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Abstract

Purpose: Implantable cardioverter-defibrillators (ICDs) improve survival of systolic heart failure
(HF) patients who are at risk of sudden cardiac death (SCD). We recently showed that
electrocardiographic (ECG) global electrical heterogeneity (GEH) is independently associated
with SCD in the community-dwelling cohort, and developed GEH SCD risk score. The Global
Electrical Heterogeneity and Clinical Outcomes (GEHCO) study is a retrospective multicenter
cohort designed with two goals: (1) validate an independent association of ECG GEH with
sustained ventricular tachyarrhythmias and appropriate 1CD therapies, and (2) validate GEH ECG
risk score for prediction of sustained ventricular tachyarrhythmias and appropriate ICD therapies
in systolic HF patients with primary prevention 1CD.
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Methods: All records of primary prevention ICD recipients with available data for analysis are
eligible for inclusion. Records of ICD implantation in patients with inherited channelopathies and
cardiomyopathies are excluded. Raw digital 12-lead pre-implant ECGs will be used to measure
GEH (spatial QRS-T angle, spatial ventricular gradient magnitude, azimuth, and elevation, and
sum absolute QRST integral). The primary endpoint is defined as a sustained ventricular
tachyarrhythmia event with appropriate ICD therapy. All-cause death without preceding sustained
ventricular tachyarrhythmia with appropriate ICD therapy will serve as a primary competing
outcome. The study will draw data from the academic medical centers.

Results: We describe the study protocol of the first multicenter retrospective cohort of primary
prevention ICD patients with recorded at baseline digital 12-lead ECG.

Conclusion: Findings from this study will inform future trials to identify patients who are most
likely to benefit from primary prevention ICD.

Keywords

Sudden cardiac death; implantable cardioverter-defibrillators; electrocardiogram;
vectorcardiogram; ventricular arrhythmias; risk stratification

Background:

Background and Rationale

Sudden cardiac death (SCD) remains a significant world-wide public health problem despite
advances in the prevention, diagnosis, and treatment of all forms of cardiovascular disease.
The incidence of SCD in the United States is approximately 111 events per 100,000 persons,
accounting for approximately 356,000 deaths annually,[1] and every year SCD accounts for
over 6 million deaths world-wide[2]. Patients with structural heart disease and reduced left
ventricular ejection fraction (LVEF) have a significantly elevated risk of SCD, most often
due to the ventricular arrhythmias ventricular tachycardia (VT) and ventricular fibrillation
(VF). Implantable cardioverter-defibrillators (ICDs) have been shown to improve survival in
survivors of cardiac arrest [3-6], and for primary prevention of SCD in select patients with
reduced LVEF and other risk factors [7-9]. Currently accepted indications for primary
prevention ICD implantation [10], however, lack both specificity and sensitivity, and many
patients who are implanted with ICDs never experience a ventricular arrhythmia that
requires appropriate ICD therapy, and therefore derive no benefit from ICD implantation.

A great deal of investigation has been performed evaluating patient characteristics, cardiac
imaging, invasive electrophysiology studies, and various electrocardiographic and autonomic
parameters to predict which patients are most likely to benefit from primary prevention ICD
implantation [11], yet, results have overall been mixed, and currently, testing other than
assessment of LVEF has not yet been incorporated into routine clinical practice [10]. As ICD
implantation is an invasive procedure associated with risks [12] and significant costs to the
medical system [13], it is critical to identify patients who are likely to benefit from primary
prevention ICD implantation. A SCD risk stratification tool which can easily and
inexpensively be applied to patients with reduced LVEF to further refine the risk of
SCD/VTI/VF, and therefore the benefit to ICD implantation, is needed.
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Global Electrical Heterogeneity and Ventricular Arrhythmias: In the 1930s, Frank
Wilson introduced the foundation for the “ventricular gradient” concept [14, 15]. He
conceptualized the mean electromotive forces/mean electrical axes of the heart during
depolarization (QRS complex) and repolarization (T wave) as vectors with X and Y
components equal to the projections of the areas of the QRS complex and T wave,
respectively, along the X and Y axes in the frontal plane. He demonstrated how the sum of
the QRS area and T area in a single lead would always equal zero unless there was
heterogeneity involving duration of the excited state (resulting from heterogeneity of action
potential duration or morphology, or heterogeneity in spatiotemporal depolarization and
repolarization) along the area of myocardium represented by the ECG lead. Wilson
described how calculation of a third vector, defined as the sum of the QRS area vector and
the T area vector (the “ventricular gradient” vector), represented the mean electrical axis of
the heart and the net effect of any local variations in the excitation and recovery process in
the frontal plane.[16]

This concept was later extended into 3-dimensions (the “spatial ventricular gradient” [SVG])
by other investigators [17, 18], and subsequent theoretical and experimental evaluations
confirmed Wilson’s theory that the SVG vector always points towards the area of
myocardium with the shortest duration of the excited state (total recovery time) and in the
direction in which non-uniformity in excitation and repolarization were maximum.[19-22]
The SVG is therefore a measure of overall electrical heterogeneity in the heart. If all
myocardial cells had uniform action potential morphology and duration, and there was no
spatiotemporal variation in depolarization and repolarization, the SVG would equal zero.
The SVG is therefore an electrophysiological measure of the degree of cardiac global
electrical heterogeneity (GEH) which is present, and the direction along which it is greatest.
[16] The SVG concept was later extended to the QRS-T angle (the 3-dimensional angle
between the mean QRS and mean T vectors)[23], and the sum absolute QRST integral (a
scalar analogue of the SVG which is represented by the sum of absolute area of the QRST
complex in the orthogonal X, Y, and Z ECG leads[24], which all together comprehansively
assess GEH.

Normal myocardial electrical heterogeneity results from variation in action potential
duration and morphology in different parts of the heart (e.g., right ventricle vs. left ventricle,
epicardium vs. endocardium, apical vs. basal, etc.)[25-27]. Although a physiological
amount of electrical heterogeneity is normal, pathological amounts of electrical
heterogeneity, often seen in cardiac disease states such as acute ischemia or infarction, are
highly proarrhythmic [28, 29]. Assessment of GEH is therefore a physiological and logical
way of improving SCD risk stratification.

Our group previously evaluated vectorcardiographic GEH parameters based on the concept
of Wilson’s ventricular gradient (SAlI QRST, QRS-T angle, and SVG) in >20,000
participants in the Atherosclerosis Risk In Communities (ARIC) study and Cardiovascular
Health Study (CHS) to develop novel SCD risk scores for use in the general population[30].
We demonstrated an independent association between GEH parameters and SCD in the
general population after adjustment for multiple known SCD risk factors, standard ECG
parameters, and time updated incident cardiovascular events. GEH parameters were also
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more specific for SCD than for non-sudden cardiac death and non-cardiac death, and large
changes in GEH ECG parameters over time were also associated with increased risk of
SCD. Of critical importance was that the associations between GEH parameters and SCD
were independent of LVEF, underscoring how they represent the electrophysiological
substrate associated with ventricular arrhythmias rather than simply being markers of more
advanced structural heart disease/heart failure. We then developed SCD risk scores using
simple demographics and clinical characteristics (age, gender, coronary heart disease, stroke,
diabetes, and hypertension) and the 5 GEH ECG parameters obtained from a standard 12-
lead ECG. Our final risk score was associated with a C-statistic of 0.790 for prediction of
SCD, and was specific for an elevated risk of SCD over other modes of death[30].

However, GEH parameters have been less well studied in patients with structural heart
disease and/or in patients with ICDs. In a sub-analysis of the second Multicenter Automated
Defibrillator Implantation Trial (MADIT-I1), elevations in SAI QRST were associated with
increased rates of SCD or ICD therapies for VT or VF[31], while in the PROSE-ICD study,
lower SAI QRST was associated with a significantly increased risk of appropriate ICD
therapies[32]. QRST angle has similarly been associated with appropriate ICD therapies for
VT or VF in patients with infarct-related cardiomyopathy [33]. As of yet there are no studies
evaluating the SVG in patients with structural heart disease.

To address listed above knowledge gaps, we have designed a retrospective multicenter
cohort study with two goals: 1) validate an independent association between GEH ECG
parameters and sustained ventricular arrhythmias and appropriate ICD therapies in patients
with structural heart disease and primary prevention ICDs, and 2) validate (and re-calibrate,
if needed) GEH ECG risk score for use in patients who are candidates for primary
prevention ICD implantation to accurately assess the risk of subsequent sustained ventricular
arrhythmias and appropriate ICD therapies (as a marker of ICD utility).

Study design

Methods:

Retrospective multicenter cohort study.

Study protocol is reported using SPIRIT [34] guidelines; checklist is provided as a
Supplement A. This is the protocol version #1, of June 8t, 2017.

Study Settings:

The current study is a retrospective, multicenter cohort study that will draw patients from the
academic medical centers in the United States: Oregon Health & Science University
(OHSU) in Portland, OR, Veteran Administration (VA) Portland Healthcare System in
Portland, OR, Beth Israel Deaconess Medical Center (BIDMC) in Boston, MA, Cleveland
Clinic in Cleveland, Ohio, University of Colorado in Aurora, CO, Cedars-Sinai Medical
Center in Los Angeles, CA, Massachusetts General Hospital, Boston, MA, and Stanford
University in Palo Alto, CA.
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Eligibility criteria

Outcomes:

Retrospective patients’ records are eligible for inclusion in the study if at the time of device
implantation patients were 18-89 years of age, had chronic systolic HF due to infarct-related
cardiomyopathy or non-ischemic cardiomyopathy, and underwent an ICD (including single
chamber, dual chamber, and cardiac resynchronization defibrillator [CRT-D]) implantation
for primary prevention of SCD based on guidelines-based clinical indications [10]. In order
to obtain a relatively homogenous population reflecting the population for which the
majority of primary prevention ICDs are implanted, records of patient with relatively
uncommon indications for ICD implantation such as inherited channelopathies (eg. Long
QT Syndrone and Brugada Syndrome), inherited cardiomyopathies (eg. hypertrophic
cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy), and congenital heart
disease will be excluded from the study. Patients’ records with absent digital ECG, and
missing outcomes data will also be excluded.

Primary outcome: The primary outcome of this study is defined as a sustained ventricular
tachyarrhythmia event with appropriate ICD therapy (either anti-tachycardia pacing (ATP)
or shock). All ICD therapies will be adjudicated by local investigators blinded to the results
of ECG analyses. Event adjudication form is shown in Table 1.

Primary competing outcome: All-cause death without preceding sustained ventricular
tachyarrhythmia with appropriate ICD therapy will serve as a primary competing outcome.
The death event data will be obtained from the local medical records and the Social Security
Death Index. Cause of death will be collected if available in the medical record.

Secondary outcomes: Two secondary outcomes will be adjudicated:

1 ICD therapies for monomorphic ventricular tachycardia (MMVT). MMVT is
defined as a tachycardia of ventricular origin with identical or nearly identical far
field electrograms (EGM), and a stable cycle length [CL] (beat-to-beat CL
differences< 20 ms).

2. Polymorphic ventricular tachycardia (PVT) or ventricular fibrillation (VF). PVT
is defined as a tachycardia of ventricular origin with beat to beat variation in far-
field EGM morphology, and unstable CL (beat-to-beat CL differences = 20 ms),
if average CL =200 ms. VF is defined as a sustained ventricular tachyarrhythmia
with unstable cycle length and EGM morphology, and average CL <200 ms).

Adjudication of clinical outcomes—Adjudication of the outcomes will be performed at
each participating medical center, by the study investigators. At each participating
institution, three-member end-points adjudication committee is comprised by physicians
(cardiologists, electrophysiologists, fellows-in-training). Two adjudication committee
members review all available clinical data of the event, including EGMs. Event adjudication
form is shown in Table 1. In case of disagreement between two adjudicators, the 3"
investigator determines an event classification.
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Retrospective timeline

Retrospective follow-up starts at the time of baseline pre-implant ECG recording, prior to
initial ICD implantation. Retrospective follow-up continues until primary outcome, or
primary competing outcome (all-cause death), or end of the study period, or loss to follow-
up, whichever comes first. Patients lost to follow-up will be censored at the last available
follow-up visit. Retrospective follow-up timeline is shown in Figure 1. Schematic
presentation of the study is shown in Figure 2.

Sample size

In our previous work GEH variables demonstrated hazard ratio of at least 1.15 (per 1
standard deviation (SD) of GEH parameter) [30] for association with SCD. We are planning
a study with a retrospective accrual interval of 8 years, and additional retrospective follow-
up after the accrual interval of mean 4.5 years in our retrospective cohort. For this statistical
power calculation, the rate of appropriate ICD therapies in our retrospective cohort is
estimated 7.1% per year. The rate of all-cause death without preceding ICD therapy in this
population was previously reported (5% per year)[35]. If the true hazard ratio per 1SD
increase of GEH variable is 1.15, we will need to study 4,024 subjects to be able to reject the
null hypothesis that the control (at the reference value of GEH variable) and the
experimental (per 1 SD increase of GEH variable) survival curves are equal with probability
(power) 0.8. The Type | error probability associated with this test is 0.05. The required
sample size decreases as a function of increasing hazard ratio (Table 2).

Data collection methods and definition of covariates

Data will be abstracted from eligible patients’ records by local investigators. Information on
patient demographics, medial history, and device programming will be collected at the time
of initial ICD implantation (Figure 2). A digital 12-lead ECG from the time of initial ICD
implantation will be collected and processed as noted below.

Patients’ clinical characteristics (listed in Figure 2) at the date of pre-implant clinical
evaluation will be abstracted from the medical record. Glomerular filtration rate
(eGFRckp-ep1) is estimated using the Chronic Kidney Disease Epidemiology Collaboration
equation [36].

Definitions of ICD/CRT-D device programming and device-saved data.—ICDs
were programmed at the discretion of the attending implanting electrophysiologist.
Characteristics of baseline device programming (number of intervals to detect [NID] or time
to detect, the number of detection zones, heart rate for each detection zone, and anti-
tachycardia pacing [ATP] programming) data are collected at the time of device implant
and/or at time of appropriate ICD therapy (ATP or shock). To minimize bias due to the
change of programming during follow-up, date of generator replacement and new
programming data are collected. If the patient experienced inappropriate ICD shock(s),
characteristics of programming changes are collected for appropriate adjustment of analyses.
In patients receiving CRT-D implants, the location of the LV lead is categorized as apical,
mid, or basal, and anterior, anterolateral, posterior, or posterolateral.
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Data regarding inappropriate ICD shocks during follow-up will be collected as follows: date,
the reason for inappropriate shock, and changes in ICD programming after inappropriate
shock. Percentage of ventricular pacing (%VP), the percentage of LV pacing (%LVP) if
CRT-D, and percentage of atrial pacing (%AP) will be collected at the time of device
interrogation within 3 months of the primary outcome, or at the time of censoring. Patients
lost to follow-up will be censored at the last available follow-up visit.

Data management

Electronic data capture will be completed using the REDCap web application. The database
was constructed by the OHSU study team and provided to all participating centers. REDCap
forms are provided in a Supplement B. Data dictionary codebook is provided in a
Supplement C. To ensure full de-identification of the data, a blank copy of OHSU’s fully
functional REDCap database was used to share between the study centers. The individual
centers upload this copy to their own institution’s REDCap database. Within the original
database copy, any field that contained protected health information (PHI) was indexed
within the software. The research staff at each center will then select the option to redact all
marked PHI fields thus allowing for secure data export. Patient-specific dates (including
device implantation date, date of death, etc.) were not indexed within the system as PHI.
This information will be kept confidential to the collaborators via the “date shift” option
within REDCap software. At the time of export, each investigator will select this option, and
all dates will be randomly shifted to an unknown date within 0 and 364 days. This protects
patient-specific information while preserving the temporal relationship between our
covariates. Both of these functions allow for collecting uniformly standard clinical
covariates while maintaining patient confidentiality between institutions.

Electrocardiogram Analysis and Calculation of GEH ECG Parameters:

De-identified, unprocessed, digital 12-lead ECGs will be analyzed in the Tereshchenko
laboratory at OHSU by investigators blinded to study outcomes. Due to the inclusion of
multiple study sites with variable ECG recording equipment, ECGs were recorded on
equipment used for routine clinical use at each study site. ECG processing and analysis will
be performed using previously developed customized Matlab software (MathWorks, Inc,
Natick, MA) that allows semi-automated calculation of GEH ECG parameters from a
standard, 10 second, 12-lead ECG as previously described[30]. Briefly, 12-lead ECGs are
converted to orthogonal ECGs using Kors transformation[37], as Kors transformation results
in VCG signal that is closer to original orthogonal Frank VCG[38]. The median beat is then
calculated and used for subsequent analyses and calculation of GEH ECG parameters
(Figure 3). Spatial QRS-T angle is calculated as the angle between the peak QRS vector and
the peak T vector in 3-dimensional space (Figure 3A). The SVG is a vector defined as the
vector sum of the QRS area vector and the T area vector. As a vector, SVG has a magnitude
which is the length of the vector, elevation (the angle of the SVG vector in the frontal/XY
plane), and azimuth (the angle of the SVG vector projected in the transverse/XZ plane)
(Figure 3C). SAI QRST s calculated as the sum of the absolute areas under the entire QRST
complex in the X, Y, and Z leads (Figure 3B). All standard ECG parameters (including QT
interval, and QRS duration, etc.) will be measured by GE 12SL algorithm on 12-lead ECG.
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All available ECGs will be analyzed, and only ECGs with extreme baseline noise/artifact
that precludes waveform recognition and analysis will be excluded. There are no exclusion
criteria based on cardiac rhythm, presence or absence of ventricular pacing, or
intraventricular conduction abnormalities.

Statistical Data Analyses: Survival analysis

All variables will be checked for consistency and outliers will be examined. Frequencies and
distributions will be examined on all variables. Transformations to normality will be
performed as needed. SVG azimuth and elevation will be square root-transformed to
normalize their distribution, as it was previously shown that square root transformation is a
preferable transformation for these circular variables [30]. To simplify comparison of the
strength of association, each predictor change will be expressed per 1 standard deviation
(SD) of the predictor.

Survival analysis will be performed to evaluate associations between individual GEH ECG
parameters and primary outcomes. To account for competing risks of VT/VF (surrogate of
SCD) vs. death, we will construct Fine and Gray’s competing risks models[39]. GEH ECG
parameters will be treated as continuous variables. GEH variables will be treated as
continuous variables. Multiple models will be constructed to explore the associations
between GEH variables and outcomes:

Model 1 will be adjusted for basic demographic characteristics of age, gender, race, and
study center. Model 2 will be additionally adjusted for known predictors of VT/VF and
mortality including LVEF, NYHA functional class, type of cardiomyopathy, hypertension,
diabetes, prior stroke, atrial fibrillation, renal function (as assessed by CKD-EPI eGFR [36]),
and use of cardiovascular medications (beta-blockers, angiotensin converting enzyme
inhibitors, and angiotensin receptor blockers). Model 3 will include all covariates from
model 2 and also ICD characteristics (CRT vs. single/dual chamber, manufacturer, and
model), and VT/VF detection parameters (number of tachycardia zones, detection rates for
each zone, intervals for detection or time to detection based on manufacturer, and
programmed therapy for each tachycardia detection zone), and percentage ventricular
pacing. Model 4, in addition, will include time-updated generator change, as well as time-
updated inappropriate 1ICD shocks (updated on the date of event) and percentage of
ventricular pacing. Also, associations between GEH parameters and outcomes will be also
evaluated using adjusted competing risk models incorporating quadratic splines with 4
knots.

Sensitivity Analyses: To test the robustness of our findings, we will conduct several
sensitivity analyses. To eliminate the effect of unmeasured improvement in VT/VF detection
and treatment in each new generation of devices, we will repeat all analyses, considering
only one device life (censored at the time of generation replacement). To exclude
unmeasured differences in HF management at different time period, we will exclude from
analysis records of patients who received device implanted before 2010 and will repeat
analysis for modern patient population (device implanted in 2010 and later).

J Interv Card Electrophysiol. Author manuscript; available in PMC 2019 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Waks et al.

Page 9

Subgroups analyses—As prior data have suggested that ventricular pacing is an effect
modifier of the association between SAI QRST and clinical outcomes[31, 40, 32, 24],
models 1-3 will be stratified by the type of ICD (single/dual chamber vs. CRT). In the CRT
subgroup, LV lead position and percent LV/biventricular pacing will be added as covariates
in model 3.

Test for interaction will be performed for the main clinical subgroups (by cohort, device type
(ICD and CRT-D), CM type (ischemic and non-ischemic CM), sex and race), to determine
significant interactions between GEH ECG parameters and clinical characteristics.

Statistical analysis of longitudinal changes in GEH ECG parameters

We will also evaluate the association of changes in GEH ECG parameters (before initial ICD
implant vs. before 15t ICD generation change) with appropriate ICD therapies for VT/VF
after 15t ICD generator replacement.

Generator replacement represents an opportunity to re-evaluate risks and benefits of ICD
therapy. At least a quarter of primary prevention ICD recipients improves LVEF above 35%
by the time of generator change [41, 42] so that they no longer meet “primary prevention”
ICD implantation guidelines. Generator replacement also carries risks, including an
increased risk of infection [43-45]. Previous studies have demonstrated that LVEF remains
associated with VT/VF after generator replacement [42]. However, it is unknown whether
time-updated electrophysiological substrate (GEH) remains associated with VT/VF after
generator replacement.

We hypothesize that time-updated GEH ECG parameters and longitudinal changes in GEH
ECG parameters are associated with sustained VT/VF treated with appropriate ICD
therapies after adjustment for time-updated LVEF, time-updated device programming, time-
updated inappropriate ICD shocks, and time-updated generator replacement characteristics.
The subgroup of patients who underwent device generator replacement and who have
available data (digital ECG, LVEF, new device data), which are necessary for time-updated
analyses, will be included in this analysis (Figure 1B).

Mixed models: Does GEH ECH change over time?—First, mixed effects multilevel
models (adjusted for age, sex, and race with participants nested within device type (ICD or
CRT-D) nested within cohort) will be constructed to determine whether GEH parameters
change over time.

Time-updated survival analysis—To investigate whether longitudinal changes in GEH
parameters are independently associated with primary outcome, two analyses will be
performed.

1 First, the interaction with time will be assessed in time-updated Cox models to
test the assumption of proportionality for the hazard of time-updated variables
over time. Time-updated Cox models will evaluate whether an increase or
decrease in GEH parameters over time (before initial ICD implant vs. before 15t
ICD generation change) is associated with a proportional or non-proportional
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increase or decrease in the risk of sustained VT/VF over time. Models will be
adjusted by time-updated generator-replaced device characteristics (type,
programming, %VP/%LVP), time updated inappropriate ICD shocks, and time-
updated clinical characteristics (LVEF, NYHA class, eGFRckp-gp, and
medications use (beta-blockers and ACEi/ARBS).

2. In addition, to determine if large increases or decreases in GEH parameters
between initial ICD implant and first generator replacement are associated with
the primary outcome, the relative change in each GEH parameter between the
first device implant and the first generator replacement, will be calculated.
Categorical variables will be then constructed to categorize the change in each
GEH parameter. For all GEH parameters except QRS-T angle, a change of <
+25% of the baseline value will be considered the reference value. Because
larger changes in QRS-T angle were observed in our previous analyses of GEH
ECG parameters[30], a change of < +50% of the baseline value of QRS-T angle
is defined as the reference value for analyzing changes in QRS-T angle. For SAI
QRST, SVG magnitude, SVG elevation, and SVG azimuth, categories of
decrease of >233%, decrease of 25-32%, increase of 25-32%, increase of 33—
49%, and an increase of 250% will be compared to the reference category.
Categories of decrease of =300%, decrease of 50-299%, increase of 50-200%,
increase of 201-299%, and an increase of =300% will be compared to the
reference category for the QRS-T angle.

To answer the question as to whether these temporal changes in GEH parameter values are
independently associated with the primary outcome, we will construct Cox proportional
hazards regression models and competing risks models. Minimally adjusted model 1 will be
adjusted for demographic characteristics (age, gender, race, and study center). Model 2
additionally will be adjusted for known predictors of VT/VF (LVEF, type of
cardiomyopathy, hypertension, diabetes), device type and characteristics and the baseline
value of each GEH parameter obtained before the first device implant.

GEH Sudden Cardiac Death Risk Score validation: Our previously developed
sudden cardiac death risk scores [30] will be used to estimate the 5-year risk of appropriate
ICD therapies for VT/VF (a surrogate for SCD) at the time of initial primary prevention ICD
implantation. Receiver operating curves will be used to determine the ability of these
existing SCD risk scores to discriminate between patients with and without appropriate ICD
therapies during follow-up. We will assess calibration of these existing risk scores in the
primary prevention ICD population by comparing how closely the predicted rates of
appropriate ICD therapies agreed numerically with observed VT/VF outcomes. Stratification
capacity of the risk scores in this population will be assessed using a risk stratification table
and defining categories of risk of appropriate ICD therapy after ICD implant as low (<1%),
moderate (1-30%), or high (>30%). Classification accuracy and reclassification
improvement rates (the extent to which participants with VT/VF events are appropriately or
inappropriately assigned/reassigned to high-, intermediate- and low-risk categories with the
addition of GEH ECG parameters) will be calculated.
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We will then recalibrate the existing risk scores for the primary prevention ICD population,
if needed. If necessary, we will re-construct 2 risk scores using Fine and Gray’s competing
risk model to test the incremental value of adding GEH parameters as continuous variables
to clinical characteristics (age, gender, race, coronary heart disease, stroke, diabetes, and
hypertension). Backwards selection will be performed with a cut-off p-value of 0.10 to arrive
at the final risk score covariates and their relative strengths of association based on the
relative size of effect estimates. A cumulative incidence function (CIF) will be used to assign
5-year VT/VF risk to each participant based on their individual risk scores, as following:

CIFG, x) = 1 — (I — CIF(t, 0)eP

where tis time since initial primary prevention ICD implantation, x represents covariates
included in each risk model, and beta represents the coefficient estimates from the risk
scores models. The final risk prediction model will be made available through a free online
calculator. The risk score’s discrimination capacity, calibration, goodness of fit (using the
Akaike Information Criterion [AIC]), and stratification capacity, and reclassification
improvement rates will be calculated.

Ethics approval, confidentiality and study registration

The multicenter study has been approved by the OHSU Institutional Review Board (IRB). In
addition, each participating center obtains local IRB approval prior to participating. To
simplify IRB approval at the study sites, the OHSU IRB offered to the study sites to sign an
agreement with OHSU IRB, stating that OHSU IRB provide multi-center IRB oversight
(optional). The study is registered at the URL: http://wwuw.clinicaltrials.gov. Unique
identifier: NCT03210883.

Discussion

The proposed study will be the first to systematically evaluate the association between GEH
ECG parameters and appropriate ICD therapies for ventricular arrhythmias in a large
population of HF patients with primary prevention ICDs with the goal of improving the
ability to identify patients who are most likely (or least likely) to benefit from ICD
implantation. Although randomized controlled trials such as MADIT-11[7], the Multicenter
UnSustained Tachycardia Trial (MUSTT)[46], and the Sudden Cardiac Death in Heart
Failure Trial (SCD-HeFT)[9] have demonstrated a significant survival advantage associated
with primary prevention ICD implantation, the benefit in all patients is not uniform.
Secondary analyses of these studies have demonstrated that certain patient characteristics,
such as severe renal dysfunction, are associated with a lack of benefit to primary prevention
ICD implantation due to increased non-arrhythmic competing risks of death, and that despite
being very heavily emphasized in the ICD guidelines, LVEF is not a strong predictor of who
will or will not benefit from ICD implantation [47-50]. Attempts at refining SCD risk have
yielded mixed results, and current guidelines do not recommend testing beyond assessment
of LVEF (and electrophysiology studies in select cases) when selecting patients for primary
prevention ICD implantation. This is problematic, as LVEF is neither sensitive nor specific
for SCD, and in total, more patients with relatively preserved LVEF die suddenly than do
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patients with significantly reduced LVEF [51, 52]. Factors beyond LVEF, and ideally
characteristics which are specific for arrhythmic risk needed to refine our understanding of
SCD risk.

GEH is an attractive method for SCD risk stratification because it requires only collection of
a standard 12-lead ECG which is widely available, non-invasive, inexpensive, and easily
interpretable. Unlike many other risk stratification tools, variability in GEH has also been
mechanistically linked to increase susceptibility for ventricular arrhythmias [29, 28].
Although current assessment of GEH ECG parameters requires special software, the
algorithms which are used for GEH calculation could easily be automated and included in
standard ECG machines to allow simple, wide-spread calculation of these parameters
without requiring specialized software or expert interpretation of results. Digitally acquired
and stored ECGs are rapidly becoming the standard of care, and automated ECG processing
would also potentially allow automated, high-throughput screening of entire populations/
institutional ECG databases to identify individuals who would benefit from additional
follow-up, testing, and/or treatment to reduce their risk of ventricular arrhythmias or SCD.

The National Cardiovascular Data Registry (NCDR) also maintains a very large prospective
registry of patients undergoing ICD implantation. Although the NCDR registry has a
significantly larger total study population due to its use throughout the entire United States,
our study has advantages over the NCDR registry. Unlike the NCDR, our study has the
benefit of highly detailed patient level data, digital ECGs for calculation of GEH parameters,
and detailed data on ICD programming and the timing of ventricular arrhythmias and ICD
therapies during long-term follow-up. Importantly, outcomes in our study are adjudicated at
the study centers by investigators, blinded to GEH ECG parameters. Our study could not be
performed using the NCDR as it stands today.

Study data management solutions

A major logistical issue is collecting data from multiple sites while maintaining patient
privacy between institutions. All study sites are provided software tools to remove all patient
identifiers from digital ECGs before they are transmitted for analysis. In order to maintain
patient confidentiality and avoid needing to share identifiable information, the study will
utilize REDCap for data collection. Each study site will have a local REDCap database
maintained on their secure institutional network where patient information will be entered.
Before data is transferred via REDCap to OHSU for further analysis, all patient identifiers
will be redacted, and all dates shifted to an unknown value that is only consistent within
each subject’s record.

Strengths and Limitations

One significant strength of the proposed study is that it will include a very large cohort of
patients from multiple institutions, which should make the results widely generalizable. The
large number of study centers also affords us a large study population which will allow the
study to be adequately powered (see methods section above) to detect (or refute)
associations between GEH ECG parameters and ICD therapies, and to validate GEH SCD
risk score, or derive a novel risk score for appropriate ICD therapies after primary prevention
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ICD implantation. One significant limitation is that the study is retrospective and
observational. Unidentified confounders could therefore influence the results. If the results
of this retrospective study are positive, however, they will provide data to support the use of
GEH ECG parameters in a future prospective study. Additionally, as patients will be
included who have had ICD implanted over a wide time period, changes in medical therapy,
ICD technology, and ICD programming may also influence the results. This limitation will
be addressed by two pre-defined sensitivity analyses, as described above. In general,
however, guidelines for primary prevention ICD implantation have not changed significantly

over the last decade.

Conclusion

Primary prevention ICDs improve survival in patients with structural heart disease and
significantly reduced LV systolic function, but further study is needed to optimally identify
those patients who are most (and least) likely to benefit from ICD implantation. This study
will be the first to retrospectively investigate the associations between GEH ECG parameters
and appropriate ICD therapies for ventricular arrhythmias in a large multicenter population
of patients with primary prevention ICDs. The study will validate SCD risk score in patients
with structural heart disease and LV systolic dysfunction and will inform future prospective
randomized controlled trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic presentation of the study
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Elevation

Measurement of global electrical heterogeneity parameters: A. Spatial QRS-T angle is the
angle between the QRS vector and the T vector in 3-dimensional space. Spatial ventricular
gradient (SVG) is a vector defined as the vector sum of the mean QRS and the mean T
vectors. SVG has a magnitude which is the length of the vector, elevation (the angle of the
SVG vector projected in the XY plane), and azimuth (the angle of the SVG vector projected
in the XZ plane). B. Sum Absolute QRST Intergral (SAl QRST) is the sum of the absolute
area under the entire QRST complex in the X, Y, and Z leads. C. Circular coordinates

system for measurement of azimuth and elevation.
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Table 1.
ICD Event adjudication form
GEH ICD
2 -\\ Global Electrical Heterogeneity and Clinical Outcomes
: Retrospective Cohort Study
ICD therapy adjudication form

Adjudicator ID__ Date of adjudication
Study participant ID EventID
Date of the Event Time of the event onset
Cycle length(CL) (ms) Rate (bpm)
Cycle length stable YES NO
If cycle length is unstable — what is beat-to-beat CL differences_ ms

EGM morphology is stable YES No
Conclusion on ventricular rhythm:

1. Monomorphic ventricular tachycardia (MMVT)
2. Polymorphic ventricular tachycardia (PVT)/ Ventricular Fibrillation(VF)

3. Absence of ventricular arrhythmia

What is the atrial rhythm:
1. SVT (cycle length )
2. Atrial flutter (cycle length__ )
3. Atrial fibrillation (cycle length )
4. N/A (no atrial/supraventricular arrhythmia)

Double tachvcardia absent __ present

Therapy delivered__ ATP#1___ ATP#2 __ ATP#3__ ATP#4___ ATP#5__ ATP#6
__Shock#1___ schock#2 _ shock#3 _ shock#4__ shock#5__ shock#6

Was therapy appropriate for VI/VF __ Yes no

Inappropriate therapy due to noise/Electromagnetic interference (EMI) Yes / No

Successful conversion ___yes_ no

Resulting rhythm___ sinus ventr paced(VP)__atrial paced(AP) __ APVP __ Afib

Aflutter _ SVT MMVT PVT VFlutter VF

Rate of resulting rhythm (bpm) CL(ms)
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Table 2.

Sample size estimation

Hazard Ratio Samplesize, n

115 4,024
12 2,400
1.25 1,628
13 1,202
135 924
14 748
15 528
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