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Abstract

A method for reconstructing an action potential during the repolarization
period was developed. This method uses a current distribution—oplotted as
a current-arrow map (CAM)—calculated using magnetocardiogram (MCG)
signals. The current arrows are summarized during the QRS complex period
and subtracted during the ST-T wave period in order to reconstruct the action-
potential waveform. To ensure the similarity between areal action potential and
the reconstructed action potential using CAM, a monophasic action potential
(MAP) and an MCG of the same patient with type-I long-QT syndrome were
measured. Although the MAP had one notch that was associated with early
afterdepolarization (EAD), the reconstructed action potential had two large
and small notches. The small notch timing agreed with the occurrence of the
EAD in the MAP. On the other hand, the initiation time of an abnormal current
distribution coincides with the appearance timing of the first large notch, and
its end time coincides with that of the second small notch. These results
suggest that a stimple reconstruction method using a CAM based on MCG data
can provide a similar action-potential waveform to a MAP waveform without
having to introduce a catheter,

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The action potential is a basic unit of electrical activation in the heart. It has a variety
of waveforms depending on the atrial myocardium, the ventricular myocardium and the
conduction pathways (AV 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 a/ 1983). It has also been reported that the
appearance of the EAD in the LQT group was associated with an increased amplitude of the
tate component of the TU complex and that the corrected QT (QTc) interval was prolonged by
isoproterenol (Shimizu et a/ 1991). Moreover, it has been reported that the EAD triggered the
ventricular premature complex (Shimizu ez al 1994, 1995) and rorsades de pointes in patients
with long-QT syndrome (Kurita ez 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 et 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 potentia)
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 et al 1976, Cuffin 1978). Electrical distributions have
been analysed mathematically by a multiple-source model (Karp et al 1980) and a realistic
torso model (Nenonen ezal 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 ez al 1998, 1999,
Miyashita et al 1998, Horigome et al 1999, Kandori et al 2001a, 2001b, 2002, Kanzaki et al
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 LQT1 and LQT?2 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 refractory period (B). During the B period, the ionic current hardly
fiows. 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 Ix. The current flow
produces 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 arc
used to represent a two-dimensional model of electrical propagation. The first electrical signal
(Vo) in the model comes from the conduction system in the heart. When the Vo 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,,1). The occurrence of the flowing ions produces
an action potential V; at position Py. After the current starts to flow, a current (in2) at gap
junction Jo; (connected with two ventricular cells) also flows through a gap with resistance
(rn12), 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
{(im2). The inward current produces an action potential V; at position Py. After flowing, a
current (¢;3) at gap junction Jy, also flows through a gap with resistance (ri23), and the cellhas a
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Figure 2. Equivalent circuit of an ‘electrical propagation model for a myocardial cell-to-cel
communication,

potential V; at position P3. According to this cell model, the electrical activation propagates in
the heart and each potential (V, V,) 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;53 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 iy = (V| — Vo)/ria or ippy = (Vo — V) /ri23, 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 al 1998,
Kandori ef al 20012, 2001b) as

Ix =dBz/dy ¢y
and

Iy = —dBz/dx. (2)
The magnitude of the current arrows (I = (Ix? + Iy*)"/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
casily. 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
t is calculated using equations (1) and (2), and an absolute value ( = (/x2 + Iy*)'/2) of the
CAM is computed. Next, the first procedure for the depolarization period (Zg, £1, 12, . . . , £y) iS
carried out. In the first procedure, a summation of the absolute values of the current arrows
is performed until time 7,,. 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 (ty, fe1, tme2s - - - » 1) is carried out, and the absolute value is subtracted from V,,, until
time ¢,. Finally, the waveform V () can be displayed.

2.3. Measurement of magnetocardiogram and monophasic action potential

MCG signals in one patient (female, 37 years old) with type-I 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 af 1998, Kandori et 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(Q=(Ix(t)>+Iy(t)2)¥2,
_using a current arrow (Ix(t), Iy(t)) at time t

Procedure 1

Depolarization time: tg, t;, t,, ..., t
Vito) = Ixy(ty)
Vi(t,) = Ey(ty) + Ixy(ty)
Vi) = Iy(to) + Ixy(t)+ Ixy(t,)

m

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

Procedure 2

Repolarization time: t,,;, tr,2 tiags s b
Vltye) = Vm- Ixy(ty,,)
Vi) = Vm- Ixy(t,,, ) ~ Ixy(ty,,,)
Vita) = V- 1Y (te) - D (timia) - IXY ()

V(t,) =Vm - Iyt ) - Ixy(t,,0) - Ixy(t.q) - ... - Ixy(t,)

Display of V(t) waveform each channe]

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 §
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-1 LQTS.

<« <

¥igure 6. MCG measurement area on the chest of a patient with type-I 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-I 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 a/ 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 lower 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 (c)
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.

Comparing 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 cell
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 similarity 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 only has a farge 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 reflect
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 ef al 1994) or
torsades de pointes in long-QT-syndrome patients (Kurita et al 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
signals, because an electrical distribution in the heart carmot be calculated. 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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OBJECTIVES The aim of this study was to test the hypothesis that epinephrine test may have diagnostic
value for genotyping LQT1, LQT2, and LQT3 forms of congenital long QT syndrome (LQTS).
BACKGROUND A differential response of dynamic QT interval to epinephrine infusion between LQT1,
LQT2, and LQT3 syndromes has been reported, indicating the potential diagnostic value of the
epinephrine test for genotyping the three forms.

METHODS The responses of 12-lead ECG parameters to epinephrine were retrospectively examined in
15 LQT1, 10 LQT2, 8 LQT3, and 10 healthy volenteers to select the best ECG criteria for separating
the four groups. The epinephrine test then was prospectively conducted in 42 probands clinically
affected with LQTS, their 67 family members, and 10 new volunteers. The best criteria were applied
in a blinded fashion to prospectively separate a different group of 31 LQT1, 23 LQT2, 6 LQT3, and
30 Control patients (10 genotype-negative LQT1, 10 genotype-negative LQT2 family members, and 10
volunteers).

RESULTS The sensitivity (penetrance) by ECG diagnostic criteria was lower in LQT1I (68%) than in
LQT2 (83%) or LQT3 (83%) before epinephrine and was improved with steady-state epinephrine in
LQT1 (87%) and LQT2 (91%) but not in LQT3 (83%), without the expense of specificity (100%). The
sensitivity and specificity to differentiate LQT1 from LQT2 were 97% and 96%, those from LQT3 were
97% and 100%, and those from Control were 97% and 100%, respectively, when A mean corrected
Q-Tend =35ms at steady state was used. The sensitivity and specificity to differentiate LQT2 from
LQT3 or Control were 100% and 100%, respectively, when A mean corrected Q-Tend =80ms at peak
was used.

CONCLUSIONS Epinephrine infusion is a powerful test to predict the genotype of LQT1, LQT2, and
LQT3 syndromes as well as to improve the clinical diagnosis of genotype-positive patients, especially
those with LQT1 syndrome.

KEYWORDS Arrhythmia; Diagnosis; Long QT syndrome; Catecholamines; Genes
© 2004 Heart Rhythm Society. All rights reserved.
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The congenital long QT syndrome (LQTS) is a hereditary
disorder caused by mutations in genes of the potassium and
sodium channels or membrane adapter located on chromo-
somes 3,4, 7, 11, 17, and 21."~* Among the LQT1, LQT2, and
LQT3 forms, which account for approximately two thirds of
genotyped patients, cardiac events are more often associated
with sympathetic stimulation (physical or emotional stress) in
LQT!1 than in either LQT2 or LQT3 syndrome.>® Concordant
with the influence of sympathetic stimulation, beta-blockers
are the most effective in LQT1 syndrome.g'10 Therefore, geno-
typing of LQTS is of major importance because it would be
helpful in managing and treating patients more effectively.!!

Preliminary studies by our and other groups have demonstrated '

the differential response of dynamic QT interval to epinephrine
infusion between LQTI, LQT2, and LQT3 syndromes,'>!?
indicating the potential diagnostic value of the epinephrine test
for genotyping the three forms. The present study was de-
signed to test this hypothesis.

 Methods

Study design and population

First, we retrospectively analyzed the response of ECG
parameters to epinephrine infusion in 15 LQT1 patients (5
families), 10 LQT2 patients (5 families), 8 LQT?3 patients (2
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families), and 10 healthy volunteers (Control}, some of
whom were included in our previous study.'? The best ECG
criteria separating LQT1, LQT2, LQT3, and Control pa-
tients were selected. Then, we prospectively conducted an
epinephrine test in 42 probands who were clinically diag-
nosed as having congenital LQTS, their 67 family members,
and 10 new healthy volunteers. The best ECG criteria with
the epinephrine test derived from the retrospective study
were applied in a blinded fashion to differentiate LQT1,
LQT2, LQT3, and Control groups in a total of 119 subjects.
Molecular screening, which was performed after the epi-
nephrine test, identified 31 genotype-positive LQT1 patients
(12 families), 23 genotype-positive LQT2 patients (12 fam-
ilies), 6 genotype-positive LQT3 patients (3 families), 10
genotype-negative LQT1 patients (9 families), and 10 gen-
otype-negative LQT2 patients (4 families). The study pop-
ulation of the prospective study included the 31 LQT1, 23
LQT2, and 6 LQT3 patients. The data from the 10 geno-
type-negative LQT1 patients, 10 genotype-negative LQT2
patients, and 10 healthy volunteers were pooled and referred
to as Control group, because there were no significant dif-
ferences in the clinical and ECG characteristics among the
three groups. In the remaining 29 patients including 15
probands (15 families), no responsible mutations were iden-
tified in any LQTS genes. There were no significant differ-
ences among LQT1, LQT2, LQT3, and Control groups with
regard to age, percentage of age <15 years old, gender,
baseline heart rate, and peak and steady-state heart rate with
epinephrine in the prospective study (Table 1). Percentage
of syncope or aborted cardiac arrest was no different among
LQT1, LQTZ, and LQT3 groups (Table 1). The baseline
corrected QT intervals in LQT2 and LQT3 groups were
significantly longer than that in the LQTI1 group; those in
the LQT1, LQT2, and LQT3 groups were all significantly
longer than that in the Control group (Table 1). Genotyping
of LQTS was reviewed and approved by our Ethical Review
Committee, and written informed consent was obtained
from all patients or their parents when the patients were
younger than 20 years. All epinephrine tests were conducted
in the National Cardiovascular Center as part of a clinical
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evaluation of LQTS patients. We previously reported that
the oral beta-blocker propranolol (0.5-2 mg/kg) completely
suppressed the effects of epinephrine on repolarization pa-
rameters'*; therefore, no subjects took beta-blockers at the
time of the epinephrine test in either the retrospective or
prospective study. Among a total of 93 genotyped LQTS
patients in the retrospective and prospective studies, 85
patients were transferred to our hospital for initial evalua-
-tion of LQTS without any medications including beta-
blockers, and the epinephrine test could be conducted in the
absence of beta-blockers. Appropriate therapies, including
beta-blockers, were started after the evaluvation of LQTS. In
the remaining 8 patients (3 LQT! and 5 LQT2), beta-
blockers were withheld during the evaluation of LQTS,
inctuding the epinephrine test, and then reinstated.

Clinical diagnesis

LQTS-affected individuals were diagnosed based on the
ECG criteria of Keating et al,'® including a corrected QT
=470 ms in asymptomatic individuals and a corrected QT
>440 ms for males and >460 ms for females associated
with =1 of the following: (1} stress-related syncope, (2)
documented torsades de pointes, or (3) family history of
early sudden cardiac death. The LQTS score was calculated
using the diagnostic criteria of Schwartz et al.’®

Recording of standard 12-lead ECG

A standard 12-lead ECG was recorded using an
FDX6521 (Fukuda Denshi Co., Tokyo, Japan) with the
patient in the supine position. These ECG data were digi-
tized using analog-to-digital converters at a sampling rate of
1,000 samples per second per channel,

Measurements

Measurement of the ECG parameters was performed
against five averaged QRS complexes by an off-line com-
puter with an analysis program developed by our institution.
Q-Tend was defined as the interval between QRS onset and
the point at which an isoelectric line intersected a tangential
line drawn at the minimum dV/dt point of a positive T wave
or at the maximum dV/dt point of a negative T wave. When
a bifurcated or secondary T wave (pathologic U wave)
appeared, it was included as part of the measurement of the
Q-Tend, but a normal U wave, which was apparently sep-
arated from a T wave, was not included. Q-Tpeak was
defined as the interval between QRS onset and the peak of
the positive T wave or the nadir of the negative T wave.
When the T wave had a biphasic or a notched configuration,
the peak of the T wave was defined as that of dominant T
deflection. Q-Tend, Q-Tpeak, and Tpeak-end (Q-Tend —
Q-Tpeak) as an index of transmural dispersion of repolar-
ization were measured automatically from all 12-lead
ECGs, corrected by Bazett’s method, and averaged among

all 12 leads. Data of corrected Q-Tend, Q-Tpeak, and
Tpeak-end, which were measured simply from lead Vs, also
were evaluated. As an index of spatial dispersion of repo-
larization, dispersion of the corrected Q-Tend was defined
as the interval between the maximum and the minimum of
the corrected Q-Tend among the 12 leads.

Epinephrine administration

A bolus injection of epinephrine (0.1 pg/kg) was imme-
diately followed by continuous infusion (0.1 wg/kg/min).
The 12-lead ECG was continuously recorded during sinus
rhythm under baseline conditions and usually for 5 minutes
under epinephrine infusion. The effect of epinephrine on
both RR and QT intervals usually reached steady-state con-
ditions 2 to 3 minutes after the start of epinephrine infusion.
Epinephrine infusion for >5 minutes was avoided, and
ECG monitoring was continued for another 5 minutes after
epinephrine infusion to detect the possible occurrence of
torsades de pointes. The ECG data as a representative of the
peak epinephrine effect were collected 1 to 2 minutes after
the start of epinephrine infusion when the RR interval was
the shortest, whereas the data as a representative of the
steady-state epinephrine effect were collected 3 to 5 minutes
after the start of epinephrine infusion.

Statistical analysis

Data are expressed as mean * SD, except for those
shown in Figure 3, which are expressed as mean = SEM.
Repeated-measures two-way ANOVA followed by the
Scheffé test was used to compare measurements made be-
fore and after epinephrine infusion and to compare differ-
ences between groups (STATISTICA, 98 Edition). Repeat-
ed-measures one-way ANOVA followed by the Scheffé test
was used to compare changes (A) in the measurements with
epinephrine between groups. Differences in frequencies
were analyzed by Chi-square test. A two-sided P < .05 was
considered statistically significant.

Results

Retrospective study

Best ECG criteria to differentiate LQT1, LOT2, LQT3,
and Control groups

The retrospective study as well as our previous study"
suggested the differential response of the mean corrected
Q-Tend interval to epinephrine test among LQT1, LQT2,
and LQT3 groups. The mean corrected Q-Tend intervals
were more prominently prolonged at peak epinephrine ef-
feet in LQT1 and LQT2 groups than in either the LQT3 or
the Control group. On the other hand, they remained pro-
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Flow chart for predicting genotype with the epineph-

Figure 1
rine test.

longed at steady-state epinephrine effect only in the LQT1
group but not in the other three groups.

Figure 1 illustrates a fiow chart for predicting LQTI,
LQT2, LQT3, and Control patients with the epinephrine test
derived from the retrospective study. If the A mean cor-
rected Q-Tend was =35 ms at steady-state epinephrine
effect, the patient was expected to be affected with LQT1
syndrome. If not, and the A mean corrected Q-Tend was
=80 ms at peak epinephrine effect, the patient was expected
to be linked to LQT2 syndrome, If not, the patient was
expected to be an LQT3 or Control patient.

Prospective study

Differential responses of ECG parameters to epinephrine
infusion

Figure 2 illustrates ECG lead V, under baseline condi-
tions and at peak and steady-state epinephrine effects in
representative LQT1, LQT2, LQT3, and Control patients.

Figure 3 shows composite data of the ECG parameters
under baseline conditions and at peak and steady-state epi-
nephrine effects in the four groups of the prospective study.
Under baseline conditions, the mean corrected Q-Tend and
Q-Tpeak were significantly longer in the LQT1, LQT2, and
LQT3 groups than in the Control group; both were signif-
icantly longer in the LQT2 and LQT3 groups than in LQT1
group (Figure 3A and 3B). The mean corrected Tpeak-end
was significantly greater in the LQT2 group than in the
LQT3 or Control group (Figure 3C). The dispersion of
comrected Q-Tend was significantly larger in the LQT1 and
LQT?2 groups than in the Control group (Figure 3D). The
mean corrected Q-Tend and Q-Tpeak were dramatically
prolonged at peak epinephrine effect (470 = 41 to 596 * 56
ms, 385 * 34 to 480 * 53 ms; P < .05, respectively) and
remained prolonged at steady state (549 = 55 ms, 438 *= 50
ms; P < .05 vs baseline, respectively) in the LQT1 group
(Figure 3A and 3B, closed circles). The mean corrected
Tpeak-end also was markedly increased at peak epinephrine
effect (85 = 11 to 115 = 19 ms; P < .05), and remained
increased at steady state (111 = 17 ms; P < .05 vs baseline)
as a result of a greater prolongation in the mean corrected

A s A e i v I st 3

Qlc=6ms Globiims Qlc=532ms  Qlo=408ms
figure 2 ECG lead V, under baseline conditions and at peak
and steady-state epinephrine effects in LQT1 (A), LQT2 (B),
LQT3 (C), and Control (D) patients. The mean corrected Q-Tend
was prominently prolenged from 576 to 711 ms at peak epineph-
rine effect and remained prolonged at steady state (696 ms) in the
LQT1 patient. In the LQT2 patient, the mean corrected Q-Tend
also was dramatically prolonged from 592 to 684 ms at peak but
returned to the baseline level at steady-state (611 ms). It was much
less prolonged (LQT3: 560 to 582 ms, Control; 389 to 450 ms) at
peak in the LQT3 and Control patients than in either the LQT1 or
LQT2 patient and was shortened to the baseline level at steady
state (532, 409 ms).

Q-Tend than in the mean corrected Q-Tpeak at both peak
and steady-state conditions (Figure 3C, closed circles). The
mean corrected Q-Tend and Q-Tpeak also were dramati-
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Figure 3  Composite data of the mean corrected Q-Tend (A),
Q-Tpeak (B), Tpeak-end (C), and dispersion of corrected Q-Tend
(D) under baseline conditions and at peak and steady-state epi-
nephrine effects in LQT1 (closed circle), LQT2 (open circle),
LQT3 (closed triangle), and Control (open triangle) groups of the
prospective study. *P < .05 vs Control; **P << .05 vs LQT1 and
Control; *¥*P < .05 vs LQT?3 and Control; ****P < .05 vs LQTI,
LQT3, and Control; §P < .05 vs baseline.
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Figure 4 Composite data of changes (A) in the mean corrected
Q-Tend (A), Q-Tpeak (B), Tpeak-end (C), and dispersion of cor-
rected Q-Tend (D) between baseline conditions and peak epineph-
rine effects in LQT1, LQT2, LQT3, and Control groups of the
prospective study. *P < .05 vs LQT3 and Control; **P < .05 vs
LQT2, LQT3 and Control.

cally prolonged at peak epinephrine effect (503 + 33 to 627
*+ 30 ms, 411 = 26 to 525 = 32 ms; P < .05, respectively)
in the LQT?2 group but returned to baseline levels at steady
state (518 = 38 ms, 424 * 36 ms; P = NS vs baseline,
respectively; Figure 3A and 3B, open circles). The mean
corrected Tpeak-end was unchanged with epinephrine (92
* 2310 102 = 18 t0 94 = 19 ms) in the LQT2 group
{Figure 3C, open circles). The mean corrected Q-Tend and
Q-Tpeak were much less prolonged at peak epinephrine
effect (LQT3: 506 = 41 to 540 * 28 ms; P = N§, 432 =
40 10 467 = 26 ms; P = NS, Control: 408 + 19 10 461 =
19 ms, 332 * 17 to 380 * 23 ms; P < .05, respectively) in
the LQT3 and Control groups than in the LQT1 or LQT2
group and were shortened to the baseline levels at steady
state (LQT3: 496 * 37 ms, 427 = 30 ms; Control: 415 =
18 ms, 333 = 19 ms; P = NS vs baseline, respectively)
(Figure 3A and 3B, closed triangles and open triangles). The
mean corrected Tpeak-end was unchanged with epinephrine
{LQT3: 74 £ 7to 73 = 4 to 69 = 10 ms; Controk: 75 + 8
to 81 = 13 to 82 = 11 ms) in the LQT3 and Control groups
(Figure 3C, closed triangles and open triangles). The dis-
persion of corrected Q-Tend was increased at peak epineph-
rine effect in the LQT1 and Control groups (LQT1: 61 = 21
ms, 79 = 27 ms; Control: 40 *= 14 ms, 63 = 19 ms; P <
.05, respectively).

Figure 4 illustrates the changes (A) in the ECG param-
eters between baseline conditions and peak epinephrine
effects in the four groups of the prospective study. Both the
A mean corrected Q-Tend and Q-Tpeak were no different
between the LQT1 and LQT2 groups, but they were signif-
icantly greater than those in'the LQT3 and Control groups
(P < .05; Figure 4A and 4B). No significant differences

were observed in the A mean comrected Q-Tend and Q-
Tpeak between the LQT3 and Control groups. The A mean
corrected Tpeak-end was significantly greater in the LQT!
group than in the other three groups (P < .05; Figure 4C).
No significant differences were observed in the A dispersion
of corrected Q-Tend among the four groups (Figure 4D). As
suggested by the retrospective study, the A mean corrected
Q-Tend =80} ms at peak epinephrine effect could most
effectively differentiate the LQT1 and LQT2 groups from
the LQT3 or Control group (Figure 4A).

Figure 5 illustrates A in the ECG parameters between
baseline conditions and steady-state epinephrine effects in
the four groups of the prospective study, The A mean
corrected Q-Tend, Q-Tpeak, and Tpeak-end were signifi-
cantly greater in LQT1 than in the other three groups (P <
05; Figure 5A-5C). The A mean cormrected Q-Tend was
significantly larger in the LQT2 than in LQT3 group (P <
.05; Figure 5A). There were no significant differences in the
A dispersion of corrected Q-Tend among the four groups
(Figure 5D). As suggested by the retrospective study, the A
mean correcied Q-Tend =35 ms at steady-state epinephrine
effect could most effectively differentiate the LQT1 group
from the other three groups (Figure 5A).

Improvement of clinical diagnosis with epinephrine test
The sensitivity (i.e., penetrance) and specificity for iden-
tifying penotype-positive LQT1, LQT2, and LQT3 patients
by the ECG diagnostic criteria before and after steady-state
epinephrine effects were evaluated in the prospective study.
The sensitivity for identifying genotype-positive LQT1
patients among the LQT1 and Control groups was low
under baseline conditions; 68% (21/31) using the ECG
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Figure 5 Composite data of changes (A) in the mean corrected

Q-Tend (A), Q-Tpeak (B), Tpeak-end (C), and dispersion of cor-
rected Q-Tend (D) between baseline conditions and steady-state
epinephrine effects in LQT1, LQT2, LQT3 and Control groups of
the prospective study. *P < .05 vs LQT2, LQT3 and Control; ¥*P
< .05 vs LQT3.
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diagnostic criteria, 68% (21/31) when an LQTS score =4
was used, and 74% (23/31) when a score =2 was used. The
specificity was 100% (30/30) regardless of the criteria. The
sensitivity was substantially improved by measurement of
the mean corrected Q-Tend at steady-state epinephrine ef-
fect without the expense of specificity (100% [3(/301); 87%
(27/31), 81% (25/31), and 90% (28/31), respectively.

The sensitivity for identifying genotype-positive LQT2
patients among the LQT2 and Control groups was relatively
high under baseline conditions; 83% (19/23), 83% (19/23),
and 96% (22/23), respectively. The sensitivity was further
improved at steady-state epinephrine effect to 91% (21/23),
91% (21/23), and 96% (22/23), respectively, without the
expense of specificity (100% [30/30]).

The sensitivity for identifying genotype-positive LQT3
patients among the LQT3 and Control groups under base-
line conditions was 83% (5/6), 50% (3/6), and 100% (6/6),
respectively, which was unchanged at steady-state epineph-
rine effect by any of the three criteria.

Prediction of genotype with epinephrine test

Table 2 illustrates the predictive values with the epineph-
rine test for genotyping in the prospective study. The A
mean corrected Q-Tend =35 ms at steady-state epinephrine
effect could differentiate LQT1 from the LQT2, LQT3, or
Control group with predictive accuracy =90%. The A mean
corrected Q-Tend =80 ms at peak epinephrine effect could
differentiate LQT2 from LQT3 or Control group with pre-
dictive accuracy of 100%. Even if we calculated the pre-
dictive values by the A corrected Q-Tend, which was mea-
sured simply from ECG lead Vi, the predictive accuracy
still was high (=80%).

At molecular screening, the responsible mutations could
be identified in the first targeted gene suspected by the
epinephrine test in all of the 12 LQT1, 12 LQT2, and 3
LQT3 families of the prospective study.

lcllated by data measured simply fron

ECG lead V5 “AS Increase with: epmephnne XN

Response to epinephrine test in genotype-unknown
patients

Figure 6 illustrates A mean corrected Q-Tend at peak
(Figure 6A) and steady-state (Figure 6B) epinephrine ef-
fects in the 29 patients (15 probands and 14 family mem-
bers) of the prospective study in whom the responsible
mutations could not be identified in any LQTS genes.
Among the 15 probands, the response to the epinephirine test
was LQT1 pattern in 11 probands and L.QT2 pattern in 4
probands. Among the 14 family members, the response was
LQT1 pattern in 3 members, LQT2 pattern in 3 members,
and LQT3 or Control pattern in 8 members, Even though
these 29 patients without causative mutations were included
in the analysis for genotype prediction, the positive predic-
tive values were 67% (30/31+14) for LQT1 syndrome and
73% (22/23+7) for LQT2 syndrome, respectively.
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Figure 6 Composite data of changes (A) in the mean corrected

Q-Tend between baseline conditions and peak epinephrine effects
(A) and between baseline conditions and steady-state epinephrine
effects (B) in the 29 patients (15 probands and 14 family members)
of the prospective study in whom the responsible mutations could
not be identified in any LQTS genes.
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Complications

Spontaneously terminating torsades de pointes was in-
duced by epinephrine infusion in one LQT] patient, and
spontaneous premature ventricular contractions were in-
duced in one LQT1 and two LQT2 patients.

Discussion

The main findings of the present study are as follows: (1)
penetrance in the absence of sympathetic stimulation was
lower in LQT1 than in LQT2 or LQT3 syndrome and was
improved with steady-state epinephrine in LQT1 and LQT2,
but not in LQT3 syndromes; and (2} epinephrine infusion
was a powerful test to predict the genotype of LQT1, LQT2,
and LQT3 syndromes by comparing the A corrected Q-Tend
at peak and steady-state epinephrine effects.

Penetrance in LQT1, LQT2, and LQT3 syndromes

It has long been expected that all genotype-positive pa-
tients could not be diagnosed by using ECG diagnostic
criteria.!™!® Priori et al'® conducted molecular screening in
nine families with sporadic cases of LQTS and suggested
that clinical diagnostic criteria had low sensitivity (pen-
etrance; 38%) in identifying mutation carriers. Swan et al®®
reported that the sensitivity and specificity for identifying
genotype-positive patients were 53 and 100%, respectively,
in a LQT1 family (D188N). Similarly, in the 12 LQTI
families of the prospective study, the sensitivity for identi-
fying LQT1 patients was low under baseline conditions and
was substantially improved with the epinephrine test with-
out the expense of specificity. In contrast, the sensitivity for
identifying LQT2 and LQT3 patients was relatively high
under baseline conditions in the 12 LQT2 and 3 LQT3
families. These findings suggest the need for molecuiar
screening of all family members regardless of clinical di-
agnosis to confirm genotype-positive patients, especially in
LQT1 syndrome.

Epinephrine test for predicting genotype of LQT1,
LQT2, and LQT3 syndromes

Recent clinical data on genotype-phenotype correla-
tion and experimental data in LQTS models have dem-
onstrated the genotype-specific response to sympathetic
stimulation and the possibility of genotype-specific ther-
apy.S~811-14.21-23 The ‘1.QT1, LQT2, and LQT3 syn-
dromes constitute approximately two thirds of genotyped
LQTS patients.”* Therefore, genotyping of the three
forms as well as identifying latent genotype-positive pa-
tients are of particular importance in the management and
treatment of LQTS patients. Because molecular diagnosis
still is unavailable to many institutes, is costly, and is

time consuming, genotype identification by clinical tests |

would be useful for stratifying molecular screening by
targeting suspected genes for an initial study.>*® More-
over, there are still 30% to 40% of patients clinically
affected with LQTS in whom no responsible mutations
can be identified. Therefore, it is of great importance to
diagnose, based on clinical findings, the form of LQTS
that patients are affected with.

Our data demonstrate that epinephrine infusion enables
us to predict the genotype of LQTI1, LQT2, and LQT3
syndromes as well as to improve the clinical diagnosis of
genotype-positive patients, especially in LQT1 syndrome.
Genotype prediction of the three syndromes by the epineph-
rine test would facilitate molecular screening by targeting
suspected genes. In fact, molecular screening identified the
responsible mutations in the first targeted gene suspected by
the epinephrine test in all of the 12 LQTI, 12 LQT2, and 3
LQT3 famities of the prospective study. On the other hand,
the other 15 probands were assigned to a likely genotype by
the epinephrine test, but no mutations were found in any
LQTS genes. Becaunse the response to the epinephrine test
was LQT1 (1} probands and 3 family members) or LQT2
pattern (4 probands and 3 family members), some ion chan-
nel or membrane adapter genes, which are sensitive to
catecholamines, may be candidates for responsible genes. It
is noteworthy that the positive predictive values for LQT1
and LQT2 syndromes still were high (67% for LQT1 and
73% for LQT2), even though the 29 patients without re-
sponsible mutations in any LQTS genes were included in
the analysis for genotype prediction. The genotype predic-
tion also may help to stratify the management and treatment
of LQTS patients, if the patients cannot be genotyped by the
molecular screening.

Conclusion

Epinephrine infusion is a powerful test to predict the geno-
type of LQTL, LQT2, and LQT3 syndromes as well as to
improve the clinical diagnosis of genotype-positive patients,
especially in LQT1 syndrome. '
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