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Figure 4. Macroscopic conductance and gap junction plaque morphology in cells coexpressing connexind0 (Cx40)-WT and Cx40-
Q58L. A, Junctional conductance of cells transfected with plasmid pEGFPN1-Cx40-WT (1 pg), pEGFPN1-Cx40-Q58L (1 ug), or
cotransfected with WT and Q58L (WT/Q58L, pEGFPN1-Cx40-WT 0.5ug+pEGFPN1-Cx40-Q58L 0.5 ng). B, Phase contrast/fluores-
cence overlay image of neuroblastoma cells transfected with WT/Q58L constructs. Arrow a points to gap junction plaque; arrow b
points to an example of cells transfected but devoid of gap junction plaque. C, Efficacy of gap junction plaque formation was measured
as the ratio between the number of gap junction plaque-positive cells and the number of fluorescent-positive cells (WT, n=940;
WT/Q58L, n=855; Q58L, n=1318). D, Representative images of phase contrast (left), EGFP fluorescence (middie), and junctional con-
ductance (right) from neuroblastoma cells cotransfected with pEGFPN1-Cx40-WT (0.25 ug) and pEGFPN1-Cx40-Q58L (0.25 ug). Three
different examples illustrate the relation between plaque morphology and recorded junctional conductance. WT indicates wild type.

**P<0.001 compared with WT.

to the number of fluorescence-positive cells. In the Cx40-WT
group, almost all fluorescent-positive cells exhibited clear
gap junction plaques (94.9%1.9%, n=940), whereas there
was a more-diffuse and homogenous pattern with only
occasional plaque formation in the Cx40-QS8L group
(6.6+0.7%, n=1318, P<<0.001 compared with WT). In
contrast, results varied widely in cells cotransfected with
WT/Q58L; necarly one half of fluorescence-positive cells
exhibited gap junction plaques similar to those observed in
cells transfected with the WT construct (48.2+2.4%, n=855,
P<0.001), whereas the rest showed a diffuse expression
pattern similar to that of Cx40-Q58L. To establish a better
correlation between plaque formation and junctional conduc-
tance, both variables were measured concurrently in the same
cell pair for 39 N2A cell pairs where GFP-tagged plasmids of
Cx40-WT and Cx40-Q358L were cotransfected. As shown in
Figure 4D, about one half of GFP-positive cell pairs showed

a very small Gj (<5 nS) and very few or negligible gap
junction plaques (a). In the other half of cell pairs, small,
dot-like junctional plaques correlated with intermediate Gj
values (b), and there were clear, extensive gap junction
plaques associated with Gj values >25 nS (c). Overall, we
found significant heterogeneity in the extent of electric
coupling, although the measurements of Gj correlated with
the localization of proteins in transfected cells. These results
indicate that the QS8L mutation significantly impairs the
ability of cells to form gap junction plaques, although the
effect is not purely dominant when both WT and mutant
proteins are coexpressed.

Subcellular Distribution of WT and Q58L Cx40 in
Transiently Transfected Cells

To further analyze the subcellular distribution of Cx40-WT
and Cx40-QS58L proteins, the C terminal of Cx40-WT was
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Figure 5. Subcellular distribution of connexin40 (Cx40)-WT and Cx40-Q58L in transiently transfected cells. Hela cells were transiently
transfected with pEGFPN1-Cx40-WT (3.0 ng) (A), pPCMV-FLAG-Cx40-Q58L (3.0 ug) (B), or pEGFPN1-Cx40-WT (1.5 ug) plus pCMV-
FLAG-Cx40-Q58L (1.5 pg) (C); immunostained for the respective tag protein; and visualized by confocal laser scanning microscopy.
Notice that gap junction plaques (A) are absent in Q58L transfectants (B) and present in some (D) but not all (C) cotransfected cells.

Bar=20 um. WT indicates wild type.

tagged with GFP, whereas the C terminal of Cx40-Q58L was
FLAG tagged. After transfection of N2A cells with the tagged
constructs, the distribution of each protein was examined by
confocal microscopy. As shown in Figure 5, green color
indicates the position of GFP-tagged molecules, whereas red
indicates the position of FLAG-tagged molecules. In cells
transfected only with GFP-tagged Cx40-WT, fluorescence
was consistently detected at sites of cell-cell apposition,
following the pattern previously described for GFP-labeled
gap junction plaques (Figure 5A). A similar distribution was
found when cells were (ransfected with FLAG-tagged
Cx40-WT (not shown). In contrast, most FLAG-tagged
Cx40-Q58L signals were evenly distributed around the cell in
the vicinity of the plasma membrane (Figure 5B). Biotinyla-
tion experiments showed that the Q58L mutation did not
prevent the Cx40 protein from inserting into the membrane
and presenting a domain-reachable form in the extracellular
space (online-only Data Supplement Figure II). Micoscopy
experiments in cells coexpressing GFP-tagged Cx40-WT and
FLAG-tagged Cx40-Q58L proteins yielded results interme-
diate to those obtained when only 1 construct was expressed.
Nearly one half of cell pairs showed that both proteins
distributed homogenously at or near the cell membrane,
without the formation of well-defined gap junction plaques
(Figure 5C). These images resembled those obtained when

only Cx40-Q58L proteins were cxpressed (Figure 5B,
FLAG). In contrast, other cell pairs showed clustering of
fluorescent signals within closely confined areas that ap-
peared (o be gap junction plaques (Figure 5D).

The experiments described herein led us to speculate that
the distribution and function of heteromeric connexons is
determined by their mutant subunit content, whereby forma-
tion (or not) of plaques and channels are determined, at least
in part, by the abundance of expression of one protein over
the other. As an initial step to probe this hypothesis, we took
advantage of the characteristics of the bicistronic plasmid
pIRES, in which the expression rate of the upstream gene is
several-fold greater than that of the downstream gene,2 and
explored the functional properties of heteromeric connexons.
Cx40-WT and GFP-tagged Cx40-Q58L were subcloned into
the pIRES vector, either alone or in combination, in the
specific orientations shown in Figure 6A. Protein expression
levels of Cx40-WT and Cx40-QS58L were determined by
immunochemistry. In contrast to the data obtained when
Cx40-WT and GFP-tagged Cx40-Q58L plasmids were
cotransfected at a 1:1 ratio (lane 6), expression of heteromeric
pIRES plasmids WT-IRES-QS8L-EGFP (lane 3) and Q58L-
EGFP-IRES-WT (lane 4) resulted in uneven protein expres-
sion levels of WT (40 kDa) and QS58L-EGFP (67 kDa),
depending on their orientation in the pIRES vector. Based on
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Figure 6. Mutant subunit abundance correlated with gap junction function. A, Neuroblastoma cells were transiently transfected with 3
g Cx40 constructs in IRES plasmids. Cell lysates were analyzed by western blot using anti-Cx40 (top) and anti-GAPDH antibodies
(bottom). The number in each lane corresponds to the plasmid noted below the image. Samples from cells cotransfected with plasmids
1 and 2 (1.5 ug each) were loaded on lane 6. Double bands of Cx40-WT (40 kDa) and Q58L-EGFP (67 kDa) are shown in lanes 3, 4, 6,
and 7. Results were repeated in 3 separate experiments. Overexposure (lane 7) confirmed expression of the high-molecular-weight pro-
tein in lane 3. B, Junctional conductance of homomeric and heteromeric constructs (WT-IRES-Q58L and Q58L-IRES-WT). Conductance
of cell pairs expressing WT-IRES-WT (n=17) was comparable to heteromeric construct WT-IRES-Q58L. (n=17). However, converse het-
eromeric construct Q58L-IRES-WT (n=15) showed significantly reduced conductance (P<0.001 versus WT-IRES-WT and WT-IRES-

Q58L). **P<0.001. NS indicates not significant; WT, wild type.

these observations, we constructed a homomeric Cx40-WT
plasmid (WT-IRES-WT) and heteromeric plasmids of
Cx40-WT and Cx40-Q58L with different orientations (WT-
IRES-Q58L and QS8L-IRES-WT) (Figure 6B). The junc-
tional conductance of cell pairs expressing WT-IRES-QS8L
(25.3+2.8 nS, n=17) was nearly indistinguishable from that
of the homomeric plasmid WT-IRES-WT (27.8%1.4 nS,
n=17, P not significant). By contrast, the converse hetero-
meric construct Q58L-IRES-WT showed substantially re-
duced junctional conductance (0.29+0.12 nS, n=15,
P<0.001) comparable with that of the homomeric Q58L
(0.56x0.34 nS) (Figure 3A). These results suggest that the
final electrophysiological properties of the heteromeric con-
nexons arc determined predominantly by the numbers of
mutant subunits in each gap junction rather than defined by a
dominant-negative effect.

Discussion
Genetic screening confirmed the association of SCN5A and
SCNIB with PFHB1'3-75 and revealed novel mutations within
these genes (online-only Data Supplement Table I). More
importantly, we identified a particularly severe, early onset
case of PFHBI associated with a germ line mutation in GJAS
in 2 blood relatives (proband and sister) given a clinical
diagnosis of PFHBI. The data also indicate that the protein
expressed (Cx40-Q58L) failed to form functional gap junc-

tions in an exogenous expression system and decreased the
probability of gap junction formation in cells coexpressing
the WT protein.

So far, SCN5A, SCBIB, and TRPM4 are the only genes
associated with PFHB1.11:13.14 The National Human Genome
Research Institute database shows no association of GJAS
single-nucleotide polymorphisms with arrhythmias or con-
duction system diseases. PR interval and QRS have been
associated with several loci, including SCN5A, SCNI0A,
NKX2.5, and TBX521:22 but not GJAS, which is located at
chromosome 1g21.1. Overall, the present results suggest that
GJAS is a candidate gene associated with PFHBI, likely in a
small fraction of the affected population. Yet, given the
limited cosegregation observed in the reported family, we
remain cautious in assigning a causative nature to the GJAS
mutation. It will be of great interest to expand the screening
of GJAS at the research level to identify other cases associ-
ated with amino acid changes in Cx40, although it may be
premature to include GJAS as a part of the routine diagnostic
screen.'” The present results also emphasize the importance
of Cx40 in the maintenance of normal cardiac rhythm.

To our knowledge, this is the first report of a germ line
mutation in Cx40 associated with a high risk of ventricular
arrhythmias (online-only Data Supplement Figure II). Other
studies have shown somatic mutations of Cx40 or Cx43 in
patients with idiopathic atrial fibrillation23; those mutations
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were confined to the atria, and conduction abnormalities in
the ventricles or His-Purkinje system were not observed. On
the other hand, as in all cases involving identified genetic
substrates for disease, the possibility of compound mutations
in unexamined genes cannot be excluded. We do emphasize
that the mutation led to a severe cellular phenotype in an
exogenous expression system, supporting the argument that
just the Q58L substitution can impair the formation of gap
junctions necessary for propagation of action potentials be-
tween cells.

The results show that Cx40-Q58L was abundantly ex-
pressed in an exogenous system. The protein reached the
vicinity of the cell membrane but failed to form gap junction
plaques (Figure 5B). This result may be due (o impaired
docking of mutant hemichannels within the intercellular
space because of the mutation in the extracellular loop
(Figure 1C). During trafficking, connexin subunits oligomer-
ize to form a hemichannel (or connexon). Once at the site of
cell contact, connexons from apposing cells dock, sealing the
hydrophilic path (the channel pore) from the extracellular space.
The locking of 2 connexons into 1 gap junction channel is
believed to stabilize connexin subunits in place, facilitating
aggregation of other oligomers into their vicinity and eventually
forming a plaque. Amino acid substitutions within the extracel-
lular loop, as in QS58L, can prevent hemichannel docking and,
thus, plaque formation.2* The present biotinylation experiments
indicate that the QS8L protein integrates into the cell membrane,
supporting the notion that the inability of the QS8L mutation to
form functional gap junctions is related to events that occur after
the oligomer is delivered to the cell membrane and before a
functional dodecamer converts into a functional channel in a gap
junction plaque.

Results obtained in cells coexpressing both mutant and WT
proteins clearly show that one subunit can significantly
influence the fate of the other (Figure 5). This suggests that
Cx40-Q58L subunits retain their ability to oligomerize not
only with other mutant subunits, but also with the WT
protein. The results also present an interesting paradigm in
that neither the WT nor the mutant construct exerted a
dominant effect over the other. After transfection with equal
amounts of cDNA, we found cells where both WT and mutant
proteins displayed the phenotype of the mutant construct,
whereas in other cases, junctional plaques could be easily
discerned (although an outline of the cell, likely resulting
from the presence of the FLAG-tagged mutant protein, could
still be observed [see red signal in Figure 5SD]). These results
can be explained if we assume that the probability of proper
targeting and integration of a connexon into a plaque de-
creases as a function of the number of mutant subunits
contained. For cotransfection, we used equal amounts of
cDNA; however, it is very likely that each cell was trans-
fected with variable amounts of each construct and, thus,
expressed variable amounts of each protein. We speculate
that a majority (though of unknown stoichiometry) of WT
connexin subunits are required in a connexon for proper
formation of functional gap junctions. Thus, if a cell captures
an abundance of Q58L ¢cDNA, most oligomers will contain an
excess of mutant subunits, and gap junction formation will
fail. If, on the other hand, that cell captures and expresses
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more of the WT cDNA, the distribution of the subunits within
the oligomer will contain a majority of WT connexins, and
the connexon will be properly integrated into a channel. This
hypothesis will require further testing, although data present-
ed in Figure 6 support the concept that success or failure of
functional channel formation may relate to relative abun-
dance of cach protein (WT or mutant). If our hypothesis is
correct, it suggests that the distribution of functional gap
junctions in the His-Purkinje network of affected individuals
could vary significantly among cells, depending on the extent
of expression of each allele in each cell. The resulting
phenotype may be that of a Purkinje network where gap
junction-mediated coupling could be heterogeneous, setting
the stage for local conduction block, microreentry, and
ventricular arrhythmias at the Purkinje network or at the
Purkinje-muscle junction.!2

Overall, we show that both proband and sister have a
genotype that (1) is absent in hundreds of control subjects and
in the unaffected parent (the father), (2) disrupts an important
functional domain of the protein, and (3) disrupts the forma-
tion of gap junction channels. The data therefore support the
notion of an association between the Cx40 mutation and the
clinical phenotype and emphasize the importance of future
studies to assess the possible involvement of Cx40 mutations
as causative of the disease.
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CLINICAL PERSPECTIVE

Progressive familial heart block type I, also known as progressive cardiac conduction defect, is an inherited form of cardiac
conduction system dysfunction that can lead to severe heart rhythm disturbances, including sudden cardiac death. The
genetic causes of this disease are poorly understood. Here, we genetically screened 156 patients with progressive familial
heart block type 1. In addition to mutations in genes of the voltage-gated cardiac sodium channel complex (SCN5A and
SCNIB), we found a novel germ line mutation in GJAS, the gene encoding the gap junction protein connexin40. The
discase had an early onset and was associated with otherwise unexplained sudden cardiac death in the proband and his
mother. The proband’s sister is also affected. Cellular phenotype analysis revealed impaired gap junction formation at
cell-cell interfaces and marked reduction of junctional conductance in cells expressing the mutated connexin40 protein. The
results emphasize the importance of connexin40 in normal electrical propagation in the cardiac conduction system and open
the possibility of including GJAS as a target gene for study in patients with progressive familial heart block type L.
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Regional cooling facilitates termination of spiral-wave reentry
through unpinning of rotors in rabbit hearts
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BACKGROUND Moderate global cooling of myocardial tissue was
shown to destabilize 2-dimensional (2-D) reentry and facilitate its
termination.

OBJECTIVE This study sought to test the hypothesis that regional
cooling destabilizes rotors and facilitates termination of sponta-
neous and DC shock-induced subepicardial reentry in isolated,
endocardially ablated rabbit hearts.

METHODS Fluorescent action potential signals were recorded
from 2-D subepicardial ventricular myocardium of Langendorff-
perfused rabbit hearts. Regional cooling (by 5.9°C * 1.3°C) was
applied to the left ventricular anterior wall using a transparent
cooling device (10 mm in diameter).

RESULTS Regional cooling during constant stimulation (2.5 Hz)
prolonged the action potential duration (by 36% * 9%) and
slightly reduced conduction velocity (by 4% =+ 4%) in the cooled
region. Ventricular tachycardias (VTs) induced during regional
cooling terminated earlier than those without cooling (control):
VTs lasting >30 seconds were reduced from 17 of 39 to 1 of 61.
When regional cooling was applied during sustained VTs (>120
seconds), 16 of 33 (48%) sustained VTs self-terminated in 12.5 *
5.1 seconds. VT termination was the result of rotor destabilization,

which was characterized by unpinning, drift toward the periphery
of the cooled region, and subsequent collision with boundaries.
The DC shock intensity required for cardioversion of the sustained
VTs decreased significantly by regional cooling (22.8 * 4.1V, n =
16, vs 40.5 £ 17.6 V, n = 21). The major mode of reentry
termination by DC shocks was phase resetting in the absence of
cooling, whereas it was unpinning in the presence of cooling.

CONCLUSION Regional cooling facilitates termination of 2-D re-
entry through unpinning of rotors.

KEYWORDS Spiral-wave reentry; Regional myocardial cooling; Un-
pinning; Optical mapping; Ventricular tachyarrhythmia

ABBREVIATIONS 2-D = two-dimension; 3-D = three-dimension;
APD = action potential duration; BCL = basic cycle length;
BDM = 2,3-butandione monoxime; CV = conduction velocity;
FBL = functional block line; ICD = implantable cardioverter-de-
fibrillator; LV = left ventricle; PS = phase singularity; RC = re-
gional cooling; SW = spiral wave; VF = ventricular fibrillation;
VT = ventricular tachycardia

(Heart Rhythm 2012;9:107-114) © 2012 Heart Rhythm Society. All
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Introduction

High-energy DC shock application by implantable cardio-
verter-defibrillator (ICD) is the most effective procedure for
preventing sudden cardiac death resulting from ventricular
tachycardia/ventricular fibrillation (VT/VF). Large-scale
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clinical trials have demonstrated that ICD therapy is supe-
rior over any pharmacological therapy to prevent cardiac
death."? The usefulness of ICD therapy currently available
is, however, limited by a number of adverse effects of
high-energy shocks, such as myocardial damages causing
arthythmias, increased pacing threshold,>* and mechanical
dysfunction giving rise to hemodynamic deterioration.” In
addition, painful DC shocks by ICD often cause serious
psychological disorders.” Theoretical and experimental
studies have revealed that spiral-wave (SW) reentry rotating
around a functional obstacle is the major mechanism of
VT/VF.2? Arguably, should SW reentry be regulatable by
procedures other than DC shocks or those combined with
low-energy shocks, it could lead to innovative therapeutic

doi:10.1016/j.hrthm.2011.08.013
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modalities for prevention of arrhythmic death. Although
several conceptual approaches have been proposed to ter-
minate SW reentry by low-energy DC application, e.g.,
resonant drift,'®!" controlling chaos,'? synchronized pac-
ing,'>'* and unpinning of SWs,'>¢ feasibility of these
approaches has not yet been validated. In isolated rabbit
hearts, we have previously shown that moderate hypother-
mia facilitates termination of VT through destabilization
(unpinning) of SW reentry.” Using high-density electrode
mapping in rabbit hearts, Boersma et al'® demonstrated that
regional cooling (RC) of the ventricle during programmed
electrical stimulation prevented stabilization of functional
reentry and resulted in only brief episodes of polymorphic
VT that terminated spontaneously. Here we hypothesized
that moderate RC of the ventricular myocardium could be a
novel procedure to destabilize already-established and sus-
tained VT and lead to its termination. To test this hypoth-
esis, we carried out high-resolution optical mapping exper-
iments in 2-dimensional (2-D) ventricular myocardium.

Methods

Experimental model and optical mapping

The protocol was approved by the Institutional Animal Care
and Use Committee at Nagoya University. The experimen-
tal model and procedures of optical mapping are essentially
the same as reported previously.'”**?° Briefly, optical
membrane potential signals were recorded from a 2-D ven-
tricular muscle layer of Langendorff-perfused rabbit hearts
subjected to endocardial cryoablation; 2,3-butandione mon-

Cntro! s b
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oxime (BDM) was applied to minimize motion artifacts.
Action potential duration (APD) and conduction velocity
(CV) were measured during constant pacing (basic cycle
length [BCL] 180 to 400 ms) from the apex. The details of
experimental procedures and data analysis are described in
the Online Supplemental Methods.

RC

The temperature of the central region of the left ventricular
(LV) free wall was temporarily reduced by applying a
transparent cooling device (diameter, 10 mm) perfused with
cold water and in abutting contact with the epicardial sur-
face (Figure 1A). In pilot experiments using thermography
(TVS-200, Nippon Avionics, Tokyo, Japan) (Figure 1B),
we confirmed that the temperature in the target area was
decreased by 5.9°C = 1.3°C (n = 7, P <.05) from baseline
(36.0°C). The temperature change was reversed completely
after removal of the device. Temperature outside the cooled
region remained unchanged.

Experimental protocols

Reentrant VTs (lasting =3 beats) were induced by modified
cross-field stimulation using 1 of 2 protocols. First, in 8
hearts, VTs were induced before and 20 seconds after ap-
plication of RC to compare their duration and dynamics.
Second, in 15 additional hearts, sustained VTs (>120 sec-
onds) were induced and RC was applied to observe its
effects on VT duration and dynamics. If the sustained VTs
did not terminate during the 30-second observation period
of RC, 10-ms monophasic DC shocks were applied at in-

Figure 1 RC of 2-D rabbit hearts. A: A
transparent cooling device (diameter, 10
mm) was in contact with the L'V subepicar-
dial surface, and water (20°C) was circulated
inside the device. B: Thermography images
(top) and changes of temperature (bottom) in
response to RC. Those without RC served as
control. *P <05 vs control. C: Changes of
APD (BCL, 400 ms) in response to RC. Top,
APD color gradient maps with and without
RC (control); bottom, optical action potential
127 signals inside (a) and outside (b) the RC

100 ms region. Numerals are APD (in ms). D: Ef-
D fects of RC on APD (left) and CV (right)
in the RC region at BCLs 180 to 400 ms.
250 * 50 *#P <.05 vs control (without RC). 2-D =
225 (n=7) - (o= two-dimension; APD = action potential
" duration; BCL = basic cycle length; BE =
0 =7 -g 200 @ 40 L}/I electrodes for recording dis‘tant bipglar
g)- *p <005 S 175 g 35 electrograms; CV = conduction VCIOC}IY;
= a5 5 o4& < * > DC = paddle electrodes for DC-applica-
% 150 Q/I/( O x © Control tion; LV = left ventricle; RC = regional
O Control i i
ué 30 Qoo 125 : C(:\éro 5 L s RC cooling.
# 254 100 E '
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creasing or decreasing voltage (by 5 to 10 V in steps from
25 V) to determine the threshold intensity for cardioversion.
Sustained VTs without RC served as control subjects.

In 6 rabbits, effects of RC on VT/VF were examined in
3-dimensional (3-D) ventricles without cryoablation. Sus-
tained VT/VFs (>120 seconds) were induced, and cardio-
version by RC alone or in combination with DC shocks
(8/2-ms biphasic, 25 to 100 V) was attempted.

Statistical analysis

Data are expressed as mean * SD. Statistical comparisons
were performed by 2-way analysis of variance with Bon-
ferroni post hoc test or Welch 2-sample ¢ test when app-
ropriate. Differences were considered significant when
P <.05.

Results

APD and CV during constant pacing
Effects of RC on APD and CV were examined in 7 hearts.
Representative changes in APD (BCL, 400 ms) are shown
in Figure 1C. Cooling (20 seconds) increased APD in the
RC region, whereas APD outside the RC region was un-
changed. Figure 1D summarizes the changes of APD and
CV in the RC region. RC caused a significant increase of
APD (BCLs, 180 to 400 ms); the longer the BCL, the
greater the APD prolongation. RC decreased CV, although
the changes remained statistically insignificant at BCLs 250
and 400 ms.

In 3 hearts, all of the RC-induced changes of APD and
CV were reversed completely within 60 seconds after re-
moval of the cooling device (data not shown).

VT induced during RC application

In 8 hearts, VTs were induced before (control) and 20
seconds after RC. In control subjects, 18 of 39 VTs (46%)
terminated within 5 seconds, 4 VTs (10%) terminated in 5
to 30 seconds, and 17 VTs (44%) persisted for >30 sec-
onds. During RC, in contrast, 58 of 61 VTs (95%) termi-
nated within 5 seconds, 2 TVs (3%) terminated in 5 to 30
seconds, and 1 VT (2%) persisted >30 seconds. Thus, most
of VTs induced during RC terminated earlier than in control
subjects. The VT cycle length during RC (178 = 20 ms, n =
61) was significantly longer compared with control subjects
(143 = 23 ms, n = 39, P <.05). Reversibility of the RC
effects on the VT persistence was tested in 3 hearts. The
incidence of persisted (>30 seconds)/all VTs was 11 of 23
(48%) in control subjects, 1 of 26 (4%) during RC, and 8 of
13 (62%) 5 to 20 minutes after removal of the cooling
device.

Optical images of excitation were analyzed in 5 hearts (9
VTs before RC and 13 VTs during RC) exhibiting visible
rotor(s). In control, the rotors were, in most cases (7 of 9)
stable with small meandering. The 13 VTs induced during
RC, in contrast, were all unstable with remarkable mean-
dering of rotors along the periphery of the RC region, and
they terminated shortly. Action potential traces revealed
frequent intermittent conduction block in the RC region

with longer APD, giving rise to drift of the reentry circuit
(Online Supplementary Figure 1). The rotors terminated by
collision with anatomical boundaries in 7 VTs (Online Sup-
plementary Figure 1), whereas by mutual annihilation in the
RC region in 2 cases (Online Supplementary Figure 2). The
mode of rotor termination was unable to be analyzed in the re-
maining 4 cases.

Termination of sustained VT by RC

We next examined the effects of RC applied during sus-
tained VTs (lasting >120 seconds). We induced 76 sus-
tained VTs in 15 hearts and observed them for 30 seconds
with and without RC (33 VTs with RC, and 43 VTs without
RC as control subjects). None of the 43 sustained VTs
terminated in control subjects, whereas 16 of 33 (48%)
sustained VTs terminated during the observation period
with RC. Average time to (ermination was 12.5 = 5.1
seconds (n = 16).

Optical images of excitation were analyzed in 16 sus-
tained VTs that terminated during the RC application in 8
hearts. Figure 2 shows a representative experiment. Before
the RC application, a stable clockwise rotor circulated
around a functional block line (FBL) (approximately 5.1
mm); the bipolar electrogram showed a monomeorphic pat-
tern (Figure 2A, and Online Supplementary Video 1). A 3-D
plot of the phase singularity (PS) trajectory obtained after
phase mapping confirmed the stationarity of the rotor activ-
ity. Application of RC resulted in a dramatic change of the
rotor dynamics and the VT terminated after approximately
10 seconds. Figure 2B shows isochrone maps during the last
3 beats prior to VT termination. A clockwise rotor circu-
lated around a very long and curved FBL in the RC region
in beat 1 and 2. The FBL configuration changed beat to beat
in such a way that during beat 3 the FBL extended from the
RC region to the atrioventricular groove, resulting in termi-
nation of reentry. The bipolar electrogram showed a poly-
morphic pattern before termination. Action potentials (Fig-
ure 2C) from the RC region (d) were longer compared with
those outside (a—c, e, f), and this provided a substrate for
conduction block. In Figure 2D, phase maps (left) and a 3-D
plot of the PS trajectory (right) demonstrated that a single
PS moved along the periphery of the RC region and collided
with the atrioventricular groove (Online Supplementary
Video 2). The mode of rotor termination by RC could be
analyzed in 6 sustained VTs. In 4 sustained VTs, rotor
terminated by drift and subsequent collision of PSs with
boundaries, whereas in the remaining 2 cases, by mutual
annihilation of PSs with opposite chiralities in the RC re-
gion.

RC failed to terminate 17 of 33 (52%) of the sustained
VTs. The failure was attributable in part to the topological
relationship between the rotor and the RC region. In other
words, the success rate of RC cardioversion was relatively
high (12 of 19) when the rotation center was located within
or in the vicinity of the RC region. However, success was
low (4 of 14) when the rotation center was far from the RC
region.




110 Heart Rhythm, Vol 9, No 1, January 2012
A 300ms B -
Before RC VTCL: 141-148 ms 10-sec after RC 1 2 3 Temmination VTCL: 134-178 ms
A dudad N d d dddd'dd el
Y
3811-3959
ms
X
Time ms) S trajectory
1000. " ]
900 (5

" 3811-3958

ms

yem)

QU -~ O O O T 0

1em

Figure 2

X

Termination of sustained VT by RC. A: Bipolar electrogram (top) and 4-ms isochrone map (middle) of sustained VT (>120 seconds) before RC

application. Bottomn, trajectory of a PS plotted on space-time axes. Stable reentrant activity was maintained. B: Bipolar electrogram (top) and isochrone maps
(bottom) of 3 consecutive beats prior to VT termination approximately 10 seconds after RC. A clockwise rotor rotating around a long and curved FBL (pink)
changed circuits in each excitation. Yellow circle, RC region. C: Optical action potential signals (a~f in the isochrone map) prior to VT termination. Wave
propagation was frequently blocked at the periphery of the RC region. D: Left. phase maps of the last 2 beats. Black circle, PS of clockwise rotation; dotted
circle, RC region. Right, PS trajectory plotted on space-time axes. Blue column, RC region. PS = phase singularity; VT = ventricular tachycardia; other

abbreviations as in Figure 1.

Cardioversion of sustained VT by DC shock

When the sustained VTs did not terminate during the 30-
second observation period, DC cardioversion was at-
tempted. DC shocks of 15 to 80 V were applied to 21
sustained VTs in the absence of RC (in 12 hearts) and 16
sustained VTs in presence of RC (in 9 hearts) to evaluate the
threshold DC shock intensity for cardioversion. The thresh-
old DC shock intensity required for VT termination was

significantly less with RC (22.8 = 4.1 V, n = 16) than that
without RC (40.5 £ 17.6 V, n = 21, P <.05).

The mode of rotor modification and termination by DC
shocks with and without RC was also different. Represen-
tative experiments are shown in Figure 3. Figure 3A is the
consequence of a 25-V shock that failed to terminate the
reentrant activity in the absence of RC. A single clockwise
rotor (PS1) was present before the DC shock; shock appli-
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Figure 3 Rotor modification by DC shock applied to sustained VT in the absence and presence of RC. A: Failure of cardioversion by low-intensity shock
in the absence of RC through repining of PS. Top, action potential trace; middle, phase maps before and after 25-V DC shock application. Black and white
circles, PSs of clockwise and counterclockwise rotation, respectively. *Site of action potential recording. Bottom, trajectory of PSs plotted on space-time axes.
A part of the trajectory in the left panel (immediately before and after DC shock application) is expanded in the right panel to show generation, mutual
annihilation (#), and repining of PSs. B: Success of cardioversion by low-intensity DC shock in the presence of RC through unpinning of PS. Left, action
potential trace (top) and phase maps (bottom) before (a) and after application of a 25-V DC shock (b-e). The shock application generated new PSs (black
and white circles, clockwise and counterclockwise rotation, respectively). Trajectory of the PSs is illustrated in the right bottom panel. PS8 was pushed out
of the observation area after meandering. PS1-PS3, PS4-PS7, and PS5-PS6 dissipated by mutual annihilation within 100 ms. PS2 survived and drifted in the
periphery of the RC region (unpinning), and collided with the atrioventricular groove. *Site of action potential recording. Right, trajectory of PSs 1-3 plotted

on space-time axes. Blue columns indicate the RC region. Abbreviations as in Figure 2.
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cation generated a pair of PSs (counterclockwise PS2 and
clockwise PS3). Then, PS1 and PS2 collided with each
other and disappeared, whereas PS3 survived by anchoring
and subsequently maintained the reentrant activity. Thus, as
confirmed by the 3-D PS trajectory plots, the rotor dynamics
were destabilized transiently by the DC shock, but restabi-
lized after PS repining. In this heart, application of a 30-V
DC shock resulted in generation of multiple PSs exhibiting
irregular meandering, and the activation pattern was trans-
formed from VT to VF (Online Supplementary Figure 3A),
and application of a high-voltage (50 V) DC shock resulted
in a prompt disappearance of reentrant activities by shock-
induced phase resetting (Online Supplementary Figure 3B).

Figure 3B is the consequence of a 25-V DC shock, which
terminated the reentrant activity in the presence of RC.
Before the shock, a single clockwise rotor (PS1) anchored to
a site close to the RC region (left, a). DC shock at 25 V
created 7 new PSs (PSs2 to 8) of either chirality that me-
andered following complex trajectories (b and c). Then,
PS1-PS3, PS4-PS7, and PS5-PS6 disappeared by mutual
annihilation. PS8 moved out of the left margin (toward the
posterior surface). PS2 survived and drifted along the pe-
riphery of the RC region (d and e). The VT terminated by
collision of PS2 with the atrioventricular groove approxi-
mately 4 seconds after the DC shock application (top).
Figure 3B, right, illustrates the trajectory of PSs plotted on
space-time axes.

Figure 4 summarizes the data obtained from 18 sustained
VTs (in 12 hearts) without RC and 13 sustained VTs (in 9
hearts) with RC exhibiting visible rotors; 38 and 17 DC
shocks were applied without and with RC, respectively. In
the cases of cardioversion failure, the mode of SW modifi-
cation was classified into 3 types: no substantial change,
repining of rotors (see Figure 3A), and transformation from
VT to VF (see Online Supplementary Figure 3A). In the
case of cardioversion success, the mode of SW modification
was classified into 2 forms; unpinning of rotors followed by
collision and extinction (see Figure 3B), and immediate
disappearance of rotors by phase resetting (see Online Sup-
plementary Figure 3B). As shown in Figure 4A, for DC
shocks without RC (control), the major mode of success was
phase resetting at high DC shock intensities (=50 V); trans-
formation from VT to VF often occurred at intermediate
intensities (30 to 40 V), and repining was the major mode of
failure at relatively low intensities (20 to 30 V). For DC
shocks with RC, in contrast, the major mode of success was
unpinning with relatively low intensities (15 to 25 V), and
the major mode of failure was no change. Figure 4B com-
pares the success rate of DC cardioversion with and without
RC. The intensity-response curve with RC was shifted to the
left from that without RC (control) by 17.7 V. Average time
to VT termination tended to be longer in the presence of RC
(1.6 = 1.9 seconds, n = 13) compared with that in the
absence of RC (0.6 *= 1.2 seconds, n = 18), although the
difference remained statistically insignificant (Figure 4C).

Effects of RC on VT/VF induced in 3-D hearts

We examined the effects of RC on the sustained VI/VFs
(>120 seconds) in 6 intact hearts without cryoablation. A
total of 17 sustained VT/VFs were induced. In 8 control
VT/VFs, in which RC was not imposed, all (8 of 8) con-
tinued during the 30-second observation period. Subsequent
application of biphasic DC shocks terminated 3 of 8 VT/
VFs. In 9 VT/VFs, in which RC cardioversion was at-
tempted, 1 of 9 terminated within 30 seconds by RC alonc;
subsequent application of DC shocks in the presence of RC
terminated 7 of 8 VI/VFs. The threshold amplitude for the
DC cardioversion was 56.7 = 5.8 V (n = 3) in the absence
of RC (control), and 31.4 = 8.5V (n = 7) in the presence
of RC (P <.05). Time for cardioversion after DC applica-
tion was 1.3 + 1.7 seconds (n = 3) in the absence of RC and
12.2 = 11.2 seconds (n = 7) in the presence of RC
(P <.05). DC shocks at the maximum voltage (100 V)
failed to terminate 5 of 8 VI/VFs in the absence of RC, but
1 of 8 in the presence of RC. Thus, RC facilitated cardio-
version in 3-D hearts when combined with DC shocks in
association with a certain modification of the mode of re-
entry termination.

Discussion

The major findings in the present study are as follows. First,
rotors induced during RC were initially confined to the RC
region, but were unstable and terminated early by collision
following drift. Second, rotors underlying sustained VTs
were transformed by RC from stationary to nonstationary;
RC terminated approximately 50% of sustained VTs. Third,
the threshold intensity of DC shocks for cardioversion of
sustained VTs was reduced in the presence of RC; the major
mode of rotor termination by DC shocks was changed from
phase resetting to unpinning.

RC destabilizes rotors in favor of their
termination

In the experiments in which VTs were induced during RC
(the first protocol), 98% of the VTs self-terminated within 5
seconds because the rotors were unstable and drifted around
the RC region. This finding, which is essentially concordant
with a previous report by Boersma et al,'® can be explained
by creation of a region of long refractoriness and reduced
conductivity by RC. During constant stimulation, RC pro-
longed the APD and decreased the CV in the RC region,
which explained why the reentrant activity was impaired in
the RC region, and was accompanied by intermittent con-
duction block and long tortuous PS meandering trajectories
in the periphery of the RC region. We have previously
demonstrated that global myocardial cooling (30°C to 33°C)
caused an increase of the maximum APD restitution slope
and a broadening of CV restitution curves compared with
control subjects.’” These changes of the restitution proper-
ties would increase destabilization of the reentry in the RC
region through an enhancement of wavefront-tail interac-
tions.'” Temperature-dependent alterations of electrotonic
effects, short-term memory, and perhaps intracellular Ca>*
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Figure 4  Modification of rotor dynam-
ics by DC shocks applied to sustained VT.
A: Intensity-dependent modification of ro-
tor dynamics by DC shocks in the absence
(control) and presence of RC. In the case
of cardioversion success, the rotor modifi-
cation was either phase resetting (red) or
unpinning of PSs followed by collision and
extinction (orange). When the cardiover-
sion was failed, the rotor modification was
either no substantial change (blue), repin-
ing of PSs (green) or transformation from %
VT to VF (yellow). B: Intensity-response
of the success rate of DC cardioversion
without (control, red) and with RC (blue).
The shock intensity for 50% success was
33.3 V without RC (38 VTs) and 15.5 V
with RC (18 VTs). C: Time required for
VT termination from the instant of shock
application without RC (control, n = 18)
and with RC (n = 13, not significant).
Abbreviations as in Figure 2.
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dynamics might also contribute to rotor destabilization,” but
such factors remain to be elucidated.

Mathematical model analysis of the rotor dynamics has
demonstrated that spatial gradients in refractoriness play
important roles in the stability of the rotation center in the
cardiac muscle with normal excitability.”’~** In a medium
with stepwise heterogeneity, rotors move along the border
separating regions with different refractoriness.2! Our ob-
servation showing enormous PS drift in the periphery of the
RC region is consistent with theoretical prediction.

To assess the potential usefulness of RC for cardiover-
sion, we investigated the effects of RC on sustained VTs
and found that RC terminated approximately 50% of sus-
tained VTs. In the cases of successful cardioversion, the
rotor dynamics changed dramatically from stationary to
nonstationary. The nonstationary rotors shared common
features with those induced after RC application in terms of
long tortuous FBLs confined to the RC region and tremen-
dous drift of rotors leading to their collision and extinction.
The effects of RC on VT perpetuation were reversible upon
removal of RC, suggesting a potential advantage of RC as a
therapeutic procedure. The failure of RC cardioversion was
attributable partly to the topological relationship between
the pre-existing rotor and the RC region; when the rotation
center was outside the RC region, the success rate of car-
dioversion was low. The RC cardioversion also depends on
the size of the cooling area. In our pilot experiments, we
tested the effects of RC to reduce the temperature by ap-
proximately 6°C from the baseline (36°C) in a circular area
of 3 different size (5, 8, and 10 mm in diameter). Sustained

15 20 25 30 40 80  >60
DC-shock intensity (V)

<
1

Control RC

VTs were terminated efficiently (16 of 33 VTs, 48%) by RC
alone only with the largest size tested.

RC reduces the DC shock intensity required for
cardioversion

When RC failed to terminate sustained VTs, we attemp-
ted DC cardioversion in the presence of RC. Those VTs
were likely to be maintained by stationary rotors with PSs
anchored at structural discontinuities. Our experiments
showed that application of relatively low-intensity DC
shocks always created new multiple PSs, resulting from
shock-induced virtual electrode polarization.>* SW reentry
can be induced by a combination of depolarization and
hyperpolarization at a close proximity.?*?

In control subjects (without RC), relatively weak DC
shocks caused displacement of preexisting PSs (unpinning)
and generated new PSs. Eventually such new PSs disap-
peared, but organized stationary SW reentry was resumed
when the survived PSs were anchored again. Another mode
of cardioversion failure was transformation from VT to VF,
which was the result of irregular meandering of multiple,
widely dispersed PSs. The major mode of cardioversion
success in control subjects was immediate PS disappearance
by phase resetting at intensities larger than the upper limit of
vulnerability.?® In contrast, when DC shocks of weak inten-
sities were applied in the presence of RC, unpinning of PSs
was not followed by repining. Instead, PSs drifted along the
periphery of the RC region, eventually colliding and disap-
pearing. Thus, the major mode of cardioversion success in
the presence of RC was unpinning. The threshold shock
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intensity was reduced significantly (by approximately 50%)
from control subjects. Transformation from VT to VF rarely
occurred in the presence of RC. These results suggest that
RC facilitates DC cardioversion by confining and destabi-
lizing rotors in the RC region.

Ripplinger et al'® demonstrated in isolated rabbit right
ventricular preparations that unpinning and destabilization
of rotors leading to VT termination can be induced by weak
DC shocks, provided that shocks are applied at a certain
phase of the VT cycle.'*? A greater reduction of the DC
shock intensity might be possible for cardioversion in com-
bination with RC if the shocks were applied at a restricted
phase. Further experimental studies are required to address
the issue.

Study limitations

We showed facilitation of VT termination by RC in 2-D
ventricular myocardium of rabbit hearts through unpinning
and collision of rotors. We used BDM, which is known to
affect ion channels and intracellular Ca®>* dynamics and to
reduce muscle contraction. However, this does not seem
to invalidate our results, because characteristic modification
of rotor dynamics by RC was preserved in the absence of
BDM (Online Supplementary Figure 5). Extrapolation of
our observations in 2-D tissue preparations to 3-D and
larger hearts is not straightforward. The chance of collision
of rotors with boundaries would be reduced, and wave
breakup would be enhanced in a larger 3-D tissue mass. In
our experiments using intact 3-D rabbit hearts, in fact, RC
alone was not effective for self-termination of sustained
VT/VFs. However, the threshold intensity of DC shocks for
cardioversion was significantly reduced in the presence of
RC, and this was associated with an increase in the time
required for cardioversion after the shock, suggesting alter-
ations in the mode of reentry termination. Accordingly, a
certain benefit of RC favoring low-energy defibrillation is
considered to be preserved in 3-D hearts. Structural discon-
tinuities and functional heterogeneities would alter the re-
quirements for rotor termination. In addition, focal activities
may also play roles in VI/VF.?” To the best of our knowl-
edge, there are no efficient RC devices applicable to clinical
practice, and this is a critical issue to be solved in the future.
Despite these limitations, the present study provides a new
perspective toward the development of low-energy cardio-
version/defibrillation.

Appendix

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.hrthm.2011.
08.013.
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Successful Catheter Ablation of Bidirectional Ventricular
Premature Contractions Triggering Ventricular Fibrillation
in Catecholaminergic Polymorphic Ventricular Tachycardia

With RyR2 Mutation
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Kentaro Yoshida, MD; Yukio Sekiguchi, MD; Nobuyuki Murakoshi, MD; Yoshiaki Kato, MD;
Hitoshi Horigome, MD; Mihoko Kawamura, MD; Minoru Horie, MD; Kazutaka Aonuma, MD

he subject of this report is a 38-year-old woman who

often experienced syncope since childhood. Syncope
occurred >10 times a year and was associated with convul-
sion during exercise and emotionally exciting situations. The
patient’s 13-year-old daughter had also experienced frequent
episodes of syncope and developed ventricular fibrillation
(VF) during treadmill exercise testing that was successfully
defibrillated with electric shock. Witnessing this situation, the
patient also lost consciousness, with documented VF that was
converted to sinus rhythm by cardiopulmonary resuscitation
without electric defibrillation.

Both the patient and her daughter were admitted to our
hospital. We performed echocardiography, coronary angiog-
raphy, and cardiac CT, the results of which revealed no
structural heart disease. Resting 12-lead ECG did not indicate
any abnormalities, including long-QT syndrome or Brugada
syndrome. A signal-averaged ECG revealed no late poten-
tials. Treadmill exercise testing easily induced bigeminal
ventricular premature contractions (VPCs) with a right bun-
dle branch block configuration and inferior axis (Figure 1A),
and the exercise was terminated because of intolerable
symptoms. Catecholamine stress test was started with admin-
istration of continuous intravenous infusion of epinephrine in
a stepwise manner from 0.025 ug/kg per minute.! During
epinephrine infusion at a rate of 0.1 wg/kg per minute,
multifocal VPCs (VPC #1, right bundle branch block config-
uration and superior axis; VPC #2, right bundle branch block
configuration and inferior axis [the same VPC configuration
as that induced during the treadmill exercise testing]; and
VPC #3, left bundle branch block configuration and inferior
axis) appeared, and VPC #1 following VPC #2 subsequently
induced VF (Figure 1B).

Administration of bisoprolol 5 mg QD was given but failed
Lo suppress the exercise-induced bigeminal VPCs with the
same morphology as induced previously. Because frequent
deliveries of shock were believed to be likely, even with
B-blocker treatment, catheter ablation was offered to the
patient before implantable cardioverter-defibrillator (ICD)
implantation. Catheter mapping and ablation for the bidirec-
tional VPCs were performed with a 3D electroanatomic
mapping system (CARTO; Biosense Webster) and a 3.5-mm-
tip irrigation catheter (NaviStar; Thermo Cool) with only
local anesthesia. No VPCs, ventricular tachycardia (VT), or
VF were inducible with burst pacing and programmed stim-
ulation from both right ventricular apex and right outflow
tract during baseline and continuous intravenous infusion of
isoproterenol.

With epinephrine infusion at a rate of 0.1 ug/kg per
minute, VPC #1 and VPC #2 appeared. VPC #1 was
nonsustained, and a presystolic Purkinje potential was rec-
orded at the left ventricular inferoseptal area near the pos-
teromedial papillary muscle, which preceded the onset of
VPC #1 by 18 ms. The unipolar electrogram {rom the ablation
catheter during VPC #1 showed a QS pattern, and a perfect
maich of the QRS configuration was obtained by pace
mapping (Figure 2). Radiofrequency energy application to
this site provoked some ventricular acceleration beats, and
several radiofrequency energy applications around the target
site finally eliminated all the VPCs, resulting in complete
suppression of all VPC #1.

After the ablation of VPC #1, isolated occurrences of VPC
#2 continued, and a local bipolar electrogram recorded on the
left coronary cusp showed discrete prepotential that preceded
the onset of VPC #2 by 65 ms. and a perfect match of the
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QRS configuration was obtained by pace mapping (Figure 3).
Radiofrequency energy application to the left coronary cusp
abolished VPC #2 4 s after the onset of radiofrequency energy
application. After successful catheter ablation of bidirectional
VPCs, neither VPCs nor VF were inducible, even with an
infusion of epinephrine of up to 1.2 pg/kg per minute (a >10
times higher dose than provocation). Precise ablation sites in
a 3D electroanatomic mapping merged with contrast-
enhanced CT are shown in Figure 4.

ICD implantation was performed, and the patient was
discharged from the hospital on bisoprolol 2.5 mg QD. Serial
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Figure 1. A, Twelve-lead ECG recording
during treadmill exercise testing. Bigemi-
nal ventricular premature contractions
(VPCs) appeared during the second
stage of the Bruce protocol. VPC mor-
phology represented a right bundle
branch block configuration and inferior
axis. Because the patient experienced
intolerable symptoms, the test was dis-
continued. B, Epinephrine stress test.
Continuous intravenous infusion of epi-
nephrine was started from a rate of
0.025 pg/kg per minute, and the QT
interval did not changed. At a rate of 0.1
ug/kg per minute, VPC #1 (right bundle
N branch block configuration and superior

axis), VPC #2 (right bundle branch block

{ configuration and inferior axis, same as

that induced in the treadmill exercise
testing), and VPC #3 (left bundle branch
block configuration and inferior axis)
were induced. Subsequently, VPC #1
following VPC #2 suddenly induced ven-
tricular fibrillation, which was success-
fully terminated with electric shock.

1000ms

Holter ECGs after the ablation showed only 3 to 5 isolated
VPCs with a different morphology from the previously
observed VPCs, and treadmill exercise testing induced no
VPCs at the maximal workload. During 16-month follow-up,
neither episodes of syncope nor ICD therapy occurred.
Genetic analysis revealed a mutation in the ryanodine recep-
tor gene (RyR2), and a diagnosis of catecholaminergic poly-
morphic VT (CPVT) was confirmed (Figure 5).> The pa-
tient’s daughter was also given a diagnosis of CPVT with
same mutation in RyR2 and had catheter ablation for the
origins of bidirectional VT. Although she refused ICD

VPC #1 : LV inferior septum origin
VPC SR

Figure 2. Activation mapping and pace
mapping for VPC #1. A Purkinje potential
was recorded from the left ventricular
inferoseptum and preceded the QRS
onset by 18 ms. The unipolar electro-
gram recorded from the distal electrode
showed a QS pattern. Perfect pace
mapping was obtained at this site. ABL
indicates ablation catheter; CS, coronary
sinus; His, His bundle; LAO, left anterior
oblique; RAOQ, right anterior oblique;
RVa, right ventricular apex; SR, sinus
rhythm; VPG, ventricular premature
contraction.

_ >~
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VPC #2 : LCC origin
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implantation, she had not experienced any episode of VT or
syncope with B-blocker treatment.

The generally accepted therapy for CPVT has been
B-blockers,? and the additional administration of flecainide or
verapamil to B-blockers has been reported to be effective;
however, the effects of those drugs are not fully standardized.
For medically refractory cases, sympathetic denervation is
one of the alternative treatment options. The ICD is consid-
ered the definitive therapy for the prevention of sudden
cardiac death; however, failure to prevent sudden cardiac
death has been reported in several cases because 1CD shock
delivery might lead to catecholamine release, resulting in an
electric storm.* This concern prompted the decision to at-
tempt catheter ablation of VPCs triggering VF. Although
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Figure 3. Activation mapping and pace
mapping for VPC #2. A local bipolar
electrogram recorded from the LCC
showed a discrete prepotential that pre-
ceded the QRS onset by 65 ms associ-
ated with a QS pattern of unipolar elec-
trogram. Perfect pace mapping was
obtained at this site. ABL indicates abla-
tion catheter; CS, coronary sinus; His,
His bundle; LAO, left anterior oblique;
LCC, left coronary cusp; RAO, right
anterior oblique; RVa, right ventricular
apex; SR, sinus rhythm; VPC, ventricular
premature contraction.

delayed potential

several reports have described successful catheter ablation of
VPCs triggering VF in some patients with structurally normal
hearts, such as those with Brugada syndrome, long-QT
syndrome, and idiopathic VF, successful catheter ablation of
VPCs triggering VF in CPVT has not been reported. Cerrone
and colleagues® reported that the mechanism of CPVT was
due to the delayed afterdepolarization-induced triggered ac-
tivity in a focal Purkinje network in a knock-in (RyR2)
mouse. However, whether the Purkinje system is related to
the mechanism of VF in CPVT or just trigger origin is still
unknown.

To our knowledge, this is the first report of successful
catheter ablation of the bidirectional VPCs that trigger VF,
and this procedure could become one of the adjunctive

Figure 4. Electroanatomic mapping

LCC merged with contrast-enhanced CT. Red
tags indicate the ABL sites. Blue tags
indicate the sites with perfect pace map-
ping, and yellow tags indicate the sites
with Purkinje potentials during sinus
rhythm. The sites with perfect pace
mapping and the earliest activation for
VPC #1 were localized in the inferoseptal
site adjacent to the base of the postero-
medial papillary muscle (red arrow). Suc-
cessful ablation site of VPC #2 was on
the left coronary cusp (blue arrow). ABL
indicates ablation; LAO, left anterior
oblique; LCC, left coronary cusp; NCC,
noncoronary cusp; RAO, right anterior
oblique; RCC, right coronary cusp; VPC,
ventricular premature contraction.

anterolateral
papillary muscle

VPC#1 ABL site
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The patient:
RyR2 gene mutation +
1259 G>A (R420Q)
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Figure 5. Results of genetic analysis. A

mutation in the ryanodine receptor gene
(RyR2) was detected in both the patient
and her daughter. The mutation was not
detected in the patient’s sister.
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therapies in patients with CPVT. To clarify the effectiveness
and safety of this procedure, more cases and longer-term
observation are mandatory.

Disclosures
None.
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Clinical and electrocardiographic characteristics of patients with
short QT interval in a large hospital-based population
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BACKGROUND Short QT syndrome is one of the underlying disor-
ders associated with ventricular fibrillation. However, the precise
prognostic implication of a short QT interval remains unclear.

OBJECTIVE The purpose of this study was to investigate the
prevalence and long-term prognosis in patients with a shorter-
than-normal QT interval in a large hospital-based population.

METHODS We chose patients with a short Bazett QTc interval from
a database consisting of 114,334 patients to determine the clin-
ical characteristics and prognostic value of & short QT interval.

RESULTS A total of 427 patients (mean age 43.4 = 22.4 years)
had a short QT interval with about a 1.2 times higher male
predominance (234 men). The QTc interval was significantly longer
in female than in male patients (363.8 + 6.1 ms vs 357.1 * 5.8
ms, P <.0001). The age-specific prevalence of patients with short
QT interval was biphasic, peaking at young and old age. Atrial
fibrillation and early repolarization were complicated with short QT
interval in 39 (9.1%) and 26 (6.1%) patients, respectively. The
prognosis of 327 patients (182 men; mean age, 46.4 == 27.3 years)

with a short QT interval could be assessed (mean follow-up period,
54.0 * 62.0 months). During the follow-up, 2 patients, 1 of whom
had early repolarization, developed life-threatening events, in
contrast to 6 patients who died of noncardiac causes and did not
have early repolarization.

CONCLUSION The prevalence of a short QT interval showed a
slight male preponderance and biphasic age-dependent distribu-
tion in both genders. The complication rate of atrial fibrillation
was higher in those with a short QT interval than in general
populations. The long-term outcome suggested that early repolar-
ization in a short QT interval might be associated with potential
risk of lethal arrhythmia.

KEYWORDS Electrocardiography; QT interval; Prevalence; Progno-
sis; Repolarization

ABBREVIATIONS AF = atrial fibrillation; CI = confidence inter-
val; ECG = electrocardiogram

(Heart Rhythm 2012;9:66-74) © 2012 Heart Rhythm Society. All
rights reserved.

Introduction

The QT interval is an invaluable prognostic marker for
evaluating whether ventricular arrhythmia occurs.'™ Long
QT syndrome is characterized by ventricular cells that fail
lo repolarize sufficiently quickly. On the other hand, short
QT syndrome manifests an extremely abbreviated QT in-
terval.*® Genetic mutations underlie both syndromes, in
which sudden cardiac death occurs.®’ It was reported that
short QT syndrome complicated other electrocardiogram
(ECG) abnormalities, such as atrial fibrillation (AF)* and
early repolarization.® Although close attention must be paid

Address reprint req and corresp e: Dr. Hideki Hayashi,
Department of Cardiovascular and Respiratory Medicine, Shiga University
of Medical Science, Otsu, Shiga 520-2192, Japan. E-mail address:
hayashih@belle.shiga-med.ac.jp.

1547-5271/$ -see front matter © 2012 Heart Rhythm Society. All rights reserved.

to short QT interval, there may be overlap between normal
QT interval and abnormally short QT interval.® In addition,
the prognostic value of short QT syndrome in relation to AF
or early repolarization is yet to be determined.

In our university hospital, more than 350,000 ECGs
obtained from more than 110,000 patients are available for
digital analysis. Using this large hospital-based population,
we aimed: (1) to determine the distribution of the QT
interval in the entire population, (2) to determine the clinical
and ECG characteristics in individuals with short QT inter-
val, and (3) to investigate the prognostic value of short QT
interval.

Methods

The research protocol was approved by the Ethical Com-
mittee of Shiga University of Medical Science.

doi:10.1016/j.hrthm.2011.08.016
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Database

We analyzed resting 12-lead ECGs recorded in the univer-
sity hospital of Shiga University of Medical Science. The
114,334 consecutive patients (55,091 female and 59,243
male patients) who had undergone ECG recordings between
January 1983 and July 2010 were enrolled in the present
study. A total number of 359,737 ECG recordings were
obtained during this period. The 12-lead ECG was recorded
for 10 seconds at a sweep speed of 25 mm/s, calibrated to 1
mV/cm in the standard leads. Twelve leads were simulta-
neously acquired. The ECG signals were recorded with a
temporal sampling interval of 2 ms (i.c., 500 Hz). Digital
data were stored in a server computer with 12-bit resolution.

Digital analysis of ECG

MUSET7.1 (GE Marquette Medical Systems, Inc., Milwau-
kee, Wisconsin) detected an identical P wave and QRS
complex with a template matching technique. When AF
(defined as irregular RR intervals with fibrillatory waves)
was present, only QRS complex was identified by template-
matching technique. ECG variables measured were com-
posed by the averaged value during a 10-second recording
time. QT interval was measured from the earliest detection
of depolarization in any lead (QRS onset) to the latest
detection of repolarization in any lead (T wave offset). T
wave offset was determined by the time when 98% of the
integrated area of T wave was over, which corresponded to
a point where the T wave downsloping limb nearly joined
the baseline. U wave was excluded. The QTc interval was
calculated after correction for heart rate with the Bazett
formula. Early repolarization was defined as an elevation at
the junction between QRS complex and ST-segment =0.1
mV from baseline level in at least 2 leads. ST-segment
elevation should be present in at least 2 consecutive beats to
identify early repolarization. ECG recordings of a mean
heart rate <<50 or >100 beats/min were excluded from the
analysis in the first analysis, and then the prevalence of short
QT interval in patients with sinus bradycardia <50 beats/
min was additionally investigated. ECGs with ventricular
pacing were also excluded. Because all measurements of
12-lead ECG were digitally performed by virtue of soft-
ware, neither intraobserver nor interobserver variability oc-
curred in this study. To determine whether the automatic
measure of QT interval correlates with the manual measure
of QT interval, 1,000 ECGs were randomly selected, and
then we compared the automatic and manual measure of the
QT interval. The manual measure of the QT interval was
performed by a standard tangential method in lead V5. The
manual QT interval measurement was obtained by averag-
ing the QT interval of 3 consecutive beats.

Data analysis

First, we constructed histograms according to QTc interval.
QTc interval divided by 5 ms and the number of ECGs or
patients used for frequency density were shown on the
abscissa and the ordinate, respectively. Second, the preva-
lence of patients with a short QTc interval in association

with age and gender was determined. Third, clinical and
ECG characteristics of patients with a short QTc interval
were determined. The prevalence of AF and early repolar-
ization complicated by short QT interval was determined.
Fourth, the prognostic valuc of a short QTc interval was
assessed. Long-term outcome was determined by assessing
whether sudden cardiac death, life-threatening ventricular
arrhythmia, or any cause of death occurred. Patients were
considered to have died suddenly if death was observed and
had occurred within 1 hour after new or more serious
complaints of probable cardiovascular cause. Life-threaten-
ing ventricular arrhythmia was determined by documented
ECG. We reviewed the medical records of patients with
short QT interval to evaluate their physical health status. In
patients whose medical records were not available to deter-
mine prognosis, we gathered information on health status by
a postal questionnaire. We performed gene analysis (see
Supplementary Materials) in patients who developed life-
threatening events with short QT interval.

Statistical analysis

The data are presented as mean *+ SD. A comparison be-
tween 2 groups was performed with the Student # test or the
nonparametric Mann-Whitney U test, as appropriate. Cate-
gorical variables were compared with x* test. Kolmogorov-
Smirnov test was performed to determine whether QTc
interval distribution fit to a normal distribution. All tests
were 2-tailed, and a value of P <.05 was considered statis-
tically significant.

Results

In the database, there were 11,416 and 21,450 ECGs with
heart rate of <50 and >100 beats/min, respectively. We
excluded these ECGs from this study, thus 301,345 ECGs
derived from 105,824 patients (56.0% men; mean age,
52.6 = 20.7 years) were included for the analysis of this
study. The autonomic QT interval mecasure was a little but
significantly longer than the manual QT interval measure
(421.8 = 23.2 ms vs 418.0 £ 24.5 ms, P <.0001).

The mean difference between the manual and automatic
QT interval measure was 3.8 ms (median 3.7 ms), and there
was a significant linear correlation (r = 0.95, P <.00001)
between the manual and autonomic measure of QT interval
(Supplementary Figure 1), indicating the accuracy of the
computer-assessed measure of QT interval.

Prevalence of QT interval

Figure 1 shows the distribution of the QTc intervals of total,
male, and female patients. The histograms that were con-
structed as a function of the number of ECGs are shown in
the upper row of Figure 1. The mean QTc interval was
421.4 = 25.7 ms (95% confidence interval [CI] 382 to 482
ms, range 329 to 693 ms) in total patients; 418.9 * 25.7 ms
(95% CI 380 to 480 ms, range 331 to 693 ms) in male
patients; and 424.7 *= 253 ms (95% CI 387 to 483 ms,
range 329 to 687 ms) in female patients. The QTc interval
was significantly (P <.0001) longer in female patients than
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Figure 1 Distribution of Bazett QTc interval according to the number of patients (upper row) and the number of ECGs (lower row). Histograms of total,

male, and female patients in this study population are displayed in panels A and D, B and E, and C and F, respectively.

in male patients. The QTc interval distributions did not fit a
normal distribution curve (P <.01 for each) because the
distributions were asymmetrical and right skewed. The his-
tograms of QTc interval that were generated as a function of
the number of patients are shown in the lower row of Figure
1. Similarly, the histograms of the QTc interval were right-
skewed, which failed to fit to a normal distribution (P <.01
for each). The mode of QTc interval was 401 to 405 ms
(range 329 10 693 ms), 401 to 405 ms (range 331 to 693 ms),
and 406 to 410 ms (range 329 to 687 ms) in total, male, and
female patients, respectively. Table 1 shows the lowest
percentiles of QTc interval. The QTc interval at the
lowest 2.5 percentile was longer than the lower limit of
normal QTc interval previously reported.® The QTc in-
terval'®! at the lowest 0.15 percentile was similar to the
lower border of QTc interval. We therefore adopted a
definition of short QT on the basis of previous studies,
the cutoff value matching the 0.15 percentile of our
whole population (234 male patients with QTc interval
=362 ms, 193 female patients with QTc interval <369
ms). Furthermore, we divided the short QT population
into percentiles and selected the 2.5 percentile of the
short QT population as the very short QT (Table 2).

Clinical characteristics of short QT interval

Four hundred twenty-seven patients with short QT interval
were chosen for the analysis according to the abovemen-
tioned rationale. The prevalence of patients with a short QT
interval was about 1.2 times higher in male patients (N =
234) than in female patients (N = 193). The mean age was
not different between male and female patients (41.9 *+ 21.5
years vs 45.2 *= 23.4 years). Table 3 shows clinical char-
acteristics of the patients with short and very short QTc
intervals. The mean age was not different between short and

Table 1 The lowest percentiles of Bazett QTc interval for this
study population

Bazett QTc interval (ms)

Percentile Male Female
2.5 380.0 387.0
2.0 378.0 386.0
1.0 373.0 381.0
0.5 369.0 376.0
0.15 362.0 369.0
0.1 361.0 367.0
0.0 331.0 329.0




