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 Abstract 

QT interval prolongation is one of the most common 

causes of delays and non-approvals in drug development 

due to the qualitative relationship between this interval 

and Torsade de Pointes (TdP) arrhythmia. However, not 

all drugs that prolong the QT interval to the same extent 

carry the same risk for TdP. Other indications, such as 

abnormal T-wave morphology, may play a role in 

differentiating between safe and unsafe drugs. 

We used moxifloxacin and d,l-sotalol to investigate 

whether concurrent changes for QTc and T-wave 

morphology could be used to describe the discrepancy in 

proarrhythmic risk between the two drugs. Our results 

provide evidence that these drugs have significantly 

different morphology-duration profiles at similar QTc 

prolongations. We propose to investigate whether 

concurrent assessment of QTc and T-wave morphology 

has general validity for drug safety evaluation. 

1. Introduction 

The relationship between the QTc prolonging property 

of a drug and the development of TdP is a complex one, 

since the causes of QTc prolongation for a specific drug 

may or may not be overlapping with the etiology of TdP 

[1]. In general however, the risk of arrhythmia appears to 

increase with the extent of QTc prolongation [2]. It is 

suggested that TdP is: unlikely to appear for drugs that 

prolong the mean QTc in thorough QT studies by ≤5 ms, 

uncertain for drugs that prolong the QTc interval by 10-

20 ms and substantially increased above 20 ms 

prolongation [3]. TdP is a concern in any patient 

receiving a drug with QTc prolonging potential. 

However, drugs that prolong the QT interval to the same 

extent do not always carry the same risk of causing TdP 

[4]. This poses an obvious challenge during drug 

development and in the reassessment of proarrhythmic 

potential for existing drugs. 

Electrocardiographic repolarization indicators other 

than QTc may contribute importantly to drug safety 

evaluation as well. Our previous work has shown that T-

wave morphology characteristics, such as those seen in 

Long QT - type 2 syndrome, can be used as sensitive 

descriptors of repolarization changes induced by various 

drugs [5-7]. In the present study, these T-wave 

morphology characteristics were derived and compared 

for similar QTc prolongations for two drugs: d,l-sotalol 

and moxifloxacin. The antibiotic drug, moxifloxacin has 

a favorable cardiovascular safety profile and is 

recommended as a positive control in thorough QT 

studies. No clinical study has ever demonstrated an 

increased risk of serious cardiac events after 

moxifloxacin (400 mg – PO or IV). The antiarrhythmic 

drug d,l-sotalol has a less favorable safety profile with a 

reported incidence of TdP between 1.8% and 4.8% [8, 9]. 

We investigate whether the discrepancy in 

proarrhythmic risk between the two drugs is associated 

with different morphology-QTc profiles.   

 

2. Methods 

2.1. Study population and design  

Data from two drug-studies were included for analysis. 

A first group of sixty-two healthy subjects (38 males) 

were given placebo on days 1 to 6 and a single 400 mg 

dose of moxifloxacin on the seventh day. In a different 

study, a second group of twenty-one subjects (all males) 

received 0, 160 mg and 320 mg single oral doses of d,l-

sotalol, on three consecutive days [10]. 
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All subjects were between 18 to 45 years of age. Healthy 

status was confirmed by history, physical examination, 

normal blood pressure and no use of concomitant 

medication. Informed consent was obtained. 

2.2. ECG recordings 

Standard 12-lead ECGs of 10 s duration were derived 

from digital Holter for both study groups on the baseline 

day and at 11 corresponding times (0.5, 1, 2, 3, 4, 5, 6, 8, 

10, 12 and 16 h) after subjects were given moxifloxacin 

or d,l-sotalol. 

 

2.3. ECG processing 

Each 10 s ECG was used to form a median beat in the 

recorded leads using MUSE/Interval Editor software (GE 

Healthcare, Milwaukee, WI). Principal Component 

Analysis (PCA) was used to compute principal 

component median beats from the median beats in leads 

(I, II, V1-V6). The first principal component T-wave was 

used to calculate a composite measure of repolarization 

morphology (MCS: Morphology Combination Score). 

Fiducial point detection and QT measurements (Fridericia 

corrected, QTcF) were made automatically using the 

12SL algorithm (12SL, GE Healthcare, Milwaukee, WI). 

 

2.4. T-wave morphology measures 

The composite measure of T-wave morphology, based 

on asymmetry, flatness and notching, was used to identify 

drug-induced shape changes of the T-wave. These T-

wave characteristics have been shown to identify 

abnormal repolarization in patients with congenital LQT2 

[11] and to be more sensitive than QTcF to repolarization 

changes induced by various drugs, including: sertindole 

[5], d,l-sotalol [6] and Lu 35-138 (an investigational 

antipsychotic) [7].     

Notch: 

A curvature signal was obtained from the first and 

second derivatives of T-waves, equation 1.  
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Deflections in curvature were used to indicate the 

presence or absence of notches on the T-wave. The 

magnitude of a notch was measured on a unit amplitude 

T-wave and assigned to 1 of 3 categories as previously 

suggested [12]: No notch = 0, moderate notch 

(perceptible bulge) = 0.5 and pronounced notch = 1.0 

(distinct protuberance above the apex). 

Asymmetry: 

The difference in slope profiles between the ascending 

and descending parts of the T-wave was used as a 

measure of asymmetry. The slopes at each point of the 

descending part of the T-wave were compared with the 

slopes at corresponding points of the ascending segment. 

Both segments were normalized with the maximum of the 

derivative within each segment. Asymmetry was defined 

as the average squared difference (d) between the slope 

segments, equation 2. 
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Flatness: 

Flatness was calculated as a modified version of the 

standard kurtosis measure which is often used to describe 

the peakedness of a probability distribution. The T-wave 

was normalized to unit area and central moments were 

calculated using equation 3.   
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The fourth central moment (M4) was normalized with 

the squared second moment (M2) and subtracted from 

unity so that increasing values of flatness would reflect 

increasing flatness of the T-wave, equation 4.  
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Morphology Combination Score (MCS): 

The three morphology measures were standardized by 

their relative variances and a linear combination was 

calculated to yield an overall composite measure of T-

wave morphology, equation 5. 

FlatnessNotchAsymmetryMCSEq ×++= 6.1)5.(  

 

2.5. Covariance analysis 

Time-matched changes from baseline were calculated 

for all subjects (〉QTcF and 〉MCS). All values for 

〉QTcF and the corresponding 〉MCS values were 

distributed into three predefined bins encompassing the 

following 10 ms ranges of change from baseline: -5 to 5 

ms (bin 1), 5 to 15 ms (bin 2) and 15 to 25 ms (bin 3).  

〉-values were averaged within each bin for 

moxifloxacin and for both doses of d,l-sotalol. The 

concurrent drug-induced change for QTcF and MCS was 

evaluated using bin averages and the bivariate response 

for moxifloxacin was compared to the response for both 

doses of d,l-sotalol. Quadratic curves were fitted to bin 

averages. 
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3. Results 

Drug-induced prolongation of the QT interval and 

changes in T-wave morphology had different temporal 

characteristics.  

Significant drug effects on QTcF were observed two 

hours after dose for 160 mg d,l-sotalol and one hour after 

dose for the 320 mg d,l-sotalol.  

The MCS measure of T-wave morphology showed 

significant effects for 160 mg d,l-sotalol one hour before 

QTcF prolongation was observed at this dose and thirty 

minutes before QTcF prolongation was observed for the 

320 mg dose of d,l-sotalol. 

 Moxifloxacin-induced QTcF changes reached 

significance 2 hours after dose. In contrast, to the d,l-

sotalol responses, effects on T-wave morphology for 

moxifloxacin were delayed one hour with respect to 

QTcF. 

The relative magnitudes of moxifloxacin to d,l-sotalol 

changes were also different for QTcF and T-wave 

morphology. Peak change of the mean QTcF for 

moxifloxacin was 27% and 16% of the peak changes for 

160 mg and 320 mg doses of d,l-sotalol, table 1. The 

corresponding moxifloxacin-induced peak change of the 

mean for MCS was smaller: 14% and 7%, respectively.  

 

Table 1. Peak changes for time matched means. Bold 

values indicate a significant difference (p<0.001) 

between d,l-sotalol and moxifloxacin. 

 

There were steeper relationships between QT interval 

prolongation and T-wave morphology change for both 

doses of d,l-sotalol compared to the same relationship for 

moxifloxacin.  

Quadratic regression lines (Fig. 1) were derived from 

the data. Quadratic regression provided far better 

estimates for 〉MCS versus 〉QTcF beyond 20 ms in the 

case of d,l-sotalol, as compared to linear regression lines, 

indicating that a linear model would be incorrect.  

There were no significant differences between the 

means for 〉QTcF in each of the bins 1-3 in figure 1. Yet, 

drug-induced changes in T-wave morphology were 

significantly greater for subjects who received d,l-sotalol 

compared with subjects who received moxifloxacin, 

despite comparable QTcF prolongations. Also, the 

difference in T-wave morphology changes between the 

moxifloxacin group and the d,l-sotalol group increased 

with increasing prolongation of the QT interval. 

 

 
Figure 1. Non-linear relationship between drug-induced 

QT interval prolongation and T-wave morphology 

change. I-bars indicate means and 95% confidence 

intervals. The change in T-wave morphology for a given 

QTcF prolongation appears to be drug and dose specific. 

 

Noticeably, the moxifloxacin group had T-wave 

morphology changes for bin 3 (〉QTcF = 15 to 25 ms) 

that were smaller than those for the 160 and 320 mg d,l-

sotalol groups in the lower bin 1 (〉QTcF = -5 to 5 ms): 

〉MCS400mg,Bin3 = 0.067 versus 〉MCS160mg,Bin1 = 0.11 and 

〉MCS320mg,Bin1 = 0.19, (p=0.02 and p<0.01). 

 

4. Discussion and conclusions 

The difference in proarrhythmic risk between 

moxifloxacin and d,l-sotalol was associated with different 

T-wave morphology-duration profiles. These findings 

could have important implications for cardiac safety 

evaluation in future drug studies. 

Currently, the ICH E14 guideline defines a negative 

thorough QT study as one in which the upper 95% CI for 

the maximum time-matched mean effect of the drug as 

compared to placebo is less than 10 ms [3]. However, this 

conservative threshold was not chosen based on scientific 

evidence of increased torsadogenic risk for such level of 

QTc prolongation. This may be rather problematic since 

it is widely recognized that QTc prolongation is not the 

core of the problem with drugs causing arrhythmias. In 

addition, a fixed threshold for safety concern also appears 

problematic given the evidence that drugs with similar 

effects on QTc may have very different safety profiles. 

The likelihood that a safe and effective drug is incorrectly 

characterized as having torsadogenic potential is 

therefore real. The implications for sponsors, of such an 

inappropriate conclusion from a thorough QT trial may 

Peak changes  

of the mean 

 Moxifloxacin       d,l-sotalol 

 400mg   160 mg   320 mg 

 〉QTcF (ms)        9 35 58 

95% CI 7 to 12 26 to 44 48 to 68 

 〉MCS      0.07 0.51 1.07 

95% CI 0.02 to 0.12 0.37 to 0.64 0.88 to 1.26
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be discontinued development of a new compound or 

inappropriate restrictive labeling. Conversely, an unsafe 

drug may reach the market and pose a public health 

hazard. 

Provided that concurrent analysis of QTc and T-wave 

morphology has general validity for distinguishing 

between safe and unsafe drugs, this type of multivariate 

analysis could serve as a supplementary description of 

drug effects in thorough QT trials. Certainly, improved 

characterization of repolarization is needed due to the 

lack of a clear correlation between QTc and cardiac risk. 

We propose to further investigate, whether concurrent 

assessment of QTcF and MCS has general validity for 

drug safety evaluation 

We believe that computerized measures of T-wave 

morphology would be an important addition to QT 

interval measurements because such measures may 

contribute to an expanded ECG safety evaluation in 

future drug studies through more careful characterization 

of repolarization abnormalities. 
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