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Fig. 1. Genetic and clinical characteristics in a patient with ventricular fibrillation associated with early repolarization. A, The ¢.3067C-T mutation in SCN5A resulting in p.R1023C
found in the patient. B, Alignment of amino acids of SCN5A channel across species showing the high conservation of R1023. C, Predictive topology of SCN5A chanael, A red circle
indicates the location of the mutation. D, Early repolarization was present in the inferior leads. The PR interval was prolonged {250 ms). E, Administration of pilsicainide did not
cause J-point elevation or Brugada type electrocardiogram. F, During electrophysiologic study, ventricular fibrillation was repeatedly induced. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

imaging, and thallium/beta-methyliodophenyl pentadecaonic acid
(BMIPP) myocardial scintigraphy were normal. Hereceived implantable
cardioverter defibrillator. The patient's family history was negative for
syncope, sudden cardiac death, and epilepsy. During a follow-up of
8 years, he was free from arrhythmia recurrence or heart failure.
Loss-of-function mutations in SCN5A have been associated with the
increased susceptibility to arrhythmia syndromes {3} In our recent
study, mutations in SCN5A have been identified in patients with idio-
pathic ventricular fibrillation who had early repolarization in the right
precordial leads in addition to the inferior leads, suggesting the similar-
ities to Brugada syndrome {4]. In this report, a novel mutation in SCN5A
was identified in a patient who had early repolarization in the inferior
leads, but not in the right precordial leads. His electrocardiograms did
not show J-point elevation or Brugada electrocardiogram in the
right precordial leads even after sodium channel blocker challenge,
supporting our hypothesis that mutations in SCN5A are responsible for
idiopathic ventricular fibrillation associated with early repolarization.
Evidence that the mutation is predicted to substitute a highly conserved
residue across the spices, resulting in altered sodium channel function,
and that there is no variant affecting the residue in a large number of
controls suggests the disease causative of the mutation. Another muta-
tion R1023H in SCN5A, which affects the same residue, has been

associated with Brugada syndrome, further supporting the functional
importance of the residue [7].

Mutations in SCN5A have been associated with myocardial changes
in addition to the increased arrhythmia susceptibility. SCN5A is one of
the causative genes for dilated cardiomyopathy [5], and using mice ex-
pressing the human SCN5A mutation associated with dilated cardiomy-
opathy, we have recently shown that reducing cardiac sodium current is
the pathogenic mechanism for cardiomyopathy phenotype [3]. In pa-
tients with Brugada syndrome who carry a mutation in SCN5A, dilata-
tion and contractile dysfunction of both ventricles have been revealed
by cardiac magnetic resonance imaging, and concealed myocardial ab-
normalities have been frequently identified by endomyocardial biopsy
[6,7]. In our patient heterozygously carrying the R1023C SCN5A muta-
tion, histology showed myocardial abnormalities and intestinal fibrosis.
Furthermore, the R1023H SCN5A mutation has been associated with
cardiomyopathic changes and aneurysms in both ventricles, suggesting
that R1023 may have a critical role in cardiac function in addition to that
in electrophysiology {7]. Although the high frequency of inferolateral
early repolarization in right ventricular arrhythmogenic cardiomyopa-
thy has been reported [ 10}, cardiac magnetic resonance imaging, histol-
ogy, and immunostaining for plakoglobin were negative for diagnosis of
right ventricular arrhythmogenic cardiomyopathy in our patient.
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Fig. 2. Photomicrographs of right ventricular endomyocardial biopsy shows disarrangement of cardiomyocytes and intestinal fibrosis (A, hematoxylin and eosin; B, Masson's trichrome).

Immunohistochemistry shows normal expressions of (C) plakoglobin and (D) N-cadherin.

In conclusion, our findings support the hypothesis that cardiac so-
dium channel dysfunction is associated with early repolarization, ar-
rhythmia susceptibility, and myocardial degeneration.
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Safety and Efficacy of Implantable Cardioverter-
Defibrillator During Pregnancy and After Delivery
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Background: There are few studies of pregnancy and delivery in patients with an implantable cardioverter-defibril-
lator (ICD). The purpose of this study was to investigate maternal and fetal outcome in these patients.

Methods and Resulis: Six pregnant women with an ICD were retrospectively reviewed. All women underwent
implantation of an ICD before pregnancy and delivered at the National Cerebral and Cardiovascular Center. The
mean age at pregnancy and the mean follow-up period after ICD implantation were 28+3 years old and 53 years,
respectively. There was no device-related complication during pregnancy. In 4 women, the number of tachyarrhyth-
mias such as non-sustained ventricular tachycardia increased after the end of the second trimester of pregnancy
and anti-arrhythmic medications were gradually increased. No patient received discharges or shocks from the ICD
during pregnancy, however, and only one required anti-tachycardia pacing at 27 weeks' gestation. Mean gesta-
tional age at delivery was 37+2 weeks and all deliveries were by cesarean section, including 5 as emergency deliv-
eries due to a fetal indication. After delivery, 2 mothers had reduced cardiac function and 1 received an ICD shock
for the first time.

Conclusions: Pregnancy did not increase the risk of an ICD-related complication under appropriate management.
Additional caution might be required in the postpartum period as well as during pregnancy and labor.

Key Words: Beta-blocker; Delivery; Implantable cardioverter-defibrillator; Pregnancy; Ventricular tachycardia

pregnancies, and women with arrhythmias comprise

only a small number of these cases.! Although arrhyth-
mias are uncommon during pregnancy, they may jeopardize
the health of both mother and fetus. Ventricular tachyarrhyth-
mia may be triggered during pregnancy as a result of hemody-
namic changes and autonomic nervous system modification.>?
Recurrence of malignant ventricular arrhythmias can be treat-
ed by defibrillation and anti-tachycardia pacing (ATP) to pre-
vent sudden cardiac arrest.? An implantable cardioverter-defi-
brillator JCD) improves survival in patients with life-threatening
arrhythmias.® The number of women with congenital heart dis-
ease continues to increase and the use of an ICD has resulted
in an increasing number of these women reaching a reproduc-
tive age.® Natale et al performed a multicenter retrospective
analysis of 44 pregnant women with ICDs and found that the
majority completed and tolerated pregnancy without serious

C ardiac disease complicates approximately 1% of all

complications.” There are few studies, however, of pregnancy
with an ICD managed at a single center and it remains unclear
how to manage pregnant women with ICDs. The aim of this
study was to investigate the maternal and fetal outcomes in
these patients during pregnancy and after delivery.

Editorial p?777?

Methods

Study Design

The subjects were all pregnant women with an implanted ICD
who delivered at the National Cerebral and Cardiovascular
Center. Data were retrospectively collected for age at the time
of initial ICD implantation and delivery; heart disease and ar-
rhythmia; New York Heart Association class; anti-arrthythmic
medications and other anti-arrhythmic treatment; indication
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. . NYHA Age atICD
Patient Heart disease class implantation (vears)
1 " DCM, VT 2. 25
2 DCM, VF 2 23
3 CHDt, VF 1 30
4 888, VT, PAF 1 26
5 LQTS type 1 T 14
6 LQTS type 2 1 26
Mean+SD e . 25+6.

LVEF at ICD No. ICD Anti-arrhythmic Other
implantation (%) shocks ; medication treatment
37.5 0 Metoprolof Catheter
) J : ablation
21.3 2 Carvedilol, Mexiletine,
Aprindine, Digoxin
© 734 0 Mexiletine, Propranolol
62.7 16 Propranolol PMi (DDD)
88.2 SN Atenolol
56.5 0 Propranolol
5320

fRepair of coarctation of the aorta and patent ductus arteriosus, and aortic valve replacement for congenital bicuspid aortic valve.

CHD, congenital heart disease; DCM, dilated cardiomyopathy; DDD, dual-chamber inhibits and triggers; ICD, implantable cardioverter-efibrillator;
LQTS, long QT syndrome; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; PAF, paroxysmal atrial fibrillation; PMI,
pacemaker implantation; SSS, sick sinus syndrome; VF, ventricular fibrillation; VT, ventricular tachycardia.

for ICD implantation; device information; device-related com-
plications; number of ICD discharges and shocks; gestational
age at delivery; mode of delivery; total blood loss at delivery;
device status at time of delivery; and fetal and neonatal com-
plications.

Data for maternal age, gestational age, left ventricular ejec-
tion fraction (LVEF), total blood loss during cesarean section,
birth weight, and follow-up period are given as mean=+SD.

Device Implantation

All ICDs were implanted via transvenous placement of a ven-
tricular lead for defibrillation and pacing using standard tech-
niques under fluoroscopic guidance. Pacing, sensing and de-
fibrillation thresholds were tested during implantation. The
devices used were manufactured by Medtronic (Minneapolis,
MN, USA), Guidant (St Paul, MN, USA), and Boston Scientific
(Natick, MA, USA).

Management of Pregnancy and Delivery

Fetal growth restriction was defined as an estimated fetal body
weight <—1.5 SD of the Japanese standard value. Non-reassur-
ing fetal status was diagnosed by cardiotocogram. Induction
and augmentation of labor was performed according to obstet-
ric or maternal indications using i.v. oxytocin following me-
chanical cervical dilation. Epidural anesthesia was electively
used to minimize hemodynamic changes arising from pain or
bearing down during labor and after cesarean section.

Resulls

Baseline Characteristics

Six Japanese women with an ICD who delivered between 2006
and 2012 were enrolled in the study. The mean follow-up after
ICD implantation was 5+3 years (range, 2--9 years). The base-
line pre-pregnancy characteristics of the 6 patients are given
in Table 1. The indication for ICD implantation was second-
ary prevention in all women.

Patient 1 had dilated cardiomyopathy (DCM) with sponta-
neous ventricular tachycardia (VT) causing hemodynamic in-
stability, for which catheter ablation was not effective. Patient
2 had DCM with chronic heart failure and repeated ventricular
fibrillation (VF) that required cardioversion. Patient 3 had
congenital heart disease, including coarctation of the aorta and
patent ductus arteriosus that had been repaired at 2 years old.
Aortic regurgitation progressed gradually because of a congeni-
tal bicuspid aortic valve and the patient had cardiopulmonary

arrest caused by VF at 30 years of age. ICD implantation was
performed following aortic valve replacement with a Carpentier-
Edwards perimount valve. Patient 4 had sick sinus syndrome
with repeated syncope and underwent permanent pacemaker
implantation (dual-chamber inhibits and triggers) at 23 years
old. This patient had wide QRS tachycardia, and ICD implan-
tation was performed for spontaneous VT causing hemody-
namic instability. This patient had experienced 16 ICD shocks
in response to VF following paroxysmal atrial fibrillation (PAF)
caused by acute pharyngitis. Patient 5 had repeated syncope
once a year since 3 years of age and had been diagnosed with
long QT syndrome type 1 on genetic testing at 10 years old.
After introduction of atenolol at 18 years old, syncope reduced
to once every 3 years. The severe long QT syndrome was linked
to a double-point mutation in the potassium voltage-gated chan-
nel KQT-like subfamily, member 1 in re-testing at 25 years
old. Her corrected QT time was 470-500ms. Patient 6 had
experienced repeated syncope since 25 years of age and had
been diagnosed with long QT syndrome type 2 on genetic test-
ing at 26 years old. Her corrected QT time was 430-470ms.

Patients 1 and 4 had implanted dual-chamber ICDs with DDI
pacing. The other 4 patients had implanted single-chamber ICDs
with VVI pacing. All devices were programmed for the VF zone
and 4 (patients 1-4) were also programmed for the VT zone
with ATP such as burst and ramp pacing and cardioversion.
Patient 2 had inappropriate ICD shocks due to sinus tachycar-
dia, and the VT zone was used only for sensing before preg-
nancy. Patient 3 had no inappropriate ICD shocks due to dis-
crimination of supraventricular tachycardia. Patient 4 received
propranolol before pregnancy to avoid a recurrence of PAF
during pregnancy.

Pregnancy and Labor
Baseline pregnancy and labor patient characteristics are given
in Tables 2,3. There were no device-related complications. In
4 women the number of arrhythmias (patients 13, non-sus-
tained VT; patient 4, PAF) increased after the end of the sec-
ond trimester and anti-arrhythmic medications were gradually
increased. During pregnancy, no patient received discharges
or shocks from the ICD, and only 1 (patient 1) received ATP
at 27 weeks’ gestation. After ATP in patient 1, the detection
zone was changed from 2 zones (VT 180beats/min with 3
burst ATPs; VF 240beats/min) to 3 zones (VT-1 160 beats/min
with 3 burst and 3 ramp ATPs; VT-2 180beats/min with 3 burst
ATPs; VF 220beats/min).

Labor was induced as planned in 3 cases: 2 (patients 1, 2)
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ti-arrh ti
Pationt Age at LVEFin  NYHA  No.ICD LVEF at Anti-arr ythmf medica o (mg/day) -
conception pregnancy (%) class shocks delivery (%) 1 2 4
’ trimester  trimester  trimester
1 26 61.1 2 0 48.4 Metoprolol 40 160 200
: (29 weeks ATP) :
2 27 47.7 2 0 44.2 Carvedilol/ 5/200/ 10/200/ 10/200/
Mexiletine/ 20/0.125 40/0.125 50/0.125
Aprindine/
Digoxin
3 33 76.1 1 0 72.4 None
4 29 61.8 1 0 68.8 Bisoprolol 2.5 5 5
5 25 54.8 1 0 51.3 Atenolol 50 50 50
6 28 56.2 1 0 57.3 Bisoprolol 5 5 5
Mean+SD 28+3 60+10 57+11

ATP, anti-tachycardia pacing. Other abbreviations as in Table 1.

During delivery After delivery

T Noway mege  Labor  Delverymose ERION BloAtioss e e " tmantay
1 37 Off Induced Emergency CS NRFS 1,190 42.1 1 (ATP &) 12

2 37 Off Induced Emergency CS NRFS 300 32.6 0 47

3 33 Off None Cs FGR 840 64.1 0 26

4 40 Off Spontaneous Emergency CS NRFS 210 61.9 0 16

5 35 Off - Induced ~ ‘Emergency CS NRFS 340 593 0 12

6 38 On  Spontaneous Emergency CS NRFS 400 56.9 0 3
Mean+SD 37+2 547+384 53+13 i 19+15

Bood loss, total blood loss including amnion at cesarean section; CS, cesarean section; FGR, fetal growth restriction; NRFS, non-reassuring
fetal status. Other abbreviations as in Tables 1,2.

Patient w?)?rtli at Bmh(g)ecght Ap%a;?:f re Ap?5a :;‘?:)0 ™ uma pH e omg‘a:l?tt::'tions Neonatal complications

1 37 2684 7 9 7.312 NRFS

2 37 2,622 8 9 7.283 NRFS

3 33 1,240 8 9 7.332 FGR Hypoglycemia, Hyperbilirubinemia

4 40 2,750 8 9 7.344 NRFS

5 35 1,776 9 10 7.268 FGR, NRFS Hypoglycemia, yperbilirubinemia,
: LQTS typel

6 38 2,188 8 10 6.963 FGR, NRFS Metabolic acidosis, Hypoglycemia,

LQTS type2
Mean=SD 372 2,210+£603

UmA, umbilical artery. Oher abbreviations as in Tables 1,3.

for maternal indication of increased non-sustained VT and
reduction of cardiac function at 37 weeks’ gestation, and 1
(patient 5) for fetal indication of fetal growth restriction and
growth arrest at 35 weeks’ gestation. All patients delivered by
cesarean section under spinal and epidural anesthesia due to
fetal indications. The ICD was turned off in patients 1-5 and
turned on in patient 6 during labor and cesarean section. Elec-
trocautery was not used during cesarean section. During deliv-
ery, there were no syncopal or hypotensive episodes and no
patients received ICD discharges or shocks.

After Delivery

Baseline post-delivery patient characteristics are listed in
Table 3. All but 2 women with DCM (patients 1, 2) breast-fed
the neonate. Patient 1 had reduced LVEF before delivery and
recovered within 1 month after delivery. She received an ap-
propriate ICD shock after unsuccessful ATP for VT at 6 weeks
after delivery. After an increase of 3-blockers and construction
of 2 more burst ATPs, there were no ICD shocks except for 6
ATP shocks for VT in 1 year after delivery. All ATP shocks
were appropriate and successful. Patient 2 had reduced LVEF
for 1 week and recovered within 1 month after delivery. In
patient 4, PAF increased until 1 week after delivery. In the 2
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women (patients 5, 6) with long QT syndrome, the corrected
QT time was 505-510ms and 460-490ms, respectively; these
were almost the same as before pregnancy, and there were no
episodes of ventricular arrthythmia after delivery.

Fetus and Neonate Outcome

Baseline characteristics of fetuses and neonates are given in
Table 4. Five neonates were born by emergency cesarean sec-
tion due to non-reassuring fetal status. We observed persistent
late decelerations in 3 fetuses and prolonged decelerations in
2 fetuses during labor on cardiotocogram. One neonate (pa-
tient 6) had metabolic acidosis that required infusion of bicar-
bonate. Two neonates (patients 3, 5) were born preterm and 3
(patients 3, 5, 6) were small for date. The 2 neonates of moth-
ers with long QT syndrome (patients 5, 6) were also diagnosed
with long QT syndrome on genetic testing. No major compli-
cations were observed in the observation period.

Discussion

To our knowledge, this is the largest single-center retrospec-
tive study to investigate the outcome of pregnancy in women
with an ICD. According to the present 6 cases, pregnancy did
not increase the risk of an ICD-related complication under
appropriate management (eg, increase of 3-blockers and change
of the ICD setting), even though the number of ventricular
arrhythmias increased after the end of the second trimester of
pregnancy. Additional caution might be required in the post-
partum period, as well as during pregnancy and labor.

Pregnancy and Ventricular Arrhythmia

Pregnancy is associated with reversible increases in blood vol-
ume, heart rate and cardiac output.®® In some instances, these
changes can trigger maternal cardiac deterioration during preg-
nancy.'**3 Some studies have suggested that pregnancy may
have an adverse effect on subsequent maternal cardiac out-
come, perhaps as a result of the hemodynamic burden on ven-
tricular structure and function during pregnancy."*"7 Clearly,
special caution is required for patients with an ICD with re-
gard to cardiac function and arrhythmias. In this context,
pregnancy can be thought of as a physiological stress test, and
complications during pregnancy identify women at high risk
for late events.’® We monitored the ICD settings from before
pregnancy to prevent inappropriate ICD discharges due to heart
rate increases during pregnancy. In 1 case, S-blockers were
introduced before pregnancy to avoid a recurrence of PAF
during pregnancy. Although the number of tachyarrhythmias
increased in all women after the end of the second trimester
except in 2 with long QT syndrome, ICD discharges were not
precipitated during pregnancy, when anti-arrhythmic medica-
tions were gradually increased and the setting of the ICD was
changed.

Balint et al recommended that women at high cardiac risk
should receive closer surveillance both during pregnancy and
late after delivery.”” Adverse events during pregnancy are as-
sociated with higher rates of late events, which makes it im-
portant to re-evaluate the cardiac status of women with preg-
nancy cardiac events more closely after pregnancy.’ In the
present study, 1 woman who had ATP at 27 weeks’ gestation
received her first ICD shock and several ATP events after de-
livery despite an increase of anti-arrhythmic medications and
a change of the ICD setting. This suggests that additional cau-
tion may be required in the postpartum period, as well as dur-
ing pregnancy and labor.

ICD Mode During Delivery

It remains unclear whether an ICD should be on or off during
delivery. In the present study, no arrhythmias or ICD dis-
charges were precipitated during delivery, as also reported by
Natale et al.” In this respect, the status of the ICD during de-
livery appears to have no effect on the overall outcome. Re-
currence of VT, however, decreases placental perfusion due to
maternal hypotension and could be dangerous for the fetus. In
contrast, ICD shocks are a concern for the safety of the fetus,
although the amount of energy transferred to the uterus is very
small and the fetal heart has a high fibrillatory threshold.”2®
Based on these considerations, we have recently changed our
policy to leave the device turned on during vaginal delivery or
cesarean section, with the proviso that electrocautery is not
used. Because elevated heart rate during labor may cause inap-
propriate ICD shock, a multidisciplinary approach involving
specialists in maternal fetal medicine, cardiology and anesthe-
siology is needed for total management during labor and de-
livery for pregnant woman with an ICD. This management
needs to be designed specifically to meet these needs at each
hospital.

Fetal and Neonatal Complications

Three of the present fetuses (50%) had fetal growth restriction.
Gelson et al found a significant reduction in fetal growth rates
associated with maternal heart disease, and concluded that the
presence of maternal cyanosis and reduced cardiac output are
the most significant predictors of this condition.?! These find-
ings, however, are not necessarily applicable to the present
cases.

In the present study, 5 patients (83%) were given S-blockers,
and 2 of these experienced fetal growth restriction. Beta-
blockers are considered to be reasonably safe for use during
pregnancy, but may rarely cause fetal growth restriction, bra-
dycardia, apnea, hypoglycemia, and hyperbilirubinemia of
neonates.** > Five patlents delivered by emergency cesarean
section due to non-reassuring fetal status (ie, hypoxia of the
fetus or severe cord compressions in the uterus, which also
occurs during labor in those without an ICD). Beta-blockers
are thought to have little effect in the unstressed fetus, but
adverse effects may become apparent during fetal distress be-
cause these drugs impair fetal response to distress.?® Although
the number of cases is small, S-blockers may have been re-
lated to fetal and neonatal complications, but these drugs are
clearly effective for preventing life-threatening arrhythmias
and inappropriate ICD shocks.? We consider use of -blockers
permissible during pregnancy on the condition that efficacy
surpasses complications. Furthermore, as few drugs as possi-
ble and the safest drugs at the lowest effective doses should be
chosen for use in pregnancy.

Study Limitations

There are several limitations in the study, including its retro-
spective design and the relatively small sample size. First, the
present 6 patients were relatively low risk: ICD shocks were
delivered before pregnancy only in 3 of the 6 patients; clini-
cally documented ventricular arrhythmias were heterogeneous
(VT in 2 patients and VF in the other 4 patients); and LVEF
was preserved in 4 of the 6 patients. Because risk of recur-
rence of ventricular arrhythmias would be strongly associated
with the clinical and arrhythmia background of pregnant
women, further investigation is needed, including in patients
with high risk for VT and VF. Second, it may be safe to leave
the device turned on during vaginal delivery or cesarean sec-
tion, but the sample size may have been too small to prove this
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point. There were no ICD shocks during pregnancy, and there-
fore we are unable to determine whether ICD shocks are safe
for the fetus. Third, the follow-up period after delivery was
insufficient to permit analysis of long-term morbidity and mor-
tality, which prevented evaluation of potential long-term ben-
efits and the risks of use of an ICD after delivery. The present
study, however, is worthwhile as a report of a single-center
experience of a rare condition that we were able to follow up
in 5 patients (83%) more than 1 year after delivery.

Conclusions

In the present 6 patients with an ICD, pregnancy did not in-
crease the risk of an ICD-related complication under appropri-
ate management (ie, increase of S-blockers and changing of
the ICD setting). Additional caution may be required in the
postpartum period as well as during pregnancy and labor.
Guidelines are required for pregnancy and delivery in patients
with an ICD. Further large prospective studies are needed to
establish the most appropriate treatment strategies.
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The purpose of this study was to define the clinical characteristics and long-term follow-up of pediatric patients

SQTS is associated with sudden cardiac death. The clinical characteristics and long-term prognosis in young pa-

This was an international case series involving 15 centers. Patients were analyzed for electrocardiography char-

acteristics, genotype, clinical events, Gollob score, and efficacy of medical or defibrillator (implantable
cardioverter-defibrillator [ICD]) therapy. To assess the possible prognostic value of the Gollob score, we devised a
modified Gollob score that excluded clinical events from the original score.

Twenty-five patients 21 years of age or younger (84% males, median age: 15 years, interquartile range: 9 to 18

years) were followed up for 5.9 years (interquartile range: 4 to 7.1 years). Median corrected QT interval for heart rate
was 312 ms (range: 194 to 355 ms). Symptoms occurred in 14 (56%) of 25 patients and included aborted sudden
cardiac death in 6 patients (24%) and syncope in 4 patients (16%). Arrhythmias were common and included atrial
fibriliation (n = 4), ventricular fibrillation (n = B), supraventricular tachycardia (n = 1), and polymorphic ventricular
tachycardia (n = 1.). Sixteen patients (84%) had a familial or personal history of cardiac arrest. A gene mutation asso-
ciated with SQTS was identified in 5 (24%) of 21 probands. Symptomatic patients had a higher median modified
Gollob score (excluding points for clinical events) compared with asymptomatic patients (5 vs. 4, p = 0.044). Ten pa-
tients received medical tfreatment, mainly with quinidine. Eleven of 25 index cases underwent {CD implantation. Two
patients had appropriate ICD shocks. Inappropriate {CD shocks were observed in 64% of patients.

Qbjectives

with short QT syndrome (SQTS).
Background

tients have not been reported.
Methods
Results
Conciusions

S5QTS is associated with aborted sudden cardiac death among the pediatric population. Asymptomatic pa-

tients with a Gollob score of <5 remained event free, except for an isolated episode of supraventricular
tachycardia, over an average 6-year follow-up. A higher modified Gollob score of 5 or more was associated
with the likelihood of clinical events. Young SQTS patients have a high rate of inappropriate ICD

shocks.
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The short QT syndrome (SQT'S) is
a primary cardiac electrical disease
and one of the recent additions of
inherited arrhythmias associated
with sudden cardiac death (SCD).
Although believed to be a rare con-
dition, the entire disease spectrum
continues to emerge with newly rec-
ognized cases, and as we continue to
understand the disease better and to
characterize it more fully, a broader
disease spectrum may be revealed.
The underlying pathophysiological
features involve shortening of myo-
cardial repolarization, which creates
the electrical substrate for atrial and
ventricular tachyarrhythmias (1).
The arrthythmogenic potential of a short QT interval was de-
scribed first by Gussak et al. (2). To date, genetic studies have
shown that SQTS is associated with gain-of-function mutations
in 3 different potassium channels (3—6) and 3 loss-of-function
mutations in the L-type cardiac calcium channel, although forms
of short QT interval associated with calcium channelopathies
show phenotypic overlap with Brugada syndrome (7,8).

In SQTS, the corrected QT interval for heart rate
using the Bazett formula (QT'¢c) in most reported cases to
date usually is <340 to 360 ms, with rare exceptions (9).
A normal QT interval has been reported as 370 + 30 ms
in children (10) and 385 # 24 ms in adults (11), with a
slightly longer QT interval in post-pubescent females
(12). According to population studies (13), a QT'¢c inter-
val of 340 to 360 ms has been proposed as the lower limit
of normal. However, as demonstrated with long QT
syndrome, there is an overlapping range of QT intervals
between affected individuals (14) and apparently healthy
subjects (15). It is likely SQTS cases with longer QT¢
interval exist. In contrast, the presence of a short QT
interval in isolation may not always be indicative of
SQTS. Thus, Gollob et al. (16) proposed diagnostic
criteria for SQTS (Table 1).

The therapeutic approach to SQTS is not well defined.
An implantable cardioverter-defibrillator (ICD) may be
considered as primary therapy, given the known risk of SCD
(17). However, the risk-to-benefit ratio of such an approach
remains unknown, particularly in the young. Although
hydroquinidine has demonstrated some benefit in a limited
number of patients (18,19), there is limited experience with
medical therapy.

ECG = electrocardiography

ICD = implantable
cardioverter-defibrillator

QR = interquartile range

QTc = corrected QT
interval for heart rate using
the Bazett formula

SCR = sudden cardiac
death

S4T8 = short QT syndrome

8VT = supraventricular
tachycardia

VF = ventricular fibrillation
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To date, the long-term prognosis in young SQTS pa-
tients has not been reported. We set out to define the

clinical characteristics and long-term outcomes of a pediat-
ric cohort diagnosed with SQTS.

Methods

Study population. Pediatric SQT'S patients (<21 years of
age at clinical presentation) from 15 centers in North and
South America, Europe, and Japan were characterized
clinically and were followed up beginning in 2007. Entry
criteria included: 1) QT interval of 330 ms or less; or 2)
QTc interval of 360 ms or less with 1 or more of the
following: syncope, atrial fibrillation, ventricular fibrillation
(VE), aborted SCD, positive family history of SQT'S or
unexplained SCD, or a combination thereof. A total of 28
patients were enrolled, of whom 25 met the inclusion
criteria for this study: 1) a Gollob diagnostic score of 3 or
more (indicating a moderate to high probability of SQTS);
and 2) clinical follow-up longer than 1 year. Patient demo-
graphic data were collected. The ECG parameters analyzed
included: QT interval, QTc interval, J point-to-T peak
interval, and early repolarization. The QT interval was
measured manually. The QTc¢ interval was calculated using
Bazett’s formula. The J point was defined as the end of the
QRS interval and the beginning of the ST segment. The T
peak was measured at the highest point of the T-wave. Early
repolarization was defined as an clevation of more than 0.1
mV of the | point from baseline in at least 2 contiguous

Points

Family history

First- or second-degree relative with high-probability SQTS 2
First- or second-degree relative with autopsy-negative 4

sudden cardiac death

High-probability SQTS: =4 points, intermediate-probability SQTS: 3 points, low-probability SQTS:
=2 points. Electrocardiogram must be recorded in the absence of modifiers known to shorten the
QT interval. J pointto-T peak interval must be measured in the precordial lead with the greatest
amplitude T-wave. Clinical history events must occur in the absence of an identifiable cause,
inctuding structural heart disease. Points can be received only for 1 of cardiac atrest, documented
polymorphic VT, or unexplained syncope. Family history points can only be received once in this

section. *A minimum of 1 point must be obtained in the ic section to obtain
additional points.
QTc = cotrected QT interval for heart rate using the Bazett formula; SQTS == short QT syndrome;

VF = ventricutar fibrillation; VT = ventricular tachycardia.
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Points

Genotype*
Genotype positive 2

Mutation of undetermined significance in a culprit gene

Electrocardiogram must be recorded in the absence of modifiers known to shorten the QT interval.
J pointto-T peak interval must be measured in the precordial lead with the greatest amplitude
T-wave. Family history points can be received only once in this section. *A minimum of 1 point must
ic section to obtain additional points,

be obtai in the electrocardi
Abbreviations as in Table 4.

leads in the inferior leads (I1, I1I, aVF), lateral leads (I, aVL,
V, to V), anterior leads (V; to V3), or combinations
thereof. The contour of the ST segment was classified as
having either upsloping or horizontal (downsloping) mor-
phological features. Patients with ICD were assessed for
implant indication, delivered therapies, and device compli-
cations. We elected to explore the risk-stratifying value of
specific variables within the Gollob scoring system. Thus,
the diagnostic Gollob score was modified, by excluding
clinical events, into a new prognostic score referred to as the
modified Gollob score (Table 2).

Statistical analysis. Continuous variables are presented as
mean * SD or median (interquartile range [IQR]: 25th to
75th percentile). Analyzed continuous variables are pre-
sented only as medians with IQR and were analyzed using
the Wilcoxon rank sum test. Categorical variables are
presented as counts with percentages and were analyzed
using the Fisher exact test or the chi-square test. Correla-
tion between continuous data was analyzed using the
Spearman correlation coefficient. Two-tailed p values of
<0.05 were considered statistically significant. Statistical
analysis was performed using SAS software version 9.3

(SAS Institute, Inc., Cary, North Carolina).

Results

Clinical data. There were 25 patients and a total of 21
(84%) were male. Their clinical data are presented in Table 3.
Patients were followed up for a median of 5.9 years (IQR: 4
to 7.1 years). Patient age at the time of clinical presentation
ranged from 1 day to 21 years (13.4 £ 6 years, median: 15
years, IQR: 9 to 18 years), with 9 patients (36%) younger
than 12 years.

£CG. The QT interval varied from 160 to 360 ms (279 %= 51
ms, median: 290 ms, IQR: 280 to 300 ms), whereas the QT¢
interval ranged from 194 to 355 ms (304 * 41 ms, median:
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312 ms, IQR: 286 to 335 ms). The J point-to-T peak interval
ranged from 63 to 180 ms (132 = 35 ms, median: 140 ms,
IQR: 119 to 160 ms). Arrhythmias were common: 4 patients
had atrial fibrillation, 6 had VF, and 1 had supraventricular
tachycardia (SVT) at presentation.

GENETIC TESTING. Genetic testing was undertaken in 21
of the 25 patients, and 5 patients had a confirmed mutation.
All gene-positive patients were symptomatic, including a
3-month-old young female with recurrent atrial fibrillation
since the age of 4 days and associated sinus and atrioven-
tricular node dysfunction (KCNQ1 V141M). Tables 3 and 4
outline the culprit genes, specific mutations, and associated
symptoms and arrhythmias detected in the gene-positive
cohort.

FAMILY HISTORY. A personal or familial history of cardiac
arrest was present in 16 (84%) of 25 patients. A familial
history of SCD, presumed to be arrhythmogenic, was
present in 5 symptomatic patients and in 6 asymptomatic
patients. These involved 6 siblings (4 young males and 2
young females), 2 uncles, and 1 father. The equal distribu-
tion of familial SCD among symptomatic and asymptom-
atic individuals suggests that SCD alone may not predict
prognosis, although numbers were relatively small in this
study. Among the entire cohort, there was a positive family
history for a clinical diagnosis of SQTS in 17 (68%)
patients, equally distributed between parents and siblings.
Among the patients with atrial fibrilation, only 1 of 4 had
a family history of atrial fibrillation. In the patients with VF,
only 1 of 6 had a first-degree relative (father) with SCD.
Overall, the prevalence of symptomatic family members did
not seem to be more common in symptomatic patients,
although a much larger cohort would be required to assess
confidently whether a symptomatic family member predicts
individual risk. Only 4 of 25 patients had no family history
of SQT'S or SCD.

Symptomatic versus asymptomatic patients. Of the en-
tire cohort, 14 (56%) patients had 1 or more clinical features
associated with SQTS, including aborted SCD in 6 (24%),
unheralded syncope in 4 (16%), and palpitations with
documented atrial fibrillation in 4 (16%). The remaining 11
(44%) patients were asymptomatic, 10 of whom were
identified through family screening and the remaining
through an incidental ECG finding of a very short QTc
interval (292 ms). There was no significant difference in
median age between symptomatic and asymptomatic pa-
tients (median: 15 years, IQR: 8 to 17 years vs. median: 17
years, JQR: 9 to 18 years, p = 0.621). All but 1 of the
asymptomatic cases had a family history of SQTS or
unexplained SCD.

ECG PARAMETERS. No differences were found in the ECG
parameters between asymptomatic and symptomatic pa-
tients (Table 3). Although the QTc interval tended to be
shorter in symptomatic patients (median: 306 vs. 330 ms),
the difference was not statistically significant (p = 0.207).
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Variable Total (n = 25)

Symptomatic* (n

14) Asymptomatic {(n

41) p Value

Male 21.(84%)

‘ ‘Symptoms
Aborted SCD 8 (24%)
Unheralded syncope 4 (16%)

4 (16%)

2 (8%)
2 (8%)
1 (4%)

Family history

SQTS 8 (32%)
SCD 4 (16%)
SCD and $QTS 9 (36%)
Negative 4 (16%)

11 (78.6%)

10 (90.9%}

0.604

6 (43%) —
4(28.5%) —

%)

2 (14%)
2 (14%)
1(7%)

0.620
4(28.6%) 4(36.4%)

3(21.4%) 1(9.4%)

4(28.6%) 5 (45.5%)

3(21.4%) 1(9.1%)

Values are median (interquartile range) or n (%). *Only patients with aborted sudden cardiac death, syncope, or documented ventricutar or atrial fibrillation at presentation or during follow-up were considered

and atrial fibri

symptomatic for short QT syndrome. tPalpi

ECG = electrocardiography; ICD = implanted cardiac defibrillator; ) point-to-T peak interval = interval in milli

voltage; SCD = sudden cardiac death. Other abbreviations as in Table 1.

There was a trend toward a higher prevalence of short J
point-to-T peak interval (<120 ms) in the symptomatic
versus the asymptomatic patients (42.9% vs. 9.1%, p = 0.090).
Only 1 of the asymptomatic patients had a short | point-
to-T peak interval. The presence of early repolarization did
not differ between symptomatic and asymptomatic patients.
Early repolarization was found in the anterior (n = 2),
anterolateral (n = 2), lateral {(n = 1), and anteroinferolateral
(n = 1) leads in 43% of symptomatic cases. In 60% of
asymptomatic cases, early repolarization was found in the
inferolateral (n = 3) cases and in the anterior or lateral leads, or
both (n = 3). In all cases, early repolarization had an upsloping
ST segment pattern (Fig. 1).

n or supraventricular tachycardia. fincluding inappropriate shocks.

d: don phy ECG from the J-point to the peak T-wave

GOLLOB DIAGNOSTIC SCORE FOR SQTS. Asymptomatic pa-
tients had Gollob scores ranging from 3 to 5 (median: 4,
IQR: 4 to 5), whereas most symptomatic patients had
higher Gollob scores ranging from 4 to 10 (median: 6, IQR,
6 to 8, p < 0.001).

A modified Gollob score, excluding clinical events, was
assigned to each patient. Asymptomatic patients had mod-
ified Gollob scores ranging from 3 to 5 (median: 4, IQR: 4
to 5), whereas most symptomatic patients had higher scores
ranging from 3 to 8 (median: 5, IQR: 4 to 6, p = 0.044).

ABORTED sCD. Aborted SCD occurred in 6 (24%) of 25
patients. These patients had a longer follow-up duration

Age (yrs) Sex Gene Mutation Current

Symptoms

Arrhythmias

Atrial fibrillation

Syncope Ventricular fibriliation
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Resting electrocardiogram (ECG) of a 15-year-old young male with aborted sudden cardiac death and a short QT interval (QT interval: 280 ms, QT interval corrected for
heart rate [QTc]: 325 ms). There are peaked T waves in most of the precordial leads. The J pointto-T peak interval is 140 ms. There is early repolarization with upslop-
ing ST segment in li, Il aVF, and V,; to V.

than those without aborted SCD (median: 7.3 years, IQR:
6.3 to 7.8 years vs. median: 5.3 years, IQR: 4.0 to 6.9 years,
p = 0.045). A short ] point-to-T peak (<120 ms) was more
prevalent among the aborted SCD group (67% vs. 16%, p =
0.032) (Table 5). Five of these 6 patients had implantation
of an ICD. In one instance, the parents declined an ICD for
a 6-month-old young male (at the time of clinical presen-
tation) with an ultra-short QT interval of 160 ms (QT¢c
interval: 241 ms) who, at 80 months of follow-up, had no
recurrent symptoms (Fig. 2). A positive family history of
SQTS or SCD did not discriminate between aborted SCD
and nonaborted SCD patients because of the high preva-
lence among the entire cohort. Early repolarization with
upsloping ST segment in the anteroinferolateral leads was
present in only 1 of the 6 patients with aborted SCD.
Therapy. 1CD. Implantation of a cardioverter-defibrillator
(ICD) was performed in 11 (44%) of 25 patients, in 6 as
primary prevention (unexplained syncope in 2). Indications
for ICD in the other 5 patients were aborted SCD or VE.
Two (18%) patients had appropriate shocks: a 14-year-old
young male (QT interval: 300 ms, QT¢ interval: 286 ms)
with a history of aborted SCD while receiving quinidine at
9 mg/kg daily and a 14-year-old young male (QT interval:
248 ms; QT ¢ interval: 252 ms) with a history of syncope and
VF. The latter had no recurrent ICD appropriate shocks
while taking quinidine. Two other patients had no shock
and 7 (64%) had 1 or more inappropriate shocks. The
underlying cause of inappropriate shocks was atrial fibrifla-
tion with rapid ventricular conduction (n = 1), sinus
tachycardia (n = 3), SVT (n = 1), and ventricular lead
fracture (n = 3), including 1 Sprint Fidelis lead (Medtronic,
Minneapolis, Minnesota). There was an additional patient
with a ventricular lead fracture 6 years after implantation
that did not cause an inappropriate ICD shock. Of patients
who received an ICD as primary prevention, 4 had inap-
propriate shocks.

MEDICAL THERAPY. Medical therapy was initiated in 10
(40%) of 25 patients, 4 of whom received multiple agents.
Of the 4 patients with paroxysmal atrial fibrillation, 3
received quinidine therapy that proved unsuccessful in
preventing recurrences of the arrhythmia. These patients
were quite young, including an infant who also had recur-
rences while receiving propafenone and sotalol, a 5-year-old
in whom flecainide also failed, and an 8-year-old. The
remaining patient with atrial fibsillation was a 17-year-old
young male (QT interval: 320 ms, QT¢c interval: 355 ms)
(Fig. 3A) who was cardioverted at the time of ICD
implantation, but continued to experience recurrences de-
spite therapy with digoxin and propafenone. On treatment
with digoxin and dofetilide, there was prolongation of the
QT interval and return to sinus rhythm without symptom-
atic recurrences through follow-up (Fig. 3B). However,
ICD interrogation identified asymptomatic, short episodes
of atrial fibrillation. Two patients with a history of appro-
priate ICD shocks also received quinidine therapy. The first
patient, a 14-year-old young male with aborted SCD, had a
therapeutic shock while receiving quinidine 9 mg/kg daily.
We were unable to confirm whether lack of compliance was
the issue. The J point-to-T peak interval in this patient was
118 ms. He had a Gollob score of 8 with a QT interval of
300 ms (QTc interval: 286 ms). Genetic testing did not
identify any known mutation. The second patient had no
recurrent shocks while receiving quinidine therapy.

ARRHYTHMIAS ENCOUNTERED DURING FOLLOW-UP. Of
the asymptomatic patients, only a 21-year-old man with an
ICD as primary prevention had SVT resulting in inappropriate
shocks and requiring ICD reprogramming. He had a modified
Gollob score of 4. The other 10 asymptomatic cases with
Gollob scores of 3 to 5 remained asymptomatic and
arthythmia-free during follow-up. In the group that was
symptomatic at presentation, a 19-year-old man receiving no
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Aborted SCD No Aborted SCD

p Value

Variable

Genetic mutation (n = 21)

KCNH2 1 (20%) 1(6.3%)
KCNJ2 0 2(12.5%)
KCONQL 0 1 (8.3%)
Negative 4 (80%) 12 (75%)

ECG parameters

QT interval (ms) 280 (248-300) 295 (280-320) 0.261
QTc interval (ms) 300 (252-325) 342(291-335) 0.323
QTc interval << 330 ms 5(83.3%) 11 (57.9%) 0.364
J point-to-T peak interval 109 (80-140) 140 (120-160) 0.130
1 point-to-T peak interval 4 (66.7%) 3 (15.8%) 0.032
<420 ms
Early repolatization 1/6 (17%) 114/48 (61%)
edical 3 (50%)

g
Docﬁmehfed arrhythmia
on follow-up
Ventricular fibrillation 1 (16.7%) [s]
Polymorphic VT 1(16.7%) 0
Atriat fibrillation 0 3 (15.8%)
SVT 0 1(5.3%)

Values are median (interquartile range) or n (%). *Including inappropriate shocks.

SYT = supraventricular dia; other abbr as in Tables 4 and 3.

medical therapy and with a history of aborted SCD experi-
enced 2 episodes of nonsustained polymorphic ventricular
tachycardia that terminated spontaneously. All cases with atrial
fibrillation required ongoing therapy with cardioversion, med-
ical treatment with different antiarrhythmic agents, or both. A
3-month-old young female with an ultra-short QT of 200 ms
(QT¢ interval: 275 ms) had a history of marked sinus brady-
cardia since birth and atrioventricular node dysfunction with a
Wenckebach cycle length of 500 ms. The patient demon-
strated atrial fibrillatdon at 4 days of age, requiring cardiover-
sion. A ventricular pacemaker was implanted at 6 days of age.
Despite antiarrhythmic therapy, it eventually progressed into
permanent atrial fibrillation. A 5-year-old young female with
an ultra-short QT of 172 ms (QT¢ interval: 194 ms) had
mechanically induced atrial and VF during insertion of a Swan
Ganz catheter.

Discussion

To our knowledge, this is the longest follow-up cohort of
patients with SQTS reported in the literature. It also

JACC Vol. 61, No. 11, 2013
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represents the largest series of pediatric SQTS patients,
because the average age in this cohort was 13 years.

Our cohort was predominantly male (84%), reflecting a
sex-specific prevalence and possible greater vulnerability to
SQTS in young males as compared with young females.
Eighty-four percent of patients had a personal or familial
history of cardiac arrest. More than half of our patients had
symptoms, including aborted SCD (24%) and syncope
(16%). The most common symptomatic presentation was
cardiac arrest. An additional 11 cases (44% of cohort) were
identified through cascade family screening. Twenty percent of
cases were identified to have disease-causing mutations. Our
cohort included a 6-year-old young male with aborted SCD
and a QT interval of 160 ms, the shortest QT interval reported
to date. In addition, we report 3 children younger than 8 years
with recalcitrant atrial fibrillation and ultra-short QT intervals
ranging from 172 to 200 ms and 1 patient, an infant with a QT
of 200 ms (QT¢ interval: 275 ms), who had coexisting sinus

‘and atrioventricular node dysfunction. This patient had sinus

bradycardia at birth and demonstrated slow atrial fibrillation at
4 days of age. To our knowledge, the latter dlinical scenario
associated with a V141M mutation in the KCNQ1 gene has
not been reported with SQT'S. Another unique finding in this
young population has been the high incidence of inappropriate
shocks, affecting 64% of ICD recipients, which far exceeded
appropriate shocks.

A previously reported study presented the clinical char-
acteristics and outcomes in an adult population of SQTS
patients (median age: 26 years) (19). Similar to the obser-
vations of our pediatric cohort, most clinically affected
adults were men (75%), cardiac arrest as a first presentation
was relatively common (32%), 2 family history of SQT'S was
present in 50% of patients, and disease-causing mutations
were found in 23% of probands. In contrast, our pediatric
cohort tended to have a shorter QT¢ interval (average: 304
ms vs. 314 ms), and although adult and pediatric ICD
recipients both received a high inappropriate shock rate, this
was more common in pediatric patients (64% vs. 33%).

Gollob et al. (16) proposed diagnostic criteria for SQT'S.
We found that a modified Gollob score, which excluded points
for clinical events, may be useful in identifying patients at a
higher risk for unexplained syncope, atrial fibrillation, or
aborted SCD. Our patients with a history of these clinical
events had a median modified score of 5 (range: 4 to 6) as
compared with a median of 4 (range: 4 to 5) in patients who
remained asyroptomatic (except 1 case of SVT). Patients with a
modified Gollob score of 3 (or Gollob score of <5) had a good
prognosis during follow-up in this study. Only 1 (7%) of 14
symptomatic patients had a Jow modified Gollob score of 3.

SQTS is considered a rare electrical abnormality, and
recognition of this condition as a cause of unexplained SCD
in young children is uncommon, although perhaps under-
recognized. A reported series of adult patients with idio-
pathic VI were noted to have a mean QT ¢ value of 371 ms,
significantly less than the QTc value of healthy sex- and
age-matched controls (20). These observations suggest that
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An ultra-short QT interval of 160 ms (QTc interval: 241 ms) in a 6-month-old young male at the time of clinical evaluation after cardiac arrest.

less extreme values of short QTc interval may be part of the
SQTS disease spectrum.

Aborted SCD affected 6 of our patients (24%), 5 of them
at 15 years of age or younger. One of the current therapeutic
options for patients with SQT'S includes implantation of an
ICD (21-23). Six of our patients received an ICD for
primary prevention; however, 4 experienced 1 or more
inappropriate ICD shocks. Previous studies have reported
an increased risk for inappropriate ICD therapy because of
oversensing of short-coupled and prominent T waves re-
sulting in T-wave oversensing (24). In our young cohort
with SQT'S, inappropriate shocks far exceeded appropriate
shocks. Most of our patients had inappropriate shocks
secondary to atrial tachycardias, including sinus tachycardia
(n = 3), SVT (n = 1), and atrial fibrillation (n = 1).
Imppropriate therapies resulting from rapid atrial arrhyth-
mias may be prevented by programming device therapies for
heart rates exceeding 210 beats/min, although a formative
assessment is needed to evaluate the efficacy of such an
approach. In addition, we observed a high prevalence of
ventricular lead fracture of 36% (4 of 11 cases) with most
(3 of 4) resulting in inappropriate ICD shocks. The high
prevalence of ventricular lead fracture in part may be the
result of the patients’ young ages at implantation. These
points together highlight our concerns regarding the use of
ICD therapy in asymptomatic young patients.

We identified a higher prevalence of short J point-to-T
peak interval (<120 ms) in symptomatic (42.9%) versus
asymptomatic patients (9.1%). However, because of the
small number of cases, the difference did not reach statistical
significance. Watanabe et al. (25) reported a high prevalence
(65%) of early repolarization in patients with SQT'S that
was associated with arrhythmic events. In their cohort, early
repolarization was localized in either inferior leads, lateral
leads, or both, but the ST segment contour was not
described in their paper. Early repolarization with upsloping
morphological features can be a benign ECG finding (26),

whereas a horizontal or downsloping 8T segment may be
associated with VF (27). Early repolarization also was ob-
served in a high percentage of our cohort (50%), and it was
localized in anterior, inferior, and lateral leads, or in a combi-
nation thereof. This ECG feature was not significantly differ-
ent between our symptomatic (43%) and asymptomatic (60%)
patients. None of our patients with early repolarization had a
horizontal or downsloping pattern. Only 1 of our 6 cases of
aborted SCD showed early repolarization.

Five of our patients, all symptomatic, had genetic muta-
tions associated with SQT'S. The yield of genetic mutation
detection was 24% for index patients who underwent
genetic testing. This compares with the 23% incidence
reported in the literature (16).

Quinidine has been suggested as one of the mainstay

therapies for SQTS because of its ability to offset the
extreme shortening of repolarization that occurs in SQTS
(28). In this cohort, quinidine proved ineffective in manag-
ing atrial fibrillation in those patients with frequent recur-
rences. In addition, while receiving a low dose of quinidine,
one patient experienced a therapeutic ICD shock. There-
fore, the effectiveness of this antiarrhythmic agent in young
SQTS patients awaits further investigation.
Study limitations. Although we describe the largest pop-
ulation of pediatric patients with SQTS with the longest
reported clinical follow-up, event rates and risks in later
decades of life remain unkoown. As a relatively rare or
perhaps under-recognized disease, our cohort included only
25 patients. Thus, we must be cautious in reaching conclu-
sions based on such a small group.

Conclusions

SQTS in the pediatric population is associated with a high
risk of aborted SCD. The diagnosis seems more common in
young males similar to observations in adult SQT'S patients.
This may reflect protection from ultra-short QT intervals in
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{A} 12-ead ECG of a symptomatic 17-year-old young male with atrial fibrillation. There is a short QT interval (QT interval: 320 ms, QTc interval: 355 ms), peaked
T waves, and early repolarization. {B) After treatment with dofetilide and digoxin, there was prolongation of the QT interval (QT interval: 380 ms, QTc interval: 380 ms).
The patient remained asymptomatic and on sinus rhythm except for short bouts of atrial fibrillation.

women because of the QT prolonging effects of estrogen
(29). A modified Gollob score may be useful in identifying
patients at a higher risk of clinical events and may prove
useful for risk stratification, although larger cohort studies
are necessary. Although ICD therapy proved useful in some
patients, it was fraught with inappropriate shocks. One of 2
appropriate ICD shocks occurred despite 2 low dose of
quinidine. Quinidine monotherapy did not prove to be
effective in treating atrial fibrillation.

Reprints requests and correspondence: Dr. Juan Villafafie, De-
partment of Pediatrics (Cardiology), University of Kentucky, 743
East Broadway, No. 300, Louisville, Kentucky 40202. E-mail:
juanvillaf@yahoo.com.

—351—

REFERENCES

1.

2.

Villafane J, Young ML, Maury P, et al. Short QT syndrome in a
pediatric patient. Pediatr Cardiol 2009;30:846-50.

Gussak 1, Brugada P, Brugada J, et al. Idiopathic short QT interval: a
new clinical syndrome? Cardiology 2000;94:99-102.

. Brugada R, Hong K, Dumaine R, et al. Sudden death associated with

short-QT syndrome linked to mutations in HERG. Circulation
2004;109:30-5.

. Bellocq C, van Ginneken ACG, Bezzina CR, et al. Mutation in the

KCNQ1 gene leading to the short QT -interval syndrome. Circulation
2004;109:2394-7.

. Priori SG, Pandit SV, Rivolta I, et al. A novel form of short QT

syndrome (SQT3) is caused by a mutation in the KCNJ2 gene. Circ
Res 2005;96:800-7.

. Hattori T, Makiyama T, Akao M, et al. A novel gain-of-function

KCNJ2 mutation associated with short-QT syndrome impairs inward
rectification of Kir2.1 currents. Cardiovascular Res 2012;93:666-73.

. Antzelevitch C, Pollevick GID, Cordeiro JM, et al. Loss-of-function

mutations in the cardiac calcium channel underlie a new clinical entity



JACC Vol. 61, No. 11, 2013
March 19, 2013:1183-91

10.

1L

16.

17.

18.

19.

characterized by ST-segment elevation, short QT intervals, and
sudden cardiac death. Circulation 2007;115:442-9.

. Templin C, Ghadri JR, Rougier JS, et al. Identification of a novel

loss-of-function calcium channel gene mutation in short QT syndrome
(SQTS6). Eur Heart J 2011;32:1077-88.

. Bjerregaard P, Collier JL, Gussak I. Upper limit of QT/QT¢ intervals

in the short QT syndrome. Review of the world-wide short QT
syndrome population and 3 new USA familics. Heart Rhythm 2008;
5:591.

Moss A. Measurement of the QT interval and the risk associated with
QTc interval prolongation: a review. Am J Cardiol 1993;72:238-25B.
Gallagher M, Magliano G, Yap YG, et al. Distribution and prognostic
significance of QT intervals in the lowest half centile m 12,012
apparently healthy persons. Am J Cardiol 2006;98:933-5.

2. Rautabatju P, Zhou S, Wong S, et al. Sex differences in the evolution

of the electrocardiographic QT interval with age. Can ] Cardiol
1992;8:690-5.

. Viskin S. The QT interval: too long, too short or just right. Heart

Rhythm 2009;6:711-5.

. Maury P, Hollington L, Duparc A, Brugada R. Short QT syndrome:

should we push the frontier forward? Heart Rhythm 2005;2:1135-7.

. Anttonen O, Junttila MJ, Rissanen H, Reunanen A, Viitasalo M,

Hutkurt HV. Prevalence and prognostic significance of short QT
interval in a middle-aged Finnish population. Circulation 2007;116:
714-20.

Gollob MH, Redpath CJ, Roberts JI. The short QT syndrome:
proposed diagnostic criteria. ] Am Coll Cardiol 2011;57:802-12.
Wolpert C, Schimpf R, Giustetto C, et al. Further insights into the
effect of quinidine in short QT syndrome caused by a mutation in
HERG. ] Cardiovasc Electrophysiol 2005;16:54~8.

Gaita F, Giustetto C, Bianchi F, et al. Short QT syndrome: pharma-
cological treatment. ] Am Coll Cardiol 2004;43:1494~9.

Giustetto C, Schimpf R, Mazzanti A, et al. Long-term follow-up of
patients with short QT syndrome. ] Am Coll Cardiol 2011;58:587-95.

—352—

20.

21.

22.

23.

24.

29.

Villafafie ef al. 1181

Pediatric Short QT Syndrome

Viskin S, Zeltser D, Ish-Shalom M, et al. Is idiopathic ventricular
fibrillation a short QT syndrome? Comparison of QT-intervals of
patients with idiopathic ventricular fibrillation and healthy controls.
Heart Rhythm 2004;1:587-91.

Giustetto C, Di Monte F, Wolpert C, et al. Short QT syndrome:
clinical findings and diagnostic-therapeutic implications. Eur Heart |
2006;27:2440-7.

Borggrefe M, Wolpert C, Antzelevitch C, et al. Short QT syndrome.
Genotype-phenotype correlations. | Electrocardiol 2005;38 Suppl:
75-80.

Schimpf R, Bauersfeld U, Gaita F, Wolpert C. Short QT syndrome:
successful prevention of sudden cardiac death in an adolescent by
implantable cardioverter-defibrillator treatment for primary prophy-
laxis. Heart Rhythm 2005;2:416~7.

Schimpf R, Wolpert C, Bianchi F, et al. Congenital short QT
syndrome and implantable cardioverter defibrillator treatment: inher-
ent risk for inappropriate shock delivery. J Cardiovasc Electrophysiol
2003;14:1273-7.

. Watanabe H, Makiyama T, Koyama T, et al. High prevalence of early

repolarization in short QT syndrome. Heart Rhythm 2010;7:647-52.

. Tikkanen J, Junttila J, Anttonen O, et al Early repolarization:

electrocardiographic phenotypes associated with favorable long-term
outcome. Circulation 2011;123:2666-73.

. Rosso R, Glikson E, Belhassen B, et al. Distinguishing “benign” from

“malignant early repolarization”: the value of the ST-segment mor-
phology. Heart Rhythm 2012;9:225-9.

. Schimpf R, Borggrefe M, Wolpert C. Clinical and molecular genetics

of the short QT syndrome. Curr Opin Cardiol 2008;23192-8.
Kurokawa ], Tamagawa M, Harada N, et al. Acute effects of estrogen
on the guinea pig and human ITkr channels and drug-induced prolon-
gation of cardiac repolarization. J Physiol 2008;586:2961-73.

Key Words: arrhythmias 8 atrial fibrillation # short QT syndrome =
sudden cardiac death.



Ann Nucl Med
DOI 10.1007/s12149-013-0699-3

Usefulness of scintigraphy to predict electrical storms in severe

idiopathic dilated cardiomyopathy

Masateru Takigawa - Keisuke Kiso * Takashi Noda - Takashi Kurita - Yuke Yamada -
Hideo Okamura + Kazuhiro Satomi + Kazuhiro Suyama - Naohiko Aihara - Mamoru Nanasato -
Haruo Hirayama - Shiro Kamakura - Wataru Shimizu - Yoshio Ishida

Received: 29 October 2012/ Accepted: 4 February 2013
© The Japanese Society of Nuclear Medicine 2013

Abstract

Background Although several predictors of an electrical
storm (ES) are indicated in patients with idiopathic dilated
cardiomyopathy (IDCM), whether the severity of the
myocardial tissue damage (SMTD) evaluated by myocar-
dial perfusion SPECT (MPS) has an association with an ES
remains unclear. The purpose of this study was to elucidate
the clinical significance of SMTD for the prediction of ES
in IDCM patients with an ICD.

Methods Thirty-seven (27 men, mean age 58 4= 15 years)
IDCM patients receiving ICD implantations for secondary
prevention with preoperative MPS were enrolled in this
study. The medical history, physical and laboratory find-
ings, electrocardiograms, echocardiograms and MPS find-
ings were evaluated. The SMTD was assessed by the
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summed scores of 17 segments using a 4-point system
(0, normal ~ 3, severe defect).

Results During a mean follow-up of 43.9 + 30.7 months,
an ES developed in 12/37 (32.4 %) patients. The SMTD
score predicted an ES with a 92 % sensitivity and 56 %
specificity, at a cut-off score of 10. In addition, a multi-
variate analysis showed that the SMTD score remained an
independent predictor of an ES (HR 1.09/score 1 increase,
95 % CI 1.01-1.19, p = 0.02). The SMTD score was sig-
nificantly associated with three indices of late potentials on
the signal-averaged electrocardiograms, and was signifi-
cantly higher in patients with positive late potentials
(p = 0.0006).

Conclusion SMTD score assessed by MPS has a strong
correlation to the late potentials and higher SMTD score
may increase the risk of ES among patients with IDCM and
an ICD.

Keywords Idiopathic dilated cardiomyopathy -
Implantable cardioverter defibrillator - Electrical storm -
SPECT - Myocardial tissue damage

Introduction

Implantable cardioverter defibrillators (ICDs) provide an
established therapeutic option for reducing the risk of
sudden cardiac death, and have a high success rate in ter-
minating life-threatening ventricular arrhythmias including
ventricular tachycardia (VT) or ventricular fibrillation (VF)
[1, 2]. About 40-60 % of patients with an ICD will receive
an appropriate ICD therapy for VI/VF within 3 years of
the implantation [3-5]. Such therapy is usually limited to
antitachycardia pacing or a small amount of shocks for
targeted ventricular tachyarrhythmias. However, some
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patients experience multiple shock therapies, which sig-
nificantly compromise the quality of life of ICD recipients
and increase the risk of subsequent death [6].

Due to the increase in the number of patients with ICD
indications, electrical storm (ES), which is defined as 3 or
more separate episodes of ventricular tachycardia (VT)
and/or ventricular fibrillation (VF) terminated by ICD
therapies within 24 h, have become an important issue
because of the clinical, psychological and economical
consequences involved. Although we and several investi-
gators have reported the incidence, predictive factors and
clinical prognosis of an ES in patients with idiopathic
dilated cardiomyopathy (IDCM) [1, 3-5, 7-9], the signifi-
cance of the severity of the myocardial tissue damage
(SMTD) as a predictor of an ES remains unclear. We
attempted to elucidate the clinical value of SMTD in pre-
dicting an ES in patients with IDCM and an ICD.

Methods
Study population

Forty-eight consecutive IDCM patients received an ICD for
secondary prevention between 1998 and 2004 at the National
Cerebral and Cardiovascular Center. In addition to the
examinations necessary for the precise diagnosis, MPS prior
to the ICD implantation was routinely performed in IDCM
patients during this period unless it was rejected by the
patient. The medical records including the clinical charac-
teristics, medications, and electrocardiographic, echocar-
diographic and MPS findings were analyzed.

Patients with a history of hypertension were excluded
from this study to carefully rule out hypertensive heart
disease. Coronary angiography and echocardiography were
performed in all patients to rule out ischemic cardiomy-
opathy and valvular heart disease. Other modalities
including specific biochemical tests, magnetic resonance
imaging, nuclear imaging, cardiac biopsy, and genetic
testing were added if required according to the patient’s
history, to exclude other secondary cardiomyopathies
including infectious cardiomyopathy, toxic cardiomyopa-
thy, peripartum cardiomyopathy, tachycardia-mediated
cardiomyopathy, autoimmune cardiomyopathy, infiltrative
cardiomyopathy, and hereditary cardiomyopathy. Finally,
patients with diffuse left ventricular dysfunction and
enlargement of the left ventricle with an unknown etiology
were defined as having IDCM.

In these patients, an ICD was implanted for secondary
prevention of sudden cardiac death after one or more epi-
sodes of confirmed sustained ventricular tachyarrhythmias
or under the context of any presumed tachyarrhythmic
syncopal attacks. The implanted devices included

@ Springer

Medtronic 7221CX, 7223CX, 7227CX, 7229CX, 7271,
7273, and 7278, and CPV/Guidant 1790 and 1861 devices.
The ICD was programmed according to the documented or
induced arrhythmia with at least two detection zones. Anti-
tachycardia pacing including more than one burst pacing
and one ramp pacing therapy followed by cardioversion
were programmed in the VT-zone, whereas the maximum
shocks were programmed in the VF-zone. Written
informed consent was given before the ICD implantation.

The study protocol according to the ethical guidelines of
the 1975 Declaration of Helsinki was approved by the
Institutional Review Board at National Cerebral and Car-
diovascular Center, and were announced to the patients.
The patient privacy was completely protected by anony-
mization of the entire data.

Definition of ES

Three expert electrophysiologists randomly reviewed the
intracardiac electrograms to avoid delivering inappropriate
therapies. The occurrence of 3 or more separate episodes
of VT/VF terminated by an appropriate ICD therapy within
a 24-h period was defined as an ES [8]. The appropriate
ICD therapy consisted of antitachycardia pacing as well as
low- and high-energy shocks for the targeted ventricular
tachyarrhythmias. Repetitive ineffective shocks were not
categorized as an ES.

Follow up

The patient follow-up started after the implantation. The
patients visited the outpatient clinic every 1-2 months as a
follow-up with a routine blood test and electrocardiogram.
Furthermore, the ICD was checked every 3—6 months.
They were also encouraged to visit whenever palpitations,
pre-syncope or shocks occurred. The interrogation part of
the device follow-up was performed to evaluate the number
and type of episodes from the stored intracardiac-electro-
grams during each check. Patients encountering an ES were
admitted to the hospital for a detailed investigation of the
cause including a blood analysis (electrolytes, blood cell
count, and the thyroid, creatinine, C-reactive protein, cre-
atinine kinase, and troponin levels), echocardiography and
coronary angiography if necessary.

SMTD scores using myocardial perfusion SPECT

Rest MPS was performed at least 1-3 months before the
ICD implantation with a stable condition of chronic heart
failure (CHF). One hour after the intravenous injection of
600 MBq of technetium-99m (**™Tc) sestamibi, the
patients consumed a light meal or milk before image
acquisition to remove the tracer retention in the liver and
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Fig. 1 Semiquantitative visual analysis using a myocardial 17-seg-
ment model. Tracer uptake in each segment was evaluated using a
4-point scoring system (0, normal; 1, mild; 2, moderate; 3, severe
reduction or absence of radioisotope uptake). The short-axis view was
used for assessing segments /—16, and the vertical long-axis view was
used for assessing segment /7. a Typical case with high-SMTD

gallbladder. Thirty projection images were obtained over
180° in 6° increments with 50 beats per view, using a dual-
headed SPECT system (VERTEX; ADAC Laboratories,
Milpitas, CA, USA) equipped with a low-energy general-
purpose collimator. The image resolution in the transaxial
plane was 16 mm full-width at half-maximum and data
were stored in a 64 x 64 matrix. Energy discrimination
was centered on 141 keV with a 20 % window. Transaxial
tomograms were generated from the projection data and
oblique angle tomograms were reconstructed using a ramp
filter and a Butterworth filter (order 8, cut-off 0.27 cycle/
pixel).

SPECT images were semiquantified using a myocardial
17-segment model. Segments 1-16 were assigned to four
evenly spaced regions of apical slices, with six each of
mid-ventricular and basal slices in the short-axis views.
Segment 17 was assigned to the extreme tip of the ventricle
where there is no longer cavity present assessed by vertical
long-axis view (Fig. 1) [10]. The tracer uptake in each
segment was scored using a 4-point system (0, normal; 1,
mild; 2, moderate; 3, severe reduction or absence of
radioisotope uptake). A summed defect score was obtained
by adding each score of the 17 segments, and served as an
index of the severity of the myocardial tissue damage.
Three experienced observers, who were blinded to the

{aHigh-SMTD case (b)Low-8MTD case

Apex Score Score
g .

14

i5

Base
Summed Defoct Score  Summed Defect Score
O+ 14 14+ 15=30 140+ 1+3=8

scores (summed defect score = 30). Severe-total defects were
identified through the basal to mid-ventricular levels, especially in
anterior, inferior, and septal walls. This patient experienced an
electrical storm. b Typical case with low-SMTD scores (summed
defect score = 5). Only mild defects were seen in basal level and
apex. This patient did not experienced an electrical storm

clinical findings, determined the summed defect scores of
each segment. The averaged score was adopted for analysis
as a SMTD score. Examples of patients with typical high-
and low-SMTD scores assessed by one observer were
represented in Fig. 1.

Signal-averaged ECG

Ventricular late potentials (LPs) were analyzed using a
signal-averaged ECG system (Arrhythmia Research Tech-
nology model 1200 EPX, Austin, TX, USA). The analysis
was based on quantitative time-domain measurements of
the filtered vector magnitude of orthogonal Frank X, Y, and
Z leads. This system consisted of a vector magnitude with a
bidirectional bandpass filter set between 40 and 250 Hz
combined with the standard bipolar orthogonal (X, Y, Z)
leads. Signals from 200 to 300 beats were averaged to
obtain a diastolic noise level of <0.5 uV. The following
parameters were assessed using a computer algorithm: (1)
total filtered QRS (TFQRS) duration, (2) root-mean-square
voltage of the terminal 40 ms of the filtered QRS complex
(RMS40), and (3) duration of the terminal low amplitude
signals of <40 pV in the terminal-filtered QRS complex
(LLAS40). An LP was considered to be positive when at
least two of the following criteria were met: (1) TFQRS
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>120 ms, (2) RMS40 <20, and (3) LAS40 >38 ms [11] in
patients with a normal QRS duration, and (1) TFQRS

>170 ms, (2) RMS40 <20, and (3) LAS40 >45 ms [12] in
patients with bundle blanch block.

Statistics

All data were statistically analyzed using JMP 7.0.1 soft-
ware. Data are expressed as the mean == standard deviation
(SD) for continuous variables, and as frequencies and ratios
(%) for categorical variables. The significance of the
baseline variables with respect to the outcome was assessed
using univariate Cox proportional hazards models. A
multivariate analysis was performed with an adjustment for
the age, sex, BMI, NYHA functional class, and LVEF.
Observations were censored at the time of the last known
follow-up when an ES did not occur or at the time of death.
A receiver operating characteristic (ROC) curve analysis
was used to determine the appropriate cut-off value of the
SMTD score. Event-free survival curves were calculated
according to the Kaplan—-Meier method. The significance of
differences between curves was determined using a log
rank test. A p value of <0.05 was considered statistically
significant.

Results
Baseline characteristics

Finally, 37 (27 men and 10 women) patients who agreed to
undergo MPS were enrolled in this study. Table 1 shows
the baseline characteristics of the study patients. The mean
age at the time of the ICD implantation was 58 =+ 15 years
and the mean NYHA functional class was 2.7 & 1.1. Over
80 % of the patients were prescribed with beta-blockers,
and angiotensin-converting enzyme inhibitors (ACEIs) or
angiotensin IT receptor antagonists (ARBs). Class III anti-
arrhythmics were prescribed to 23 (59.5 %) patients. When
class II antiarrhythmics were used, amiodarone was
selected first, and changed to sotalol in case of amiodarone
intolerance. Single- and dual-chamber devices were
implanted in 14 (37.8 %) and 23 (62.1 %) patients,
respectively.

Electrical storm

During a mean follow-up of 43.9 & 30.7 months (median
of 42.0 months, ranging from 1 to 118 months), 12
(32.4 %) patients experienced at least one ES episode
(mean 5 £ 5.1 episodes; median of 3.5 episodes per
patient) and 7 (58.3 %) of those 12 experienced two or
more. The mean duration between the first ES occurrence

@_ Springer

and the ICD implantation was 30.8 £ 33.6 months (med-
ian 17.0 months, ranging from 1 to 84 months). The ES
was apparently generated by exacerbated heart failure in 3
(25.0 %) patients, low potassium levels in 2 (16.7 %),
infection in 1 (8.4 %), and non-specific causes in the
remaining 6 (50 %).

Risk factors for an ES

Tables 2 and 3 show the results of the univariate and
multivariate analyses regarding the occurrence of an ES.
An univariate Cox proportional regression analysis indi-
cated that the NYHA functional class (p = 0.04), mono-
morphic VT as an index arrhythmia (p = 0.03), QRS
duration (p = 0.04) and QTc interval (p = 0.02) on the
electrocardiogram, LVDd (p = 0.03) and posterior wall
thickness (p = 0.04) on the echocardiogram, and the
SMTD on the MPS (p = 0.01) were significant predictors
of an ES occurrence. However, when these parameters
were adjusted for the age, sex, BMI, NYHA functional
class, and LVEF, only the SMTD on the MPS remained as
a significant predictor of an ES occurrence (p = 0.02, HR
1.09/score 1 increase, CI 1.01-1.19).

Significance of the SMTD score as a predictor of an ES

The sensitivity—specificity analysis used receiver operat-
ing characteristics (ROC) curves, with a cut-off value of
the SMTD score being set at 10 to optimize the capability
of predicting an ES (Fig. 2). At a cut-off score of 10, the
area under the curve was 0.802, and the SMTD score
predicted an ES with 92 % sensitivity, 56 % specificity,
and positive and negative predictive values of 52 % and
94 %. Figure 3 shows the Kaplan—Meier curves for the
freedom from ES events between the groups with SMTD
scores of >10 and <10. The ES event-free rate at 1, 3,
and 5 years was 76.4, 66.2, and 57.9 % in the group with
an SMTD score of >10, and was stable at 93.3 % in those
with an SMTD score of <10. The patients with IDCM
had a significantly higher risk of an ES occurrence when
the SMTD score was >10.

Relationship between the SMTD score and LPs

Thirty-six (97.3 %) patients received a signal-averaged
ECG to assess late potentials. Figure 4 shows the rela-
tionship between the SMTD score and LPs. Among 36
patients, positive LPs were observed in 22 (61.1 %), and
the SMTD score was significantly larger in the patients
with LPs than in those without (16.1 &= 9.4 and 6.1 &= 4.7,
respectively; p = 0.0006). In addition, the SMTD score
was significantly correlated with each index of the SAECG
such as the TFQRS (#* =027, p = 0.0013), LAS40
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