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Abstract

Background:

Markers of ventricular depolarization and repolarization, such as T peak amplitude, Tpe
interval, and QRS duration, have been recognized as significant predictors of prognosis in both
heart failure patients and apparently healthy individuals. However, contemporary studies
examining their prognostic significance in stable coronary heart disease, a common cause of
mortality, are limited.

Method:

Data were sourced from the Mental Stress Ischemia Prognosis Study (MIPS) and Myocardial
Infarction and Mental Stress Study 2 (MIMS2) conducted between June 2011 and March 2016.
Participants were categorized into tall or short resting T-Peak amplitude measured with an
electrocardiogram in limb lead 1. Baseline characteristics, including age, Body mass Index, QRS
duration, Tpe interval, Systolic/diastolic blood pressure (SBP/DBP), heart rate, creatinine,
potassium, hemoglobin, gender, and race, were analyzed using Cox Proportional Hazard
regression models to assess associations with mortality and HF outcomes.

Result:

We analyzed baseline characteristics of 446 stable CHD patients based on their T-peak
amplitude. The lower mean T-peak amplitude group (n=226) compared with the higher mean T-
peak amplitude group (n=220) had a lower mean EF (66% vs. 73%), a higher percentage of Black
participants, and more baseline HF cases, while other characteristics such as age, BMI, QRS

duration, blood pressure, heart rate, creatinine, potassium, and hemoglobin levels showed



no significant differences. Of the 446 stable patients, 45 experienced incident non-fatal HF and
23 experienced cardiovascular mortality during a median follow up period of 1836 and 1862
days, respectively. T-Peak amplitude in limb lead 1 (<6mm vs. 26mm) emerged as a significant
predictor of heart failure (HR 2.96, 95% Cl: 1.64, 5.33) and cardiovascular mortality (HR 2.48,
95% Cl: 1.08, 5.66). T-Peak to end in lead V2 and QRS duration did not predict incident heart
failure or cardiovascular mortality.

Conclusion:

We found that T-Peak amplitude in limb lead 1 was a robust predictor of adverse CVD outcomes

in CHD patients that was independent of sociodemographic and other CVD factors.
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Chapter 1

Introduction

The significance of studying cardiac electrophysiology, specifically Tpe interval, T peak
amplitude and QRS duration, in the context of HF and CVD.

Since the mid-1960s, there has been a consistent decline in heart disease deaths.! The factors
contributing to this decline in cardiac deaths remain uncertain and we still have gaps in
predicting and preventing CVD death, and ECG digital biomarkers are potentially important for
early diagnosis and treatment. In the United States, coronary heart disease resulting from
coronary atherosclerosis remains the primary cause of cardiac deaths, constituting 64% of all
cardiac deaths in 2009.2 CAD is the leading cause of Heart failure in the United states. 3 Surface
electrocardiography (EKG) continues to be a key diagnostic tool for coronary artery disease
(CAD), and its prognostic value is widely recognized and documented.?

The Tpe interval, which is the time from the peak to the end of the electrocardiographic T wave,
may reflect the transmural dispersion of repolarization in the ventricles.? The Tpe/cTpe
intervals are usually calculated with a computer program. The most clinically relevant Tpe and
QTC intervals are usually measured in lead V2.4 The end of the T wave is defined as the
intersection of the tangent to the down-slope of the T wave and the isoelectric line and the
peak is the maximum amplitude of T wave.* According to Koca et al normal mean and median
Tpe intervals are 70.3 + 12.3 ms, and 70 ms respectively.®> Whereas Tpe-c mean and standard

deviation, and median values were found to be 76.1 + 14.6 ms, and 75 ms respectively3. A



prolonged Tpe interval has been associated with an increased risk of arrhythmias and sudden
cardiac death. It is considered a non-invasive marker that could indicate the heterogeneity of
ventricular repolarization, which is a risk factor for malignant ventricular arrhythmias.*>

The amplitude of the T wave peak can provide insights into the electrical activity of the heart
and help identify various cardiac conditions. According to Okuda et al® As the peak T-wave
amplitude in lead aVR becomes less negative, there was a progressive increase in mortality.®
The results here are impressive but are limited by the fact that this study focused on HF
patients, studied AVR (not lead 1) and excluded wide QRS. Wide QRS in fact may be an
important effect modifier to explore. Abnormalities in T wave amplitude may suggest
myocardial ischemia, electrolyte imbalances, or other pathologies.”

The QRS duration measures the time it takes for the ventricles to depolarize. A prolonged QRS
duration can be indicative of ventricular dyssynchrony, which is when different parts of the
ventricles contract at different times.® This dyssynchrony can lead to inefficient pumping of the
heart, contributing to the progression of HF. Moreover, a wide QRS complex is often associated
with structural heart disease and can be a predictor of CVD mortality.? In patients with a history
of myocardial infarction and/or heart failure, QRS duration serves as a prognostic indicator.®
Over an average follow-up period of 4.2 + 2.4 years, 280 patients (23%) experienced mortality,
with 129 deaths attributed to cardiac causes, while 60 patients (5%) suffered a nonfatal
infarction.® Patients with QRS duration <120 ms exhibited annualized cardiac death rates of
2.0%, whereas those with QRS duration 2120 ms had rates of 4.4% (p <0.0001).2 Additionally,

the annualized event rates for cardiac death or nonfatal infarction were 2.8% and 4.8% in



patients with QRS duration <120 ms and =120 ms, respectively (p = 0.0001).8

We analyzed the predictive capacity of Tpe interval, T peak amplitude and QRS duration in this
study.

By studying these intervals in patients with stable coronary heart disease (CHD), we aim to
identify those at higher risk for HF hospitalization and CVD mortality. This can lead to better risk
stratification and potentially guide therapeutic interventions to improve patient outcomes. For
instance, patients with a prolonged Tpe interval or QRS duration, short T peak amplitude may
benefit from more aggressive management strategies to prevent HF or CVD events. The Tpe
interval, T peak amplitude and QRS duration are valuable components of cardiac
electrophysiology that can provide insights into the electrical stability and mechanical function
of the heart. Their study is significant because it helps to identify individuals with CHD who are
at an increased risk of HF hospitalization and CVD mortality, thereby offering opportunities for

early intervention.

Definitions of coronary artery disease:

Stable coronary artery disease (SCAD) encompasses several patient groups: (i) individuals
experiencing stable angina pectoris or other symptoms associated with coronary artery disease
(CAD), such as dyspnea; (ii) previously symptomatic patients with known obstructive or non-
obstructive CAD who have become asymptomatic with treatment and require regular
monitoring; and (iii) individuals reporting symptoms for the first time but deemed to already be

in a chronic stable state (e.g., based on historical evidence of similar symptoms persisting for



several months).° Therefore, SCAD delineates various stages of CAD evolution, excluding
situations where coronary artery thrombosis predominates the clinical presentation (acute
coronary syndromes).® Stable angina, previous myocardial infarctions, prior percutaneous
revascularization, coronary artery bypass graft (CABG) procedures, confirmed coronary
atherosclerosis via angiography, or reliable non-invasive indications of myocardial ischemia are

all in the spectrum of SCAD.°

Phenotypic definitions of coronary artery disease:

Acute coronary syndromes (ACS phenotype), including Ml (fatal and nonfatal) and unstable
angina according to standard criteria (World Health Organization or universal definition
criteria).l!

Angiographically documented disease (angiographic phenotype) defined as presence of
stenosis above a certain threshold on a major epicardial artery on angiography.

Broadly defined CAD (broad phenotype) on the basis of varying clinical criteria and history of

disease, or not otherwise specified.*?

Prevalence of HF Hospitalization and CVD Mortality in individuals with stable CAD:

In the CORONOR study of 4184 consecutive CAD outpatients who were free from any
myocardial infarction (Ml) or coronary revascularization for more than 1 year, there were 677
deaths, with cardiovascular causes identified in 269 patients (1.3% per year). Among these, 99
deaths were attributed to heart failure (HF), 91 to sudden events, and 65 to vascular causes
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(including stroke, Ml, limb or mesenteric ischemia, and aortic aneurysm). Predictors of
cardiovascular disease (CVD) included age [subhazard ratio (SHR)=1.06 (1.04—1.07) per year
increase], prior hospitalization for decompensated HF [SHR=3.10 (2.19-4.40)], left ventricular
ejection fraction [SHR=0.97 (0.96—-0.98) per percentage increase], previous aortic or peripheral
intervention [SHR=1.61 (1.12-2.13)], and estimated glomerular filtration rate [SHR=0.99 (0.98—
1.00) per ml/min/1.73m2 increase].?

HF affects more than 64 million people worldwide, and its prevalence is increasing, particularly
due to the aging population and improved survival rates with ischemic heart disease. * The
2021 American Heart Association Heart Disease and Stroke Statistics used NHANES data from
2015 to 2018 to estimate the prevalence of heart failure (HF). It revealed that approximately
6.0 million Americans aged 20 years and older had HF, up from about 5.7 million reported in
NHANES data from 2009 to 2012. In 2012, HF prevalence in the USA was 2.4%, and it is
projected to increase to 3.0% by 2030.%>

In the United States, CHD was the leading cause of deaths attributable to CVD, with HF
accounting for 9.1% of these deaths as of 2021. In the same year, coronary heart disease (CHD)
resulted in 375,476 deaths in the United States. Data from 2005 to 2014 revealed an estimated
annual incidence of 605,000 new heart attacks and 200,000 recurrent attacks, with males
experiencing their first heart attack at an average age of 65.6 years and females at 72.0 years.
Approximately every 40 seconds, an individual in the United States suffers a myocardial
infarction. Despite a 15.0% decrease in the annual death rate attributable to CHD from 2011 to

2021, the actual number of deaths increased by 0.05% during this period.®



Impact of HF Hospitalization:

Hospitalization for HF is associated with a high morbidity rate, significantly impacting patients’
guality of life and functional capacity. The burden of HF hospitalizations is also a major
economic concern, with substantial costs incurred for both acute care and long-term
management. The financial impact of heart failure (HF) on healthcare expenses globally is
worrisome. In 2012, HF incurred an estimated total cost of $30.7 billion in the USA. Projections
indicate a staggering 127% rise in costs by 2030, reaching $69.8 billion, averaging around $244
for every US adult.?’

Impact of CVD Mortality:

CVD, including CHD, remains a leading cause of mortality globally. The death rate from ischemic
heart disease in the U.S. The number of deaths related to cardiovascular disease surged from
874,613 in 2019 to 928,741 in 2020, marking the most significant single-year increase since
2015, as reported in the 2023 update to the American Heart Association's heart disease and
stroke statistics.'® The continuous rise in heart failure death rates, from 2016 to 2020, highlights
the growing impact of this condition on overall CVD mortality. °

Hospitalization Trends:

In 1995, IHD hospitalization was double that of HF, at 37.6 and 19.0 per 1000 adults with
diabetes, respectively. From 1995 to 2015, IHD hospitalization decreased by 67.8%, while HF
hospitalization decreased by 38.9%.° The data underscores the importance of effective
management strategies for individuals with stable CHD to prevent HF hospitalization and

reduce CVD mortality. It also highlights the need for ongoing research to better understand and



address the factors contributing to these trends.®

The rationale for selecting the MIPS and MIMS2 studies for this review.202!

The rationale for selecting the Mental Stress Ischemia Prognosis Study (MIPS) and

the Myocardial Infarction and Mental Stress Study 2 (MIMS2) as a data source on the prediction
of heart failure (HF) hospitalization and cardiovascular disease (CVD) mortality among
individuals with stable coronary heart disease (CHD):

The MIPS and MIMS2 focus on mental stress-induced myocardial ischemia, which is a significant
but under-recognized factor in the prognosis of patients with CHD. 22

These studies provide valuable insights into how psychological stress can trigger ischemic
events that may not be evident during physical stress testing.

MIPS and MIMS2 included longitudinal follow-up of participants, which is crucial for evaluating
the predictive value of Tpe interval T wave amplitude and QRS duration over time.?? The
duration of these studies ensures that the data captured reflects the long-term implications of
mental stress on cardiac health. Additionally, these studies enrolled a diverse patient
population from hospitals and clinics affiliated with Emory University, enhancing the
generalizability of the findings. This diversity helps in understanding the impact of mental
stress-induced ischemia across different demographics and clinical backgrounds. The selection
of MIPS and MIMS2 for the data source is justified by its focus on mental stress-induced
ischemia, comprehensive data collection, longitudinal follow-up, diverse patient population,
significant findings, and innovative approach to studying CHD.2%2!
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These aspects make them highly relevant for investigating the predictive power of Tpe interval,
T-amplitude and QRS duration in the context of HF hospitalization and CVD mortality among
individuals with stable CHD. The findings from these studies have shown that patients with
mental stress-induced ischemia had higher event rates for cardiovascular outcomes compared
to those without, highlighting the importance of these parameters in predicting HF

hospitalization and CVD mortality.



Chapter 2 Literature review

Background

Pathophysiology of CHD and its progression to HF and CVD.

The pathophysiology of coronary heart disease (CHD) and its progression to heart failure (HF)
and cardiovascular disease (CVD) mortality involves a complex interplay of various factors:
Remodeling refers to both structural and functional changes in the heart following injury.
Remodeling encompasses changes in heart dimensions, mass, and shape in response to cardiac
events, categorized as either physiologic or pathologic.?? Physiologic remodeling, like "athlete's
heart," occurs in response to physiological stimuli and differs from pathologic remodeling,
which involves processes like fibrosis due to cardiac injury or overload.?® Despite diverse
causes, cardiac remodeling follows a common molecular pathway, involving various heart
components like cardiomyocytes, fibroblasts, and endothelium.?? Factors like neurohumoral
activation and hemodynamic changes influence remodeling, leading to ventricular hypertrophy,
dilation, and cellular alterations such as cardiomyocyte hypertrophy and fibrosis.?® Progression
from adaptive to maladaptive remodeling is influenced by event severity, compensatory
mechanisms, and treatment efficacy, with no precise transition point identified.?*

Many risk factors for atherosclerosis, such as LDL, affect endothelial cells uniformly throughout
the circulatory system. However, atherosclerotic lesions tend to develop segmentally, especially
at arterial branch points.?? In normal arterial regions, laminar shear stress induces a protective
response from endothelial cells that mitigates the effects of risk factors like LDL and
counteracts vasoconstriction by releasing nitric oxide, an endothelial-derived relaxing factor.
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This protective response includes the suppression of vasoconstrictor, inflammatory, and
prothrombotic gene expression through well-understood molecular mechanisms. 23At flow
dividers, disturbed flow hinders these atheroprotective functions, activating the
proinflammatory transcription factor nuclear factor kB, which recruits inflammatory cells and
impairs vasodilation.?? This leads to the accumulation of leukocytes, primarily mononuclear
phagocytes, in the arterial intima, setting the stage for foam-cell formation as these cells engulf
modified lipoproteins that accumulate in the intima exposed to excess LDL.?% Foam cells
generate mediators that enhance and sustain the local inflammatory response, which leads to
the progression and thrombotic complications of atherosclerosis. These signals from foam cells
also induce smooth muscle cells to migrate from the tunica media to the arterial intima, where
they produce extracellular matrix macromolecules that form fibrous lesions.?? These lesions can
cause arterial stenosis, restricting blood flow and leading to ischemic conditions like angina
pectoris, intermittent claudication, and cerebrovascular disease. Additionally, the loss of
arterial elasticity increases pulse pressure, a condition associated with aging and an increased
risk of cardiovascular events. While arterioles generally resist plaque formation seen in larger
arteries, they can develop medial hypertrophy and intimal thickening, a type of remodeling
linked to high blood pressure, which exacerbates and sustains hypertension.?> Unlike
endothelial cells, smooth muscle cells do not detect luminal shear stress; instead, they undergo
cyclic circumferential deformation caused by arterial pulsations. This deformation enhances the
synthesis of proteoglycans by smooth muscle cells, which increases LDL retention in the
intima.? Smooth muscle cells in the intima, activated by proinflammatory cytokines from
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macrophages such as interleukin-1, causing more collagen, leading to the arterial fibrosis seen
in aging and hypertension. This activation also increases the release of matrix-degrading
enzymes like matrix metalloproteinases, which can remodel the arterial extracellular matrix,
including the elastin in the external elastic membrane that forms the artery’s outer boundary.
This permits outward growth, of the developing atheroma, which helps preserve the artery's
lumen and maintain blood flow.?” Eventually, plaque growth can exceed the artery wall's
compensatory enlargement, causing the atheroma to encroach on the lumen and result in
stenosis.?’ Collagen breakdown caused by enzymes overproduced by macrophages can weaken
and thin the fibrous cap, making it vulnerable to disruption. When the fibrous cap fractures,
coagulation proteins in the blood come into contact with procoagulant tissue factors produced
by macrophages in response to proinflammatory cytokines. This triggers the thrombotic
cascade, leading to local clot formation and causing the majority of fatal myocardial
infarctions.?® Acute myocardial infarction is a leading cause of death and disability globally. This
largely is due to the remodeling that occurs after the infarction. While cardiac remodeling is
typically linked to events happening weeks and months post-infarction, its outcomes are closely
tied to the initial size of the infarction.

Myocardial remodeling involves intrinsic changes in both cardiomyocytes and the interstitium.
The failing myocardium, regardless of its cause, exhibits common characteristics related to
cardiomyocyte viability, neurohumoral regulation, and excitation-contraction coupling, as well
as interstitial cells and matrix. Cardiomyocytes make up 20-30% of the heart's cells but account
for 70-80% of its mass. According to Bergmann et al cardiomyocytes can regenerate from stem
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cells following injury or exercise.?® 3° Myocytes can undergo hypertrophy and changes in shape,
often accompanied by a shift in myosin isoforms, while pressure overload increases thickness,
volume overload causes myocyte length increase.3%32 Autophagy is a natural process,
frequently associated with aging, where myocytes break down damaged and altered proteins
during conditions like chronic ischemia, hibernation, and post-infarction. Suppressing
autophagy worsens adverse remodeling, while enhancing autophagy has been shown to
improve experimental post-myocardial infarction remodeling.333> Increased left ventricular wall
tension triggers the myocardial renin-angiotensin system, leading to myocardial hypertrophy.
Aldosterone and angiotensin Il additionally stimulate changes in the heart's interstitial
structure. a-Adrenergic stimulation contributes to myocardial hypertrophy. In cases of chronic
B-adrenergic stimulation, B-adrenergic receptors are suppressed, Gia proteins are enhanced in
heart failure, and myocardial apoptosis is induced. This is the pathway through which heart

failure develops from coronary heart disease. 364!

Impact on CVD Morbidity and Mortality:

Coronary artery disease (CAD) is prevalent among individuals with chronic kidney disease (CKD),
and its occurrence increases steadily as estimated glomerular filtration rate (eGFR) decreases.
Managing CAD concurrently poses significant challenges and is linked to unfavorable outcomes
in these patients. The primary approach to managing CAD involves lipid-lowering medications.
However, the efficacy of statins diminishes as CKD advances, with unclear benefits observed in
patients undergoing dialysis.*? Approximately half of heart failure patients (49%) also suffer

12



from chronic kidney disease (CKD), which exacerbates mortality and hospitalization rates. The
risk of heart failure and mortality increases as renal function declines, regardless of age,
duration of heart failure, or presence of diabetes. Diagnosing these conditions presents
challenges since symptoms like dyspnea and peripheral edema, indicative of fluid overload, are
prevalent in both heart failure and CKD.* The presence of comorbidities like hypertension,
diabetes, and dyslipidemia can exacerbate the condition, increasing the risk of adverse
cardiovascular events and death. According to Takuya et al of the 3,926 CV deaths during a
mean follow-up of 6 years CV death were commoner in the older who had higher heart rates
and longer QRS duration and QT intervals. 4 EKG abnormalities was an important predictor of
cardiovascular death as the normal EKG group experienced an average annual cardiovascular
mortality of 0.7%, whereas the abnormal ECG group had a significantly higher rate at 2.9%.
Additionally, the abnormal ECG group who exhibited higher mortality rates, older age, elevated

heart rate, longer QRS duration, and a higher prevalence of T-wave abnormalities.%

Clinical Implications:

Understanding the pathophysiology of CHD and its progression to HF and CVD mortality is
crucial for developing targeted interventions to prevent and treat these conditions. Strategies
may include lifestyle modifications, pharmacotherapy to manage risk factors, and interventions
to restore coronary blood flow and improve cardiac function. The progression of CHD to HF and
CVD mortality is a multifactorial process that involves the interplay of atherosclerosis,
myocardial damage, cardiac remodeling, and systemic factors such as kidney disease. %
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Predictors of Mortality in patients with CHD:

According to Dankner et al*® cardiovascular mortality showed strong associations with past
myocardial infarction, peripheral vascular disease, and total cholesterol. High-density
lipoprotein cholesterol exhibited its expected protective effect against cardiovascular mortality.
Total cholesterol specifically correlated with cardiovascular mortality, while angina pectoris
emerged as a predictor for overall mortality.

Smoking was associated with a modest increase in cardiovascular mortality (CM) of 1.29 (95%
Cl1 1.08 to 1.55), but primarily linked to non-cardiovascular mortality (NCM) with a hazard ratio
of 1.66 (95% Cl 1.33 to 2.08). Among different smoking categories—non-smoking, past smoking,
and current smoking—there was an age-adjusted increase in NCM rates from 4.2 (95% Cl 3.7 to
4.8)t0 4.5 (95% Cl 4.0 to 5.0) to 7.9 (95% CI 5.6 to 10.3), respectively. Additionally, higher daily
cigarette consumption showed a corresponding increase in age-adjusted NCM rates, rising from
7.9 (95% CI 5.6 to 10.3) for 1 to 20 cigarettes per day to 9.2 (95% CI 6.7 to 11.8) for 21 or more
cigarettes per day.*®

Tpe interval, Tpeak amplitude and QRS duration and their roles in cardiac function.

The Tpe interval represents the time from the peak to the end of the T wave on an
electrocardiogram (ECG). The "tangent" method, typically performed manually, identifies the T-
peak as the highest absolute deflection of the T-wave from the isoelectric line, and the T-end as
the point where the tangent to the T-wave's downslope intersects the isoelectric line. This
method has been used in various previously published studies involving leads V2 and V5.2 It is a
measure of the transmural dispersion of repolarization in the ventricles. Mean TpTe was

14



significantly greater in cases of sudden cardiac death (89.4 ms; 95% Cl, 87.7 to 91.2 ms;
P=0.0001) than in controls with stable coronary heart disease (76.1 ms; 95% Cl, 74.8 to 77.4
ms).#” According to Panikkath et al*’ the distribution of TpTe in cases versus controls also
showed that beyond a TpTe >=85 ms, 72% of subjects were cases of sudden cardiac death, and
of >=95 ms, >=80% were cases of sudden cardiac death.#’” A prolonged Tpe interval can indicate
an increased risk for ventricular arrhythmias and sudden cardiac death (SCD), as it reflects a
period where the ventricular myocardium is vulnerable to reentrant arrhythmias. The Tpe
interval is also associated with the arrhythmic condition in various cardiac pathologies and is
considered a risk marker for SCD. 3

The QRS duration measures the time taken for the ventricular depolarization process, which is
the spread of electrical impulse through the ventricles that triggers their contraction. A normal
QRS duration is essential for the synchronous contraction of the ventricles, ensuring efficient
blood ejection. Prolonged QRS duration can be a sign of ventricular dyssynchrony, where
different parts of the ventricles contract at different times, leading to inefficient cardiac
pumping. It can also indicate the presence of an underlying structural heart disease and is a
predictor of CVD mortality.*®

T-wave amplitude on the initial electrocardiogram of patients receiving thrombolytic therapy
for acute myocardial infarction was found to provides valuable prognostic information
regarding mortality and morbidity according to Hochrein et al.#° specifically, patients with high
T waves experienced significantly lower 30-day mortality rates and were less likely to develop
cardiogenic shock or congestive heart failure.*
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According to Yamazaki et al** there was a progressive increase in risk as the amplitude
decreased, flattened, and inverted. From 1.0 to 0.5 to 1.0 mm, the relative risk (RR) confidence
interval (Cl) was 1.2 to 1.6; from 0.0 to 0.5 mm, the RR Cl was 1.9 to 2.5; and with an inverted T
wave, the RR Cl was 2.9 to 3.8 (p < 0.0001).%

Both the Tpe interval and QRS duration are critical for maintaining the heart’s electrical stability
and mechanical efficiency. The Tpe interval’s role in cardiac function is mainly related to the risk
stratification for arrhythmic events, while the QRS duration is directly involved in

the mechanical coordination of the heart’s pumping action. Abnormalities in these intervals can
lead to arrhythmias, HF, and increased CVD mortality, making them important parameters to
monitor in patients with CHD.>°

De Lazzari et al*! evaluated the relationship between ECG findings and cardiac magnetic
resonance phenotypes in arrhythmogenic cardiomyopathy. They found that both depolarization
and repolarization ECG abnormalities were correlated with the severity of
dilatation/dysfunction of the ventricles and the presence of late gadolinium enhancement,

which are important determinants of the disease outcome. °!
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Chapter 3 Methods:

Study objectives.

Problem Statement:

How do prolonged Tpe interval, T peak amplitude and QRS durations among individuals with
coronary heart disease (CHD) in Atlanta associate with future non-fatal HF and fatal CVD
outcomes?

The findings from this study may help in improving CHD management by highlighting areas that
may require further research and more risk factor management to improve the overall outcome
of patients with CHD in Atlanta.

Purpose Statement:

To determine whether increased Tpe interval, decreased T peak amplitude and prolonged QRS
duration predicts a higher HF hospitalization and CVD mortality among individuals with stable
CHD enrolled in the Mental Stress Ischemia Prognosis Study (MIPS) and the Myocardial
Infarction and Mental Stress Study 2 (MIMS2) between June 2011 and March 2016 from
hospitals and clinics affiliated with Emory University

Approach:

My null hypothesis is that EKG parameters such as T peak to end interval, T peak amplitude and
QRS duration are not useful predictors of nonfatal heart failure and cardiovascular mortality in
stable CHD patients enrolled in the Mental Stress Ischemia Prognosis Study (MIPS) and the
Myocardial Infarction and Mental Stress Study 2 (MIMS2) between June 2011 and March 2016,
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individuals with stable coronary heart disease (CHD) were recruited into two concurrent
studies, the Mental Stress Ischemia Prognosis Study (MIPS) and the Myocardial Infarction and
Mental Stress Study 2 (MIMS2), which employed similar protocols. Patients were enrolled from
Emory University-affiliated hospitals and clinics, with both studies utilizing shared staff,
facilities, and equipment.?%2

The inclusion and exclusion criteria for this study is outlined below;

Inclusion Criteria:

MIPS, patients were eligible to participate if they were 30 to 79 years of age and had a
documented history of CHD. 2°

MIMS2, patients were included if they were hospitalized for a verified myocardial infarction
(M1) within the past 8 months and were 18 to 60 years of age at the time of the MI.%!
Exclusion criteria:

Patients were excluded from both studies if they were pregnant or if they had medical
comorbidities expected to shorten life expectancy

Patients enrolled in MIMS2 who also participated in MIPS were excluded

The demographic and clinical parameters of the study population were recorded. Survival times
were defined as the date of admission for HF from date of enrolment into the study and date of
cardiovascular mortality from date of recruitment into the study whereas date of censorship

which was March 2016.
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Data description

The data was obtained from 2 prospective studies of patients with stable CHD. In the Mental
Stress Ischemia Prognosis Study (MIPS) and the Myocardial Infarction and Mental Stress Study 2
(MIMS2) between June 2011 and March 2016.

The patients were split into two groups based on survival status at the end of the study period
heart failure status (yes or no), cardiovascular mortality (dead or alive) and TPeak amplitude
(short or tall). The race was split into two groups namely black and nonblack. Age was analyzed
per 5 yearly increments. T peak to end duration was derived as the total T wave duration minus
time from onset of T waves to peak of T waves in V2.4 T peak amplitude obtained from limb
lead 1 was used in this study.** The other relevant data were documented.

Statistics

Continuous variables were expressed as means * standard deviation, while categorical variables
were expressed as frequencies and percentages. The difference between means of two
variables was assessed using the student t-test, assuming near normality due to the large
sample size. Depending on the similarity of the standard deviations of the two means, either
the pooled or non-pooled t-test was used. The Chi-square test was used to assess differences
between two categorical variables, with the Fisher's exact test applied as needed.

Candidate predictor variables for mortality were selected using forward selection and backward
elimination methods. EKG parameters were included in the Cox proportional hazards regression
model as they were the primary exposure variable for this study. Effect modifiers were
identified, and stratified estimates were presented if interaction was found.
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We evaluated possible interactions between TpTe, Tpeak amplitude and QRSD. The final Cox
proportional hazards regression model included age, race, gender, heart rate, diastolic blood
pressure, and EKG intervals. Proportional hazard assumptions were assessed using the
Schoenfeld and Martingale residuals, and all variables in the final multivariate model met the
proportional hazards assumption, including crude survival curves, which were plotted for T
peak amplitude. (prolonged TpTe >85 ms, QRSD >=120 ms, and QTc >430 ms for men and >450
ms for women)#’ The level of significance was set at a p-value of less than 0.05 with a 95%

confidence interval.
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Chapter 4

Results:

Table 1 compares the baseline characteristics of 446 stable CHD patients based on their Tpe
interval. The participants are divided into two groups: those with a Tpeak amplitude less than
129.79 (n=226) and those with a Tpeak amplitude greater than or equal to 129.79 (n=220).
The mean age of the participants was 55.76 years, with no significant difference between the
two groups (p=0.95). The mean BMI was 30.94 kg/m?, showing no significant difference
between groups (p=0.61). The mean QRS duration was 91.56 ms, with no significant difference
between groups (p=0.87). The mean Tpe interval was 104.90 ms, with no significant difference
between groups (p=0.57). The mean SBP was 133.23 mmHg, showing no significant difference
between groups (p=0.70). The mean DBP was 82.31 mmHg, with no significant difference
between groups (p=0.24). The mean heart rate was 66.57 beats/min, with a p-value of 0.09,
indicating a trend but no significant difference. Both creatinine and potassium levels showed no
significant differences between the two groups (p=0.81 and p=0.18, respectively). The mean
hemoglobin level was 13.82 g/dI, with no significant difference between groups (p=0.54).
There was a significant difference in EF, with the lower Tpeak amplitude group having a mean
EF of 65.78% compared to 72.88% in the higher Tpeak amplitude group (p<0.0001). Gender
distribution showed no significant difference (p=0.18). A significant difference was found in
racial distribution, with a higher percentage of Black participants in the lower Tpeak amplitude
group (p=0.01). Baseline heart failure status also showed a significant difference, with a higher
percentage of baseline HF in the lower Tpeak amplitude group (p=0.01).
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The baseline characteristics of patients enrolled in the study with stable CHD showed significant
differences in ejection fraction, racial distribution, and baseline heart failure status between the
two groups. The lower Tpeak amplitude group had a lower ejection fraction and a higher
percentage of Black participants and baseline heart failure cases. Other characteristics such as
age, BMI, QRS duration, blood pressure, heart rate, creatinine, potassium, and hemoglobin
levels showed no significant differences between the two groups.

In table 2 baseline characteristics of study participants were analyzed based on cardiovascular
mortality. The TPe interval had a mean value of 104.90 ms, with the CVD Mortality group
having a slightly higher mean of 107.0 ms compared to 104.8 ms in the CVD Alive group, with a
p-value of 0.72r, which was not significant. The QRS duration averaged 91.56 ms, with the CVD
Mortality group at 93.08 ms and the CVD Alive group at 91.52 ms, resulting in a non-significant
p-value of 0.66. However, the Tpeak amplitude revealed a significant difference with a mean of
129.79 ms overall, but only 50.17 ms in the CVD Mortality group compared to 134.10 ms in the
CVD Alive group, with a statistically significant p-value of 0.01. Of the 446 stable patients 423
were alive at the end of the study period whereas 23 experienced cardiovascular mortality
during a median follow up period of 1861.50. Of the 446 patients 401 did not experience heart

failure whereas 45 experienced non-fatal HF during a median follow up period of 1835.50 days

From table 3: TPe in lead V2 (per 5ms), the univariate hazard ratio was 0.99 (95% Cl: 0.94,
1.056) and the adjusted hazard ratio was 0.96 (95% Cl: 0.91, 1.02). For QRSd (per 5ms), the
hazard of cardiovascular mortality was higher with a univariate
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hazard ratio of 1.01 (95% Cl: 0.88, 1.11)

and an adjusted hazard ratio of 1.03 (95% Cl: 0.85, 1.18) but this was not significant. TPeak
amplitude in limb lead 1 (<6mm vs >=6mm) is a significant predictor of cardiovascular mortality,
with a univariate hazard ratio of 2.48 (95% Cl: 1.08, 5.66) and an adjusted hazard ratio of 2.94
(95% Cl: 1.02, 8.70), suggesting that individuals with lower TPeak amplitude have a higher risk
of mortality. Age per 5-year increment, has a univariate hazard ratio of 0.85 (95% Cl: 0.68,
1.05), indicating a non-significant trend towards lower mortality risk with increasing age. The
heart rate, per 5 beats per minute, shows a univariate hazard ratio of 1.11 (95% Cl: 0.89, 1.36)
and an adjusted hazard ratio of 0.95 (95% Cl: 0.75, 1.20), neither of which are statistically
significant. The comparison between nonblack and black individuals reveals a univariate hazard
ratio of 3.57 (95% Cl: 0.98, 22.86), suggesting a potential but non-significant higher risk for
nonblack individuals. Gender comparison (female vs male) shows a univariate hazard ratio of
0.58 (95% Cl: 0.21, 1.40), indicating no significant difference in mortality risk between genders.
Diastolic blood pressure (DBP), per 5mmHg increase, is a significant predictor with a univariate
hazard ratio of 1.26 (95% Cl: 1.04, 1.52) and an adjusted hazard ratio of 1.25 (95% Cl: 1.01,
1.56), highlighting that higher DBP is associated with increased mortality risk. Statistically
significant results are marked with double asterisks. Overall, TPeak amplitude in limb lead 1 and
DBP are identified as significant predictors of cardiovascular mortality, while other variables do
not show significant associations.

Table 4 showed the Cox Proportional Hazard regression analysis of EKG predictors for heart
failure. The TPeak to end in lead V2 (per 5ms) shows
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a univariate hazard ratio of 0.98 (95% Cl: 0.94, 1.02) and an adjusted hazard ratio of 0.977 (95%
Cl: 0.94, 1.02), both indicating no

significant association with heart failure. Similarly, QRS (per 5ms) has a univariate hazard ratio
of 1.06 (95% Cl: 0.98, 1.13) and an adjusted hazard ratio of 1.08 (95% Cl: 0.97, 1.17), also
showing no significant association.

In contrast, TPeak amplitude in limb lead 1 (<6mm vs >=6mm) is a significant predictor, with a
univariate hazard ratio of 2.96 (95% Cl: 1.64, 5.33) and an adjusted hazard ratio of 2.95 (95% ClI:
1.47, 6.02), both statistically significant. Age (per 5 years) shows a univariate hazard ratio of
0.91 (95% Cl: 0.79, 1.06), but no adjusted hazard ratio is provided.

Heart rate (per 5 beats/min) is another significant predictor, with a univariate hazard ratio of
1.29 (95% Cl: 1.13, 1.48) and an adjusted hazard ratio of 1.20 (95% Cl: 1.03, 1.42), both
statistically significant. Comparing nonblack to black participants, the univariate hazard ratio is
1.76 (95% Cl: 0.79, 4.44), with no adjusted hazard ratio provided. For gender (female vs male),
the univariate hazard ratio is 1.30 (95% Cl: 0.71, 2.33), and no adjusted hazard ratio is
provided.

Finally, diastolic blood pressure (DBP) (per 5mmHg) is a significant predictor with a univariate
hazard ratio of 1.26 (95% Cl: 1.10, 1.44) and an adjusted hazard ratio of 1.22 (95% CI: 1.06,
1.40), both statistically significant. Overall, significant predictors of heart failure include TPeak
amplitude in limb lead 1, heart rate, and DBP, while other variables did not show significant

associations.
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Chapter 5

Discussion:

In this study the Tpe interval and QRS duration showed no significant differences between
those who died from cardiovascular causes and those who did not. However, Tpeak amplitude
was significantly lower in the CVD Mortality group (50.17 mm) compared to the CVD Alive
group (134.10 ms), with a p-value of 0.01. Furthermore when we analyzed the hazard ratios for
various predictors of cardiovascular mortality. TPe in lead V2 and QRS duration did not
significantly predict mortality. However, Tpeak amplitude in limb lead 1 was a significant
predictor, with lower Tpeak amplitude associated with higher mortality risk (univariate HR:

2.48, adjusted HR: 2.94). Age and heart rate did not significantly predict mortality

Ventricular depolarization and repolarizations on surface EKGs are associated with
cardiovascular mortality, and measures of these can be depicted by abnormalities in the QRS
duration, T peak amplitude and TPe interval. In the general population T-wave abnormalities
are found in up to 15% of apparently healthy subjects and more frequently in general hospital
and clinical settings.%

In healthy individuals, T-waves are typically positive in most precordial and limb leads, with the
highest amplitude in leads V2-V3.52 However, deviations from this norm can occur. For
instance, abnormally large T-waves (higher than 10 mm in men and 8 mm in women) may
indicate hyperkalemia or early myocardial ischemia. Conversely, negative (inverted) T-waves
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can be normal in specific leads, but widespread or persistent inversion may signal pathology.>?
Lead Il in analyzing T wave abnormalities is important as it is strategically positioned pointing
towards the left ventricular apex. > We had given preference to lead | in our study as T peak
amplitude in lead | was found by Yamazaki et al** as the most significant predictor of
cardiovascular mortality.** Even more lead | is the most frequently used lead for commercial
EKG rhythm analysis such as in apple wrist watches, telemetry strips and so on. Given that T
wave abnormalities which represent ventricular repolarization and QRS abnormality which
represent ventricular depolarization are present in the general population we had hypothesized
that repolarization abnormalities such as Prolonged TPe interval, short Twave amplitude, and
depolarization abnormalities such as prolonged QRS duration may be more in patients with
stable CHD and may be a predictor of non-fatal heart failure and or fatal cardiovascular
mortality. In the Framingham study, isolated T-wave flattening or inversion carried a significant
increased risk for morbidity and mortality.>* In our study we found that a lower P peak
amplitude predicted a higher risk of both cardiovascular mortality and non-fatal heart failure.
Yamazaki et al**Found the annual CV mortality for inverted T waves was 3.3% in the normal
ECG group and 5.4 in the abnormal ECG group. In our study we found TPeak amplitude in limb
lead 1 (<6mm vs >=6mm) is a significant predictor of cardiovascular mortality, with a univariate
hazard ratio of 2.48 (95% Cl: 1.08, 5.66) and an adjusted hazard ratio of 2.94 (95% Cl: 1.02,
8.70), individuals with lower TPeak amplitude have a higher risk of mortality.

According to Dekker et al*® in Netherlands they reported the predictive value of T-wave
amplitude and ST-segment level using lead | in a community population. T-wave amplitude in
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lead | had a hazard ratio of 2 for <0.5 mm and 1/3 for 1.5 mm after adjustment for clinical risk
factors.>® Our study confirms the findings.

Even though previous studies have shown increased risk of cardiovascular mortality with
prolonged QRS duration as well as in cases of prolonged Tpe interval in our study prolongation
of these intervals neither predict cardiovascular mortality nor non-fatal heart failure as our
study population contained individual who already had a coronary heart disease.”®>® We did
not compare normal heart in controls vs abnormal heart.

Conclusion:

Of the three EKG parameters analyzed in this study T peak amplitude was found to be a useful
predictor of both Cardiovascular mortality and the risk of development of nonfatal heart failure
in patients with a stable coronary artery disease in Atlanta.

Limitations and Further Research:

Limitations include population diversity. Further research is needed to address these limitations
and expand our understanding of T wave abnormalities as predictors of cardiovascular

mortality.
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Appendix 1

Table 1a: Baseline characteristics of study participants by Tpe interval

Total N=446 Tpeak amplitude < | Tpeak p-value
129.79 N = 226 amplitude>=129.79
N =220

Age(years) 55.76 £ 9.72 55.7319.57 55.79 +9.89 0.95
BMI (Kg/m2) 30.94 £ 6.80 30.78 +6.66 31.11+£6.95 0.61
QRSd(ms) 91.56+ 8.69 91.73 £ 16.65 91.47 +17.30 0.87
Tpe(ms) 104.90 £ 28.52  |105.70+ 32.56 104.10+ 23.84 0.57
SBP (mmHg) 133.23 +22.00 132.70 £23.54 133.70 +20.48 0.70
DBP (mmHg) 82.31 +13.09 81.35 +13.22 83.27 +12.95 0.24
Heartrate (beats/min) 66.57 £ 11.45 67.79 +10.87 65.39 +11.92 0.09
Creatinine (mg/dl) 1.13+0.61 1.14 £ 0.62 1.13 £0.62 0.81
Potassium (mmol/L) 3.99 +0.37 4.02 +0.41 3.96 +0.33 0.18
Hemoglobin(g/dl) 13.82+6.48 14.08 +9.01 13.58+2.21 0.54
EF 69.35+12.17 65.78+14.25 72.88+8.38 <.0001
Gender
Male, n(%) 274 (61.43) 132 (58.41) 142 (64.55) 0.18
Female, n(%) 172 (38.57) 78 (35.45) 94 (41.59)
Race, Black, n(%) 233 (52.24) 138 (61.06) 95 (43.18) 0.01**
Race, Nonblack, n(%) 213 (47.76) 88 (38.94) 125 (56.82)




Baseline HF, n(%)

28(10.73)

20(15.50)

8(6.06)

0.01**

Baseline no HF, n(%)

233(89.27)

109 (84.50)

124(93.94)

SBP=Systolic blood pressure, DBP= Diastolic blood pressure, **= Statistically

significant BMI=Body mass index TPe=T peak to T end EKG interval in milliseconds, TPeak

amplitude in lead | >= mean Tpeak amplitude of 129.79, normal TPeak amplitude in lead |

<129.79 QRSd is the QRS duration in milliseconds

Table 2: Baseline characteristics of study participants by cardiovascular mortality

Total N=446 CVD Mortality N= |CVD Alive N =412 |p-value
34
Age(years) 55.76 £9.72 54.20 +8.58 55.84 +9.78 0.43
TPe interval (ms) 104.90 + 28.52 107.0 £29.70 104.8 +28.48 0.72
QRSd(ms) 91.56 + 8.69 93.08 + 12.59 91.52 +17.17 0.67
Tpeak amplitude(mm) 129.79+152.18 50.17+135.40 134.10+152.00 0.01**

**= Statistically significant. TPe=T peak to T end EKG interval in milliseconds, QRSd is the QRS

duration in milliseconds
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Table 2: Cox Proportional Hazard regression of EKG predictors of cardiovascular mortality.

Parameter Univariate Crude 95% Adjusted Adjusted 95%

Hazard ratio |confidence Hazard ratio confidence interval
interval

TPe in lead V2 /5ms 0.994 0.944, 1.056 0.959 0.907, 1.025

QRSd /5ms 1.007 0.884,1.110 1.031 0.849, 1.181

TPeak amplitude in limb lead 1(2.482 1.077, 5.664 2.938 1.019, 8.696

<6mm vs >=6mm *x *x

Age/Syears 0.847 0.684, 1.050

Heart rate/5 beats/minutes 1.110 0.892, 1.362 0.950 0.751, 1.196

Nonblack vs black 3.566 0.981, 22.858

Female vs Males 0.582 0.210, 1.404

DBP/5mmHg 1.255 1.035, 1.523** 1.254 1.011, 1.562**

DBP= Diastolic blood pressure, **= Statistically significant. TPe=T peak to T end EKG interval in

milliseconds, QRSd is the QRS duration in milliseconds
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Table 3: Cox Proportional Hazard regression of EKG predictors of heart failure

Parameter Univariate Crude 95% Adjusted Adjusted 95%
Hazard ratio |confidence Hazard ratio confidence interval
interval
Tpeak to end in lead V2 0.976 0.942, 1.015 0.977 0.937, 1.024
5ms
QRS /5ms 1.059 0.978, 1.131 1.081 0.973,1.171
Tpeak amplitude in limb ~ 2.955 1.642,5.332 ** 2951 1.467,6.020 **
lead 1 <6bmm vs >=6mm
Age/5years 0.914 0.785, 1.064
Heart rate/5beats/mins 1.294 1.128, 1.477** 1.207 1.029, 1.415 **
Nonblack vs black 1.760 0.794, 4.437
Female vs Males 1.295 0.711, 2.328
DBP /5SmmHg 1.259 1.104, 1.437** 1.220 1.060, 1.403 **

DBP= diastolic BP ** is statistical significance ms=milliseconds
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Kaplan-Meier survival estimates comparing tall versus short T-peak amplitudes

Survival Probability

Product-Limit Survival Estimates
With Number of Subjects at Risk and 95% Hall-Wellner Bands

10
08 -
06 -
04 -
02
+ Censored
00 - Logrank p=0.0001
0 500 1000 1500 2000 2500
Days from enroliment to Congestive Heart Failure, 1st event
Tpeakampli 0 1
0 324 305 285 224 121 0
1 122 112 07 81 44 0

Tpeakampli 0= T peak amplitude >=0.6mm and Tpeakampli 1=T peak amplitude <0.6mm
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