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Diagnostic value of epinephrine test for genotyping
LQT1, LAT2, and LQT3 forms of congenital long QT
syndrome

Wataru Shimizu, MD, PhD,?® Takashi Noda, MD, PhD,? Hiroshi Takaki, MD,°
Noritoshi Nagaya, MD, PhD,® Kazuhiro Satomi, MD,? Takashi Kurita, MD, PhD,?
Kazuhiro Suyama, MD, PhD,* Nachiko Aihara, MD,? Kenji Sunagawa, MD, PhD,*
Shigeyuki Echigo, MD,? Yoshihiro Miyamoto, MD, PhD,"

Yasunao Yoshimasa, MD, PhD,® Kazufumi Nakamura, MD, PhD,®

Tohru Ohe, MD, PhD,* Jeffrey A. Towbin, MD,  Silvia G. Priori, MD, PhD,%
Shiro Kamakura, MD, PhD?

“From the Division of Cardiology, Department of Internal Medicine, National Cardiovascular Center, Suita, Japan,
YLaboratory of Molecular Genetics, National Cardiovascular Center, Suita, Japan,

“Department of Cardiovascular Dynamics, National Cardiovascular Center, Suita, Japan,

"Depamnent of Pediatrics, National Cardiovascular Center, Suita, Japan,

*Department of Cardiovascular Medicine, Okayama University Graduate School of Medicine and Dentistry, Okayama, Japan,
IDepartment of Pediatrics (Cardiology), Molecular & Human Genetics, Baylor College of Medicine, Houston, Texas, and
8Molecular Cardiology, Salvatore Maugeri Foundation, IRCCS, Pavia, ltaly.

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 LQT?2, 8 LQT3, and 10 healthy volunteers 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 LQT, 10 genctype-negative LQT2 family members, and 10
volunteers).

RESULTS The sensitivity (penetrance) by ECG diagnostic criteria was lower in LQT1 (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 L.QT2 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 LQTI1, LQT2, and
LQT?3 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 Socicty. All rights reserved.

1547-5271/% -see front maﬁer © 2004 Heart Rhythm Society. All rights reserved. Heart Rhythm (2004} 3, 276-283
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Table 1

Clinical characteristics of LQT1, LQT2, LQT3, and control groups in prospective study

1QT1 (n = 31)

Lat2 (n = 23) LaT3 (n = 6) Control (n = 30)

Age [yr (range)]
Age <15 yr
Female sex

16/31 {52%)
17/31 (55%)

Baseline heart rate (beats/min) 67 + @
Peak heart rate with Epi {beats/min) 99 * 14
Steady-state heart rate with Epi (beats/min) 85 *+ 12
Baseline QTc interval (ms) 470 *+ 41t

Syncope or aborted cardiac arrest 14/31 (45%)
Beta-blockers (0%)

21 * 14 (4-55)

27 + 16 (6-61)
7/23 (30%)

21 + 16 (7-43)
3/6 (50%)

29 * 15 (6-64)
5/30 (17%)

16/23 (70%) 3/6 (50%) 16/30 (53%)
66 + 12 60 * 10 72 =13
96 + 16 95 + 10 99 + 13
76 * 14 70 = 12 79 * 13
503 + 33* 506 + 41* 408 *+ 19

12/23 (52%) 2/6 (33%) (0%)

(0%) (0%) (0%)

Values are given as mean * SD where indicated.Epi = epinephrine; QTc = corrected QT.

*P << 0.05 vs LQT1 and control.
1P < 0.05 vs cantrol.

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 {phystcal or emotional stress) in
LQT! than in either LQT2 or LQT3 syndrome.’~® Concordant
with the influence of sympathetic stimulation, beta-blockers
are the most effective in LQT1 syndrome.>'® 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 LQT1, 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 hypothests,

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 LQT3 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 LQT],
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 LQTT patients (9 families), and 10 gen-
otype-negative LQT?2 patients (4 families). The study pop-
ulation of the prospective study included the 31 LQTI, 23
LQTZ2, and 6 LQT3 patients. The data from the 10 geno-
type-negative LQT! 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 ameng 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
LOTI1, LQT2, and LQT3 groups (Table 1). The baseline
corrected QT intervals in LQT2 and LQT3 groups were
significantly longer than that in the LQT1 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 reporied 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, 83
patients were transferred to our hospital for initial evalva-
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 evaluation of LQTS. In
the remaining 8 patients (3 LQTIL and 5 LQT2), beta-
blockers were withheld during the evaluation of LQTS,
including the epinephrine test, and then reinstated.

Clinical diagnosis

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 Bazeit’s method, and averaged among
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all 12 leads. Data of comected Q-Tend, Q-Tpeak, and
Tpeak-end, which were measured simply {rom fead V, 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 minirum 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 pg/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 monitering was continued for ancther 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 LQTI, LQT2, 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 LQTI1, LQT2,
and LQT3 groups. The mean corrected Q-Tend intervals
were more prominently prolonged at peak epinephrine ef-
fect 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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Figure 1  Flow chart for predicting genotype with the epineph-
rine test,

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

Figure 1 illustrates a flow chart for predicting LQT]I,
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 bascline 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 QT2 and LQT3 groups than in LQTI
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
corrected Q-Tend was significantly larger in the LQT1 and
LQT2 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
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A correctod Q-Tend > 35ms A LQTY 8 L4aT2 € Lara O Control -
(Steady state - Baseline) T - =

Basoling Vi |-
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:._......1

QTc =714 ms

Qe =582 ms

Steady | ‘ l a
Qc=t%ms QTe-11ms  QlosbRms Qlc-d@ms
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 prolonged 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 LQTI or
LQT2 patient and was shortened to the baseline leve! 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-

A Mean corre # Q-Tend Msan corracted Q-Tpeak
(ms) | (mt)
§00
) a/\g
0 a/\a 0
c Baseline  Epi(psak) Epi (steady) D Baseline  Epi (peak) Epi (steady)
" Mean corrected Tpeak-end 128 Dispersion of corrected Q-Tend
(ms) (ms)
123 P | 100 —
T | A
100 1 hi 1 -
— banad —t : 1
o =7 w ?A>-§

Baseline  Epi{psak) Epi (steady) # Baseline  Epi (psak) Epi {steady)

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),
LQTS3 (closed triangle), and Control (epen triangle) groups of the
prospective study. *P < .03 vs Control; **P < .05 vs LQT! and
Control; ***P < .05 vs LQT3 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 (3-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 LQT2 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 to 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 to 467 = 26 ms; P = NS, Control: 408 * 19 to 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 £ 7t073 £ 41069 = 10 ms; Control: 75 = §
t0 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 <
.03, respectively).

Figure 4 illustrates the charges (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 LQT! 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

.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 corrected 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 genotype-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

A A mesn corrected Q-Tend

B
0 W A mean corrected Q-Tpeak

(ms) (me)
< - L]
#0 } b
e i o
" 35
(] * 3 o_!’_! 0 {I 1.2 fl
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421 15218 1140 TN 0 1N St 118
40 ] LQTt LGT2 LQTI Cantrol 30 ] 10Tt LaTz2 LATY Control

1& A mean corracted Tpeak-ond 1PnA digpersion of corrected Q-Tend

{m) | {(m)
' L]

1% WM 17 1&!2
LQT¢ LaT2 LQT: Centrol

w4 12 441
80 J LOT? LOT2 LQT3 Contrel 80

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 LQTI, L.QT2, LQT3 and Control groups of
the prospective study. *P < .05 vs LQTZ2, LQT3 and Control; **P
<< .05 vs LQT3,
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Table 2  Prediction of genotype with the epinephrine test in prospective study
Positive Negative
Sensitivity Specificity predictive value predictive value Accuracy
LQTY vs LQT2 97% 96% 97% 96% 96%
A Mean corected Q-Tend =35 ms (90%) (83%) (88%) {86%) (87%)
(Steady state-Baseline)
LQT1 vs LOT3 97% 100% 100% 86% 97%
A Mean corrected Q-Tend =35 ms {90%) {100%) (100%} {67%) {92%)
(Steady state-Baseline)
LQT1 vs control 97% 100% 100% 97% 98%
A Mean corrected Q-Tend =35 ms {90%) (97%) {97%) {91%}) (93%)
(Steady state-Baseline)
LQTZ vs LQT3 100% 100% 100% 100% 100%
A Mean corrected O-Tend =80 ms {(91%) (100%) {100%) {75%) (93%)
(Peak-Baseline)
LQT2 vs control 100% 100% 100% 100% 100%
A Mean comrected 0-Tend =80 ms (91%) {90%) (88%) {93%) (91%)

(Peak-Baseline)

Percentages in parentheses indicate those calculated by data measured simply from ECG lead V.. A-Increase with epinephrine.

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% [30/30]); 87%
(27/31), 81% (25/31), and 90% (28/31), respectively.

The sensitivity for identifying genotype-positive LQT2
patients among the LQT2 and Contro! 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 V, 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 LQTI, 12 LQT2, and 3
LQT3 families of the prospective study.

Response to epinephrine test in genotype-unkrown
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 epinephrine test
was LQT1 pattern in 11 probands and LQT?2 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
T3% (22/23+7) for LQT2 syndrome, respectively.,

A baselins - pesk B baseline = steady-state
200 %o
(ms) {ms)
120 i I . 80 | *
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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 stecady-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 LQT1 patient, and
spontaneous premalure ventricular contractions were in-
duced in one LQT! and two LQT?2 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
genolype-positive patients were 33 and 100%, respectively,
in a LQT1 family (D188N). Similarly, in the 12 LQT1
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 sugpest the need for molecular
screening of all family members regardless of clinical di-
agnosis to confirmn genotype-positive patients, especially in
LQT1 syndrome.

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

Recent clinical data on genotype-phenctype 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.>-311-142-23 The LQTI, LQT2, and LQT3 syn-
dromes constitute approximately two thirds of genotyped
L.QTS 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 LQTI, 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 LQT1, 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. Because the response to the epinephrine test
was LQT1 (11 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 LQT1, LQT2, and LQT3 syndromes as well as to
improve the clinical diagnosis of genotype-positive patients,
especially in LQT1 syndrome.
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OBJECTIVES

BACKGROUND
METHODS

RESULTS

CONCLUSIONS

We sought to compare the arrhythmic risk and sensitivity to sympathetic stimulation of
mutations located in transmembrane regions and C-terminal regions of the KCNQ! channel
in the LQT1 form of congenital long QT syndrome (LQTS).

The LQT1 syndrome is frequently manifested with variable expressivity and incomplete
penetrance and is much more sensitive to sympathetic stimulation than the other forms.
Sixty-six LQT1 patients (27 families) with a total of 19 transmembrane mutations and 29
patients (10 families) with 8 C-terminal mutations were enrolled from five Japanese institutes,
Patients with transmembrane mutations were meore frequently affected based on electrocar-
diographic (ECG) diagnostic criteria (82% vs. 24%, p < 0.0001) and had more frequent
LQTS-related cardiac events (all cardiac events: 55% vs. 21%, p = 0.002; syncope: 55% vs.
21%, p = 0.002; aborted cardiac arrest or unexpected sudden cardiac death: 15% vs. 0%, p =
0.03) than those with C-terminal mutations, Patients with transmembrane mutations had a
greater risk of first cardiac events occurring at an earlier age, with a hazard ratio of 3.4 (p =
0.006) and with an 8% increase in risk per 10-ms increase in corrected Q-Tend. The baseline
ECG parameters, including Q-Tend, Q-Tpeak, and Tpeak-end intervals, were significantly
greater in patients with transmembrane mutations than in those with C-terminal murtations
(p < 0.005). Moreover, the corrected Q-Tend and Tpeak-end were more prominently
increased with exercise in patients with transmembrane mutations (p < 0.005).

In this multicenter Japanese population, LQT'1 patients with transmembrane mutations are
at higher risk of congenital LQTS-related cardizc events and have greater sensitivity to
sympathetic stimulation, as compared with patients with C-terminal mutations. (J Am Coll
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Congenital long QT syndrome (LQTS) is a hereditary
disorder characterized by a prolonged QT interval on the
electrocardiogram (ECG), commonly associated with poly-
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morphic ventricular tachycardia known as torsade de pointes
(TdP), often leading to severe symptoms, such as syncope
and sudden cardiac death (1,2). Genetic studies have so far
identified seven forms of congenital LQTS caused by
mutations in genes of the potassium and sodium channels or
the membrane adapter located on chromosomes 3, 4, 7, 11,
17, and 21 (3-5). Among the seven forms, LQT1 syndrome
is one of the two most common genetic variants of LQTS
and accounts for approximately 25% of genotyped patients
{6). Mutations in KCNQI are responsible for defects in the
slowly activating component of the delayed rectifier potas-
sium current (Iy,) underlying LQT1 syndrome (7). The
LQT1 syndrome is frequently manifested with variable
expressivity and incomplete penetrance {8—10) and is much
more sensitive to sympathetic stirnulation than the other
forms (11,12).

Examination of the genotype-phenotype correlation is
important for the management and treatment of patients
with congenital LQTS, especially in the LQT1, LQT2, and
LQT3 forms, which constitute approximately two-thirds of
genotyped LQTS (13). More recently, mutation site-
specific differences in the severity of phenotype have been

— 38—



