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Abstract

Background: Increased spatial and temporal dispersion of repolarization contributes to ventricular
arrhythmogenesis. Beat-to-beat fluctuations in T-wave timing are thought to represent such
dispersion, and may predict clinical events.

Objectives: We assessed whether a novel noninvasive measure of beat-to-beat instability in T-
wave timing would provide additive prognostic information in post-myocardial infarction patients.

Methods: We studied 678 patients from 12 hospitals with 32 lead 5-minute ECG recordings 6-8
weeks after myocardial infarction (MI). Custom software identified R wave to T wave intervals (RTI)
and diastolic intervals (DI). Repolarization scatter (RTI:Dlsqerr) Was then calculated as the standard
error about the RTI:DI regression line. In addition, left ventricular ejection fraction (LVEF), short-
term HRYV parameters and QT Variability Index were measured. Patients were followed for the
composite endpoint of death or life threatening ventricular arrhythmia.

Results: After a mean follow-up of 63 months, 134 patients met the composite endpoint. An
RTI:Dlgtgeer Over 5.50ms was associated with a 210% increase in arrhythmias or deaths (p<0.001).
After adjusting for left venricular ejection fraction (LVEF), RTI:Dlstgg,r remained an independent
predictor (p<0.001). RTI:Dlge.r Was also independent of short-term HRV parameters and the QT
Variability Index.

Conclusions: Increased repolarization scatter, a measure of high frequency, cycle-length-
dependent repolarization instability, predicts poor outcomes in patients after myocardial infarction.
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Background

Ventricular arrhythmias remain the most common cause of death in the United Statesl: 2. our
ability to identify patients at risk continues to be limited, in part due to the poor positive
predictive value of current invasive and non-invasive testing®. Nevertheless, the financial and
medical incentives for advancement in risk stratification remain very strong.
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It is well established that myocardium with heterogeneous repolarization is prone to reentrant
arrhythmias4'6. In normal hearts, repolarization is highly coordinated, both temporally and
spatially, to avoid such heterogeneity. It has been well demonstrated in experimental and
computer models that when small, beat-to-beat changes in diastolic intervals induce a large
change in action potential duration (i.e. when the restitution’~10 slope exceeds one) the
activation wavefront destabilizes after a short sequence of rapid beats1 12 This may result
in repolarization alternans that degenerates into fibrillation3. According to this paradigm,
future improvements in arrhythmia risk stratification are likely to be obtained by the direct
assessment of repolarization dynamicity rather than indirect measures of autonomic function.

The utility of assessing beat-to-beat repolarization stability to predict arrhythmias has indeed
been established. Microvolt alternations in T-wave amplitude (MTWA) have been shown to
predict clinical events in various clinical populationsl4'18. There is evidence in animal models
that torsades de pointes may be better predicted by beat-to-beat variability of repolarization
timing than by QT prolongation19'21. Furthermore, initial studies of the QT Variability Index
(QTVI)22, which expresses a relation between QT interval variance and short-term heart rate
variability, have shown its correlation with heart failure?2: 23 and its value in predicting clinical
events24-26,

In this paper, we have employed a novel analytic method to assess beat-to-beat variability of
repolarization that quantifies instability in the repolarization-diastolic interval feedback
system. We hypothesized that increased instability (scatter) in the timing of the T-wave peak
would predict clinical events in patients with a recent myocardial infarction.

Patient Population

The study protocol was approved by the respective ethics committees and regulatory bodies at
all involved centers. Patients were considered for enrollment if they were 18 years or older and
if their treating physicians had diagnosed an acute myocardial infarction during their index
hospitalization. Exclusion criteria were: inability to give informed consent, pacemaker
dependence, preexisting severe contractile dysfunction (ejection fraction < 25%) or
cardiogenic shock.

Study Design

We studied 678 post-myocardial infarction patients from 12 hospitals in Utah and
Pennsylvania. Recruitment was initiated by point-of-care clinicians who sought patients'
permission to be contacted by study coordinators. Enrollment spanned from 1996 to 2003.
After informed consent was obtained, we catalogued demographic data, left ventricular ejection
fraction, myocardial injury serum markers, and infarct location by electrocardiogram. Patient
care was dictated by the enrolling physician and was not altered by this protocol. Patients were
then visited at their homes 6-8 weeks after hospital discharge where a study nurse updated the
medical history, performed a limited transthoracic echocardiogram to measure left ventricular
ejection fraction (LVEF), and performed a continuous 5 minute, 32-lead body surface mapping
with the patient resting and supine. Follow-up was then continued by telephone and medical
record review at six-month intervals to ascertain whether and when any clinical endpoints were
met. At the completion of follow-up, the predictive performance of the described
electrocardiographic measures were analyzed retrospectively.

The primary endpoint was a composite endpoint of death or documented ventricular
arrhythmia. Using available medical records, obituaries, and interviews with family members
when possible, we tried to categorize patient deaths as: arrhythmia, pump failure, infarct-

Heart Rhythm. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

related, or noncardiac. As noncardiac deaths comprised a high proportion of total events, we
also assessed a secondary composite endpoint of cardiac deaths or documented ventricular
arrhythmia.

Measurements

Ejection fraction—LVEF was estimated by single plane Simpson's method from apical four-
chamber views.

Repolarization slope and scatter—Body surface mapping was performed using a
custom-made 32-lead system as previously reported27. Briefly, 32 pre-specified thoracic lead
positions were located using anatomical landmarks and silver-chloride electrodes embedded
in nylon strips were affixed using conductive gel and adhesive. After confirming signal quality,
all leads were sampled at 1kHz, filtered, and recorded for offline analysis with custom software.
For beat detection, a lead was chosen with a clear, solitary, intrinsic negative QRS deflection.
The recording from this lead was further processed with smoothing and first derivative filters,
providing reliable high amplitude deflections for identifying distinct ventricular complexes.
Premature ventricular complexes were manually identified and omitted. Maps obtained during
a paced rhythm were excluded.

After QRS detection, the root mean square (RMS) signal was calculated for each patient using
raw recordings from all leads. Baseline correction was performed on all beats by subtraction,
zeroing the TP or PR segments. QRS and T-wave peaks were identified using a parabolic, least-
mean-squared error estimate of the RMS ECG, which reduced the sensitivity of peak
identification to high frequency noise. Cycle lengths (CL) were defined as the time between
subsequent QRS peaks. The time of the RMS R peak has been shown to correlate with the
mean depolarization time of the ventricles28; 29, Similarly, the time of the RMS T peak has
been shown to correlate with mean ventricular repolarization time. RT Intervals (RTIs) were
defined as the time between the local QRS peak and the T-wave peak in the RMS signal. This
interval has been shown to correlate well with mean cellular action potential duration30: 31,
The mean diastolic interval (DI) was estimated as the time from RMS T-wave peak of the
preceding beat to the peak of the RMS R wave (both determined from local maxima in the
2d derivative function), a measure that has been shown to correlate with the mean cellular
diastolic recovery time 8. For every patient, all RTIs were plotted as a function of the preceding
DI. Simple linear regression was applied to the resulting scatterplot to ascertain the slope
(RTI:Dlsjope) and y-intercept (RTI:Dly.jntercept)- Regression diagnostics then provided the
standard error about the regression line (RTI:Dlsiqerr), @ measure of ‘scatter’ in the
repolarization / diastolic interval relationship. This term quantifies instability in repolarization
timing that is not attributable to beat-to-beat changes in diastolic interval.

QT Variability Index—This time-series calculation has been previously described, and
represents the log ratio between the QT interval and heart rate variabilities. Briefly, the above-
described detection of basic ECG intervals was implemented and applied to the equation
QTVlestimate = 10910[(RTWariance/(RT Imean)?)/ (HRvariance/(HRwmean)?)]. Of note, since we
used 24 derivative filter settings optimized for detecting the T-wave peak, we use RTI in this
equation rather than the QT interval. Therefore, this metric varies slightly from QTVI as
originally described since the Tpeak-Tend segment is not included. Also, as originally
described, this measure was calculated twice for every patient (over two 256 beat epochs) and
then averaged, but we forewent this averaging as only single measures of RT1:Dlg;gg,r Were
performed.

Heart rate variability—To assess the relationship between repolarization scatter and high
frequency heart rate variability (HRV), several HRV indices were estimated from the 5 minute
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recording, including rMMSD, pNN50, and 1CC32-36, yMMSD is the root mean square of
successive differences of normal RR intervals. pNN5O0 is the percent of successive normal RR
interval differences that exceed 50ms. ICC is the interbeat correlation (the correlation
coefficient of a Poincare plot, where every normal RR interval is plotted as a function of the
preceding RR interval).

Statistical Analysis

Results

Data distributions were first assessed for artifactual anomalies and normality. As the normality
assumption was rejected for all prediction variables, estimates of means and confidence
intervals (C.1.) about the mean for these variables were assessed using the bootstrap method.
Based on whether the composite endpoint was met, each patient was categorized into either
the Event Group or the Non-Event Group. Comparisons of non-normally distributed continuous
variables between these sample groups were performed using the Wilcoxon signed rank test
on unmatched data.

We used survival-time-data with lost-to-follow-up censoring to analyze the predictive
performance of these measures. The optimal operating points (cutpoint where the sensitivity /
specificity balance is optimized) for linear prediction variables were determined by maximizing
the post-estimation c-statistic of a single variable Cox survival model. After identifying the
optimal operating point, the accuracy for predicting events was assessed using survival
analysis, with the statistical significance of differences between survival curves reported using
log rank tests of equality.

Candidate predictors were assessed for collinearity before inclusion in multivariable analyses.
Correlation involving non-normal distributions are reported using Spearman's rank test (p).
Cox proportional hazards models were used to assess for interaction between binary predictor
variables, with model comparisons using likelihood ratio tests. Associations with predictor
variables and clinical variables, such as peak CK serum level, LVEF, and age were also
assessed using a Cox proportional hazards model. P-values less than 0.05 were considered
significant. All data are shown as mean+SD unless otherwise specified. All analyses were
performed using Stata v9.0 for Macintosh.

Patient characteristics

The mean age of the study group was 64+12.5 years and 76% were male. The distribution of
race / ethnicity was Caucasian (94%), Hispanic (3.4%), black (1.3%), Asian (including Pacific
Islander) (1.1%), and Native American (0.6%). The mean body weight was 188+40 pounds.
Thrombolytic therapy was administered in 35% of patients. The mean peak serum creatine
kinase enzyme level was 1684+2134ug/L, and the median peak creatine kinase-MB was 186
+267ug/L. There were 198 anterior, 8 anterolateral, 27 lateral, 21 inferolateral, and 234 inferior
infarcts. LVEF data were available at enrollment in 412 patients, with a mean of 53+13%. At
post-discharge follow-up, the mean LVEF was 47+£9%.

At the time ECG recordings were made, we were able to obtain medication lists for 615 (91%)
of patients. Of these patients, 549 (89%) were taking aspirin, 73 (12%) digoxin, 395 (64%)
beta-blockers, 253(41%) ace-inhibitors and 19 (3%) ARBSs, and 297 (48%) statins. These rates
must be interpreted in the context of the era during which most patients were enrolled.

After a mean follow-up of 63 months (3635 patient-years), 134 patients met the composite
endpoint (123 deaths, and 11 documented ventricular arrhythmias). Causes of deaths were
categorized as arrhythmiain 15, pump failure in 23, infarct-related in 10, and noncardiac causes
in79.
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Using nonparametric tests of equality to compare clinical variables between groups, the Event
Group had a lower LVEF, lower body weight, and more advanced age than the Non-Event
Group (see Table 1). Using the chi-squared test to compare prevalences between groups,
patients in the Event Group were less likely to have received thrombolytics and less likely to
have been smokers. There were no significant differences between groups in peak CK or peak
CK-MB.

Repolarization scatter

Example RTI:DI scatterplots from two representative patients are shown in Figure 1. Compared
to the 560 patients in the Non-Event Group, patients in the Event Group had lower CLpjean
and higher RT1:Dlgqgrr, but other RTI:DI scatterplot characteristics were not different between
groups (See Table 2.) The optimal operating points for these variables are also shown in Table
2, with the strongest predictor being RTI:Dlgygg,r at an operating point of 5.5ms, where the c-
statistic was 0.6. The median RT1:Dlgyg,r Was 5.1ms. The Kaplan-Meier clinical event curves
of patients with positive versus negative RTI:Dlgqe,r Were well separated (p<0.001) (See
Figure 2). The hazard ratio for events comparing patients with positive versus negative
RTI:Dlgge,r tests was 2.1 (95% C.I. = 1.43 3.10). Event curves were less well separated using
CLpean (p=0.006) as a predictor.

When the predictive value of RTI:Dlsgg,r Was re-analyzed using the secondary endpoint of
cardiac deaths or documented ventricular arrhythmias (thus excluding noncardiac events), the
optimal operating point dropped to 5.1ms, where the c-statistic improved to 0.62. The hazard
ratio increased to 2.7 (1.4 4.7) and event curves remained well separated (p<0.01)(See Figure
3).

There was no correlation between RTI:Dlgqerr and mean heart rate, p = 0.03 (p=0.49).
RTI:Dlgigesr increased slightly with age, p = 0.10 (p=0.008) but did not vary with gender.
Neither smoking nor the use of thrombolytics effected RTI:Dlstqgg,r. There was a weak
correlation between RTI:Dlgigesr and LVEF, p = —0.09 (p=0.03), with slightly higher
RTI:Dlgiqge,r at lower ejection fractions. The median RTI:Dlstgg,r Was 5.1 in patients on beta-
blockers and 5.2 patients not taking beta-blockers (p=0.29). The only medications to influence
RTI:Dlggeer in univariate analyses were digoxin (5.8 versus 5.0, p=0.02) and statins (5.3 vs.
4.9, p=0.02).

QT variability index

The bootstrap estimate of the population mean (95% C.1.) for QTVI was —1.03 (—1.09 —0.97).
The optimal operating point was —1.19, which gave a c-statistic of 0.57. As stratified by this
test, survival curves were separable (p=0.03) with a hazard ratio of 1.53 in patients with QTVI
> 1.19 (see Figure 2). As shown in Figure 3, QTVI correlated only weakly with
RTI:Dlgtgeer In @ multivariable Cox prediction model, RTI:Dlggerr remained a significant
predictor of clinical events (p=0.001) even after adjusting for QTVI.

Heart rate variability indices

As shown in Table 1, ICC (interbeat correlation coefficient) demonstrated the strongest
association with clinical events among HRV indices. The Non-Event Group had a mean ICC
of 0.639, where the Event Group had a mean of 0.544 (p=0.03). However, survival curves were
not separated using ICC alone as a predictor (p=0.16).

None of the HRV indices (CLgp, ICC, pNN50, and rMMSD) showed any correlation with
RTI:Dlgigeer (0 =0.04,0.00, -0.04, and —0.04, respectively), demonstrating that repolarization
scatter is independent of high frequency HRV. There was weak correlation between
RTI:Dlsigerr and CLpgean, p = —0.15 (p=0.0001), with greater repolarization scatter at lower
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cycle lengths. Similarly, there was weak correlation between RTI:Dlgigerr and RTIpean, QTC,
and RTEDly intercept: p = —0.13 (p=0.001), p = —0.13 (p=0.002), and p = —0.10 (p=0.01),
respectively. There was no correlation between RTI:Dlsigrr and RT1:Dlgjope, p = 0.00
(p=0.98). As expected, all measures of high frequency HRV were well correlated amongst each
other. The weakest correlation amongst HRV variables was between ICC and CLgp p=-0.24
(p<0.0001) and the strongest between pNN50 and rMMSD, p = 0.87 (p<0.0001).

Sixteen patients (3%) demonstrated atrial fibrillation during their 5 minute recordings. This
pattern was more prevalent in the Event Group (6.1%) than in the Non-Event Group (1.2%),
but 7 of the 8 events in subjects with atrial fibrillation were noncardiac. RTI:Dlsye,r Was higher
in recordings with AF (median 7.4 versus 5.1ms, p=0.002). In this small group of patients with
AF, RTI:Dlgqg,r did not appear to offer substantial risk stratification — and thus the inclusion
of these patients should only weaken the overall predictive accuracy of RTI:Dlgqg . Indeed,
if these patients are excluded from the analysis, the hazard ratio for the primary endpoint
increases to 2.5, and remains significant (p=0.001). This small cohort of course demonstrated
significant elevations in all measures of high frequency HRV.

Multivariable analyses

Several multivariable models were fitted to assess interactions between RTI:Dlstgg,r and other
predictor variables. In a two-variable model including LVEF and RTI:Dlgtgg,r, the independent
predictive value of RTI:Dlgge,r remained highly significant (p<0.001). Adding QTc and
CLmean Sequentially improved the overall model, with RTI:Dlsiqg.r remaining significant
(p=0.02). Adding ICC to the model with RTI:Dlstgg,r alone offered slight improvement and
strengthened the independent effect of RTI:Dlsiqe.r (p<0.001). The atrial fibrillation pattern
was collinear with HRV measures, but when this variable was added to RTI:Dlgiqg,r in
predicting events, both atrial fibrillation (p=0.04) and RTI:Dlgtge,r (p<0.001) exhibited
independent effects. None of the other predictor variables had significant influences on the
multivariable model, as expected based on their weak predictive performances. This confirms
the independence of RTI:Dlsiggr from HRV that was suggested in the univariate analysis.

The hazard ratio imposed by an abnormal RTI:Dlstgg,r improved to 2.5 (95% C.I. 1.4 — 4.0)
after adjusting for all medication classes. In this model, beta-blockers imposed a protective
effect (HR 0.56, p<0.01) and ace-inhibitors imposed an increased risk (HR 1.4 p=0.05).
However, these influences are confounded by contractile function as neither of these influences
remain significant if you further adjust for ejection fraction.

Discussion

The main findings from this study are: 1) increased scatter about the flat portion of the
repolarization / diastolic interval curve (RTI:Dlgiggrr) portends a significantly increased risk
of ventricular arrhythmias or death in post-myocardial infarction patients, and 2) the predictive
value of this measurement was independent from LVEF, QTc, short-term HRV parameters and
the QT Variability Index. Our findings suggest that this noninvasive measurement of
repolarization lability could provide a relatively simple and inexpensive new tool in risk
stratifying patients with a history of prior MI.

Uniqueness from other predictive measures

Both spectral and time-domain MTWA techniques are highly sensitive to beat-to-beat changes
in T-wave amplitude37v 38, but potentially insensitive to changes in T-wave timing. However,
as there is increasing recognition of mechanistic ties between MTWA and the calcium handling
alterations that manifest abrupt changes in repolarization timing in response to cycle length
changes39'42, improved methods for assessing temporal perturbations in repolarization are
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needed. As our methods are solely intended for assessing the timing of T-waves (as an estimate
of the beat-to-beat changes in mean cellular repolarization duration), they are likely to
complement the use of MTWA in predicting events, though further work is required to explore
this relationship.

Heart rate variability measures have developed rapidly in recent years, and have proven value
in predicting outcomes, but the mechanistic links between HRV and arrhythmogenesis remain
very indirect. Indeed, HRV measures provide valuable information about the function of the
autonomic nervous system, a key component of the arrhythmogenic milieu. The effect of
autonomic function on the actual onset and propagation of arrhythmias may occur via
modulation of repolarization and its dispersion43'48. Temporal and spectral analyses of
repolarization therefore appear to offer more direct assessment of the arrhythmogenic
substrate. Our finding that high frequency HRV is independent of repolarization scatter
strongly supports the notion that HRV and repolarization scatter will provide complementary
prognostic information, and will allow independent assessments of both the systemic milieu
and tissue substrate that underlie arrhythmogenesis.

Atfirst glance, this measure of repolarization scatter is similar in concept to QT VI, which seeks
to describe repolarization variability after adjusting for heart rate variability. The critical
difference lies in the pair-wise nature of this proposed method. For any given levels of QT
variance and RR variance, it is possible to have zero correlation or perfect correlation between
the two intervals. If there is instability or time delay in the adaptation of repolarization timing
in response to changes in diastolic interval, departure from perfect correlation occurs. The
superior predictive performance of the scatter method in this study suggests that this instability
is more important than the absolute variability of repolarization or heart rate.

The main limitation of this study is that the numerical cutoffs for predictor variables were
retrospectively determined. Although patients were longitudinally followed and the prediction
variables were predetermined, the predictive performance was assessed in the same population
used for predictor derivation, which increases the chance of type | statistical error. Prospective
validation in a separate population is therefore needed. It should also be emphasized that HRV
parameters were calculated from only 5-minute ECG recordings and therefore lack the
reproducibility of parameters derived from longer recording periods. Also, the clinical endpoint
we used is an imperfect marker for the occurrence of arrhythmias. Many patient deaths
appeared to be unrelated to ventricular arrhythmias. In addition, there were likely clinically
relevant ventricular arrhythmias that were not detected. However, short of implanting recording
devices to detect all arrhythmias, we believe that all-cause mortality is the least ambiguous
endpoint for this type of study. Misclassification of the cause of death is more likely to dilute
the predictive accuracy of repolarization scatter than to inflate it. Indeed, the hazard ratio for
events imposed by abnormally high repolarization scatter was higher when noncardiac events
were excluded. Finally, our methods utilized nonstandard 32-lead mapping systems (to
facilitate parallel efforts with methods requiring high spatial resolution). The feasibility of
repolarization scatter would be improved if 12-lead recording systems could be used, but future
study will be needed to validate this approach.

Conclusion

The findings from the present study suggest that repolarization scatter, quantified by the
standard error about the regression estimate for RTI versus diastolic interval (RTI:Dlgggyy), is
predictive of deaths and arrhythmic events. A RTI:Dlgqe.r OVer 5.50 is associated with a 210%
increase in the event rate. Repolarization scatter, which quantifies instability in the
repolarization — diastolic interval feedback system, is distinct from the QT variability index,
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and independent of QTc and high frequency heart rate variability measures, therefore providing
additive prognostic information in post-MI patients.
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Figure 1.

Assessment of the restitution curves. A) RT intervals (RTIs) are plotted as a function of
preceding diastolic intervals (DI) as measured from the root mean square (RMS) of 32-lead
resting ECG recordings. B) Example data from a patient in the Non-Event group. The steep
portion of the restitution curve (dotted line) cannot be assessed with resting recordings because
high heart rates are necessary to observe this restitution behavior. The linear regression estimate
of this data is superimposed (solid line), along with RTI:Dlgiqg,r (the standard error of the
estimate (whisker bar)). C) Example data from a patient in the Event group, showing a
significantly higher RTI:Dlggerr. The heart rate variability, as assessed with CLgp, was
actually lower in panel C (5.1 vs. 12ms).
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Figure 2.

Kaplan-Meier clinical event curves of patients as stratified by RTI:Dlsiggr or QTVI (QT
Variability Index) predictions. Patients with a RT1:Dlgqg,r Over 5.5ms sustain a 210% increase
in the rate of clinical events compared to patients with RTI:Dlstgg,r below 5.5ms. QTVI was
a weaker predictor, but itself identified a group with a 54% increase in rate of events.

Heart Rhythm. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Segerson et al.

% of patients with cardiac events

Page 13

10%7 1 ____. RTI:Dlg,e., > 5.10 ms
RTI:Dlgye, < 5.10 ms

5% p<0.01

0%

Months of followup

Figure 3.

Kaplan-Meier curves for cardiac events as stratified by RTI:Dlger. Patients with a
RTI:Dlgtgerr Over 5.1ms sustain a 270% increase in the rate of cardiac events compared to
patients with RTI:Dlggg,r below 5.1ms.
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Figure 4.

Scatterplot showing weak correlation between RTI:Dlgg,r and QT Variability Index. The
absence of a strong correlation between these two measures suggests they may be of
complementary prognostic value.
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Table 1
Comparison of clinical characteristics between Event Group and Non-Event Group.

Clinical Variable Event Group <—p-value— Non-Event Group|
LVEF 43% p <0.001 48%
Age 73 years p <0.001 62 years
Thrombolytics 24% p<0.01 3%
Male gender 69% p=0.02 80%
Weight 182 pounds p=0.02 189 pounds
Smoker 12% p=0.04 20%
Peak CK 1685 ug/L p=0.1 1693 uag/L
Peak CK-MB 192 ug/L p=0.17 186 ua/L
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