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Figure 1. Transmembrzne action potentials simultanecusly recorded from the
epicardial (Epi), midmyocardial (M), and endocardial (Endo} regions and a
transmural electrocardiogram (ECG) at basic cycle length of 2,000 ms under
cach study condition. (A} Control. (B) E-4031 (1umol/). (C) Chromanol
293B (10pmol). (D) 293B + E-4031 (acquired long QT syndrome [LQTS]
condition). (E) Epinephrine infusion (Epine: 0.5pumol/1} under acquired
LQTS condition, (F) Addition of verapamil (Verap) 2.5 pmoll under
acquired LQTS condition, (G} Further addition of Epine in the continued
presence of Verap under acquired LQTS condition. Numbers at bottom of
each ECG denote transmural dispersion of repolarization (ms),

interval and TDR (Fig. 1D). Epinephrine infusion (0.5
umol/l) further prolonged epicardial APD associated with
induction of EADs, but did not prolong M or endocardial
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Figure 2. Spontaneous early afterdepolarization and subsequent Torsade
de Pointes under the acquired long QT syndrome condition {293B 10
pmol/l + E-4031 1 umol/l). Basic cycle length = 3,000 ms. Recordings
and abbreviations as in Figure 1.

APD, resulting in further QT prolongation and increasing
TDR (Fig. 1E).

The composite data of the QT interval, APD,, of the
epicardium, M, and endocardium, and TDR at a BCL of
2,000 ms are shown in Table 1. E-4031 under control
significantly, but homogeneously, prolonged APDy,, resulting
in neither change of TDR nor induction of arrhythmia.
Chromanol 293B under control did not significantly increase
APDy, of the three regions, resulting in no major change in
QT interval and TDR. Whereas additional E-4031 to 293B
markedly prolonged QT interval as evidenced by preferential
prolongation of the epicardial APD,, compared with M and
endocardial APDy,, thus dramatically increased TDR. Epi-
nephrine further prolonged the epicardial APDy, but short-
ened the M region APDy, resulting in further prolongation of
the QT interval and increasing TDR.

Neither E-4031 alone nor 293B alone produced any
EADs or TdP. However, additional E-4031 to 293B
(acquired LQTS condition) induced spontaneous EADs
from the epicardium in 5 of 10 preparations, including two
preparations with spontanecus TdP (Fig. 2), but not from
the M or endocardium. Further epinephrine infusion (n =
8) induced EADs from the epicardium in all preparations,
including four preparations with subsequent TdP, but EADs
from the M region were seen in only one preparation.

Effect of verapamil on the QT interval, APD, TDR, and
induction of arrhythmias under an acquired LQTS con-
dition, Under the acquired LQTS condition, verapamil
dose-dependently (0.1 to 5 umol/1} abbreviated APD of

Table 1. Effect of I ¢, Block With or Without Pretreated I, Block on the QT Interval, APDy,, and Transmura! Dispersion of

Repolarization
APD,,

QT Epi M Endo TDR
Control (n = 5) 283+ 15 227+ 16 259+ 8 246 = 13 31*10
E-4031 (1 uM} {n = 5) 446 * 42* 373 = 300 408 *+ 28* 374 x 25" 34+4
Control (n = 10) 279+ 12 230+ 16 253+ 14 237 £ 19 245
293B (10 pM} {n = 10) 298 + 34 252> 26 275 33 253+ 16 24+ 9
293B (10 uM) + E-4031 (1 uM) (n = 10) 793 = 183" 723 * 164° 596 * 131* 545 + 78* 175 + 68*
293B + E-4031 + Epine (0.5 uM) (n = 8) 866 + 251 801 * 217 506 + 123 525 = 118 19175
293B + E-4031 + Verzp 25 uM) (n = 7) 557 = 178% 503 £ 171+ 483 * 135% 516 + 154 35 * 374
293B + E-4031 + Verap + Epine (n = 6) 445 + 113# 403 + 117% 399 + 93¢% 411 *+ 98+ 30 = 12%

°p < 0.001 vs. conuol, ¥p < 0.05 vs. 293B + E-4031; 4p < 0.01 vs. 2938 + E-4031 by analysis of variance with Bonferroni's test.
APDy, = action potendal duration at 90% repolarization; Endo = endocardium; Epi = epicardium; Epine = epinephring; I, = slowly activating delayed rectifier potassium current;
L, = rapidly activating delayed rectifier potassium curreny; M = mid-myocardium; QT = QT interval, TDR = transrural dispersion of repolarization; Verap = verapamil,
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Figure 3. Dose-dependent effect of Verap (0.1 to 5 pmol/l) on transmembrane and ECG activity under acquired LQTS condition 293B 10 pmol/l +
E-4031 1 pmol/l). (A) Superimposed action potentials recorded simultaneously from the epicardial and M regions together with a transmural ECG. (B)
Composite data of the effect of Verap on QT interval (solid squares), action potential duration measured at 90% repolarization (APDy,) of Epi (open
triangles) and M (open circles) regions and transmural dispersion of repolarization {TDR) (solid diamonds). Basic cycle length = 2,000 ms. *p < 0.05
vs. 293B + E-4031; +p < 0.01 vs, 293B + E-4031; Yp < 0.05 vs. M region by analysis of variance with Bonferroni's test. Abbreviations as in Figure 1.

the epicardial and M regions as well as the QT interval
(Fig. 3A). Figure 3B shows composite data of the
dose-dependent effect of verapamil on the QT interval,
APDy, of the epicardial and M regions, and TDR under
the acquired LQTS condition (n = 6). A 5-pmol/l dose
of verapamil under the acquired LQTS condition pref-
erentially abbreviated the'epicardial APDy, (761 * 99 ms
to 469 *+ 95 ms; p < 0.001) compared with the M region
APDy, (615 * 83 ms to 512 *+ 146 ms; p = NS),
resulting in a significant decrease in TDR (146 = 46 ms
to 26 = 28 ms; p < 0.01). The change in QT interval
paralleled the decrease in the epicardial APDy,.

As shown in Figure 1F, 2.5-pmol/l verapamil preferen-
tially abbreviated the epicardiat APDy, rather than the M or
endocardium, thus significantly abbreviated QT interval and
TDR. Moreover, verapamil completely prevented the influ-
ence of epinephrine in inducing EADs and TdP as well as
increasing the epicardial APDg,, QT interval, and TDR
(Fig. 1G). The composite data of the effect of verapamil on
the QT interval, APD, and TDR with or without epineph-
rine are shown in Table 1. Thus, verapamil totally sup-
pressed EADs and TdP under the acquired LQTS condi-
tion with or without epinephrine.

Measurement of Iy and Iy, in epicardial, M, and
endocardial cells. Figure 4A represents the dose-
dependent inhibition of I, by 293B in an epicardial cell.
Figure 4B illustrates the concentration-response relation-

ships for the inhibition of Iy, tail current. The data points
were reasonably well described by a Hill equation with the
following parameters: IC;5 = 639 * 1.17 pmol/], ny =
1.23 = 0.05 (epicardial cells: n = 5); IC;, = 5.71 * 1.32
pmol/l, nyp = 1.25 = 012 (M cells: n = 5%, IC, = 5,73 %
0.94 pmol/l, nyy = 1.07 % 0.19 (endocardial cells: n = 5).
There are no significant differences in ICsy and nyy values
among the epicardial, M, and endocardial cells (analysis of
variance with Bonferroni’s test), thus indicating that I in
these three cell types represents a similar sensitivity to
inhibition by chromanol 293B.

Figure 5 represents the sensitivity of I to blockers of Iy,
and Iy, (E-4031 and 293B, respectively). After the Iy
reached a practically steady level (control, trace 1), applica-
tion of E-4031 (3 pmol/l) markedly reduced the amplitude
of I tail current (trace 2), and further addition of 293B (30
pmol/1) almost completely abolished the Iy tail current
{trace 3). Table 2 summarizes densities of I, and I, in the
epicardial, M, and endocardial cells, determined as E-4031-
and 293B-sensitive tail currents normalized with reference
to C_. In each cell type, the density of Iy, was significantly
smaller than that of Iy,. The density of Iy, was almost
equivalent among the three cell types, whereas Iy, density
was significantly smaller in M cells compared with that in
the epicardial and endocardial cells.

Computer simulations. To understand why EAD devel-
oped from the epicardium under the acquired LQTS
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Figure 4. Sensitivity of Iy, in the epicardial (Epi), midmyocardial (M), and endocardial (Endo} cells to inhibition by chromanol 293B. {A)
Representative superimposed cusrent traces elicited by 3-s depolarizing voltage-clamp steps applied from 2 holding potential of ~50 mV to +50 mV
in an epicardial cell, before (control) and during exposure to 293B at a concentration of 0.1, 1, 5, 19, and 30 pmol/L. The I, inhibitor E-4031 (3
pmol/l) was present throughout. Tail currents were demonstrated on an expanded scale. (B) The percent block of I, in the Epi (open circles), M
(open squares), and Endo (open triangles) cells, The degree of Iy, inhibition was measured as the fraction of the tail current reduced by each
concentration of 293B with reference to the control amplitude of the tail current. Smooth curves through the data points represent a least-squares
fit of a Hill equation: percent block = 100/1 + (IC50/[293B])“"), yielding the concentration required for the half-maximal block (1Cs) and the
Hill coefficient {ny;). pA = pico (X 107'?) Ampere.

EAD (arrow) from the epicardial cell but not from M or
endocardial cells. Moreover, Figure 6B shows that the

condition, we simulated APs of the three cell types using a
Luo-Rudy model at a BCL of 2,000 ms. As shown in Figure

6A, the epicardial APD was shorter than the M cells under
the control condition (dotted line). However, suppression of
both Iy, and Iy, (70% and 80%, respectively) (solid line),
simulating the condition of acquired LQTS, developed

reactivation of Ca®* current through the L-type channel
(Icap) was responsible for the development of epicardial
EAD under the acquired LQTS condition. Furthermore, a
decrease in I, density changed by G, from 0.5 to 0.05
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Figure 5. Detection of I, and I, in the epicardial {Epi), midmyocardial (M), and endocardial (Endo) cells. Depolarizing test pulses (to +30 mV for 300
ms) were repetitively applied (every 2 s) from a helding potential of —50 mV to activate I, and membrane cerrents were recorded from the Epi, M, and
Endo cells, before (trace 1), and ~2 min after exposure to 3 pumol/l E-4031 (trace 2}, and ~2 min after further addition of 30 pemol/1 293B in conjunction
with 3 pmol/l E-4031 (trace 3). pA = pico (X 1073} Ampere.
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Table 2. Transmural Heterogeneity of I, and I, in Feline Left
Ventricle

Epi (n = 10} Mmh=29 Endoe{n=7)
Ik, 0.35 + 0.26" 0.13 £+ 0.09*F 0.30 * 0.09*
Ik, 1.34 x Q.51 1.10 X 0.38 117 £ 0.30

*p < 0.05 vs. Ig; tp < 0.05 vs. Epi and Endo by analysis of varance with
Bonferroni's test. Mean % SD, (pA/pF). Current densities of I, and Ik, measured as
E-4031- and chromanol 293B-sensitive tail currents at —50 mV.

Abbreviations as in Table 1.

mS/pF decreased the net charge entry carried by the I, 1.
during the AP, resulted in suppressing EAD as well as
abbreviating APD.

DISCUSSION

Genetic and ionic substrates of acquired LQTS. Ac-
quired QT prolongation and TdP arrhythmias usually
require multiple risk factors, such as bradycardia, hypoka-
lemia, female gender, and mostly agents with an Iy -
blocking effect. Recent genetic studies suggest some forms
of acquired LQTS can be associated with silent mutations
in the LQTS-related genes (4), such as KCNQI encoding
I, (so-called forme fruste type of congenital LQTS) (5-7).
Roden (20) hypothesized “reduced repolarization reserve” as
a2 potential mechanism underlying susceptibility to drug-
induced LQTS. According to his hypothesis, Iy, dysfunc-
tion could be potentially compensated by other K* currents,
mainly Iy, thereby the repolarization defect is tolerated,
and agents with I, block could induce acquired QT
prolongation and TdP.

Vos et al. (21-23) suggested a high incidence of EADs
and TdP by d-sotalol in dogs with chronic complete
atrioventricular block as a result of a significant down-
regulation of Iy, and Iy, Moreover, other experimental
studies using canine and rabbit wedge showed combined I,
and I, block caused a high incidence of EADs most likely
arising from the epicardium (14,15). Burashnikov and
Antzelevitch (24) suggested that the abundant Iy, in the
epicardium and endocardium compared with the M region
under normal conditions contributed to the increase in
TDR but protected against development of EADs in the
epicardium and endocardium in dogs. Thus, Iy, is critically
important for the repolarization reserve in the epicardium
and endocardium.

Although Ty, in the feline heart is far smaller than that in
other species (25,26), our result from a whole-cell patch-
clamp study suggested that a 10-pmol/l 293B used in the
wedge preparation reduced about 70% of I, in the three cell
types, which is consistent with degree of Iy, blockade caused
by a silent mutation or common polymorphism in human
KCNQ1 gene (6,7). We also showed that Iy, block with
E-4031 in control conditions prolonged the QT interval but
did not increase TDR and developed neither EADs nor
TdP. However, combined Iy, block with 293B further
prolonged the QT interval and inverted T wave, which, in
turn, increased TDR and induced EADs and TdP. There-
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Figure 6. Effect of both Iy, and Iy, suppression on the simulated action
potentials from the epicardial (Epi), midmyocardial (M), and endocardial
(Endo) cells. {A) Superimposed action potentials simulated under baseline
condition (dotted Lines) and after both I, and I, suppression (70% and
80%, respectively) (solid lines). {B) Effect of maximum conductance of I,
(G,.) on the simulated epicardial action potential (Vm), I, ; magnitude,
and the net charge entry calculated by integration of the I, under the
condition of both Iy, and I, suppression. Basic cycle length = 2,000 ms,
EAD = early afterdepolarization.
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fore, the feline heart is appropriate for a model of forme
fruste LQTS. Our data also suggested that subclinical Iy,
dysfunction may become a genetic substrate, and additional
I, suppression may unmask marked QT prolongation and
TdP in acquired form of LQTS.

Role of I, 1 in increasing TDR and inducing EADs and
TdP in acquired LQTS. Several clinical and experimental
studies have suggested that EADs and triggered activity
were important in the genesis of QT prolongation and TdP
in LQTS (8,9,11-15,22-24). Induction of EADs generally
requires an initiation or conditioning phase controlled by
the sum of membrane currents present at the plateau AP
(inward depolarization current and outward repolarization
current). January and Riddle (27) suggested that the time-
and voltage-dependent I, ;, within its “window” was im-
portant in the induction and block of EADs. Luo and Rudy
(28) suggested that EADs resulted from a secondary acti-
vation of the I, during the plateau of AP. However, the
mechanism responsible for a high incidence of EADs
(especially from the epicardium) and subsequent TdP under
conditions of severely eliminated outward K*' current,
mimicking acquired LQTS, has not been mechanistically
defined.

Our data indicate that accentuation of I, during the
AP plateau preferentially prolonged APD and triggered
EADs in the epicardium, This was based on the effect of
verapamil on the epicardium. However, it is still unclear
whether a larger I, in the epicardial cell compared with
the M or endocardial cells contributed to the development
of EADs. Recently, Binydsz et al. (29) reported in their AP
voltage clamp experiments that the epicardial cell had a pool
of Ca?* channels sufficient for a second activation, whereas
the endocardial cells did not. Cordeiro et al. (30) also noted
that the presence of spike-and-dome AP waveform in the
epicardial cells resulted in a greater magnitude of I-,;.
Moreover, several simulation studies demonstrated a strong
coupling between Ic,, and I, (31,32). Our simulation
study also suggested that larger I, in the epicardial cell
caused larger Ic,p, developing EADs under the acquired
LQTS condition. In the feline left ventricle, it has been
reported that I, is larger in the epicardium compared with
the endocardium (33)}. Therefore, larger I, , secondary to
I.,-mediated spike-and-dome AP configuration in the epi-
cardial cell might be responsible for the high incidence of
EADs from the epicardium. This does not necessarily
exclude the possible mechanisms of other ionic currents
such as Iy,c, and Ca®* release from sarcoplasmic reticulum,
which may contribute to the prolonged AP as well as to the
development of EADs under calcium-loading conditions
(34).

Effects of catecholamines and verapamil in acquired
LQTS. Treatment of drug-induced TdP begins with im-
mediate withdrawal of any potential drugs and risk factors.
Sanguinetti et al. (35) suggested that an increase of heart
rate by isoproterenol was an effective therapeutic strategy in
patients with acquired LQTS, because beta-adrenergic
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stimulation with isoproterenol abbreviates repolarization
not only by increasing heart rate, but also by directly
increasing the magnitude of Iy, However, our experimental
data shows that epinephrine further prolonged APD in the
epicardium and induced EADs and TdP probably due to
augmentation of I,y in the acquired LQTS condition.
Thus, beta-adrenergic stimulation could be arrhythmogenic
even in conditions of acquired LQTS when subclinical Ty,
dysfunction is present and heart rate is not fully increased.

Cosio et al. (8) used intravenous verapamil to treat three

patients with TdP during an atrioventricular block. Shimizu
et al. (9) reported that verapamil suppressed spontaneous or
epinephrine-induced EADs and TdP in patients with
congenital LQT'S. Experimentally, Kimura et al. (36) re-
ported that verapamil (2 umol/l) suppressed cocaine-
induced EADs in the myocytes isolated from feline left
ventricle. Taken together with the data in the present study,
Ic,.1. block with verapamil may be a therapeutic choice for
TdP in patients with acquired LQT'S as well as congenital
LQTS.
Study limitations. We assumed the activity recorded from
the cut surface of the perfused wedge preparation repre-
sented cells within the respective layers of the wall through-
out the wedge. Such validation was provided in previous
studies that used the wedge preparation (10-15).

Pharmacologic block of Iy, with 293B is not a complete
surrogate for KCNQI defect. However, our feline model
closely mimicked the degree of Iy, inhibition and pharma-
cologic features of acquired LQTS. Therefore, we believe
these qualitative similarities validate 293B as a surrogate for
forme fruste LQTS,

We simulated APs of the three cell types using a
Luo-Rudy model, but it does not completely represent
feline ventricular APs. However, the phenomenon that
EAD frequently developed from the epicardium under the
acquired LQTS condition was observed not only in cats but
also in dogs and rabbits (14,15); thus, this simulation may
support our speculation about the mechanism of this phe-
nomenon.

Finally, the concentration of verapamil mainly used in
this study (2.5 pmol/l = 1,250 ng/ml) was considerably
higher than a typical clinical dose. However, verapamil was
effective in suppressing EADs and decreasing TDR even at
the lowest dose used in this study (0.1 pwmol/1 = 50 ng/ml},
which is close to plasma concentration of verapamil after a
5-mg bolus injection {below 200 ng/mi}.
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Figure 1  Alporithm of QT measurement by the cross-correla-
tion method. See text for details.

of beat-by-beat QT variability is prominent during sympa-
thetic stimulation in LQT1 patients in whom cardiac events
often occur during sympathetic stimulation.

Methods

Study population

Fourteen LQT1 patients with KCNQI mutation and five
healthy volunteers used as controls were included in the
study. The five healthy volunteers had no symptoms, and no
abnormal T-wave morphologies were observed on 12-lead
ECG. LQTS-affected individuals were noted based on the
ECG diagnostic criteria of Keating et al.® The criteria in-
clude corrected QT (QTc) =470 ms in asymptomatic indi-
viduals and QTec >440 ms for men and >460 ms for women
associated with one or more of the following: (1) stress-
related syncope, (2) documented TdP, or (3) family history
of early sudden cardiac death. Genotyping of LQTS was
reviewed and approved by the Ethical Review Committee.
Written informed consent was obtained from all patients.

Recording of standard 12-lead ECG

Standard 12-lead ECG was recorded using an FDX6521
(Fukuda Denshi Co., Tokyo, Japan) with the patient in the
supine position without antiarrhythmic medications, includ-
ing beta-blockers. ECG data were digitized using analog-
to-digital converters at a sampling rate of 1,000 samples/
second per channel.

ECG measurements

We measured QT interval beat by beat in the most stable
lead to amalyze T-wave morphology among precordial
leads. The beat-by-beat changes of the QT interval were
assessed during the latter half of T wave (Figure 1).

Specifically, the steps involved in analyzing a digitized
ECG record included the following. (1) The operator se-
lected a lead 10 analyze and the beginning and the end of the
template T wave as an average of consecutive five beats. (2)
The time of each R wave was identified using an automated
peak detection algorithm. (3) For each of the other new
beats, the time lags between the new beat and the template

were calculated for comparison with the templates of QT
morphology by a cross-correlation method. The templaies
were resampled as successive five beats before the newest
analyzed beat.

We also analyzed beat-by-beat QT interval using a semi-
automated digitizing program simultaneously. QT interval
was defined as the time interval between QRS onset and the
point at which the isoclectric line intersected a tangential
line drawn at the maximal downslope of the T wave (tan-
gential method).

Epinephrine administration

The epinephrine test was conducted as part of the clinical
evaluation of LQTS.

A bolus injection of epinephrine 0.1 pg/kg was followed
immediately by continuous infusion at 0.1 pg/kg/min.
Twelve-lead ECG was recorded continuously during sinus
rthythm under baseline conditions and usually for 5 minutes
after start of epinephrine infusion. The effect of epinephrine
on RR and QT intervals usually reached steady-state con-
ditions 2 to 3 minutes after epinephrine was started. Epi-
nephrine infusion for more than 5 minutes was avoided.
ECG monitoring was continued for another 5 minutes after
finishing epinephrine infusion to detect any occurrence of
TdP. ECG data were collected under baseline conditions
and at steady-state epinephrine effect 3 to 5 minutes after
epinephrine was started.

Analyzed parameters

The following five ECG parameters were calculated
from all RR and QT intervals recorded for 30 seconds
during baseline conditions and at steady-state epinephrine
conditions and then compared between the two groups
(Figure 2): (1) ARR, the average of successive RR interval
changes; (2) AQT, the average of successive QT interval
changes; (3) SD-ARR, the standard deviation of RR inter-
val; (4) SD-AQT, the standard deviation of the QT interval;
and (5) QT index (QTI), the rate of change of QT interval

Electrocardiographic Parameters

ARR (msec): Average of successive RR interval changes
A QT {msec) : Average of successive QT interval changes
SD- ARR:standard deviation of RR interval
SD- AQT: standard deviation of QT interval

QTT: AQT/ ARR
ARR={RE2- nmggg BR2H-*+RRaBRa- 1) AQTHOT? QIMQ_QMQ_QT_)

Figure 2 Five ECG parameters calculated in the present study.
See text for details.
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Beat-by-Beat QT Variability in LAT1 Syndrome

Table 1  Baseline ECG characteristics
Tooan (n = 14) Control (n = 5)

Age 28 + 20 29 * 10

HR (bpm) 71 +10 68 + 7

ar {ms) 454 + Bg* 387 £ 13

QTc (ms) 504 + 76* 410 = 36
Toeok-end {MS) 102 * 16 91 * 19

QD (ms) 71 * 25* 45 > 11

Values are reported as mean * SD.

HR = heart rate; QTc = corrected QT interval; To.o ena
between T, and T, Q7D = QT dispersion {max(QT-minQT),
*P < .05 vs control,

= interval

to RR interval, defined as the beat-by-beat value of AQT
divided by ARR.

We examined the relationship between QT variability
(AQT, SD-AQT) analyzed by cross-correlation methods and
QT interval or heart rate before and after epinephrine infu-
sion.

Statistical analysis

Data are expressed as mean * SD. Paired and unpaired
t-tests were used for couple observation. Correlation be-
tween continuous variables was tested by lincar regression.
For all tests, P < .05 was considered significant.

Results

Table 1 lists baseline ECG characteristics. No significant
differences were observed regarding age and baseline heart
rate between the LQT1 and control groups. The baseline QT
and QTc intervals and QT dispersion, which were analyzed
by the tangential method, were all significantly greater in
the LQT1 group than in control group.

Beat-by-beat T wave variability before and after
epinephrine

Figure 3 illustrates representative examples of superim-
posed QT complexes before and after epinephrine. The
consecutive 10 beats of eight-lead ECGs were drawn tem-
porally. In the control patient, no significant difference of
beat-by-beat T-wave morphology was observed before and
after epinephrine. In contrast, more significant beat-by-beat
lability of the T wave was recognized after epinephrine in
the LQT1 patient, although no significant.change of beat-
by-beat T-wave morphology was observed under baseline.

Beat-by-beat QT variability

The analyzed ECG leads were lead V; in three controls
and six LQT1 patients, lead V; in two controls and five
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Baseline Epinephrine Baseline Epinephrine
Figure 3 Representative example of superimposed QT com-

plexes before and after epinephrine, The consecutive 10 beats of
eight-lead ECGs are drawn temporally. In a control patient, no
difference of beat-by-beat T-wave morphology is observed before
and after epinephrine. However, more significant beat-by-beat
alternans of T wave and change to biphasic T-wave pattern were -
cbserved after epinephrine in an LQT1 patient.

LQT1 patients, and lead V,, V;, and V, in each of the
remaining LQT] patients.

Figure 4 illustrates beat-by-beat change of the RR, QT,
and the ARR and AQT in a control patient. The RR interval
was decreased after bolus infusion of epinephrine, and re-
mained decreased less than before epinephrine at the steady
state condition. The ARR, which is heart rate variability,
became small following the start of epinephrine. The QT
interval was prolonged when the RR was decreased after
bolus epinephrine, however the QT interval was slightly
shortened compared before epinephrine at steady-state. The
AQT was not changed before and after epinephrine infusion.
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Figure 4 Beat-by-beat change of RR, QT, ARR, and AQT ina
control patient. RR interval was decreased after bolus infusion of
epinephrine and remained decreased less than before epinephrine
at the steady-state condition. ARR became small after epinephrine
was started. QT interval was prolonged when RR was decreased
after bolus epinephrine but was slightly shortened compared with
before epinephrine at the steady-state epinephrine effect. AQT was
not changed before and after epinephrine infusion.
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12005 lE — P < .005) in LQT1 group but not in control group (AQT
Pl 25 151024 * 0.5ms, SD-AQT 1.9 £ 09t0 2.1 £ 0.6
" _ e A i Ml i weseree s, QTI0.08 = 0.02 1o 0.09 + 0.06, P = NS) (Figure 6).
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