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LAY ABSTRACT

Cardiac rehabilitation exercise is an important part of recovery after a heart attack,
and it has been shown to improve heart function measured using standard ultrasound
assessments. Studies have suggested that novel measures of heart function may be more
sensitive in comparison to these standard ultrasound measures, yet these novel measures
have not been examined in individuals completing stair-climbing based high intensity
cardiac rehabilitation exercise training. This work examined the changes in both novel
and standard ultrasound measures of heart function after either stair climbing-based high
intensity interval training or traditional moderate intensity exercise training in individuals
who have heart disease. While this study found that both stair climbing based high
intensity interval training and traditional cardiac rehabilitation both resulted in increases
in cardiorespiratory fitness after 12 weeks of training, no changes were observed in any of
the standard measures of heart function. Supporting the concept that novel measures of
heart function might be more sensitive, as some training associated changes were

observed in the novel measures of heart function.
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ABSTRACT

Cardiac rehabilitation (CR) exercise training, which traditionally involves the
prescription of moderate intensity continuous exercise, can slow the progression of heart
disease and improve cardiorespiratory fitness (CRF). Cardiac function is typically
investigated using calculations of ejection fraction (EF) from echocardiography, yet EF
measures do not provide information about the unique twisting motion of the heart. Novel
measures of cardiac function, such as LV twist, myocardial performance index (MPI) and
global longitudinal strain (GLS), may provide additional information about changes in
LV mechanics associated with exercise training for individuals with coronary artery
disease (CAD). The aims of this study were to investigate the changes in cardiac function,
using both standard and novel measures, at baseline (0 weeks; T1), post-initial training (4
weeks;T2), and post-training (12 weeks; T3) in response to either stair climbing-based
high intensity interval training (STAIR) or traditional moderate intensity continuous
training (TRAD). We recruited 16 individuals with CAD (61+7years; 1W) and
randomized them into TRAD and STAIR groups (n=8/group). Standard (CRF and EF),
and novel (LV twist, MPI, GLS), measures of cardiovascular function were assessed at all
three timepoints. CRF improved in both groups, after 4 and 12 weeks (STAIR:
T1:22.1+4.2, T2:24.7+4.9, T3:25.445.2 and TRAD: T1:22.8+2.5, T2:25.2+4.9,
T3:26.04+5.0 mL/kg/min; P<0.005) of CR exercise. We observed an increase in apical
rotation (P=0.01) and LV twist (P=0.03), but no changes in either traditional (EF
P=0.15), or novel (MPI P=0.19; GLS P=0.81) measures of cardiac function over time, in

either group. It is possible that the relatively short training period (12 weeks) was not

v



M.Sc. Thesis — S.E. Valentino; McMaster University — Kinesiology

sufficient to result in significant changes in cardiac function, despite improvements in
CRF. Future research should assess both standard and novel indices of cardiac function
over longer exercise training periods to determine the ideal indices for tracking changes

over time with interventions in this population.
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CHAPTER 1
Literature Review

1.1 Introduction

Cardiovascular disease (CVD) is prominent in Canadian society, with one in every
twelve Canadians living with heart disease, and CVD often progresses until the
consequences are fatal, making it the leading cause of death after age 65 (100). Coronary
artery disease (CAD), the most common manifestation of CVD, is characterized by the
presence of plaque in the arterial walls of the heart muscle (113). This arterial narrowing
typically proceeds undetected until the blood flow is inadequate during times of higher
metabolic demand, such as exercise, often causing angina, and in severe cases,
progressing to myocardial infarction (MI) (69). With CAD, if myocardial damage occurs,
infarcted segments of the heart no longer move properly causing further ventricular wall
stress leading to worsened ventricular function (49, 98). Declines in cardiac function after
a myocardial event, or with progressive CAD, are traditionally characterized by reduced
ejection fraction (EF) and increased left ventricle (LV) volumes (127). Further declines in
these indices may be indicative of detrimental changes in cardiac structure, described as
LV remodeling. If these adverse functional and structural adaptations worsen, they have
the potential to lead to heart failure and death. Once CAD is detected, depending on the
severity of stenosis, surgical procedures are considered, including angioplasty,
percutaneous coronary intervention (PCI), and coronary artery bypass graft (CABQG). In
addition to medical intervention, CAD management can be further enhanced through a
lifestyle modification program called cardiac rehabilitation (CR). Exercise based CR is a

method of secondary prevention for individuals with CAD and reduces the chance of
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cardiovascular mortality by 25% (31). As our population ages, it is necessary for
clinicians and researchers to develop new approaches to disease identification and
treatment, with the goal of improving longevity and quality of life in advanced ages (28).
1.1.2 Risk factors associated with CVD

Early signs of atherosclerosis begin in youth and are influenced by risk factors for
clinical coronary heart disease (CHD) (74). A risk factor is a condition or behavior that is
thought to be linked to the development of disease, used in the prediction and prevention
of disease. Although non-modifiable risk factors (family history, sex, age, race/ethnicity)
are challenges individuals cannot control, the effect of modifiable risk factors (physical
activity, nutrition, smoking) can be mitigated and alter the progression of disease. In
research conducted on left anterior descending coronary arteries, lesions of higher
blockage were associated with obesity and hypertension (74). Physical activity is an
important mediating factor in the development of disease, as its influence can play a role
in the prevention and restoration of cardiovascular health status (52, 83). Most
importantly, improvements in physical activity often have impressive impacts as initial
behavior change must translate into long-term behavioral maintenance to continue
receiving health benefits (84), such as an improvement in angina symptoms and other risk
markers. A risk marker is a biological or neuropsychological trait that is not causally
related to the development of disease and is frequently a measure of the disease itself or a
byproduct of the disease process. Traditional risk markers of cardiovascular disease

include angina, coronary plaques, and high cardiac troponin I levels (5). Investigation of
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emerging risk markers is required to aid the reclassification of risk for future CAD, as

well as secondary prevention for individuals who already have diagnosed CAD (129).

1.2 Standard measures of cardiac function

Echocardiographic measurement of the heart to assess cardiac structure and
function is well established (35). Currently, echocardiographic assessment is routinely
performed in CAD patients and involves evaluation of a set of standard indices of cardiac
function and structure. This point-of-care analyses typically include visual assessment of
global and septal left ventricular wall motion and function, and valve function. To assess
cardiac systolic function, measurements, such as LV mass, and a single heart cycle
calculation of end diastolic volume (EDV) and end systolic volume (ESV) to obtain
stroke volume (SV), EF, and cardiac output (CO), may be performed. These indices are
performed with the patient in a resting supine position using a two-dimensional
ultrasound in the parasternal short axis and apical four-chamber views, then analyzed
using manual placement of measurement markers on the ultrasound image. Although
there are many other measures of cardiac function, EF is the most used clinically, and in
research, due to its feasibility and predictability (13), but it is not without its limitations in
image acquisition and lack of sensitivity. EF can be measured using Cube methods,
Teichholz (Teich) method, or Simpson’s biplane method in the apical 2 chamber and
apical 4 chamber views of the left ventricle (10, 91, 101). Minimal differences between
methods lead to categorizing patients in different levels of heart failure (6, 91), which

suggests those using these techniques should know the inherent assumptions of the
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available methods. When echocardiography was first introduced in 1968 as a potential
method of cardiac quantification (36), multiple methods were developed using different
equations and views of the left ventricle to obtain ejection fraction and one study
compared all three methods (101). All studies showed a significant underestimation of
LV function using 2D echo compared to invasive angiography and of all the available
methods the 2D Simpson’s biplane method had the smallest limits of agreement when
comparing to radionuclide ventriculography using a Bland-Altman plots (10). Although
various techniques are not interchangeable (10), the context for these variables must be
interpreted with the same locally available techniques. Recommendations from Lang et
al. provide strong guidance and explanation of the nuances of each method for clinical

use (61).

1.2.1 Standard measures with aging and cardiovascular disease

Immediately after a myocardial infarction, cardiac function is often impaired and
the degree to which it will recover is dependent on both the location and size of the
infarct zone. If the myocardial infarction is unresolved, heart function may further
decline, through a process of adverse remodeling, and progress to heart failure (51). EF is
the most common echocardiographic measure reported post myocardial infarction, due to
simple and time-efficient quantification methods that can even be “eyeball” estimated and
to well-developed classifications that indicate stages of systolic heart failure (13).
According to European Society of Cardiology, an EF of 35% or lower is indicative of
heart failure and a poor prognostic outcome (76). An EF of 35-50% is suggestive of

slightly reduced systolic heart function and represents an intermediate area between
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pathological and healthy heart functioning (76). Changes in LV shape (or morphology)
post-myocardial infarction are called LV remodeling and adverse remodeling is classified
as a clinically significant increase, greater or equal to 15% increase in ESV (93). In
contrast, reverse remodeling, which can occur as a result of factors such as exercise
training, surgical procedures, and medications, is the clinically significant reduction in

ESV of greater than 15% in ESV, or improvement in EF by 5% (48, 89).

With healthy aging, the changes in LV shape do not occur as rapidly as with
myocardial infarction, and an increase in myocardial fibrosis typically occurs at a rate of
1% per 10 years (95). One hallmark of cardiac aging is a reduction in heart rate with age,
due to lack of sympathetic activation (37, 111). Decreases in diastolic function, such as
reduced EDV and in turn, CO, can also be expected (95). With reductions in loading on

the heart, LV mass also decreases, independent of the size of the heart (90).

1.2.2 Standard cardiac measures with exercise training

Exercise training-induced adaptations of the myocardium occur throughout the
lifespan. During exercise, heart rate (HR) and preload acutely increase, causing changes
in systolic features, such as increases in contractile force of the heart and cardiac output,
as well as diastolic features, such as enhanced relaxation and increased suction during
shortened diastole (32). These stressors on the heart cause micro-adaptations that can lead
to long term changes, dependent on the type of exercise performed and the duration of
exercise training. Increases in maximal cardiac output are the most important functional

improvement observed with exercise training, and are a product of an enlargement in
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cardiac dimensions (EDV, ESV, LV mass), improved contractility (HR), and an increase
in blood volume, causing greater filling of the LV and a greater SV (42). Thickening of
the myocardial wall is also long term adaptation to exercise training, termed physiological
LV hypertrophy or “athlete’s heart”, and can be measured by increases in cardiac
myocyte size in animal models and increases in LV mass in humans (24, 50). An exercise
training regime consistent throughout the lifespan with a masters athletes can even cause
an increase SV to account for the reduction in HR that occurs with age (103). Exercise
training can induce protective effects on the myocardium pre-myocardial infarction;
alteration of coronary circulation, elevated myocardial levels of antioxidants,

and increased expression of sarcolemmal ATP-sensitive potassium channels coronary
arteries and the resiliency of the muscle post-myocardial infarction (99). Although, in
extreme cases, such as acutely after an ultra-endurance marathon, healthy endurance
trained hearts have been shown to have a brief, reversible reductions in function,

measured by a depression in EF and reduced circumferential peak strain (29, 30).

1.3 Novel measures of cardiac function

Clinical echocardiographic assessments of LV function are informative for well-
established diagnoses, but these indices are not always proficient in identifying subtle
differences in cardiac function. White et al. demonstrated the clinical value of
assessments of LV remodeling after myocardial infarction, and found that the highest
mortality during follow-up was in patients who had significantly larger LV volumes and

lower LVEF than survivors (127). Recent findings from Awadalla et. al., reevaluated this
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model by including both standard (end diastolic and systolic volumes, EF, enzyme
concentrations), and novel (LV twist, segmental wall motion abnormality) measures of
cardiac function from assessments conducted immediately post-myocardial infarction and
found that higher levels of twist LV twist was the strongest predictor of LV remodeling
(8). Investigating novel parameters of LV function could provide new insight into more
subtle changes in LV function in response to various pharmacologic and/or exercise

interventions.

1.3.1 Background of left ventricular twist

Standard echocardiography is thorough, but not capable of capturing all features
of cardiac function, including the twisting motion of cardiac contraction and relaxation
dictated by the spiraling myocyte arrangement of the LV. The architecture of the LV is
unique from the other cardiac chambers, and is formed by layers of fibres uniquely
oriented in a cross-helical pattern (94, 107). The two layers that construct this muscular
wall are the inner subendocardial layer, in which the fibres are arranged in a left-handed
helical pattern, and the outer layer of epicardium, in which the fibres are arranged in a
right-handed helical pattern (94). As a result of this double-layered helical structure at the
mid-level of the LV, contraction of the circumferential fibres causes opposing rotation of
basal and apical portions of the heart (107, 109). As such, at the end of systole, the base
of the heart is rotated maximally in the clockwise direction and the apex is rotated
maximally in the counterclockwise direction when viewed from the apex (Figure 1) (94).

The outer epicardial layer has a greater radius and therefore a greater moment arm to
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influence the summated apical rotation and basal rotation (94). This summation of overall
rotation is termed LV twist and is calculated as the instantaneous difference between the
apical and basal rotation throughout the heart cycle (22). The LV also undergoes other
dimensional changes to its length and diameter during contraction, and therefore it has
been suggested to normalize LV twist assessment by comparison of only the peak
magnitude of LV twist for different sizes of LV (107). In a healthy individual with a clear
image of LV function, the peak LV twist of the heart is in the counterclockwise direction

at the end of systole.

S £N

Base Clockwise

Counter-
clockwise
Figure 1. A depiction of the basal and apical regions of the left ventricle and the direction

of rotation when viewed from the apex.

Historically, LV twist was investigated exclusively in animal models as the
available imaging techniques were fairly invasive, however, in the past three decades, the

literature has moved toward measuring LV twist by echocardiography as an accurate and
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highly reproducible measure of the dynamic heart mechanics in humans (14, 41, 82). In
particular, quantification of LV twist can help identify early abnormalities in systolic and
diastolic myocardial function that are not captured by conventional echocardiographic
imaging assessments (109). Furthermore, assessments of the twisting motion of the heart
provide a key mechanistic link between the systolic and diastolic phases of heart

contraction (109).

1.3.1.1 LV twist and aging and cardiovascular disease

With age, the LV stiffens outward, with the stiffening becoming more pronounced
in the subendocardium compared to the epicardium (109). In addition to the
proportionally greater stiffening, the subendocardium also experiences a relatively greater
decrease in contractile function with age (66, 95). It has been speculated that this age
associated decrease in contractile function is due to either: 1) subendocardial fibrosis, or
2) prolonged decay time in calcium transients greatest in the epicardium, measured by
increases in torsion-to-shortening ratio (TSR) (66, 95). TSR is essentially a method for
quantifying the differences between inner and outer myocardial wall contractile myofibre
function, which is necessary considering the different changes experienced by the inner
and outer layers of the myocardium in healthy human aging. Relative reductions in inner
layer rotation, due to both increased stiffening and decreased contractile function, create a
situation in which the outer layer (epicardial) rotation is relatively unopposed, resulting in
increased peak LV twist magnitude with aging (114). Regardless of sex, LV twist

progressively increases from infancy to adulthood (94) and when studied across a wide
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age range, there are significant differences in both magnitude and timing such that peak
LV twist is increased with age (12, 114). Some normative values have been suggested by
Kocabay et. al, from a sample of 247 volunteers, of which 55 participants were between
56-80 years old, and established average values of: basal rotation of -8.2+3.1°, apical
rotation of 14.8+7.3° and LV twist of 23£8.0° (57). Reference values in the younger ages
were lower in all three measures (57), consistent with previous research that LV twist
increases in healthy aging (114). Increases in LV twist are largely driven by stiffening
and reduction in basal rotation, with an increase in apical rotation (114), due to the
relative dominance of the epicardial fibres with age (92).

There is conflicting evidence on whether stiffening of the heart with age that the
degree of untwisting and the rate of untwisting are reduced and delayed in middle and
older age compared to younger adults (12, 56). Alterations in diastolic filling with age are
attributed to multiple mechanisms: 1) phosphorylation of titin leading to myocyte
stiffness (47), 2) decreased calcium (Ca**) handling rate leading to decreased active
myocardial relaxation (44), and 3) increased state of inflammation causing dysfunctional
coronary microcirculation (18). Diastolic dysfunction is known to progress without
symptoms until the later stages of heart failure with preserved ejection fraction (65). LV
twist and UTR dynamics provide promise as emerging indicators of cardiac conditions,
and in particular diastolic dysfunction that are difficult to detect with traditional measures
(94).

LV twist also changes with different cardiac conditions; even in cases where the

traditional measurement of LV EF is preserved (107). The changes in LV twist with heart

10
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failure follow a timeline in which during the early stages of heart failure with preserved
ejection fraction there is an increase in LV twist, followed by normalization and further
reductions in LV twist as the level of diastolic dysfunction advances, compared with
normal controls (96). The response of LV twist with heart failure in comparison to
healthy controls is variable across different cardiac diseases and conditions. LV twist was
observed to be reduced in cardiac ischemia with MI driven by a reduction in apical
rotation when tested in 30 patients with anterior acute MI for greater than 1 month (115),
a reduction that has been associated with LV remodeling (93). LV twist has been
described as decreased, delayed, and uncoordinated in dilated cardiomyopathy (120), yet
it is increased with type 1 (16) and type 2 diabetes mellitus, and this increase is especially
pronounced in individuals that also present with LV hypertrophy (67). In hypertension,
with or without LV hypertrophy, LV twist is delayed and decreased in conjunction with
the level of LV hypertrophy (92). Although LV twist is altered in various cardiac disease
states, the physiological regulation of the LV mechanics in response to different

intensities of exercise training in conjunction with cardiac disease is poorly understood.

1.3.1.1 LV twist and exercise training

LV function, measured by LV twist, has emerged as a valuable indicator of
cardiac health that is sensitive to myocardial decline in various disease states, manifesting
as a reduction in peak LV twist following an MI and in patients with heart failure with
preserved EF (86, 115). Similar to what has been observed in the vasculature (58),

increases in cardiac stiffening with healthy aging result in an increase in resting peak LV

11
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twist with age, across the age spectrum (87, 114). Despite these discrete changes with
age, in first-year university student athletes, LV twist was also increased after a 90-day
program of intensive endurance exercise training implemented in a varsity level rowing
team (125). There are both augmentations in LV with exercise training and age, therefore
these alterations must be further classified into categories of pathological versus
beneficial changes in LV function. At this time, research has yet to solidify the directional
association of LVT and improvements in cardiac function. Following the assessment after
3 months of training, the young healthy individuals continued a maintenance phase
exercise training program for 39 months before an additional assessment and individuals
were excluded from the final analysis if they took any breaks greater than 14 days during
that time period. Researchers found the acute augmentation in peak LV twist, from
baseline to 3 months of intensive varsity exercise training, returned to baseline levels
following the chronic maintenance phase of training level 39 months later (125). In other
words, peak LVT acutely increased after exercise training and later decreased back to
baseline, when exercise training was continued. To date no other longitudinal training
studies greater than 6 months in length have been conducted. In a cross-sectional study,
examining young, middle-aged, and older-aged males of sedentary (n=75) and endurance-
trained backgrounds (n=106), it was found that trained individuals had reduced peak LV
twist driven by lower basal rotation, whilst similar apical rotations (71). Alternatively,
young recreationally trained men, after 12 weeks of whole body resistance exercise, did
not have any alterations in peak LV twist (7) suggesting aerobic exercise, but not

resistance exercise, seems to elicit changes in LV twist mechanics. In other research, in a

12
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population with CAD, there was no change in traditional indices of LV function after 10
weeks of involvement in moderate intensity continuous training as part of a CR program,
whereas LV twist was shown to decrease, this reduction in LV twist was cited as a
potential improvement in LV function and assessing LV twist was highlighted as a
sensitive cardiac measure (75). In the past literature cited here, reductions in LV twist
have been referenced as both improvements and declines in cardiac function and it is
clear that the individual changes in rotation that are associated with changes in twist need
to be considered along with other potential cardiac structure and function changes when
interpreting LV twist findings. Thus, more comprehensive research will inform the
interpretation of LV twist as a individual health measure of cardiac function.

The physiological state of the myocardium (ie. resting, exercise) can impact LV
twist measurements, as peak LV twist is independently augmented by increases in preload
and contractility of the heart, and attenuated by increases in afterload (9, 109). Another
component to consider is the rate of twisting in the systolic phase and the untwisting rate
(UTR) in the diastolic phase, as these will determine the filling and loading of the heart.
Preload is the amount of blood in the heart at the end of diastole, quantified as EDV,
whereas afterload is the amount of blood in the heart at the end of systole, quantified as
ESV. In studies with acute saline infusion, LV twist was increased with larger preload
due to increased apical rotation, with a respective decrease in UTR, while ESV, HR, and
blood pressure remained unchanged (25, 39). Essentially preload alters the loading on the
heart, and through the Frank-Starling length-tension relationship, greater loading causes

greater degrees of recoil at a slower velocity (126). Alternatively, afterload can be

13
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augmented using hand-grip exercise in young healthy individuals leading to acute
reductions in both LV twist and UTR, while keeping EDV, HR, and blood pressure
remained unchanged (25, 39, 68). Exercise training can further impact these mechanisms
by increasing blood volume and improving venous return (17, 106) and it is important to
measure these variables simultaneous to these indicators of systemic hemodynamic
function particularly in exercise training programs where these factors may be altered.

In summary, LV twist is an emerging echocardiographic parameter that may have
increased sensitivity in comparison to traditional echocardiographic measures, for the
identification of more subtle changes in ventricular function that precede larger functional
gains in cardiac function. Although resting peak LV twist is altered in cardiovascular
disease states and healthy endurance trained individuals, the measurement of LV
mechanics with the layered conditions of disease and exercise training have not been

thoroughly investigated.

1.3.3 Global longitudinal strain

Recently, global longitudinal strain (GLS) has become a prognostic parameter to
assess LV wall dysfunction that has been accepted by clinicians for its high sensitivity in
multiple cardiac conditions, high reproducibility, and accuracy (13, 102). Using 2D
speckle-tracking echocardiography, in the apical four-chamber view, in GLS, the
movement of 6 LV segments is tracked and compiled into a single index to provide an
overall peak degree of strain at end-systole. In this context, strain is used to define

shortening, thickening, or lengthening as a measurement of regional LV function (108).
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Due to the high sensitivity and specificity of GLS (97, 128), it is possible to detect the
difference between fibrous and viable myocardium with some meta-analyses suggesting it
is more sensitive than EF at predicting mortality when EF is normal or near normal (53).
As the heart reaches end-systole, the LV fibres shorten, causing the apex to move closer
to the base and eject blood into the aorta. Based on a recent meta-analysis using 28
datasets of GLS, it has been suggested that values of peak strain -12% and above signify
impaired function of the myocardium, whereas -20% and below is indicative of normal
function (53). These values leave an intermediate region, in which a cut-off has yet to be
defined. When assessing adverse remodeling, defined as a 15 to 20% increase in EDV
and/or ESV, GLS values range between -12.8% and -10.2% (48). In previous studies GLS
provided substantial prognostic value over clinical and standard echocardiographic
variables in predicting LV remodelling (130) and global LV function improvement (2)
using multivariate analysis. With respect to previously observed changes in GLS with
exercise training, although there was no observed change in LV strain at rest for
individuals with CAD after 10 and 12 weeks of exercise training (43, 75), higher pre-
training VOopeak was correlated with higher GLS values (43, 59). Strain is adequate for
identification of pathological heart function; however, the assessment of GLS does not
seem to always improve with exercise training. Some of the main downfalls with using
GLS as a comprehensive index of cardiac structure and function, are the load
dependency, the image quality requirements, and the inherent assumption of geometric
uniformity when obtaining the apical four-chamber and two-chamber views in the 2D

plane (53). Although standard echocardiographic measures are sufficient for the

15



M.Sc. Thesis — S.E. Valentino; McMaster University — Kinesiology

evaluation of overall functioning, measurements, such as GLS, to assess subtle

differences LV function provide additional value to cardiac assessment.

1.3.3 Myocardial performance index

In 1995, Tei described a novel method of combining echocardiographic
measurements of LV systolic and diastolic heart function (118). The myocardial
performance index (MPI) or Tei index was first established in children 20 days to 18
years old and has since been investigated in a wide range of cardiac diseases (60, 118).
The measure is easily calculated from standard echocardiographic assessment parameters
by using the sum of the isovolumic contraction and relaxation times divided by ejection
time (Figure 2), evaluated using the LV outflow and mitral valve inflow velocity profiles.
Although a consensus on an abnormality threshold has yet to be established, it has been
suggested that normal MPI should be under 0.47 and some sources suggest as low as 0.36
(34, 61, 104). MPI is easily obtained and has been shown to be independent of LV

geometry, age, heart rate, and blood pressure.
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Figure 2. Depiction of simplified ultrasound tracings and time intervals required to

calculate myocardial performance index or Tei index adapted from Hu et al. (46)

Higher MPI values are associated with more pathological states, such as CAD,
heart failure, valvular disease, pulmonary hypertension, cardiac amyloidosis (60). MPI
combines LV systolic and diastolic function, and is therefore an effective assessment tool
in individuals who have experienced an MI where inferior and anterior regions are
affected (54). Individuals with more severe CAD post-MI, as assessed by coronary
angiography with 3 or more diseased vessels, had higher MPI in comparison to healthy
controls, with values in the range of 0.705 compared to 0.455 respectively (88). With
exercise training, healthy individuals seem to be able to reduce their MPI, mainly as a

function of increased ejection time and decreased isovolumic contraction time (64, 104,
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110). MPI has also been shown to change after six months of standard CR exercise
training after acute MI (54, 122) with the most improvement in those with the lowest
baseline function while no improvement in EF (121). Furthermore, greater improvement
was seen in cardiac patients with lower baseline function (121). Therefore, MPI may be a
beneficial tool for the continued evaluation and monitoring of individuals with CAD
considering both systolic and diastolic LV function is often affected and may potentially

be recovered.

1.4 Cardiac rehabilitation

Treatment post-MI has become exponentially more involved since its original
prescription of prolonged bed rest in the 1930s (15). Every decade following these initial
prescriptions has been studded with a small increase in the mobility physicians are willing
to prescribe, from chair therapy, to small bouts of walking 3 to 5 minutes, to structured
early walking through an inpatient CR program (105). By 1985, advancements in CR
programming were unrecognizable from the earliest form, including multidisciplinary
lifestyle modification programming and exercise approaches (105). Exercise training
post-myocardial event, has numerous physiological benefits such as reductions in all-
cause mortality risk, decreased re-occurrence of myocardial events, and adaptive LV
remodeling (40, 63). Currently, the standard of care in Canada for exercise prescription in
CR recommends exercise sessions 5 times per week of 30 minutes of aerobic exercise per
session (119). In Canada, cardiopulmonary exercise testing (CPET) is typically conducted

in hospital on a stationary bicycle or treadmill to obtain an estimated cardiorespiratory
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fitness (CRF), before and after CR programming (77). One of the main benefits of CR
exercise training is an improvement in CRF, which is associated with a significantly
lower mortality risk (85). In a study investigating CR programming, an increase in CRF
as measured by peak oxygen uptake (VOzpeak) by 3.5 ml/kg/min was equivalent to a
10% reduction in cardiovascular mortality (122).

After an MI, all cases are typically pharmaceutically managed with a combination
of medications that alter the cardiac response to exercise. CPET is used by kinesiologists
to understand individual limitations and to set heart rate targets for their initial exercise
prescription. In a randomized control trial, CRF improvements were found in as little as 4
weeks, yet the exercise program length was 8 weeks shorter than the Canadian
recommendations (79). In a review by Lavie and Milani, an improvement of 15% in
VO;peak may be expected following 6 months of CR of traditional moderate intensity
(62). Although the degree of CRF benefits are dependent on length and intensity, CR
exercise is known to improve CRF (20, 70, 77), which is associated with reduction in
mortality risk (85).

The effect of CR programming on EF is less clear. Haykowsky et al. (2011)
found improvements in EF that increased with the duration of the CR exercise training
program beyond 3 months, and decreased as the time between MI and initiation of the
program lengthened (40). Another observational study found that in patients, early
reduced LV twist was associated with patients who developed LV remodeling, defined as
15% or greater increases in LV ESV and lower EF (93). Often improvements in VO, peak

have been found to parallel indicators of adaptive LV remodeling such as EF (27, 75),
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however improvements in VO> peak may be found whilst no change in EF is observed
(43, 121). These cardiac independent improvements in CRF may also be driven by
peripheral changes such as vascular function (21), improvement in anaerobic threshold
(62), and muscle strength (112).

In terms of the heart, CR exercise training has been shown to result in an
improvement in coordination of heart contractility, revascularization of the heart, and
increased blood flow to the infarcted segment(s) (3, 54, 62, 79). In two studies assessing
patients entering CR, after 12 weeks of exercise training, improvements were found in
myocardial polarization dispersion that may be associated with malignant ventricular
arrythmias and sudden cardiac death (3, 54). A well-conducted study measured collateral
innervation, using the gold standard, coronary collateral flow index (CFI) and noted
improved CFI after 4 weeks of CR exercise training, regardless of exercise intensity,
indicating improved collateral innervation of 40% to the diseased vessel and no difference
in the control group (79). Most notably, recent evidence by McGregor et al. has shown
that 10 weeks of 20-40 minutes of moderate intensity continuous exercise training as part
of a CR exercise program performed twice per week in a CAD population resulted in
reductions in total degrees of LV twist (75). Alternatively, individuals with CAD in non-
exercising age-matched control group showed increases in LV twist, which were cited as

suggestive of an impairment in LV function (75).

1.4.1 High intensity interval training in cardiac rehabilitation
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The physiological and functional improvements associated with CR exercise
training are most effective when they become permanent lifestyle modifications
maintained beyond the initial period of exercise training (80). HIIT was first used in CR
as type of exercise training in 1990 in a research setting but initially elicited safety
concerns, which led to limited use (78). In a recent meta-analysis conducted on 17 studies
using high intensity interval training (HIIT) and moderate intensity continuous training
(MICT) for CR programming, HIIT induced higher CRF improvements than MICT (22).
HIIT defined as Additional to intensity, CR programs with durations shorter than 6 weeks
found no change in CRF, whereas programs longer than 12 weeks of HIIT did not show
larger gains in CRF compared to those between 6 and 12 weeks duration (38). After
following up with participants once the CR program ended, adherence was found to be
the strongest predictor of survival and was a stronger predictor than fitness level at the
beginning of the program onset, exercise intensity, medications, and employment status
(116). Cited barriers to exercise participation in this population include time, cost, and
access to equipment (23) and some studies show long term adherence to HIIT is better
than MICT (1, 80). HIIT has recently been shown to be a superior alternative to MICT in
inducing cardiorespiratory improvements, with a considerably lower time commitment, in
CAD patients entering a CR exercise program greater than 6 weeks in duration (38, 81,
117). Alternately, when comparing the change in vascular adaptations in CAD patients,
HIIT has only shown to be equivalent to MICT in inducing improvements in endothelial

function, measured by reductions in flow-mediated dilation (19, 123).
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Generally, these HIIT protocols in patients with CVD are completed on a
stationary bicycle or on exercise equipment in a hospital setting (1, 19, 26); however,
HIIT has recently been translated into stair climbing interventions in non-clinical
populations, as a more versatile and easily accessible exercise modality (4, 11, 24, 50,
124). In healthy young sedentary women, stair climbing-based HIIT performed 2-3 times
per week for 6 weeks, led to clinically meaningful increases in VOzpeak (7%) (4). Stair
climbing exercise training was well-tolerated and enjoyed by individuals with type 2
diabetes, despite no changes in glycemic control (33). Although not yet typically
prescribed in a clinical cardiac population, stair climbing challenges both the
cardiovascular and musculoskeletal systems and has been shown to improve fitness,
cardiovascular health, strength and balance in older persons (24, 124). Resistance training
in combination with aerobic training, has been shown to be permissive to greater
improvements in VOzpeak in CAD populations (70, 72, 73). Stair-climbing based high
intensity interval training is an appealing exercise strategy that combines aerobic and
resistance elements, is feasible in terms of equipment, time efficient, and may facilitate
long-term exercise adherence for some individuals in a CR population. It is unknown
whether stair-climbing HIIT as a modality leads to changes in cardiac structure and

function and aerobic capacity in individuals with CAD.

1.5 Purpose and hypotheses
Evidently, there is much to be understood with respect to exercise training in a

CAD population. HIIT protocols have been shown to improve CRF, but less research has
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examined cardiac function outcomes to comprehensively assess LV remodeling with this
form of exercise training. CRF programming in a rehabilitation setting typically lasts 3
months or longer, but it is unknown whether stair climbing-based HIIT is feasible, or if it
provides a sufficient physiological exercise load to result in improvements in LV
function, in comparison to the traditional CR exercise training programs, over this
timescale. Assessments were conducted at baseline and following both the supervised (4
weeks) and unsupervised (12 weeks) phases of either STAIR or TRAD training.

The aims of this study were two-fold:

1) to determine if stair climbing-based, high intensity interval training (STAIR)
and traditional CR exercise training (TRAD) are associated with
improvements in CRF and cardiac function in a CR population,

2) to compare the response of standard (EF, EDV, ESV, SV) and novel (LV
twist, MPI, GLS) indices of cardiac function, to 4 and 12 weeks of STAIR and
TRAD CR exercise training in a CR population.

We hypothesized that:

1) CRF, as measured by VOzpeak, would increase in response to 4 and 12 weeks

of exercise training in both the STAIR and the TRAD groups,

2) there would be improvements in LV twist and MPI, whereas there would be no

improvements in neither GLS, EF nor other standard indices of cardiac structure,

after 12 weeks of exercise training in either the STAIR or the TRAD groups.
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2.1 Abstract

Coronary artery plaques, which may progress to a myocardial infarction, are a hallmark of
coronary artery disease (CAD) and can go undetected until times of higher myocardial demand.
The lasting cardiac effects of a myocardial event due to CAD can be quantified using standard
echocardiographic measures, such as ejection fraction (EF). More novel measures of cardiac
function, such as left ventricular (LV) twist, myocardial performance index (MPI), and global
longitudinal strain (GLS) can provide additional information and may be more sensitive to
change after interventions such as cardiac rehabilitation (CR) exercise training. The aim of this
study was to investigate cardiac function in response to 12 weeks of traditional (TRAD) and stair
climbing-based high intensity interval (STAIR) CR exercise training using both standard and
novel echocardiographic measures. Cardiorespiratory fitness (CRF) and both standard and novel
indexes of cardiac function were measured at baseline (0 weeks, T1), post-initial training (4
weeks, T2), and post-training (12 weeks, T3). CRF improved in both groups, after 4 and 12
weeks (TRAD: T1:22.842.5, T2:25.24+4.9, T3:26.0+5.0 mL/kg/min; STAIR: T1:22.1+4.2, T2:
24.744.9, T3: 25.445.2 mL/kg/min; P<0.05) of CR exercise training. There was a training
associated increase in cardiac apical rotation in both groups with a main effect of time (TRAD:
T1: 6.3+2.9,T2:8.943.1, T3:6.9+5.0° and STAIR: T1:4.7£3.7, T2:7.9£3.9, T3: 8.2+2.7°; P=0.01)
and in LV twist in both groups with a main effect of time (TRAD: T1: 13.1+4.0,T2:15.4+3.8,
T3:13.24+6.4° and STAIR: T1:10.2+£2.6, T2:15.7+6.0, T3: 16.3+7.1°; P=0.03), but there were no
additional changes in any of the traditional or novel measures of cardiac function assessed. This
small increase in apical rotation and LV twist may be an indication of early exercise training
associated changes in cardiac function. The similar responses in all measures across both groups

indicate that STAIR exercise training may be a comparable alternative to traditional modes of
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CR exercise training, however the lack of cardiac function changes may indicate that increases in
the training program frequency, intensity or duration may be needed to induce significant cardiac
function improvements. Future research should continue to assess both standard and novel

indices of cardiac function to provide comprehensive assessments and determine the time course

of changes.

Keywords
Cardiac rehabilitation, coronary artery disease, left ventricular twist, longitudinal strain, left
ventricular remodeling, speckle-tracking echocardiography, cardiac function, stair climbing-

based HIIT, exercise training

2.2 Introduction

The prevalence of coronary heart disease (CHD) increases ~10% per decade in adults
over 50 years old, and the number of acute myocardial infarctions are steadily increasing over
time (16). The presence of arterial lesions is evident in youth and progresses with aging (35).
Coronary artery narrowing generally causes the most severe blockages and can go undetected
until times of high myocardial demand, such as during exercise, when oxygen delivery to the
heart muscle can be limited (31). Once moderate to severe coronary artery disease (CAD) is
detected, surgical procedures to improve the coronary blood flow, such as percutaneous coronary
intervention (PCI) or coronary artery bypass graft (CABQ), are typically performed. After a
myocardial event, such as myocardial infarction, the cardiac muscle can undergo adverse
remodeling of the left ventricle (LV) to accommodate changes in heart function due to the

presence of necrotic tissue (44). The extent of LV remodeling and the associated functional
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changes that occur are dependent on both the location and severity of the CAD and the infarct
(44). Clinical echocardiographic measures such as ejection fraction (EF), LV mass, stroke
volume (SV), end diastolic volume (EDV) and end systolic volume (ESV) are commonly
assessed to provide an indication of cardiac structure and function (8, 13, 19). Novel
echocardiographic parameters such as LV twist, myocardial performance index (MPI), and
global longitudinal strain (GLS) can provide additional information about cardiac function and
may be able to facilitate detection of more subtle changes in cardiac function after interventions
such as cardiac rehabilitation (CR) (3, 28). Exercise training is often prescribed as part of CR
programming and has been demonstrated to result in improved blood flow to the myocardium
and mitigation of further progression of CAD (30, 37). In the last four decades, the focus of most
CR exercise programs has been on moderate intensity continuous exercise training as the
accepted exercise training method to improve cardiac function (10). Generally, this exercise
prescription includes, 30 minutes per day of moderate intensity aerobic exercise, performed 5
days per week (49). It has been shown that adherence to the training program is more important
than exercise type and intensity for prediction of survival, and importantly, the physiological
benefits of exercise training are not sustained if exercise habits are not adhered to (48). Recent
research has suggested that high intensity interval training (HIIT), might be an alternative
exercise prescription for individuals with CAD (38, 39). HIIT training has been found to be
equivalent to moderate intensity continuous exercise training at inducing cardiorespiratory
fitness improvements as part of a CR program in populations with CAD (6, 11, 18, 39, 53, 58).
Despite concerns related to the safety of implementing HIIT in CR populations, it has been
shown that HIIT presents a relatively low risk for inducing myocardial events in CR (56).

Although HIIT is currently not recommended for individuals with atrial fibrillation,
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musculoskeletal restrictions, uncontrolled angina and hypertension, it may serve as a time and
physiologically effective alternative for those CR participants who find time is the limiting factor
for incorporating exercise into their schedule (7). Other barriers to exercise participation for CR
include access to services and financial cost (7). Stair climbing training has been used in many
populations as an interval-based exercise (2, 17, 21, 23, 45, 46, 54). Stair climbing-based HIIT
may present a feasible alternative that addresses many of the previously identified barriers to CR
exercise and has been successfully used as an exercise modality in young healthy populations (2,
4, 23), and in clinical populations such as individuals with diabetes and pre-diabetes (12, 14, 21,
45, 46). Additional to an aerobic challenge, stair climbing presents a resistance exercise
challenge. Specifically to climb the stairs, requires a resistive component to complete concentric
contractions of leg muscles to repeatedly lift body weight, as well as eccentric contractions
performed during the descending phase the stairs. Stair climbing has been previously shown to
improve muscle strength in healthy older adults (22). Stair climbing-based HIIT has yet to be
examined for CAD populations entering CR and novel measures of cardiac function, such as LV
twist and MPI, may provide additional information in the application of stair climbing-based
HIIT in comparison to usual care exercise prescription over the course of CR programming.

As such, we investigated the changes in CRF and cardiac function using both standard
and novel echocardiographic measures before and after either traditional CR exercise
programming (TRAD) or stair climbing-based HIIT (STAIR). The purposes of this study were to
assess CRF and both standard and novel indices of cardiac function, in response to 4 and 12
weeks of either TRAD, or STAIR, CR exercise training post-myocardial event.
Echocardiographic and CRF assessments were conducted at baseline and following both the

supervised (initial 4 weeks) and unsupervised (additional 8 weeks) phases of either STAIR or
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TRAD exercise training. Guided by recent evidence examining traditional CR exercise training
compared to a non-exercise control (28), we hypothesized that CRF, LV twist and MPI would
improve, as measured by increases in peak oxygen uptake (VOzpeak), reductions in overall
degrees of rotation for LV twist and a reduction in MPI, after 12 weeks of exercise training in
both the STAIR and the TRAD groups. Additionally, in alignment with the previously observed
time course for changes in traditional measures of cardiac function (8, 13, 19) we hypothesized
there would be no improvements in neither GLS, EF nor other standard indices of cardiac

function, despite improvements in LVT and MPI following this intervention.

2.3 Methods

2.3.1 Participants

Sixteen participants (61 = 7 years old) were recruited from the Cardiac Health and Rehabilitation
Centre (CHRC) at the Hamilton General Hospital. Inclusion and exclusion criteria are indicated
in Table 1. From January 31%, 2018 until April 18", 2019, 761 medical charts were screened, and
all 273 eligible participants were provided with a study information sheet during their primary
cardiologist appointment at the CHRC. If they indicated interest in the study, participants were
directed to meet with the study investigators, for further explanation and provision of contact
information. From 40 patients interested in the study, 20 completed the cardiopulmonary
exercise stress test (CPET) to confirm eligibility. A cardiologist subsequently reviewed the
CPET and checked for electrocardiogram (ECG) abnormalities that might prevent participation,
prior to participant enrollment in the study. At this time, 18 participants were enrolled, and 16

participants have completed the study and have been included in the current analysis.
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2.3.2 Study design and protocol

To mimic the current timeline of CR programming at the CHRC in Hamilton, our study
included two phases: the initial phase involved supervised exercise training for approximately 4
weeks or 6 individual, supervised exercise sessions, and an integration phase of unsupervised
exercise performed at the participants’ choice of location, either at-home or a community-based
facility for an additional 8 weeks, in which they were encouraged to continue exercise training at
a frequency of 3 times per week. All supervised sessions had at least one study investigator and a
CHRC Registered Kinesiologist present. All cardiac echocardiography assessments were
conducted at McMaster University. Each participant was randomized into one of two treatment
groups (n=8/group), either TRAD or STAIR. See Figure 1 for a schematic of the study timeline.
At the end of 4 weeks of supervised CR exercise programming, another CPET and
cardiovascular assessment were performed to assess any potential changes in physiological
function over the initial phase of training. At the end of the 12-week rehabilitation period, a final
CPET, and cardiovascular assessment were once again performed. The study protocols were
approved by the Hamilton Integrated Research Ethics Board (HIREB #3301) and conform to the
Declaration of Helsinki concerning the use of human subjects as research participants. Written

and verbal informed consent were obtained from all subjects.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria

Men and (post-menopausal) women

Registered to participate in the CHRC at the Hamilton General Hospital

History of previous myocardial infarction, CABG and/or PCI

Non-smoker (within 3-months)

Local resident with transportation to the CHRC at the Hamilton Health Sciences
General Division.
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e Ability to understand written and verbal instructions and provide written
informed consent

e Stable medical therapy

Exclusion Criteria

e Non-cardiac surgical procedure within two months

e Mpyocardial infarction within two months; coronary artery bypass graft surgery
within two months; percutaneous coronary intervention within one month
Baseline work capacity <25 watts

New York Heart Association (NYHA) class II-IV symptoms of heart failure
Documented significant valve stenosis

Positive exercise stress test (i.e. typical symptoms of chest discomfort and ECG
changes or positive nuclear scan)

Symptomatic peripheral arterial disease that limits exercise capacity
Uncontrolled supraventricular or ventricular dysrhythmia

Unstable angina

Uncontrolled hypertension (blood pressure >160/90 mmHg)

Documented chronic obstructive pulmonary disease - classified as those with a
forced expiration volume (FEV) of less than 60% and/or a forced vital capacity
(FVC) less than 60%

e Any musculoskeletal abnormality that would limit exercise participation

Choice of community-based or

Hamiton
i, Q independent programming
Recruitment %m

Integration phase:
Unsupervised
Exercise

Initiation phase:
Supervised

Exercise

Pre-exercise testing (4 weeks) Post-initial testing (8 weeks) Post-training testing
(0 weeks) 1 1-2 times/week (4 weeks) 2-3 times/week (12 weeks)
9 it &
G # &G # G #
Randomization
Traditional CR exercise (TRAD)
Stair Climbing HIIT (STAIR) Legend:

% = Cardiopulmonary Exercise Test
@jﬁ = Cardiac Assessment
% = Cardiac Health and Rehabilitation Centre

Figure 3: Study protocol mimicking the timeline of cardiac rehabilitation program that is

currently performed at Hamilton General Hospital CHRC. All cardiac assessments were
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completed at McMaster University and all CPETs were conducted at the Hamilton General

Hospital Medical Diagnostic Unit.

2.2.3 Cardiorespiratory fitness

CRF was assessed under medical supervision, at the Hamilton General Hospital, using a
CPET. Participants were continuously monitored using 12-lead electrocardiogram, heart rate,
and blood pressure. They were fitted with a mask to directly measure peak oxygen uptake
(VO2peak) determined by analysis of expired gases using a metabolic cart (SensorMedics Vmax
229; California, USA). Participants completed the test on either a stationary bicycle or treadmill
using a ramped protocol. The cycle workload was increased by 100 KPM per minute. Treadmill
workload begins at 2.0 mph and 0% grade and after the first minute the speed increases to
3.0mph. Thereafter the incline increases by 2.5% per minute. Once the grade reaches 20% the
speed is increased by 0.5 mph each minute. The exercise modality was consistent within each

participant.

2.2.4 Interventions

Following assignment to an exercise group, all participants were provided with a receiver
(watch) and a corresponding heart rate sensor chest strap (Model A300, Polar H7 heart rate
sensor, Polar Electro Oy, Finland). The data from each completed exercise session was
subsequently downloaded using software available online (MacOS FlowSync 2.6.4, Polar

Electro 2018).
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2.2.4.1 Traditional moderate intensity continuous training (TRAD)

During each exercise training session, the TRAD group performed an accumulation of 30
minutes of moderate intensity exercise using a rotation of different exercise machines, including
a treadmill, recumbent bicycle, and arm cycle ergometer, with a 10-minute warm up and 5-
minute cooldown, for a total exercise time of 45 minutes. Each exercise session, regardless of
modalities involved, was performed a workload of 60-80% of the individual VO, reserve
determined from the pre-training CPET and with an intensity goal of 11-13 on Borg’s Rate of

Perceived Exertion (RPE) scale.

2.2.4.2 Stair climbing-based high intensity interval training (STAIR)

During each training session, the STAIR group completed a HIIT exercise session
consisting of 3 bouts of exercise, with each bout comprised of climbing a single flight of stairs 6
times at a vigorous pace with brief periods of active recovery (walking on flat ground) between
each bout. The participants were instructed to “ascend a flight of 12 steps at a pace that you find
challenging and descend at a pace you find comfortable” with each bout consisting of a total of
72 steps. While the work period was based on the amount of time it took each person to climb 72
stairs, the active recovery period was double the active period, with a work to rest ratio for each
bout of exercise versus active recovery at a 1:2 ratio. This protocol was based on the volume of
stairs completed in the stair climbing-based HIIT exercise training study previously described by
Allison et al. (2). During each supervised session the time duration of the recovery period was
determined by the duration of the first stair climbing bout and maintained consistent throughout

the session.
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2.2.4.3 Integration phase

During the integration phase of exercise training, participants were instructed to continue
their respective exercise training program without supervision in either in a community-based
facility or through home-based exercise programming. Participants were recommended to

complete 3 sessions per week of their respective exercise training program.

2.2.5 Experimental measures

For each experimental testing session, participants visited the Vascular Dynamics
Laboratory at McMaster University in a >2 hours fasted state. Each testing session visit began
with recording of anthropometric measurements (height and weight). Prior to any assessments,
participants rested in the supine position for a 10-minute period to ensure a steady-state baseline
was achieved for cardiovascular parameters. First, resting supine upper arm blood pressure was
obtained (Dinamap V100; GE Healthcare). All cardiac measures were then assessed via non-
invasive ultrasound imaging of the heart. The ultrasound operator conducted the ultrasound
measures at the left side of the participants thoracic cage with the ultrasound probe placed
between the ribs for the sharpest acoustic window. Short video segments of at least five heart
cycles were recorded at an approximate depth of 13 cm at a frame rate of 30-50 fps, using a 1.5-
3.6 MHz sector phased-array probe connected to a commercial ultrasound unit (Vivid q; GE
Medical Systems, Horten, Norway). The views obtained included the parasternal short axis
(PSAX) view at the base of the left ventricle obtained at the level of both the mitral valve (MV)
and the apex (AP), a parasternal long axis (PLAX) view, an apical 4-chamber (A4C) view in 2D
and pulse wave (PW) mode, and an apical 5-chamber (A5C) view in PW mode. Data was stored

offline and later analyzed using commercially available software for subsequent analysis
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(EchoPAC 110.0.2; GE Medical Systems, Horten, Norway). All measurements were conducted
in triplicate, using the clearest three consecutive heart cycles of each ultrasound cineloop when
possible, then averaged. All cardiac analysis was performed using a research randomization
scheme, in which the analysis order of the three study timepoints (baseline (T1), end of initial
phase training (T2) and end of exercise training (T3)) within a participant were randomized using

an online randomization tool (52).

2.2.5.1 Left ventricular twist

As the primary outcome measure, LV twist was analyzed via two-dimensional speckle
tracking echocardiography (Q-analysis, Echo-PAC PC, Version 110.0.2; GE Medical Systems,
Horten, Norway). The inner myocardial wall borders were manually traced for three heart cycles
of both the PSAX-MV and PSAX-AP views. Subsequently, using the standard analysis package
associated with this measure (Q-analysis), an automated quality analysis of the ability to track
the 6 different wall segments across the heart cycles was performed. If the speckle-tracking was
not accurate for 85% of the heart cycle, an alternate speckle location was chosen and often an
alternate heart cycle was chosen until the best option was determined and then the final traces
were reviewed for quality. After this image analysis quality check was complete, drift
compensation was applied to bring the traces through the x-axis by assuming constant estimation
error over the cardiac cycle to reduce erroneous baseline shift. These practices were performed
by the same rater according to standard practice in our lab, and in accordance with current
guidelines (40). The circumferential and radial parameters generated from this analysis were then

exported to excel files for further trace analysis with the 2D Strain Analysis Tool (Stuttgart,
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Germany), which uses cubic spline interpolation for all the traces to 1200 points and calculates

peak values for statistical analysis.

Apical rotation CCW @ Basal rotation CwW c

Figure 2: Speckle-tracking echocardiography analysis of PSAX-AP and PSAX-MV images and

the subsequent calculation required to obtain LV twist.

2.2.5.2 Myocardial performance index (MPI)

We evaluated MPI from an average of three cardiac cycles using Doppler time intervals
that were obtained from the LV outflow (ASC-PW mode) and the LV inflow (A4C-PW mode)
measurements, as represented in Figure 3. The sum of isovolumic contraction time (ICT) and
isovolumic relaxation time (IRT) was obtained by subtracting ejection time (ET) (Fig 3, b) from
the time interval between two mitral adjacent inflow periods (Fig 3, a). MPI then was determined

as [(a-b)/b], where a is the time interval between two mitral inflow periods and b is ejection time

(47).
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LV outflow ¥ Y \

ilIRT

MPI = (A-B) =(ICT + IRT)
B ET

Figure 3: Representative image of MPI analysis from Doppler tracings of mitral inflow and LV
outflow. A = time between filling periods; B = ejection time (ET). The sum of is isovolumic
contraction time (ICT) and isovolumic relaxation time (IRT) can be obtained by the subtraction

of B from A. Image is not to scale for the purpose of depicting the analysis.

2.2.5.3 Global longitudinal strain

GLS was obtained using the A4C view and tracing the LV endocardium at the tissue-
blood interface, without including the trabeculae. Using Q-analysis, 6 segments of the LV were
tracked including basal septal, mid septal, apical septal, apical lateral, mid lateral, and basal
lateral segments. All tracking quality of all six segments were passed through an automatic
checking system identical to that described above for LV twist measures. Further processing was

completed using the 2DStrain tool, as described above.
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2.2.5.4 Other cardiac measures

Standard measures of cardiac structure and function and were obtained from various
echocardiographic views as follows: cardiac output (CO) was measured using the LV outflow
tract velocity time integral to obtain SV, which was measured just below the aortic valve, and the
ECQG tracing to obtain HR, calculated as: (HRxSV). EDV and ESV and were determined using
the Simpson’s monoplane method (29), and from these, stroke volume was determined by

subtracting is associated with increases in LV twist or a reduction in LV untwisting rate (UTR;

EDV ESV
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EF(%) = EDV — ESV
EDV

27,47). While LV twist is related to the systolic function of the heart, LV UTR is related to the

diastolic function of the heart and is linked to the filling of the LV (27). It is known ESV from

EDV. EF was calculated as: [(EDV-ESV)/EDV]
Figure 4: A sample analysis tracing of myocardium in end diastole (left) and end systole (right)
as used to calculate EF using the Simpson’s monoplane method. EF = ejection fraction; EDV =

end diastolic volume; ESV = end systolic volume.
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To measure diastolic filling of the LV, measurements were completed using the LV
inflow from the A4C-PW mode velocity tracing with the PW sample volume positioned at the
tips of the mitral leaflets. The peaks of both the early active filling (E-wave) and late passive
filling (A-wave) velocity waves were assessed and the ratio was calculated (E/A ratio). LV mass
is commonly represented as the thickness of the inner and outer LV wall in diastole, measured
using the PLAX view, and was calculated using the linear method shown in equation 1, where
1.04 is the specific gravity of the myocardium (g/cm?), LVEDD is left ventricular end diastolic
dimension (mm), [VSq is intraventricular septal thickness at end-diastole (mm), PWTqis

posterior wall thickness at end-diastole (mm) (29):

(1) LV Mass (g) = 0.8 {1.04[([LVEDD + IVS4 + PWT4]3 — LVEDD3)]} + 0.4

2.2.6 Statistical Analysis

A sample size calculation was computed for the primary outcome variable of peak LV
twist using G*Power for Macintosh OSX (9)(version 3.1.9.2; MacOS) using data from the study
of McGregor et al. as a reference, which reported the effects of moderate intensity continuous
training on LV twist in a CR population (36). Assuming a standard deviation of the change in LV
twist from baseline to follow-up of 5.3° in each group, we estimated that, to detect a difference
of -3.95° in the change of LV twist between exercise groups, a minimum of 19 participants
would be required in each group. A significance level of 5% and a statistical power of 80% was
defined. Due to timeline and resource restrictions, for the purpose of this thesis, only 8
participants were included in each group for this analysis.

The final dataset was missing 1.38% of the full dataset and a missing values analysis was

performed. Additionally, there was 1 CPET test that was not completed due to lack of follow-up.
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A Missing Values Analysis indicated that Little’s (1988) test of Missing Completely at Random
(MCAR) was not significant, y 2 16.744, DF = 29, p = .97. When significant, this test suggests
that the hypothesis that the data are MCAR can be rejected. Therefore, there was no evidence to
suggest that the data were not MCAR. Expectation maximization was therefore performed using
all timepoints for CRF, basal rotation, apical rotation, and LV twist to impute missing values and
complete the dataset.

Statistical analyses were performed using IBM SPSS Statistics for Macintosh OSX
(version 20.0.0; IBM Comp., Armonk, N.Y., USA). Participant characteristics were summarised
as mean + standard deviation (SD), with independent t-tests used to compare group means at
baseline. To compare all cardiac measures across the 3 timepoints, a 2x3 mixed measures
analysis-of-variance (ANOVA) model was used that included assessments of main effects of
group (TRAD and STAIR) and time (T1, T2 and T3) and interactions of group by time. We used
a 95% confidence interval and statistical significance was considered as P < 0.05. Pairwise
comparisons post-hoc analysis was conducted for significant interactions or main effects using

Bonferroni adjustment for multiple comparisons.

2.3 Results

2.3.1 Recruitment

Of the 16 participants completed, there was missing echocardiographic data due to an inability to
acquire clear ultrasound images and insufficient ultrasound image quality for 2 participants at 2
timepoints for apical rotation and 1 timepoint for basal rotation, which affected the calculations
of LV twist for those timepoints. All participant characteristics at baseline are outlined in Table

1. The randomly assigned groups were evenly matched for all variables with the exception of the
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presence of hypertension (more in TRAD), type 2 diabetes mellitus (more in TRAD), and
previous cardiac event (more in STAIR). Despite the group differences in the diagnosis of

hypertension, there were no group differences in any resting measure of blood pressure.

Table 1. Participant Characteristics at baseline

Baseline
Stair (n=8) Trad (n=8) P

Sex (M/F) (8/0) (7/1)
Age (yrs) 61+6 62+7 0.67
Height (cm) 1756 169 £ 13 0.45
Body mass (kg) 203.3 +£25.5 209.8 £42.6 0.31
BMI (kg/m?) 29.8+3.5 29.7+4.4 0.96
Resting SBP (mmHg) 121+ 10 126 +23 0.60
Resting DBP (mmHg) 757 73 £11 0.77
Resting HR (bpm) 54+£5 58 £11 0.40
Clinical

STEMI (n,%) 2 (25) 1(12.5)

NSTEMI (n,%) 4 (50) 5(62.5)

Angina (n,%) 2 (25) 2 (25)

PCI (n,%) 6 (75) 5(62.5)

CABG (n,%) 2 (25) 3(37.5)

Time since event (weeks) 8.1+53 72+43 0.87
Medications

Beta-blockers (7,%) 7 (87.5) 7 (87.5)

ACE inhibitors (r,%) 7 (62.5) 5(62.5)

ASA (n,%) 8 (100) 8 (100)

Lipid lowering (7,%) 8 (100) 8 (100)

Metformin (n,%) 1(12.5) 2 (25)
CV disease risk factors

Previous smoking history (7,%) 2 (25) 3(37.5) 0.33

T2DM (n,%) 1(12.5) 3(37.5) 0.03*

Hypertension (7,%) 5(62.5) 7 (87.5) 0.03*

Previous cardiac event (n,%) 5(62.5) 0(0) 0.00*

Dyslipidemia (7,%) 6 (75) 7 (87.5) 0.23
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All values are expressed in mean £ SD. BMI = body mass index; SBP = systolic blood pressure;
DBP = diastolic blood pressure; HR = heart rate; STEMI = ST elevated myocardial infarction;
NSTEMI = non-ST elevated myocardial infarction; PCI = percutaneous coronary intervention;
CABG = coronary artery bypass graft; ACE inhibitors = Angiotensin converting enzyme
inhibitor; ASA = Acetylsalicylic Acid; T2DM = Diabetes mellitus; * = independent t-test, P <

0.05.

2.3.2 Effect of exercise interventions

Exercise adherence for the first 6 sessions during the initial phase was 100% for both groups. All
standard measures of CR are displayed in Table 2. CRF, as measured by VO;peak, was
increased with training (main effect of time). Post-hoc analysis revealed a difference between T1
and T2 (P=0.001), T1 and T3 (P=0.004), and no difference between T2 and T3. There were no
observations of main effects of group or time or interactions for any of the standard cardiac
variables with the exception of stroke volume where there was a significant group by time
interaction. Post-hoc analysis revealed the SV increased in the STAIR group with training,
whereas there was no difference in the TRAD group across time. All novel measures of cardiac
function are displayed in Table 3. LVT increased with training (main effect of time) and post-
hoc analysis revealed a p-value trending towards a difference between T1 and T2 (P=0.06) and
no difference between any other timepoints. Apical rotation increased with training (main effect
of time) and post-hoc analysis revealed a difference between T1 and T2 (P=0.03). There were no

other differences observed for any other novel cardiac variables.
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Table 2. Standard measures of cardiac rehabilitation at baseline, post-initial training, and post-training.

Baseline Post-initial training Post-training

(0 weeks) (4 weeks) (12 weeks)
N= Stair Trad Stair Trad Stair Trad P (time) P (group) P (group x
8/group time)
VOzpeak 22.1+4.2 22.842.5 24.7+4.9 25.2+4.4 25.4+5.2 26.0£5.0 0.00%* 0.77 0.99
(mL/kg/mi
n)
BMI 29.8+£3.5 29.7+4.4 29.3+£3.3 29.4+3.9 29.1£2.8 29.0+4.1 0.03* 0.99 0.88
(kg/m?)
SBP 121£10 126+23 116+10 126+30 121+8 122425 0.73 0.58 0.26
(mmHg)
DBP 75+7 73+£11 718 73+12 7445 69+8 0.31 0.70 0.23
(mmHg)
HR (bpm) 5445 58+11 60+12 59+15 62+15 56+9 0.22 0.78 0.09
LV mass 239+78 266+118 263+65 266+115 242448 2824137 0.73 0.61 0.26
(2)
LVM/BSA 113+£38 128+52 125431 128+48 116+23 136+58 0.76 0.53 0.61
(g/m?)
EDV (mL) | 149.8439.9 153.2446.1 150.7£27.0  161.3+68.7 | 143.9+27.8 167.3+61.6 0.78 0.59 0.36
ESV (mL) 75.2+£35.2 86.3+£32.9 81.5+23.7 92.5+46.2 78.8426.7  101.4+45.1 0.19 0.40 0.43
SV (mL) 65.5£12.5 75.2+13.8 77.7£13.2 73.8422.8 82.8+14.4 72.0+£18.7 0.21 0.81 0.05*
CO (L/min) | 4.43+.80 3.57+.84 4.09+.61 4.16£1.33 4.34+.73 4.00+.86 0.84 0.58 0.08
EF (%) 52+14 45+7 4749 44+7 47£10 40+£10 0.15 0.20 0.55
E/A ratio 1.23+.25 .99+.33 1.17+.36 1.05+.41 1.28+.30 1.13+.55 0.50 0.31 0.73

All values are expressed in mean + SD. VO;peak = peak oxygen uptake; BMI = body mass index; SBP = systolic blood

pressure; DBP = diastolic blood pressure; HR = heart rate; LV mass = left ventricular mass; LVM/BSA = left ventricular

mass/body surface area; EDV = end-diastolic volume; ESV = end systolic volume; SV = stroke volume; CO = cardiac
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output; EF biplane = ejection fraction using Simpson’s monoplane method; E/A ratio = ratio of early passive filling to late

active filling of the left ventricle; ¥ = independent t-test, P <0.05; * = significant, P <0.05.

Table 3. Novel measures of cardiac function at baseline, post-initial training, and post-training.

Baseline Post-initial training Post-training

(0 weeks) (4 weeks) (12 weeks)
N = 8/group Stair Trad Stair Trad Stair Trad P P P (group x

(time) | (group) time)

LV twistpeak 10.2+2.6 13.1+4.0 15.7+6.0 15.4+3.8 16.3£7.1 13.2+6.4 | 0.03* 0.95 0.14
©)
BRotpeak (°) -4.7£5.0 -7.1£3.0 -8.5+3.3 -6.7£3.3 -8.9+5.6 -7.2+£1.9 0.27 0.76 0.24
ApRotpeak (°) 4.7£3.7 6.3+2.9 7.9£3.9 8.9+3.1 8.2+2.7 6.9+5.0 0.01%* 0.79 0.25
GLS (%) -11.643.5 | -11.743.3 | -12.642.4 | -11.3£2.3 | -11.9£2.6 | -12.2+3.4 0.88 0.81 0.48
MPI 49+.13 35+.04 47+.14 46+.12 44+.14 A43+.16 0.64 0.19 0.25

All values are expressed in mean + SD. LV twistyeax = peak left ventricular twist; BRotyeak = peak basal rotation; ApRotpeak = peak
apical rotation; GLS = global longitudinal strain, MPI = myocardial performance index; * = significant main effect of time, P <

0.05.
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2.4 Discussion

In the current study, we sought to determine the LV function and CRF responses to 12
weeks of TRAD or STAIR exercise training in individuals with CAD. The main findings of this
study are three-fold: 1) apical rotation and LV twist increased in the initial phase of both TRAD
and STAIR exercise training, 2) there were no other substantial changes in any other standard or
novel measures of cardiac function over time with either training program, 3) both training
programs were associated with increases in CRF following the initial training (T2) that was
maintained after the integration phase (T3) of training.

Following a myocardial event, cardiac function is expected to decline as adverse LV
remodeling takes place (42). After surgical interventions repair the blockage with the coronary
arteries, changes continue to take place in terms of in cardiac structure and function (42).
Increases in EDV of 5-10%, increases in ESV, and decreases in EF 1-5% can typically be
expected within the early months following a cardiac event, and in some cases, can progress to
further decline and heart failure (42). Previous research indicates novel measures of cardiac
function can demonstrate further declines without interventions such as CR exercise training,
documented as increased apical rotation, basal rotation, and LV twist after 12 weeks in the non-
exercise control group, compared to a group completing traditional moderate intensity
continuous training who demonstrated reductions in the same measures (36). In the current
study, measures of cardiac function, standard and novel, did not change over the course of the 12
weeks of either TRAD or STAIR exercise training. In the context of previous studies, prevention
of further declines in cardiac function can be considered positive, although the current study did

not contain a non-exercising group for comparison.

67



M.Sc. Thesis — S.E. Valentino; McMaster University — Kinesiology

Our data demonstrate that both traditional and stair climbing-based HIIT training resulted
in increased degrees of apical rotation and LV twist after the initial phase of training, and no
changes in any other measures of cardiac function. Similarly, other research has found that apical
rotation may be more sensitive to driving changes in LV twist with CAD and other cardiac
conditions (27, 33, 50). Although there are few previous exercise training studies in CAD
populations that include measures of LV twist, one previous study in individuals with CAD
indicates that exercise training-associated reductions in LV twist may be considered
advantageous (36). In contrast, there is evidence to suggest that exercise training in young
healthy individuals results in increases in LV twist within 3 months of embarking on an intensive
exercise program (55). In the same group of young healthy individuals, cardiac assessments at
long term follow-up (39 months) suggest that when exercise training is continued there are
further adaptations, resulting in reductions in LV twist compared to both the 3 month post-
training timepoint and the pre-training baseline (55). Clearly, more research is required to
determine the time course and direction of exercise training associated changes in LV twist in
different populations.

Regardless of exercise program, we observed exercise training associated improvements
in CRF. CRF was found to increase an average of 3.3mL/kg/min in both groups from baseline
(T1) to post-training (T3). One aim of CR programming is secondary prevention through risk
reduction, and this can be achieved through increases in CRF. This study was designed to align
with the current CR program offered at the Hamilton General Hospital and therefore our 12-
week CR program involved an initial phase of exercise initiation for 4 weeks, followed by an
integration phase of self-motivated, unsupervised exercise for 8 weeks. Despite the challenges

associated with prescribing unsupervised exercise training, our participants were able to maintain
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their CRF as evidenced by differences in CRF between T1 and T3. Previous longitudinal
research has found it is not the intensity of, but the adherence to, exercise that is most important
to the reduction in mortality risk (48). During the 8 weeks of self-motivated exercise
programming, only 2 of our participants purchased a community gym membership. The study
investigators did not contact the participants throughout the 8 weeks of the integration phase and
the current results address the feasibility of participants demonstrating physiologic changes with
unsupervised exercise programs in a “real-world” setting.

Previous research has demonstrated exercise training associated increases in standard
measures of cardiac function following 12 weeks or longer periods of exercise training and that
these changes are indicative of long-term heart function (3, 57). This relatively long time-course
for exercise training associated improvements in LV function contrasts with the more rapid
adverse LV remodeling observed within 14 days of a myocardial event (37). The earliest
documented exercise training associated myocardial function improvements have been found at
2 weeks in young healthy males completing HIIT exercise, and these improvements were
measured as increases in apical rotation and LV twist in parallel with increase in CRF (43). In
our CAD population, both cardiac function and CRF at baseline were impaired compared to
previous cited work in young healthy participants. These differences in clinical and healthy
populations seems to produce differential responses in measures of cardiac function. Prior to
exercise training we found evidence of elevated cardiac function, indicated by a higher EF, in the
STAIR group despite this group having more documented previous myocardial events (Table 1).
After 12 weeks of exercise training, although CRF improved, this was not paralleled by cardiac

adaptations with the exception of the observed increase in apical rotation over time.
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By including multiple echocardiographic measures, our study was able to provide a
comprehensive assessment of cardiac function in our participants. MPI is a cardiac function
measure that combines systolic and diastolic function together, where an MPI of less than 0.36 is
considered a hallmark of reduced LV function (15). Although we did predict an improvement in
MPI with exercise training, our study cohort did include some individuals that had reduced
diastolic function at baseline, according to accepted cut-off values for MPI, and we would expect
that those with reduced function at baseline would have the greatest capacity for improvements
with training (41). Individual data inspection allowed us to observe that the one individual in our
cohort who had the most severe myocardial infarction also had the lowest MPI and demonstrated
what appeared to be increases in MPI with training. One previous study documented that
individuals with CAD demonstrate improved MPI values after exercise training prescribed at
90% of documented anaerobic threshold 2-3 times per week for 6 months, in the face of no
change in EF (51). Another study involving two groups of home and hospital-based exercise
training in patients with heart failure found no difference in MPI, reported as Tei index, after 8
weeks of training, in line with the current study results (25). The differences in length of exercise
training programs may have led to these differential findings between studies, where longer
training periods are associated with greater observed changes in MPI. Despite these differences,
training studies in this population are uncommon, and the data presented here provides value to
the currently limited literature.

In line with our hypothesis, GLS did not change with exercise training throughout our
study. These results are similar to previous work that documented no change in GLS between
groups of aerobic interval training and aerobic continuous training (20, 40). Other training

studies using traditional moderate intensity continuous training in individuals with CAD, found
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GLS also does not change with CR exercise (20, 34). While GLS does not seem to be affected by
exercise, this measure has been found to provide better prognostic value, compared to EF, at
documenting improvements in LV function (1). According to current suggestions from Kalam et
al. (24), strain values lower than -20% are considered normal, and higher than -12% are
considered impaired. Throughout the study, our documented average values of GLS were close
to this value of -12%, (ranging from -11.3 to -12.6%), suggesting the LV function of our study
population was limited. This was an unexpected finding, considering none of our participants
had documented heart failure to our knowledge. Previous findings have suggested that higher
CRF is associated with better GLS values in individuals with CAD (20, 27), after individual data
inspection of VOzpeak and GLS values at baseline, those who had the highest VO;peak did not
correspond with those who had higher GLS values. Although GLS has been documented to
better predict patient outcomes than EF, the present study findings do not show greater
sensitivity between these measures. Alternatively, our study found the earliest training-associated
changes occurred in CRF, without changes in cardiac function.

Individuals were randomly assigned to their respective exercise training groups in our
study and we found that there was an even distribution of risk factors between groups, except for
a higher number of previous CAD events in the STAIR group. There was similar medication
prescription between groups and no medication changes took place during the study period.
Although recruitment of female participants was challenging, we believe these results are
generalizable to the broader CAD population (5, 26). Of the medical charts screened, 20% were
female which suggests Hamilton General Hospital already has a lack of women interested in
participating CR in comparison to the available literature values (32). There are many non-

medical barriers to female participation in cardiac rehabilitation, such as lack of interest, family
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and/or work obligations, lack of support (32), but we did not find there were discernable
differences to incorporating our one female participant in the TRAD group. Females continue to
be understudied in CR, despite similar rates of CAD especially in older age. We encourage more
studies to consider supporting women to be part of research studies by decreasing time
enrollment, providing alternative delivery models, and supporting the use of technologies to
facilitate participation (30). Some of these commonly cited barriers to CR participation have the
potential to be addressed by stair climbing-based HIIT and in the future, this form of exercise
may provide an alternative to CR exercise programming that could increase the participation of

women in CR overall.

2.5 Limitations and Future Directions

Our study had several limitations including the fact that we did not reach the sample size
calculated to be required to detect differences in LV twist due to time and resource limitations.
The top three medical reasons for ineligibility were smoking within the past 3 months (27%),
valve replacement (21%), and atrial and/or ventricular fibrillation (8%). The two reasons most
frequently provided by participants as barriers to participation in the study were proximity to
McMaster University or the Hamilton General Hospital and lack of time. Despite this, the sample
that was recruited is comparable to the general CAD population as it includes individuals with
comorbidities that did not require specific exercise prescription or limit their ability to participate
in stair climbing-based HIIT (26). Future studies should consider addressing these barriers by
supporting communities and providing short duration, home-based options for CR programming.

The control group used in this study completed CR exercise according to the traditional

CR exercise prescription. A lack of non-exercising control group limits that ability to apply our
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findings in the context of individuals who elect to not participate in CR exercise training.
However, we do believe it is unethical to withhold exercise from a group of individuals with
CAD who have elected to participate in CR exercise. Further, previous research has already
demonstrated declines in our primary outcome variables in a non-exercise control group of
individuals with similar CAD characteristics (36). Future studies may find it beneficial to allow
individuals who self-select to not join CR exercise training programs to participate in
physiological assessments, and therefore act as a non-exercise control group.

There were circumstances where we were unable to collect ultrasound and CPET data,
which resulted in 11 cases of missing data (1.38%) in our whole dataset. Ultrasound image
acquisition is unpredictable in individuals due to challenging anatomy, especially for older
individuals in which the cardiac windows are more difficult to landmark in comparison to young
healthy participants. Some of the missing data in our study was in our primary outcome variables
and therefore we were able to impute the data as an alternative to excluding these participants
and further reducing our observation numbers. Other studies should attempt to screen or recruit

additional participants when possible to account for challenging cardiac ultrasound imaging.

2.6 Conclusion

We investigated the changes in cardiac function in response to 12 weeks of either stair
climbing-based HIIT or traditional CR exercise. Over time, we observed improvements in CRF,
an increase in apical rotation and LVT, while no change in other standard and novel measures of
cardiac function with either TRAD or STAIR exercise training in our group of individuals with
CAD. Our study findings provide support for a feasible CR training model that incorporates 8

weeks of unsupervised exercise training following an initial period of supervised exercise
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sessions. Future research should continue to incorporate novel metrics of cardiac function

assessment to gain a comprehensive understanding of cardiac function in response to exercise

interventions in individuals with CAD.
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APPENDIX A — Raw Data

Table Al. Individual data standard cardiac measures

T1 - Individual averages

Name/Date | EDV | ESV | EF SV LV Mass LVOT |CO LVEDV | LVESV | LVEF | SV

(mL) | (mL) | (%) (mL) | (Linear) Diam (L/min) | AAC A4C A4C | A4C
SCOREO01 68.7 | 31.7 53.0 | 37.0 144.0 22 23 118.0 63.7 | 453 | 54.0
SCOREO02 95.7 | 48.3 47.7 | 47.0 223.0 2.0 25 173.3 120.7 | 30.3 | 52.3
SCOREO03 98.3 | 33.0 64.3 | 69.0 147.8 1.8 3.1 150.7 81.7 | 45.7 | 69.0
SCORE04 | 106.0 | 35.3 67.0 | 68.0 224.0 2.0 3.7 78.3 257 | 67.7 | 527
SCOREO05 83.3 | 30.3 63.7 | 52.7 204.0 2.0 3.9 111.7 447 | 60.0 | 66.7
SCOREO06 | 106.7 | 40.7 62.3 | 65.7 265.6 1.9 3.8 175.0 614 | 61.0]| 750
SCOREO07 623 | 21.7 65.0 | 41.0 115.8 24 2.7 137.3 46.0 | 66.3 | 91.0
SCOREO08 98.0 | 50.7 48.3 | 47.7 199.3 2.0 29 121.0 65.7 | 453 | 55.0
SCORE09 | 140.0 | 79.0 43.7 | 58.3 3211 22 3.2 206.7 113.3 | 45.0 | 93.3
SCORE10 82.3 | 29.0 64.7 | 53.7 338.8 21 2.8 114.0 47.0 | 59.0 | 67.0
SCORE11 128.7 | 44.0 65.3 | 84.7 272.2 2.0 5.1 172.3 116.3 | 33.0 | 56.0
SCORE12 | 107.7 | 62.3 41.3 | 453 398.5 24 3.2 190.7 112.3 | 40.7 | 78.0
SCORE13 | 114.3 | 48.0 58.0 | 66.7 478.2 23 29 226.7 143.3 | 36.3 | 83.0
SCORE14 78.3 | 28.3 63.7 | 50.0 156.5 1.9 26 123.3 71.0 | 427|523
SCORE16 66.0 | 26.0 63.3 | 40.0 272.0 2.0 26 120.0 747 | 37.7 | 45.0
SCORE17 90.7 | 23.0 74.7 | 67.3 273.2 21 3.5 204.7 112.7 | 45.0 | 92.3
AVERAGE 954 | 395 59.1 | 55.9 249.2 21 3.2 149.9 79.5| 48,5 |67.5
SD 219 | 155 95| 133 104.6 0.2 0.7 421 356 | 122|146

T2 - Individual averages

Name/Date | EDV | ESV | EF SV LV Mass LVOT |CO LVEDV | LVESV | LVEF | SV

(mL) | (mL) | (%) (mL) | (Linear) Diam (L/min) | AAC A4C A4C | A4C
SCOREO01 70.2 | 28.2 59.3 | 42.0 137.7 22 23 124.3 65.2 | 471 | 59.0
SCOREO02 97.2| 50.4 45.9 | 46.7 219.3 2.0 25 178.8 128.2 | 28.1 | 50.4
SCOREO03 | 101.1 | 33.0 64.8 | 69.7 149.6 1.8 3.1 150.9 81.2 | 459 | 69.7
SCORE04 | 104.7 | 36.4 65.7 | 68.3 2351 2.0 3.7 771 256 | 672|516
SCOREO05 84.8| 31.8 62.6 | 52.6 204.4 2.0 3.9 112.2 46.2 | 58.7 | 65.6
SCOREO6 | 101.9 | 36.2 64.8 | 65.2 246.9 1.9 3.8 176.7 48.2 | 67.7 | 76.7
SCOREO07 59.1 | 229 61.7 | 36.7 112.4 24 2.7 137.1 43.3 | 68.1]93.3
SCOREO08 99.3 | 50.2 49.4 | 49.2 196.5 2.0 29 123.0 66.9 | 45.1 | 55.7
SCORE09 | 140.3 | 787 439 | 58.4 318.1 22 3.2 205.9 110.8 | 46.0 | 951
SCORE10 844 | 287 65.9 | 50.2 345.8 21 2.8 112.3 440 | 61.0 | 68.7
SCORE11 1249 | 443 64.1 | 80.6 291.2 2.0 5.1 171.8 122.8 | 29.3 | 49.0
SCORE12 | 112.2 | 69.8 358 | 424 418.8 23 3.2 195.6 1111 429 | 84.3
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SCORE13 | 113.8 | 487 57.3 | 65.6 484.3 23 2.8 224.6 149.1 33.1| 753
SCORE14 744 | 274 62.9 | 47.0 155.2 1.9 26 122.8 70.0 | 43.2 | 52.8
SCORE15
SCORE16 65.0 | 25.0 65.1 | 40.0 260.2 2.0 26 122.3 76.2 | 37.6 | 45.7
SCORE17 91.2 | 227 75.2 | 68.4 261.8 21 3.5 202.2 113.2 | 44.0 | 894
AVERAGE 95.3| 404 59.0 | 56.1 2511 21 3.2 150.9 79.5| 48.8 | 67.7
SD 22.0| 16.8 10.5 | 13.0 109.4 0.2 0.7 42.3 38.3 | 13.8 | 157
T3 - Individual averages
Name/Date | EDV | ESV | EF SV | LV Mass LVOT |CO LVEDV | LVESV | LVEF | SV
(mL) | (mL) | (%) (mL) | (Linear) Diam (L/min) | AAC A4C A4C | A4C
SCOREO01 68.6 | 27.6 59.1 | 41.0 137.0 22 23 1224 65.0 | 46.5| 57.3
SCOREO02 89.6 | 49.9 42.2 | 39.6 210.9 2.0 25 182.0 126.3 | 30.5 | 55.6
SCOREO03 98.5| 327 65.4 | 68.6 150.1 1.8 3.1 149.5 81.0 | 455 | 68.6
SCORE04 | 103.2 | 31.9 69.6 | 68.1 227.7 2.0 3.7 77.8 26.1 67.0 | 51.7
SCOREO05 83.7| 304 63.7 | 52.7 205.5 2.0 3.9 112.3 456 | 59.2 | 66.4
SCOREO6 | 103.2 | 38.3 63.4 | 64.6 263.9 1.9 3.8 176.2 61.6 | 62.2 | 84.6
SCOREO07 59.1| 222 62.6 | 37.2 117.9 24 2.7 139.8 428 | 69.1 | 96.4
SCOREO08 97.4 | 48.0 50.6 | 49.6 200.6 2.0 29 124.0 66.2 | 46.1 | 57.6
SCORE09 | 140.1 | 77.2 449 | 56.3 323.2 22 3.2 206.2 1124 | 45.3 | 93.8
SCORE10 83.3| 30.2 63.5 | 50.3 347.6 21 2.8 112.8 46.0 | 59.3 | 66.9
SCORE11 | 128.5 | 43.1 66.1 | 85.4 2744 2.0 5.1 174.4 133.7 | 24.1 | 40.7
SCORE12 | 119.6 | 68.7 414 | 50.9 420.3 24 3.2 198.4 1125 | 429 | 85.8
SCORE13 | 114.0 | 489 57.1| 65.7 485.3 22 2.8 2241 1435 | 355|804
SCORE14 73.6 | 28.6 60.9 | 45.0 150.0 1.9 26 122.7 69.0 | 44.0 | 53.7
SCORE16 63.0| 24.0 66.8 | 39.3 259.6 2.0 26 122.1 75.0 | 38.4 | 46.6
SCORE17 93.0| 23.2 75.3 | 69.6 263.4 21 3.5 201.6 111.0 | 45.0 | 90.9
AVERAGE 96.7 | 39.8 59.6 | 56.2 251.0 21 3.2 151.6 80.8 | 48.4 | 68.5
SD 228 | 16.4 10.3 | 13.8 109.8 0.2 0.7 42.6 379 | 135|171
Table A2. Individual data MPI, E/A ratio, stroke volume, cardiac output.
T1 - Individual Average
Name/Date a b MPI E/A LVSV Dopp | LVCO Dopp
SCOREO01 426.666667 | 304.333333 | 0.40197152 | 1.23333333 | 85.3333333 | 4.91333333
SCOREO02 415.333333 298 | 0.39373602 | 1.01666667 | 80.6666667 4.43
SCOREO03 489 329 | 0.48632219 | 1.18666667 43 | 2.32333333
SCORE04 512 346 | 0.47976879 | 1.07666667 61.5 2.89
SCOREO05 467 | 341.333333 | 0.36816406 | 1.14333333 | 60.3333333 | 4.18666667
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SCOREO06 367 | 290.666667 | 0.26261468 1.13 64 | 3.57333333
SCOREO07 486.666667 326 | 0.49284254 | 1.54333333 | 79.3333333 4.93
SCOREO08 470.666667 341 | 0.38025415 1.02 | 63.6666667 | 4.62333333
SCORE09 550.333333 325 | 0.69333333 | 1.70666667 61| 3.11333333
SCORE10 491.333333 | 327.333333 | 0.50101833 | 1.19666667 75| 3.91666667
SCORE11 490.333333 | 297.666667 | 0.64725644 | 1.05666667 | 59.6666667 | 3.43666667
SCORE12 486.666667 374 | 0.30124777 | 0.59333333 84 | 5.82333333
SCORE13 410.333333 | 310.666667 | 0.32081545 0.57 | 82.3333333 | 3.69333333
SCORE14 461.666667 | 350.666667 | 0.31653992 | 1.01666667 67 | 3.62333333
SCORE16 412.333333 | 308.666667 | 0.33585313 | 0.81666667 | 61.3333333 | 3.61666667
SCORE17 466.333333 329 | 0.41742655 | 1.54333333 | 97.3333333 | 4.98333333
AVERAGE 462.729167 | 324.958333 0.4249478 | 1.10642857 | 69.0595238 | 3.96261905
SD 459055744 | 22.5332265 | 0.12044044 | 0.29893962 12.29231 | 0.92753158
T2 - Individual Average

Name/Date a b MPI E/A LVSV Dopp | LVCO Dopp
SCOREO01 467.333333 318 | 0.46960168 1.9 | 75.3333333 3.55
SCOREO02 415 314 | 0.32165605 | 1.00666667 | 73.3333333 3.98
SCOREO03 452.666667 | 329.666667 | 0.37310415 | 1.97333333 | 78.6666667 4.21
SCORE04 412.666667 249 | 0.65729585 | 1.27666667 | 63.6666667 | 3.07333333
SCOREO05 438.666667 325 | 0.34974359 | 1.11333333 79 | 5.79666667
SCOREO06 394.666667 | 297.333333 | 0.32735426 | 0.95666667 81 4.38
SCOREO07 475.333333 | 341.333333 | 0.39257813 1.3 | 77.6666667 | 4.52666667
SCOREO08 457 | 350.666667 | 0.30323194 | 0.82333333 37 2.26
SCOREO09 488.666667 | 295.666667 | 0.65276212 | 0.87333333 | 57.6666667 | 3.28666667
SCORE10 501 | 336.666667 | 0.48811881 | 1.09333333 94 | 4.46333333
SCORE11 506 | 327.333333 | 0.54582485 | 0.88333333 | 95.6666667 | 4.77333333
SCORE12 639.333333 | 379.666667 | 0.68393327 0.63 85 5.4
SCORE13 509.666667 367 | 0.38873751 | 0.90333333 70 3.13
SCORE14 440.666667 295 | 0.49378531 | 0.78666667 62 | 3.98666667
SCORE16 473.666667 318 | 0.48951782 0.89 | 64.3333333 | 3.39666667
SCORE17 487.666667 332 0.4688755 | 1.38666667 | 117.333333 5.74
AVERAGE 4725 | 323.520833 | 0.46288255 | 1.10857143 | 75.7291667 | 4.12208333
SD 56.2213878 | 30.9582679 | 0.12303873 0.3956488 | 18.1251692 | 0.99916252
T3 - Individual Average

Name/Date a b MPI E/A LVSV Dopp | LVCO Dopp
SCOREO01 452 320 0.4125 2.04 | 89.6666667 | 4.27333333
SCOREO02 426.666667 | 308.666667 | 0.38228942 | 1.20333333 | 76.6666667 4.04
SCOREO03 473.666667 320 | 0.48020833 | 1.58333333 | 80.3333333 4.41
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SCORE04 405.666667 | 316.666667 | 0.28105263 | 1.11666667 | 103.333333 5.33
SCOREO05 404.333333 320 | 0.26354167 | 1.24333333 | 57.3333333 | 3.68333333
SCOREO06 475.666667 | 308.666667 | 0.54103672 1.33 | 68.6666667 3.31
SCOREO07 452 | 336.666667 | 0.34257426 | 1.49333333 | 88.6666667 4.53
SCOREO08 482.333333 | 322.666667 | 0.49483471 | 1.00666667 | 67.6666667 4.24
SCORE09 447.666667 | 274.666667 | 0.62985437 0.8 60 3.53
SCORE10 438 339 0.2920354 | 1.68333333 87 | 4.25333333
SCORE11 513.666667 325 | 0.58051282 | 0.99333333 | 97.3333333 | 5.30333333
SCORE12 521.333333 | 404.333333 | 0.28936521 | 0.58333333 67 | 4.04333333
SCORE13 585.666667 332 | 0.76405622 | 0.57333333 74 3.1
SCORE14 482.666667 360 | 0.34074074 | 0.97333333 | 49.3333333 2.85
SCORE16 431.333333 | 308.666667 | 0.39740821 | 0.79333333 | 63.3333333 | 3.86333333

SCORE17 488.666667 339 | 0.44149459 1.85 108 | 5.68666667
AVERAGE 467.583333 327.25 | 0.43334408 | 1.18738095 | 77.3958333 | 4.15291667
SD 46.5677523 | 27.6870072 | 0.14169393 | 0.41696334 | 17.0620735 | 0.79731668

Table A3. Individual data VOzpeak, BMI, and novel measures of cardiac function.

ID Time | VO2peak BMI BaseRot ApRot LVT EF GLS
(1/2/3)

SCo1 1 26.1 28.3 -5.3 10.9 16.1 48.0 -15.9
SC02 1 19.1 36.0 -8.4 1.9 10.2 34.3 -7.4
SCo3 1 23.0 27.3 3.9 9.1 5.6 45.7 -14.8
SCo4 1 15.8 31.5 -0.3 3.0 10.1 67.7 -13.1
SCo5 1 21.3 28.7 -6.6 3.4 9.8 60.0 -12.3
SC06 1 28.5 25.4 -1.1 11.9 12.4 61.0 -10.5
sSCo7 1 21.5 29.9 -6.9 2.9 11.6 66.3 -18.2
sSCos 1 24.0 32.6 -9.6 5.7 15.3 45.3 -10.5
SC09 1 25.2 26.8 -6.7 1.9 7.4 45.0 -9.3
SC10 1 25.2 28.8 -10.7 2.8 13.4 59.0 -10.3
sSc11 1 18.6 32.7 -7.1 4.3 10.8 33.0 -9.2
SC12 1 26.1 27.5 -1.6 6.8 8.0 40.7 -14.5
sc13 1 19.6 33.3 -8.0 9.7 17.6 36.3 -5.0
sSC14 1 23.8 26.7 -11.2 6.4 17.4 42.7 -12.3
SC16 1 20.6 23.3 -5.8 2.7 8.4 37.7 -12.8
SC17 1 21.2 37.2 -8.5 4.7 12.4 45.0 -10.6
SCo1 2 33.4 27.4 -8.0 12.4 20.2 54.0 -12.5
SC02 2 22.9 35.2 -7.7 5.9 12.9 36.7 -10.3
sSCo3 2 24.7 26.6 -16.0 12.6 25.3 51.0 -14.8
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SCo4 2 16.7] 310 6.1 9.1 141] 567 -16.1
SCO5 2 220| 295 17 14.0 156 | 50.3 93
SCO6 2 338 251 9.9 13.8 237| 487 131
SCo7 2 257 298 6.9 23 94 457 121
SCOo8 2 254 324 -3.0 52 81| 427 -105
SC09 2 249 263 5.3 44 91| 363 -112
SC10 2 275 290 -85 7.8 16.2| 58.7| -14.0
SC11 2 216 318 74 7.7 146 | 39.3 9.1
SC12 2 302 280 5.7 6.5 121 323 -11.3
SC13 2 220 | 327 77 9.7 171 387 8.0
sc14 2 254 | 267 6.4 9.5 156 | 50.7| -14.8
SC16 2 213 232 8.9 7.3 16.2| 430| -13.8
SC17 2 222 352 121 6.5 186 | 41.0| -10.0
SCO1 3 340 259 5.9 115 16.8| 37.0| -15.9
SCO2 3 220 356 7.8 8.1 153 | 49.7 93
SCO3 3 238 | 265 -16.3 6.7 214 560 -12.1
SCo4 3 16.3| 306 105 11.2 217 587 -118
SCO5 3 225 282 6.6 3.4 66| 527 -115
SCO6 3 343 247 -10.8 13.0 237| 553 -125
SCo7 3 275 296 2.6 4.6 57| 390| -150
SCo8 3 230 333 4.6 0.2 43| 383| -164
SC09 3 262 244 2.3 8.5 9.4 | 373 8.4
SC10 3 279 286 -16.1 7.1 232| 457 -16.0
SC11 3 250 324 4.6 6.6 104 320| -102
SC12 3 284 282 5.7 6.8 112 263| -11.3
sC13 3 234 333 7.9 12.8 207 | 27.3 6.1
sC14 3 247 266 -10.2 116 217 437 138
SC16 3 214 229 74 8.0 15.0 | 39.7 9.7
SC17 3 310 340 9.4 0.7 97| 530 -128

Table A4. Individual data LV mass index, resting systolic BP, diastolic BP, and heart rate.

ID Time | LVMI SBPrest DBPrest HRrest
(1/2/3)

SCo01 1 72.6 101 63 53
SC02 1 93.9 104 65 54
SCo3 1 71.5 127 77 50
SC04 1 113.5 128 79 53
SCO05 1 101.4 123 72 80
SC06 1 140.6 114 69 47
SCO07 1 51.7 115 70 62
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SCO08 1 96.2 139 83 63
SC09 1] 150.2 126 83 60
SC10 1| 1577 117 71 50
SC11 1] 12656 135 83 56
SC12 1] 1903 117 64 63
sc13 1] 2149 173 95 44
sC14 1 79.8 109 62 51
SC16 1] 1487 108 70 59
SC17 1| 1184 136 76 49
T2

SCo1 2| 1120 93 61 46
SC02 2| 1026 119 68 64
sco3 2| 850 114 69 57
sco4 2| 1226 129 80 51
SCO5 2| 966 145 81 73
SC06 2| 1408 105 64 46
sco7 2| 924 118 75 62
SC08 2| 936 118 70 57
SC09 2| 1267 129 84 67
SC10 2 1621 105 62 53
sc11 2 17141 107 69 83
SC12 2| 196.0 113 71 87
sc13 2 1714 186 99 43
sc14 2| 636 105 57 57
SC16 2| 106.6 108 70 60
sc17 2| 1817 142 72 49
T3

SCo1 3] 1171 93 60 46
SC02 3] 109.8 126 79 60
Sco3 3] 829 119 72 58
sco4 3| 1038 135 81 56
SCO5 3] 759 109 66 69
SC06 3] 1361 110 66 46
SCo7 3] 1351 116 68 66
SCo8 3] 967 115 71 63
SC09 3| 1525 127 78 70
SC10 3] 1028 116 71 50
sc11 3| 1044 121 75 93
SC12 3] 1617 116 65 60
sc13 3| 2049 175 86 41
sc14 3] 695 113 66 56
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SC16 3 134.8 112 67 59
SC17 3 2261 143 72 52
Table AS. Individual characteristics.
ID Age | Group | Weight | CADevent | TSI | PrevCAD | CAD_culprit | CAD_surg | Prev_smoker | T2D | HTN | Dyslip
SCO01 47 0 182.3 1 2 1 1 1 0 0 1 1
SC02 54 1 251 2| 35 1 2 1 1 0 1 0
SC03 64 1 190.1 1 5 1 1 1 0 0 0 0
SCo04 65 0 187.6 2| 20 1 3 1 0 1 1 1
SC05 63 1 286.5 2| 15 1 1 2 0 1 1 0
SC06 61 1| 164.75 1 4 1 1 1 0 0 0 1
SCo7 59 1 2185 3| 85 1 1 2 0 0 1 1
SC08 59 0| 2185 2 2 2 4 2 1 0 1 1
SC09 52 1| 197.75 3 8 1 1 1 1 0 1 1
SC10 61 1| 203.75 2|55 1 1 1 0 0 0 1
SC11 69 0 213 2| 10 1 1 2 0 0 1 1
SC12 67 0 194 3 9 2 5 1 0 1 1 1
SC13 64 0 224 2 8 2 2 2 1 0 1 1
SC14 73 0 176 2 6 2 1 1 1 0 0 1
SC16 60 1| 153.22 3] 10 1 1 1 0 1 1 1
SC17 64 1| 24425 2|55 2 2 1 0 0 1 1

CAD event: 1=STEMI, 2=NSTEMI, 3=Angina; CAD_surg: 1=PCI, 2=CABG; PrevCAD: 1= First event, 2=second
or third event; CAD_culprit: 1= Left anterior descending/Left main, 2=Right coronary arter, 3 = Ramus, 4 =
Circumflex, 5 = combination or unknown
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