 167 < Brev (Tp) < B9°
prov (Tp > Ta) degree 277 < grov (Tp, To) < 59°
®TCoV (Tp > Te) degree 2° < p1ev (Tp, Te) < 82°

Detection of Electrical Current Abnormalities in
CHD Patients Using MCG Parameters

Criteria

To detect the electrical current abnormalities
in CHD patients, we used four MCG parameters
(Omcv (Tp), ey (Tp), (prcv (Tp, T2), and (erev (T,
T,)) with high A, values. Table Il presents the nor-
mal ranges of four MCG parameters, which were
determined by an optimal decision threshold. This
threshold gave the maximum values of the sum of
sensitivity and specificity obtained from the ROC
curve (see Fig. 5). The ROG curve of frcv (Tp) is
plotted in Figure 5.

Scoring

Figure 6 illustrates the percentage distribu-
tions of subjects—both normal controls (left) and
CHD patients (right)—with each repolarization ab-
normal score (“0” to “4”) of the four MCG param-
eters. We see from Figure 5 that the percentage
of normal subjects with a repolarization abnormal
score of “0” was 74.3%. In contrast, the percentage
of GHD patients with a repolarization abnormal
score of “0” was about 15%. Therefore, based on
the assumption that a subject with a repolarization
abnormal score over “1” is strongly suspected of
having CHD, the sensitivity and specificity of the
MCG test were 85.7% and 74.3%, respectively.

Figure 7 shows the averaged repolarization ab-
normal score for normal controls and for patients
with SVD, DVD, and TVD. The averaged repolar-
ization abnormal score for normal controls was the
lowest (“0.53”). On the other hand, the averaged
repolarization abnormal score for patients with
TVD was “2.67.” This score was high compared
to the averaged repolarization abnormal score for
patients with SVD and DVD,

Discussion

High Accuracy for Detection of CHD Using MCV
and TCV

MCV and TCV angles during the ST-T seg-
ment had high A, values. In myocardial ischemia
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Figure 5. Receiver operating characteristic curve of to-
tal current vector (TCV) angle {6 ycv (T, )). The black cir-
cle shows the maximum point of the sum of sensitivity
and specificity.

and infarction, the action potential at the site of a
lesion changes significantly. For example, it may
disappear or exhibit prolonged ventricular repo-
larization and prolonged discharge intervals.?®%7
These abnormal action potentials in the ischemic
myocardium change the direction of cardiac elec-
trical current. Therefore, it is highly possible that
MCYV and TCV angles could be used to detect spa-
tial current abnormalities in myocardial ischemia
and infarction.

However, angle of difference current vector
(MCV and TCV) during ventricular repolarization
also resulted in high detection accuracy for CHD
patients. In ECG studies, abnormal T waves (tall,
flattened, inverted, and biphasic) are caused by
myocardial ischemia and infarction influences.?®
These abnormal T waves indicate that the di-
rection of electrical current in the ischemic my-
ocardium changes temporally. Therefore, it is con-
ceivable that the angle of difference current vector
reflect time-sequential changes due to current di-
rection dispersion in ischemic myocardium.

In the statistical analysis of CDPs (see
Table II), each A, value of TCV angle and angle
of difference current vector were notably higher
than that of MCV. In a previous study, the TCV
angle during the ventricular repolarization phase
was stable with low standard deviation in the case
of all age groups that were evaluated.** Further-
more, it is noted that with TCV it is possible to
detect very low electrical current in a fetal heart.’®
It can, therefore, be concluded that TCV is a useful
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Figure 6. Percentage distributions of the number of subjects with each repolarization abnormal
score (white bars: normal controls, black bars: coronary heart disease patients).

parameter that is less affected by individual vari-
ables such as age and amplitude of cardiac current.

As can be seen, TGV angle and angle of dif-
ference current vector difference could accurately
detect patients with coronary heart lesions with a
vessel diameter over 75%. Therefore, it might be
able to detect coronary stenoses of less than 50%
diameter, which are clinically significant, in the
same way.

Comparison between CDPs and MFPs

Some clinical studies based on MFPs for de-
tection of CHD have been done. Table IV lists the
sensitivities and specificities of three MCG tests
using MFPs and CDPs.

Park et al. examined four MFPs (method 1)
taken from the MCG signals during the ventricu-
lar repolarization phase for 185 patients with is-
chemic syndrome.!? In their study, sensitivity and

Table IV.
Sensitivity and Specificity of MCG Test for Detection of
CHD
Sensitivity Specificity

Current distribution parameters (CDPs)

Qur result 85.7% 74.3%

Method 11130 73.3% 70.1%
Magnetic field parameters (MFPs)

Method 112 86.4% (85.7%*) 82.5% (64.4%*)

Method 112 76.4% 74.3%

*Sensitivity and specificity of Method | were applied for our data
listed in Table {.
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specificity for the patients were 86.4% and 82.5%
using automatic diagnosis. We applied method I
for our data listed in Table I. Consequently, sensi-
tivity had a similar value (85.7%]), but specificity
had a lower value (64.4%). Tolstrup et al. investi-
gated seven MFPs (method II) during ventricular
repolarization obtained from 125 patients experi-
encing chest pain.'® The sensitivity and specificity
of seven MFPs were 76.4% and 74.3%. Hailer et al.
examined the semiautomated classification sys-
tem (method III), which is based on the dipolar
structure of current density vector (CDV) map and
the direction of the main CDVs, for patients with
coronary artery disease patients.?%3° The calcula-
tion of 2D CDV map is based on the inverse prob-
lem solution. Sensitivity and specificity for the pa-
tients were 73.3% and 70.1%. On the other hand,
sensitivity and specificity of the MCG test done
using our CDPs were 85.7% and 74.3%. Although
each study used different criteria and subjects,
these results indicate that the CDPs and MFPs
had a similar sensitivity and specificity range from
70% to 85%.

Using the normal ranges of four CDPs estab-
lished from normal MCG, we obtained a high sen-
sitivity (85.7%) in the GHD patients. Furthermore,
the average repolarization abnormal score of four
CDPs in the CHD group with severe TVD was
higher (2.67) than in the other groups (normal
control: 0,53), There is a strong possibility that
the repolarization abnormal score correlated with
the number of major stenotic vessels. This result
indicates the scoring method using four CDPs re-
flected the electrical activation dispersion due to
ischemia and ischemic (infarct) area. It was con-
cluded that CDPs may help to diagnose spatial-
time current abnormalities in the myocardium
during ventricular repolarization.
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REPOLARIZATION SPATIAL-TIME CURRENT ABNORMALITIES IN PATIENTS WITH CHD
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Figure 7. Averaged repolarization abnormal score of
normal controls and patients with single-vessel disease,
double-vessel disease, and triple-vessel disease TVD.

To verify that the CDPs reflect ischemic and
infarction size, we calculated the correlations he-
tween four CDPs (Omcv (Tp), frav (Tp), ¢rcv (Tp,
T,), and g1y (Tp, Te)) and left ventricular ejec-
tion fraction (LVEF). LVEF is an important marker
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of the left ventricular dysfunction and reflects is-
chemic and infarct size. Figure 8A-D shows the
scatter plots of LVEFs against the four CDPs {6 mcv
(Tp), 01cv (Tp), ¢rev (Tp, Ta), and ¢rcy (Tp, Te))
for 16 patients with CHD. Here, we normalized
each CDP by using their median value for healthy
volunteers. Figure BA-D also shows the fitted re-
gression lines calculated for the scatter plots. Av-
erage LVEF was 55 & 14% and ranged from 34%
to 75% in the 16 patients. The correlation coeffi-
cients between the LVEF and four CDPs were less
than —0.35. In particular, gty (Tp, Te) had the
highest correlation (r = —0.59). This result might
indicate that the level of repolarization current ab-
normality is associated with ischemic left ventric-
ular dysfunction due to ischemia.

Study Limitations

We should point out several limitations in
this study. First, the control group was identi-
fied from only the ECG results. Therefore, cardiac
hypertrophy, dilation, and HBP, which are de-
tected by other heart functional tests, cannot he
excluded in this study. Second, it is not enough
to compare the results gotten from the MCG pa-
rameters with other heart function parameters (BP,
ejection fraction, and ST elevation). In particular,
we need to investigate whether abnormal CDPs in
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Figure 8, Scatter plots of left ventricular ejection fractions against the four current distribution
parameters (CDPs). (A) 6ycy (Tp), (B) 01cv (Tp), (C) prcy (Tp, T2), and (D) o1y (Tp, Te)). We
normalized each CDP by using their median value for healthy volunteers.
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CHD patients result from CHD or high BP, since
half of CHD patients generally had HBP. Third,
we defined the coronary heart lesions as a vessel
diameter over 75%. Fourth, the number of patients
with CHD (56 patients) was small.

Despite these limitations, the repolarization
abnormal score and criteria using four CDPs in
CHD patients can reflect lesion size and time
changes of electrical activation dispersion due to
ischemia.

Future Work

To evaluate the improvement in cardiac func-
tion, we will compare the CDPs of CHD patients
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before and after coronary revascularization. We
also consider it important to distinguish abnor-
malities in ventricular repolarization for CHD pa-
tients with diabetes, hypertension, hypertrophy,
and rhythm conductance abnormalities by using
CDP.
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Current and Associated With Long QT Syndrome
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ABSTRACT: Long QT syndrome (LQTS) is an inherited
disease involving mutations in the genes encoding a
number of cardiac ion channels and a membrane adaptor
protein, Among the genes that are responsible for LQTS,
KCNE1 and KCNE2 are members of the KCNE family of

genes, and function as ancillary subunits of Kv channels.
The third KCNE gene, KCNE3, is expressed in cardiac
myocytes and interacts with KCNQI to change the
channel properties. However, KCNE3 has never been
linked to LOTS. To investigate the association between
KCNE3 and LOTS, we conducted a genetic screening of
KCNE3 mutations and single nucleotide polymorphisms
(SNPs) in 485 Japanese LOTS probands using DHPLC-
WAVE system and direct sequencing. Consequently, we
identified two KCNE3 missense mutations, located in the
N- and C-terminal domains. The functional effects of
these mutations were examined by heterologous expres-
sion systems using CHO cells stably expressing KCNQ1.
One mutation, p.R99LH was identified in a 76-year-old
woman who suffered torsades de pointes (TdP) after
administration of disopyramide. Another mutation,
p-T4A was identified in a 16-year-old boy and 67-year-
old woman. Although the boy carried another KCNH2
mutation, he was asymptomatic. On the other hand, the
woman suffered from hypokalemia-induced TdP In a
series of electrophysiological analyses, the KCNQ1(Q1)
+KCNE3(E3)-R99AH channel significantly reduced out-
ward current compared to QI+E3-WT, though the

current density of the Q1 +E3-T4A channel displayed no
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statistical significance. This is the first report of KCNE3
mutations associated with LQTS, Screening for variants
in the KCNE3 gene is of clinical importance for LQTS
patients.

Hum Mutat 30, 557-563, 2009,
Inc.
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Introduction

Long QT syndrome (LQTS) is an inherited disease characterized
by a prolonged QT interval and a high risk of sudden cardiac
death due to peculiar ventricular tachycardia known as torsades de
pointes (TdP) [Moss and Kass, 2005]. Most of the LQTS-causing
genes encode ion channels, with particular regard to potassium
(K) channels. Among them, KCNEI (E1) and KCNE2 (E2) are
members of the KCNE family (E1 through KCNES5) encoding a
single-transmembrane-domain proteins. They are called MinK-
related peptides (MiRPs) that function as ancillary subunits of Kv
channels. In 1999, the third KCNE gene, KCNE3 (ONIM
*604433) (E3), was cloned by homology to E1 [Abbott et al.,
1999]. In the functional analysis on the KCNQ1l (Ql) +E3
channel, E3 was shown to markedly change Q1 channel properties
to yield those activating nearly instantaneously and linearly on
voltage [Schroeder et al., 2000].

The expression of E3 in heart was examined and confirmed by
northern blot analysis [Schroeder et al, 2000}, real-time
quantitative RT-PCR [Bendahhou et al,, 2005; Lundquist et al,,
2005, 2006] and in situ hybridization [Lundquist et al., 2005]. E3
was expressed in all regions of the human heart including left and
right ventricles [Lundquist et al., 2005]. The expression level of E3
was larger than that of E2 in every region of the human heart,
although smaller than that of El1 [Bendahhou et al, 2005;
Lundquist et al, 2005, 2006]. Recently, E3 was reported to

© 2009 WILEY-LISS, INC.



establish a complex with Q1 along with E1 [Morin and Kobertz,
2007]. The Q1+E1+E3 complex generated the current with the
combined properties of homomeric Q1+E1 and Q1+E3 com-
plexes, as we previously reported the properties of Q1+E1+E2
complexes [Toyoda et al., 2006]. Taken together, the dysfunction
of the Q1+E3 channel may reduce repolarizing K currents in the
myocardium, which thereby prolongs the QT interval, although
Q1-E3 channels have not yet been demonstrated in the heart.

Abbott et al. [2001] demonstrated a missense mutation of E3
(p.R83AH) in the patients of periodic paralysis. The reduced
current densities of the E3-R83\H plus Kv3.4 complex channel in
the skeletal muscle caused periodic paralysis, though the authors
did not mention cardiac symptoms. More recently, Lundby et al.
[2008] identified an E3 mutation (p.V17AM) from an early-onset
lone atrial fibrillation (AF) patients. They performed functional
analysis of E3-VI7AM in coexpression with five kinds of
potassium channels. As a result, they revealed increased activity
of KV4.3+E3-V17AM and KCNH2+E3-V17AM channels.

During the genetic screening on 485 Japanese LQTS probands,
we identified two novel E3 mutations and one reported single
nucleotide polymorphism (SNP) (rs34604640:C>G; p.P39R).
The mutations were p.T4A in the N-terminal and p.R99AH in
the C-terminal. In the present study, we describe the clinical
phenotypes of E3-related LQTS patients and the electrophysiolo-
gical effects caused by these E3 mutations, and assess the
probability of E3 as a candidate gene for LQTS.

Materials and Methods

Subjects

Study patients are comprised of 485 congenital and acquired
LQTS probands showing prolongation of the QT interval
(QTc= 460 ms) or documented TdP from 485 unrelated families.
They were referred consecutively to either of our laboratories for
genetic evaluation. All subjects submitted written informed
consent in accordance with the guidelines approved by each
institutional review board. Each underwent detailed clinical and
cardiovascular examinations, and were then characterized on the
basis of the QT interval in lead Vs corrected for heart rate (QTc)
according to Bazetts formula and the presence of cardiac
symptoms.

Genotyping

Genomic DNA was isolated from venous blood lymphocytes as
previously described {Ohno et al, 2007]. Through PCR,
denaturing high-performance liquid chromatography (DHPLC),
and direct DNA sequencing, we performed a comprehensive open
reading frame/splice-site mutational analysis of known LQTS
genes (KCNQI1, KCNH2, SCN5A, KCNEIL, and KCNE2) using
previously described primers [Ohno et al,, 2007]. We did not
conduct mutational analysis of ANKB, KCNJj2, CACNAIC, CAV3,
and SCN4B. The KCNE3 coding region was amplified with a
primer pair; forward primer; 5'-CTGAGCT TCTACCGAGTCTT-3
and reverse primer; 5’ "TGCAGTCCACAGCAGAGTTC-3'. The
size of the PCR product was 435 base pairs. DHPLC analysis of
KCNE3 was performed at three different temperatures; 59.0, 61.2,
and 63.5°C, The ¢cDNA sequence was based on GenBank reference
sequence NM_005472.4, and the numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence, according
to journal guidelines. The initiation codon is codon 1.
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Plasmid Construction

¢DNA for human KCNE3 (NM_005472.4) was cloned into a
PCR3.1 plasmid. Variant amino acid residues were constructed
using a Quick Change® II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA), according to the manufacturer’s
instructions. Nucleotide sequence analysis was performed on each
variant construct prior to the expression study.

Construction of a CHO Cell Line Stably Expressing
Human KCNQ1

Flp-In CHO cells containing a single integrated Flp recombi-
nase target (FRT) site at a transcriptionally active locus
(Invitrogen, Carlsbad, CA) were used for the generation of a
stable KCNQI cell line, The full-length cDNA fragment of human
KCNQI (GenBank AF000571.1) in a pCI vector (a kind gift from
Dr. J. Barhanin, Institut de Pharmacologie Moléculaire et
Cellulaire, CNRS, Valbonne, France) was subcloned into a
pcDNAS/FRT vector (Invitrogen). This construct was cotrans-
fected into Flp-In CHO cells with pOG44, a Flp-recombinase
expression vector (Invitrogen), resulting in the targeting interac-
tion of the expression vector. Stable cell clones were selected in
hygromycin B (500 pig/ml; Invitrogen), and the expression of
KCNQ!1 was tested by the whole-cell patch-clamp recording
method. One cell line exhibited uniform and homogenous
expression of KCNQI currents and was used for experiments.

Cell Culture and Transient Transfection

The stable KCNQ1-CHO cell line was maintained in Ham’s F-
12 medium supplemented with 10% fetal calf serum and
500 &mug/ml hygromycin B in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. Before transfection, cells were
seeded onto 35-mm plastic culture dishes with seven to eight glass
coverslips (SAmm x 3Mmm) and incubated for 24 to 48hhr.
Transient transfection was performed using Lipofectamine
(Invitrogen). The amounts of each ¢DNA used for transfection
were (mug/dish): 1.0 KCNE3; and 0.5 green fluorescent protein
(GFP). At 48 to 72Ahr after transfection, only GFP-positive cells
were selected for the patch-clamp study.

Patch-Clamp Recordings and Data Analysis

Whole-cell membrane currents were recorded with an EPC-8
patch-clamp amplifier (HEKA, Lambrecht, Germany). A coverslip
with adherent CHO cells was placed on the glass bottom of a
recording chamber (0.5Aml in volume) mounted on the stage of
Nikon Diaphot inverted microscope (Tokyo, Japan). Patch
pipettes were prepared from glass capillary tube (Narishige,
Tokyo, Japan) by means of a Sutter P-97 micropipette puller
(Novato, CA), and the tips were then fire-polished with a
microforge. Pipette resistance ranged from 2 to 4 M when filled
with internal solution. Current recordings were conducted at
34+1°C. Voltage-clamp protocols and data acquisition were
controlled by PatchMaster software (version 2.03, HEKA) via an
LIH-1600 AD/DA interface (HEKA). Cell membrane capacitance
(Cm) was measured in every cell by fitting a single exponential
function to capacitive transients elicited by 20 ms voltage-clamp
steps from a holding potential of -80 mV.

External Tyrode solution contained (mM): 140 NaCl, 0.33
NaH,PO,, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 5.4 glucose, and 5
HEPES, and pH was adjusted to 7.4 with NaOH. The internal



pipette solution contained (mM): 70 potassium aspartate, 50 KCI,
10 KH,POy, 1 MgCl,, 3 Na,-ATP, 0.1 Li,-GTP, 5 EGTA, and 5
HEPES, and pH was adjusted to 7.2 with KOH. Liquid junctional
potential between the test solution and the pipette solution was
measured to be around -10mV and was corrected. HMR1556 (a
kind gift from Drs. H.J. Lang and J. Piinter, Aventis Pharma
Deutschland GmbH) was added from 10 mM stock solution in
DMSO to the external solution (final DMSO concentration did
not exceed 0.01%).

To obtain the deactivation time constant, the time course of
decaying tail current at ~50 mV were fitted to a single exponential
function:

I(t) = A + Bexp(—t/1),

where I(f) means the tail current amplitude at time f, A and B are
constants, and T is the deactivation time constant.

All data are presented as mean+standard error of the mean
(SEM). Statistical analysis was performed by analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc comparison.
Statistical significance was set at P<0.05.

Cell Preparation and Cenfocal Imaging

For the immunofluorescence study, we constructed a hemag-
glutinin (HA)-tagged KCNE3 plasmid (wild type [WT] and
mutant). An HA epitope (YPYDVPDYA) was introduced into the
N-terminus of KCNE3 ¢DNA, using an HA-tagged 5’ primer with
a Kpnl restriction site at the 5 end and a 3’ primer with BsrGI at
the 3’ end. The full-length cDNA fragment of human KCNQI was
subcloned into pCl-neo. COS7 cells were transfected with
1.0 &mug of HA-tagged pCR3.1-KCNE3 (WT or mutant) and
1.0 &mug of pCl-neo-KCNQ! plasmid in 35-mm glass-bottom
dishes, using Fugene6 (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions. At 48Ahr later, the
cells were washed twice with phosphate buffered saline (PBS),
followed by incubation with a mouse anti-HA primary antibody
(1:500) (Covance Research Products, Inc., Berkeley, CA) for
30Aminutes at 37°C. The cells were then washed twice with PBS
and incubated with an anti-mouse antibody conjugated to the
Alexa 488 fluorophore (1:500) (Molecular Probes, Eugene, OR) as
a secondary antibody for 30Aminutes at 37°C, Finally, cells were
washed with and immersed in Opti-Mem, and confocal images
were obtained with a Zeiss LSM 510 (Carl Zeiss GmbH, Jena,
Germany).

Results

Mutation Analysis

In 485 LQTS probands, we identified two novel missense
mutations and one SNP in E3 (Figs. 1 and 2). The first mutation
was a single nucleotide alternation (c.296G>A) (Fig. 1A)
resulting in an amino acid substitution from an arginine at
residue 99 with a histidine (p.R99AH). The second mutation was a
single nucleotide change (c.10A>G) (Fig. 2A), causing an amino
acid substitution p.T4A, replacing a threonine at residue 4 with an
alanine, This T4A missense mutation was identified in two
probands. Another proband was found to have a p.P39R
polymorphism, which was reported as an SNP (1s34604640:
C>G). These three variants were absent in 200 unrelated healthy
individuals (400 alleles) from the general Japanese population.
They are located in the N-terminus (T4A and P39R) and C-
terminus (R99AH), respectively. We further searched for another

mutation in LQTS-related genes in these probands carrying E3
mutations (see Materials and Methods). In one of the KCNE3-
T4A carriers, we identified a KCNH2-p.G572S mutation and in
the proband with the P39R polymorphism a KCNH2-p.W563G
mutation. SNP ¢.198 T>C (1s2270676), which causes no amino
acid substitution (p.F66F), was identified heterozygously in
roughly 20% of both LQTS probands and healthy individuals.

Phenotypic Characterization

Patient 1

The novel mutation p.R9IVH was found in a 76-year-old female
suffering from drug-induced TdP. Her resting 12-lead electro-
cardiograph (ECG) before administration of disopyramide (Fig.
1B-a) displayed sinus rhythm with normal QTc (438 ms). Because
of repeated paroxysmal AF, she was started on 300Amg of
disopyramide per day. At 10 days after disopyramide intake, her
level of consciousness decreased and ECGs displayed frequent
premature ventricular contractions (PVCs) and TdP (Fig. 1B-b).
Her heart rate was 66 beats per minute (bpm), and her QTc time
was prolonged to 580 ms. Serum K level was within normal range
(4.0mEqg/L). Disopyramide was immediately stopped, and
temporary pacing was immediately started at 90 bpm. In 3 days,
TdP attacks ceased and QTc intervals returned within normal
range. She had no family history of sudden cardiac death and
LQTS. We did not conduct genetic analyses on the relatives of this
patient, due to a lack of consent.

Patient 2

A p.T4A mutation was identified in a 16-year-old boy who had
QT prolongation discovered during his school’s annual health
checkup. He had no history of faintness or syncope and no family
history of syncope or sudden death. His resting ECG (Fig. 2B)
revealed bradycardia for age (48bpm) and QT prolongation
(QTc = 525ms). Genetic analysis on other LQTS-related genes
revealed a KCNH2-G572S missense mutation which had been
previously reported [Tester et al., 2005]. His mother and sister also
remained asymptomatic but had the same heterozygous set of
genetic variants (E3-T4A and KCNH2-G572S). Their ECGs also
displayed the prolongation of QTc intervals: 520 ms and 560 ms
(data not shown).

Patient 3

A p.T4A mutation was also identified in another urrelated
proband, a 68-year-old female, who experienced hypokalemia-
induced TdP at age 60 years. After correction of serum potassium
levels, her QTc time was normalized to 430 msec (Fig. 2C). Two
years after the TdP event, she was diagnosed with cardiac
sarcoidosis and was started on steroid hormone therapy. Though
her daughter also carried the E3-T4A mutation, she was
asymptomatic with borderline QTc.

Patient 4

A p.P39R amino acid substitution was identified in a 32-year-
old female who was also identified to have a novel KCNH2
missense mutation, p.W563G. She experienced repeated episodes
of late night syncope at ages 15, 21, and 26 years. Figure 3 displays
her 12-lead ECG demonstrating marked QT prolongation
(QTc=512msec) and notched T waves, suggesting LQTS type
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Molecular discovery and clinical characterization of R99H-KCNE3. A: DHPLC (insets) and DNA sequence analyses of normal

control and Patient 1. DNA sequencing chromatograms demonstrate an arginine (Arg) to histidine (His) substitution at residue 99. B: ECGs of
Patient 1. (a) 12-lead ECG and (b) monitoring ECG of TdP in a 76-year-old female patient. Scale bars indicate 1 mV and 400 ms. [Color figure can

be viewed in the online issue, which is available at www.interscience.wiley.com.]
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KCNE3. A: DHPLC (insets) and DNA sequence analysis of normal control

and patient. DNA sequencing chromatograms demonstrate a threonine (Thr) to alanine (Ala) substitution at residue 4. B: The 12-lead ECG of
Patient 2. C: The 12-lead ECG of Patient 3. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

2. E3-P39R was reported as an SNP (rs34604640: C> G); however,
P39R was absent in 400 control alleles from healthy Japanese
cohorts. Therefore, we conducted a functional analysis of three
mutants including P39R.

Biophysical Properties of KCNQ1 Channels Coexpressed
With KCNE3

To clarify the functional consequences of these missense
mutations (R99AH, T4A, and P39R) on E3, we assessed the
biophysical properties of the mutated E3 clone by using the stably
expressing human KCNQ1-CHO cell line. Figure 4A shows
representative examples of whole-cell currents recorded from
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CHO cells stably expressing the Q1 channel transfected with or
without E3 (WT or mutant). Insets to the right of each recording
illustrate expanded views of the tail current elicited after return to
—50mV from test potentials. The current amplitudes were
normalized by cell capacitances (current densities). Recordings
from cells expressing the Q1 channel alone (left panel of Fig. 4A)
displayed small amplitudes of time-dependent outward currents
during depolarizing test potentials, followed by slowly deactivating
tail currents on return to —=50mV. In contrast, transfection of
stable Q1 cells with E3-WT (second panel in Fig. 4A) gave rise to
large amplitudes of currents composed of at least two compo-
nents: 1) a time-dependent outward current activated during
depolarizing steps; and 2) a constitutively active background



