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TABLE 3. ECG Data Before and During Exercise in LQT1, LQT2, A
and Control baseline exercise
Basgling Peak Exercise P Broad-based | 13 Broad-based
Nornmal-ap. | 8 1 | Nommal-ap.
R-R, ms Lateonset | 7 2 | Late-onset
LA™ 888+155 461146 P<0.001¢ Bifid {notchS) | 2 4 | Bifid (norehS)
LOT2 1020184 514+134 P<0.001¢ Biphasic 1 0 0 | Biphasic
Bifid (notchl.} [ O ¢ | Bifid (notchL)
Control 816+1838 47564 P<0.001¢
P NSt NS*t B _
. baseline exercise
are, ms Broad-based | 6 N 1 Broad-based
LaTt 51164 53954 P<0.001% Bifid (notehl) | 6 f: 10 ] Bifid {notchL)
Lar2 513+55 §02+87 NSt Bifid (notch8) | 5 gy 6 ] Bifid (notchS)
Biphasic 11} 1 Biphasic
Control 402+36 418+17 NSt Normal-ap. 1 +—{:}—={ 1 | Nommal-ap.
P NS"/P<0.0011 NS*/P<0.0011 Late-onset | 0 0 Late-onset
Tpec, ms " s . L
Figure 4. Changes in T-wave pattern during exercise in LQT1
Lan 142246 215246 P<0.001% (A) and LQT2 (B) subgroups. Numbers in tables indicate abso-
LaT? 19770 16386 NSt lute numbers of patients in each subgroup (30 patients with
Control . . S LQT1 and 19 with LQT2). Numbers in parentheses indicate
ontrol 127+59 8= NSt numbers of patients that showed the change in T-wave pattern
P P<0.001"t NS"/P<0.001t by exercise.
"Between LAT1 and LAT2, 1LAT1 and LAT2 group compared with control,
respectively, tbetween baseline condition and peak exercise. was seen in 6 of 19 patients with LQT2, the one with noich
S in 5, and the broad-based T in 6 patients(Figure 4B), In
peak exercise was 96%, and ils negative predictive value exercise, the broad-based T-wave paltern was changed into
(NPV) was 72%. bifid T type, eventually the bifid or biphasic T-wave pattern
In the LQT?2 subset, a notch on the descending T-wave was observed in 17 of 19 patients with LQT2 (Figure 4B).
limb became prominent during exercise (Figure 3B). Under The PPV of the bifid with a notch at peak exercise was 80%,
the baseline condition, the bifid T-wave pattern with notch L and its NPV was 90%,
A B
baseline

exercise baseline exercise

Figure 3. Representative morpholcgic changes in
the § leads of ECGs during exercise in patients
with LQT1 (A) and LQT2 (B). Measured values for
QTc and corrected Tpe (Tpec; Tpe/R-R'?) are
shown at the bottom of each column.
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A B

(sec) P <0.01

Figure 5. Responses of two parameters
of cardiac repclanzation to R-R intervals
during exercise in 3 groups. A, Relations
of QT to R-R intervals during exercise: o,
LQT1; @, LQGTZ2; and &, control. Solid
lines are best fit by least-squares

method. Slope of each line (QT/R-R) was
0.13, 0.56, and 0.42, respectively. B,
QT/R-R slopes in 3 groups are summa-
rized: Each symbol indicates slope value
fromn one individual. C, Relations of Tpe
to R-R intervals during exercise: o,

(sec)

.35

P < 0.0 LQTY; @, LQT2; and &, control. Solid
| lines are best fit by least-squares
P<0.01 method. Slope of each line (Tpe/R-R)
NS. was —0.10, 0.37, and 0.10, respectively.
1 D, Tpe/R-R slopes in 3 groups are sum-

marized: Each symbol indicates siope
value from one individual.
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Rate-Dependent Adaptation of QT Intervals
In the LQT1 group, the QTc interval significantly prolonged

in response to the shortening of the R-R by exercise. In
contrast, the QTc remained unchanged by exercise in both the
LQT2 and control groups (Table 3). As was shown in the
previous data on QT/R-R slopes and their genotype-
dependent differences,'® our data also suggested that the
QT/R-R relation has genotype-related differences. In Figure
SA, QT values are plotted against R-R intervals in 3 repre-
sentative patients. Open circles indicate data points from a
LQT1 patient, closed circles those from a LQT2 patient, and
closed triangles from a control patient. Three solid lines are
best fit by a least-squares method. All QT/R-R values thus
calculated are summarized in Figure 5B. The QT/R-R slope
was significantly less steep in LQT1 than those in the other
{two groups.

Patients With LQT1 and LQT2 Show Different
Responses in Tpe to Exercise
Exercise increased the Tpec significantly only in LQT1
(Table 3). The rate-dependent adaptation of Tpe was evalu-
ated by plotting raw data against the R-R, as depicted in
Figure 5C. In the LQT2 patient (closed circles) and the
control {closed triangles), the Tpe was reduced in response to
the shortening of R-R, thereby producing a positive Tpe/R-R
slope. In contrast, the Tpe significantly prolonged when R-R
shortened in patients with LQT1 (open circles), resulting in a
negative Tpe/R-R slope.

The Tpe/R-R slopes in the 3 groups are illustrated in Figure
3D. None of the patients with LQT2 or the control patients

LQT1 LQT2 control

had a negative Tpe/R-R slope. In contrast, 80% of patients
with LQT] showed a negative Tpe/R-R slope (PPV 100%,
NPV 75%). Therefore, the exercise-induced QT prolongation
in the LQTI group was due mainly to the augmentation of
Tpe intervals.

Discussion

The present study demonstrates that exercise amplifies the
phenotypic appearance of T wave in both LQT1 and LQT?2.
The data also suggested that exercise produces a significant
increase in both QT interval and Tpe, reflecting transmural
dispersion of repolarization (TDR) only in LQT1. Since
mutations in different genes are identified in LQTS, resting
ECGs have been noted to differ considerably among the
genotypes.>4-20 Indeed, bifid T waves with a notch, which are
characteristic to LQT2,42¢2! were also found in about two
thirds of our patients with LQT2. At variance with previous
reports,>*2¢ the remaining one third of patients with LQT2
showed a broad-based T-wave pattern, which is thought to be
typical in LQT1. Therefore, baseline T-wave morphology
does not efficiently serve as a diagnostic criterion for LQTS
genolyping.

On the other hand, exercise stress testing could produce
distinct responses in T-wave morphology between the two
groups. The broad-based T-wave pattern observed at rest in
the LQT1 group remained unchanged during exercise. More
imterestingly, other types of T waves were changed into the
broad-based pattern during exercise, which was associated

-206—



with a significant increase in the QTc and the Tpec. In
conirast, the T-wave morphology was altered to the bifid
pattern during exercise in most cases of LQT2.2!

Arterially perfused wedge preparationss have been used to
develop pharmacological models of LQT1, LQT2, and LQT3,
in which the phenotypic appearance of T wave depended on
currents flowing down voltage gradients among three differ-
ent cell types across the ventricular wall; epicardial, midmyo-
cardial (M), and endocardial cells. In all 3 models, the Tpe in
the transmural ECG appeared to provide an index of TDR
defined usually as the time lag for repolarization between
epicardial and M cells,'*16 and an amplified TDR was linked
to ventricular arrhythmias such as torsade de pointes.5.14.16 In
three distinct layers, epicardial and endocardial cells have
intrinsically stronger net repolatizing currents (as the result of
strong [y, and weak late I,) than M cells (weak Iy, and strong
late I,,).222* Therefore, a large augmentation of residual [, by
B-adrenergic stimulation would result in epicardial or endo-
cardial cells but not in M cells, especially in the LQT1 model
(in scarce Iy, state).62425 This may lead to an increased TDR
and a broad-based T wave, which is consistent with the
phenotypic appearance of ECGs during exercise in our
patients with LQTI, and thereby explains the higher inci-
dence of cardiac events with exercise in this special subset.

The cellular basis for low-amplitude T-waves with a
notched configuration often seen in LQT2 has also been
demonstrated by experimental studies with wedge prepa-
rations'4'%: A notch on the descending limb of the T wave
indicates the timing when the voltage gradient between
endocardial and the M cells changes abruptly after the full
repolarization of epicardial cells. A notch on the ascending
limb of the T wave occurs when a gradient develops
between endocardium and M region, which is capable of
generating a current sufficient to change the direction of
net current flow across the wall. Both types of notches
were often observed in the wedge preparations perfused
with I, blockers. However, in the LQT2 model, the
influence of B-adrenergic stimulation has not been yet
examined on the repolarization gradient,

Study Limitations

In the present study, men with LQT1 were significantly
younger than those in other groups. This may reflect the
finding that the onset age of men with LQT1 was younger, as
reported in previous study,” and may affect the analysis, In
regard to the study patients with exercise tolerance testing,
however, this influence of a widely scattered age range could
be ruled out because there was no difference in the proportion
of children under 16 years of age (numbers of the children
were 9 in 30 with LQT1 and 6 in 19 with LQT2). Mean ages
of study patients were not significantly different. There was
also no significant difference in maximum heart rate attained
by exercise, excluding the age-dependent influence on ECG
parameters.

At variance with a previous report,'? the Tpec in LQT2 was
significantly longer than that in the LQT! group. It may be
due to the difference in definition of Tpe. Because T peak was
defined as the former peak of the bifid T-wave pattern in our
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analyses, the Tpe interval became longer in the bifid T wave,
which was the main pattern of LQT2.

In summary, the present study demonstrated that exercise-
induced genotype-specific changes in the T wave and exag-
gerated prolongation of the QT interval in LQT1% were due
principally to increase in Tpe, reflecting TDR. Exercise
testing is useful to facilitate genotyping of most common
variants of the LQTS, although prospective study will be
needed to conclude its diagnostic value.
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