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1. Introduction

The action potential is a basic unit of electrical activation in the heart. [t has a variety
of waveforms depending on the atrial myocardium, the ventricular myocardium and the
conduction pathways (AY node, His, bundle branches and Purkinje) (Hoffman and Cranefield
1960). To detect the action potential, monophasic action potential (MAP) recording
has been used since the first comparison study between action potential and MAP was
performed (Hoffman et al 1959). MAP recordings revealed afterdepolarizations during the late
repolarization period in two patients with congenital long-QT syndrome (Gavrilescu and Luca
1978). Furthermore, an early afterdepolarization (EAD) was detected on a MAP of patients
with idiopathic long-QT syndrome (Bonatti et ol 1983). It has also been reported that the
appearance of the EAD in the LQT group was associated with an increased amplitude of the
late component of the TU complex and that the corrected QT (QTc) interval was prolonged by
isoproterenol (Shimizu et al 1991). Moreover, it has been reported that the EAD triggered the
ventricular premature complex (Shimizu et al 1994, 1995) and torsades de pointes in patients
with long-QT syndrome (Kurita et al 1997, Vos et al 2000).

Electrical propagation of the ventricular action potential was studied using a one-
dimensional Beeler—Reuter cable model (Beeler and Reuter 1977). The model has been
used to reconstruct two-dimensional electrical propagation (Roberge et al 1986, Delgado er al
1990). These studies suggested that threshold requirements for active propagation were
lower for transverse propagation than for longitudinal propagation, which is associated with
a line of gap junctions. Although the model still has some problems (fibre orientation,
three-dimensional complexity, etc, in the real heart), it is very useful for understanding the
mechanism of electrical activation in the myocardial muscle,

The repolarization wave represents current flow which is originated from the potential
difference of action potential mainly between endocardial and epicardial regions. Thus, a
magnetocardiogram (MCG) can depict the potential derivative at each time point, i.e. the
difference of action potential of two regions. The MCG has a high spatial resolution for
cardiac electrical sources because it suffers little interference from various organs such as
the bones and the lungs (Hosaka er af 1976, Cuffin 1978). Electrical distributions have
been analysed mathematically by a multiple-source model (Karp et al 1980) and a realistic
torso model (Nenonen et al 1991). To simplify the analysis, we have used a tangential
vector calculated from the normal component of a magnetic field, because it reflects an
electrically activated current distribution (Hosaka and Cohen 1976, Tsukada et af 1998, 1999,
Miyashita er af 1998, Horigome er al 1999, Kandori er al 2001a, 2001b, 2002, Kanzaki er af
2003). In the visualization of a tangential vector, MCGs of adult patients with long-QT
syndrome (LQTS) had an abnormal current distribution in the cases of LQTI and LQT2 types
(Kandori et al 2002).

In the present study, we developed a method that uses MCG signals to reconstruct an
action potential in a repolarization phase. We then verified that this method can be used to
estimate the presence of the EAD in LQTS patients.

2. Methods

2.1. Relationship between action potential and electrocardiogram

The relationship between a cell-membrane ionic current, an action potential in ventricular
muscle and an electrocardiogram can be represented by figure 1. When the selectivity of the
ions in the current increases, an ionic current occurs in accordance with the ionic potential
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Figure 1. Relationship between cell-membrane ionic current, action potential and ECG signal.

slope. The slope is made by the difference in ionic densities inside and outside of the ventricular
cell. Because the ionic flow can be considered as a current, it is called the cell-membrane
ionic current. The main current has two types: inward current and outward current. In a short
period of depolarization (A), a large inward current (from outside to inside the cell) flows.
The representative inward current for Na* ions is Iy. After the depolarization, the status of the
ventricular cell enters a refractery period (B). During the B period, the ionic current hardly
flows, In the last repolarization period (C), the outward current {from inside to outside the
cell) slowly flows. The typical outward current for K* ions is given as Ii.. The current flow
preduces an action potential on the ventricular cell as shown in the middle figure. The total
action potential then makes a voltage, which forms the electrocardiogram (ECG} as shown in
the lower figure, on the living body surface. It has been considered that the ECG waveforms
are formed by a differentiate voltage between the epicardium and the endocardium on the
ventricular muscle, or they are formed by a derivative voltage (propagation of an electrical
activity) between neighbouring cells. As aresult, QRS complexes appear in the depolarization
period (A), and T-waves are formed in the repolarization period (C). The model given in
figure 1 is simplified so that the mechanism of electrical activation in the myocardial muscle
can be understood more easily, although the other inward and outward currents have been
found in previous studies.

We use a Beeler—Reuter model (Beeler and Reuter 1977) based on a cable network to
represent the electrical propagation of the cell membrane as shown in figure 2, because an
MCG waveform reflects a spatial electrical activation. In figure 2, three ventricular cells are
used to represent a two-dimensional model of electrical propagatton. The first electrical signal
(Vo) in the model comes from the conduction system in the heart. When the Vy inside the cell
exceeds a threshold (about —60 mV), an ion-channel switch opens and a cell-membrane ionic
current begins flowing as an inward current (i,,)). The occurrence of the flowing ions produces
an action potential V at position Py. After the current starts to flow, a current (f;;2) at gap
junction Jg, {connected with two ventricular cells) also flows through a gap with resistance
(r:12), and the cell has a potential V|. When the V; exceeds a threshold (about —60 mV), the ion-
channel switch opens and a cell-membrane ionic current begins flowing as an inward current
{(in2). The inward current produces an action potential V| at position P;. After flowing, a
current (i;3) at gap junction J s also flows through a gap with resistance (r;3), and the cell has a
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Figure 2. Equivalent circuil of an electrical propagation model for a myocardial cell-to-cell
communication.

potential V at position P,. According to this cell model, the electrical activation propagates in
the heart and each potential (Vy, V3) waveform is formed. Here, it is considered that measured
ECG and MCG signals are associated with the derivative waveforms of the formed potential
depending on the current flow (i;;; and i;»3 in some cells), because the measurement position
is far from the source current. Under such a hypothesis, the current in the cells at one time
is iz = (Vi — Vg)/risz ot iz = (V2 — Vi) /rizs, and it reflects a differential potential between
the two cells when the gap resistances are uniform in all ventricular cells. The currents during
the activation time must be summed in order to calculate the action potential. The start time
of the summation must be set within a non-activation period (i.e., the pQ period) in the heart,
and the initial value of the summation at the start time must be zero.

In the above-mentioned method, we focus on a calculation in the depolarization period,
in which an inward current flows. In contrast, we must subtract a current from the maximum
summation value in order to calculate the action potential in the repolarization period, in which
an outward current flows. It should be noted that the initial current of the repolarization is
subtracted from the end value of the summation in the depolarization. The summation and
subtraction of the current in the heart give an action-potential waveform.

2.2. A method for calculating action potential by using magnetocardiographic signals

A current-arrow map (CAM), which visualizes a pseudo current pattern in a heart, can be used
to produce an activation current in the heart. The CAM is derived from the derivatives of the
normal component (Bz) of the MCG signals (Hosaka and Cohen 1976, Miyashita et af 1998,
Kandori et af 2001a, 2001b) as

Ix =dBz/dy (n
and
Iy::—dBZ/d.x. (2)

The magnitude of the current arrows (I = (Jx2 + I¥?)"/2) is shown as a contour map. The
CAM directly provides a current pattern in the heart without having to solve a nonlinear inverse
problem,

The method for calculating the action potential is shown in figures 3 and 4. Figure 3
visualizes the relationship between the action-potential waveform and the calculated current
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Figure 3. Block diagram for reconstructing an action potential.

arrows. The bottom figure in figure 3 indicates the MCG waveform, the middle figure indicates
the reconstructed action-potential waveform and the top figure indicates the extended middle
figure. In the top figure, current arrows are drawn so that the computation can be understood
easily. The absolute value of the current arrows is added during the depolarization period
(positive direction in the figure). At the end of the depolarization, the total value becomes a
maximum. After determining the maximum value, the absolute value of the current arrows is
subtracted during the repolarization period (negative direction in the figure).

Figure 4 shows the procedure for calculating the action potential. First, the CAM at time
¢ is calculated using equations (1) and (2), and an absolute value (7 = (Ix? + Iy2)!/2) of the
CAM is computed. Next, the first procedure for the depolarization period (fg, {1, f2,. . ., ) IS
carried out. In the first procedure, a summation of the absolute values of the current arrows
is performed until time #,,. Here, the maximum value at time ¢, is defined as V), and the gap
resistance is defined as 1 (uniform value). Next, the second procedure for the repolarization
period (fm, trets Lusas - « - » 1) 15 carried out, and the absolute value is subtracted from V,, until
ttme £,. Finally, the waveform V (t) can be displayed.

2.3. Measurement of magnetocardiogram and monophasic action potential

MCG signals in one patient (female, 37 years old) with type-1 LQTS were measured for 30 min
by using a SQUID {superconducting quantum interference device) system (MC-6400, Hitachi,
Ltd.) with a 64-coaxial gradiometer (Tsukada et a! 1998, Kandori er al 2001a, 2001b). This
SQUID was installed in a magnetically shielded room (MSR) with a double mumetal layer.
Before the MCG measurement, 12-lead ECG waveforms were obtained for the LQTS patient
(figure 5).
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Calculation of Ixy()=(Ix(t}*+Iy(0)®)"2,
using a current arrow (Ix(t), Iy(t)) at time t

Procedure 1

Depolarization time: t, t;, t,, ..
Vity) = Ixyty)
Vi) = Ixy(te) + Ixy(1)
V(t,) = Ixy(ty) + Ixy(t )+ Ixy(t,)

oty

V(t,) = Ixy(tg) + Ixy(t)+ Ixy(ty) +.. .+ Ixy(t,)=Vm

Procedure 2

Repoelarizationtime: t,, 1, Loy toass o0 b
V() =Vm-Ixy(t, .}
V(t,.2) = Vm- Ixy(t, ) - Ixy(t o)
Vi) =Vm- Ixy(t,, ) - Ixy(t,0) - Ixy(t,.3)

V) =Vm- Ixy(t, ) - Isy(t0) - Ixv(t 50 - -0 - Ixy(t,)

Display of V(t) waveform each channel

Figure 4. Flow chart for reconstructing an action potential.

Figure 6 shows the measurement plane in a subject’s chest. The sensor array isan 8 x 8
matrix on a flat plane with a pitch of 25 mm. Each sensor incorporates a first-order gradiometer
that has an 18 mm diameter bobbin with a 50 mm long baseline. MCG waveforms of one
patient with LQTS were averaged 30 times using the R-wave peak as a trigger.

Standard 6F MAP catheters (EP Technologies Inc.) were used to measure the MAP
in the same LQT patient. They were introduced through a femoral vein or an antecubital
vein and advanced into the right ventricle and right atrium under fluoroscopic guidance. The
MAPs and electrocardiograms from six surface leads were recorded simultaneously from two
sites at the right ventricle (RV) by using a contact electrode. The MAP signals were amplified
and filtered at a frequency of 0.05-500 Hz. The MAPs were obtained after the placement of
the catheter electrode for at least 10 min during both sinus rhythm and constant atrial pacing
{cycle length: 500 ms).

The corrected QT interval (QTc) was calculated from Bazett’s formula (QTe = QT/./(RR
interval or pacing cycle length)). Then QTc was used to adjust the QT intervals between the
MAP and the MCG signals.
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Figure 5. A 12-lead ECG of a patient with type-I LQTS.

Figure 6. MCG measurement area on the chest of a patient with type-1 LQTS.

3. Results

3.1. MCG waveforms and CAMs

The averaged MCG signals of the LQTS patient are shown in figure 7. The QT interval is
678 ms and the QTc interval is 646 ms. The waveform of the signals (in the extended figure)
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Figure 7. MCG waveforms of a patient with type-1 LQTS. Centre lower channels have a notch
waveform.

has a notch-type T-wave in the lower right ventricular measurement sites. The 64 waveforms
in figure 7 are overlapped on one trace as shown in the upper figure of figure 8. The T-wave
shape of the overlapped waveforms has two phases.

Current arrows in the T-wave are derived from the magnetic field of 64 channels at one
time using equations (1) and (2). In the top figure, five lines indicate the time at which the
CAMs of the lower figure are produced. In the lower figure, an abnormal current arrow with
a direction from left to right ventricle (about 135° on the electrical axes) appears during times
1-4. Note that a normal subject shows a similar pattern to line 5 all the time, in which current
flows only in one direction (Kandori et af 2002). In this case, two different currents were
observed, i.e. one directed to the left and the other directed to the right.

3.2. Reconstructed action potential and MAP

The action potential at each channel can be calculated as shown in figure 9 by using the current
arrows of figure 8 and the method in figure 4. A strong action potential appears in the lower
centre position of the measurement plane. In the case of strong potentials, the action-potential
waveform on the right ventricle is shown in the extended tower figure, in which a large and a
small notch can be seen.
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Figure 8, Overlapped MCG waveforms and CAM in a patient with type-I LQTS.

Figure 10(a) shows a recorded MAP waveform in the right ventricle under the pacing
condition (500 ms interval). In a simultaneous ECG recording (no figure shown), QTc was
620 ms at V3. Figure 10(b) indicates the overlapped figure of the MCG waveforms and (¢)
shows the reconstructed action potential. To compare time variations, the time intervals in
these figures are adjusted by using a corrected time (using Bazett’s formula). In figure 10(a),
early afterdepolarization with a notch shape can be seen. The EAD timing appears in the
second phase on the MCG waveforms and in the small notch on the reconstructed action-
potential waveform.

Comnparing the reconstructed waveforms and CAM in figure 8 shows that the abnormal
current arrows appear to move from the large notch to the small notch. On the other hand, the
EAD in the MAP can be seen at the time of the small notch.
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Figure 9. Reconstructed action-potential waveforms. Large and small notches appear on the right
ventricular side.

4. Discussion

Our reconstructed action potential has a totally different basis from the MAP recording,
which is a good indicator of the action-potential duration. The MCG measures magnetic
flux density as a result of tangential current density where the majority of currents are
wiping out one another. A reconstruction of the action potential from these data is
limited, because different types of electrically active cardiomyocytes differ in action-potential
duration, e.g. M-cells which play a special role in action-potential duration and long-QT
syndrome (Antzelevitch and Shimizu 2002). In short, measurements of magnetic fields
outside the body characterize the sum vector of these forces, but the reconstructed action
potential does not differentiate between the underlying contributions of the different cefl
categories. Therefore, the reconstruction method can be used, provided that we understand the
difference.

In this study, we used a simple calculation (summation and subtraction) of the current
arrows during the repolarization period (QRS complex and ST-T wave). Interestingly, the
calculated waveform (second small notch) is similar to the MAP pattern in the late T-wave.
It was found that the appearance timing agrees with the EAD occurrence, because there
is a simnilarity between the QTc of 646 ms in the MCG and 620 ms in the MAP, This
similarity (second small notch) could indicate the applicability of the calculation. However,
the reconstructed pattern cnly has a large notch in the early T-wave. The difference between
the MAP and the reconstructed data might be caused by different sites and times in the
measurement of the right ventricular muscle. Furthermore, MCG data have a tendency to
reflect the potential on the epicardial muscle surface of the heart, and MAP data refiect
the potential on the endocardial muscle surface of the heart. Although there are physical
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Figure 10. Comparison between reconstructed action-potential waveforms and a MAP waveform.
Occurrence timing of the small notch coincides with EAD timing. MCG data in figures 10(b) and
(c) show one beat signal.

differences as mentioned above, the reconstructed action potential could help us to understand
the cell-membrane electrical activation.

Although there are differences between the MCG and the MAP, it is very interesting that
the initiation time of an abnormal current distribution coincides with the first large notch, and
its end time coincides with the second small notch, which may be associated with EAD in the
MAP. Because the EAD triggered the ventricular premature complex (Shimizu et a! 1994) or
torsades de pointes in long-QT-syndrome patients (Kurita ef af 1997), the abnormal current
might cause a spatial dispersion at the ending point. Furthermore, the abnormality may be a
dangerous sign of ventricular tachycardia, etc,

On the other hand, it is very difficult to reconstruct the action potential by using ECG
stgnals, because an electrical distribution in the heart cannot be calculaied. Furthermore
the ECG signals have a distortion due to a different conductivity such as the lungs and the
bones.

In conclusion, the calculation method presented in this study demonstrated the possibility
of reconstructing an action potential in the depolarization period by using non-invasive MCG
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data. Furthermore, an analysis using both the reconstructed action potential and the CAM
provided new clinical information such as EAD appearance and the ventricular premature
complex. The simple reconstruction method described here can thus elicit the mechanism of
electrical activation in the myocardial muscle in patients with an abnormal repolarization.

4.1, Study limitation

There are several limitations in the present study. First, we need a lot of MCG signals in
LQT patients with EAD appearing in a catheter MAP, and the reconstructed action potential
of normal cases must be compared with MAP. Second, a current arrow has a limitation that it
does not express the real physical current on the ventricular muscle.
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Excessive Increase in QT Interval and Dispersion
of Repolarization Predict Recurrent Ventricular

Tachyarrhythmia after Amiodarone
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AIBA, T., ET AL.: Excessive Increase in QT Interval and Dispersion of Repolarization Predict Recurrent
Ventricular Tachyarrhythmia after Amiodarone. Although chronic amiodarone has been proven to be
effective to suppress ventricular tachycardia (VT) and ventricular fibrillation (VF), how we predict the
recurrence of VT/VF after chronic amiodarone remains unknown. This study evaluated the predictive
value of the QT interval, spatial, and transmural dispersions of repolarization (SDR and TDR) for further
arrhythmic events after chronic amiodarone. Eighty-seven leads body surface ECGs were recorded before
(pre} and one month after (post) chronic oral amiodarone in 50 patients with sustained monomorphic VT
associated with organic heart disease. The Q-Tend (QTe), the Q-Tpeak (QTp), and the interval between
Tpeak and Tend (Tp-e) as an index of TDR were measured automatically from 87-lead ECG, corrected
Bazett’s method (QTce, QTcp, Tcp-e), and averaged among all 87 leads. As an index of SDR, the maxi-
mum {max} minus minimum (min) QTce (max-min QTce) and standard deviation of QTce (SD-QTce}] was
obtained among 87 leads. All patients were prospectively followed (15 £ 10 months) after starting amio-
darone, and 20 patients had arrhythmic events. The univariate analysis revealed that post max QTce,
post 8D-QTce, post max-min QTce, and post mean Tcp-e from 87-lead but not from 12-lead ECG were
the significant predictors for further arrhythmic events. ROC analysis indicated the post max-min QTce
>106 ms as the best predictor of events (hazard ratio = 10.4, 95%, CI 2.7 to 40.5, P = 0.0008}. Excessive
QT prolongation associated with increased spatial and transmural dispersions of repolarization predict
the recurrence of VT/VF after amiodarone treatment. (PACE 2004; 27:901-909)

amiodarone, QT interval, dispersion, ventricular tachycardia, prognosis

Introduction experimental studies have suggested that transmu-

Spatial heterogeneity of ventricular repolar-
ization has been important as the genesis of ven-
tricular tachyarrhythmias.! The QT dispersion and
recovery time dispersion, which are assumed to
reflect the spatial heterogeneity,®® have been pro-
posed as a marker of electrical instability under
several conditions, such as congenital long QT
syndrome (LQTS}.*~? On the other hand, recent
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ral dispersion of repolarization (TDR) across the
ventricular wall (epicardial, midmyocardial (M),
and endocardial cells) was linked to ventricular ar-
rhythmias such as torsades de pointes (TdP) under
LQTS conditions.'®~!? The peak and the end of the
T wave in the ECG are reported to coincide with
repolarization of the epicardial and the longest M
cell action potentials, respectively,'® so that the
interval between the T?eak and Tend (Tp-e) is ex-
pected to reflect TDR.1*15

Chronic amiodarone therapy reduced slowly
activating delayed rectifier K* currents (Ix,) in
the ventricular myocardium,'® resulting in pro-
longation of action potential duration and sup-
pression of life-threatening tachyarrhythmia in pa-
tients with structural heart disease.!” Although
amiodarone is classified into Class [II antiarrhyth-
mic agents, TdP is rare due to homogeneous pro-
longation of regional ventricular repolarization
(QT interval).'®9 Previous studies have attempted
to show the effect of amiodarone on the QT interval
and QT dispersion in the standard 12-lead elec-
trocardiogram (ECG).?*-?2 However, the change
of QT dispersion after amiodarone therapy was
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controversial. Moreover, the effect of amiodarone
therapy on TDR was reported only in some exper-
imental studies,®®~2* but not in a clinical study.
In the present study, we measured the spatial and
transmural dispersions of repclarization obtained
from the 87-lead body surface mapping ECG be-
fore and 1 month after starting oral amiodarone,
and investigated the predictive value of these
repolarization parameters for recurrence of ven-
tricular tachyarrhythmias. Our results suggested
that excessive prolongation of the maximum
QTc interval associated with increased spatial
and transmural dispersions of repolarization pre-
dicted the risk of further arrhythmic events after
amiodarone.

Methods
Patient Population

We prospectively investigated 50 patients (39
men, 11 women) with a mean age of 57 & 10 years
{Table I), whe had been referred to the National
Cardiovascular Center between 1993 and 2001. All
patients had a history of symptomatic sustained
monomorphic ventricular tachycardia (VT) asso-
ciated with prior myocardial infarction (22 pa-
tients), dilated cardiomyopathy (21 patients), and
arrthythmogenic right ventricular cardiomyopathy
{7 patients). Mean left ventricular ejection frac-
tion (LVEF) was 31% + 12%, and 47 (94%) pa-
tients were in New York Heart Association func-

Tablel.
Patients Characteristics

Patients (n) 50
Age (yrs) 57 (10}
Gender (Men) 39
Basal disease (n})

prior MI 22

DCM 21

ARVC 7
NYHA (I/11A111) 198/28/3
LVEF (%)} 31(12)
VT rate {/min) 188 (29)
Medication [n (%))

ACE-I 23 (46%)

B-blocker 17 (34%)

digitalis 14 (28%)
ICD (%) 15 (30%)

The data of Age, LVEF, and VT rate are presented as the mean
value (SD).

ACE-I = angiotensin converling enzyme inhibitor; ARVC =
arrhythmogenie right ventricular cardiomyopathy; DCM = dilated
cardiomyopathy; LVEF = left ventricular ejection fraction; Ml =
myocardial infarction; NYHA = New York Heart Association
functional class; VT = ventricular tachycardia.
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tional class (NYHA) I or IL. All patients were in
sinus rhythm, and had no complete right or left
bundle branch block. They received oral amio-
darone with loading dose of 300 or 400 mg/day
for two weeks followed by maintenance dose of
150 or 200 mg/day. Dose or type of 8-blockers, an-
giotensin converting enzyme inhibitor, and other
cardiac active drugs were not changed in all pa-
tients during the follow-up periods. The other an-
tiarrhythmic medications were discontinued for at
least five drug half-lives before administration of
oral amiodarone. The median follow-up periods
before amiodarone treatment were 5 months (1-156
months} and the incidence of pretreatment VT was
0.50 times (0.06-2.0)/month. The protocol of this
study was explained to all patients, and informed
consent was cbtained from all patients.

Measurements of the 87-Lead Body Surface ECG

Eighty-seven-lead body surface ECG and stan-
dard 12-lead ECG were simultaneously recorded
with a VCM-3000 (Fukuda Denshi Co., Tokyo,
Japan) before {pre) and 1 month after (post) start-
ing oral amiodarone in all patients. The method
for recording have been detailed in previous stud-
ies.5.14.15 These ECG data were simultaneously dig-
itized at 1.0 kHz in each channel, stored on a floppy
disk, and transferred to a personal computer with
the analysis program developed by our institution.
The 87-lead and 12-lead ECGs were analyzed using
an automatic digitized program. The Q-Tend inter-
val ((QTe) was defined as the time interval between
the QRS onset and the point at which the isoelec-
tric line intersected a tangential line drawn at the
minimum first derivative (dV/dt) point of the pos-
itive T wave or at the maximum dV/dt point of the
negative T wave. When a bifurcated or secondary
T wave (pathological U wave) appeared, it was in-
cluded as part of the measurement of the QT inter-
val, but a normal U wave, which was apparently
separated from T wave, was not included. The
QQ-Tpeak interval (QTp) was defined as the time
interval between the QRS onset and the point at
the peak of positive T wave or the nadir of the neg-
ative T wave. When a T wave had a biphasic or a
notched configuration, peak of the T wave was de-
fined as that of the dominant T wave deflection. If
the end and peak of the T wave was unidentifiable
because of the flat or low amplitude T wave (ampli-
tude < 0.05 mV), the lead was excluded. The QTe,
the QTp, as well as the Tp-e (QTe minus QTp) asan
index of TDR were measured automatically from
all 87-lead ECGs, corrected to heart rate by Bazelt's
method (QTce, QTcp, Tcp-e: QTe/ /RR, QTp//RR,
Tp-e//RR), and averaged among 87 leads. Each
point determined by the computer was checked
visually for each lead. As an index of spatial
dispersion of repolarization (SDR}, the maximum
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minus minimum of the QTce (max-min QTce) and
standard deviation of the QTce (SD-QTce) among
all 87 leads was also measured.

Follow-Up

Patients were prospectively followed for a
maximum of 24 months after the second ECG
recording during oral amiodarone. The endpoint
was recurrence of sustained VT, ventricular fibril-
lation (VF), or sudden cardiac death. Sustained VT
was defined as a tachycardia of ventricular origin
at a rate of >100 beats/min and lasting for >30
seconds or resulting in hemodynamic collapse. No
patients received any antiarrhythmic drugs other
than oral amiodarone during the follow-up peri-
ods. The relationship between the repolarization
parameters obtained from 12-and 87-lead and sub-
sequent arrhythmic events was investigated.

Statistical Analysis

Data are expressed as mean + SD for con-
tinuous variables and percentage for categorical
variables, and compared by the paired # test. Uni-
variate predictors of arrhythmic events were eval-
uated using the Cox proportional hazard model.
Multivariate Cox models were used to test the
independence of significant factors by univariate
Cox regression analysis, including clinical vari-
ables. The receiver operating characteristics (ROC)
curves, which analyze the sensitivity as the func-
tion of the complement of specificity, were used
to evaluate the accuracy of the repolarization pa-
rameters. Event-free curves were generated using
the Kaplan-Meier method, and compared by the
log-rank test. A value of P < 0.05 was considered
statistically significant.

Results

Change of Repolarization Parameters
with Chronic Amiodarone

Figure 1 illustrates superimposed 87-lead
ECGs before and after amiodarone in two cases.
In the first case (panel A), the max and min
QTce interval after amiodarone were similar to
those before amiodarone, thus the max-min QTce,
SD-QTce, and mean Tcp-e were not increased af-
ter amiodarone. On the other hand, in another case
(panel B), the max QTce was remarkably prolonged
after amiodarone compared to the min QTce, re-
sulting in increasing the max-min QTce, SD-QTce,
and mean Tcp-e.

Table 2 summarized the change of repolariza-
tion parameters with amiodarone in all patients.
The RR interval was significantly prolonged af-
ter amiodarone, whereas QRS duration was not
changed. Among 12-lead ECG, although both the
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A Max-min QTe: 90 {90)
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before

Min QTe: 384 (383)
Max QTe: 474 (473)
Mean QTp: 351 (350)

Mean QTe: 435 (434)
Mean Tp-e: 84 (84)

SD-QTe: 21 (21)

Max-min QTe: 106 (102)

after
RR=1083
Min QTe: 366 (354)
Max QTe: 472 {(456)

Mean QTp: 366 (354) _
Mean QTe: 443 (429) SD-QTe: 19 (18)
Mean Tp-e: 78 (75) 200 ma
B

Max-min QTe: 104 (111)
"- mv

s —

before
RR=871

Min QTe: 339 (363)
Max QTe: 443 (475)

Mean QTp: 298 (319)
Mean QTe: 387 (415)
Mean Tp-e: 94 (101)

SD-QTe: 25 (27)

Max-min QTe: 140 (136)

imv

after
RR=1055

Min QTe: 391 (381)
Max QTe: 531 (517)
Mean QTp: 348 (339)

Mean QTe: 467 (455)
Mean Tp-e:125 (122)

SD-QTe: 36 (35)

200 ms
rm—

Figure 1. The superimposed 87-lead ECGs before and
after amiodarone in two cases (A and B). All data are
presented in ms. Max = maximum value among 87
leads; Min = minimum value emong 87 leads; QTe =
Q-Tend interval; QTp= Q-Tpeak interval; Tp-e= Tpeak-
Tend interval; Max-min QTe = difference between max
QTe and min QTe; SD-QTe = standard deviation of QTe
among 87 leads; Mean = average value among 87 leads.
{ } = corrected to heart rate by Bazett’s method.
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Table {I.
Change of Parameters with Chronic Amiodarone

Before After P
RR 936 + 137 1017 4 130 <0.01
QRS 111+£27 1201+ 31 0.14
12-lead Max QTce 457+ 41 511468 <001
Min QTce 394145 431+49 <0.04
Max-Min QTce 64 £ 37 80143 0053
SD-QTce 20+ 13 24+13 011
V5 Tcp-e g0+27 108+45 <0.01
87-lead Max QTce 470+ 40 5221+60 <0.01
Min QTce 3741+ 30 4004+39 <0.01
Max-MinQTce 96130 122+43 <0.01
SD-QTce 19+7 26 £ 12 <0.01
MeanQTce 425+ 37 4631446 <0.01
MeanQTcp 341+31 363135 <001
Mean Tcp-¢ 85+13 101+26 <0.01

All data are presented as the mean + SD in ms. Max =
maximum value among 12 or 87 lead; Min = minimum value
among 12 or 87 leads; QTce = comected Q-Tend interval;
Max-Min QTce = maximum minus minimum QTce; SD-QTce =
standard deviation of QTce among 12 or 87 leads; QTcp =
corrected Q-Tpeak interval; Tcp-e = comected Tpeak-Tend
interval. '

max and min QTce were significantly prolonged
after amiodarone, the max-min QTce and SD-QTce
were not significantly changed (P = 0.053 and
P = 0.11, respectively). Among 87-lead ECG, both
the max and min (QTce were also significantly pro-
longed after amiodarone; the max (QTce was more
prolonged compared to the min QTce, thus signifi-
cantly increasing the max-min QTce and SD-QTce.
Moreover, both the mean QTce and mean QTcp
were significantly prolonged after amiodarone; the
mean QTce was more prolonged compared to the
mean (JTcp, thus significantly increasing the mean
Tcp-e.

Clinical Outcome

Mean follow-up period was 15 + 10 months
after the second recording of body surface ECG dur-
ing oral amiodarone. The arrhythmic events oc-
curred in 20 of 50 (40%) patients, however no pa-
tients had proarrhythmia. Three patients suddenly
died, probably due to VT, and the other 17 patients
developed recurrence of sustained monomorphic
VT. The recurrent VT had the same QRS mor-
phology as those documented before administrat-
ing amiodarone in 15 of the 17 patients. We dis-
continued treating with amiodarone in 11 of the
17 patients as a result of recurrent VT. There
was no difference in the amiodarone loading and
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maintenance doses between patients with (353 +
78 mg/day and 197 & 32 mg/day, respectively) and
without (374 + 81 mg/day and 194 + 34 mg/day,
respectively) recurrence of VT/VF. We implanted
an implantable cardioverter defibrillator (ICD) in
15 (30%) of the 50 patients, and VT was detected
by ICD in 6 (40%} of the 15 patients. In the remain-
ing 35 patients without ICD, 14 (40%) patients had
recurrence of VT or died suddenly. Thus, there
is no detection bias for the arrhythmic events be-
tween patients with and without ICD. Moreover,
there was no significant difference in the clinical
outcome between patients with prior myocardial
infarction, dilated cardiomyopathy, and arrhyth-
mogenic right ventricular cardiomyopathy.

Predictors of Arrhythmic Events

Univariate predictors of arrhythmic events are
shown in Table III. Age, gender, basal heart dis-
ease, LVEF, NYHA functional class, previous VT
rate, and medical treatments were not related to
further arrhythmic events. No parameters from the
12-lead ECGs were significantly correlated to fur-
ther arrhythmic events. However, repolarization
parameters from the 87-lead ECG, such as post max
QTce, post max-min QTce, post SD-QTce, and post
mean Tcp-e, were significantly correlated to fur-
ther arrhythmic events. The ROC analysis showed
that these repolarization parameters from the
87-lead ECG were superior to those from the 12-
lead ECG, and the post max-min (Tce from 87-lead
was the strongest parameter to predict further ar-
rhythmic events (Fig. 2). Moreover, the ROC curves
indicated the post max QTce of 510 ms, post max-
min QTce of 106 ms, post SD-QTce of 22.4 ms, and
post mean Tcp-e of 100 ms as the best cutoff point
of each parameters.

For the multivariate Cox analysis, clinical
variables (age, gender, basal heart disease, LVEF)
and the post max-min QTce from the 87-lead ECG,
which was the strongest predictor for arrhythmic
events, were entered as independent categorical
variables. As a result, post max-min QTce >106 ms
was a significant predictor of further arrhythmic
events after amiodarone treatment (hazard ratio
= 10.4, 95%CI: 2.7 to 40.5, P = 0.0008). Kaplan-
Meier event-free probability curves showed that
patients with post max QTce >510 ms had
higher arthythmic events after amiodarone than
those < 510 ms (P = 0.0003, Fig. 3A). Simi-
larly, patients with post max-min QTce >106 ms,
post SD-QTce >22.4 ms or post mean Tcp-e
>100 ms had highly arrhythmic events than those
<106 ms, <22.4 ms, or <100 ms (P < 0.0001,
P = 0.0007, and P = 0.002, respectively. Fig. 38,
3C, 3D). The sensitivity, specificity, positive and
negative predictive values, and accuracy in these
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Table lil.
Univariate Analysis of Arrhythmic Events after Chronic Amiodarone

Parameter Hazard

Variables Estimate Ratio 95% Cl P value
Age 0.015 1.02 0.97-1.06 0.50
Gender (M) 0.010 1.01 0.34-3.02 0.98
Prior M] 0.085 1.09 0.45-2.63 0.85
LVEF < 30% 0.175 1.19 0.49-2.92 0.70
NHYA > 2 0.356 143 0.55-3.73 0.47
VT rate ~0.011 0.99 0.97-1.01 0.20
ACE-l —-0.454 0.64 0.25-1.61 0.34
B-blocker —0.459 0.63 0.23-1.78 0.38
digitalis 0.396 1.49 0.58-3.84 0.41
pre-Max QTce (/ms) 0.005 1.005 0.99-1.02 0.39
post-Max QTce (/ms) 0.007 1.007 1.00-1.01 0.008
pre-Min QTce (/ms) 0.005 1.005 0.99-1.02 0.49
post-Min QTce (/ms) 0.002 1.002 0.99-1.01 0.72
pre-Max-Min QTce (/ms) 0.003 1.003 0.99-1.02 0.63
post-Max-Min QTce (/ms) 0.015 1.015 1.01-1.02 0.0005
pre-SD-QTce (/ms) 0.008 1.008 0.95-1.07 0.79
post-SD-QTce (/ms) 0.04 1.04 1.01-1.07 0.007
pre-Mean QTce (/ms) 0.004 1.004 0.99-1.02 0.52
post-Mean QTce (/fms} 0.007 1.007 0.99-1.02 0.07
pre-Mean QTcp (/ms) 0.003 1.00 0.99-1.02 0.68
post-Mean QTcp (/ms) 0.004 1.00 0.99-1.02 0.56
pre-Mean Tep-e (/ms) 0.016 1.02 0.98-1.05 0.37
post-Mean Tcp-e (fms) 0.018 1.018 1.01-1.03 0.004

pre = before amicdarone; post = after amiodarone. Abbreviations as in Table | and Table |1,

parameters for further arrhythmic events were
shown in Table IV.

Change of Dispersions and VI/VF Recurrence

Figure 4 illustrates a scatter plot of the data
about changes of max-min QTce (ASDR) and mean
Tcp-e (ATDR) with amiodarone in patients with
and without recurrence of VI/VF. The ASDR and
ATDR were significantly larger in patients with
VT/VF recurrence after amiodarone than those
with no recurrence of VT/VF (49 £ 34 ms vs 8 &+
33 ms; P < 0.001, and 27 4 34 ms vs 8 + 15 ms;
P < 0.05, respectively).

Discussion

Effect of Amiodarone on Spatial and Transmural
Dispersion of Repolarization

Amiodarone is one of the most potent an-
tiarrhythmic drugs in preventing life-threatening
arthythmias.!” Several clinical studies demon-
strated that amiodarone prolonged the QT (QTc)
interval but did not increase QT {QTc) disper-
sion,?-22 contributing to a very low incidence of
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TdP arrhythmias.!®!? Experimental studies in dog
model by van Opstal et al.'? and in isolated rab-
bit heart by Zabel et al.?® suggested that the low
incidence of TdP with amiodarone was due to
the homogenous local ventricular repolarization.
However, the standard 12-lead ECG had too small
number of leads to cover the whole area of body
surface, therefore QT (QTc) dispersion from the
12-lead ECG could not always reflect spatial dis-
persion of local ventricular repolarization from the
whole heart. Qur results showed that the base-
line max-min QTce obtained from the 87-lead ECG
was larger than that from the 12-lead ECG. There-
fore, the 87-lead body surface ECGs might reflect
in more detail the spatial heterogeneity of ventric-
ular repolarization. Moreover, our results showed
that the max-min QTce and SD-QTce was increased
after amiodarone in patients with VT/VF recur-
rence but not in patients without VT/VF recur-
rence, which may represent the arrhythmogeneity
of the increase in SDR.

Recent experimental studies under long QT
conditions suggested that increasing TDR across
the ventricular wall was linked to wventricular
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Figure 2. Receiver operating char
acteristics curves for the post max
QTce, post max-min QTce, post
Tep-e, and post SD-QTce from 87-
lead ECG (solid line) and the 12-
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arrhythmias,®-1? and that the Tp-e interval in the
transmural ECG reflected TDR.» Previous experi-
mental studies reported that chronic amiodarone
reduced TDR in canine and human hearts.?324
These findings suggested that the decrease in TDR
with chronic amiodarone, may in part contribute
to its antiarrhythmic effect as well as low inci-
dence of proarrhythmias. This study is the first one
to demonstrate the change of Tcp-e interval with
chronic oral amiodarone, showing that chronic
amiodarone slightly but significantly increased the
mean Tcp-e, which may relate to the arrhythmoge-
nesis. However, our data also suggested that the
mean Tcp-e was not so much increased in pa-
tients without VT/VF recurrence after amiodarone
compared to those with VT/VF recurrence (Fig.
4). These results are consistent with the report by
Merot et al.?® that chronic amiodarone induced a
moderate QT prolongation without affecting TDR.

Prognostic Value of QT Interval, and Spatial
and Transmural Dispersions

Amiodarone has differential effects of the two
component delayed rectifier Kt currents: rapidly
component (Ig;) and slowly component (Ig;).
Kamiya et al. reported that short-term treatment of
amiodarone inhibited primarily I,, whereas long-
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lead ECG (dotted line} in predict-
ing arrhythmic events after amio-
darone. { ) = area of under curve,

04 06 08 1

term treatment reduced I, in the rabbit ventricu-
lar myocardium.’® Lynch et al. suggested that se-
lective blockade of Ix; was useful to prevent ven-

. tricular arrhythmias even though the QTc inter-

val was modestly (+7%) increased.?” Recent stud-
ies suggested the excessive prolonged QTc inter-
val was associated with the increase in mortal-
ity in patients with dofetilide treatment,?® and
advanced heart failure.?? These previous studies
have supported our data that patients without pro-
longed max QTce (< 510 ms) after chronic amio-
darone had less recurrence of VT/VF compared
to those with the excessive prolonged max QTce
(=510 ms).

On the other hand, several studies have in-
vestigated the value of QT dispersion in the
12-lead ECG for predicting ventricular arrhyth-
mias or other adverse events in various cardiac
diseases,>® but the results are controversial.?%:3!
Previous retrospective studies suggested no sig-
nificant relationship between QT dispersion in
the 12-lead ECG and further arrhythmic events af-
ter amiodarone.2-2! Qur results also showed no
significant correlation between the repolarization
parameters from the 12-lead ECG and further ar-
rhythmic events after amiodarone. Although the
variability of data in max QTce from the 12-lead
ECG were not so different from that of the
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Figure 3. Kaplan-Meier event-free probability curves (arrhythmic event} for patient groups strat-
ified by above and below median value of maximum QTce after amiodarone {post max QTce)
{panel A}, max-min QTce after amiodarone {post max-min QTce) {panel B), standard deviation of
QTce after amiodarone (post SD-QTce} (panel C), and mean Tcp-e after amiodarone {post mean

Tep-e} (panel D).

87-lead ECG (Table II), the 87-lead ECG might
represent a local ventricular repolarization more
accurately compared with 12-lead ECG. Therefore,
the excessive prolongation of post max QTce, post
max-min QTce, post SD-QTce, and post mean Tcp-
e from the 87-lead ECG but not from the 12-lead
ECG could predict further arrthythmic events after
amiodarone.

Why are the max QT interval and both the
spatial and transmural dispersions, excessively in-

Table IV.
Predictors of Arrhythmic Events

Se Sp PPV NPV Ac

post-Max QTce > 510 ms 80 69 67 82 74
post-SD-QTce > 224 ms 85 73 71 8 78
post-Max-MinQTce > 106 ms 85 73 71 B6 78
post-Mean Tcp-e > 100 ms 70 81 74 78 76

post = after amiodarcne; Se = sensitivily; Sp = specilicity;
PPV = positive predictive value; NPV = negative prediclive
value; Ac = accuracy. Abbreviations as in Table | and Table II.
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creased in some patients but not in other patients?
Yuan et al. reported in cat heart that myocytes in
noninfarct regions remote from the scar were hy-
pertrophied and reduced in Ik, density.?? Under
condition of the Iy, dysfunction, the repolariza-
tion current might more depend on I, therefore
blockade of I, by chronic amiodarone is expected
to markedly prolong APD and QT interval. Several
ionic currents notably sodium/calcium exchange,
transient outward current, and chloride current to-
gether with the Ix, and Ix, have altered in failing
heart. Moreover, a recent study reported that the
late sodium current (Iy,) is a nove! target for amio-
darone in human failing heart.*® Thus, the remod-
eling of some ionic currents in failing heart might
cause the excessive prolongation of post max QTce
after amiodarone.

Study Limitation

First, this study attempted to determine the
max-min QTce and SD-QTce as indexes of SDR,
and the mean Tcp-e as an index of TDR, While
the experimental studies using canine wedge
preparation have suggested a correlation between
‘Tpeak-Tend interval in the transmural ECG and
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darone induced changes of the max-
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TDR, there is no evidence that the max QTce
in the 87-lead ECG truly reflects the longest
repolarization time and the putative SOR and TDR
measured from the body surface ECG actually re-
flect those in the human heart. Second, the long-
term reproducibility of the measurement of QT
interval, SDR, and TDR could not be assessed.
Moreover, in case of the flat or low amplitude T
wave (<0.05 mV), Q-Tpeak, }-Tend, and QQTend
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