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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 VI/VF were examined in
3-dimensional (3-D) ventricles without cryoablation. Sus-
tained VI/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 termination 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 monomorphic 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.
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Figure 2 Termination of sustained VT by RC. A: Bipolar electrogram (top) and 4-ms isochrone map (middle) of sustained VT (>120 seconds) before RC
application. Bottom, 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 significantly less with RC (22.8 = 4.1 V, n = 16) than that
When the sustained VTs did not terminate during the 30- without RC (40.5 = 17.6 V., n = 21, P <.05).

second observation period, DC cardioversion was at- The mode of rotor modification and termination by DC
tempted. DC shocks of 15 to 80 V were applied to 21 shocks with and without RC was also different. Represen-
sustained VTs in the absence of RC (in 12 hearts) and 16 tative experiments are shown in Figure 3. Figure 3A is the
sustained VTs in presence of RC (in 9 hearts) to evaluate the consequence of a 25-V shock that failed to terminate the
threshold DC shock intensity for cardioversion. The thresh- reentrant activity in the absence of RC. A single clockwise
old DC shock intensity required for VT termination was 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 -3 plotied

ou 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 VI/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 alone;
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 = 8.5 V (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
122 *= 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®t
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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 155V
with RC (18 VTs). C: Time required for
VT termination from the instant of shock
application without RC (control, n = [8)
and with RC (n = [3. 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.”' 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

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.26 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 signiticantly (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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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 pg/kg per minute.! During
epinephrine infusion at a rate of 0.1 pg/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
to 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 from the ablation
catheter during VPC #1 showed a QS pattern, and a perfect
match 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.
1000ms 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
ng/kg per minute, VPC #1 (right bundle
branch block configuration and superior
axis), VPC #2 (right bundie branch block
configuration and inferior axis, same as
that induced in the treadmill exercise
7 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.

1 OOOms

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
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Figure 2. Activation mapping and pace
mapping for VPC #1. A Purkinje potential
i 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
j oblique; RAO, right anterior oblique;

/ E RVa, right ventricular apex; SR, sinus
rhythm; VPC, ventricular premature
contraction.
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implantation, she had not experienced any episode of VT or
syncope with S-blocker treatment.

The generally accepted therapy for CPVT has been
[3-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 ICD 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-

t
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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
NCC mapping and the earliest activation for
VPC #1 were localized in the inferoseptal

v 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

< VPCH#1 ABL site
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The daughter:
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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.

Sister of the patient:
No mutation

therapies in patients with CPVT. To clarify the effectiveness
and safety of this procedure, more cases and longer-term
observation are mandatory.
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Clinical and electrocardiographic characteristics of patients with
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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 a 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
to 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 requests and correspondence: 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.e., 500 Hz). Digital
data were stored in a server computer with 12-bit resolution.

Digital analysis of ECG

MUSE7.1 (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.
QTec 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 value 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 measure 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 * 25.3 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 to 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
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Table 2  The percentiles for patients with short QT interval
Bazett QTc interval (ms)
Percentile Male Female
100 362.0 369.0
99.5 362.0 369.0
97.5 362.0 369.0
90 362.0 369.0
75 361.0 368.0
50 359.0 366.0
25 355.0 362.0
10 349.0 355.4
2.5 340.6 345.9
0.5 331.2 329.0
0.0 331.0 329.0

very short QT intervals in both genders. There was a 1.8-
fold male predominance in patients with very short QT
interval. There are various underlying diseases, in which
rate did not differ between short and very short QTc inter-
vals in both genders. Figure 2 shows the age-specific prev-
alence of total, male, and female patients with short QT
interval. The histograms generated according to the number
of patients are shown in the upper row of Figure 2. The
prevalence was biphasic in each group, with a higher prev-
alence in young and old adults and with a lower prevalence
in middle-aged individuals. The prevalence showed compa-
rable distribution when histograms were generated accord-
ing to a ratio of patients with short QT interval to total
patients in each decade (the lower row in Figure 2).

ECG characteristics of short QT interval

Table 4 lists ECG characteristics. There was no significant
difference in various ECG variables between patients with
short and very short QT intervals. AF was present in 23 of
234 (9.8%) male and 16 of 193 (8.3%) female patients (P =
NS). The prevalence of AF did not differ significantly be-

tween patients with short and very short QT intervals in
both genders. The prevalence of early repolarization was
significantly (P = .0001) higher in 23 of 234 (9.8%) male
than in 3 of 193 (1.6%) female patients, but was not signif-
icantly different between patients with short and very short
QT intervals in both genders. In these patients, 11 (42.3%)
exhibited early repolarization in anterior leads (V1-4);
9 (34.6%) patients in inferolateral leads (II, III, aVF, V5, 6);
and 5 (19.2%) patients in anteroinferior leads (V1-4, II, I1I,
aVF).

Long-term outcome

Long-term prognosis was assessed in 327 of 427 (77%)
patients (182 men; mean age, 46.4 = 22.3 years) with short
QT interval. The mean follow-up period was 54.0 = 62.0
months (range 1.1 to 299.8 months). In patients whose
prognosis was evaluated, QT interval was 360.3 = 24.8 ms
and QTc interval was 359.8 = 7.1 ms. During the follow-up
period, 2 male patients developed life-threatening events.
One patient was a 22-year-old man who exhibited early
repolarization. This patient was admitted to our hospital
because he suffered from syncope when drinking in 1989.
There was nephritic syndrome in his past medical history,
but no family history of cardiac disorders or sudden unex-
plained death. On admission, 12-lead ECG exhibited early
repolarization in ECG leads corresponding to the inferolat-
eral wall of the left ventricle (Figure 3). This patient re-
vealed no evidence of abnormality of cardiac function and
morphology by transthoracic echocardiography. Coronary
angiography failed to find morphological abnormality, and
coronary spasm was not induced by ergonovine injection.
However, ventricular fibrillation occurred when the ECG
recording was taken after hyperventilation. Because sinus
bradycardia preceded the occurrence of ventricular fibrilla-
tion, orciprenaline sulfate (30 mg/day) was administered.
Seven years later, the patient experienced a storm of ven-

Table 3  Clinical characteristics in patients with short and very short QT intervals

Male Female

Very short (<355  Short (356 to 362 Very short (=360  Short (361 to 369

ms, N = 65) ms, N = 169) Pvalue ms, N = 36) ms, N = 157) P value
Age (yrs) 43.6 + 23.4 41.2 + 20.8 46 46.3 + 24.9 45.0 = 23.1 77
Hypertension (N, %) 13, 20.0 31, 23.9 54 10, 27.8 27, 26.7 .90
Angina (N, %) 6, 9.2 15, 11.5 .62 1, 2.8 12, 11.9 .08
Myocardial infarction (N, %) 4, 6.2 3,23 19 2,5.6 1, 1.0 14
Valvular disease (N, %) 2,31 8, 6.2 .34 3,83 7,69 .78
Heart failure (N, %) 12, 18.5 22, 16.9 .79 6, 16.7 18, 17.8 .88
Arrhythmia (N, %) 19, 29.2 25, 19.2 12 7,19.4 15, 14.9 .53
Diabetes (N, %) 8,12.3 23,17.7 .32 4, 11.1 15, 14.9 .57
Dyslipidemia (N, %) 7,10.8 22, 16.9 .24 6, 16.7 18, 17.8 .88
Follow-up (months) 42.1 = 47.3 54.0 = 64.6 .20 49.3 = 65.7 49.7 £ 62.7 .98
Death (N, %) 3, 4.6 3,18 .24 0,0 0,0 —
Ventricular fibrillation (N, %) 1, 4.2 0,0 — 0,0 0,0 —

Arrhythmia involves patients with various types of rhythm disorders, except for patients who exhibited AF when the ECG was taken. Surgery indicates
patients who underwent ECG recording before surgical procedure. Others includes patients who suffered various internal diseases or who were suspected to

have a cardiovascular disease.
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Age-specific prevalence of patients with short QT interval in decades according to the number of patients (upper row) and a ratio of patients to

the total population of this study (lower row). Histograms of total, male, and female patients are displayed in panels A and D. B and E, and C and F,

respectively.

tricular fibrillation (5 repetitive attacks per day) that oc-
curred when bradycardia occurred (Figure 3B). A ventric-
ular pacing lead was emergently introduced into the right
ventricle to maintain rapid heart rate. Subsequently, a per-
manent pacemaker was implanted (DDDR mode, 80 beats/
min). Six years after the storm, ventricular fibrillation re-
curred during a routine pacemaker check. Ventricular
fibrillation repeatedly initiated after bradycardia because of

threshold margin check. The patient received an implant-
able cardioverter-defibrillator with atrioventricular sequen-
tial pacing applied at a rate of 85 beats/min. Another 54-
year-old man developed repetitive syncopal episodes with
urinary incontinence in 2001 when sleeping. This patient
did not exhibit early repolarization (Figure 4). He did not
have a family history of cardiac disorders or sudden unex-
plained death. This patient revealed no evidence of abnor-

Table 4  ECG characteristics in patients with short and very short QT intervals

Male Female

Very short (=355  Short (356 to 362 Very short (=360  Short (361 to 369

ms, N = 65) ms, N = 169) Pvalue ms, N = 36) ms, N = 157) P value
Heart rate (beats/min) 58.7 = 8.3 60.3 = 8.5 .20 60.6 £ 8.5 63.3 = 9.8 13
P wave axis (degree) 492 * 375 47.8 = 25.3 77 47.7 + 29.4 38.8 * 28.5 12
PQ interval (ms) 165.4 *= 37.2 163.4 * 36.9 .75 161.7 * 46.6 156.3 = 39.0 .50
QRS complex duration (ms) 92.6 * 8.4 92.3 = 10.0 .82 87.5 179 85.9 * 8.4 .30
R wave axis (degree) 49.3 = 32.8 57.3 = 27.1 .060 50.6 = 31.7 53.4 = 26.4 .58
QT interval (ms) 357.4 * 23.7 362.6 = 22.9 12 355.4 = 25.0 360.2 = 25.8 31
T wave axis (degree) 46.8 = 48.5 48.0 = 34.9 .83 43.2 * 45.4 48.0 = 56.7 .64
Atrial fibrillation (N, %) 10, 15.4 13, 7.7 .089 1, 2.8 15, 9.6 14
Early repolarization (N, %) 3, 4.6 20, 11.8 .076 1, 2.8 2,13 54
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A: Twelve-lead ECG of a 22-year-old male patient who developed ventricular fibrillation. Mean heart rate is 50 beats/min; mean QT interval,
. 332 ms. Early repolarization is present in leads 1, Il aVF, and V3-6. *Nonconducting P wave due to Wenckebach

atrioventricular block. B: Monitored ECG showing occurrence of ventricular fibrillation. *A short-coupled ventricular premature contraction initiated

ventricular fibritlation that lasted for >1 minute and then self-terminated.

mality of cardiac function and morphology by transthoracic
echocardiography and coronary angiography. His ECG
showed Brugada-type ECG after intravenous administration
of pilsicainide (Figure 4B). The ST-segment elevation in
right precordial leads was accepted as sign of Brugada
syndrome in the context of a clinical history, suggesting
malignant syncope in this patient. To secure this patient
from sudden death, an implantable cardioverter-defibrillator
was implanted. These 2 patients did not have gene abnor-
malities, including KCNQI, KCNH2, and SCN5A. In addi-
tion, we confirmed 6 deceased patients: 2 patients died of
pneumonia at 70 and 72 years of age; 1 patient, congestive
heart failure at 74 years of age; 1 patient, pancreatic cancer
at 70 years of age; 1 patient, colon cancer at 74 years of age;
and 1 patient, an unknown cause at 79 years of age. These
6 patients did not have early repolarization. AF was present
in 1 patient who died of pneumonia.

Discussion

In the present study, we demonstrated detailed characteris-
tics of patients with short'°™'* QT interval in a large hos-
pital-based population. Consistent with previous reports,
patients with short QT interval were rare and had a male
preponderance. The age-specific prevalence of patients with
short QT interval showed a biphasic distribution with a
relatively low prevalence in middle-aged patients. Long-

term prognostic assessment revealed that 2 male patients
with short QT interval suffered from life-threatening events
in this study population.

Characteristics of short QT interval

The present study disclosed distinct characteristics regard-
ing patients with short QT interval. The gender difference in
the prevalence of short QT interval that was manifested in
this study is presumably due to sex-specific biology, includ-
ing hormone, membrane ion channel availability, and intra-
cellular signal transduction. A male predominance of pa-
tients with short QT interval shown in this study is similar
to the fact that QT interval is generally longer in female'*~'>
than in male patients. Of interest, the pattern of prevalence
of patients with short QT interval exhibited inhomogeneous
distribution with 2 peaks at young and old ages in both
genders. Although we do not know the mechanism by which
this age-dependent distribution had 2 peculiar peaks in pa-
tients with short QT interval, one can speculate that the
underlying mechanism of short QT interval may be different
between young and aged patients because health condition
is apparently diverse between them. Further investigations
will be needed to explore the mechanism underlying the
gender difference and age-specific distribution. Contrary to
a previous report,'' the prevalence of short QT interval in
patients with heart rate of <50 beats/min (male, 2.4%;
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Figure 4  A: Twelve-lead ECG of a 54-year-old male patient who developed syncope repeatedly. Mean heart rate is 51 beats/min: mean QT interval, 386
ms; and mean QTc interval, 355 ms. Early repolarization is absent. B: ST-segment elevation in right precordial leads by intravenous administration of

pilsicainide.

female, 1.6%) was comparable to that in total patients in this
study. This is probably due to differential study populations;
specifically, the present study population includes only hos-
pital-based patients, and it is therefore possible that many of
the patients with slow heart rate were receiving medications
that prolonged their QT interval. In contrast, Kobza et al''
reported on healthy army recruits. We investigated 2 ECG
complications of short QT interval: AF and early*-'¢!
repolarization. It was reported that AF occurred in patients
with short QT syndrome. In this study, the complication rate
of AF was much higher compared with the prevalence of
AF in the general population of Japan'® and in total patients
in this study (male, 4.1%; female, 1.9%), suggesting atrial
involvement of abbreviated action potential with sharing the
same mechanism as is present in the ventricle. Early repo-
larization was usually present in 1% to 5%'®*° of general
populations, which was regarded as benign. The prevalence
of early'®?° repolarization of this study was a little higher
than that of those studies and that of the total population of
this study (3.9%), but was lower than that of short QT
syndrome.® To date, Haissaguerre et al*' reported malignant
early repolarization syndrome. In addition, Kamakura et

al*? found that early repolarization was associated with poor
outcome in patients with Brugada-type ECG. In these re-
ports, early repolarization was present in inferolateral leads.
In contrast, our patient had early repolarization most fre-
quently in anterior leads. Thus, the location of early repo-
larization may matter in terms of occurrence of life-threat-
ening events.

Short QT interval and short QT syndrome

There may be overlap between the QTc intervals of patients
with and without inherited short QT syndrome.” The syn-
drome characterized by extremely abbreviated QT>*** in-
terval causes sudden cardiac death. Gene mutation that
causes a gain of function in the K* channel is attributed to
this shortening in this syndrome, suggesting that a specific
family>'®*> member is affected with this disorder. In gen-
eral, the QTc interval was <300 ms*>2627 in subjects with
short QT syndrome. In contrast, Antzelevitch et al reported
Brugada-type ST-segment elevation in probands whose QT
interval was approximately 360 ms. In their cases, gene
mutation encoding L-type calcium channel was detected,
and those subjects died suddenly. Recently, a mutation of
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KCNJ8 was identitied in patients with idiopathic ventricular
fibrillation and early repolarization, which might be attrib-
uted to sudden death.?® A new mutation in calcium channel
regarding congenital short QT syndrome type 6 was re-
ported.?® A proband of this mutation had a short QT interval
of 329 ms; however, a genotype-positive grandmother had a
normal QT interval of 432 ms, although she had myocardial
infarction. This study suggests that a phenotypical QT in-
terval might be modified by myocardial necrosis in this
syndrome, giving rise to normalization. Thus, one has to
consider lack of genotype-phenotype correlation in short
QT syndrome. However, genetic mutation was not detected
in 2 patients who experienced life-threatening events in this
study. Therefore, further investigations of gene analysis are
needed in these patients.

Arrhythmogenesis in short QT interval
Gallagher et al'? reported that a QTc interval of =330 ms
was extremely rare in healthy subjects and did not bear a
significant risk of sudden death. However, in our hospital-
based population, 2 patients with short QTc interval devel-
oped life-threatening events. An experimental study that
dealt with an association of early repolarization with ven-
tricular fibrillation showed that modulating factors ampli-
fied transmural electrical heterogeneity that caused early
repolarization to generate reentry.”® In this study, 1 patient
who experienced bradycardia-dependent occurrence of ven-
tricular fibrillation presented J wave. This finding suggests
manifestation of transmural electrical gradient during slow
heart rate,>°>? which is consistent with previous reports.
Another patient who exhibited Brugada-type ECG after the
administration of sodium channel blocker suggests that a
mechanism underlying life-threatening events in short QT
syndrome may be similar to a mechanism accounting for
ventricular fibrillation in Brugada syndrome. In clinical
practice, it is difficult to diagnose short QT syndrome unless
a subject is symptomatic. Indeed, 2 patients who had devel-
oped life-threatening events in this study were found to have
a short QT interval afterward. This finding indicates inci-
dental discovery of short QT syndrome.

Study limitations

First, patients enrolled in this study were derived from a
hospital-based population, indicating that our data do not
properly apply to a general population. Because our data
were based on the hospital population, patients who had
organic heart diseases or took drugs with QT-prolonging
effects were involved. We could not search medication uses
thoroughly, as Ramirez et al>* did. In addition, patients with
bundle branch block or pre-excitation syndrome were not
excluded from the analysis. The QT interval was longer
when computer-assisted measure was performed as com-
pared with manual measure of QT interval in lead V5. These
underlie the right-skewed distributions of QTc interval. The
fact that we included patients with medications probably
had a limited effect on the number of patients with very
short QT because medications (and conditions such as bun-

dle branch block) tend to prolong the QT, not to shorten it.
Second, we could assess the prognosis of 327 patients
(77%) with short QT interval. However, the long-term out-
come was not thoroughly investigated and the follow-up
period was not long enough. Further assessment is neces-
sary to clarify the prognosis of patients with short QT
interval. Third, it must be considered how to correct QT
interval. Correlation of QT interval by the Bazeit formula
has a tendency to overestimate or underestimate QT interval
when heart rate is particularly fast or slow, respectively. We
first set the heart rate to ranging from 50 to 100 beats/min
not to include overestimation and underestimation of QT
interval by the Bazett formula. Even in an additional anal-
ysis in patients with heart rate <50 beats/min, the preva-
lence of short QT interval was similar to that in the first
analysis. This might be attributed to our hospital-based
population.

Conclusion

Until now, there have been mounting reports of short QT
syndrome. Nevertheless, ECG features of prognostic signif-
icance are still lacking. This study proposed that early re-
polarization concomitant with short QT interval indicates a
potential for sudden cardiac death. The complication rate of
AF and early repolarization was higher in patients with
short QT interval than in a general population and total
patients of this study. Although our database contains a
huge number of ECGs, we could assess a rather small group
of patients with short QT interval. This implies that multi-
center clinical research will be required to further determine
the prognostic value of short QT interval. Despite the small
number of patients enrolled in this study, the findings could
shed light on the prognostic value of early repolarization in
patients with short QT interval.
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Reciprocal Control of hERG Stability by Hsp70 and Hsc70
With Implication for Restoration of LQT2 Mutant Stability

Peili Li, Haruaki Ninomiya, Yasutaka Kurata, Masaru Kato, Junichiro Miake, Yasutaka Yamamoto,
Osamu Igawa. Akira Nakai, Katsumi Higaki, Futoshi Toyoda, Jie Wu. Minoru Horie,
Hiroshi Matsuura, Akio Yoshida, Yasuaki Shirayoshi, Masayasu Hiraoka, Ichiro Hisatome

Rationale: The human ether-a-go-go-related gene (hHERG) encodes the « subunit of the potassium current Iy,. It
is highly expressed in cardiomyocytes and its mutations cause long QT syndrome type 2. Heat shock protein
(Hsp)70 is known to promote maturation of hERG. Hsp70 and heat shock cognate (Hsc70) 70 has been suggested
to play a similar function. However, Hsc70 has recently been reported to counteract Hsp70.

Objective: We investigated whether Hsc70 counteracts Hsp70 in the control of wild-type and mutant hERG

stability.

Methods and Results: Coexpression of Hsp70 with hERG in HEK293 cells suppressed hERG ubiquitination and
increased the levels of both immature and mature forms of hERG. Immunocytochemistry revealed increased
levels of hERG in the endoplasmic reticulum and on the cell surface. Electrophysiological studies showed
increased Iy,. All these effects of Hsp70 were abolished by Hsc70 coexpression. Heat shock treatment of HL-1
mouse cardiomyocytes induced endogenous Hsp70, switched mouse ERG associated with Hsc70 to Hsp70,
increased I, and shortened action potential duration. Channels with disease-causing missense mutations in
intracellular domains had a higher binding capacity to Hsc70 than wild-type channels and channels with
mutations in the pore region. Knockdown of Hsc70 by small interfering RNA or heat shock prevented
degradation of mutant hERG proteins with mutations in intracellular domains.

Conclusions: These results indicate reciprocal control of hERG stability by Hsp70 and Hsc70. Hsc70 is a potential
target in the treatment of LQT2 resulting from missense hERG mutations. (Circ Res. 2011;108:458-468.)

Key Words: hERG & Hsp70 m Hsc70 m stabilization & long QT2

he human ether-a-go-go-related gene (hERG) encodes

the o subunit of a rapidly activating delayed-rectifier K*
current (/k,),'—* which controls the action potential duration in
cardiomyocytes. Mutations in the gene cause long-QT syn-
drome type 2 (LQT2), a disorder that leads to life-threatening
arrhythmia. To date, more than 200 naturally occurring
mutations of hERG have been identified. Functional analysis
of mutant proteins showed that most of them had an impair-
ment of protein maturation and/or trafficking.*-¢ They are
recognized by the quality control machinery of the endoplas-
mic reticulum (ER), ubiquitinated, and eventually degraded
by the proteasomal degradation system.®~8% The maturation of
hERG can be evaluated by comparing the levels of the 2
forms of this protein; a core-glycosylated, immature form of
135-kDa localized in the ER, and a fully glycosylated mature

form of 155 kDa localized either in the Golgi apparatus or on
cell surface.”

Molecular chaperones participate in every step of hERG
biogenesis, including synthesis, folding, assembly, and translo-
cation.®!%-tt The heat shock protein (Hsp)70 family, including
stress-induced Hsp70 and constitutively expressed heat shock
cognate protein (Hsc)70, interact with the core-glycosylated
form of hERG.#!2 Hsp70 increases the levels of both immature
and mature forms of hERG,? whereas the role of Hsc70 remains
unknown. In other channel proteins, such as the murine epithe-
lial sodium channel, Hsc70 has been shown to counteract the
action of Hsp70 and, thus, decreases the level of the channel
protein.!* The primary purpose of this study was to examine
whether Hsc70 had a similar action on hERG. For this purpose,
we investigated the effects of Hsp70 and Hsc70 on the level of
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