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Pause-Dependency of the J-Wave in ldiopathic VF

(A) Electrocardiogram (ECG) of the same patient discussed in Figure 1. Pause-induced augmentation of the J-wave was followed by ventricular fibrillation (VF) in this
patient with idiopathic VF. J-wave augmentation was accompanied by ST-T displacement (lead ll). The pause was produced by a premature ventricular beat. (B) ECG of a
49-year-old male with idiopathic VF. The premature ventricular beat produced a pause, but J-wave augmentation was not seen (lead ll). VF was initiated by a premature
beat that developed following a long R-R interval. (C) ECG of a 43-year-old male in the control group. There was no familial history of sudden cardiac death or cardiac
disease. Premature ventricular contraction resulted in a pause but without a change in the Jwave (lead ).

occurred in 5 (33.3%) of 15 patients in storms after a
short-long sequence. Isoproterenol was effective in control-
ling VF (Fig. 2).

In the remaining 12 (44.4%) of 27 patients, the J-wave
remained unchanged (<0.05 mV), as shown in Figure 3:
0.192 * 0.079 mV versus 0.196 = 0.080 mV (p = 0.8377)
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In the subgroup with pause-dependent augmentation [Aug(+)], J-wave ampli-
tude increased significantly among the post-pause beats (n = 15). In the beats
coming just after the post-pause beats, the J-wave was diminished in ampli-
tude (n = 6). No augmentation was induced by pauses in J waves in the sub-
groub without post-pause augmentation [Aug(-)] or in the control group. *p <
0.001 pre- versus post-pause. tp = 0.0406 and p = 0.0065 versus pre- and
post-pause, respectively.

~ when the R-R interval was prolonged from 809 * 137 ms

to 1,156 * 175 ms, as summarized in Table 2 (p < 0.0001).
In 4 (33.3%) patients, VF developed and was controlled by
isoproterenol.

The patients with pause-dependent augmentation of the
J-wave amplitude were similar in age, sex, and J-wave
locations to those without (Table 2). The baseline R-R
intervals and their changes were similar between the 2
groups, but the pre- and post—J-wave amplitudes were larger
in the patients with pause-dependent augmentation of the
J-wave compared with those without (p < 0.0001).
Control group. In the 76 control subjects, sex and age were
comparable to the 40 patients (Table 1). The locations of ]
waves were as follows: 65 (85.5%) in the inferior region, 25
(33.9%) in the left precordial region, 10 (13.2%) in the right
precordial region, 12 (15.8%) in the high lateral region, and
36 (47.4%) at >1 site. The distribution pattern did not
differ between the 2 groups.

The baseline R-R interval and the J-wave amplitude were
different from the patient group (Table 1). When the R-R
interval was prolonged from 941 * 138 ms to 1,352 * 342
ms by arrhythmias (n = 17), there was no augmentation of
the J-wave amplitude (Figs. 3 and 4).

Sensitivity, specificity, and predictive values. Pause-
dependent augmentation of the ] waves was observed in 15
of 27 VF patients with a sensitivity of 55.6%, or 37.5% of
the original 40 patients with ] waves. Pause-dependent
augmentation of ] waves was observed only in patients with
idiopathic VF. Both the specificity and the positive predic-
tive values were 100%: the negative predictive value was
86.4% of the 27 patients, or 75.2% of the original 40

—293—



1952 Aizawa et al.

Pause-Dependency of the ]-Wave in idiopathic VF

patients. The presence of pause-dependent augmentation of
J waves was highly diagnostic for idiopathic VF.

Discussion

Fifty-four patients with idiopathic VF were admitted to
Niigata University Hospital, and ] waves were observed in
24 (44.4 %); another 16 similar patients were recruited from
8 other institutions.

Of the 40 patients, we were able to assess the instanta-
neous dynamicity of ] waves after pauses in 27 patients
(67.5%), and pause-dependent augmentation of the ] waves
was observed in 15 (55.6%) of 27 patients but not in any of
the control patients. Augmentation of ] waves was associ-
ated with depression of the ST-segment or inversion of the
T-wave, and the beats just after the post-pause beat revealed
attenuated J waves. The pause-dependent augmentation of
J waves was highly specific and had highly predictive vatue.
Effects of isoproterenol were reconfirmed.

The age and sex of the patients with idiopathic VF were
similar to those reported previously (8—10). Prevalence of
the J-wave was also similar to that reported by earlier
researchers varying from 31% to 65%. This prevalence was
higher than that of the Japanese (11% to 27%) (19)
compared with the non-Japanese control subjects (5.0% to
34%) (5,8-12). Because of the frequent presence of | waves
in the general population, it is urgent to establish a standard
to distinguish “benign J waves” from “malignant” ones. So
far, several characteristics of ] waves involving idiopathic VF
have been reported.

Extensive location or a large amplitude of ] waves was
statistically shown to be a risk factor for arrhythmic death
(11); however, overlapping was remarkable between the
patients with idiopathic VF and the control.

In addition, marked fluctuation of the J-wave might be
observed in idiopathic VF especially before VF episodes
(8,10,20~22), and the J-wave might develop new or disap-
pear over time. This seems to be in contrast to ER or |
waves in healthy individuals: =80% subjects exhibited the
same type of J-wave after an interim of 5 years (11,23,24).
Whether attenuation of the J-wave amplitude by isoproter-
enol or quinidine is specific to J waves with idiopathic VF
needs be established (8,10,25-27).

Another striking feature of the J-wave in patients with
idiopathic VF is an accentuation of ] waves after a sudden
prolongation of the R-R interval: that is, the pause depen-
dency. This phenomenon was described in our first report in
1992 (7). Since then, data from similar cases have been
collected. Among the 27 patients who were able to be
analyzed with respect to pause-dependency, the pause-
dependent augmentation of ] waves was confirmed in 37.5%
(15 of 40) patients with J waves, but such pause-dependent
augmentation of J waves was not observed in any of the
non-VF subjects. Notably, we would be able to provoke pauses
by programmed stimulation during electrophysiological study
and analyze the pause-dependency (15,28).
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To date, only a few such cases have been reported (22,25).
Although rare, a striking pause-dependent augmentation of
J waves in the inferolateral leads has been observed in a
patient with Brugada syndrome (29). During the follow-up
of 2 years, he developed electrical storms from VF.

The presence of early repolarization with a horizontal/
descending ST-segment was found to be able to predict
arrthythmic death in a large population study (13). The
presence of ] waves was associated with a history of
idiopathic VF with an odds ratio of 4.0, but the combina-
tion of ] waves and a horizontal/descending ST-segment
yielded an odds ratio of 13.8 for patients with idiopathic VF
(14). In the present study, the ST-segment or T waves
became more negative when ] waves were accentuated after
a pause (Fig. 2). Regarding the discordant relationship
between the J-wave amplitude and ST-segment, delayed
epicardial repolarization causing the epicardium to repolar-
ize after endocardium seems to be responsible (30,31).

Experimentally, ] waves are well explained by the trans-
mural voltage gradient of the myocardial cells in phase 1 of
the action potential of myocardial cells, which is created by
transient outward currents (Ito) (32,33). Accentuated Ito is
shown to result in accentuation of J waves on the surface
ECG and Ito is known to be augmented at a slower rate.
The bradycardia-dependent augmentation of the J-wave
amplitude in idiopathic VF could be well explained by Ito
(32,33). Delayed activation due to phase 4 block (block at a
slow rate) may mimic ] waves appearing at a slower rate and
can be differentiated from the J-wave (34,35). Phase 4 block
can be affected by the recovery characteristics of Ito, which
permit a greater action potential overshoot and amplitude, and
therefore a greater source current early in diastole (36).

At this point, we may be able to characterize the J-wave
associated with idiopathic VF as follows: 1) large amplitude
(often >0.2 mV) (11); 2) recent appearance (7,8); 3)
remarkable fluctuation without any apparent cause (8,10); 4)
extensive distribution (8); 5) response to isoproterenol or
quinidine (8,10,24-27); 6) a concomitant horizontal/
descending ST-segment (13,14); and 7) pause-dependent
augmentation (7).

Study limitations. This was a small case series, and our
conclusions must be confirmed in a larger number of
patients. However, this study represents 20 years of experi-
ence. A worldwide survey is needed for further elucidation.

The response of the J-wave was analyzed in one-half of
the patients because some did not have their situation
complicated by benign arrhythmias. However, the pause-
dependency of ] waves might be evaluated in a systematic
manner during electrophysiological study after giving elec-
trical stimuli to either the atrium or the ventricle, inducing
pauses (29). The causes of the waxing and waning nature of

~ the J-wave were not determined. The possible role of a

latent pathological process such as myocarditis as the cause
of the J-wave appearing for weeks or longer should be
excluded.
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Finally, genetic abnormalities have been noted in some
patients with idiopathic VF (37-40), but the present study
did not include genetic screening. A systematic survey is of
great importance in this respect.

Conclusions

Regarding the dynamicity of the J-wave in idiopathic VF,
the pause-dependent augmentation was highly specific with
high predictive values. This simple phenomenon may be
used for the risk stratification of ] waves.

Reprint requests and correspondence: Dr. Yoshifusa Aizawsd,
Niigata University Graduate School of Medical and Dental Sci-
ence, 1-754 Asahimachi-dori, Niigata 951-8510, Japan. E-mail:
aizaways@med.niigata-u.ac.jp.

REFERENCES

1. Shipley RA, Hallaran WR. The four lead electrocardiogram in 200
normal men and women. Am Heart J 1936;11:325-45.

2. Littman D. Persistence of the juvenile pattern in precordial leads of
healthy adult Negroes with a report of electrocardiographic survey on
300 Negro and 200 white subjects. Am Heart J 1946;32:370-82.

3. Wasserbuger RH, Alt WJ. The normal RS-T segment elevation
variant. Am J Cardiol 1961;8:184-92.

4. Kambara H, Phillips J. Long-term evaluation of early repolarization
syndrome (normal variant RS-T segment elevation). Am J Cardiol
1976;38:157-61.

5. Klatsky AL, Oehm R, Cooper RA, Udaltsova N, Armstrong MA. The
early repolarization normal variant electrocardiogram: correlates and
consequences. Am J Med 2003;115:171-7.

6. Hayashi M, Murata M, Aizawa Y, Shibata A. Sudden nocturnal death
in young males from ventricular flutter. Jpn Heart ] 1985;26:585-91.

7. Aizawa Y, Tamura M, Chinushi M, et al. Idiopathic ventricular
fibrillation and bradycardia-dependent intraventricular block. Am
Heart J 1993;126:1473-4.

8. Haissaguerre M, Derval N, Sacher F, et al. Sudden cardiac arrest
associated with early repolarization. N Engl ] Med 2008;358:2016-23.

9. Rosso R, Kogan E, Belhassen B, et al. J-point elevation in survivors of
primary ventricular fibrillation and matched control subjects. ] Am
Coll Cardiol 2008;52:1231-8.

10. Nam GB, Kim YH, Antzelevitch C. Augmentation of ] waves and
electrical storms in patients with early repolarization. N Engl ] Med
2008;358:2078-9.

11. Tikkanen JT, Anttonen O, Junttila M], et al. Long-term outcome
associated with early repolarization on electrocardiography. N Engl
J Med 2009;361:2529-37.

12. Haruta D, Matsuo K, Tsuneto A, et al. Incidence and prognosis of
early repolarization pattern in the 12-lead electrocardiogram. Circula-
tion 2011;123:2931-7.

13. Tikkanen JT, Junttila MJ, Anttonen O, et al. Early repolarization:
electrocardiographic phenotypes associated with favorable long-term
outcomes. Circulation 2011;123:2666-3.

14. Rosso R, Glickson E, Bethassen B, et al. Distinguishing “benign” from
“malignant early repolarization”: the value of the ST-segment mor-
phology. Heart Rhythm 2012;96:225-9.

15. Aizawa Y, Naitoh N, Washizuka T, et al. Electrophysiological
findings in idiopathic recurrent ventricular fibrillation: special refer-
ence to mode of induction, drug testing and long-term outcomes.
Pacing Clin Electrophysiol 1996;19:929-39.

16. Moss AJ, Schwartz PJ, Crampton RS, Locati E, Carleen E. The long
QT syndrome: a prospective international study. Circulation 1985;71:
17-21.

17. Watanabe H, Makiyama T, Koyama T, et al. High prevalence of early
repolarization in short QT syndrome. Heart Rhythm 2010;7:647-52.

18. Brugada P, Brugada J. Right bundle branch block, persistent ST
segment elevation and sudden cardiac death: a distinct clinical elec-

—295—

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Aizawa et al. 1953
Pause-Dependency of the J-Wave in Idiopathic VF

trocardiographic syndrome. A multicenter report. ] Am Coll Cardiol
1992;20:1391~6.

Yagihara N, Sato A, Tijima K, et al. The prevalence of early repolar-
ization in Wolff-Parkinson-White syndrome with a special reference
to ] waves and the effects of catheter ablation. J Electrocardiol
2012;45:36—-42.

Nam GB, Ko KH, Kim J, et al. Modes of onset of ventricular
fibrillation in patients with early repolarization pattern vs. Brugada
syndrome. Eur Heart J 2010;31:330-9.

Shinohara T, Takahast N, Saikawa T, Yoshimatsu H. Characteriza-
tion of ] wave in a patient with idiopathic ventricular fibrillation. Heart
Rhythm 2006;3:1082-4.

Haissaguerre M, Sacher F, Nogami A, et al. Characteristics of
recurrent ventricular fibrillation associated with inferolateral early
repolarization. role of drug therapy. ] Am Coll Cardiol 2009;53:612-9.
Spratt KA, Borans SM, Michelson EL. Early repolarization: normal-
ization of the electrocardiogram with exercise as a clinically diagnostic
feature. ] Invasive Cardiol 1995;7:238—42.

Riera AR, Uchida AH, Schapachnik E, et al. Early repolarization
variant: epidemiological aspects, mechanism, and differential diagno-
sis. Cardiol ] 2008;15:4-16.

Takeuchi T, Sato N, Kawamura Y, et al. A case of a short-coupled
variant of torsades de pointes with electrical storm. Pacing Clin
Electrophysiol 2003;26:632~6.

Belhassen B, Glick A, Viskin S. Excellent long-term reproducibility of
the electrophysiologic efficacy of quinidine in patients with idiopathic
ventricular fibrillation and Brugada syndrome. Pacing Clin Electro-
physiol 2009;32:294-301.

Chinushi M, Hasegawa K, Iijima K, et al. Characteristics of ] wave-
associated idiopathic ventricular fibrillation: role of drugs. Pacing Clin
Electrophysiol 2011 Mar 21 [E-pub ahead of print], doi: 10.1111/}.1540-
8159.2011.03066.x

Aizawa Y, Tamura M, Chinushi M, et al. An attempt at electrical
catheter ablation of the arthythmogenic area in idiopathic ventricular
fibrillation. Am Heart ] 1992;123:257-60.

Kaneko Y, Kurabayashi M, Aizawa Y, Brugada P. Nocturnal and
pause-dependent amplification of ] wave in Brugada syndrome. J Car-
diovasc Electrophysiol 2011 Jul 7 [E-pub ahead of print], doi: 10.1111/
j-1540-8167.2011.02124.x.

Fish JM, Antzelevitch C. Role of sodium and calcium channel block
in unmasking the Brugada syndrome. Heart Rhythm 2004;1:210-7.
Antzelevitch C, Yan GX. J wave syndromes. Heart Rhythm 2010;7:
549-58.

Yan GX, Antzelevitch C: Cellular basis for the electrocardiographic
J-wave. Circulation 1996;93:372-9.

Antzelevitch C. The Brugada syndrome: ionic basis and arrhythmia
mechanism. J Cardiovasc Electrophysiol 2001;12:268~72.
Rosenbaum MB, Elizari MV, Lazzari JO, Halpern MS, Nau GI, Levi
RJ. The mechanism of intermittent bundle branch block. Relation-
ships to prolonged recovery, hypopolarization and spontaneous dia-
stolic depolarization. Chest 1973;63:666—77.

Elizari MV, Nau G]J, Levl PJ, Lazzar JO, Halpern MS, Rosenbaum
MB. Experimental production of rate-dependent bundle branch block
in the canine heart. Circ Res 1974;34:730—42.

Litovsky SH, Antzelevitch C. Transient outward current prominent in
canine ventricular epicardium but not endocardium. Cir Res 1988;62:
116-26.

Haissaguerre M, Chatel S, Sacher F, et al. Ventricular fibrillation with
prominent early repolarization associated with a rare variant of
KCNJ8/KATP channel. ] Cardiovasc Electrophysiol 2009;20:93-8.
Burashnikov E, Pfeiffer R, Barajas-Martinez H, et al. Mutations in the
cardiac L-type calcium channel associated with inherited J-wave
syndromes and sudden cardiac death. Heart Rhythm 2010;7:1872-82.
Antzelevitch C, Barajas-Martinez H. A gain-of-function Iy srp
mutation and its role in sudden cardiac death associated with J-wave
syndromes. Heart Rhythm 2010;7:1472~4.

Watanabe H, Nogami A, Ohkubo O, et al. Electrocardiographic
Characteristics and SCN5A mutations in idiopathic ventricular fibril-
lation associated with early repolarization. Circ Arrhyth Electrophysiol
2011;4:874-81.

Key Words: idiopathic ventricular fibrillation # J-Wave ® pause-
dependency.



Time Course and Prognostic Implications of QT Interval
in Patients with Coronary Artery Disease
Undergoing Coronary Bypass Surgery
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Course and Prognostic Implication of QT After CABG. Introduction: The aim of the present
study was to determine the prognostic implication of preoperative QT interval in relation to overall death
and sudden cardiac death after coronary bypass surgery and to investigate the course of QT interval after
surgery.

Methods and Results: Of 812 consecutive patients undergoing isolated off-pump coronary surgery, 656
were retrospectively analyzed after excluding the 48 patients who were taking QT prolonging drugs and the
108 patients who had any of the following electrocardiographic findings: atrial fibrillation, pacemaker, QRS
of >120 milliseconds, bundle branch block. QT intervals were corrected for heart rate (QTc) using Bazett’s
formula. Prolonged QTc was defined as QTc of >450 milliseconds in men (n = 144) and >470 milliseconds
in women (n = 36). The 5-year cumulative rate of sudden cardiac death in patients with prolonged QTc was
25% against 4% for those with normal QTc (P = 0.01). The risk-adjusted hazard ratio (95% confidence
interval) for the association between preoperative QTc and overall death was 1.47 (1.21-1.74) per 1-SD
increase in QTc; and 2.38 (1.50-3.45) for prolonged versus normal QT. For sudden cardiac death, the
respective ratios were 1.63 (1.32-2.25) per 1-SD increase in QTc; and 3.32 (2.14-4.23). QTc interval did not
change during the first year after surgery, but increased significantly during the subsequent years. Patients
with prolonged QTc before surgery had consistently longer QTc even after revascularization than those
with normal QTec.

Conclusion: Preoperative QT interval was an independent predictor of overall death and sudden cardiac
death after isolated coronary bypass surgery. (J Cardiovasc Electrophysiol, Vol. 23, pp. 645-649, June 2012)

coronary artery bypass graft, coronary artery disease, heart rate, QT prolongation, revascularization, sudden
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cardiac death

Introduction

Sudden cardiac death is associated with coronary artery
disease.!'? In a recent population-based study, QT prolon-
gation was identified as an independent predictor of sudden
cardiac death among patients with coronary artery disease.’
Preoperative QT interval has been reported to be predictive
of overall mortality after coronary artery bypass surgery.>
However, little is known about its significance as a risk
predictor for sudden cardiac death after coronary bypass
surgery..Although surgical revascularization may affect the
QT interval, there is almost no information on the time course
of QT interval after surgery. The aim of the present study was
to investigate the influence of surgical revascularization on
the time course of QT interval after surgery and to determine
the prognostic implication of preoperative QT interval in
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relation to the overall death and sudden cardiac death in
patients undergoing isolated coronary artery bypass surgery.

Methods

Between January 2002 and January 2010, 818 consecutive
patients underwent isolated coronary artery bypass surgery
by a single surgeon at our institution. Of these, 6 patients
underwent emergent percutaneous cardiopulmonary bypass
at other hospitals during cardiopulmonary resuscitation for
cardiac arrest caused by acute myocardial infarction and
were then transferred to our hospital, where they underwent
emergent coronary bypass surgery with percutaneous car-
diopulmonary bypass. The remaining 812 patients underwent
myocardial revascularization using the off-pump technique
without emergent conversion to cardiopulmonary bypass dur-
ing the operation. Of this cohort, 656 patients were retro-
spectively analyzed after excluding the 48 patients who were
taking QT-prolonging drugs: amiodarone or sotalol (n = 8),
disopyramide, flecainide, procainamide, or cibenzoline (n =
28), or antipsychotics (n = 12), and the 108 patients who had
any of the following electrocardiographic findings: chronic
atrial fibrillation or atrial flutter (n = 20), pacemaker rhythm
(n =5), QRS of >120 milliseconds (n = 65), bundle branch
block (n = 24). All patients had previously granted permis-
sion for use of their medical records for research purposes.
The study was approved by the institutional review board.
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The off-pump technique was used for all patients. The details
of the revascularization strategy were described previously.®

Electrocardiography

Standard 12-lead resting electrocardiograms tracing at 25
mnys paper speed and 10 mm/mV amplitude (on average
6-8 beats) were performed on admission with a MAC-5500
digital ECG system (GE Medical Systems, Milwaukee, WI,
USA) and stored in a MUSE System (GE Medical Systems).
Electrocardiogram analysis was performed using a Marquette
12SL ECG Analysis Program (GE Medical Systems). The
QT interval was measured from the beginning of the earliest
onset of the QRS complex to the end of the T wave. The end
of the T wave was defined as the return of the descending
limb to the isoelectric line. When a discrete U wave was
present after the T wave, the T wave offset was defined as the
nadir between the T and U waves. When the T and U waves
were fused, the U component was calculated as the T wave.
The QT measurement was made in leads II and V5 or V6,
with the longest value being used. QT interval was corrected
for heart rate (QTc) using Bazett’s formula.” Data were an-
alyzed using gender-specific QTc categories (men: normal
<450 milliseconds, prolonged >450 milliseconds; women:
normal <470 milliseconds, prolonged >470 milliseconds).
Sokolow-Lyon voltage was calculated by addition of the am-
plitude of the S wave in lead V1 to the amplitude of the
maximum R wave in lead V5 or V6.7 Cornell voltage was
calculated by addition of the amplitude of the R wave in lead
aVL to the amplitude of the S wave in lead V3.5

Endpoints and Definitions

The primary endpoint was overall death. The secondary
endpoint was sudden cardiac death. Sudden cardiac death
was defined as a sudden unexpected pulseless condition of
likely cardiac origin. If unwitnessed, sudden cardiac deaths
were those in which the patient was found dead within
24 hours of having last been seen alive and in a normal state
of health. Documentation of the cause of death was based
on information obtained from witnesses, family members,
death certificates, hospital records, and autopsy records. All
patient data were collected prospectively and entered in our
database. Chronic kidney disease was defined as glomeru-
lar filtration rate <60. Glomerular filtration rate was esti-
mated from the Modification of Diet in Renal Disease equa-
tion: estimated glomerular filtration rate mL/min/1.73 m? =
194 x serum creatinine level (mg/dL)™'"* x age
(year)~%287 x 0.739 (if female).'? Preoperative serum crea-
tinine was measured at admission.

Statistical Analysis

Comparisons between the groups were performed with
Pearson’s chi-square test for categorical variables and with
unpaired ¢-test or Mann-Whitney’s U test for continuous vari-
ables. Interval-to-interval comparisons were carried out with
paired -test for normally distributed variables. Linear re-
lations were checked with a standard least-squares linear
regression analysis. The cumulative risks of overall death
and sudden cardiac death were estimated separately for each
group using the Kaplan-Meier method and were compared
between groups using the log rank test. The association be-
tween preoperative QTc and overall death or sudden car-
diac death was estimated using the Cox proportional haz-

ard model. Hazard ratio (HR) with 95% confidence interval
(95% CI) was calculated in 2 ways: by modeling QTc as a
continuous variable (per 1-SD increase) and by categorizing
QTc into 2 groups (normal QTc group vs prolonged QTc
group). To determine whether QTc remained predictive after
adjustment for possible confounders of this relationship, we
constructed 3 models. The first model included QTc alone,
the second QTc and the logistic European system for cardiac
operative risk evaluation (Euro SCORE), and the third QTc
and potential risk factors for mortality: age, female gender,
body mass index, hypertension, diabetes mellitus, chronic
kidney disease, peripheral arterial disease, previous myocar-
dial infarction, triple vessel disease, and ejection fraction.
The proportional hazards assumption was checked by in-
specting the log-minus-log survival curves. No violation of
this assumption was detected. To evaluate the impact of pre-
operative QTc in explaining each outcome, we constructed
receiver operating characteristic (ROC) curves and deter-
mined the area under the curve. All statistical testing was
2-sided. Results were considered statistically significant at
a level of P < 0.05. All analyses were performed with the
SPSS statistical package version 11.0 (SPSS Inc., Chicago,
IL, USA).

Results
Patient Characteristics

The mean value (4 standard deviation) of the QTc in-
terval was 427 4+ 33 milliseconds in males (n = 519) and
439 4 37 milliseconds in females (n = 137). Of the 656 pa-
tients enrolled, 144 males (27.7%, 144/519) had QTc of >450
milliseconds while 36 females (26.3%, 36/137) had QTc of

TABLE 1
Baseline Characteristics

Normal QT  Prolonged QT P
n =476 n = 180

Age (years) 68.0 +9.8 68.44 10.9 0.59
Female gender 101 (21.2) 36 (20.0) 0.73
Body mass index (kg/m?) 23.6 £3.1 232+33 0.21
Hypertension 335(70.4) 120 (66.7) 0.38
Diabetes mellitus 238 (50.0) 94 (52.2) 0.53
Hemoglobin Alc (%) 63+12 64413 021
Chronic kidney disease 270 (56.7) 118 (65.6) 0.03
Peripheral arterial disease 60 (12.6) 25(13.9) 0.49
Triple vessel disease 340 (71.4) 132 (73.3) 0.38
Ejection fraction, % 58 %11 56 +£13 0.23
Previous myocardial infarction 198 (41.6) 88 (48.9) 0.04
History of ventricular tachycar- 19 (4.0) 844 0.36
dia
Serum potassium levels 40+05 4.1+0.6 0.33
Electrocardiography

PR duration (milliseconds) 169.7 +24.5 168.3 +31.5 0.75

QRS duration (milliseconds)  94.8 + 10.1 95.9+9.7 0.49

Sokolow-Lyon voltage (mV)  29.0 £ 10.9 289+ 123 0.95

Cornell voltage (mV) 189+17.8 207112 0.22
Medication on admission

Renin angiotensin system 263 (55.3) 101 (56.1) 0.80
inhibitor

Digitalis 22 (4.6) 9 (5.0) 0.51

B-blocker 269 (56.5) 98 (54.4) 0.46

Statin 297 (62.4) 114 (63.3) 0.76

Continuous variables are presented as mean =+ standard deviation,
categorical variables as number (percentage).
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>470 milliseconds (prolonged QT group, n = 180). The
remaining 375 males and 101 females had QTc of <450 mil-
liseconds and <470 milliseconds, respectively (normal QT
group, n = 476). Table 1 presents a comparison between the
two groups of baseline characteristics, electrocardiographic
findings, and medication on admission. No significant differ-
ence was found in age, gender, body mass index, hemoglobin
Alc, ejection fraction, serum potassium levels, history of
ventricular tachycardia, or prevalence of hypertension, dia-
betes mellitus, or peripheral arterial disease. However, the
prolonged QT group had significantly higher prevalence of
chronic kidney disease and previous myocardial infarction
than the normal QT group. Electrocardiographic findings and
medication on admission were similar between the groups.

Operative Procedures, Postoperative Complications,
and Medication on Discharge

The left anterior descending artery was revascularized us-
ing the in situ internal thoracic artery in all patients. There
was no significant difference between the normal QT group
and the prolonged QT group in the number of distal anasto-
moses (3.4 &= 1.2 and 3.4 £ 1.1, P = 0.43) or the rates of
bilateral internal thoracic artery grafting (66.7% and 60.5%,
P = 0.20), gastroepiploic artery grafting (41.3% and 39.9%,
P = 0.71), or complete revascularization (98.6% and 98.5%,
P = 0.98). There was no significant difference between the
normal QT group and the prolonged QT group in the inci-
dence of 30-day mortality (1.7% vs 2.2%, P = 0.27), periop-
erative myocardial infarction (0.8% vs 1.0%, P = 0.66), and
postoperative atrial fibrillation (22.5% vs 18.7%, P = 0.30).
No significant difference was found between the 2 groups in
medication on discharge including renin angiotensin system
inhibitors (78.5% and 79.6%, P = 0.43), digitalis (15.7% and
15.1%, P = 0.83), B-blockers (84.3% and 82.4%, P = 0.57),
statins (87.3% and 82.4%, P = 0.43), cibenzoline succinate
(5.6% and 5.0%, P = 0.85), and amiodarone (3.0% and 2.7%,
P = 0.80).

Cumulative Risk of Death

The follow-up rate of the patients was almost complete
(99.3%). The mean duration (£ standard deviation) of the
observation period was 4.1 + 1.6 years. The preoperative
QTec interval was significantly longer in patients who died
than in survivors (overall death 446 + 43 vs 427 &4 32,
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P = 0.01; sudden cardiac death 465 &+ 50 vs 428 + 32, P =
0.01). The incidence of sudden cardiac death increased with
increasing preoperative QTc interval (P = 0.01, trend test us-
ing a logistics regression, Fig. 1). Kaplan—Meier estimates of
the cumulative risk of overall death and sudden cardiac death
in the 2 groups are shown in Figure 2. The 5-year cumula-
tive rates of overall death in the prolonged QT group versus
the normal QT group were 33% versus 12% (P = 0.01). For
sudden cardiac death, the 5-year cumulative rates were 25%
versus 4% (P = 0.01). The 2 curves continued to diverge
through the 7 postoperative years. No significant difference
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Figure 2. Kaplan-Meier estimates of cumulative risk of overall death and
sudden cardiac death.
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TABLE 2 TABLE 3
Hazard Ratio and 95% Confidence Interval for Association Between Comparison of Differences Between Preoperative QTc and Postoperative
Preoperative QTc and Overall Death or Sudden Cardiac Death QTc
Model 1 Model 2 Model 3 Mean Difference (95%

Overall death Pair n Confidence Interval) P
Per 1-SDincrease  1.57 (1.32-1.87) 1.35(1.13-1.72) 147 (1.21-1.74) Preop. to 3 months 613 1.0 (—1.4-3.4) 0.42
Normal QTe 1 (Ref) I (ReD) 1 (Ref) Preop. to 1 year 547 2.2(-0.6-5.1) 0.13
Prolonged QTc  2.88 (1.75-3.98) 2.24 (1.57-3.35)  2.38 (1.50-3.45) Preop. to 2 years 130 40(08-73) 001

Sudden cardiac death ' ! D ’
Per 1-SDincrease 193 (1.56-2.38)  1.56 (125-197) 163 (1.32-2.25) g:gg' o : z:zz ;gg 112'3 ((3'91‘11‘; g g'gi
Normal QTc¢ 1 (Ref) 1 (Ref) 1 (Ref) . . ol y
Prolonged QTc  3.95 (2.45-5.22) 3.13 (2.09-4.18)  3.32 (2.14-4.23) llzreoﬂ :0 2 years 1535 ig'g 8(‘)3‘%% g-g}

reop. to 6 years . .8-23. .

Values are hazard ratio (95% confidence interval). Model 1 includes P !

QTc alone, Model 2 QTc and the logistic European System for Cardiac
Operative Risk Evaluation (Euro SCORE), and Model 3 QTc, age, female
gender, body mass index, hypertension, diabetes mellitus, chronic kidney
disease, peripheral arterial disease, previous myocardial infarction, triple
vessel disease, and ejection fraction. Prolonged QTc was defined as QTc of
>450 milliseconds in men and >470 milliseconds in women.

was found in the prolonged QT group versus the normal QT
group in the 5-year cumulative rates of noncardiovascular
death (5.1% vs 5.9%, P = 0.40).

Multivariate Predictors of Overall Death and Sudden
Cardiac Death

Table 2 shows the unadjusted and adjusted HR (95% CI)
for the association between preoperative QTc and overall
death or sudden cardiac death. Prolonged QTc was inde-
pendently associated with a higher risk of overall death and
sudden cardiac death. Adding the logistic Euro SCORE or
the potential risk factors into the models attenuated this as-
sociation, but prolonged QTc remained an independent risk
factor for overall death and sudden cardiac death. Other vari-
ables statistically significant in the multivariate model for
overall death were age (HR 1.64 per 10-year increase, 95%
CI11.21-2.23,P = 0.01), peripheral arterial disease (HR 2.54,
95% C11.56-3.34, P = 0.01), and ejection fraction (HR 1.18
per 5% decrease, 95% CI 1.08-1.29, P = 0.01). For sudden
cardiac death, significant variables were diabetes mellitus
(HR 2.26, 95% CI 1.46-2.88, P = 0.01), peripheral arterial
disease (HR 2.13,95% CI 1.33-2.98, P = 0.01), and ejection
fraction (HR 1.23 per 5% decrease, 95% CI 1.10-1.40, P =
0.01).

Receiver Operator Characteristic Analysis

The strong association of preoperative QTc with overall
death and sudden cardiac death was reflected by the area
under the receiver operator characteristic curve of 0.66 for
overall death (95% CI 0.59-0.72, P = 0.01) and 0.78 for
sudden cardiac death (95% CI 0.70-0.85, P = 0.01).

Time Course of QTc¢ after Surgery

Table 3 summarizes the differences between preopera-
tive QTc and postoperative QTc. QTc interval measured
in postoperative studies at 3 months and 1 year was simi-
lar to the preoperative QTc interval. However, the QTc in-
terval increased significantly during the subsequent years.
Figure 3 compares the QTc interval between the prolonged
QT group and the normal QT group. The prolonged QT group
had significantly longer QTc interval than the normal QTc
group during the entire follow-up period. In the prolonged

Comparison was carried out using paired ¢-test as differences were normally
distributed.

QT group, a significant decrease in the QTc interval from
the preoperative QTc was observed in the first 3 months af-
ter surgery (mean difference —15.1, 95% CI —21.3 to —8.9,
P = 0.01), in contrast with the marked increase in the QTc
interval in the normal QT group (mean difference 6.8, 95%
CI 4.7 - 9.0, P = 0.01). Both groups had a stable level in
the period between 3 months and 2 years postoperatively
and experienced a moderate increase during the subsequent
years.

Discussion

The major findings of the present study were that the inci-
dence of overall death and sudden cardiac death was signif-
icantly higher in patients with prolonged QTc than in those
with normal QTc; that preoperative QTc was an indepen-
dent risk predictor of overall death and sudden cardiac death;
that the QTc interval did not change during the 1st year af-
ter surgery, but increased significantly during the subsequent
years; and that patients with prolonged QTc had significantly
higher postoperative QTc than those with normal QTc during
the entire follow-up period.

Several investigators have reported on the association be-
tween preoperative QT interval and mortality after coronary
artery bypass surgery. In a follow-up study 1 month post-
operatively, Vrtovec et al. compared cardiac death in 567
ischemic heart failure patients with or without prolonged

E2:43 A S RO frieid i e Eid

Figure3. Comparisons of postoperative QTc interval between prolonged
QT group and normal QT group. Error bars represent 95% confidence
intervals of mean value.
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QTc who had undergone coronary artery bypass grafting
and demonstrated that the preoperative QTc interval was
significantly longer in patients who died than in survivors
(476 % 45 vs 434 £ 50, P < 0.001); preoperative QTc of
>440 milliseconds was the only independent predictor of
mortality in multivariate analysis (HR 4.97, P = 0.002).4
Foroughi et al. assessed the prognostic value of QT inter-
val for death due to low cardiac output in 198 patients un-
dergoing coronary artery bypass grafting and reported that
the mean QTc was significantly longer in patients who died
than in the control group (480.7 & 96.2 vs 425.4 & 21.6,
P = 0.039).5 Our results concur with these findings. The
present study indicates the significance of preoperative QT
interval as a risk predictor for sudden cardiac death after
coronary bypass surgery.

There have been several reports of change in the QT inter-
val relatively early in the postoperative period after coronary
bypass surgery: in the acute phase after surgery, a significant
worsening of QT dynamicity'! and increase in the QTc inter-
val'? have been observed; at 1 month after surgery, the QTc
interval and QTc dispersion have been found to be signif-
icantly reduced.!® The present study provides data on QTc
interval obtained in the late postoperative period. Overall,
the QTc interval stayed constant until 1 year after surgery
and then gradually increased. Preoperative QTc correlated
positively to postoperative QTc. Patients with prolonged QTc
before surgery had consistently longer QTc even after revas-
cularization than those with normal QTc. The prolongation
of QT interval reflects the inhomogeneity of ventricular re-
polarization, leading to ventricular arrhythmia. Our results
indicate that patients with preoperative QTc prolongation are
at high risk of severe arrhythmia even after surgical revascu-
larization.

The present study has a number of potential limitations.
First, it was a retrospective study. Even with multivariate ad-
justment, we cannot eliminate the unobserved confounders
and selection bias between patients with prolonged QTc and
those with normal QTc. Second, the lack of data on the base-
line characteristics, ejection fraction, and the changes in drug
therapy during the follow-up period cannot allow us to deter-
mine whether postoperative QTc has any independent influ-
ence on risk of death. Third, Bazett’s formula is well known
to undercorrect the QT interval for slower heart rates and to
overcorrect for faster heart rates. Therefore, it is possible that
B-blockers were selectively withheld in patients with slower
heart rates after discharge (who would have had spuriously
high corrected QT intervals). This could confound the risk
relationship between QT interval and sudden death, given
the protective effect of g-blockers. Fourth, other markers of
ventricular repolarization (QT dispersion, JT interval, and
JT dispersion) were not studied. Fifth, all enrolled subjects
were Japanese patients who underwent revascularization us-
ing the off-pump technique at a single center, which limits
the generality of the findings. Sixth, the definition of sud-
den cardiac death was much more subjective. We have no
information about time between the occurrence of symptom
and death in patients who were categorized in sudden cardiac
death. There was no independent review committee detailing
the categorization of sudden cardiac death. Finally, the lack
of coronary angiographic follow-up data did not allow us to
evaluate the possible link between graft patency, QT interval,
and the outcome.
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Conclusion

Preoperative QTc interval was an independent predictor of
overall death after isolated off-pump coronary artery bypass
surgery. Although, the definition of the sudden cardiac death
was much more subjective, preoperative QTc interval was
similarly associated with sudden cardiac death after surgery.
QTc interval did not change during the first year after surgery,
but increased significantly during the subsequent years. Pa-
tients with prolonged QTc before surgery had consistently
longer QTc even after revascularization than those with nor-
mal QTc. The lack of data on the baseline characteristics,
ejection fraction, and the changes in drug therapy during
the follow-up period cannot allow us to determine whether
postoperative QTc has any independent influence on risk of
death. In clinical practice, QT interval can be determined
easily by computer and may be useful for noninvasive risk
stratification of patients at high risk of sudden cardiac death.
Further studies are necessary to identify strategies to im-
prove outcomes for high-risk patients identified on the basis
of prolonged QTc interval.
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Electrocardiographic Characteristics and SCN5A Mutations
in Idiopathic Ventricular Fibrillation Associated With
Early Repolarization

Hiroshi Watanabe, MD, PhD, FESC; Akihiko Nogami, MD, PhD; Kimie Ohkubo, MD, PhD;
Hiro Kawata, MD, PhD; Yuka Hayashi, MD; Taisuke Ishikawa, DVM; Takeru Makiyama, MD, PhD;
Satomi Nagao, MD; Nobue Yagihara, MD; Naofumi Takehara, MD, PhD,;
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Masaomi Chinushi, MD, PhD; Hirotaka Oda, MD, PhD; Masaaki Okabe, MD, PhD;

Akinori Kimura, MD, PhD; Koji Maemura, MD, PhD; Ichiro Watanabe, MD, PhD, FHRS;
Shiro Kamakura, MD, PhD; Minoru Horie, MD, PhD; Yoshifusa Aizawa, MD, PhD;

Wataru Shimizu, MD, PhD; Naomasa Makita, MD, PhD

Background—Recently, we and others reported that early repolarization (J wave) is associated with idiopathic ventricular
fibrillation. However, its clinical and genetic characteristics are unclear.

Methods and Results—This study included 50 patients (44 men; age, 4517 years) with idiopathic ventricular fibrillation
associated with early repolarization, and 250 age- and sex-matched healthy controls. All of the patients had experienced
arrhythmia events, and 8 (16%) had a family history of sudden death. Ventricular fibrillation was inducible by
programmed electric stimulation in 15 of 29 patients (52%). The heart rate was slower and the PR interval and QRS
duration were longer in patients with idiopathic ventricular fibrillation than in controls. We identified nonsynonymous
variants in SCN5A (resulting in A226D, L846R, and R367H) in 3 unrelated patients. These variants occur at residues
that are highly conserved across mammals. His-ventricular interval was prolonged in all of the patients carrying an
SCN5A mutation. Sodium channel blocker challenge resulted in an augmentation of early repolarization or development
of ventricular fibrillation in all of 3 patients, but none was diagnosed with Brugada syndrome. In heterologous
expression studies, all of the mutant channels failed to generate any currents. Immunostaining revealed a trafficking
defect in A226D channels and normal trafficking in R367H and L.846R channels.

Conclusions—We found reductions in heart rate and cardiac conduction and loss-of-function mutations in SCN5A in patients
with idiopathic ventricular fibrillation associated with early repolarization. These findings support the hypothesis that decreased
sodium current enhances ventricular fibrillation susceptibility. (Circ Arrhythm Electrophysiol. 2011;4:874-881.)

Key Words: arthythmia m sodium channel m electrophysiology m genetics m mutations

arly repolarization or J-wave is characterized by an decades.! However, early repolarization can be observed
elevation at the junction between the end of the QRS under various negative biological conditions, such as low
body temperature and ischemia,>* and there is increasing
evidence that early repolarization is associated with an
complex and the beginning of the ST-segment (J-point) in a increased risk of ventricular fibrillation and sudden cardiac
12-lead ECG and generally has been considered benign for death.>7
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In previous studies, including our own, early repolarization
in the inferior or lateral leads was associated with pathogen-
esis in idiopathic ventricular fibrillation.>¢ Moreover, early
repolarization in the right precordial leads also has been
associated with idiopathic ventricular fibrillation.® Heritabil-
ity of early repolarization has been shown in a recent
population-based study,® and as in other arrhythmia syn-
dromes such as long QT syndrome and Brugada syndrome,!®
ion channel genes are responsible for idiopathic ventricular
fibrillation associated with early repolarization.!!-13 A muta-
tion in KCNJ8, which encodes a pore-forming subunit of the
ATP-sensitive potassium channel, has been identified in
idiopathic ventricular fibrillation with early repolariza-
tion.!!-1+ Mutations in L-type calcium channel genes, includ-
ing CACNAIC, CACNB2B, and CACNA2DI, also have been
associated with idiopathic ventricular fibrillation with early
repolarization.!?

In this study, we compared electrocardiographic parame-
ters between patients with idiopathic ventricular fibrillation
and healthy controls and found that heart rate and cardiac
conduction were slow in patients with idiopathic ventricular
fibrillation. Furthermore, we screened patients with idio-
pathic ventricular fibrillation for mutations in SCN5A, which
encodes the predominant cardiac sodium channel « subunit
and is critical for cardiac conduction. Here, we present the
clinical and in vitro electrophysiological characteristics in
idiopathic ventricular fibrillation associated with early
repolarization.

Methods
Study Populations

This study included patients with idiopathic ventricular fibrillation
and early repolarization who were referred to our institutions.
Patients were diagnosed with idiopathic ventricular fibrillation if
they had no structural heart disease as identified using echocardiog-
raphy, coronary angiography, and left ventriculography. Baseline
electrophysiological studies without antiarrhythmic drugs were per-
formed based on the indication of each institution. Early repolariza-
tion was defined as an elevation of the J-point, either as QRS slurring
or notching =0.1 mV =2 consecutive leads in the 12-lead ECG.5
Patients were excluded if they had a short QT interval (corrected QT
interval using Bazett formula <340 ms) or a long QT interval
(corrected QT interval >440 ms) in the 12-lead ECG.!516 All
patients received sodium channel blocker challenge, and patients
with Brugada type ST-segment elevations at baseline or after sodium
channel blocker challenge were excluded.!” Twelve-lead electro-
cardiograms recorded in the absence of antiarrhythmic drugs were
compared between patients with idiopathic ventricular fibrillation
and control subjects who were matched to patients with idiopathic
ventricular fibrillation based on gender and age (patient: control
ratio, 1:5). Control subjects were selected from 86 068 consecu-
tive electrocardiograms stored in the ECG database in Niigata
University Medical and Dental Hospital from May 7, 2003 to July
2, 2009.'% Control subjects who had a normal QT interval
(corrected QT interval, 360 to 440 ms) and no cardiovascular
disease or medication use were included. Control subjects with
Brugada type ST-segment elevations or early repolarization were
excluded.

Genetic Analysis

All probands and family members who participated in the study gave
written informed consent before genetic and clinical investigations in
accordance with the standards of the Declaration of Helsinki and
local ethics committees. Genetic analysis was performed on genomic
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DNA extracted from peripheral white blood cells using standard
methods. The coding regions of KCNQI, KCNH2, SCN5A, KCNEI,
KCNE2, and KCNJ8 were amplified by PCR using exon-flanking
intronic primers,'*-2! and direct DNA sequencing was performed
using ABI 310, 3130, and 3730 genetic analyzers (Applied Biosys-
tems, Foster City, CA).22

Generation of Expression Vectors and
Transfection in Mammalian Cell Lines

Full-length human SCN5A cDNA was subcloned into the mamma-
lian expression plasmid pcDNA3.1+ (Invitrogen, Carlsbad, CA).22
Mutant constructs were prepared using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the manu-
facturer’s instructions. The human cell line tsA201 was transiently
transfected with wild-type or mutant SCNSA plasmid using Lipo-
fectamine LTX (Invitrogen), in combination with a bicistronic
plasmid (pCD8-IRES-hf1) encoding CD8 and the human sodium
channel B1 subunit (hB1) to visually identify cells expressing
heterologous hB1 using Dynabeads M-450 CD8 (Invitrogen).??
Electrophysiological measurements were performed 24 to 72 hours
after transfection.

Electrophysiology

Sodium currents were recorded using the whole-cell patch clamp
technique as previously described.?? Electrode resistance ranged
from 0.8 to 1.5 moV/L{). Data were acquired using an Axopatch
200B patch clamp amplifier and pCLAMPS software (Axon Instru-
ments). Sodium currents were filtered at 5 kHz (—3 dB, 4-pole
Bessel filter) and were digitally sampled at 50 kHz using an
analog-to-digital interface (Digidata 1322A; Molecular Devices,
Sunnyvale, CA). Experiments were performed at room temperature
(20 to 22°C). Voltage errors were minimized using series resistance
compensation (generally 80%). Cancellation of the capacitance
transients and leak subtraction were performed using an online P/4
protocol. The time from establishing the whole-cell configuration to
the onset of recording was consistent (5 minutes) between cells to
exclude possible time-dependent shifts of steady-state inactivation.
The pulse protocol cycle time was 10 s. The data were analyzed
using Clampfit 10 (Molecular Devices) and SigmaPlot 9 software
(Aspire Software International, Ashburn, VA). The holding potential
was —120 mV. The bath solution contained the following (in mmol/
L): 145 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES, and 10
glucose, pH 7.35 (adjusted with NaOH). The pipette solution
(intracellular solution) contained the following (in mmol/L): 10 NaF,
110 CsF, 20 CsCl, 10 EGTA, and 10 HEPES, pH 7.35 (adjusted
with CsOH).

Immunocytochemistry

For immunocytochemistry, the FLAG epitope was inserted between
residues 153 and 154 of the extracellular linker S1-S2 in domain 1.
The FLAG insertion into the S1-S2 linker previously has been shown
to have no effect on channel gating or cell surface expression.?223
Immunocytochemistry was performed in HEK293 cells transfected
with wild-type or mutant SCN5A plasmid as described previ-
ously.2224 After 48 hours of transfection, the cells were washed with
phosphate-buffered saline, fixed in 4% paraformaldehyde, and
permeabilized with 0.15% Triton X-100 in phosphate-buffered
saline with 3% bovine serum albumin. Then the cells were stained
with anti-FLAG polyclonal antibody (F7425; Sigma-Aldrich, St
Louis, MO; 1:100) for 1 hour at room temperature. Protein
reacting with antibody was visualized with Alexa Fluor 568 -
labeled secondary antibody (A-11011, Invitrogen, 1:1000). Im-
ages were collected using a Zeiss LSM 510 laser confocal
microscope and analyzed using LSM 4.0 software.

Data Analysis

Differences in parameters between patients with idiopathic ventric-
ular fibrillation and control subjects were analyzed using conditional
logistic regression models. To exclude the effects of multicol-
linearity among electrocardiographic parameters, each electrocar-
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Table 1.  Electrocardiographic Parameters
IVF Patients  Controls ~ OR (95% Cly/

N=50 N=250 10 Unit Increase P Value
Male sex, N (%) © 44(88) 220 (88)
Age, ¥ 45+17 45+16
Heart rate, beats/min 62+9 7014 0.62 (0 47-0.81) <0.001
PR interval, ms 175£34 14720 1.32(1.22-1.43) <0.001
QRS interval, ms 9614 89+8  1.63(1.31-2.02) <0.001
QTe, ms 38825 397+22 0.85(0.75-0.98)  0.02

IVF indicates idiopathic ventricular fibrillation; OR, odds ratio; QTc, corrected
QT interval.

diographic parameter was separately tested in the logistic models.
All statistical analyses were performed with SPSS, version 12.0
(SPSS Inc, Chicago, IL). A 2-sided P<0.05 was considered
statistically significant. Values are expressed as mean=SD. The
study protocol was approved by the ethics committee of each
institution.

Results

We identified 50 patients with idiopathic ventricular fibrilla-
tion and early repolarization (44 men [88%]; mean age,
45+17 years). All of the patients had experienced arrhythmia
events, and 8 (16%) had a family history of sudden death.

Electrocardiographic parameters were compared between
50 patients with idiopathic ventricular fibrillation and 250
healthy control subjects without cardiovascular disease and
not taking medication who were matched with gender and age
(Table 1). The heart rate was slower, and the PR interval and
QRS duration were longer in patients with idiopathic ventric-
ular fibrillation compared with control subjects. The cor-
rected QT interval was shorter in patients with idiopathic
ventricular fibrillation than control subjects. No patient with
idiopathic ventricular fibrillation showed type I Brugada
electrocardiograms in repeated recordings.?s Sodium channel
blockers were administered in all patients, and Brugada type
electrocardiograms were not provoked in any of these pa-
tients.?s Electrophysiological study was performed in 29
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patients. His-ventricular interval was 48+9 ms, and 4 patients
had prolonged His-ventricular time =55 ms.26 Ventricular
fibrillation was inducible by programmed electric stimulation
in 15 patients (52%).

We screened for mutations in SCN5A in 26 unrelated
patients with idiopathic ventricular fibrillation and identified
3 mutations (A226D, R367H, and L846R) in 3 patients
(Figure 1, Table 2). R367H and L846R are predicted to be
located in the pore region. These mutations were not found in
the genomes of 200 healthy control individuals. Two of the
patients exhibited prolongation of the PR interval, and so-
dium channel blocker challenge was negative for Brugada
syndrome in all of them. Alignment of the amino acid
sequences from multiple species demonstrated that the amino
acids substituted by mutations are highly conserved, support-
ing the importance of these amino acids. A226D and L846R,
but not R367H, are predicted to change the electric charge of
substituted amino acids.

A missense mutation, A226D (Figure 1A), was identified
in a 36-year-old man (patient 1) resuscitated from ventricular
fibrillation. He had experienced multiple episodes of syn-
cope. The physical examination and echocardiography were
normal. His ECG showed prolongation of the PR interval and
early repolarization in leads II, III, and aVF, and J-point/ST-
segment elevation in lead V1 (Figure 2A). Administration of
pilsicainide augmented early repolarization in the inferior
leads and induced ventricular fibrillation, but did not produce
a type I Brugada ECG in the right precordial leads (Figure
2B). Electrophysiological study revealed prolongation of
His-ventricular interval (68 ms), and ventricular fibrillation
was induced by programmed electric stimulation. The pa-
tient’s family history was negative for syncope, sudden
cardiac death, and epilepsy.

A missense mutation L846R (Figure 1B) was identified in
a 27-year-old man (patient 2). He was admitted after multiple
episodes of syncope, and polymorphic ventricular tachycardia
was documented when he lost consciousness. The physical
examination and echocardiography were normal. His ECG

Chimpanzee FRVLRIALKTIS

Chimpanzee NLTLVILAIIVF

& A226D
% R367H
& LB46R

Human
Mouse
Rat
Chimpanzee FLALF

Figure 1. Mutations in SCN5A identified
in patients with idiopathic ventricular

FLALFRLMTQD fibrillation associated with early repolar-

FLALFRLMTQD ization. A, The ¢.677C—>A mutation in

FLALFRLMTQD SCN5A resulting in p.A226D found in
RLMTQD patient 1. B, The ¢.2537T—G mutation in

SCNS5A, resulting in p.L846R found in
patient 2. C, The c.1100G—A mutation
in SCN5A, resulting in p.R367H found in
patient 3. We previously reported the
R367H mutation (modified from Takehara
et al?’). D, Predictive topology of the
SCNSA channel. Circles indicate the
locations of the mutations.
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Table 2.  Characteristics of Idiopathic Ventricular Fibrillation Patients With SCN54 Mutations

Patient Age at Family History Presenting Location of Other ECG Response to Sodium Amino Acid
No. Sex Onset (y) of SCD Symptom J Wave Abnormalities Channel Blocker Substitution
1 M 36 N Aborted SCD il, Ili, avF, V1 PR prolongation Augmentation of J-point "A226D

amplitude and VF
2 M 27 Y Aborted SCD 1, I, W, aVF PR prolongation Marked QRS prolongation L846R
and VF
3 F 37 N Aborted SCD II, lll, avF, v2 N Augmentation of J-point R367H

amplitude and marked
QRS prolongation

ECG indicates electrocardiogram; SCD, sudden cardiac death.

showed prolongation of the PR interval and early repolariza-
tion in lead II (Figure 2C). During the recovery phase of
exercise testing, the amplitude of the J-point/ST-segment was
augmented in leads I, II, III, and aVF, and ventricular
fibrillation was induced. Pilsicainide caused marked prolon-
gation of QRS duration and augmented the J-point/ST-
segment amplitude in leads V1 and V2, followed by the
development of ventricular fibrillation (Figure 2C and 2D).
Pilsicainide did not produce a type I Brugada ECG. During
electrophysiological study, His-ventricular interval was 55
ms. His uncle died suddenly.

We previously reported a missense mutation R367H in
patient 3 as a case with Brugada syndrome (Figure 1C).27

A Patient 1, baseline

B patient 1, pilsicainide

D patient 2, pilsicainide

E Patient 3 F Patient 3, baseline

Baseline
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However, idiopathic ventricular fibrillation associated with
early repolarization was diagnosed at a later time because a
type 1 Brugada ECG has never been seen spontaneously or
after the administration of sodium channel blocker in more
than 1 right precordial lead, and thus the diagnostic criteria

“for Brugada syndrome were not fulfilled.2> When the patient -

admitted to the hospital after recurrent episodes of syncope,
early repolarization was present in the inferior and right
precordial leads (Figure 2E). After sinus pause, early repo-
larization was augmented in leads II, III, and aVF, followed
by the development of ventricular fibrillation after a few
hours of the admission (Figure 2F). Procainamide further
exaggerated early repolarization but did not produce a type I

C Patient2
Baseline Pilsicainide

A \,
1 _,\,(,A.... { _‘”_;g” e
A AN
([T ol 2N T
§
M e M A~

Figure 2. Electrocardiograms of patients
with idiopathic ventricular fibrillation and
a mutation in SCN5A. A, Early repolariza-
. tion was present in the inferior and right
precordial leads in patient 1. B, After
administration of pilsicainide, early repo-
larization was augmented and ventricular
fibrillation developed. C and D, Pilsicain-
ide caused marked prolongation of QRS
duration and J-point elevation in the right
precordial leads, followed by the devel-
opment of ventricular fibrillation in
patient 2. E, Early repolarization was
present in the inferior leads and right
precordial leads in patient 3. F, The aug-
mentation of early repolarization after
sinus pause, followed by ventricular
fibrillation. G, After the administration of
procainamide, early repolarization was
augmented in the inferior. In all patients,
sodium channel blockers did not pro-
voke a type | Brugada ECG. E, F, and G
| were modified from Takehara et al.2”
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Figure 3. Electrophysiological characteristics of the SCN5A
mutants. Representative traces of sodium current demonstrating
that all of the mutant channels failed to generate any currents.
We previously reported that R367H mutant fails to generate any
currents.??

Brugada ECG (Figure 2G). During electrophysiological
study, His-ventricular time was prolonged (65 ms) and
ventricular fibrillation was not induced. The patient’s family
history was negative for syncope, sudden cardiac death, and
epilepsy.

The electrophysiological characteristics of the mutant so-
dium channels were assessed in transfected mammalian cells
using the whole-cell patch-clamp technique. Figure 3 shows
representative current traces in cells expressing wild-type or
mutant SCN5A channels. There was no detectable current in
A226D, R367H,27 and L846R mutant channels. Immuno-
staining revealed that cells expressing A226D channels
showed cytoplasmic fluorescence, while cells expressing
wild-type channels showed marked peripheral fluorescence,
suggesting that the mutation results in trafficking defect
(Figure 4). Cells expressing R367H channels and those
expressing L846R channels showed a similar fluorescence
pattern to wild-type channels, suggesting that these mutations
do not affect trafficking.

Discussion

In this study, patients with idiopathic ventricular fibrillation
associated with early repolarization exhibited slower heart
rate and slower cardiac conduction properties than did con-
trols. We found rare, nonsynonymous variants in SCN5A in
patients who had idiopathic ventricular fibrillation associated
with early repolarization. These variants affect highly con-
served residues, and all of the mutant SCN5A channels failed
to generate any currents when expressed in heterologous
expression systems. Immunostaining experiments suggested
2 possible mechanisms for the sodium channel dysfunction
by the SCN5A mutations, a defect of channel trafficking to
cell surface in A226D and critical alterations of the structures
required for the sodium ion permeation or gating in R367H
and L846R that are predicted to be located at the pore region.

Loss-of-function mutations in SCN5A are associated with a
wide range of inherited arrhythmia syndromes, including
Brugada syndrome, progressive cardiac conduction disease,
and sick sinus syndrome.?8-3° Furthermore, our results sug-
gest that SCNSA is a causative gene of idiopathic ventricular
fibrillation associated with early repolarization. Evidence
supporting disease causality of the mutations includes the

Wild-type

10 ym

Figure 4. Representative confocal microscopy images. A, Cells
expressing wild-type SCN5A channels showed marked periph-
eral fluorescence. B, Cells expressing A226D channels showed
cytoplasmic fluorescence. C and D, Cells expressing R367H
channels and those expressing L846R channels showed a simi-
lar fluorescence pattern to wild-type channels.

identification of 3 mutations in 3 unrelated probands who
shared similar clinical phenotypes and the loss of sodium
channel function effects in heterologous expression systems
in all of the mutant channels.

Although our findings suggest that loss of sodium channel
function plays a role in idiopathic ventricular fibrillation
associated with early repolarization, the mechanisms of early
repolarization are not understood well. In wedge preparations
of canine ventricles, early repolarization results from in-
creased action potential notches at the ventricular epicardium
by either a decrease in inward currents or an increase in
outward currents.3! A mutation in KCNJ8, which encodes the
ATP-sensitive potassium channel, recently has been identi-
fied in idiopathic ventricular fibrillation associated with early
repolarization.!! The KCNJ8 mutation has shown gain-of-
function effects in ATP-sensitive potassium channels in
heterologous expression studies,!* and augmentation of ATP-
sensitive potassium currents results in the development of
ventricular fibrillation in wedge preparations.’> Decreased
calcium currents also have been proposed as a mechanism for
idiopathic ventricular fibrillation associated with early repo-
larization.?®* Mutations in L-type calcium channel genes,
including CACNAIC, CACNB2B, and CACNA2DI, recently
have been identified; however, functional studies are not yet
available.!? Our findings that mutant SCN5A channels dis-
played loss of sodium channel function, resulting in a
decrease of inward currents, are consistent with findings in
prior studies and with the proposed mechanism.!1:12.14.33
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In this study, heart rate and cardiac conduction were slower

in patients with idiopathic ventricular fibrillation than in
healthy controls. Furthermore, His-ventricular interval was
prolonged in all of the patients carrying an SCNSA mutation.
Reductions in heart rate and conduction may result from
underlying electrophysiological abnormalities in idiopathic
ventricular fibrillation. In addition to the maintenance of the
action potential dome, normal impulse generation and prop-
agation are dependent critically on normal sodium channel
function,* and reductions in heart rate and conduction we
observed here can be partially explained by loss-of-function
mutations in SCN5A. Viskin et al initially reported the
association of short QT interval with idiopathic ventricular
fibrillation,3s and the recent study also showed that corrected
QT interval is shorter in idiopathic ventricular fibrillation
patients with early repolarization than those without early
repolarization. In this study, corrected QT interval was
shorter in patients with idiopathic ventricular fibrillation than
in healthy controls, in line with the previous findings.5:35
Furthermore, we have previously reported that early repolar-
ization is frequently found in patients with short QT syn-
drome.'® There may be the association between short QT
interval and early repolarization, although the mechanism is
unknown.

Idiopathic ventricular fibrillation associated with early
repolarization and Brugada syndrome characterized by
J-point/ST-segment elevation in the right precordial leads
share genetic, clinical, and pharmacological characteris-
tics.5:8.12.17.2533.36-41 Rare variants in genes encoding L-type
calcium channel and ATP-sensitive potassium channel have
been associated with both diseases.!21436 Defects in SCN5A
are responsible for Brugada syndrome, and we found that
mutations in SCN5A were possible causative genetic factors
in idiopathic ventricular fibrillation associated with early
repolarization. Furthermore, an R367H SCN5SA mutation
. identified in this study also has been reported in a family
affected by Brugada syndrome.3” However, the mechanism
by which loss of sodium channel function results in either
Brugada syndrome or idiopathic ventricular fibrillation asso-
ciated with early repolarization is unknown, similar to that in
other arrhythmia phenotypes caused by loss of function
mutations in SCN5A, the so called cardiac sodium channelo-
pathies.#? There may be other genetic or environmental
factors that modify the clinical phenotype. Although the
association of inferolateral early repolarization with idio-
pathic ventricular fibrillation has been initially reported,’
early repolarization in the right precordial leads, where
Brugada type electrocardiograms can be seen, also has been
associated with idiopathic ventricular fibrillation.825 In this
study, 2 of the 3 patients carrying an SCN5A mutation showed
J-point elevation in the right precordial leads, but did not
show diagnostic Brugada type ST-segment elevations in
multiple ECG recordings even after sodium channel blocker
challenge. Sinus node dysfunction and conduction disorders
often are seen in Brugada syndrome, and we observed similar
electrocardiographic characteristics in idiopathic ventricular
fibrillation.17?5 Bradycardia-dependent augmentation of
J-point amplitude has been reported in both diseases and we
observed similar changes of J-wave in a patient carrying

SCNS5A Mutations and Early Repolarization 879

SCN5A mutation.*34 The recent studies have shown that
early repolarization is found in 14 to 24% of patients with
Brugada syndrome, and that early repolarization is associated
with the increased risk of arrhythmia events, 245 although the
role of early repolarization in Brugada syndrome is not clear.
The electrocardiographic manifestations of Brugada syn-
drome may be unmasked or augmented by sodium channel
blockers.!7-25 In our present and prior studies, the administra-
tion of sodium channel blockers resulted in the augmentation
of J-point amplitude or development of ventricular fibrillation
in patients with idiopathic ventricular fibrillation.#6 The
efficacy of isoproterenol and quinidine also is common in
both diseases.?.!7.25:38-41

In conclusion, we have shown reductions in heart rate and
cardiac conduction in patients with idiopathic ventricular
fibrillation associated with early repolarization. We identified
SCN5A mutations in patients with idiopathic ventricular
fibrillation and showed that mutant channels did not generate
any currents. These findings implicate that SCN5SA is a
disease gene for idiopathic ventricular fibrillation associated
with early repolarization, and that it plays a role in the
electrocardiographic characteristics of idiopathic ventricular

fibrillation, at least in part.
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CLINICAL PERSPECTIVE

Idiopathic ventricular fibrillation associated with early repolarization is a new arrhythmia syndrome entity, although early
repolarization has been considered benign for decades. Early repolarization is a heritable electrocardiographic phenotype
and there is a positive family history in 10 to 20% of patients with idiopathic ventricular fibrillation associated with early
repolarization. Recent studies have identified the causative genes of the arrhythmia, all of which are associated also with
Brugada syndrome. In this study, SCN5A, which encodes the predominant cardiac sodium channel « subunit and is critical
for cardiac conduction, was screened in patients with idiopathic ventricular fibrillation associated with early repolarization.
The screening identified 3 patients carrying an SCNSA mutation, and His-ventricular interval was prolonged in all patients.
All of the mutations are predicted to substitute amino acids highly conserved across species and failed to produce any
detectable sodium current. To identify electrophysiological characteristics in idiopathic ventricular fibrillation associated
with early repolarization, we compared electrocardiograms between patients with the arrhythmia and healthy controls. We
found that patients with the arrhythmia exhibited slower heart rate and slower cardiac conduction properties than controls.
Our findings suggest that there are underlying electrophysiological abnormalities resulting in slow heart rate, slow cardiac
conduction, early repolarization, and ventricular fibrillation, partiaily explained by sodium channel] dysfunction. Idiopathic
ventricular fibrillation associated with early repolarization and Brugada syndrome share genetic, clinical, and pharmaco-
logical characteristics, but other factors that modify the clinical phenotypes are unknown. Further studies to identify the
modifiers are warranted.

Downloaded from circep.ahajournals.org by guest on May 20, 2013

—308—




Phenotype Variability in Patients Carrying
KCNJ2 Mutations

Hiromi Kimura, MD; Jun Zhou, PhD; Mihoko Kawamura, MD; Hideki Itoh, MD, PhD;
Yuka Mizusawa, MD; Wei-Guang Ding, MD, PhD; Jie Wu, PhD; Seiko Ohno, MD, PhD;
Takeru Makiyama, MD, PhD; Akashi Miyamoto, MD, PhD; Nobu Naiki, MD; Qi Wang, BS;
Yu Xie, BS; Tsugutoshi Suzuki, MD, PhD; Shigeru Tateno, MD, PhD;

Yoshihide Nakamura, MD, PhD; Wei-Jin Zang, PhD; Makoto Ito, MD, PhD;
Hiroshi Matsuura, MD, PhD; Minoru Horie, MD, PhD

Background—Mutations of KCNJ2, the gene encoding the human inward rectifier potassium channel Kir2.1, cause
Andersen-Tawil syndrome (ATS), a disease exhibiting ventricular arrhythmia, periodic paralysis, and dysmorphic
features. However, some KCNJ2 mutation carriers lack the ATS triad and sometimes share the phenotype of
catecholaminergic polymorphic ventricular tachycardia (CPVT). We investigated clinical and biophysical characteristics
of KCNJ2 mutation carriers with “atypical ATS.”

Methods and Results—Mutational analyses of KCNJ2 were performed in 57 unrelated probands showing typical (=2 ATS
features) and atypical (only 1 of the ATS features or CPVT) ATS. We identified 24 mutation carriers. Mutation-positive
rates were 75% (15/20) in typical ATS, 71% (5/7) in cardiac phenotype alone, 100% (2/2) in periodic paralysis, and 7%
(2/28) in CPVT. We divided all carriers (n=45, including family members) into 2 groups: typical ATS (A) (n=21, 47%)
and atypical phenotype (B) (n=24, 53%). Patients in (A) had a longer QUc interval [(A): 695£52 versus (B): 643+35
ms] and higher U-wave amplitude (0.24:0.07 versus 0.18+0.08 mV). C-terminal mutations were more frequent in (A)
(85% versus 38%, P<<0.05). There were no significant differences in incidences of ventricular tachyarrhythmias.
Functional analyses of 4 mutations found in (B) revealed that R82Q, R82W, and G144D exerted strong dominant
negative suppression (current reduction by 95%, 97%, and 96%, respectively, versus WT at —50 mV) and T305S
moderate suppression (reduction by 89%).

Conclusions—KCNJ2 gene screening in atypical ATS phenotypes is of clinical importance because more than half of

mutation carriers express atypical phenotypes, despite their arrhythmia severity. (Circ Cardiovasc Genet. 2012;
5:344-353.)

Key Words: CPVT ® ion channels m Andersen-Tawil syndrome m KCNJ2 m phenotype

features of 23 patients (13 probands and 10 family members)

A ndersen-Tawil syndrome (ATS) represents a disease
and reported that the identification rate of KCNJ2 mutation in

entity characterized by 3 features: (1) ventricular ar-

rhythmias with Q(T)U prolongation, (2) periodic paralysis,
and (3) dysmorphic features.!2 It is an autosomal-dominant
inherited disease resulting from a heterozygous mutation of
the KCNJ2 gene. This. gene encodes an inward rectifier K
channel (Kir2.1), ubiquitously expressed in the myocardium,
skeletal muscle, brain, and osteocytes.? Since the first discov-
ery of a mutation in this disease in 2001,* we have extensively
examined KCNJ2 mutations in patients suspected of having
ATS.57 In 2007, we described both the clinical and genetic

this cohort was 100% if the patients satisfied =2 features of
ATS.8 On a closer inspection, however, we noticed that
=~30% of the KCNJ2 mutation carriers lacked 2 of the ATS
features: frequent PVC, bidirectional or polymorphic ventric-
ular tachycardias (bVT or pVT), with QT or QU prolonga-
tion, without periodic paralysis or dysmorphic features. Re-
cently, Tester et al® reported a possible phenotypic overlap
between ATS and catecholaminergic polymorphic VT
(CPVT). CPVT is a form of inherited cardiac arrhythmia,
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Figure 1. A Flow Chart of 57 probands suspected as carriers of

KCNJ2 mutations. ATS indicates Andersen-Tawil syndrome;
CPVT, catecholaminergic polymorphic ventricular tachycardia.

characterized by exercise- and/or stress-induced p/bVTs with
a normal cardiac structure.'® However, the incidence and
clinical characteristics of atypical ATS and KCNJ2-related
CPVT remain unknown.

Clinical Perspective on p 353

In the present study, we conducted the genetic screening
for KCNJ2 mutation-related phenotypes—those fulfilling at
least 1 of the ATS features or CPVT criteria. We compared
the clinical and genetic features between typical ATS and
atypical phenotype (only 1 of the ATS features or CPVT)
patients. We hypothesized that the mutated channel function
found in patients with atypical ATS phenotypes would show
different Iy, current properties. Using the patch-clamp tech-
nique, we examined the functional features of four mutations
found in the atypical phenotype group.

Table 1.
Rates (57 Probands)

Phenotype Variability in KCNJ2 Mutations 345

Methods
Study Subjects

Fifty-seven unrelated probands (65% females, age at diagnosis:
1812 years old) from 31 institutes in Japan were enrolled in the
study. They were clinically diagnosed with either typical ATS
(defined as patients with =2 ATS features) (n1=20), mild ATS [those
with 1 of the ATS features—cardiac arrhythmia alone (n=7),
periodic paralysis with an abnormal U wave (n=2)], or CPVT
(n=28) (Figure 1 and Table 1).

Three features of ATS were clinically determined as follows: (1)
Cardiac involvement was determined by the presence of ventricular
arthythmias (frequent premature ventricular contractions (PVCs),
bigeminy, bVT, pVT, or monomorphic VT), with prolongation of the
corrected QU interval and/or a prominent U wave.(2) The presence
of periodic paralysis was based on standard criteria.!* (3) Dysmor-
phic features were defined by the presence of 2 or more of the
following: (a) low-set ears, (b) hypertelorism (wide-set eyes), (c) a
small mandible, (d) clinodactyly (permanent lateral or medial curve
of a finger or toe), and (e) syndactyly (persistent webbing between
fingers or toes).!2

Twenty-eight of the 57 patients fulfilled the diagnostic criteria of
CPVT-—exertional syncope plus documentation of bVT or pVT
during exercise or exercise tests. Patients with QT prolongation were
excluded.'®

ECG Manifestation

We measured QU intervals if there was a prominent U wave and QT
intervals in cases showing no U wave. The QT interval was defined
from the onset of QRS to the end of the T wave. The U wave was
defined as an early diastolic deflection after the end of the T wave.
The QU interval was defined from the onset of QRS to the end of the
U wave. QT and QU intervals were corrected according to the
Bazzett formula.!®!4 The end of the T or U wave was the point at
which a tangent drawn to the steepest portion of the terminal part of
the T or U wave crossed the isoelectric line.!s Because a prominent
U wave is often fused to the next PQ segment in some cases, we
defined the isoelectric line as a segment connecting 2 points
preceding consecutive QRS complexes. A diagnosis of QT prolon-
gation was made if the QTc exceeded 440 ms for males and 460 ms
for females, in accordance with the standard criteria.!¢ Abnormal U
waves were judged based on the following criteria: (a) wave
amplitude =0.2 mV .or (b) amplitude larger than preceding T
wave. 817

bVT was identified as a VT characterized by a beat-to-beat
alternation of the QRS axis in most of the documented runs of
ventricular tachycardia (>4 consecutive beats).!0 pVT was defined
as the VT with an irregularly variable axis of the QRS.

DNA Isolation and Mutation Analysis
The protocol for genetic analysis was approved by the institutional
ethics committee and performed under its guidelines. All patients

Demographic Characteristics of Different Patient Gohorts: KCNJ2 Mutation Incidence

Atypical ATS (Group B)

Typical ATS ATS Cardiac ATS Periodic
(Group A) Alone Paralysis Alone CPVT Total
Probands, n 20 7 2 28 57
Female, n (%) 13 (65) 5(71) 0 19 (68) 37 (65)
Age, y 1711 21+13 196 18+13 18+12
QTU)c,* ms 660-:90 600106 548+77 42965
KCNJ2 positives, n (%) 15 (75) 5(71) 2 (100) 2(7) 24 (42)

ATS indicates Andersen-Tawil syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia.
*QUc interval was used in typical ATS, ATS cardiac phenotype alone, and ATS periodic paralysis alone. QTc interval

was used in CPVT.
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Table 2. KCNJ2 Mutation-Carrying Probands (n=24)

Mutated
Case QTc/QUc, Channel
No.  KCNJ2-DNA Protein Age/Sex  ECGt ms Dysmorphism Paralysis ~ Functiont- Syncope/ACA  Treatment
Typical ATS 1 118C>T RAOX* 15/F 1,2 451/618 + - - -/~ BB
phenotype (n=15) 5  2006>A R67Q 14F 1,2 360/626 + + dns —/- Ib, BB
3 244C>T R82W 11/M 2 NA/NA + - d.n.e27 -/ BB
KCNH2-P1093L
4 430G>A G144S 32/F 1,2 NA/NA + + d.n.812 +/+ v, BB
KCNQ1-A341V
5 436G>A G146S 27/F 2 487/731 NA + d.n.g e BB
6 574A>G T192A 16/M 1 420/700 - + d.n.s —/= Az
7 653G>A R218Q 13/F 2 423/741 - + dns —/- BB, Az
8 653G>A R218Q 12/F 2 434/616 + + d.ns -/~ Az
9 653G>A R218Q 12/M 1,4  483/716 + - d.ns —/— ..
10 652C>T R218W 6/F 1 365/753 - + d.n.48 +/— FL
11 652C>T R218W 11/F 3 508/701 + - d.n.48 —/— Ib, BB
12 652C>T R218W 6/M 2 NA/NA + + d.n.48 —/- W\
13 652C>T R218W 19/F 2 468/681 + - d.n.s8 +/— BB
14 652C>T R218W 12M 1,2,3  400/689 + - d.n.48 -/~
15 238C>T R80C* 5/M 1,2  468/681 + + R80C: — —/-
904G>A V302 M V302 M:
d.n, tr12
ATS cardiac 16 245G>A R82Q 46/F 2,6  553/680 - - d.n. —/=
phenotype Figures 4, 5
alone (n=5) 17 244C>T RB2W 0F 1,2 433/672 - - dnsz - BB
Figures 4, 5
18 652C>T R218W 6/F 1,3 427/617 - - d.n.48 —/= BB
19 652C>T R218W 5/M 1,3 392707 - - d.n.as —{— Y
20 683ins§ R228ins*|| 24/M 1,4 498/. .. - - - —f— Pil
Periodic paralysis 21 199C>T R67W 24/M 425/625 - + d.ng -/- Az
alone 22 1106C>A S369X 1M ... 472/600 - + tr o .
CPVT 23 431G>A G144D 32/F 3 465/NA - - Figures 4, 5 +/+ BB, FL
24 914C>G T3055* 36/F 1,4,5 443/664 - - Figures 4, 5 +/+ BB, ICD

NA indicates not available; age, age at diagnosis; ACA, aborted cardiac arrest; CPVT, catecholaminergic polymorphic ventricular tachycardia; ICD, implantable
cardioverter-defibriliator; BB, B-blocker; Ib, mexiletine; IV, verapamil; FL, flecainide; Pil, pilsicainide; and Az, acetazolamide.

*Novel mutation.

TPVC=1, bVT=2, pVT=3, VT=4, ventricular fibrillation=>5, long-QT=6.
$d.n. indicates dominant negative; tr, trafficking defect.
§683insGAAAAGCCACTTGGTGGAAGCTCATGTTCG.
|IR228insKSHLVEAHVR.

provided informed consent before the genetic analysis was carried
out. Genomic DNA was isolated from leukocyte nuclei using a DNA
purification kit (Maxwell Blood DNA Purification Kit, Promega,
Madison, WI). Genetic screening was first performed using denatur-
ing high-performance liquid chromatography (dHPLC WAVE Sys-
tem; Transgenomic, Omaha, NE).!® Abnormal conformers were
amplified via PCR, and sequencing was performed on an ABI 3130
DNA sequencer (Perkin Elmer, Foster City, CA). The cDNA
sequence numbering was based on the GenBank reference sequence
NM 000891.2 for KCNJ2. Regarding suspected CPVT probands,
we also performed screening involving. target mutation analysis for
34 RyR2 gene exons (3, 8-16, 44-49, 83-84, 88-89, 91-97, and
99-105)192° and all exons of the CASQ2 gene. In addition to these
3 genes, we examined the entire coding sequence of KCNQI,
KCNH2, SCN5A, and KCNEI-5 to exclude the unexpected presence
of compound mutations related to primary electric diseases.2!2?
When a mutation was detected, we examined its presence in >200

Japanese control subjects to exclude the possibility of polymor-
phisms. When mutations were detected in probands, we also
screened their family members.

Genotype-Phenotype Correlation

Baseline clinical characteristics collected were the age at diagnosis,
symptomatic episodes, and treatment. As shown in Figure 1, we
divided all KCNJ2 mutation carriers into 2 groups—a typical ATS
group (group A): carriers showing 2 or more ATS features, and an
atypical ATS group (group B): those showing only 1 of the ATS
features or CPVT. Compound mutation and KCNJ2 double mutation
cases were excluded from analysis.

In Vitro Mutagenesis

Regarding four KCNJ2 mutations found in group B (R82W, R82Q,
G144D, and T305S), site-directed mutagenesis was used to construct
mutants, as described previously.?* Briefly, human KCNJ2 cDNA
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was subcloned into the pCMS-EGFP plasmid (Clontech, Palo Alto,
CA). We engineered KCNJ2 mutants using a site-directed mutagen-
esis kit, QuickChange II XL (Stratagene, La Jolla, CA). The presence
of mutations was confirmed by sequencing.

Electrophysiological Experiments and

Data Analysis

To assess the functional modulation of KCNJ2 channels, we used a
heterologous expression system with CHO cells.&2# Briefly, the cells
were transiently transfected using the Lipofectamine method (Invit-
rogen, Carlsbad, CA), using a 1.0 ng/35 mm dish of pCMSEGFP/
KCNJ2 (wild-type [WT] and/or mutant). For electrophysiological
experiments, GFP-positive cells were selected 24 to 72 hours after
transfection. Current measurement was conducted using the conven-
tional whole-cell configuration of patch-clamp techniques at 37°C,
using an EPC-8 patch-clamp amplifier (HEKA Electronik; Lam-
brecht, Germany). Currents were evoked by 150 ms square pulses
applied in 10 mV increments to potentials ranging from ~140 mV to
+30 mV from a holding potential of —80 mV. Pipettes were filled
with a solution containing (in mmol): K-aspartate, 60; KCl, 65;
KH,PO,, 1; MgCl,, 2; EDTA, 3; ATP (dipotassium salt), 3; and
HEPES, 5 (pH adjusted to 7.2 with KOH), and had a resistance of 3.0
to 5.0 mol/L{). The bath solution contained (in mmol): NaCl, 140;
KCl, 5.4; MgCl,, 0.5; CaCl,, 1.8; NaH,PO,, 0.33; glucose, 5.5; and
HEPES, 5 (pH adjusted to 7.4 with NaOH).2s

Immunocytochemistry

The hemagglutinin (HA) epitope (YPYDVPDYA) was introduced
into the pCMS-EGFP/KCNJ2 (WT and mutants) between Ala-115
and Ser-116 (extracellular lesion between TMI1 and TM2), as
previously described.® CHO cells were transfected with 1.0 pg of
plasmid DNA in 35-mm, glass-bottom dishes. Forty-eight hours
later, the cells were washed twice with phosphate-buffered saline
(PBS), followed by incubation with a mouse anti-HA primary
antibody (1:400) (Roche Diagnostics GmbH, Mannheim, Germany)
overnight at 4°C. The cells were then washed twice with PBS and
incubated with an anti-mouse antibody conjugated to Alexa 568 fluor
(1:400) (Molecular Probes, Eugene, OR) as a secondary antibody for
120 minutes, at room temperature. Finally, cells were washed with
and immersed in PBS, and confocal imagings were obtained with a
Nikon Clsi (Nikon Instruments, Tokyo, Japan).

Statistical Analysis

Clinical data are expressed as the mean*SD for continuous vari-
ables. Comparisons were performed using the x? test (for counts =5)
and Fisher exact test (for counts <5) for categorical variables and
Wilcoxon test for continuous variables. All analyses of the 45
KCNJ2 mutation-positive patients and families took into account
the relatedness of patients, using a mixed model for continuous
data and GEE for categorical data. The electrophysiological
current data are shown as mean+SEM. A value of P<<0.05 was
considered significant.

Results

Incidence and Characteristics of KCNJ2 Mutations
in Probands

We identified 16 different KCNJ2 mutations in 24 of 57
probands (42%) (Table 1 and Figure 1). The mean QUc
intervals became longer in ATS with an increasing number of
ATS features. Prevalences of KCNJ2 mutation were 75%
(15/20) in typical ATS, 71% (5/7) in mild ATS with a cardiac
phenotype alone, 100% (2/2) in mild ATS with periodic
paralysis alone, and 7% (2/28) in CPVT.

Table 2 summarizes the genotype/phenotype of KCNJ2
mutation-positive probands. The mean age at diagnosis of all
probands was 1812 years old. It was significantly younger
(1412 years old) in probands with typical ATS compared
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Figure 2. Topology of Kir2.1 channel showing Andersen-Tawil
syndrome (ATS)-related mutation sites. Open circles indicate
probands showing 2 or more ATS features (group A). Closed
symbols indicate the probands in group B. Closed circles indi-
cate those showing ATS with the cardiac phenotype alone;
closed triangles are ATS with periodic paralysis alone; and
closed squares represent a clinical diagnosis of CPVT. “P” in
each symbol indicates proband.

with those with mild ATS (21*14 years old) or the CPVT
phenotype (34%3.5 years old). In 16 KCNJ2 mutations, 13
(81%) were missense, 2 (13%) nonsense, and 1 (6%) inser-
tion (Table 2 and Figure 2). Six were located in the N
terminus, 3 in the pore region, and 9 in the C terminus. Figure
2 depicts the phenotypes and mutation sites of probands and
family members. Open circles indicate mutation carriers with
2 or more ATS features (group A), and closed symbols those
with atypical ATS (group B); closed circles show the ATS
cardiac phenotype alone, closed triangles show periodic
paralysis alone, and closed squares show the CPVT pheno-
type. The letter P in each symbol indicates proband. A
5-year-old boy (case 15, Table 2) was found to have double
KCNJ2 mutations, paternal V302 M, and maternal R80C.
Compound mutations were detected in 2 probands: KCNJ2
R82W plus KCNH2 P1093L (case 3) and KCNJ2-G144S plus
KCNQI-A341V (case 4). We excluded these 3 cases from
further analyses.

Characteristics of KCNJ2 Mutation Carriers

After excluding the compound mutation cases, 45 KCNJ2
mutation carriers (27 females, 21 probands, and 24 of their
mutation-positive family members) were enrolled (Table 3).
Their mean age at diagnosis was 23+16 years, and the
average QUc was 66750 ms. Regarding arrhythmias, ECGs
detected PVC in 30 (67%), bVT in 15 (33%), and pVT in 5
(11%) carriers. One patient had ventricular fibrillation, 4
patients (9%) had syncope, and 11 (24%) received B-blocker
therapy.

Prevalence of 3 ATS Features

In 45 KCNJ2 mutation carriers, ventricular arrhythmias (A)
were found in 67% (n=30), periodic paralysis (P) in 40%
(n=18), and dysmorphism (D) in 36% (n=16). Abnormal U
wave (U) was positive in 88% (n=38 of 43) after excluding
2 cases whose U waves were not measured because of the
presence of bigeminy. Twenty-one patients (47%) belonged
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