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CLINICAL PERSPECTIVE

Calmodulin is an essential Ca**-binding protein that transduces intracellular Ca* signals to influence activity of ion chan-
nels, kinases, and other target proteins necessary for cardiac function. The essential nature of calmodulin is emphasized by
its conservation and redundancy among vertebrates and in the recent discovery of calmodulin mutations in life-threatening
genetic arthythmia syndromes. In humans, 3 unique genes (CALM1, CALM?2, CALM3) encode for identical calmodulin pro-
teins, and mutations have been described in 2 of these genes (CALM 1, CALM?2) associated with either congenital long-QT
syndrome or catecholaminergic polymorphic ventricular tachycardia. Previously, only 1 mutation was identified in CALM2
and here we contribute additional genotype—phenotype correlation with discovery of 5 novel mutations in this gene. All
mutations were de novo, altered highly conserved amino acid residues within Ca?*-binding domains located in the carboxyl-
terminal half of calmodulin and caused significant impairment of ion binding. Phenotypes of the mutation-positive subjects
shared prolonged QTc intervals and a tendency for cardiac events (eg, syncope, cardiac arrest) to occur during physical exer-
tion. Two of the 5 novel CALM2 mutation-positive subjects also exhibited features consistent with catecholaminergic poly-
morphic ventricular tachycardia. Importantly, all subjects with CALM?2 mutations received -adrenergic receptor blockers,
and this therapy was successful in preventing life-threatening exertion-triggered arrhythmias. Calmodulin gene mutations
should be sought in pediatric cases of long-QT syndrome and catecholaminergic polymorphic ventricular tachycardia for

whom other genetic candidates have been excluded.
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Novel Mutation in the a-Myosin Heavy Chain
Gene Is Associated With Sick Sinus Syndrome

Taisuke Ishikawa, DVM, PhD; Chuanchau J. Jou, DO, PhD; Akihiko Nogami, MD, PhD;
Shinya Kowase, MD; Cammon B. Arrington, MD, PhD; Spencer M. Barnett, BS;
Daniel T. Harrell, BS; Takuro Arimura, DVM, PhD; Yukiomi Tsuji, MD, PhD;
Akinori Kimura, MD, PhD; Naomasa Makita, MD, PhD

Background—Recent genome-wide association studies have demonstrated an association between MYHG6, the gene
encoding a-myosin heavy chain (o-MHC), and sinus node function in the general population. Moreover, a rare MYHG6
variant, R721W, predisposing susceptibility to sick sinus syndrome has been identified. However, the existence of
disease-causing MYH6 mutations for familial sick sinus syndrome and their underlying mechanisms remain unknown.

Methods and Results—We screened 9 genotype-negative probands with sick sinus syndrome families for mutations in
MYH6 and identified an in-frame 3-bp deletion predicted to delete one residue (dellE933) at the highly conserved coiled-
coil structure within the binding motif to myosin-binding protein C in one patient. Co-immunoprecipitation analysis
revealed enhanced binding of delE933 a-MHC to myosin-binding protein C. Irregular fluorescent speckles retained in
the cytoplasm with substantially disrupted sarcomere striation were observed in neonatal rat cardiomyocytes transfected
with a-MHC mutants carrying delE933 or R721W. In addition to the sarcomere impairments, delE933 a-MHC exhibited
electrophysiological abnormalities both in vitro and in vivo. The atrial cardiomyocyte cell line HL-1 stably expressing
delE933 a-MHC showed a significantly slower conduction velocity on multielectrode array than those of wild-type
a-MHC or control plasmid transfected cells. Furthermore, targeted morpholino knockdown of MYHG6 in zebrafish
significantly reduced the heart rate, which was rescued by coexpressed wild-type human a-MHC but not by delE933
a-MHC.

Conclusions—The novel MYH6 mutation delE933 causes both structural damage of the sarcomere and functional impairments
on atrial action propagation. This report reinforces the relevance of MYH6 for sinus node function and identifies a
novel pathophysiology underlying familial sick sinus syndrome. (Circ Arrhythm Electrophysiol. 2015;8:00-00.
DOI: 10.1161/CIRCEP.114.002534.)

Key words: genctics m MYH6 m myosin heavy chain m sick sinus syndrome ®m sinus node dysfunction

Sick sinus syndrome (SSS) is a common arrhythmia often
associated with aging, structural heart diseases, or surgical
injury, but can also occur in a familial form." Several stud-
ies have demonstrated genetic mutations in both sporadic and
familial cases of SSS.** Affected ion channel or ion channel-
associated genes identified to date include sodium channel,
Navl.5 (SCN5A),? ankyrin-B (ANK2),? and hyperpolarization-
activated channel (HCN4).* Mutations in HCN4 result in sinus
node dysfunction caused by a reduction of the pacemaker
current, whereas SCN5A mutations lead to conduction delay
within the sinus node or exit block.’

MYHG6 and MYH7 encode the homologous myosin heavy
chain (MHC) isoforms a-MHC and $-MHC, respectively, in

cardiomyocytes, which play pivotal roles in the organization
of sarcomeric structures and muscle contraction.*® MYH7 is
predominantly expressed in the adult ventricle, whereas MYH6
is mainly expressed in the fetal heart and adult atrium.” MYH7
is a well-established causative gene with over 300 mutations
responsible for hypertrophic cardiomyopathy and dilated car-
diomyopathy,'™!"! whereas more limited MYH6 mutations have
been reported in cardiomyopathy'>!* and congenital heart dis-
ease, such as atrial septal defect.”'*'7 On the contrary, recent
genome-wide association studies demonstrated that a common
nonsynonymous variant A1101V in MYH6 was associated
with an increased resting heart rate,'"? whereas another rare
nonsynonymous variant (resulting in R721W) was associated
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WHAT IS KNOWN

® Sick sinus syndrome (SSS) is often associated
with aging and structural heart diseases, but it
may occur in a familial form.

® Recent genome-wide association studies un-
covered MYH6 encoding atrial myosin heavy
chain as a susceptibility gene for heart rate and
SSS; however, its underlying mechanisms and
the existence of causative mutations for SSS
remain unknown.

® Here, we report a novel MYH6 mutation
delE933 in an SSS patient who has a family
history of SSS.

WHAT THE STUDY ADDS

® When expressed in cardiomyocytes, delE933-
MYHG6 impaired the atrial action potential
propagation and disrupted sarcomere integrity
consistent with the R721W-MYH6, a high risk
genetic predisposition for SSS demonstrated in
Icelanders.

® Qur data reinforces the relevance of MYH6 of
sinus node function and suggested that structural
damages of the sarcomere and functional impair-
ments on atrial action potential propagation may
underlie familial SSS with MYH6 mutations.

with a high risk of SSS.% Moreover, heterozygous zebrafish
carrying the MYH6 mutation N695K (MYH6"#*%+) displayed
partial atrial contractile defects.?’ Based on these observa-
tions, it is conceivable that some MYHG6 variations impair
the sarcomere structure or function of the atrium, which in
turn would cause electrophysiological abnormalities and
sinus node dysfunction. However, it remains to be elucidated
whether (1) MYHG6 is the causative gene for familial SSS and
(2) the genetic variations of MYHG6 associated with SSS con-
fer pacemaker dysfunction through structural damage of the
sarcomere of the atrial muscle surrounding the sinus node or
by functional impairment of the pacemaker channel or sodium
channel. The present study identified a novel MYH6 mutation
in one SSS proband and investigated the means by which this
could confer sinus node dysfunction.

Methods
Genetic Screening of MYH6 Mutations

We previously performed genetic screening of mutations in SCN5A
and HCN4 in 15 probands afflicted with familial SSS and found 6
distinct SCN5A mutations.? In this study, we enrolled 9 SSS families
out of this cohort, which were free from SCN5A or HCN4 mutations.
Age at diagnosis of the probands (3 male and 6 female) ranged from
3 to 65 years old (44.6£21.8 years old; mean=SD).

Genomic DNA was extracted from peripheral blood of each sub-
ject using standard methods. Coding regions of MYH6 were am-
plified by polymerase chain reaction using exon-flanking intronic
primers (Table I in the Data Supplement). Direct DNA sequencing
was performed using ABI 3130 genetic analyzers (Life Technologies,
Carlsbad, CA). Mutations were validated by the analysis of unrelated

400 healthy Japanese individuals and dbSNP, 1000 Genome Project,
Exome Variant Server, and Human Genetic Variation Database
(HGVD, Japanese variation database, http://www.genome.med.
kyoto-u.ac.jp/SnpDB/). All probands and family members who par-
ticipated in the study gave their written informed consent in accor-
dance with the Declaration of Helsinki. The research protocol was
approved by the Ethics Review Committee of Nagasaki University
and the Ethics Review Committee of Medical Research Institute,
Tokyo Medical and Dental University.

Alignment of Amino Acid Sequences and Structural
Prediction of a-MHC

Amino acid sequence of human a-MHC was aligned using NCBI
HomoloGene program with those of other species, and the phyloge-
netic conservations were testified among human MHC isoforms (the
GenBank accession number of each gene is listed in Tables I and
III in the Data Supplement). Alterations of the coiled-coil structure
of the a-MHC were predicted in silico by using SWISS-MODEL
(http://swissmodel.expasy.org/) and visualized by a software RasTop
(http://www.geneinfinity.org/rastop/).

Plasmids and cRNA preparation

A 5.8 kb cDNA fragment of human MYH6 was obtained by reverse
transcription-polymerase chain reaction from human heart RNA
using a primer pair MYH6-F-EcoRV and MYHG-R-Sall (Table 1
in the Data Supplement) and was cloned into pEGFP-C1 (Takara
Bio, Shiga, Japan) to make green fluorescent protein (GFP)-tagged
MYH6 plasmid (pEGFP-MYHG6). Mutant MYH6 plasmids of R721W
(c.2161C>T) and delE933 (¢.2797_2799delGAG) were constructed
using an overlap-extension polymerase chain reaction strategy.

To assess the binding affinity of the mutant S2 region of a-MHC to
myosin-binding protein C (MyBP-C) on the basis of the previous re-
port,® cDNAs corresponding to the binding regions for human o-MHC
(52 region; aa. 884-965 of NP_002462) and human MyBP-C (C1C2
region; aa. 256-363 of NP_000247) were amplified and cloned into
the c-myc-tag plasmid pCMV-Tag3B (Takara Bio; pPCMV3B-MYHG6-
S2) and the pEGFP-C1 (pEGFP-MYBPC3-C1C2), respectively. All
constructs were sequenced to ensure that no errors were introduced.

For the zebrafish experiments, wild-type (WT) and mutant MYH6
cDNA fragments were, respectively, cloned into pIRES2-EGFP
vector (Takara Bio; pIRES2-EGFP-MYH6) and pCS2+ vector®
(pCS2-MYHG6) by using specific primer pairs (Table I in the Data
Supplement). cRNAs of human MYH6 were synthesized using the
mMessage mMachine in vitro transcription kit (Life Technologies)
and purified as described previously.” Purified mutant cRNAs were
sequenced by the University of Utah sequencing core facility.

Coimmunoprecipitation Assay

HelLa cells were cotransfected with pEGFP-MYBPC3-C1C2 and pC-
MV3B-MYH6-S2 using Transfectin lipid reagent (BioRad, Hercules,
CA). After 48 hours of the transfection, cells were lysed in TNE buf-
fer (1% Nonidet P-40, 1 mmol/L EDTA, 150 mmol/L NaCl, and 10
mmol/L Tris-HCI, pH 7.8) containing Protease Inhibitor Cocktail. Total
cellular lysate was obtained by centrifugation at 13 000g for 5 minutes,
and its protein concentration was measured by BCA protein assay
(Thermo Fisher Scientific, Waltham, MA). Coimmunoprecipitation
assay was performed using equal amount of cellular lysate with goat
anti-myc polyclonal antibody (Sigma-Aldrich, St. Louis, MO) using
the Catch and Release version 2.0 reversible immunoprecipitation sys-
tem (Millipore, Billerica, MA). Immunoprecipitates were separated
on a 9% SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. After blocking with 5% skim milk in PBS, membranes
were incubated with primary anti-GFP monoclonal antibody (1:100,
Santa Cruz Biotechnology, Dallas, TX) overnight at 4°C and rabbit-
anti mouse IgG HRP-conjugated antibody (Dako, Grostrup, Denmark)
for 1 hour at RT. Signals were visualized by Immobilon Western
Chemiluminescent HRP Substrate (Millipore) and Luminescent
Image Analyzer LAS-3000 mini (Fujifilm, Tokyo, Japan).
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Immunofluorescence Study
Immunohistological study was performed using neonatal rat ven-
tricular cardiomyocytes prepared from 1-day-old Sprague-Dawley
rats as described previously.” Briefly, neonatal rat ventricular car-
diomyocytes (4x10%) were transfected with WT or mutant pEGFP-
MYHG6 plasmid with Lipofectamine LTX. Twenty-four hours later, the
cells were fixed with 100% ethanol, stained by primary mouse anti-
a-actinin antibody (1:100, Sigma-Aldrich) overnight at 4°C and visu-
alized with secondary Alexa Fluor 568 goat antimouse IgG antibody
(1:500, Life Technologies). The fluorescent images were analyzed
using LSMS510 laser-scanning confocal microscope with a 63x oil
immersion objective lens (Carl-Zeiss Microscopy, Jena, Germany).
All care and treatment of animals were in accordance with the
guidelines for the Care and Use of Laboratory Animals published
by the National Institute of Health (NIH Publication, eighth edi-
tion 2011) and subjected to prior approval by the animal protection
authorities of Nagasaki University and Tokyo Medical and Dental
University.

Action Potential Propagation Velocity
Measurements in HL-1 Cells Stably Expressing
Human MYHG6

The mouse atrial cardiomyocyte cell line HL-1 (4x10%), gift from Dr
Claycomb, was cultured as previously described.* Cells were trans-
fected with 2 pg of linearized pIRES2-EGFP-MYH6 plasmids of WT
or delE933 or pIRES2-EGFP plasmid and 4 pl of Lipofectamine LTX
(Life Technologies) according to the manufacturer’s instructions.

Ishikawa et al

MYH6 Mutations in Familial SSS 3

Forty-eight hours after transfection, cells were cultured in the pres-
ence of 400 pg/mL G418 (Life Technologies) for 4 weeks to establish
stable cell lines.

Stable HL-1 cells (1x10% cells) expressing WI-MYH6, delE933-
MYHGO, or mock pIRES2-EGFP were plated on 8x8 planner multi-
electrode arrays (array size | mmx | mm; electrode diameter 50 pm;
Alpha MED Scientific Inc., Osaka, Japan) precoated with gelatin and
fibronectin (Sigma-Aldrich). Seventy-two hours later, a single stimu-
lus of 10 pA was applied on a designated point to initiate spontaneous
beating spontaneous, and clectric field potentials were recorded for |
minute. Action potential propagation velocity was calculated by aver-
aging the velocities between the stimulation point and the remaining
63 points. Cell numbers on the array were counted after recordings
with detaching them from the arrays with Trypsin-EDTA. These pro-
cedures were repeated 4 times for each line.

In Vivo Evaluation of Overexpressed MYHG6 in
Zebrafish

Transgenic zebrafish (cmle2:GFP, Danio rerio) embryos were used
to functionally characterize the zebrafish myhi6 and human MYHG6
variant. MYH6 ATG-blocking morpholino antisense oligonucleotide
(myh6 ATG-MO) was designed to target myh6 (Table I in the Data
Supplement).” Myh6 ATG-MO (0.5-1 ng/embryo) was injected
alone or coinjected with WT or delE933 MYHG6 cRNA (0.4 ng/em-
bryo) at the I- to 2-cell stage. After the injection, embryos were
maintained in embryo water at 28°C and staged according to age and
morphological criteria.®® Cardiac phenotypes were screened using

Figure 1. ECG and echocardiography of
the sick sinus syndrome (SSS) proband.
A, ECG recordings of the proband (age
62 years) displayed sinus bradycardia
(42 beats per minute) with unusual P
wave axis and junctional escape beat
(last beat in V4-V6). T waves in I-lll, aVF,

S and V4-6 were inverted. B, Holter ECG
showed sinus arrest with a maxium RR
interval of 5.59 s. C, Echocardiography
revealed mild dilatation of left ventricle
(LV) and right atrium without obvious
evidence for cardiomyopathy, congenital
heart disease, or cardiac dysfunction. LV
internal diameter, 57 mm; LV posterior
and interventricular wall thickness, each 6
mm; LV ejection fraction, 63%.
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fluorescent microscopy at 48 hour-post-fertilization (hpf). Heart rate
and rhythm were recorded. Videos obtained from the embryos were
analyzed using Image J (National Institutes of Health) to determine
the heart rate and the duration of cardiac pauses.

Statistical Analyses
Results are presented as means+SE otherwise stated, and statistical
comparisons were made by using 1-way analysis of variance fol-
lowed by Bonferroni adjustment to estimate the significance of differ-
ences between the mean values of all pairwise. Statistical significance
was assumed for P<0.05.

Results

Case Presentation

Genetic screening of MYH6 mutations in 9 probands with
familial SSS identified a novel mutation in a 62-year-old Japa-
nese woman. She attended the hospital because of several epi-
sodes of presyncope with which she had been afflicted for 5
years. Her 12-lead ECG showed sinus bradycardia (heart rate
42 beats per minute) with unusual P wave axis and junctional
escape beat (Figure 1A), and Holter ECG revealed sinus arrest
with maximum RR interval of 5.59 s (Figure 1B). She had
no history of other arrhythmias, including atrial fibrillation.
Echocardiography revealed mild dilatation of the left ventricle
(LV) and right atrium, but there were no obvious signs of car-
diomyopathy, congenital heart disease, or cardiac dysfunction
(LV internal diameter in diastole, 57 mm; LV posterior wall in
diastole, 6 mm; interventricular septal wall in diastole, 6 mm;
and LV ejection fraction, 63%; Figure 1C). A pacemaker was
implanted after the diagnosis of SSS. Her deceased mother
also had a pacemaker implanted because of SSS during the
7th decade of her life.

Identification of the Novel MYH6 Mutation
delE933

The novel mutation identified in the proband was an in-
frame 3-bp deletion, ¢.2797_2799delGAG, located in exon
22 of MYH6. This was predicted to delete one residue within
the glutamic acid triplet at aa.931-933 of o-MHC (delE933;
Figure 2A). This triplet is located in the S2 segment of
o-MHC, a crucial structure required for binding to MyBP-C
and for regional phosphorylation of MyBP-C,* thereby facil-
itating a flexible link between thin and thick filaments. The
S2 hinge region is highly conserved among o-MHC from
different species, as well as between other MHC isoforms
(Figure 2B).

The proband has no siblings or offspring, and DNA was not
available from her deceased mother. The delE933 mutation
was not identified in 800 MYH6 alleles from healthy Japanese
controls or in the public genetic variation databases of dbSNP,
1000 Genomes, Exome Variant Server, and HGVD. The com-
mon variation A1101V was not found in the proband, whereas
3 out of 8 other probands in our cohort were heterozygous for
A1101V. The rare MYHG6 variation R721W (c.C2161T), asso-
ciated with SSS in Icelanders,” was not found in our familial
SSS cohort. No other disease-related mutations were identi-
fied in SCN5A, HCN4, SCN3B, KCNJ3, KCNJ5, or GJAS in
our familial SSS cohort. Polymorphisms identified in MYH6
are listed in Table IV in the Data Supplement.

delE933-MYH6 Mutation Disrupts Sarcomere
Structures
The S2 segment is a coiled-coil domain of a-MHC composed
of a motif of heptad repeats of amino acids.®*% SWISS-
MODEL simulation predicted that the delE933 mutation
would cause local disruption of the coiled-coil structure
(Figure 3A). Immunoprecipitation studies using a recombi-
nant MyBP-C C1-C2 protein and WT and delE933a-MHC
S2 region proteins expressed in Hela cells showed that the
binding ability of a-MHC with MyBP-C was substantially
enhanced by the delE933 mutation (Figure 3B).

Because structural damage of sarcomere have been reported
in association with MYH6 mutations responsible for atrial

A Glutamic acid triplet (E931-E933)

WT allele
delE933 allele

delE933
(sss)

o-MHC

st )
(hinge) ]

{motor)

Human
Macaca
Mouse
Rat
Bovine
Dog
Chicken
Xenopus
Zebrafish

MYH6E
MYH7
MYH1
MYH2
MYH3
MYH4
MYHS8
MYH13
MYH15
MYH14

MNAELTAKKR :l Heart

Skeletal

muscle

..V.E|.. I.SE...RG.

.S.LEA.VGE| .| CSRQMOTEKK Non-muscle

Figure 2. Genetic and protein information of the MYH6 muta-
tions. A, An electropherogram of exon 22 of MYH6 of the pro-
band. Boxes indicate the codons of triplicate glutamic acids
E931-E933 of the wild-type (WT) allele and an in-frame deletion
of GAG resulting in delE933. B, Protein structures of a-myosin
heavy chain («-MHC) and its binding partner myosin-binding
protein C (MyBP-C). a-MHC consists of S1 motor, S2 hinge, and
light meromyosin (LMM) regions. The S2 hinge region interacts
with the region of MyBP-C between the 1st (C1) and 2nd globular
structure (C2). Locations of the 2 MYH6E mutations, a rare vari-
ant R721W identified in Icelanders® and delE933 (this study), are
shown with red dots. Protein sequence alignment shows that the
MyBP-C binding site (residues 884-965) are highly conserved
among a-MHCs from different species, and the glutamic acid
triplet is perfectly conserved among different species and dif-
ferent MHC isoforms of cardiac (VYH6, MYH7), skeletal muscle
(MYH1, MYH2, MYH3, MYH4, MYH8, MYH13, MYH15), and a
nonmuscle type (MYH174). SSS indicates sick sinus syndrome.
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Figure 3. In silico prediction and in vitro functional evaluation

of delE933-MYH6. A, Ribbon representation of 3-dimensional
structure of the S2 region in human a-myosin heavy chain
(a-MHC) predicted and visualized by SWISS-MODEL and Ras-
Top, respectively. The coiled-coil structure is partially disrupted
at the truncated amino acid E933 (arrowhead). B, Co-immuno-
precipitation study of the S2 region of «-MHC and C1C2 region
of cardiac myosin-binding protein C (MyBP-C). The S2 fragment
of delE933 shows increased binding to the C1C2 fragment of
MyBP-C. A nonspecific double band was often observed on

the input of a mock pEGFP-C1 plasmid (third column). C, Fluo-
rescence images of neonatal rat ventricular cardiomyocytes
transiently expressing wild-type (WT), delE933, or R721W MYH6
fused to green fluorescent protein (GFP). WT a-MHC shows a
striated pattern of GFP together with the proper striated sarco-
meric pattern of a-actinin (a and d). a-MHC with mutations of
R721W and delE933 show brightly fluorescent speckles without
well-organized sarcomere structure (b and ¢). The a-actinin
images show a misaligned and disrupted pattern of myofibrils
(e and f), indicating sarcomere disintegration. Scale bar, 10 pm.

septal defect,” we next explored whether the MYHG6 variation
R721W, as well as delE933, disrupted integrity of sarcomere
structures. To investigate the functional consequences of
MYHG6 mutations on the atrial sarcomere structure, we used
a heterologous expression system in cultured rat cardiomy-
ocytes in which the predominant ventricle MHC isoform is
o-MHC.* Neonatal rat ventricular cardiomyocytes were tran-
siently transfected with a GFP-tagged MYH6 WT, delE933,
or R721W plasmids. Confocal microscopy analysis revealed
comparable GFP intensities after transfection of all 3 MYH6
plasmids (Figure 3C, a-c), indicating that the expression lev-
els and stability of heterologously expressed a-MHC proteins

at the Z-disc indicated the sarcomere integrity of transfected
myocardial cells (Figure 3C, d-~f). Cells expressing WT-MYH6
displayed a striated staining pattern, indicating that heterolo-
gous a-MHC was correctly integrated into the sarcomere.
However, both MYH6 mutants, delE933 and R721W, exhib-
ited a substantially disrupted a-actinin staining pattern and
perinuclear aggregation of a-MHC, suggesting that structural
damage to the sarcomere had occurred in cells expressing
MYHG6 variants predisposing to sinus node dysfunction.

Atrial HL-1 Cells Stably Expressing the delE933-
MYHG6 Showed Impaired Electric Propagation

A recent genome-wide association study showed that the
Iceland-specific MYHG6 variant was significantly associated
with atrial fibrillation,® we hypothesized that the functional
defects caused by mutated MYH6 may affect action potential
propagation in the atrium surrounding the sinus node, lead-
ing to SSS manifestation. We cultured the mouse atrial car-
diomyocyte cell line HL-1 stably expressing WT or mutant
MYHG6 on 64-well electrode arrays and analyzed electric
propagation velocities (Figure 4A). The propagation velocity
was unchanged between WT-MYHG6 and control mock-trans-
fected cells, but cells expressing delE933-MYH6 exhibited
a significantly slower propagation velocity (control, 3.6x0.6
mm/s; WT, 3.8+1.2 mm/s; delE933, 2.9+0.8 mm/s; n=252 for
cach line, P<0.001 for WT versus delE933; Figure 4B). Cell
numbers of each array were comparable (P=0.49; Table V in
the Data Supplement). These data suggest that mutant MYHO
delE933 impairs cell-to-cell action potential propagation in
the atrial myocardium.

delE933-MYHG6 Failed to Rescue the Heart Rate
Reduction in Zebrafish With Morpholino myh6
Knockdown

To determine whether the human MYHG6 orthologue myh6
could influence heart rate control in zebrafish, we performed
targeted myh6 knockdown experiments with ATG-MO.
Zebrafish cardiac phenotypes, including heart rate and car-
diac rhythm, were assessed at 48 hpf. The myh6 morphants
exhibited atrial dilatation (Figure 4C), which is consistent
with a previous report using decreased functional myho tran-
script.”’ Myh6 morphants also showed a significantly slower
heart rate than uninjected embryos (myh6-MO, 137.7+£2.2
beats per minute, n=28; uninjected 150.2x1.6 beats per min-
ute, n=25; P<0.001; Figure 4D). Cardiac asystole was not
observed in uninjected embryos or morphants. As shown in
Figure 4D, coinjection of WT human MYH6 cRNA rescued
the bradycardia (148.7+1.4 beats per minute, n=26; versus
myh6-MO P<0.001), suggesting that the human MYH6 com-
pensated for the loss of the zebrafish orthologue. By con-
trast, human MYH6 carrying the delE933 mutation failed to
rescue the bradycardia (142.3+2.5 beats per minute, n=24).
Human MYH6 RNA was detected by reverse transcription-
polymerase chain reaction in embryos at 24 and 48 hours
after injection (Figure in the Data Supplement), suggesting
that the delE933 mutation of MYHG6 is responsible for sinus
node dysfunction.
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(msec) Figure 4. Electrophysiological phenotypes of

delE933-MYH6. A, Representative activation iso-
chronal maps of HL-1 cells stably expressing wild-
type (WT) or delE933 MYH6 and control HL-1 cells.
An electric provocation with 10 pA was input on the
pointed electrode (arrow). B, Averaged conduction
velocity calculated from the time elapsed for the
impulse to reach all remaining electrodes (n=252
for each recording). C, Representative fluorescent
diastolic images of embryonic zebrafish hearts at
48 hpf: uninjected control (a), myh6-MO only (b),
myh6-MO coinjected with human WT MYH6 cRNA
(c), and myh6-MO coinjected with human delE933
MYHS6 cRNA (d). The atria of the myh6 MO mor-
phant in the presence or absence of coinjected
human MYH6 cRNAs (b-d) were slightly dilated
compared with the uninjected control (a). The ven-
tricle and cardiac looping pattern of the morphants,
with or without MYH6 cRNAs, were similar to that
of the control. Scale bars, 100 um D, Heart rate
recordings from zebrafish (a-d). Data are shown as
box and whisker plots with minimum, maximum,
median, 25th, and 75th quartiles bars. Number in
parentheses represents the number of zebrafish in
each group.
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Discussion

A growing body of evidence from genome-wide association
studies has demonstrated an association of MYH6 with sinus
node function.'”** A common nonsynonymous single-nucleo-
tide polymorphism of MYH6 (A1101V) was previously shown
to be a genetic modifier for resting heart rate and PR inter-
val,' and this was further replicated in a large meta-analysis,
including subjects of European ancestry from both the United
States and Europe.'”'” A combination of A1101V with other
loci controlling heart rate further reduced the risk of SSS and
pacemaker implantation, implicating a heritable quantitative
trait.'"” By contrast, the rare MYH6 variation R721W, unique
to Icelanders, predisposes individuals to SSS and pacemaker
implantation.?® These studies clearly demonstrate that MYH6
is a genetic modifier of sinus node function, but the mecha-
nisms of this have been unclear, and it was uncertain whether
MYHG could be a causative gene of familial SSS.

In this study, we identified a novel MYH6 mutation, delE933,
in one SSS individual among 9 probands of our familial SSS
cohort.> We found that the mutant delE933-MYH6 slowed
down action potential propagation when heterologously
expressed in the atrial myocardial cell line HL-1 (Figure 4A).
Moreover, knockdown of endogenous MYH6 leading to
reduced heart rate in zebrafish could be compensated for by

the coexpression of WI-MYH6 but not by delE933-MYH6
(Figure 4B). To our knowledge, this is the first experimental
evidence demonstrating that MYHG6 variations can influence
heart rate and action potential propagation. However, lim-
ited information is available to delineate the functional link
between sarcomere components and sinus node function, and
it remains unknown whether a-MHC directly affects pace-
maker function or whether its actions are mediated though
undefined mechanisms.

The delE933 mutation is located in the coiled-coil struc-
ture of the a-MHC S2 region, a binding motif for MyBP-C,
and so is predicted to alter the tertiary structure and the cross-
linking affinity between 2 sarcomere components (Figure 2A
and 2B). Although the final consequences of such structural
and functional modifications are unknown, a previous study
that the MyBP-C mutation E334K, responsible for hypertro-
phic cardiomyopathy, impaired the ubiquitin-proteasome sys-
tem, leading to an accumulation of cardiac ion channels at the
sarcomere and electrophysiological dysfunction.’ Increased
protein levels were also observed for several other cardiac ion
channels, including Kv1.5, Nav1.5, HCN4, Cav3.2, Cavl.2,
SERCA, RYR2, and NCX1, which play major roles in control-
ling normal pacemaker function and atrial conductivity. Based
on these findings, we speculate that an abnormal association
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between delE933-a-MHC and MyBP-C might modulate the
expression of cardiac ion channels that affect pacemaker func-
tion, which in turn would lead to the development of SSS.

In the present study, overexpression of the SSS-susceptible
a~-MHC mutants of R721W and delE933 in neonatal rat
ventricular cardiomyocytes impaired sarcomere structures.
However, it is unknown whether MYHG6 mutations preferen-
tially impair the sinus node function or whether they might
eventually cause further extensive electric damage manifest-
ing as atrial fibrillation. Because the patient did not undergo
electrophysiological studies or cardiac biopsy, further infor-
mation regarding the spatial distribution and heterogeneity
of pathological damages and electrophysiological abnormali-
ties in the atrium is not available. Nevertheless, the T wave
inversion of ECG and mild dilatation of the right atrium and
LV (Figure 1A and 1B) are in accordance with the observa-
tion that targeted myh6 knockdown in zebrafish induced the
atrial dilatation associated with negative chronotropic effects,
indicating that MYH6 mutations may directly cause substan-
tial damage and electric disorder to the myocardium in the
atrium. This idea is further supported by the finding that het-
erozygous zebrafish expressing the MYH6 mutation N695K
(MYHG"™#+) exhibited loss of atrial contractility, with resid-
ual beating restricted to the region near the atrioventricular
junction and sinus venosus.* These observations strongly sug-
gest that the final consequences of MYH6 mutations in humans
might also exhibit considerable heterogeneity with respect to
the structural and electrophysiological properties of the atrium
and sinus node.** Furthermore, these structural abnormali-
ties of atrial sarcomere may extend to more severe conduction
dysfunctions, such as atrial fibrillation or contractile failure,
depending on the functional severity caused by each mutation.
The slower conduction velocity observed in the HL-1 cells sta-
bly expressing delE933-MYHG6 in the present study suggests
the possible involvement of MYH6 in conduction dysfunc-
tion. This idea is supported by a recent genome-wide associa-
tion study in which correlation studies of the MYHG6 variant
R721W exhibited a significantly higher association with atrial
fibrillation both before (odds ratio, 2.39; P=0.00010) and after
(odds ratio, 2.03; P=0.015) exclusion of known SSS cases.
It is of note that the R719W of the ventricular §-MHC gene
MYH7, homologous to the R721W-MYH®6, is responsible for
a malignant hypertrophic cardiomyopathy frequently associ-
ated with conduction abnormalities,* suggesting that o-MHC
and 3-MHC may share some pathophysiological mechanisms
affecting cardiac action potential propagation.

SSS commonly occurs in older individual in the absence
of accompanying heart diseases but comprises a variety of
electrophysiological abnormalities in sinus node impulse
formation and propagation. Although less common, SSS
also shows familial inheritance, and implicated causative
genes include those encoding cardiac ion channels, such as
SCN5A. We recently found that familial SSS probands carry-
ing SCN5A mutations showed a significantly earlier disease
onset and a strong male predominance, whereas nonfamil-
ial SSS had a disease onset of over 70 years for both sexes,
which were affected equally.” The affected members of the
SSS family in the present study were both women, aged over
60 years, suggesting that familial SSS with MYH6 mutations
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might constitute an SSS subgroup distinct from that caused by
SCNSA mutations. This may suggest the existence of a new
disease entity of inherited arrhythmias attributable to muta-
tions in genes encoding sarcomere proteins other than cardiac
ion channel or ion channel-associated genes.

Limitation of the Study

Lack of information about the genotype—~phenotype cosegre-
gation of delE933-MYHG6 is the major limitation of this study
from the standpoint of human genetics. Although bioinformat-
ics evaluations, as well as in vitro and in vivo studies, have
suggested pathophysiological significance of the rare MYH6
variation delE933, it still does not exclude the possibility that
the proband manifested SSS attributable to factors, such as
aging rather than the MYHG6 mutation. To demonstrate the
causality between SSS and MYHG6, more extensive genetic
screenings in patients with familial SSS to find novel MYH6
mutations are required. Furthermore, it remains to be eluci-
dated how the impaired sarcomere structures and conduction
velocity elicited by delE933-MYH6 ultimately result in the
sinus node dysfunction. Electrophysiological studies using
induced pluripotent stem cell-derived cardiomyocytes from
MYHG6 mutation carriers, as well as basic evaluations of MYH6
using genetically engineered animals, are also warranted.
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Alms The purpose of this study was to determine whether implementation of public access defibrillation (PAD) improves
the outcome after out-of-hospital cardiac arrest (OHCA) in school-age children at national level.

Methods We conducted a prospective, nationwide, population-based Japanese Utstein registry study of consecutive OHCA

and resuits cases in elementary and middle school children (7-15 years of age) who had a bystander-witnessed arrest of pre-
sumed cardiac origin during 2005-09 and received pre-hospital resuscitation by emergency responders. The
primary endpoint was a favourable neurological outcome 1 month after an arrest. Among 230 eligible patients en-
rolled, 128 had ventricular fibrillation (VF) as an initial rhythm. Among these 128 patients, 29 (23%) children received
a first shock by a bystander. Among these 29 patients, the proportion of the favourable neurological outcome after
OHCA was 55%. During the study period, the proportion of patients initially shocked by a bystander among eligible
patients increased from 2 to 21% (P = 0.002 for trend). The proportion of patients with a favourable neurological
outcome after OHCA increased from 12 to 36% overall (P = 0.006). The collapse to defibrillation time was
shorter in bystander-initiated defibrillation when compared with defibrillation by emergency responders (3.3 + 3.7
vs. 12.9 + 5.8 min, P < 0.001), and was independently associated with a favourable neurological outcome after
OHCA [P = 0.03, odds ratio (OR) per 1 min increase, 0.90 (95% confidence interval 0.82-0.99)]. A non-family
member’s witness was independently associated with VF as the initial rhythm [P < 0.001, OR 4.03 (2.08-7.80)].

Keywords Cardiopulmonary resuscitation e Sudden unexplained death e School health e Public access defibrillation e
School-age children

ii’%ti‘%é&ﬁ:ti(}ﬁ school, communities, and health-care providers, and which may be

relevant to cardiopulmonary resuscitation (CPR)/automated exter-
Sudden cardiac death in elementary and middle school children is a nal defibrillator (AED) programmes in the public environment sur-
rare but tragic event, which has tremendous impact on the family, rounding these children."* Recently, implementation of public
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What'’s new?

e This is the first population-based study, which specifically
addressed the impact of public access defibrillation on the
outcome of out-of-hospital cardiac arrests (OHCAs) in
elementary and middle school children.

* Among 230 eligible patients, 128 (56%) had ventricular fib-
rillation (VF) as an initial rhythm. Among these 128 patients,
29 (23%) children received a first shock by a bystander.
Among these 29 patients, the proportion of the favourable
neurological outcome after OHCA was 55%.

o During the study period 2005-09, the proportion of
patients initially shocked by a bystander among eligible
patients increased from 2 to 21%. The proportion of
patients with a favourable neurological outcome after
OHCA increased from 12 to 36% overall.

e A non-family member’s witness was independently asso-
ciated with VF as the initial rhythm. The collapse to defibril-
lation time was independently associated with a favourable
neurological outcome, the survival at 1 month, and the pre-
hospital return of spontaneous circulation after OHCA.

access defibrillation (PAD) improved outcomes among adults after
out-of-hospital cardiac arrest (OHCA) in public locations, by redu-
cing the time interval from the patient’s collapse to defibrillation.>”
6 However, the impact of PAD on the outcome after OHCA in
such school-age children was unclear. This question is challenging
two-fold. First, paediatric patients of different ages have diverse
aetiologies of OHCA,; relatively poor survival has been reported
in this heterogeneous group of patients.”® The reported incidence
of ventricular fibrillation (VF) as an initial rhythm in paediatric
OHCA is lower than that reported in adults, and the effectiveness
of early defibrillation programmes even for paediatric patients in
VF arrest has been questioned.”® Secondly, although school-age
children are reported to spend a large part of their active
daytime in public locations,” it is uncertain whether PAD pro-
gramme, if any, would be effective for ordinary children in the chil-
dren’s public environment, including schools.>?~"" Recently, VF
was found to be present in a higher percentage of high school-age
athletes with sudden arrest, and recent small series have noted
improved survival when early defibritlation with CPR was provided
for such patients in high schools.”'~"> However, the limited de-
ployment of AED devices in elementary and middle schools, and
other public locations, a small sample size of OHCA in this age
population in local studies, and the lack of an appropriate reporting
system of OHCA, may have hampered any investigations involving
the epidemiological basis of the benefit of PAD for OHCA in such
school-age children,'" #1413

In Japan in July 2004, the Ministry of Health, Labour and Welfare
approved AED use by citizens. By 2009, the number of AED
devices in public places increased to 203924 (106.6/100 000
population)."" Of note, up to 28.9% of public access AED
devices in Japan were placed in schools; by 2009, AEDs were
placed in 72% of elementary schools and 89.8% of middle
schools."®'? In January 2005, the Fire and Disaster Management

Agency of Japan launched a prospective, nationwide, population-based,
Utstein-style registry involving consecutive OHCA victims in all the
age groups.20 A recent study, using the Utstein registry database,
demonstrated that there was a temporal increase in public
access AED application and improved outcomes after OHCA in
adults at the national level” However, the impact of the national
PAD programme on outcomes of OHCA in elementary and
middle school children has not been reported. We therefore
investigated whether PAD may have an impact on the outcome
after OHCA in such school-age children at the national level, by
using the Japanese Utstein registry database.*>*’

Methods
Study design

The All-Japan registry of the Fire and Disaster Management Agency of
Japan is a prospective, nationwide, population-based registry of OHCA,
which is based on the standardized Utstein style, as reported in detail
previously.”®*" Briefly, this cohort enrolled all consecutive patients
who suffered OHCA all over Japan, and were treated by emergency
medical service (EMS) personnel and transported to hospitals. Specific
enrolment process was described in Supplementary material online,
Supplementary methods.”™*' Among these patients, who had OHCA
during January 2005-December 2009, we identified eligible patients
who were 7—15 years of age, because we would include school-age
students in compulsory education, which corresponds to the elemen-
tary and middle schools in Japan: high school students were thereby
excluded. We identified those school-age victims with bystander-
witnessed OHCA of presumed cardiac origin occurring during the
entire day. Cardiac arrest was defined as the cessation of cardiac
mechanical activity as confirmed by the absence of signs of circula-
tion.?"** The arrest was presumed to be of cardiac origin unless it
was caused by non-cardiac (respiratory disease, malignant tumours,
and central nervous system disorders), external (trauma, hanging,
drowning, drug overdose, and asphyxia) , or any other non-cardiac
factors. 2™ The data form was filled out by the EMS personnel in co-
operation with the physicians in charge of the patients, and the data
were integrated into the registry system on the database server. The
working group for All-Japan Utstein registry designed the study proto-
col; collected and managed the data; and the authors analysed the data
and wrote the manuscript. The protocol for analyses was approved by
the Ethics Committee of Mie University Graduate School of Medicine.

Study setting

Emergency medical service and training system in Japan was previously
reported in detail. *®*" Briefly, Japan has an area of ~378 000 km?, and
its population was 127 million, including 3 666 839 male and 3 496 405
female 7-12-year-old children (elementary school students), and
1871134 male and 1780230 female 13-15-year-old children
(middle school students) in 2005.%° Placement of AEDs in public loca-
tions was driven by either public or private initiatives.”” The cumulative
number of public access AEDs, excluding those in medical facilities and
EMS institutions, as estimated from sales of AEDs, increased from
9906 to 203 924 during the 5-year study period (see Supplementary ma-
terial online, Table)."® A total of 96.5% of public access AEDs are located
in public locations (28.9% in schools, 20.6% in workplaces, 8.8% in
nursing homes, 5.7% in sports facilities, 4.8% in cultural facilities, 2.6%
in public transportation facilities, and 25.1% in other public locations),
1.4% in residential areas, and 2.1% in others."® From 2007 to 2009, the
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percentage of elementary or middle schools equipped with at least one
AED device increased from 18.1 to 72.9% in elementary schools and
from 38.3 to 89.8% in middle schools (see Supplementary material
online, Table).'” School teachers and other staff were trained in CPR pro-
grammes by EMS providers or other instructors, under the guidance of
local school boards, in which paediatric and adult PADs were generally
recommended for children at 7 years of age and older, respectively, in
accordance with the Japanese CPR guidelines.® In Japan, ~1.4-15
million citizens per year participated in the CPR/AED training pro-
grammes, generally provided by local fire departments,ﬁ

Data collection

Procedure of data collection was described previously.”®*' Briefly,
registry data were prospectively collected in accordance with the
Utstein-style reporting guidelines for OHCA, which is a standardized
form (uniform definitions, terminology, and recommended data sets)
for clinical investigators to report human resuscitation studies 20212324
Specific data sets and data collecting process were described in Supple-
mentary material online, Supplementary methods. >+ 32 |n the
present Japanese Utstein reporting system, a patient initially shocked
by a bystander was defined as one in which a public access AED was
used and the shock was delivered; if the public access AED was
applied but the shock was not delivered, the patient was not included
in this category.*>*! In this analysis, an OHCA witnessed by non-family
members was presumed to be an event in a public location, because
of a lack of data with respect to specific locations in the registry;
when a bystander delivered shocks with an AED, the initial rhythm
of the patient was regarded as VF, including pulseless ventricular
tachycardia.

Endpoints

The primary endpoint was survival at 1 month with minimal neuro-
logical impairment, which was defined as a Glasgow—Pittsburg cerebral
performance category of 1 (good performance) or 2 (moderate
disability).**** Secondary endpoints were survival at 1 month and
return of spontaneous circulation (ROSC) before arrival at the
hospital.

Statistical analysis

The age-stratified annual incidence of OHCA was calculated with the
use of 2005 census data.”> Continuous variables between two groups
were assessed by the unpaired t-test. Trends in categorical and con-
tinuous variables were analysed with the use of univariate regression
models and linear tests, respectively, in overall and subgroups of eli-
gible patients, determined by the relation of bystanders to the
victims (family or non-family member). The planned subgroup analysis
was intended to determine the impact of PAD on trends in outcome
parameters of arrest in presumed public locations (non-family
member-witnessed arrests) in comparison with the non-public loca-
tion arrest (family member-witnessed arrests). Univariate and multi-
variable logistic regression analyses were performed to assess the
factors associated with VF as the initial rhythm, and outcome para-
meters. Adjusted and unadjusted odds ratios with their 95% confi-
dence intervals and P values were reported. Potential confounding
factors adjusted for VF as the initial rhythm included the calendar
year, the age, gender, the relation of the bystander to the patient
(family or non-family member), the type of CPR initiated by a bystand-
er (compression-only or conventional CPR), and the time from the
witnessed collapse to the EMS arrival, in accordance with previous
reports.m‘r"28 Potential confounding factors for outcome parameters
included VF as an initial rhythm, bystander’s AED use at the first
shock, and the time from the witnessed collapse to the first shock,

in addition to the potential confounders for VF, in accordance with
previous reports.’®2"28 All statistical analyses were performed with
the use of the SPSS statistical package, version 16.0f (SPSS). Data
were reported as mean =+ standard deviation. All tests were two-
tailed, and P values of <0.05 were considered to indicate statistical
significance.

Results

Among 2072 OHCA children, 522 were of presumed cardiac
origin; 230 of 522 arrests were witnessed by bystanders
(Figure 7). Among a total of 230 eligible patients, 128 (56%) chil-
dren had VF as the initial rhythm. Among these 128 patients, 29
(23%) children received a first shock by bystanders using a public
access AED before the arrival of EMS personnel and 96 (75%) chil-
dren received a first shock by EMS personnel (32 with a monopha-
sic and 64 with a biphasic defibrillator). In addition, among 102
patients without VF as the initial rhythm, none received bystander’s
defibriltation, but 13 (13%) received a shock by EMS personnel fol-
lowing CPR. Among 128 children with VF as the initial rhythm, 53
(41%) survived with a favourable neurological outcome, 67 (52%)
survived 1 month after the arrest, and 55 (43%) had pre-hospital
ROSC. Among the subset of 29 school-age children with OHCA
who received initial AED shock by bystanders, 16 (55%) survived
with favourable neurologic outcome, 19 (66%) survived 1 month
after the arrest and 19 (66%) had prehospital ROSC. Among
102 patients without VF as the initial rhythm, 8 (8%) survived
with favourable neurological outcome, 15 (15%) survived 1
month after the arrest and 11 (11%) had pre-hospital ROSC.
The time interval from collapse to the initiation of CPR was
shorter in bystander-initiated CPR than EMS-initiated CPR
(3.2 + 4.9 vs. 8.9 + 6.8 min, P < 0.001). The interval from collapse
to the initiation of AED use was shorter in bystander-initiated AED
use than EMS-initiated one (3.3 +3.7 vs. 129 + 58 min, P <
0.001). Clinical and outcome parameters in the overall, family and
non-family member witnessed arrests were reported in Table 1.
The population-based age-stratified incidence of bystander-
witnessed OHCA of presumed cardiac origin in children was con-
stant during the study period (see Supplementary material online,
Table).

Trends in clinical and osutcome
parameters

During the study period (Table 2), the proportion of patients ini-
tially shocked by a bystander’s AED among total patients increased
from 2% in 2005 to 21% in 2009 (P = 0.002). Such a temporal in-
crease was observed in non-family member-witnessed arrests,
from 4% in 2005 to 37% in 2009 (P = 0.001), but not in family
member-witnessed arrests. The collapse to AED time tended to
become shorter only in non-family member-witnessed arrests,
from 11.1 min in 2005 to 8.3 min in 2009 (P = 0.07). The propor-
tion of any other categorical and continuous variables investigated
in either subgroup of patients did not change significantly (see
Supplementary material online, Appendix 7). As the outcome para-
meters (Figure 2), the proportion of patients with a favourable
neurological outcome among total patients increased from 12%
in 2005 to 36% in 2009 (P = 0.006). Such a temporal improvement
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l 2072 children (7—15 years of age) had OHCA during 2005-09

i/——-—————~—~> [ No CPR by EMS in the absence of bystander AED in 98 pts

[ 1964 CPR-attempted cardiac arrests l

l—-—-«——e

Extracardiac 1442 (injury 928, respiratory 128,
central nervous system 49, malignancy 15, others 322)

' 522 cardiac arrests of presumed cardiac origin \

\L —— i 253 unwitnessed arrests

! 269 witnessed cardiac arrests l

\L R l 38 EMS-witnessed arrests, 1 unknown witness I

| 230 hystander-witnessed arrests of presumed cardiac origin |

\

[ 128 arrests with initial VF ]

¥

| 102 arrests without initial VF [

1

] v \ N v N
29 arrests with 96 arrests with 3 arrests with 47 pts 49 pts with 6 pts with
first shock first shock no shock with PEA asystole ECG undetermined
by bystanders by EMSs administered

\

\

\

|

|

|

A favourable neuro
-logical outcome
in 16 pts

Survival at 1 month
in 19 pts

Pre-hospital ROSC
in 19 pts

A favourable neuro
-logical outcome
in 36 pts

Survival at 1 month
in 47 pts

Pre-hospital ROSC
in 35 pts

A favourable neuro
-logical outcome
in1pt

Survival at 1 month
in1pts

Pre-hospital ROSC
in1pts

A favourable neuro
-logical outcome
in1pt

Survival at 1 month
in1pts

Pre-hospital ROSC
in1pts

A favourable neuro
-logical outcome
in1pt

Survival at 1 month
in4pts

Pre-hospital ROSC
in O pts

A favourable neuro
-logical outcome
in 2 pts

Survival at 1 month
in2pts

Pre-hospital ROSC
in3pts

Figure 1 Study profile. OHCA, out-of-hospital cardiac arrest; CPR, cardiopulmonary resuscitation; EMS, emergency medical service; AED,
automated external defibrillator; VF, ventricular fibrillation; PEA, pulseless electrical activity; ECG, electrocardiography; ROSC, return of spon-

taneous circulation; pts, patients.

was observed only in non-family member-witnessed arrests,
from 9% in 2005 to 53% in 2009 (P = 0.001). The proportion of
survival at 1 month after OHCA (P = 0.008) and ROSC before
arrival at the hospital (P = 0.046) increased only in non-family
member-witnessed arrests, from 17 and 17% in 2005 to 53 and
42% in 2009, respectively. Trends in specific values in all the clinical
and outcome parameters investigated in overall and subgroups
of patients were reported (see Supplementary material online,
Appendix 1).

Multivariable analysis

In multivariable analysis (Table 3), a non-family member’s witness
[P < 0.001, adjusted odds ratio (OR) 4.03 (2.08—7.80)] was inde-
pendently associated with the presence of VF as the initial
rhythm. The collapse to AED time, either by a bystander or an
emergency responder [P=0.03, OR per 1min increase, 0.90
(0.82-0.99)], and female gender [P=0.008, 3.20 (1.35-7.56)]
were independently associated with a favourable neurological

outcome. The collapse to AED time was the only variable inde-
pendently associated with the survival at 1 month [P = 0.045,
0.92 (0.85-0.99)] and pre-hospital ROSC [P=0.001, 0.82
(0.73-0.92)]. Results of univariate analysis were reported in the
see Supplementary material online, Appendix 2.

Discussion

Although the epidemiological data related to the impact of dissem-
inating PAD programmes on OHCA in elementary and middle
school children were limited,® the present Utstein registry
study would supply evidence supporting that implementation of
PAD programmes increases the likelihood of early defibrillation
by bystanders, and improves the outcome after OHCA in such
school-age children. These findings may underscore the benefit
of PAD in the prevention of sudden cardiac death in school-age
children.
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¥abie ! Clinical and outcome parameters

Parameters

Family witnessed
(101)

Non-family witnessed
(129)

Age, years of age
Male gender, n (%)
Ventricular fibrillation, n (%)
CPR initiated by bystanders, n (%)
Conventional CPR, n (%)
Collapse to CPR time (min)
Shock initiated, n (%)

by bystanders

by EMS
Collapse to AED time (min)
Collapse to EMS arrival (min)

Favourable neurological outcome, n (%)

Survival at Tmonth, n (%)
Prehospital ROSC, n (%)

122425
145 (63)
128 (56)
161 (70)
102 (64)
49 + 6.1

29 (13)
109 (47)
109 + 6.7
346 + 172
63 (27)

84 (37)

66 (29)

113+ 27
63 (62)
37 37)
55 (55)
30 (55)
53463

2(2)

38 (38)
131470
350 + 165
15 (15)

2 (22)

20 (20)

128 421
82 (64)
91 (71)
106 (82)
72 (69)
46+ 60

27 (21)

71 (55)
100 + 6.4
3434177
48 (37)

62 (48)

46 (36)

Favourable neurological outcome denotes cerebral performance category 1 or 2 at 1 month,
Conventional CPR indicated chest compression with rescue breathing, as a type of bystander-initiated CPR. Percentages were calculated on the basis of the available data in overall
or each subgroup of arrests (family or nonfamily witnessed). Plus—minus values are means + SD. .
CPR, cardiopulmonary resuscitation; EMS, emergency medical service; AED, automated external defibrillator; ROSC, return of spontaneous circulation.

Tabie 2 Trends in clinical parameters

Variables

P value for trend

Type of bystanders, (n)
Total
Family member
Non-family member
CPR initiated by bystanders, n (%)
Total
Family member
Non-family member
Shock initiated by bystanders, n (%)
Total
Family member
Non-family member
Shock initiated by EMS, n (%)
Total
Family member
Non-family member
Collapse to AED time (min)
Total
Family member
Non-family member

26 (63)
8 (44)
18 (78)

1)
0(0)
1(4)

18 (44)
6 (33)
12 (52)

118+ 48
135+72
11432

33(72)
9 (50)
24 (86)

1)
0(0)
1(4)

24 (52)
3(17)
21 (75)

12,5 + 5.4
143 + 46
122+55

36 (72)
12 (60)
24 (80)

10 (20)
0 (0)
10 (33)

26 (51)
10 (48)
16 (53)

104 +7.2
133 + 44
92+78

37 (77)
12 (63)
25 (86)

8 (17)
0 (0)
8 (28)

19 (40)
7 (37)
12 (41)

102+ 6.2
127 £ 3.0
94 + 68

29 (66)
14 (56)
15 (79)

9 21)
2(8)
737)

22 (50)
12 (48)
10 (53)

103 + 84
12,6 + 10.3
83+59

0.65
0.35
0.90

0.002
0.99
0.001

0.94
0.14
022

022
0.71
0.07

Percentages were calculated on the basis of the available data in overall or each subgroup of arrests (family or non-family witnessed) in the respective year. Plus-minus values are

means + SD.

CPR, cardiopulmonary resuscitation; EMS, emergency medical service; AED, automated external defibrillator.
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A favourable neurological Survival at 1 month Pre-hospital ROSC
(%) outcome (%) %)
80 1 s—a Non-family witness 80 1 801
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20 1 / 2019 20
4
0 . . . . , 0 . . i . , 0 T 1 T T :
2005 06 07 08 09 2005 06 07 08 09 2005 06 07 08 09
Calendar year Calendar year Calendar year

Figure Z Trends in outcome parameters in arrests, by the relationship of a bystander to the victim. P values are for trend; ROSC, return of
spontaneous circulation.

Table 3 Multivariable analyses of factors associated with ventricular fibrillation as the initial rhythm and outcome
parameters

Variable Ventricular Favourable neurological Survival at 1 month Pre-hospital ROSC
fibrillation outcome
Adjusted OR Adjusted OR (95% CI) Adjusted OR Adjusted OR
(95% ClI) (95% CI) (95% CI)
Year (per 1-year increase) 1.09 (0.87-1.37) 1.19 (0.87-1.63) 0.97 (0.73-1.30) 0.80 (0.58-1.10)
P value 0.46 0.29 0.86 0.17
Age>13 years 1.83 (0.96-3.48) 1.79 (0.76-4.20) 1.60 (0.72~3.54) 1.60 (0.67-3.80)
P value 0.07 0.18 0.25 0.29
Female gender 0.76 (0.39-1.47) 3.20 (1.35-7.56) 1.80 (0.79-4.10) 2.17 (0.91-5.19)
P value 041 0.008 0.16 0.08
Non-family witnessed 4.03 (2.08-7.80) 1.53 (0.58-4.03) 1.68 (0.70-4.02) 0.86 (0.32-2.29)
P value <0.001 0.39 0.27 0.76
CPR
Not bystander-initiated reference reference reference reference
Bystander-initiated
Conventional 0.76 (0.35-1.65) 1.01 (0.34-3.00) 124 (045-3.43) 0.90 (0.29-2.78)
P value 049 0.98 0.68 0.86
Compression only 0.79 (0.34-1.83) 1.55 (0.51-4.71) 1.08 (0.38-3.06) 1.77 (0.58-5.46)
P value 0.58 0.44 0.88 0.32
Collapse~EMS time (per 1 min 0.99 (0.97-1.37) 1.00 (0.98-1.03) 1.00 (0.98-1.03) 1.01 (0.99-1.04)
increase)
P value 0.30 0.74 0.89 033
Ventricular fibrillation as the initial 2.03 (0.43-9.46) 1.30 (0.34-4.91) 0.76 (0.18-3.20)
rhythm
P value 0.37 0.70 0.71
Bystander’s AED 0.49 (0.12-2.02) 0.59 (0.15-2.23) 0.61 (0.14-2.76)
P value 0.32 0.43 0.53
Collapse~AED time (per 1-min 0.90 (0.82-0.99) 0.92 (0.85-0.99) 0.82 (0.73-0.92)
increase)
P value 0.03 0.045 0.001

Favourable neurological outcome denotes cerebral performance category 1 or 2 at 1 month.
OR, odds ratio; ROSC, return of spontaneous circulation; EMS, emergency medical service; CPR, cardiopulmonary resuscitation; AED, automated externat defibrillator.
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Impact of public access defibrillation on
out-of-hospital cardiac arrest in
school-age children

Between 2005 and 2009 in Japan, there was a remarkable increase
in the availability of AED in public spaces surrounding school chil-
dren, including schools."®~"? During this period, there was an in-
crease in the proportion of OHCA in which the victim was
initially shocked by a bystander, and this was temporally associated
with an improvement in the neurological outcome in children with
OHCA. In subgroup analyses, (i) temporal trends in these para-
meters were evident in non-family member-witnessed arrests,
but not in family member-witnessed arrests, (i) similar trends in
secondary outcome parameters were observed in non-family
member-witnessed arrests, and (iii) trends in other clinical para-
meters were not affected in either subgroup of patients during
the same period. Therefore, trends in relevant variables, together
with multivariable analysis data, consistently support that introduc-
tion of PAD programmes would increase the likelihood of early
defibrillation by bystanders, and improve the outcomes of school-
age children after public location arrest. Such an impact of PAD on
OHCA in school-age children is consistent with that reported in
adults.?® In an adult study (=18 years of age) by using the same
Japanese Utstein registry data during 2005-07, 32% of patients
with bystander-witnessed OHCA of presumed cardiac origin
with initial rhythm of VF who received bystander AED shock deliv-
ery had a favourable neurological outcome.”® In the present study
during the corresponding years 2005—-07 (data not shown), 58%
(7/12) of children who received bystander-initiated shock had a fa-
vourable neurological outcome. In other adult studies, the survival
rate of OHCA patients initially shocked by a bystander was
~60%.2*%" Thus, the survival to 1 month with good neurological
outcome of school-age children who experience witnessed OHCA
with bystander CPR and AED shock delivery appears to equal or
surpass that reported in adults. The more favourable outcome in
this paediatric population may result from the higher rate of by-
stander CPR, and the shorter collapse to CPR and collapse to
AED shock delivery intervals than those observed in adults with
OHCA during the same period in Japan. This may be explained
in part by factors in the school environment, such as constant
visual observation of the children and focused training of teachers
and staff.

Frequency of ventricular fibrillation as the
initial rhythm in out-of-hospital cardiac
arrest in school-age children

The frequency of VF in OHCA in children has been debated for a
decade, and has been negatively influenced by the young age (<1
year of age), and traumatic and respiratory aetiologies.”®'*1? |n
the present study, as high as 56% of bystander-witnessed arrests
of presumed cardiac origin in school-age children were associated
with VF. This is consistent with the results in local studies (in King
county of USA, and in a province of the Netherlands), in which the
frequency of VF has been positively associated with the advanced
age (>8 years of age), witnessed arrest, and cardiac aetiology, and
a half of arrest patients had an initial rhythm of VF among

adolescents aged 13—18 years with witnessed arrest.'™” In our
study, we could further demonstrate that the non-family member-
witnessed arrest was independently associated with VF as the initial
rhythm, which is consistent with the results in an adutt study.*® The
relatively low proportion of initial VF in adolescent OHCA in ROC
study may be related to the difference of witness status, aetiology,
and the reporting system.'® The present study suggests that the
relatively high proportion of initial VF in bystander-witnessed
OHCAs of presumed cardiac origin in public locations in school-
age children may confer an epidemiological basis for early defibril-
lation in this age population.

l.imitations

Several limitations could be acknowledged in this study, in addition
to those, as described previously.”**" First, the proportion of
OHCA patients in schools among total eligible samples is
unknown, because of the lack of data with respect to school as a
specific location in the registry. Secondly, there might be unmeas-
ured confounding factors (i.e. quality of bystander’s CPR) that
might influence the association between bystander’s defibrillation
and outcomes. Thirdly, information on in-hospital treatment (ie,
hypothermia) is unavailable, which might affect survival after
OHCA. Fourthly, it is unknown whether the present information
can be generalized to other communities with different emergency
response programmes at schools and other public locations sur-
rounding children,'®'” or different EMS systems.?® Fifthly, the
present investigation is not a cost-effectiveness analysis, although
a previous study of cardiac arrests in high schools indicated that
PAD may be cost-effective in schools.™ Sixthly, specific data on
the scope of the budgetary barriers and logistic issues (i.e. the loca-
tions of AED placement, training schedule for teachers) in imple-
menting and refining AED/CPR programmes at the national level
in Japan is unavailable."”

Conclusions

Although the impact of PAD has been largely elusive in overall chil-
dren of different ages after etiologically diverse OHCAs in their
public environmnent,”® the present study would supply evidence
which could dissect an epidemiological basis of the benefit of
PAD in school-age children after bystander-witnessed OHCA of
presumed cardiac origin. We believe that these findings are rele-
vant to medical emergency response and CPR/AED programmes
in the public environment surrounding school-age children.

Supplementary material

Supplementary material is available at Europace online.
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QT Is Longer in Drug-Free Patients with Schizophrenia
Compared with Age-Matched Healthy Subjects
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Abstract

The potassium voltage-gated channel KCNH2 'is a well-known gene in which mutations -induce familial QT interval
prolongation: KCNH2 issuggested to be a risk gene for schizophrenia. Additionally, the disturbance of autonomic control,
which affects the QT interval, is known in schizophrenia. Therefore, we speculate that schizophrenic patients. have
characteristic features in terms of the QT interval in addition to the effect of antipsychotic medication. The QT interval of
patients with schizophrenia not receiving antipsychotics (n=85) was compared with that of patients with schizophrenia
receiving relatively large doses of -antipsychotics (n=85) and healthy volunteers (n=85). The QT interval was corrected
using four methods (Bazett, Fridericia, Framingham or Hodges method). In ANCOVA with age and heart rate as covariates,
patients hot receiving antipsychotic treatment had longer QT intervals than did the healthy volunteers, but antipsychotics
prolonged the QT interval regardless of the correction method -used (P<0.01). Schizophrenic patients with and without
medication had a significantly higher mean heart rate than did the healthy volunteers, with no obvious sex-related
differences in the QT interval. The QT interval prolongation may be manifestation of a certain biological feature of
schizophrenia.
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Introduction

The KCNH2 channel (which is also known by the name of
herg), a member of the subfamily of voltage-gated K+ channels, is
responsible for a delayed rectifier potassium current of myocardial
cells, which is a major component of cardiac repolarization [1].
The KCNH2 channel gene variant causes a congenital form of
long QT syndrome or predisposcs an individual to acquiring long
QT syndrome [2-3]. In addition, antipsychotics can induce QT
interval prolongation [4-5]. The blockage of the KCNH2 channel
via antipsychotics has been identified as a mechanism underlying
QT interval prolongation from antipsychotic administration [6].
Therefore, a decline in KCNH2 channel function is assumed to be
a mechanism of QT interval prolongation. In addition, several
recent association studies have cited isoforms/polymorphisms of
the KCNH2 gene as a risk factor for schizophrenia [6-9].
Moreover, the QT interval is affected by autonomic control [10],
and studies of the autonomic system in schizophrenia have
detected a number of abnormalities [11]. Therefore, we hypoth-
esized that the prolongation of the QT interval in patients with
schizophrenia might not only be caused by antipsychotic
administration but also be characteristic of the disease.

Accordingly, to reveal the characteristics of QT intervals of
schizophrenia excluding the effect of antipsychotic medications,
we compared the QT interval of patients with schizophrenia not

PLOS ONE | www.plosone.org

receiving antipsychotics with that of patients with schizophrenia
receiving antipsychotics and healthy volunteers.

Materials and Methods

Subjects

Between 1996 and 2008, 111 drug-free schizophrenic patients
were recruited at the National Institute of Neurology and
Psychiatry Hospital, Japan. These participants were all non-
adherent patients or naive of antipsychotics. Whether a patient
was drug free was judged based on the doctor’s description in the
medical record. According to medical records, no antipsychotic
medication was prescribed to “drug-frec” patients within several
months before ECG recording. No patient was administered depot
antipsychotics. Of the 111 patients, 23 with hypokalemia (K<3.5),
two with a complete right bundle branch block, and one with a
postoperative atrial septal defect were excluded from the study. No
participant suffered from arrhythmia or other conduction disor-
ders of the heart. Accordingly, data from 85 drug-free patients
were analyzed. For the antipsychotic administration group, we
selected 85 age-matched patients with schizophrenia (examined
during the same time period as the first group) who were receiving
pharmacotherapy and had no QT prolongation factors (c.g.,
hypokalemia, hypothyroidism, and/or ischemic heart disease)
other than antipsychotic medication. To reveal the QT prolon-
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