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Abstract

Background—Abnormalities of ventricular repolarization as well as depolarization have been
associated with increased risk of ventricular arrhythmias.

Objective—We evaluated the relative contribution of these predictors to risk of sudden cardiac
death (SCD) among patients with coronary artery disease (CAD).

Methods—In the ongoing Oregon Sudden Unexpected Death Study (Oregon SUDS), adult
residents of Portland, OR metropolitan area (population ~1 million) who suffered SCD were
identified prospectively (2002-2007). Of these, we analyzed the subgroup of SCDs that had a
resting 12-lead ECG prior to SCD and also had associated CAD. Comparisons were conducted
with a control group of subjects with known CAD, but no history of SCD from the same
geographic region. Corrected QT interval (QTc), JT interval (JTc), QRS duration (QRSd) and
other parameters were measured from ECG prior and unrelated to SCD. Analysis of LV function
was limited to those subjects that had echocardiography performed prior to and remote from SCD.

Results—A total of 642 SCD cases (71+13 yrs, 62% male) were compared to 450 controls
(66£12 yrs, 64% male). SCD cases had significantly longer QRSd (102+25 vs. 97£20 ms,
p=0.0008) as well as JTc (348+44 vs. 339£34 ms, p=0.0006) vs. controls. In cases with prolonged
QRSd, 38% had severe LV systolic dysfunction (LVSD) and 62% had normal, mild or moderately
decreased LV systolic function. In a multivariable model, QRSd, JTc, age and severe LVVSD were
independent predictors. There was minimal overlap between prolonged QRSd and JTc in both case
and control groups (3% and 4%, respectively).

Conclusions—Prolonged QRSd, JTc and severe LVSD had independent contributions to risk of
SCD in coronary disease, in this community-based setting.
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INTRODUCTION

METHODS

The annual incidence of sudden cardiac death (SCD) in the US ranges between 200,000 -
300,000 and the vast majority occur due to fatal arrhythmia (1,2). The majority of SCD
cases have associated coronary artery disease (CAD) (3). Based on the current eligibility
criterion of severe left ventricular systolic dysfunction (LVSD), the prophylactic implantable
cardioverter-defibrillator (ICD) has been a useful preventive intervention (4,5). However,
there is increasing recognition that a significant proportion of patients that suffer SCD may
have risk predictors other than severe LVSD. In two large population-based evaluations of
SCD, severe LVSD was a significant predictor but was found to affect only 25-30% of all
SCD cases in the community (6,7). Therefore at least 70-75% of overall SCD cases that
occur in the community would not meet criteria for prophylactic ICDs by the current
guidelines. A consensus has emerged in the field for delineation of multiple predictors that
could be combined as a risk score to enhance SCD risk stratification (8).

The Oregon Sudden Unexpected Death Study (Oregon SUDS (1,7,9,10) is a prospective
community-based case-control study with the overall goal of identifying risk predictors for
SCD other than severe LVSD. We and others have reported that another ECG variable,
prolonged ventricular repolarization measured as the corrected QT or JT interval (1QTc,
1JTc), independently increases SCD risk in the general population (9,11) and that genetic
variants associated with 1QTc also increase SCD risk (12,13). Increased QRS duration
(TQRSd) has long been recognized as a predictor of overall mortality among patients with
ischemic cardiomyopathy (14) and myocardial infarction (15). Several studies have reported
that the presence of an intraventricular conduction delay or left bundle branch block, but not
right bundle branch block, can be associated with an increase in arrhythmic death and
overall mortality (16-18). However, these findings have largely been reported in subgroups
of patients with congested heart failure (CHF) or other selected patient populations. The
potential overlap with prolonged ventricular repolarization has not been well studied. We
evaluated the relative contribution of prolonged ventricular depolarization and repolarization
to the ventricular arrhythmia substrate in coronary artery disease (CAD), from a community-
based study.

Ascertainment of subjects

Detailed methods of the Oregon SUDS have been published earlier (1,7) and a brief
description follows. Cases of sudden cardiac death (SCD) from the Portland, Oregon
metropolitan area were identified prospectively from the general population using the
emergency medical system, local area hospitals and physicians, and medical examiners.
After a review of available medical records and the circumstances of arrest, and a process of
in-house adjudication conducted by three physicians, subjects who suffered SCD were
included in the study. SCD was defined as a sudden unexpected pulseless condition within
one hour of symptom onset if witnessed, and within 24 hours of being seen alive and in
usual state of health if unwitnessed. Subjects with chronic terminal illnesses (e.g. cancer),
known non-cardiac causes of sudden death (e.g. pulmonary embolism, cerebral vascular
accident), traumatic deaths and overdoses were excluded. Cases with documented or
probable (= 50 years of age) (19,20) coronary artery disease (CAD) were compared to
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controls with CAD but no cardiac arrest from the same geographic region. Controls were
patients transported by the emergency medical system for complaints suggestive of ongoing
coronary ischemia, were recruited from clinics of participating health systems, or had
received a coronary angiogram revealing significant CAD. Documented CAD was defined
as history of myocardial infarction, coronary revascularization, or at least 50% stenosis on
coronary angiography.

ECG inclusion criteria

All subjects were required to have a 12-lead ECG with QRS measurements available. Sinus
rhythm, sinus arrhythmia, atrial fibrillation and atrial flutter rhythms were included. For
cases, the closest ECG prior and unrelated to the cardiac arrest was used. For controls, ECGs
were obtained at the time of the study enrollment visit or from clinic or hospital visits
unrelated to the study. We used standard 12-lead ECG tracing at 25-mm/s paper speed and
10-mm/mV amplitude received from participating hospitals. QRSd and heart rate were as
reported on the ECG recording while QT and JT intervals were manually measured from the
lead with the longest complex. For QT and JT interval measurements only patients with
sinus rhythm were included and these were manually-measured and corrected (QTc and JTc)
using Bazett’s formula (21). Findings of QTc and JTc were also validated using Fridericia’s
and Sagie’s formulae (22,23).The QTc interval was considered missing for subjects with
QRS >120 ms. Prolonged JTc was defined as an interval greater than 75™ percentile of JTc
in the control subjects (359ms). Two trained personnel performed separate, blinded
measurements on a subset of ECGs (n=473). The intraclass correlation coefficient
comparing the first and second readers for the QT interval was 0.92 (95% C1,0.90-0.93); for
the RR interval, it was 0.94 (95% CI, 0.93-0.95).

Subject characteristics

Demographic and clinical characteristics were recorded from first responder and medical
examiner reports as well as medical records. The analysis of clinical variable is therefore
conducted retrospectively. For a subset of patients (49.1%), left ventricular systolic function
was assessed by LV ejection fraction (EF) from echocardiogram, angiogram or multigated
acquisition SCDn. Left ventricular mass (LVM) was calculated from quantitative values on
echocardiograms using the American Society of Echocardiography modified equation,
indexed to body surface area (BSA) and LV hypertrophy was defined as LVM/BSA >134 g/
m2 for men and >110 g/m2 for women (24). Echocardiograms prior and unrelated to cardiac
arrest were used for cases and up to 5 days post-ascertainment for control subjects.

This study was approved by the Institutional Review Boards of Cedars-Sinai Medical
Center, Oregon Health and Science University and of participating hospitals.

Statistical analysis

Independent samples t-tests and Pearson’s chi-square tests were used for case-control
comparisons of continuous and categorical variables, respectively. A multiple logistic
regression model was used to estimate odds ratios for SCD associated with one SD increase
in QRS duration (20 ms) or corrected JT interval (34 ms). The JT interval was used to
represent ventricular repolarization. Using JTc interval instead of QTc allowed subjects with
QRS =120 ms to be included in the multivariate model. Multiple logistic regression models
were also run for a subgroup of patients with LV systolic function assessed and in subjects
without conduction blocks. In addition to the ECG parameters, all logistic regression models
include age, gender, diabetes and hypertension. Values are presented as n (%) or mean + SD
and a p value < 0.05 was considered significant for all analyses.
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RESULTS

Demographic and clinical characteristics

From Feb 15t 2002 to Jan 315t 2007, 1435 cases and 473 controls were enrolled. Of these, a
total of 642 cases and 450 controls met ECG inclusion criteria for analysis. Demographics
and clinical characteristics of the subjects are shown in Table 1. Cases were older compared
to controls (71 yrs vs 66 yrs, p < 0.0001). Cases were more likely to have diabetes (41% vs.
32%, p = 0.002) and hypertension (76% vs. 71%, p = 0.06). Severe LV systolic dysfunction
(LVSD) and LV hypertrophy (LVH) assessed by echocardiography were significantly more
common among cases than controls (p < 0.0001).

Findings on the resting 12-lead electrocardiogram

For SCD cases, ECGs analyzed were performed a median of 10.4 months prior to SCD. For
controls, ECGs were obtained more than 14 days prior to the ascertainment day in 32% (n =
162 controls), more than 14 days post ascertainment in 38% (n = 198) and within 14 days of
ascertainment in 30% (n = 158). QRS duration was significantly longer in cases versus
controls (102 25 ms vs. 97 20 ms, p = 0.0008) (Table 2). Cases were also more likely to
have QRSd 120 ms or greater (p = 0.03). QRS duration was significantly higher in cases
compared to controls (105.7 26 ms vs 97.2 19 ms, p<0.0001) after adjustment for age,
gender, heart rate, hypertension, diabetes and LV systolic function. There was no difference
in qualitative conduction system disease findings from the ECG, between cases and controls
(p = 0.59). Measures of repolarization (QTc and JTc) were significantly more prolonged in
cases vs. controls (Table 2). Heart rate was higher in cases (79 19 bpm) compared to
controls (71 17 bpm, p < 0.0001). Among cases, 88% of ECGs were in sinus rhythm and
12% in atrial fibrillation/flutter (Table 2). Atrial fibrillation was more common among cases
(p = 0.0003). QRSd remained significantly longer in cases than controls when only ECGs in
sinus rhythm were used (p = 0.001). Distribution of ECG intervals is presented in Figure 1.

Overall, in this study population, only 34% of subjects with prolonged QRSd had severe
LVSD. Severe LVSD was present in 38.0% of cases with prolonged QRS and in 25.2% of
cases with normal QRS (p = 0.03) (Figure 2). A similar trend was found in controls (23.3%
vs. 7.8%, p = 0.02).

Relationship between ventricular depolarization and repolarization (QRSd vs. JTc)

Among 495 cases with information on QRSd and JTc, only 3.2% had prolonged JTc in
addition to prolonged QRSd. Similarly, among 407 controls, both QRSd and JTc¢ were
prolonged in only 3.7% of subjects (Figure 3).

In a multivariable logistic regression model adjusted for age and gender, both QRS and JTc
intervals were significantly associated with SCD (Table 3). In a subset of patients with
information on LV systolic dysfunction, when LV systolic dysfunction was added to the
logistic model, QRS duration and JTc remained significant independent predictors of SCD
(Table 3). In addition, the presence of LV dysfunction almost tripled the odds of SCD (OR,
2.50; 95% ClI, 1.35 to 4.62). Among subjects with preserved LV function (EF > 35%) (n =
432), QRSd was a significant predictor of SCD (OR, 1.40; 95% Cl, 1.10 — 1.78) independent
of JTc. QRSd remained independently associated with SCD in the subset of patients with
numerically available LVEF (n = 353) (OR, 1.31; 95% ClI, 1.03 — 1.66). While QTc was also
independently associated with increased risk of SCD, the insertion of QTc in the model
rendered the association of QRSd with risk of SCD to be non-significant.

When the analysis was repeated using the same model, but with exclusion of all patients
with LBBB or RBBB on the 12-lead ECG (n = 848 remaining after exclusions), QRSd
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remained significantly associated with SCD, independent of JTc (OR, 1.32; 95% CI, 1.12 —
1.56). When severe LV dysfunction was added to this latter model (n = 403), both QRSd
(OR, 1.50; CI, 1.16 — 1.94) and severe LV dysfunction (OR, 2.69; ClI, 1.38 — 5.-23)
remained significantly and independently associated with SCD.

DISCUSSION

This study has confirmed the association between prolonged QRSd and SCD among patients
with CAD in the general population; reported earlier in studies of defibrillator patients and
hospital-based subjects. When measured from resting 12-lead ECGs performed prior (and
remote from) the SCD event, 1QRSd is associated with SCD risk among patients with CAD;
and was independent of the effects of age, gender, severe LVSD and prolonged ventricular
repolarization (1JTc). In addition, there was minimal overlap between SCD cases or controls
that manifested with both 1QRSd and 1JTc. While 1QTc was also independently associated
with increased risk of SCD, QRSd was not a significant predictor when included with QTc
in multivariate analyses. Likely due to the fact that QTc forms a portion of the QRSd itself,
JTc will be more useful in the context of 12-lead ECG intervals and risk of SCD. Whether
QRSd specifically predicts fatal tachycardia or bradycardia or a combination of both, needs
further evaluation. For example, in the CARISMA trial (25) high degree atrioventricular
block was the most powerful determinant of cardiac death among patients with acute
myocardial infarction and reduced ejection fraction.

These findings have implications for prediction and prevention of SCD. Only 28% of all
cases and 10% of all controls had severe LVSD, highlighting the fact that the use of the LV
ejection fraction as a risk stratification tool is effective for only a subgroup of subjects with
coronary disease who will suffer future SCD. Given the complex and multifactorial nature
of SCD mechanisms, it is likely that QRSd and JTc may help to enhance risk prediction in
other subsets of SCD cases. There has been a recent consensus around the need for a “risk
score” for SCD (8) and it remains to be seen whether these intervals from the resting ECG
could contribute to such a score. Given the wide availability, non-invasiveness and low
expense of the 12-lead ECG it would be particularly interesting to perform genotype-
phenotype correlations with recently published (26,27) (as well as ongoing) genome wide
association studies of SCD.

The minimal overlap observed between QRSd and JTc prolongation in this study merits
attention. There are clearly a variety of factors and pathways that could lead to either
abnormality but genetic variations in both known and novel genes have been recently
identified as determinants. It is of significant interest that the vast majority of these DNA
variants are distinct for both 1QRSd (28,29) and 1QTc (30,31). What are other possible
determinants of QRS and JTc/QTc prolongation among patients with coronary disease?
There are likely to be other shared but also distinct mechanistic pathways. It has long been
established that approximately 20% of patients with severe LVSD will have prolonged
ventricular depolarization (largely due to remodeling of Na ion channels) manifesting as
QRSd, and in our study, 31% of subjects with severe LVSD had prolonged QRSd. Similarly
the remodeling of myocardial repolarizing ion channels is known to prolong myocardial
repolarization. In the current study, QRSd prolongation occurred more often in the absence
of severe LVSD. QRSd may also reflect the presence of increased fibrosis and interstitial
remodeling of the myocardium in the absence of severe LV dysfunction. An early study
analyzed the effects of heart weights and myocardial fibrosis upon the duration of the QRS
complex and found a positive correlation between presence or absence of fibrosis and
duration of the QRS complex (32). Increased QRS duration was reported in a population
with LVH from the Losartan Intervention for Endpoint Reduction in Hypertension (LIFE)
study (33). In the Framingham Heart Study, wide QRS was associated with greater LV mass
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(34). The relationship of abnormal repolarization, specifically QTc prolongation, to SCD in
patients that suffered acute myocardial infarction was observed over thirty years ago by
Schwartz and Wolf (35).

There are limitations inherent in community-based studies that should be considered while
interpreting the findings of this study. The same clinical information is not uniformly
available for all subjects ascertained in the study. An important reason is that 40% of
subjects that suffer SCD may have this condition as the initial manifestation of heart disease,
with no opportunity for clinical evaluations to be performed. However any differences
identified using a case-control design where all subjects are from the same geographic area
and all have probable or definite coronary artery disease, are likely to be highly specific for
SCD. Additional limitations include the availability of EF for a subgroup only, and using
automated measures of QRSd from the standard 12-lead ECG. Although the association of
QRSd and SCD is not novel, the finding that prolonged depolarization and repolarization
have independent effects on risk of SCD in the community is unique to this study.

Among patients with coronary artery disease ascertained from the community, both
prolonged ventricular depolarization and repolarization are associated with sudden death,
but the risk conferred by each is independent of the other. These effects remain significant
when adjusted for age, sex and severe LV systolic function. These findings could be
confirmed in prospective studies of ICD patients using appropriate therapies as a surrogate
for SCD, as well as in larger populations with diverse ethnicities. Given the wide
applicability and relatively low cost of the 12-lead ECG, these markers have potential for
contributing to SCD risk stratification in patients with coronary artery disease.
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Abbreviations

BMI body mass index

BSA body surface area

CAD coronary artery disease

CHF congested heart failure

EF ejection fraction

ICD implantable cardioverter-defibrillator
IRBBB/ILBBB incomplete right/left bundle branch block
IVCD intraventricular conduction delay
LBBB left bundle branch block

LAFB left anterior fascicular block

LPFB left posterior fascicular block

LVH left ventricular hypertrophy

LVM left ventricular mass
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LVSD left ventricular systolic dysfunction
RBBB right bundle branch block
SCD sudden cardiac death
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Figure 1.

Case-control distribution of QRSd (Fig 1A; p=0.0002), JTc (Fig 1B; p=0.01) and QTc (Fig

1C; p<0.0001).
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Figure 2.

The relationship between LV systolic function and QRS duration among SCD (sudden
cardiac death) cases and controls. In either group, only a minority of subjects with prolonged

QRS duration had severe LV systolic dysfunction (EF< 35%).
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Figure 3.
Distribution of QRSd and JTc prolongation among cases (Panel A) and controls (Panel B).
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Table 1
Demographic and clinical characteristics of subjects > 35 years of age, Oregon SUDS 2002 — 2007 (n = 1092)

Case Control P value™
(n=642) | (n=450) vald
Age (mean SD) 712131 66.512.2 <0.0001
(n=642) (n = 450)
Male 398 (62.0%) | 290 (64.4%) 0.41
BMI (mean SD) 29.39.1 29.46.5 0.88
(n=514) (n=414)
Diabetes 265 (41.3%) | 145 (32.2%) | 0.002
Hypertension 489 (76.2%) | 320 (71.1%) 0.06

. . f 142 (40.2%) | 122 (66.7%) | <0.0001
LV systolic dysfunction 112 (3L7%) | 42 (22.9%)

Normal function o o
Mild-moderate dysfunction ? (ggéo %) 1 (22'74 %)

Severe dysfunction
Unknown/not evaluatedJr

LVH by echocardiography 111 (44.0%) | 42 (24.3%) <0.0001
390 277

Unknown/not evaluated

BMI, body mass index; LVH, left ventricular hypertrophy; SD, standard deviation.
*
P value from Pearson chi-square test for categorical variables and t-test for continuous variables.
TFor variables with missing values, proportions and p-values are calculated using the non-missing data as the denominator.

¢LV systolic dysfunction defined as: normal (EF > 55%), mild-moderate dysfunction (EF = 36-54%), severe dysfunction (EF < 35%).
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Table 2

Findings on resting 12-lead electrocardiogram, age > 35 yrs, Oregon SUDS 2002-2007 (n=1092)

Case Control P value™
(n=642) | (n=4as50) |
QRS (mean in ms SD) 101.7 25.0 97.119.7 0.0008
(n=1642) (n = 450)
Prolonged QRSd (= 120 ms) | 123 (19.2%) | 64 (14.2%) 0.03
QRS Morphology 435 (67.8%) | 308(68.4%) 0.59
Normal 64 (10.0%) 54 (12.0%)
IVCD 21 (3.3%) 8 (1.8%)
LBBB 23 (3.6%) 16 (3.6%)
RBBB 22 (3.4%) 15 (3.3%)
LAFB 3(0.5%) 0 (0.0%)
LPFB 15 (2.3%) 7 (1.6%)
Bifascicular block 14 (2.2%) 8 (1.8%)
IRBBB/ILBBB 45(7.0%) 34 (7.6%)
1t degree block
JTc (mean in ms SD) 348.244.1 339.234.4 0.0006
(n =495) (n =407)
Prolonged JTc 167 (33.7%) | 101 (24.8%) 0.004
Not evaluatedJr 147 43
QTc (mean in ms SD) 449.9 43.4 428.932.8 <0.0001
(n = 405) (n=354)
QT (mean in ms SD) 404.0 54.2 406.542.8 041
(n=579) (n=435)
RR (mean in ms SD) 799.1192.7 | 892.2194.5 | <0.0001
(n=578) (n=435)
Rate (mean bpm SD) 78.8 18.7 70.7 17.2 <0.0001
(n=637) (n = 450)
Rhythm 552 (86.0%) | 422 (93.8%) 0.0003
Sinus rhythm 11 (1.7%) 7 (1.5%)
Sinus arrhythmia 70 (10.9%) 18 (4.0%)
Atrial fibrillation 9 (1.4%) 3(0.7%)
Atrial flutter
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*
P value from Pearson chi-square test for categorical variables and t-test for continuous variables.

TFor variables with missing values, proportions and p-values are calculated using the non-missing data as the denominator.
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IVCD, intraventricular conduction delay; LBBB, left bundle branch block; RBBB, right bundle branch block; LAFB, left anterior fascicular block;
LPFB, left posterior fascicular block; IRBBB/ILBBB, incomplete right/left bundle branch block.
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Table 3

Factors independently associated with SCD from the multivariate analysis

Model with JTc
(n =900)

Model with JTc,
LV dysfunction
(n=432)

Age

Male gender

QRS (1SD increase)
JTc (1SD increase)
Rate (1SD increase)
Diabetes
Hypertension

Severe LV dysfunction

1.03(1.01 - 1.04)
1.12 (0.822 - 1.52)
1.24 (1.07 - 1.42)

1.22 (1.07 - 1.38)

1.74 (1.49 - 2.03)

1.32 (0.98 - 1.79)

1.35 (0.98 — 1.86)

1.03 (1.01 - 1.05)
1.13(0.72 - 1.78)
1.37 (1.11 - 1.70)
1.33 (1.10 - 1.61)
1.66 (1.31 - 2.12)
1.54 (0.98 — 2.41)
1.14 (0.66 — 1.95)
2.50 (1.35 - 4.62)
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