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Abstract Background: The electrocardiographic QT interval is used to identify drugs
with potential harmful effects on cardiac repolarization in drug trials, but the
variability of the measurement can mask drug-induced ECG changes. The
use of complementary electrocardiographic indices of abnormal repolariza-
tion is therefore warranted. Most drugs associated with risk are inhibitors of
the rapidly activating delayed rectifier potassium current (Ix,). This current is
also inhibited in the congenital type 2 form of the long QT syndrome (LQT?2).
It is therefore possible that electrocardiographic LQT2 patterns might be
used to identify abnormal repolarization patterns induced by drugs.
Objective: To develop distinct T-wave morphology parameters typical of
LQT2 and investigate their use as a composite measure for identification of
d,l-sotalol (sotalol)-induced changes in T-wave morphology.

Methods: Three independent study groups were included: a group of
917 healthy subjects and a group of 30 LQT2 carriers were used for the devel-
opment of T-wave morphology measures. The computerized measure for
T-wave morphology (morphology combination score, MCS) was based on
asymmetry, flatness and notching, which are typical ECG patterns in LQT?2.
Blinded to labels, the new morphology measures were tested in a third group
of 39 healthy subjects receiving sotalol. Over 3 days the sotalol group received
0, 160 and 320mg doses, respectively, and a 12-lead Holter ECG was
recorded for 22.5 hours each day. Drug-induced prolongation of the heart
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rate corrected QT interval (QTcF) was compared with changes in the compu-
terized measure for T-wave morphology. Effect sizes for QTcF and MCS
were calculated at the time of maximum plasma concentrations and for
maximum change from baseline. Accuracy for separating baseline from
sotalol recordings was evaluated by area under the receiver operating char-
acteristic curves (AUCs) using all recordings from the time immediately post-
dose to maximum change.

Results: MCS separated baseline recordings from sotalol treatment with
higher accuracy than QTcF for the 160 mg dose: (AUC) 84% versus 72% and
for the 320 mg dose: (AUC) 94% versus 87%, p<0.001. At maximum serum-
plasma concentrations and at maximum individual change from baseline, the
effect sizes for QTcF were less than half the effect sizes for MCS, p<0.001.
Effect sizes at peak changes of the mean were up to 3-fold higher for MCS
compared with QTcF, p<0.001. In subjects receiving sotalol, T-wave
morphology reached similarity to LQT2, whereas QTcF did not.
Conclusion: Distinct ECG patterns in LQT2 carriers effectively quantified
repolarization changes induced by sotalol. Further studies are needed to
validate whether this measure has general validity for the identification of

drug-induced disturbed repolarization.

Background

The vast majority of drugs exert their QT
prolonging effect through inhibition of the ra-
pidly activating delayed rectifier potassium
current (Ig,),[ which is encoded by KCNH?2
(the human ether-a-go-go-related gene, hERG).[”
Ik, channel blockade is one of the most common
causes of drug withdrawal from the market(>4
because blockade of this channel has been asso-
ciated with torsades de pointes (TdP), ventricular
tachycardia and sudden cardiac death. hERG
mutations are known to provide the pathogenic
substrate for I, channel inhibition in congenital
type 2 form of the long QT syndrome (LQT2)M!
and a direct link between inherited and drug-
induced long QT syndrome has been estab-
lished.) On the ECG, Ik, channel inhibition
manifests as a prolonged QT interval’l and the
emergence of characteristic T-wave abnormal-
ities.[3% Specifically, the presence of notches, %12
asymmetry!'3-15] and the appearance of flat
T-waves!!®18] have been found to be consis-
tent with the ionic mechanism of Ig, blockade.
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Abnormally shaped T-waves frequently appear
without overt QT prolongation!'” and important
abnormalities of the repolarization sequence
may not be identified by the QT interval, which
characterizes only the total duration of depolar-
ization and repolarization.

Various parameters have been suggested as
alternatives to QT interval measurements. QT
dispersion is perhaps the best known and most
widely investigated parameter, but it has not been
successful in predicting drug-induced risk.[)
Experimental evidence from the wedge model has
suggested that the Tpeak-Tend interval (TpTe)
reflects heterogeneity of repolarization.?1 In
the wedge model, it was shown that d,l-sotalol
(sotalol) increased dispersion across the ventri-
cular wall and that such Ig, blocking conditions
were accompanied by prolongation of TpTe and
QTec, a reduced T-wave amplitude and the ap-
pearance of LQT2-like notches.?'! In a recent
study, the duration of TpTe was found to corre-
late with increased risk for TdP during acquired
bradyarrhythmias in humans, particularly in
the presence of LQT2-like notched T-waves.!*?!

Drug Safety 2009; 32 (7)
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T-wave alternans has been reported with con-
genital long QT syndrome!®?! and appears to be
an important indicator in that it is commonly
observed just prior to episodes of TdP. Recently,
the beat-to-beat variability of repolarization
duration was shown to determine drug-induced
proarrhythmic outcome in the dog.** In the clin-
ical setting, beat-to-beat variability distinguished
between patients with documented history of
drug-induced TdP and absence of QT prolonga-
tion from their matched controls,?” and the
measurement was a predictor of sudden cardiac
death in patients with myocardial infarction.[?!
These results suggest that beat-to-beat variability
of the QT interval might be used to identify pa-
tients at risk by unmasking a latent repolarization
disorder. The repolarization integral has been
shown to discriminate between KvLQTI1 and
hERG mutations in the congenital long QT syn-
drome and a set of T-wave area-based measures
in subjects receiving sotalol indicated that drug-
induced shape changes occur across the entire
repolarization segment.l?7]

Accumulating evidence thus suggests that a
number of ECG markers of repolarization hold
the potential to complement the QT interval for
cardiac safety evaluation. The possible integra-
tion of ECG markers into a composite descriptor
of T-wave shape characteristics might provide a
new opportunity to describe and understand
repolarization abnormalities in the congenital
and acquired forms of the long QT syndrome.
A validated quantitative descriptor of composite
T-wave morphology is currently lacking, although
the morphology of the T-wave could be of greater
importance than the QT interval for the assess-
ment of proarrhythmic risk. In regulatory guid-
ance notes for drug trials, an integrated risk
assessment is mandatory.?®! This includes a full
description of all ECG changes, including T-wave
morphology.

The present study investigates ECG manifes-
tations of repolarization abnormalities induced
by the torsadogenic drug sotalol to determine
whether a composite ECG measure based on
typical LQT2 patterns of T-wave morphology can
provide an effective description of the sotalol-
induced ECG changes.
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Methods

Study Design

Three different study groups were compared in
the study. A first group of healthy volunteers
(group 1) served as an electrocardiographic re-
ference for normal repolarization, and a second
group of LQT2 carriers (group 2) served as an
electrocardiographic reference for abnormal re-
polarization. A third group of subjects receiving
sotalol (group 3) were compared with group 1
before sotalol was given, and compared with
group 2 after sotalol was given. Intra-individual
changes from baseline (individual and mean) were
calculated for the sotalol group at the time of
maximum plasma concentrations and for max-
imum change from baseline. Effect sizes were
calculated to determine the magnitude of change
from baseline for the sotalol group. The area un-
der receiver operating characteristic (ROC) curves
(AUC) was used to determine test accuracy as the
ability of heart rate corrected QT interval (QTcF)
and T-wave morphology to distinguish between
all baseline and treatment recordings (dichot-
omized to 0 and 1, respectively) from the time
immediately post-dose to maximum treatment
effects. Sensitivities and specificities for QTcF and
T-wave morphology measures were derived from
ROC curves.

Study Population

There were 917 healthy individuals (771 men,
146 women; age 1845 years; mean*standard
deviation [SD]=29+7 years) in group 1. The
inclusion/exclusion criteria for group 1 subjects
were comparable with the criteria generally used
in ECG phase I investigations, with healthy status
confirmed by history, physical examination, nor-
mal blood pressure and no use of medications.

The LQT2 group (group 2) included 30
genetically confirmed hERG mutation carriers
(19 women, 11 men; age 19-68 years; mean=
SD=45+14 years). There were nine families
with eight different mutations. At the time of
ECG recordings, 24 LQT2 patients were taking
a B-adrenergic receptor antagonist. There were

Drug Safety 2009; 32 (7)



602

Graff et al.

19 symptomatic LQT?2 patients. All subjects gave
informed consent.

An independent third group of 39 healthy
subjects (11 women, 28 men; age 18—45 years;
meanxSD=27+8 years) were given sotalol
(group 3). The sotalol data were obtained during
3 consecutive days at Pharmacia’s Clinical
Research Unit (Kalamazoo, M1, USA). The details
of the protocol have previously been published.[>]
No drug was provided during the first 24 hours
(day 1), a single 160 mg dose of sotalol (Betapace®
80mg tablets, Berlex Laboratories Montville,
NY, USA) the following day (day 2) and a single
320 mg dose of sotalol on the final day (day 3).
Blood plasma concentration was measured
16 times on days 2 and 3. A baseline Holter was
recorded on day 1. All 39 subjects received a 160 mg
dose of sotalol on day 2, and 22 of them (all males)
also received a 320 mg dose on day 3. Seventeen
subjects were withdrawn after the 160mg dose as
previously described® and one subject was ex-
cluded from analysis due to poor Holter ECGs on
the final study day. An independent Institutional
Review Board approved the sotalol study.

ECG Acquisition

From each healthy subject (group 1) and each
LQT2 subject (group 2), a standard 12-lead digi-
tal ECG of 10 seconds duration was recorded at a
sample rate of 500 Hz (MAC5000, GE Medical
Systems, Milwaukee, WI, USA). Data from
group 1 were acquired from the GE-Marquette
research database of healthy volunteers. Data
from group 2 were recorded at Aalborg Uni-
versity Hospital (Aalborg, Denmark), the Long
QT Syndrome Clinic in Gentofte University
Hospital (Gentofte, Denmark) and Skejby Uni-
versity Hospital (Aarhus, Denmark). Collection of
clinical data for LQT2 patients was approved by
the Scientific Ethical Committee for Nordjylland
and Viborg (no.: vi/2003/129).

ECG data from the sotalol group (group 3)
were recorded at Pharmacia’s Clinical Research
Unit (Kalamazoo, MI, USA) with 12-lead digital
Holter at a sample rate of 180 Hz (H12 Recorder,
Mortara Instrument, Milwaukee, WI, USA).
Each 10-second ECG extracted from Holter was
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resampled to 500 Hz. From each subject, 22.5-hour
recordings were obtained per day. At approxi-
mately 30-minute intervals, 12-lead ECGs of
10 seconds duration were derived from Holter.
To ensure stability of repolarization, a representa-
tive 10-second segment was extracted from Holter,
only if it was preceded by 1 minute of visually
stable heart rate. Care was taken to select the most
visually noise-free segments with stable RR inter-
vals (the time elapsing between two consecutive R
waves on the ECG) and all representative median
beats were derived from such stable and noise-free
10-second Holter segments.

ECG Preprocessing

Each 10-second ECG was used to form a
median beat in the recorded leads using MUSE/
Interval Editor software (GE Healthcare,
Milwaukee, WI, USA). It has been shown that
morphological description of the T-wave in long
QT syndrome should not be restricted to any
single lead.3 In line with those recommenda-
tions, global leads were formed from principal
component decomposition of the median beats
by principal component analysis. A low-pass
Kaiser Window FIR filter with a cutoff frequency
of 20 Hz was used on the first global lead (first
principal component ECG). The filtered T-wave
from the first global lead was subsequently
used for analysis of repolarization morphology.
Fiducial point detection and QT measurements
were made automatically using the 12SL algo-
rithm (12SL, GE Healthcare, Milwaukee, WI,
USA). The algorithm excludes discrete U waves
that occurred after the T-wave return to baseline
from analysis, whereas complex, multiphasic
T-waves and T-U complexes are included.
QT intervals were corrected for heart rate with
Fridericia’s equation: QTcF=QT/RR'"3. The
morphology measures that were investigated in
the present study were not corrected for heart
rate because it was recently shown that they
are practically independent of heart rate.3!1

Morphology Measures

A morphology combination score (MCS) was
developed to describe differences in T-wave
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asymmetry, flatness and notching between the
two open-label datasets consisting of 917 healthy
subjects as representatives of normal repolariza-
tion (group 1) and 30 LQT2 subjects as a bio-
logical model of I, channel inhibition (group 2).
Subsequently, the MCS measure was used as a
test in the sotalol group (group 3) blinded to the
analyst. Labels for the sotalol subjects were dis-
closed after the MCS results were released from
the ECG analyst.

The variables comprising MCS were standar-
dized by their relative variances for LQT2 and
healthy subjects (equation 1).

MCS = Asymmetry + Notch + 1.6 x Flatness

(Eq. 1)
This standardization effectively gives each
variable equal importance in the composite score.
Equal weighting is appealing when a change in
each variable does not mean redundancy of infor-
mation in the composite score, i.e. when the
component variables explain different aspects of
abnormal repolarization that the composite
measure should capture.

Asymmetry

The difference in slopes of the ascending and
descending parts of the T-wave was considered
a measure of asymmetry. The slopes at each
point of the descending part of the T-wave were
mirrored to be compared with the slopes at cor-
responding points of the ascending segment.
Asymmetry was defined as the average squared
difference between the slope segments.?

Notch

A curvature signal, which measures how fast a
curve is changing direction at a given point, was
obtained from the first and second derivatives of
T-waves. This signal indicates the presence of
notches because deflections in curvature corre-
spond to deviations from the normal smooth
progress of a T-wave. The magnitude of a notch
was measured on a unit amplitude T-wave and
assigned to one of three categories as previously
suggested:['?l no deflection=0, moderate notch
(perceptible bulge)=0.5 and pronounced notch
(distinct protuberance above the apex)=1.0.
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Flatness

T-wave amplitudes were normalized to yield
a unit area under the T-wave curve. From this
signal, flatness was calculated using instanta-
neous amplitudes, the weighted mean and the
variance, analogous to the way kurtosis is calcu-
lated from a sample distribution.3?

Statistical Analysis

All statistical analyses were performed in
SPSS 12.0 for Windows (SPSS Inc., Chicago,
IL, USA). Intra-subject differences were evaluated
by paired Student’s t-tests for the sotalol group.
Unpaired t-tests were applied for two-sample
observations involving healthy subjects (group 1)
and LQT?2 patients (group 2). Two-sided p-values
were determined in all cases and p<0.05 was re-
garded as significant. Glass’ effect size measure of
the z-scorel®3 was determined for the sotalol
group to quantify the change from baseline in
terms of standard deviations (equation 2). Glass’ A
was used to estimate effect size because equal
variances could not be assumed before and after
drug administration.

mean (drug — baseline)
standard deviation (baseline)

(Eq. 2)
Importantly, because effect sizes are standard-
ized they allow ready comparison of the magni-
tude of change with clinical trial benchmarks
such as the QT interval. ROC sensitivities and
specificities were determined from the point of
inflection on ROC curves (nearest to top left
corner). For AUC comparisons, the correlation
between areas that is induced by the paired na-
ture of the data was taken into account.3#

Effect size =

Results
Baseline Means

There was no difference in the means for QTcF
or T-wave morphology between healthy subjects
and sotalol subjects prior to drug administration
(table I). At the same time, the means for QTcF
and T-wave morphology were significantly lower
for sotalol subjects before the drug was given
compared with the LQT2 group.

Drug Safety 2009; 32 (7)
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Table 1. Comparison of mean values for patients with the type 2
form of the long QT syndrome (LQT2) and healthy subjects to mean
values for sotalol subjects®

Study group No. QTcF MCS
(mean+1 SD) (mean+1 SD)
[ms]
LQT2 patients 30 483135 1.80+0.60
Healthy subjects 917 407+18 0.71+0.24
Sotalol (2.5 h)°
no drug 39 408+ 17" 0.71+0.19**
no drug 21 403+ 15" 0.66+0.11*F
160 mg 39 440+ 36 1.24+0.53
160 mg 21 426+23 1.09+0.37
320mg 21 453+21 1.72+0.50*
Sotalol (3.5h)®
no drug 39 404+£19** 0.68+0.12**
no drug 21 400+18"* 0.65+0.11**
160 mg 39 442+24 1.40+0.51
160 mg 21 435+20 1.20+0.34
320mg 21 459+ 14 1.82+0.48%

a 25h=maximum mean plasma concentration; 3.5h=maximum
change of the means for QTcF and MCS. All post-dose measures
(2.5 and 3.5 h) for QTcF and MCS increased significantly from their
time-matched pre-dose measures (p <0.001).

b Two sets of subject data are presented. Where n=39 the data are
for all subjects, including those who did not receive sotalol 320 mg;
where n=21 the data are only for those subjects who received both
doses of sotalol.

MCS =morphology combination score; QTcF = heart rate corrected QT
interval; SD = standard deviation; * p<0.001 vs LQT2; t not significant
vs healthy subjects; $ p=0.62 vs LQT2; § p=0.90 vs LQT2.

Peak Changes of the Means

After sotalol was given, there were significant
time-matched changes in the means for both
T-wave morphology and QTcF (table I). Nine
subjects of 21 developed notched T-waves when
the 160 mg dose was given. For the 320 mg dose,
this number increased to 19 subjects. There was
a significant progression of T-wave flatness that
reached a maximum change from baseline
3.5 hours post-dose for both the 160 and 320 mg
doses (meanzSD: [baseline] 0.54%0.08 vs
[160mg] 0.80+0.07 and [320mg] 0.91%0.07),
p<0.001 (figure 1). The degree of T-wave asym-
metry increased after sotalol was given, with sig-
nificant mean changes from baseline for 160 and
320mg doses (meanzSD: [baseline] 0.10£0.06
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vs [160mg] 0.31£0.13 and [320 mg] 0.57+0.23),
p<0.001. For sotalol 320 mg, the peak value of
mean QTcF (459 ms) remained below the mean
QTcF for LQT2 (483ms), p=0.004, whereas
T-wave morphology reached the level of LQT2
after the 320 mg dose (table I).

The number of standard deviations by which
the mean MCS changed from baseline for the
160 mg dose was 2.7-fold greater than the corre-
sponding QTcF change for 160mg dose, 5.28
(95% CI 3.51, 7.05) versus 1.97 (95% CI 1.20,
2.74), p<0.001 (figure 2). For the 320 mg dose,
MCS changed by 11.10 standard deviations
from baseline (95% CI 7.51, 14.69). This effect
size was 3.3-fold larger than the observed effect
size for QTcF, 3.32 (95% CI 2.15, 4.49), p<0.001
(figure 2).

Test Accuracy

From the time immediately post-dose
(0.5 hours) to the largest response in the mean
(3.5 hours), T-wave morphology discriminated
between baseline recordings and sotalol treat-
ment with significantly higher accuracy com-
pared with QTcF prolongation (table II). The use
of equal weights in the MCS was justified by the
observation that test accuracy did not improve
with differential weighting (DW) of morphology
indicators (MCS-DW) in a logistic regression
model that was trained post hoc with baseline
and 320 mg recordings: MCS-DW =asymmetry +
2.4xnotch+2.1Xflatness. The AUCs were simi-
lar for MCS with equal weights and MCS-DW
with differential weights for the 160mg dose
(AUCpmces.pwE1 SE, 83+2%) and the 320mg
dose (AUCycspwt 1 SE, 94+ 1%).

Furthermore, in a logistic regression model
that was trained post hoc on the same sotalol data
with inclusion of QTcF in the T-wave morpho-
logy measure (MCS-QT): MCS-QT=asymmetry +
2.2xnotch+2.1x flatness+0.001 x QTcF, an in-
crease for MCS in the accuracy of separating
baseline recordings from sotalol treatment could
not be demonstrated (figure 3). The AUCs were
similar for MCS and MCS-QT for both the
160mg dose (AUCycs.qrt1 SE, 82+£2%) and
the 320 mg dose (AUCy;cs.orE1 SE, 94£1%).
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Fig. 1. Heart rate corrected QT interval (QTcF) and T-wave morphology in relation to plasma concentrations and time of sotalol adminis-
tration. Horizontal dotted and solid black lines indicate the mean values of the healthy subjects (group 1) and patients with the type 2 form of the
long QT syndrome (LQT2) [group 2] £1 standard error (SE) of the mean. Curves show mean values of 21 subjects (group 3) before and after
sotalol administration +1 SE. MCS =morphology combination score.

Maximum Individual Changes

The average of individual maximum drug ef-
fects on T-wave morphology was significantly
larger than the average of maximum effects on
QTcF prolongation when changes were eval-
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Fig. 2. Individual responses from the 21 subjects receiving sotalol at the time of maximum mean change from baseline (3.5 hours post-dose).
The categorical notch measurements are not shown separately. Cl=confidence interval; MCS = morphology combination score; QTcF =heart

rate corrected QT interval.
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Table Il. Receiver operating characteristics (ROCs) [all recordings 0.5-3.5 h post-dose]

QTcF MCS Flatness Asymmetry Notch
Sotalol dose (mg) 160 320 160 320 160 320 160 320 160 320
ROC measures
AUC+1 SE (%) 72+3 87+2 84+2" 94+1* 82+3" 931 80+3¢ 90+2 54+3% 673
Sensitivity (%) 60 73 74 88 70 83 67 84 8 27
Specificity (%) 77 93 85 88 83 90 77 80 100 100

AUC =area under the ROC curves; MCS =morphology combination score; QTcF =heart rate corrected QT interval; SE=standard error;
% p<0.001 vs AUCqrcr; t p=0.002 vs AUCqrcr; T p=0.015 vs AUCqrer; § p=0.27

average number of standard deviations that QTcF
increased from baseline for the 320mg dose
(95% CI for the difference —0.64, 2.08), p=0.28
(table I1I). At A, for the 160mg dose, T-wave
morphology increased by significantly more
standard deviations compared with the number
of standard deviations by which QTcF increased
for the 320mg dose (95% CI for the difference
1.40, 4.69), p<0.001 (table III).

T-Wave Shape

Analysis of ECG tracings revealed that T-wave
morphology in subjects receiving sotalol re-
sembled that of LQT?2 patients (figure 4). Initial
morphological abnormalities were primarily
increased flattening of the T-wave and various
degrees of asymmetry. T-wave flattening was
observed within the first hour after dose for
15 of 21 subjects for the 160 mg dose and for 20 of
21 subjects for the 320 mg dose. There were 16 of
21 subjects who developed asymmetric T-waves
during the first hour when the 160 mg dose was
given and 18 of 21 subjects for the 320 mg dose.
The appearance of distinct notches was delayed
relative to the onset of T-wave flattening and the
development of T-wave asymmetry. The 12-lead
ECG revealed abnormal T-wave morphologies
that varied between leads and even more between
subjects, but were subjectively well expressed in
the principal component analysis lead.

Discussion

Potential harmful effects on repolarization are
of clinical and pharmaceutical interest. The electro-
cardiographic QT interval currently serves as

© 2009 Adis Data Information BV. All rights reserved.

the gold standard for assessment of abnormal
repolarization, but other ECG indices may contri-
bute importantly to such assessment. This study
showed that a composite marker describing typi-
cal electrocardiographic LQT2 patterns could be
used as a sensitive indicator of abnormal repolar-
ization induced by the torsadogenic drug sotalol.

Identification of Abnormal T-Wave
Morphology and QT Prolongation

The sotalol-induced changes in morphology of
electrocardiographic T-waves were quantified with
higher effect size than QTcF. The accuracy for
distinguishing between baseline recordings and
recordings after sotalol treatment was higher for
T-wave morphology than for QTcF prolongation
as well.

Taken together, our results for accuracy and
effect sizes indicated that T-wave morphology
identified sotalol-induced repolarization abnormali-
ties across a broad spectrum of T-wave shape
changes, from subtle to obvious. In comparison,
the identification of sotalol-induced repolariza-
tion abnormalities for QTcF was less robust.

Conceivably, these differences imply that there
are underlying pathological mechanisms that can
be better identified by T-wave morphology than
by the QT interval. Several lines of evidence
support this notion. Clinically, much smaller
than expected QT prolongations have been re-
ported in patients with drug-induced TdP,
whereas the onset of TdP frequently was pre-
ceded by marked changes in T-wave shapes.3-30]
A recent study of acquired bradyarrhythmias in
humans demonstrated that LQT?2-like morphology
predicts TdP independent of the QT interval.?2

Drug Safety 2009; 32 (7)



Sotalol-Induced T-Wave Changes

607

In the rabbit model, sotalol-induced pro-
arrhythmia can develop before any prolongation
of the action potential.’”l The T-type calcium
channel antagonist mibefradil, an antihyper-
tensive that has been withdrawn from the market,
caused distinct T-wave changes, often without QT
prolongation, but produced TdP.*8] Moreover, a
prolongation of the QT interval (i.e. by amio-
darone) in the correct setting can be antiar-
rhythmic. Based on experimental evidence from
the wedge, the antiarrhythmic effect of amiodar-
one was partly attributed to decreased trans-
mural heterogeneity of repolarization, which is
thought to be reflected in the TpTe interval on the
ECG.BY Clinically, however, the TpTe interval
increased in patients receiving amiodarone, 0]
which is not compatible with the finding of
decreased transmural dispersion of repolariza-
tion. In congenital long QT syndrome, it was
shown that the TpTe interval did not distinguish
between symptomatic and asymptomatic pa-
tients.l*!1 On the other hand, convincing evidence
was recently provided that the TpTe interval
could be a powerful predictor for TdP in patients

with acquired long QT syndrome.? Thus, while
the experimental evidence for TpTe has been es-
tablished, there are conflicting results regarding
the predictive value of the TpTe interval in the
clinical setting.

Most likely, prolongation of the ventricular
action potential, including QT and TpTe prolon-
gations are not the sole electrocardiographic
reflections of a drug’s potential to cause repolar-
ization abnormalities. Other electrocardiographic
markers might be used to more accurately identify
heterogeneity of repolarization. Indeed, increased
heterogeneity of myocardial repolarization could
explain the occurrence of notches and the appea-
rance of asymmetric and flat T-waves. Increased
transmural, left/right ventricle and apico-basal
dispersion of repolarization have been hypothe-
sized as arrhythmic substrates in both acquired
and congenital long QT syndrome,”!! and in the
short QT syndrome as well.*3 Heterogeneities of
repolarization are thought to be responsible for
inscription of the electrocardiographic T-wave
and it is thus plausible that abnormal repolar-
ization is better identified by T-wave morphology
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Fig. 3. Receiver operating characteristic (ROC) curves for the 21 subjects receiving sotalol. T-wave morphology was better than heart rate
corrected QT interval (QTcF) at identifying sotalol-induced ECG abnormalities from the time immediately post-dose (0.5 hours) to maximum
response in the mean (3.5 hours) for both the 160 and 320 mg dose. Inclusion of QTcF in the T-wave morphology measure (MCS-QT) did not
improve the discrimination for morphology combination score (MCS) between baseline recordings and recordings after sotalol treatment.
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than by the QT interval. Indeed, most drugs
causing QT prolongation and abnormal T-waves
affect the hERG channel as in LQT2. Phenotypic
ECG observations in LQT2 patients would
therefore be expected to be directly applicable to
the identification of drug-induced repolarization
effects. Invasive studies measuring Triangulation,
Reverse use dependency, electrical Instability and
Dispersion (TRIaD) have suggested that TRIaD
may have a better predictive value for the occur-
rence of TdP, than the action potential pro-
longation (QT prolongation).!”) It is difficult to
make an interpretation from the factors involved
in TRIaD to the MCS measure of T-wave asym-
metry, flatness and notching. It has been proposed
that triangulation manifests as a broadened,
more flat and notched T-wave on the ECG,I'"]
but to what extent such morphology characteristics
are indicative of triangulation is more unclear.
A thorough exploration of this relationship
would require an experimental set-up with simul-
taneous invasive data on monophasic action po-
tentials and ECG recordings under the influence
of drugs.

Applications of T-Wave Morphology Analysis

Regulatory authorities require new drugs to be
investigated in thorough ECG trials to assess
potential adverse effects on cardiac repolariza-
tion. Present guidelines require that sample size
be appropriate to detect a Sms change from
baseline in the QTcF. This is a rigorous require-
ment considering the large intrinsic variability

that is known to be associated with QT interval
measurements. Measurement variability can
mask the true drug-induced ECG changes and
the number of subjects, which will allow a drug
study to meet such stringent criteria for sensiti-
vity, depends on the effect size. In the present
study, the effect size measures for MCS and
QTcF provided evidence that T-wave morpho-
logy has a lower variability at baseline and a larger
difference between baseline and treatment means
than QTcF. Provided that the MCS measure of
T-wave morphology has general validity, these
results could extend favourably to necessary
sample sizes for clinical drug trials. Because the
sample size (N) in a clinical trial is a function of
the reciprocal of the square of the effect size at
a chosen p-value and power (Cppower) €VEN a
modest increase in effect size can have substantial
implications for the size and thus the cost of a
clinical trial (equation 3).[44!

(Eq. 3)

~ (Effect size)? X Copover

Importantly, sample size plays a role in ethical
issues: unnecessarily large sample sizes put too
many people at risk.

Our earlier work!® '3 has shown that quanti-
fied T-wave morphology can play a role in the
detection of congenital long QT syndrome and
we may discover other applications in the future.

Possibly, the most promising electrocardio-
graphic marker for the identification of latent
repolarization disorders is beat-beat variability of
the QT interval.[>’l Whether T-wave morphology

9,15

Table lll. Effects of sotalol on the QT interval and T-wave morphology at the times of subject-specific peak plasma concentrations (C,,.x) and
subject-specific maximum changes from baseline (Amax)

Peak changes No. of AQTcF AMCS Effect sizes

subjects (mean+1 SD) [ms] (meant1 SD) QTCcF (95% Cl) MCS (95% Cl)
Sotalol (Cpax)
160 mg 21 28+21 0.42+0.33 1.84 (1.06, 2.62) 4.01 (2.58, 5.44)*
320mg 21 52+19 0.92+0.44 3.40 (2.17, 4.63) 8.85(5.89, 11.81)"
Sotalol (Amax)
160mg 21 49+13 0.84+0.35 3.48 (2.25, 4.71) 7.97 (5.28 to 10.66)"
320mg 21 75+14 1.63+0.52 4.92 (3.24, 6.60) 13.05 (8.70 to 17.40)"

MCS =morphology combination score; QTcF =heart rate corrected QT interval; SD =standard deviation; A indicates change from baseline;
+* p=0.0012 vs effect size for QTcF; t p<0.001 vs effect size for QTcF.
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Fig. 4. ECG tracings in one subject after sotalol 160 and 320 mg (left column) compared with ECGs from patients with the type 2 form of the
long QT syndrome (LQT2) [right column]. Heart rate corrected QT interval (QTcF) and T-wave morphology measures are given for the
recordings 5 hours post-dose and for LQT2. Five hours post-dose, the sotalol-induced T-wave morphologies resemble T-wave morphologies
in congenital LQT2 even though QTcF intervals are shorter (80 ms for 160 mg and 47 ms for 320 mg). MCS = morphology combination score.

might be of use for the uncovering of latent
repolarization disorders and identification of
patients at risk remains to be investigated. Com-
puterized T-wave morphology analysis of ECG
tracings may provide an opportunity to identify
and explore complex effects on cardiac repolar-
ization that cannot be described by the QT
interval alone. An integrated assessment of QT
intervals and T-wave morphology measures
would possibly advance the present character-
ization of abnormal repolarization in congenital
disease as well as for the detection of drug-
induced repolarization changes. However, a stan-
dardized approach to assessing abnormal T-wave
morphology on the ECG has yet to be developed
and agreed on. In light of the results of the pre-
sent study, we propose to conduct future studies
on measurements of repolarization asymmetry,
flatness and the appearance of notches, which are
the typical ECG patterns in congenital LQT?2.
Computerized measures of T-wave morphology
deserve the attention of drug safety investigators
in order to reveal their possible role for the identi-
fication of drugs associated with risk.

© 2009 Adis Data Information BV. All rights reserved.

Conclusion

A composite measure of asymmetry, flatness
and the appearance of notches, which are the
typical ECG patterns in congenital LQT2, were
significantly altered by sotalol. The effects of
sotalol on LQT?2 patterns of T-wave morphology
were greater than the corresponding effects on
QT interval prolongation. Provided that the
MCS measure of T-wave morphology has general
validity for the identification of harmful drugs,
this surrogate marker might therefore be used in
clinical trials to support QT interval measure-
ments when the decision to proceed with a new
drug is ambiguous. Further studies are needed to
validate the applicability of the MCS measure for
cardiac safety evaluation.
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