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Abstract

Background—Experimental studies have demonstrated that unstable repolarization dynamics is
a risk factor of arrhythmia. We have recently developed an algorithm to detect QT interval (QTI)
instability from the clinical ECG. In this study we developed a clinical arrhythmia risk
stratification index based on the detection of QTI instability.

Methods—Intracardiac electrocardiograms were recorded at rest in 114 patients with implanted
ICDs. Patients were followed up until appropriate ICD therapy or death occurred, whichever came
first. Each recording was divided into 1-min episodes (minECGSs); the instability in QTI dynamics,
if any, of each minECG was detected with our algorithm. An arrhythmia risk index termed QTI
instability index (QTII) was defined as the number of minECGs with unstable QTI dynamics
normalized by the number of minECGs with premature activations (PA). The performance of
QTII in arrhythmia risk stratification was examined with survival analysis, and was compared
with other risk indices, such as mean RR interval (RRI), the standard deviation of RRI and QTI,
and the frequency of PA. We hypothesized that the index QTII, which account for multiple risk
factors and their interdependence, perform better than indices quantifying individual arrhythmia
risk factors in the stratification of arrhythmia risk.

Results—The results of survival analysis show that QT1I outperformed all other studied indices
in arrhythmia risk stratification and was the only independent indicator of arrhythmia propensity
in a multivariate survival model.

Conclusion—QTII is a promising arrhythmia risk stratification index.
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Cardiovascular disease remains the number one killer in the United States. 1 Research has
reported that about half of the total deaths from cardiovascular diseases resulted from
sudden cardiac death (SCD), typically caused by arrhythmia. 24 The most effective anti-
arrhythmia therapy is the implantable cardioverter-defibrillator (ICD). 58 However, the
prophylactic implantation of ICDs has been questioned because of its high cost-effectiveness
ratio.911 A reliable arrhythmia risk stratification approach would reduce this cost-
effectiveness ratio by identifying patients who would benefit from ICD implantation, thus
optimizing ICD prophylactic implantation and reducing mortality due to arrhythmia.

Much effort has been devoted to stratifying patients’ propensity for arrhythmias and SCD
using indices that quantify different arrhythmia risk factors. For example, the heart rate
variability index (HRV) quantifies heart rate dynamics, which is known to contribute to
arrhythmia likelihood,2 13 while the ventricular premature beats index (VPB) quantifies the
presence of frequent ventricular premature activations (PAs), also implicated in arrhythmia
propensity.14 15 However, the performance of these indices has not been consistent across
various studies, with some studies reporting good performance of the indices,12-17 while
others documenting failures.18-20 A possible explanation is that each of these indices
assesses a single arrhythmia risk factor, while propensity for arrhythmia has been found to
be a function of multiple risk factors, among which heart rate dynamics, the presence of
frequent PAs, and QTI dynamics. 21 22 If this is the case, an index that quantifies multiple
arrhythmia risk factors simultaneously and accounts for their interdependence has a better
chance to correctly stratify arrhythmia risk.

Such indices are already in existence. The QT variability index (QTVI) quantifies the
dynamics of both heart rate and QTI;23 accounting for their interdependence; several studies
have reported that QTV| successfully stratified arrhythmia risk.24 25 Heart rate turbulence
(HRT), an index that stratifies the risk of mortality and arrhythmia, is based on the
relation256hip between PA occurrence and heart rate dynamics, and has shown promising
results.

In a recent study, we developed a novel methodology?’ for detecting QT interval (QTI)
dynamics instability from the ECG. The algorithm defines QTI dynamics as a function of
both its preceding R-R interval (RRI) and activation history and assesses the stability of this
function. Because the effect of short-term memory is included in the algorithm,2” the latter
uses directly the clinical ECG to analyze the instability in QT dynamics. In contrast to QTI
dynamic instability assessment using the restitution relation,28: 29 our methodology does not
require a specific pacing protocol, and is thus noninvasive. Using this novel methodology,
we found that unstable QTI dynamics preceded the onset of ventricular tachycardia in
patients with cardiac disease.30 The results identified the presence of instability in QT
dynamics as an indicator of arrhythmia risk. Furthermore, we found that a positive
correlation existed between PA frequency and QTI instability in the studied patient
population.30

In the present study, we build on these recent finding to develop a new arrhythmia risk
stratification index. We term the index QT instability index (QTII). It assesses the
likelihood of arrhythmia by quantifying the interdependence of two risk factors, namely the
instability in QTI dynamics and the occurrence of PAs. We then apply the new index to
ECG recordings from patients with implanted ICDs to determine whether it successfully
stratifies the risk of arrhythmia. In addition, we test the hypothesis that an index that
accounts for more than one risk factor and the possible interdependence between those
performs better in risk stratification of arrhythmia than risk indices quantifying individual
arrhythmia risk factors.
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METHODS

A detailed description of all methodology, including study population, data collection, and
end points; ECG signal processing; methods for detecting instability in QT1 dynamics from
the EGM; definition of the new arrhythmia risk index QTII; and data analysis can be found
in the Online Supplement.

RESULTS

Clinical demographics

The clinical characteristics of all enrolled patients were compared between event and no-
event groups (Table 1), as well as between patients with and without large (Q3) QTII (Table
2). We found that patients with large QTII value have a significantly larger percentage of
AF occurrences. No other significant differences in clinical characteristics were observed in
these comparisons.

Receiver operating characteristic (ROC) curve

The results of the ROC tests show that, among all studied indices, QTII was the only
significant index of arrhythmia risk. The areas under the ROC curves of QTII, RRIean, and
fpa Were 0.61+0.06 (p=0.04), 0.5+0.06 (p=0.49), and 0.51+0.064 (p = 0.44), respectively.

Survival analysis

The results of Kaplan-Meier analysis (Table 3) demonstrate that QTII (Figure 2, p=0.01) had
a better performance in the risk stratification for arrhythmia compared with the other
indices. Kaplan-Meier analysis also demonstrated that QTII (p=0.002) outperformed the
other indices in the survival analysis for arrhythmia/death. The results of MC1 (Table 3)
showed that, among all studied indices, QTII was the only independent index of arrhythmia
risk. The hazard ratio of QTII in MC1 was 3.68 (p=0.006). MC1 modeling also
demonstrated that QT (p=0.003) and QTstq (p=0.02) were significant indices of
arrhythmia/death risk.

The performance of QTII in risk stratification for arrhythmia was further examined with
MC2, adjusted for the demographic indices DM, LVEF, and sex. QTsq Was also included in
this analysis because it had the smallest p value (p=0.12) resulting from MC1 among all
indices other than QTII. Among all demographic indices, DM was the only significant
indicator of arrhythmia (p=0.02), as identified with Kaplan-Meier analysis. The results of
MC2 (Table 4) show that although QTII had better performance when compared against the
other indices included in MC2, none of the indices in MC2 was an independent indicator of
arrhythmia risk.

It has been reported that the performance of indices for risk stratification of arrhythmia
could be weaker for patients who use CLASS 111 AA.24 Therefore, we hypothesized that
CLASS 111 AA might have a similar effect on QTII in this study. To exclude this effect, we
repeated MC2 for patients who did not have CLASS 111 AA. The results (Table 4) show that
QTII was the only independent indicator of arrhythmia in these patients. The hazard ratio of
QTIl was 4.32 (p=0.01). Table 4 also demonstrates that, among all other indices in this
MC2, LVEF was associated with the highest hazard ratios. The p-value of QT was very
close to 0.05, and the hazard ratio was 0.22. The hazard ratios of fpa, RRImean, QTstg, and
QTII resulting from MC1 and MC2 (before and after the exclusion of CLASS 111 AA
patients) are presented in Figure 3.
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QTIl performance

The comparison of QTII values between event and no-event groups (Table 5) shows that
QTII was larger in the event group that had arrhythmia than in the no-event group, but the
difference was insignificant (p=0.12). The results also show that QTII was significantly
larger (p=0.04) in the event group that had arrhythmia/death, compared against the no-event
group. We also compared the values of QTgq between event and no-event groups; the results
(Table 5) indicate that QTgtq was smaller in the event groups (arrhythmia (p=0.21) and
arrhythmia/death (p=0.16)), but the differences were insignificant.

The value of QTII was also cross-tabulated with each demographic index to examine
whether QTII was affected by these indices. The results show that QTII was significantly
(p=0.04) larger in AF patients (0.81) than in patients without AF (0.61). To examine
whether the risk stratification performance of QTII is affected by the presence of AF, we
repeated the Kaplan-Meier analysis and MC1 after all AF patients were excluded. The
Kaplan-Meier analysis results show that QTII was a significant indicator of both arrhythmia
events (p=0.025) and arrhythmia/death (p=0.034) in this case. The results of MC1
demonstrate that QTII is an independent indicator of arrhythmia (hazard ratio=3.97,
p=0.007) and arrhythmia/death (hazard ratio=2.74, p=0.02) in AF-free patients. No
significant difference in QTII was found in other demographic groups, suggesting that QTII
is independent of these demographics.

The effect of CLASS Il AA on QTII performance

As presented in Table 4, the performance of QTII in risk stratification for arrhythmia was
found to be weaker when CLASS I11 AA patients were included. To better understand the
relationship between QTII and CLASS 11l AA, we compared the mean QTII between
CLASS I1l AA patients with and without arrhythmia as well as with and without arrhythmia/
death. We found that QT1I was significantly higher (p = 0.03) in CLASS Il AA patients
with arrhythmia/death (p=0.03). This difference was not observed in CLASS 111 AA patients
with arrhythmia. This result is consistent with the distribution of QTII in the entire studied
population as presented above (Table 5). We performed Kaplan-Meier analysis of CLASS
I11 AA patients, and found that QTII cannot stratify arrhythmia risk in these patients
(p=0.08). Kaplan-Meier analysis also showed that CLASS 11l AA insignificantly increased
the arrhythmia-free survival in the studied population.

DISCUSSION

In this study, we proposed a new arrhythmia risk stratification index termed QTII, which
accounts for two interdependent risk factors, QTI instability and the occurrence of PAs. We
applied QTII to recordings collected from patients with implanted 1CDs to stratify their risk
of arrhythmia and all-cause death. The major findings of the study are: 1) QTII can be
reliably used as a risk index of both arrhythmia and arrhythmia/death; 2) QTII, which
quantifies two interdependent arrhythmia risk factors, outperformed, in the risk stratification
of arrhythmia, the studied indices quantifying individual risk factors; and 3) the risk
stratification performance of QTII with respect to arrhythmia-free survival was affected by
CLASS 11l AA. These findings have important implications regarding the prognostic utility
of QTII.

QTIl and arrhythmia risk

The results of this study demonstrated that QTII is a promising new arrhythmia risk index.
The mechanistic underpinnings by which QTII stratifies arrhythmia risk are discussed
below.

Heart Rhythm. Author manuscript; available in PMC 2014 June 01.
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QTII represents the probability that QTI dynamics becomes unstable when PA presents, as
defined by Equation sl in online supplement. Instability in QT1 dynamics is a manifestation
of ventricular repolarization instability in the ECG signal. Experimental results have
demonstrated that unstable repolarization dynamics is unmasked by PAs; unstable
repolarization dynamics increases repolarization heterogeneity in cardiac tissue,31 32 which
has been found to be proarrhythmic.2% 32: 33 These findings suggest that arrhythmia risk can
be stratified by detecting the instability in repolarization dynamics. However, it has been
very difficult to assess the degree of stability of the latter from clinical recordings, and thus
arrhythmia risk stratification based on the assessment of repolarization instability has had a
limited utility. 21 22 In our previous study,?” we reported a novel algorithm that successfully
detected the manifestation of repolarization instability in the clinical ECG recording; we,
also observed a positive correlation between instability in QTI dynamics and PA frequency
in patients with high risk of arrhythmia. However, it remained unknown whether patients
with low arrhythmia risk could also exhibit unstable QTI dynamics and a positive
correlation between QT]I instability and PA frequency.

In this study, we used QTII to quantify the relationship between QTI dynamic instability and
PA occurrence in patients with ICD. The results demonstrate that unstable QTI dynamics
exists in both high and low arrhythmia risk patients, as evidenced by the non-zero mean
values of QTII in both groups (Table 5). Kaplan-Meier analysis showed that the risk of
arrhythmia in patients with unstable QTI dynamics is not significantly different from that in
patients without unstable QTI dynamics (p=0.82). The results also show that the risk of
arrhythmia is significantly higher in patients with larger QTII value (QTII>=1) compared to
those with smaller QTII value (QTII<1), as demonstrated by Figures 2 and 3. These findings
indicate that it is QTII (the probability that QTI dynamics becomes unstable when PA
presents), but not QT instability itself, that stratifies arrhythmia risk.

QTIl vs. indices that quantify single arrhythmia risk factors

In this study, we hypothesize that an index that quantifies multiple arrhythmia risk factors
and their interdependence performs better in risk stratification of arrhythmia than indices
quantifying individual risk factors. The performance of QTII was compared to that of
indices RRInean: RRIstg, QTlstg, and fpa, each quantifying a single risk factor. The ROC
results of this study demonstrate that QTI1 was the only significant predictor of arrhythmia.
Univariate survival analyses demonstrated that QT1I was the only significant index of
arrhythmia-free survival. In a multivariate survival model of arrhythmia (MC1), QTII was
the only independent index. After excluding patients who received CLASS |1l AA, and after
adjusting for LVEF, DM, and sex, QTII remained the only independent index of arrhythmia
risk. Univariate survival analysis also found that QTII was a significant index (p<0.05) of
risk for the combined endpoint of arrhythmia and all-cause death. These results demonstrate
that QTII outperformed RRImean, RRIstd, QTlstq, and fpa, and thus confirmed our
hypothesis.

Compared to other well-known VF risk indicators, a unique feature of QTII is that it is
capable of accessing VF risk from short ECG recordings with high frequency of PAs. These
recordings are excluded from the calculation of VF risk factors such as RMSSD, QTVI,
Heart Rate Turbulence, and T-wave alternans. This unique feature makes QTII a powerful
VF indicator that is easy to implement in clinical practice.

QTIl and CLASS Il AA

In this study, we found that the performance of QTII in stratifying arrhythmia risk was
worse in patients with CLASS 111 AA. Our results demonstrate that the mean QTII values in
the event and no-event groups of CLASS Ill AA patients were similar to those in the entire
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studied population (Table 5), indicating that QTII was not significantly affected by CLASS
11 AA. Kaplan-Meier analysis also demonstrated that the arrhythmia-free survival
probability was insignificantly higher in CLASS 11 AA patients than in other patients,
which indicates that CLASS 111 AA slightly improves arrhythmia-free survival. These
findings suggest that the mechanisms by which CLASS Il AA improves arrhythmia-free
survival are different from those by which QTII stratifies arrhythmia risk. However, the
sample size of CLASS Il AA patients was relatively small to determine the actual
relationship between QTII, CLASS Il AA, and arrhythmia susceptibility. Studies with
larger sample sizes are needed to address this issue.

A limitation of the new arrhythmia risk stratification index QTII is that it cannot be applied
to PA-free ECGs. The occurrence of PAs is a critical component of QTII. It unmasks the
instability in QT1 dynamics, as established previously.30 For this reason, 6 PA-free patients
out of a total of 120 patients were excluded from this study.

The value of QTII is determined by the number of minECGs that have PAs (NPA).
However, the PAs in different minECGs may differ from each other in frequency and the
degree of prematurity. Additional research will be needed to determine whether the
performance of QTII in arrhythmia risk stratification could be improved by including these
factors into the index calculation.

The unequal length of ECG recordings used in this study could be a limitation in the
calculation of the HRV parameters.

Finally, QTII accounts for the temporal variation in QTI, but does not account for the spatial
variation in repolarization, which is a known risk factor of arrhythmia. The latter risk has
been assessed by detecting the presence of T-wave alternans, widely considered to be an
indicator of arrhythmia propensity. It is possible that the performance of QTII could be
further improved if the spatial variation in repolarization could be accounted for in the
calculation of QTII.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Receiver operating characteristic (ROC) curves of QTII, RRIpygan, and fpa.
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Table 1

The comparisons of clinical characteristics between patients with and without VT/VF events.

Clinical Characteristic Event (27) | No-event (87) P
Age (mean/sd) 61.1+15.1 64.9+13 0.24
Male, (%) 875 75.4 0.22
Ischemic CM with M1 history, (%) 69.6 68.2 0.9
LVEF£SD, % 33.0£11.7 33.9+12.3 0.76
NYHA class |, (%) 34.8 21.2
NYHA class Il, (%) 34.8 43.9 0.76
NYHA class 111, (%) 18.2 17.4
Diabetes mellitus, (%) 47.8 28.8 0.1
Hypertension, (%) 78.3 77.3 0.9
CABG, (%) 47.8 37.9 0.41
PTCA, (%) 304 28.8 0.88
beta-blockers, (%) 81.5 84.9 0.49
Atria Fibrillation (%) 174 18.2 0.93
Class Il antiarrhythmic medication, (%) 304 24.2 0.56

CM: ischemic cardiomyopathy. MI: myocardial infarction. LVEF: left ventricular ejection fraction. NYHA: New York Heart Association. CABG:
Coronary artery bypass grafting. PTCA: Percutaneous transluminal coronary angioplasty.
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Table 2

The comparisons of clinical characteristics between patients with and without large QTII (> QTII Q3) value.
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Clinical Characteristic QTII <QTII | QTII >=QTII p
Q3(78) Q3(36)
Age (mean/sd) 63.8+14.3 64.3x12.4 0.43
Male, (%) 73.8 87.5 0.13
Ischemic CM with M1 history, (%) 67.2 71.0 0.72
LVEF£SD, % 34.5+12.4 32.1%115 0.82
NYHA class I, (%) 25.9 22.6
NYHA class Il, (%) 34.5 54.8 0.19
NYHA class Ill, (%) 19.0 16.1
Diabetes mellitus, (%) 29.3 41.9 0.23
Hypertension, (%) 741 83.9 0.3
CABG, (%) 379 45.2 0.51
PTCA, (%) 27.6 32.3 0.64
beta-blockers, (%) 81.8 88.9 0.56
Atria Fibrillation (%) 10.3 32.3 0.018
Class Il antiarrhythmic medication, (%) 24.1 29.0 0.62

CM: ischemic cardiomyopathy. MI: myocardial infarction. LVEF: left ventricular ejection fraction. NYHA: New York Heart Association. CABG:

Coronary artery bypass grafting. PTCA: Percutaneous transluminal coronary angioplasty.
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Table 3

The results of survival analyses (Kaplan-Meier and multivariate Cox model MC1) with respect to the primary
endpoint event.

Kaplan-Meier MC1
P HR| P
RRInean(29) 0.94 1.00 | 0.99
RRI4(62) 0.82 142 | 045
fon(29) 0.72 0.70 | 057
QTlg4(29) 0.33 041 | 013
QTI11(36) 0.01 3.68 | 0.006
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The number in the parenthesis following each risk index is the number of patients above Q3.
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Table 4

The results of multivariate Cox model MC2 with respect to the primary endpoint event.

With CLASSIII AA Without CLASSI11 AA
Hazard ratio (95% C.I.) P Hazard ratio (95% C.I.) p
DM 2.29 (0.96, 5.43) 0.06 2.06 (0.72, 5.88) 0.18
LVEF 1.51 (0.63, 3.61) 0.35 2.47 (0.84,7.28) 0.1
QT 2.48 (0.99, 6.19) >0.05 4.32(1.37,13.6) 0.01
QT 0.56 (0.18, 1.83) 0.35 0.22 (0.05, 1.1) 0.07
sex 0.67 (0.19, 2.42) 0.54 0.65 (0.14, 3.02) 0.58

CLASS Il AA: Class 111 antiarrhythmic medication. DM: Diabetes mellitus. LVEF: left ventricular ejection fraction.
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