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ABSTRACT

Heart failure is a major worldwide health concern and is the leading cause
of hospitalization among elderly Americans. Approximately 50% of those
diagnosed with heart failure have heart failure with preserved ejection fraction
(HFPEF). HFPEF presents a therapeutic dilemma because pharmacological
strategies that are effective for the treatment of heart failure and reduced ejection
fraction have failed to show benefit in HFPEF. Long term moderate intensity
exercise programs have been shown to improve diastolic function in patients
HFPEF. High intensity interval training (HIIT) has been shown to improve
diastolic function in patients with heart failure and reduced ejection fraction.
However, the effects of high intensity interval training in patients with HFPEF are
unknown. Fourteen patients with HFPEF were randomized to either: (1) a novel
program of high-intensity aerobic interval training (n = 8), or (2) a commonly
prescribed program of moderate-intensity (MOD) aerobic exercise training (n =
6). Before and after four weeks of exercise training, patients underwent a
treadmill graded exercise test for the determination of peak oxygen uptake
(VOg,peak), a brachial artery reactivity test for assessment of endothelium-
dependent flow-mediated dilation (BAFMD), aortic pulse wave velocity
assessment as an index of vascular stiffness and two-dimensional
echocardiography for assessment of left ventricular diastolic and systolic function.
| hypothesized that (1) high-intensity aerobic interval training would result in
superior improvements in FMD, aortic pulse wave velocity, VO,peak, diastolic
function and, (2) changes in these parameters would be correlated with changes in



VOypeak. The principal findings of the study were that a one month long high
intensity interval training program resulted in significant improvements in
diastolic function as measured by two-dimensional echocardiography [pre
diastolic dysfunction (DD) grade — 2.13 + 0.4 vs. post DD grade —1.25 + 0.7, p =
0.03]. The left atrial volume index was reduced in the HIIT group compared to
MOD (- 4.4 + 6.2 ml/m? vs. 5.8 + 10.7 ml/m?, p = 0.02). Early mitral flow (E)
improved in the HIIT group (pre - 0.93 + 0.2 m/s vs. post - 0.78 + 0.3 m/s, p =
0.03). A significant inverse correlation was observed between change in BAFMD
and change in diastolic dysfunction grade (r = - 0.585, p = 0.028) when all the
data were pooled. HIIT appears to be a time-efficient and safe strategy for
improving diastolic function in patients with heart failure and preserved ejection
fraction. These data may have implications for cardiovascular risk reduction in

this population.
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Chapter 1
INTRODUCTION

Heart failure is a major worldwide health concern and is the leading cause
of hospitalization among elderly Americans. Currently 5.7 million Americans are
estimated to have heart failure and the estimated direct and indirect costs of
treating heart failure are approximately $37.2 billion (Lloyd-Jones et al., 2009).
Approximately 40-50% of those diagnosed with heart failure will have heart
failure with preserved ejection fraction (HFPEF) and the remainder will display
reduced ejection fraction (HFREF) (Borlaug & Redfield, 201la; Vasan,
Benjamin, & Levy, 1995).

The heart failure phenotype across these two clinical conditions is very
similar. Patients with heart failure typically present with a constellation of
symptoms such as dyspnea, fatigue, exercise intolerance, peripheral / pulmonary
edema, rales and gallops. From a hemodynamic standpoint heart failure is best
defined as the inability of the heart to “provide adequate cardiac output to the
body at rest or with exertion, or to do so only in the setting of elevated cardiac
filling pressures.”(Borlaug & Redfield, 2011a) Although, phenotypically the two
heart failure syndromes are similar, mechanistically they behave rather
differently. This is made abundantly clear by the fact that state of the art
pharmacotherapy has improved morbidity and mortality in patients with heart
failure and reduced ejection fraction but failed to do so in patients with heart
failure and preserved ejection fraction (Borlaug & Redfield, 2011a). It is
important to note that individuals with heart failure have significant restrictions in
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their ability to carry out activities of daily living and the condition places a
significant burden on patients, families and long-term care systems due to higher
rates of disability, geriatric conditions and nursing home admissions (Gure,
Kabeto, Blaum, & Langa, 2008).

Exercise training has been established as adjuvant therapy in heart failure
(Tabet et al., 2008). Although aerobic exercise training guidelines for treatment of
heart failure with reduced ejection fraction (HFREF) are well established, no
consensus exercise guidelines exist for management of HFPEF (Pina et al., 2003).
Exercise training increases VOgpeak, thus improving prognosis for patients with
heart failure (Tabet et al., 2009). Indeed, VO,peak has been reported to be the
single best predictor of mortality in those with cardiac disease (Kavanagh et al.,
2002). Exercise training also improves endothelial function and reduces arterial
stiffness, as well as enhancing quality of life (Hambrecht et al., 2000; Wisloff et
al., 2007). This is critical because HFPEF is associated with significant diastolic
dysfunction, a loss of compensatory systemic vasodilator reserves, arterial
stiffness and endothelial dysfunction (Borlaug et al., 2006).

Aerobic and cardiovascular adaptations are generally greater after high-
intensity exercise training; interval-type exercise facilitates this type of training
because it allows for rest periods that make it possible for patients with heart
failure to perform short (e.g., 1-4 minutes) work periods at intensities that are
higher than would be possible during continuous exercise (Wisloff et al., 2007).
For example, Wisloff et al. demonstrated the superiority of high-intensity aerobic
interval training, as compared to continuous, moderate-intensity exercise training,
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in patients with stable post-infarction heart failure (with reduced ejection fraction)
(Wisloff et al., 2007). Not only were VO,peak and FMD improved by a greater
extent, patients tolerated the high-intensity program without reported incidents.
Furthermore, they found it “motivating to have a varied procedure to follow,”
whereas patients found the continuous exercise group training sessions to be
“quite boring.”

High-intensity aerobic interval training presents a unique, yet untested,
therapeutic modality for the exercise training of patients with heart failure with
preserved ejection fraction. Interestingly, current exercise training guidelines for
HF state, “training intensity does not seem to directly influence the magnitude of
the increase in exercise tolerance (Pina et al., 2003).” However, there are
compelling published data to suggest that high-intensity interval training may be a
superior and time-efficient training strategy in patients with heart failure and
reduced ejection fraction (Wisloff et al., 2007). The authors also presented
convincing data that showed significant improvements in diastolic function that
may be relevant to patients with HFPEF.

Pilot testing of high-intensity interval training in patients with heart failure
with preserved ejection fraction is warranted. Results of pilot testing may have
important implications for reducing cardiovascular risk, increasing short- and
long-term quality of life and survival, and reducing healthcare costs in this patient
population (Georgiou et al., 2001; M. F. Piepoli, Davos, Francis, & Coats, 2004).
Patients with heart failure that undergo moderate-intensity exercise training live
on average 2.16 years longer at the extremely low cost-effectiveness ratio of
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$1494 per life year saved (Georgiou et al., 2001). It is important to note that the
majority of the HF patient population belongs to the Medicare age group. Thus,
this intervention has significant potential to reduce healthcare costs. From the
viewpoint of patient safety, present data from Wisloff and colleagues states that
there have been no significant adverse events associated with high intensity
interval training in over 2000 patient hours (U. Wisloff, Ellingsen, & Kemi,
2009). The primary goal of this proposed study was to examine the efficacy of a
novel, short-term, high intensity interval training program to a more traditional

moderate intensity training program in patients with HFPEF.



Hypotheses and Specific Aims

The primary specific aim was to determine the efficacy of a novel, high-

intensity aerobic interval exercise training program for improving VOjpeak,
endothelial function, arterial stiffness and left ventricular diastolic function in
patients with HFPEF. A secondary aim was to determine whether the vascular
changes are correlated with the changes in VOzpeak.

| _hypothesized that improvements in VOjpeak, endothelial function,

arterial stiffness and diastolic function would be greater after the high-intensity
aerobic interval training program compared to traditional moderate intensity

exercise and that, these adaptations would be correlated with changes in VOpeak.



Chapter 2
REVIEW OF LITERATURE

Heart failure with preserved ejection fraction: Risk factors, diagnosis
and pathophysiology

The major risk factor responsible for the development of heart failure
regardless of ejection fraction is hypertension. The prevalence of hypertension is
greater in HFPEF, nevertheless it is common to both forms of heart failure (Levy,
Larson, Vasan, Kannel, & Ho, 1996). Many of the pathophysiological
derangements that are observed in HFPEF appear to present as a continuum with
hypertensive heart disease (Borlaug, Lam, Roger, Rodeheffer, & Redfield, 2009;
Borlaug, Olson et al., 2010; Lam et al., 2007; Melenovsky et al., 2007). These
factors when coupled with the loss of contractile reserve, impaired vasodilation,
endothelial dysfunction and reduced diastolic reserve appear to promote the
transition to heart failure with preserved ejection fraction (Borlaug et al., 2006;
Borlaug, Nishimura, Sorajja, Lam, & Redfield, 2010; Borlaug, Olson et al., 2010;
Brubaker et al., 2006).

Heart failure with preserved ejection fraction can be diagnosed invasively
through cardiac catheterization (relatively uncommon) or utilizing non-invasive
modalities such as two-dimensional echocardiography and plasma levels of
natriuretic peptides (Nagueh et al., 2009; Paulus et al., 2007). Echocardiography
plays a central role in the non-invasive assessment of left ventricular diastolic
function. Its low cost and ease of accessibility make it the ideal modality for the
routine evaluation of diastolic function / dysfunction.
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Optimal performance of the left ventricle depends upon its ability to cycle
between two states, namely: 1) diastolic filling which is dependent upon a
compliant chamber that allows the left ventricle to fill from low left atrial pressure
and, 2) systolic ejection which is the rapid ejection of the stroke volume from the
left ventricle. The stroke volume (i.e. the volume of blood ejected by the left
ventricle during ventricular systole) must increase in response to demands such as
exercise without a concomitant rise in left atrial pressures (Brutsaert, Sys, &
Gillebert, 1993).

In the setting of diastolic dysfunction the main physiological consequence
is an elevation of left ventricular (LV) filling pressures which has been
demonstrated invasively (Brutsaert et al., 1993) and can be measured using
echocardiography as well (Nagueh et al., 2009). Typically exercise results in
minimal elevations in filling pressures. Exercise induced elevations in filling
pressure can however limit exercise capacity and indicate diastolic dysfunction. In
subjects with occult diastolic dysfunction, measuring diastolic function in the
setting of an exercise test can help unmask it.

Left ventricular filling is largely determined by the interplay between LV
filling pressures and filling properties (viz., end-diastolic properties such as
compliance and stiffness) (Nagueh et al., 2009). Both intrinsic and extrinsic
factors can affect these. Extrinsic factors include pericardial restraint and its
ventricular interaction. Intrinsic factors include myocardial stiffness, myocardial
tone, chamber geometry (concentric vs. eccentric remodeling) and wall thickness

(Leite-Moreira, 2006).



Some important morphological correlates of diastolic function are: 1) left
ventricular hypertrophy, 2) left atrial volume and, 3) pulmonary artery systolic
and diastolic pressures. These are typically quantified with two-dimensional
echocardiography (2D-Echo).

1. Left ventricular hypertrophy is amongst the important reasons for
diastolic dysfunction. In HFPEF, concentric hypertrophy (increased
left ventricular mass and thickness) or remodeling (normal mass but
increased relative wall thickness) are typically observed. In case of
pathological left ventricular hypertrophy, LV relaxation is slowed
which results in reduced early diastolic filling (E). As a result, this
shift a greater proportion of LV filling to late diastole after atrial
contraction (A) which results in changes that are observed in the E/A
ratio that are observed with diastolic dysfunction. The lowering of the
E/A ratio (<0.8) is one of the important diagnostic features of early
stage diastolic dysfunction, although with worsening disease severity a
pseudonormalization is typically observed.

2. Left atrial (LA) volume can be reliably and accurately measured with
2D-echo (Nagueh et al., 2009). An LA volume index of > 34 ml/m? is
an important predictor of death, heart failure, atrial fibrillation and
ischemic stroke (Abhayaratna et al., 2006).

3. Pulmonary artery systolic and diastolic pressures are important
functional correlates of diastolic dysfunction as well. Patients with
signs of HF and diastolic dysfunction typically have elevated
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pulmonary artery pressures. Once, pulmonary disease is ruled out it
becomes safe to infer that elevated pulmonary arterial pressures are a
direct consequence of elevated left ventricular filling pressures.
Systolic pulmonary arterial pressures (S) are non-invasively
determined by isolating the physiological tricuspid regurgitation (TR)
jet using continuous-wave Doppler together with systolic right atrial
pressure. The formula used is as follows:

4 * (velocity of TR jet)? = pulmonary arterial systolic pressure —
right atrial pressure.
Similarly, pulmonary artery diastolic pressure (D) can be calculated by
estimating the velocity of the pulmonary regurgitation (PR) jet and
applying the formula:

4 * (end-diastolic velocity of PR jet)? = pulmonary arterial

diastolic pressure — right atrial pressure.

Other important correlates of diastolic function include inflow patterns

specifically at the mitral valve and their associated hemodynamics. Mitral inflow

patterns are identified by the mitral E/A ratio, deceleration time and the

isovolumetric relaxation time. They can help determine if normal, impaired LV

relaxation, pseudonormal or restrictive filling patterns exist which correspond to

worsening degrees of diastolic dysfunction. These patterns are very valuable from

a clinical standpoint as they are correlated better with cardiac filling pressures,

New York Heart Association Functional (NYHA) class, and prognosis as

compared to left ventricular ejection fraction (Nagueh et al., 2009). Age-
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appropriate values for all variables have been reported previously and are
considered when grading and diagnosing diastolic dysfunction (Nagueh et al.,
2009). Mitral valve flow patterns can be difficult to accurately quantify in the
setting of elevated heart rates (sinus tachycardia, atrial fibrillation, atrial flutter)
and present a fair bit of diagnostic difficulty. In case a pseudonormalized filling
pattern is present the patient is asked to perform a Valsalva maneuver (forceful
expiration ~ 40 mmHg against a closed nose and mouth) which can help
differentiate a pseudonormal E/A ratio from a normal one. A fall in the E/A ratio
by >50% is highly specific for elevated left ventricular filling pressures (Hurrell,
Nishimura, llstrup, & Appleton, 1997).

Pulmonary venous flow is another important physiological variable that
needs to be assessed for the accurate assessment of diastolic function. Principle
measurements that are recorded are the peak systolic velocity (S), peak antegrade
diastolic velocity (D) and peak atrial reversal velocity in late diastole. Peak
systolic velocity is composed of two components, S1 and S2. S1 is related to atrial
relaxation and hence, S2 (which is related to stroke volume and pulse wave
propogation down the pulmonary arterial tree) is used to compute the ratio of
peak systolic to peak diastolic velocity.

Diastolic velocity (D) is affected by changes in left ventricular filling and
compliance and changes synchronously along with changes in mitral E velocity.
Pulmonary venous atrial reversal velocity and duration are influence by left
ventricular late diastolic pressures, atrial preload and left atrial contractility. A
reduction in left atrial compliance along with an in increase in left atrial pressure
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results in a reduction of S velocity and increases the D resulting in an S/D ratio <
1. Increased left ventricular end-diastolic pressure results in increased atrial
reversal velocity and duration. Pulmonary venous inflow velocities are influenced
by age and that is taken into consideration when the values obtained are
evaluated.

Another important variable that is obtained via echocardiography using
tissue Doppler imaging is e’. This is the early diastolic annular velocity and it’s
typically viewed in the context of the ratio between E and ¢’. The E/e’ ratio plays
an important role in the estimation of left ventricular filling pressures which are
typically adjusted for age. In the presence of impaired left ventricular relaxation
the e’ velocity is reduced and delayed which can lead to an elevated value for the
E/e’ ratio. A septal E/e’ ratio < 8 is usually associated with normal left ventricular
filling pressures whereas a ratio > 15 is associated with elevated filling pressures.
A value between 8-15 is considered indeterminate and other echocardiographic
indices need to be used. E/e’ is highly predictive of adverse events in patients
with hypertensive heart disease, mitral regurgitation, end-stage renal disease,
atrial fibrillation and cardiomyopathic disorders (Bruch, Klem, Breithardt,
Wichter, & Gradaus, 2007; Dokainish et al., 2005; Hillis et al., 2004; Okura et al.,
2006; Redfield et al., 2003; Sharma et al., 2006; Troughton et al., 2005; Wang,
Yip, Yu et al., 2005; Wang et al., 2003; Wang, Yip, Wang et al., 2005; Yamamoto
et al., 2003). The E/e’ ratio is one of the most reproducible echocardiographic
parameters that can be used to estimate pulmonary capillary wedge pressure and
is the preferred prognostic parameter in a host of cardiac conditions.
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All of the above Doppler and echocardiographic measurements are crucial
to the accurate estimation of diastolic function and current guidelines for

assessing and staging left ventricular diastolic function are built around them.

Grading and Prognosis in patients with diastolic dysfunction

Diastolic dysfunction is graded as: 1) Grade I (mild) — Impaired relaxation
pattern, 2) Grade 1l (moderate) — pseudonormalized filling and, 3) Grade |11
(severe) — restrictive filling. This grading scheme was an important predictor of
all-cause mortality. Even patients with grade | diastolic dysfunction have a five-
fold higher 3-5 year mortality in comparison to subjects with normal diastolic
function (Redfield et al., 2003).

It is important to note that while neurohumoral antagonism (R-blockers,
angiotensin converting enzyme inhibitors, angiotensin receptor blockers) has been
shown to improve morbidity and mortality in heart failure with reduced ejection
fraction, similar improvements in patients with HFPEF have not been reported
(Borlaug & Redfield, 2011a). Mortality rates are higher in patients with HFPEF as
opposed to asymptomatic diastolic dysfunction (87 vs. 154 deaths per 1000
person-years; hazard ratios — 1.48 and 1.88 respectively as compared to patients
with no heart failure and normal systolic function) (Gottdiener et al., 2002).
HFPEF also appears to be associated with similar rates of mortality as heart
failure with reduced ejection fraction (Senni et al., 1998). Other predictors of
mortality in patients with HFPEF are incident diastolic dysfunction grade,
peripheral artery disease, diabetes, male gender, New York Heart Association
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class, older age extent of coronary artery disease and impaired renal function
(Ahmed, Aronow, & Fleg, 2006; Hillege et al., 2006; Jones, Francis, & Lauer,

2004; O'Connor, Gattis, Shaw, Cuffe, & Califf, 2000; Persson et al., 2007).

Ventricular-vascular coupling in heart failure with preserved ejection
fraction

Ventricular and arterial stiffening is common in patients with heart failure
and preserved ejection fraction (Borlaug & Kass, 2008). This typically occurs
through a combination of factors such as age, hypertension, diabetes mellitus and
renal dysfunction. A stiff vascular tree is detrimental from the standpoint of late
systolic load as wave reflections (e.g. from arterial bifurcations) are greater. This
increase in net systolic afterload alters systolic and diastolic function and
increases cardiac workload leading to a net increase in myocardial oxygen
consumption. This in turn leads to an impaired cardiovascular reserve. Arterial
afterload has a profound impact on ventricular diastolic relaxation and compliance
(Borlaug & Kass, 2008).

Good cardiovascular function is dependent upon effective ventricular-
vascular coupling. Cardiac afterload is defined in several ways. It is often
considered to be equivalent to systolic blood pressure but that ignores several
important variables and often results in erroneous estimations. Systemic blood
pressure is determined by ventricular-vascular coupling as well as preload,
contractility and heart rate (Kass & Kelly, 1992). Coupling of the heart and the
vasculature is typically expressed using the ratio Ea/Ees (Ea — effecteive arterial
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elastance; Ees — end systolic elastance) (Kass & Kelly, 1992; Sunagawa,
Maughan, Burkhoff, & Sagawa, 1983; Sunagawa, Maughan, & Sagawa, 1985). In
essence, Ees is a measure of ventricular stiffness and the numerator represents
vascular load. With normal aging the Ea/Ees ratio is preserved in men but
declines somewhat in women because the Ees appears to rise out of proportion to
increases in Ea.

Increases in ventricular and vascular stiffness affect cardiac reserve and
that is especially evident in the setting of exercise stress. Warner and colleagues
studied the acute effects of angiotensin receptor blockade using losartan in
asymptomatic patients with echo evidence of diastolic dysfunction (Warner,
Metzger, Kitzman, Wesley, & Little, 1999). Losartan administration resulted in
blunted peak systolic pressures during exercise, increased time to BP >190 mmHg
and resulted in a 10% increase in peak oxygen consumption. This effect on peak
exercise oxygen uptake may not be due to the BP lowering aspect of losartan
administration. Recently Little et al examined the effects of losartan
administration and compared them to hydrochlorothiazide administration in
patients with diastolic dysfunction (Little et al., 2006). Although, blood pressures
were equivalently lowered in the losartan and hydrochlorothiazide groups, only
the losartan group showed improved exercise performance and improvements in
quality of life. This suggests that the ventricular and vascular effects of
angiotensin receptor blockade rather than blood pressure reduction may be
responsible for the improvement in VO_peak, thus, highlighting the critical role
that ventricular and vascular stiffness play in determining cardiovascular reserve.
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Additionally, it is also important to note that stiff arteries often have
compromised endothelium-dependent vasodilation. In vitro studies have
demonstrated that both the shear stress and vessel distension that occur with
pulsatile perfusion influence nitric oxide production. Interestingly, when vessel
distension is compromised, Akt (a cytoprotectant regulator of cellular apoptosis
and oxidative stress) activation is compromised leading to less activation of nitric
oxide synthase (Li, Chiou, Bugayenko, Irani, & Kass, 2005). Since, endothelium
dependent vasodilation is a major component of vasodilator reserves it may help
explain the poor vasodilator reserves observed in patients with HFPEF. At present

however, this remains to be observed in vivo studies.

Exercise and Vascular compliance in the context of heart failure

As mentioned in the prior section, arterial compliance is reduced in
patients with congestive heart failure (Giannattasio et al., 1995; Lage et al., 1994).
Systemic arterial compliance is a significant contributor to cardiac afterload and
an important determinant of left ventricular work (Parnell, Holst, & Kaye, 2002)
and acute reductions in arterial compliance have also been shown to greatly
increase myocardial oxygen demand, reduce diastolic pressure and lower
coronary blood flow (since diastolic pressure is essentially equal to coronary
perfusion pressure) (Parnell et al., 2002). Vasodilator therapy has been shown to
improve the symptomatology of heart failure. Aerobic exercise has considerable
effects on vascular compliance as well and may serve as an important adjunct to
drug therapy in patients with congestive heart failure (Cameron & Dart, 1994;
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Guimaraes et al., 2010; Kelly, Tunin, & Kass, 1992; Rakobowchuk, Stuckey,
Millar, Gurr, & Macdonald, 2009; Rakobowchuk et al., 2008).

Acute sprint interval exercise and interval training have been shown to
improve central arterial compliance in young healthy subjects (Rakobowchuk et
al., 2009; Rakobowchuk et al., 2008). Improvements in arterial compliance have
been reported following moderate intensity exercise in healthy subjects and in
patients with HF (Cameron & Dart, 1994; Parnell et al., 2002). Parnell and
colleagues studied the effects of moderate intensity exercise on systemic arterial
compliance in patients with congestive heart failure (Parnell et al., 2002). Twenty-
one patients were randomized to either a usual care or a moderate intensity
exercise group. Subjects exercised for 8-weeks at 50-60% of their maximum heart
rate and progressively increased exercise from three 30 minute sessions per week
to 60 minutes 5-7 days/week. Systemic arterial compliance was determined before
and after exercise training using applanation tonometry and Doppler aortic
velocimetry. Significant improvements were observed in arterial compliance (0.57
+0.11t0 0.77 + 0.14 arbitrary compliance units).

At present the effects of interval training on arterial compliance in patients

with heart failure and preserved ejection fraction are unknown.

16



Heart failure and endothelial function

Endothelial function is an emerging risk marker that can potentially be
used for risk assessment in patients with congestive heart failure (Katz et al.,
2005). Katz et al demonstrated that a 1% reduction in endothelial function (as
measured by brachial artery flow mediated dilation) in adults with CHF was
associated with a 20% increase in mortality risk in adults with congestive heart
failure (CHF) even after adjustment for prognostic indicators such as age, etiology
of CHF, New York heart association functional class and ejection fraction.

Endothelial function has been observed to be impaired in subjects with
congestive heart failure and may be responsible for significant impairments in
systemic and coronary perfusion whilst resulting in increased systemic vascular
resistance that places an elevated afterload upon a failing heart (Bauersachs &
Schafer, 2004). Impairments in coronary perfusion are analogous to impaired
myocardial perfusion and can lead to significant reductions in ventricular
performance.

Systemic endothelial dysfunction is observed as soon as 2 hours after a
myocardial infarction (Wagner et al., 2001) in animal models of CHF and has
significant pathophysiological implications. Impaired left ventricular function in
patients with CHF leads to reduced blood flow through conductance and
resistance vessels which in turn results in reduced shear stress that results in
lowered eNOS expression on the luminal surface of the endothelial cells.

Effective nitric oxide (NO) release in these patients may also be significantly
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lowered as a consequence of scavenging by reactive oxygen species (ROS) since
patients with CHF exhibit increased vascular release of ROS. ROS also appear to
be responsible for endothelial cell apoptosis which destroys endothelial cell
integrity (Agnoletti et al., 1999; Valgimigli et al., 2003). This damage is typically
repaired by marrow derived endothelial progenitor cells; however, it appears that
systemic inflammation that accompanies CHF appears to impair the functional
capacity of the same (Agnoletti et al., 1999).

Thus it appears that endothelial dysfunction in the setting of CHF is
largely a result of reduced vascular NO production and increased production of
reactive oxygen species which in turn results in apoptotic destruction of
endothelial cells. The systemic inflammation in turn affects the ability of the
endothelial progenitor cells to restore the damaged endothelium.

Several pharmacological strategies have been shown to be effective at
ameliorating the endothelial dysfunction that is observed in the setting of CHF,
such as, the use of angiotensin converting enzyme inhibitors, endothelin
antagonism, antioxidants and mineralocortioid receptor blockers (Bauersachs &
Schafer, 2004). Aerobic exercise is a low-cost modality that can be utilized to
improve/normalize endothelial function in patients with CHF that has been
attracting interest in recent years (Erbs et al., 2010; Wisloff et al., 2007).

There is compelling evidence to show that aerobic exercise can result in
significant improvements in conduit vessel and resistance artery endothelial
function. An improvement in endothelial function in conduit vessels appears to be
primarily a result of several events (Hambrecht et al., 2003) - At a cellular level,
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exercise induced shear stress results in shear stress induced Akt —dependent

177 in endothelial cells. This in turn, increases

increase in phosphorylation of Ser
the endothelial expression of eNOS resulting in increased activity and enhanced
NO production. The correlation coefficient(r) between eNOS expression and Akt
expression is 0.8. The correlation between peak arterial flow and eNOS
expression is 0.6.

Hambrecht et al (Hambrecht et al., 2003) demonstrated significant
improvements in internal mammary artery (IMA) endothelium dependent
function. The investigators invasively assessed IMA endothelial function before
and after 4 weeks of exercise training. IMA endothelium dependent vasodilation
as measured by acetylcholine infusions improved by ~100%. Adenosine mediated
flow dependent dilation improved by 150%. The research group also examined
IMA tissue that was excised during coronary artery bypass grafting for changes in
eNOS expression and found that it was 96% higher as compared to the control
group.

Wisloff et al (Wisloff et al., 2007) demonstrated similar findings with
regard to improvements in endothelial function in subjects with CHF. Thirty
subjects were randomized into control, traditional moderate intensity exercise or
high intensity interval training groups (n=10 per group). The group with the high
intensity interval training demonstrated the greatest improvements in endothelial
function followed by the moderate intensity training group as compared to

control. The greater improvements in the high intensity interval training group
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may be a consequence of exposure to greater exercise induced shear stress in
those patients.

Another novel pathway through which exercise may induce improved
endothelial function may be due to enhanced recruitment of endothelial progenitor
cells as well as improved activity of the same. Erbs et al (Erbs et al., 2010)
demonstrated that a 12 week moderate intensity exercise program in patients with
CHF enhanced CD34+ endothelial progenitor cell recruitment by ~40%. These
cells also demonstrated an improvement in migratory capacity (in vitro) that could
be considered a direct measure of their capacity to home in on damaged and/or
ischemic tissue and repair it. The exercise training program also appeared to
reduce oxidative stress as evidenced by reductions in lipid peroxides and tumor
necrosis factor — a. A complete normalization of radial artery flow mediated
dilation was observed in the intervention group was observed.

In summation, exercise training appears to improve peripheral vasomotion
(a potent marker of cardiovascular risk in patients with CHF) by —

1. Improving flow mediated dilation through exercise induced shear

stress that improves endothelial cell eNOS expression.

2. Reducing oxidative stress which in turn may enhance production and
function of endothelial progenitor cells that repair the damaged
endothelial lining.

It is important to note that a majority of research with regard to exercise

and endothelial function in patients with heart failure appears to utilize moderate
intensity exercise (~60% VO,peak). Recently however, Wisloff et al (Wisloff et
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al., 2007) demonstrated the utility of a high intensity exercise program in
improving endothelial function in patients with CHF. The long-term, safety and
efficacy of high intensity exercise training programs in patients with CHF
however remains to be demonstrated.

An important question that needs to be addressed by future research in this
field is the minimum dose (time and intensity) of exercise that can elicit the
maximum improvements in endothelial function without jeopardizing the safety
of this clinically “fragile” demographic. A large, clinical outcome (utilizing hard
clinical end-points such as death, stroke, and urgent cardiovascular
transplantation) based trial that examines the safety and effectiveness of the
exercise dose-response relationship in these patients would be ideally placed to

address this concern.

VO,peak: An important predictor of disease risk and potential target
of therapy in heart failure

Cardiorespiratory fitness as quantified by peak oxygen uptake (VO,peak)
is a strong predictor of cardiovascular morbidity and mortality in patients with
congestive heart failure (CHF). It is also important to note that patients that
improve VO,peak following exercise training appear to have better outcomes as
compared to patients that fail to improve VO,peak (Tabet et al., 2008).

Tabet and colleagues tested the effectiveness of exercise training in 155
patients with heart failure and reduced ejection fraction (Tabet et al., 2008). All
subjects underwent 20 exercise training sessions and were followed-up for 16+6
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months. Multivariate analysis revealed that delta VO,peak along with baseline
BNP levels were the only predictors of adverse cardiovascular events, namely,
sudden cardiac death, cardiac transplantation or hospitalization for acute heart
failure. The authors concluded that amongst patients with heart failure a lack of
improvement in exercise capacity following an exercise training program was a
strong prognostic factor that predicted adverse outcomes.

Improvements in VO,peak following exercise training largely appear to be
driven by training intensity (Helgerud et al., 2007; Kemi et al., 2005; Warburton
et al., 2005; Wenger & Bell, 1986; Wisloff et al., 2007). Helgerud and colleagues
(Helgerud et al., 2007)conducted a randomized controlled trial to examine the
differential effects of training intensity on VO,peak and stroke volume. They
demonstrated that a high intensity aerobic interval training program of 4 x 4
minutes of interval running consisting of 4 minutes of running at 90-95% heart
rate max (as determined by a graded peak exercise test) followed by 3 minutes of
active recovery at 70% heart rate max resulted in greater improvements in
VO,peak and stroke volume.

Warburton et al examined the effects of high intensity interval training in
14 men with stable coronary artery disease. (Warburton et al., 2005) They
compared the effects of traditional moderate intensity exercise (65% heart rate
reserve/\VO, reserve) to high intensity interval training [90% heart rate
reserve/\VO,reserve (2 minutes on/off)] carried out for 30 min/day, 2 days/week.

VO,peak improved significantly in both groups and improvements in treadmill
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time were greater in the interval training group as compared to the moderate
intensity group.

Wisloff et al examined the effects of high intensity interval training in
patients with heart failure and reduced ejection fraction (Wisloff et al., 2007). The
training intensities used were similar to those used by Helgerud and colleagues (of
4 x 4 minutes of interval running consisting of 4 minutes of walking at 90-95%
heart rate max followed by 3 minutes of active recovery at 70% heart rate max.
VO,peak improved by 46% versus 14% in the interval training group as compared
to the moderate intensity training group. Left ventricular ejection fraction
improved by 35% and pro-brain natriuretic peptide decreased 40%. Significant
favorable left ventricular modeling occurred and diastolic function improved
significantly as well. Since several authors (De Keulenaer & Brutsaert, 2011)
have suggested that systolic and diastolic heart failure are overlapping phenotypes
within the heart failure spectrum, it is plausible that an interval training strategy
may be beneficial for patients with symptomatic heart failure with a preserved
ejection fraction i.e. diastolic heart failure.

Although aerobic exercise has historically been shunned in the setting of
CHF there is now a robust body of evidence that attests to its safety, efficacy and
low-cost per quality adjusted life-year gained. Georgiou et al (Georgiou et al.,
2001) demonstrated that exercise training in the setting of heart failure resulted in
an increase in life-expectancy by 2.16 years at the low cost-effectiveness ratio of
$1494 per life-year saved. Not only that but in a study by Belardinelli et al
(Belardinelli, Georgiou, Cianci, & Purcaro, 1999) patients with CHF who

23



underwent supervised exercise training showed a 63% reduction in cardiac
mortality and a 71% reduction in heart failures hospitalizations. An independent
predictor of survival in these patients, the post-training thallium activity score
index, showed that this appeared to be a result of improved coronary perfusion
which appeared to be independent of the severity and number of stenosis of the

epicardial coronary arteries.

Pathophysiology of ventilatory abnormalities in congestive heart
failure

As mentioned in the previous section, the cardiopulmonary exercise test
(CPET) has considerable prognostic importance in the management of congestive
heart failure. Other than oxygen uptake (VO,) several other ventilatory
components are measured during a CPET such as carbon dioxide production
(VCO,) and minute ventilation (VE).

The VE/VCO; relationship has been shown to be of prognostic
importance in patients with CHF as well (Arena, Myers, Aslam, Varughese, &
Peberdy, 2004; Koike et al., 2002). The rise in VE and VCO, with increasing
exercise intensity is coupled to increased carbon dioxide levels that are the result
of increased metabolic rate as well as buffering. During a typical CPET the
VE/VCO; slope is linear until a non-linear break point called the anerobic
threshold is reached. Larger increases in the slope are associated with a worse
prognosis in patients with CHF. Slope ranges from 17 — 69 have been reported in
patients with heart failure (Arena, Myers, Aslam, Varughese, & Peberdy, 2003).

24



There are several potential causes behind the elevated VE/VVCO; slope that
is observed in patients with congestive heart failure, viz., ventilation perfusion
abnormalities, declining cardiac output, increased right sided vascular pressures
that contribute to ventilation perfusion abnormalities, depressed nitric oxide
production in the pulmonary vascular tree and heightened activation of central /
peripheral chemoreceptors as well as skeletal muscle ergoreceptors (Adachi et al.,
1997; Banning, Lewis, Northridge, Elborn, & Hendersen, 1995; Chua, Clark,
Amadi, & Coats, 1996; Lewis et al., 1996; M. Piepoli et al., 1996; Ponikowski et
al., 2001; Reindl et al., 1998; Uren et al., 1993; Wada et al., 1993).

The prognostic value of the VE/VVCO; slope has been extensively studied
in patients with heart failure and reduced ejection fraction. Interestingly, in
patients with heart failure and preserved ejection fraction Guazzi and colleagues
demonstrated that the VE/VVCO; slope was superior to VO peak (Guazzi, Myers,
& Arena, 2005). A slope threshold of 34 units has been used to differentiate
between high and low-risk patients in several studies while other authors have
used multiple cut-points (<28, 28-35, 35-42 and >42). The prognosis is less
favorable with an increase in the slope (Arena et al., 2004; Chua et al., 1997;
Corra et al., 2002; Francis et al., 2000).

Exercise training has been shown to improve the VE/VCO, slope. Myers
et al demonstrated that a two month long aerobic exercise program lowered the
VE/VCO; slope by ~6 units in patients with post myocardial infarction systolic
dysfunction (Myers, Dziekan, Goebbels, & Dubach, 1999). Guazzi et al reported
a ~5 unit reduction in the VE/VVCO; slope following two months of exercise
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training in patients with CHF (Guazzi, Reina, Tumminello, & Guazzi, 2004).
Guazzi et al also demonstrated significant improvements in lung diffusion (25%),
alveolar-capilarry conductance (15%), pulmonary capillary blood volume (10%),
VO,peak (13%) and brachial artery flow mediated dilation (71%).

At this point however, no long term study has examined the effects of
changes in ventilatory parameters and survival in patients with CHF. The effects
of high intensity interval training on ventilation abnormalities in patients with

HFPEF are unknown.

Health related quality of life and depression in the setting of
congestive heart failure

Health related quality of life (HRQOL) may be a useful outcome
especially in the setting of chronic disease (Jenkinson et al., 1997). Congestive
heart failure can be significantly detrimental to health related quality of life
(Bennett et al., 2001; Riedinger, Dracup, & Brecht, 2002; Westlake et al., 2002).
This is largely a qualitative measure which is typically evaluated using
questionnaires. Several questionnaires have been used in the setting of cardiac
disease (Franzen, Blomgvist, & Saveman, 2006). However, given that patients
often have limited time and resources, short questionnaires that can provide a
meaningful measure of change in health status are valuable (Jenkinson et al.,
1997).

To that end, the Short Form — 12 (SF-12) questionnaire has been
previously validated in the setting of heart failure. The SF-12 appears to perform
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as well as the longer Short Form — 36 scale (SF-36) with regard to physical and
mental health status and is largely similar in detecting changes in health status
with minimal differences observed in detected effect size (Jenkinson et al., 1997).
The scale also appears to correlate well with the Minnesota living with heart
failure questionnaire (r = 0.6) and the MacNew Heart disease scale (r = 0.74 and r
= 0.68 for the physical and mental component respectively) and consists of only
12 items (Franzen et al., 2006; Sansgiry, Chien, Jayawant, & Raju, 2008). High
intensity aerobic interval training has been shown to improve HRQOL (Wisloff et
al., 2007) as measured by the MacNew quality of life questionnaire. The effects of
high intensity interval aerobic exercise on changes in HRQOL as measured by the
SF-12 are as yet unknown.

Another mental health issue in patients with congestive heart failure is
depression and it may be an important predictor of heart failure mortality (hazard
ratio — 2.2) (Friedmann et al., 2006). Depression as defined by American
Psychiatric Association criteria has been associated with increased neurohormonal
activation, hypercoaguablity, autonomic dysfunction and cytokine activation that
may result in increased mortality and ventricular arrhythmias (Brown, Varghese,
& McEwen, 2004; Joynt, Whellan, & O'Connor C, 2004; Thomas et al., 2008).

The prevalence of depression in patients with heart failure is fairly
substantial and ranges from 13% - 77.5%. The wide range is reflective of the wide
variety of assessment tools that have been deployed in the setting of heart failure
(Thomas et al., 2008). The Beck Depression Inventory is a fairly effective tool
that can be used to detect depression with a sensitivity and specificity of 0.9 and
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0.87 respectively and has been linked to the increased risk of mortality and
rehospitalization in patients with congestive heart failure (Jiang et al., 2001).

The inventory consists of 21 items to assess the intensity of depression
which are graded n a scale of 0, 1, 2, 3 each. The scores range from 0 = least
severe depression to 63 = most severe depression. Scores greater than 14 — 15
indicate the presence of major depression.

Exercise has been shown to be a fairly effective treatment modality for the
management of depression. In a meta-regression analysis conducted by Lawlor
and colleagues, aerobic exercise when compared to no treatment reduced
symptoms of depression and reduced scores on the Beck depression inventory by
7.3 points (Lawlor & Hopker, 2001). When compared to cognitive behavioral
therapy, aerobic exercise was similar in its effects. At present the effects of high
intensity interval training on depressive symptoms in patients with heart failure

with preserved ejection fraction are unknown.
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Chapter 3
METHODS AND MATERIALS

The study was approved by the Mayo Clinic and Arizona State University
Institutional review boards. All procedures were carried out as per the declaration
of Helsinki. Subjects were screened using a combination of Mayo Clinic
echocardiography lab records and other medical records. Subjects living within a
40-mile radius of the Mayo Clinic campus in Scottsdale, AZ were typically
approached to enroll in the study. I enrolled a total of 18 patients with HFPEF
(New York Heart Association heart failure Class I1-111) from 40-80 years of age.
Subjects were screened and excluded if they had unstable angina, myocardial
infarction in the past 4 weeks, uncompensated heart failure, New York Heart
Association class IV symptoms, complex ventricular arrhythmias, medical /
orthopedic conditions precluding treadmill walking, symptomatic severe aortic
stenosis, acute pulmonary embolus, acute myocarditis, and non-use of B-blockers
or ace-inhibitors. Four subjects dropped out of the study because of non-
compliance due to factors such as change in employment status, other non-
cardiovascular illnesses or non-compliance with test procedures. Medication use
was recorded and kept constant while the patients were enrolled in the study. The

CONSORT diagram for this trial is depicted in Figure 2.
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Figure 1: CONSORT Diagram
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Measurements (before and after 4 weeks of training)

All testing procedures were carried out following an overnight fast.
Testing time was kept constant to reduce the impact of diurnal variations in the
clinical variables measured. Post-testing was typically carried out within 72-96
hours following the last exercise training session.

Peak oxygen uptake (VOpeak) was evaluated by using a 12-lead EKG
monitored continuous treadmill ramp protocol (modified Bruce protocol) with
increasing grade and speed until volitional fatigue or test termination criteria were
met . The decision to terminate the test was taken if the subject meets previously
defined American College of Cardiology/ American Heart Association criteria
from the guidelines for exercise testing (Gibbons et al., 1997).

Gas exchange during exercise was continuously monitored and recorded
using a Medigraphics Ultima Cardioperfect (St. Paul, MN) metabolic cart. The
metabolic cart was calibrated prior to every test. The VO2peak test was deemed to
be of good quality if patients achieved a respiratory exchange ratio (RER) > 1.05
or showed evidence of plateau in heart rate and/or oxygen uptake. All subjects
that completed the study managed to meet the aforementioned end-points with the
majority achieving RER > 1.15 before they requested to have the test terminated
due to fatigue.

Examination of vascular function

Subjects were asked to omit caffeine beverages and alcohol for at least 12

hours before the assessment. All measurements were taken in the supine position
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in a quiet, temperature-controlled room after 15 minutes of rest and 2 sequential
arterial blood pressure measurements that established hemodynamic stability. All
vascular measurements were made at the same time during the day to minimize
the effects of circadian variation.

Endothelium-dependent dilation of the brachial artery was measured
by B-mode ultrasound (Terason t3000+™, Burlington MA) using guidelines set
forth by the Brachial Artery Reactivity Task Force (Corretti et al., 2002).
Participants were asked to lie quietly for 15 minutes on the ultrasound table
before baseline images were obtained for 30 seconds from the participant’s non-
dominant arm. Simultaneous ultrasound images (B-mode) and doppler waveforms
were always recorded.

Subsequently, an appropriately sized blood pressure cuff was wrapped
around the patient’s forearm. After the baseline images were acquired, the blood
pressure cuff was inflated on the participants forearm to 250mmHg for 5 minutes
to completely occlude the arteries in the forearm. 30 seconds prior to cuff release
imaging of the artery was commenced. At 5 following cuff inflation, the cuff was
rapidly deflated and arterial images were recorded for up to 5 minutes. Images
that were obtained were analyzed by a blinded researcher using a previously
validated, brachial artery edge-detection software (Tinken, Thijssen, Black,
Cable, & Green, 2008).

Determination of aortic pulse wave velocity and central vascular
compliance was carried out using Sphymocor™ (AtCor Medical, Itasca, IL)
using validated methodology (Pauca, O'Rourke, & Kon, 2001). Briefly, an
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ascending aortic pressure waveform derived from the radial artery waveforms was
recorded at the wrist, using applanation tonometry with a high-fidelity
micromanometer. After 20 sequential waveforms were acquired, a validated
generalized transfer function was used to generate the corresponding central aortic
pressure waveform. The augmentation index (Alx) was calculated as the
difference between the first and second systolic peaks of the ascending aortic
waveform expressed as a percentage of the central pulse pressure (the difference
between central systolic and diastolic pressure). In addition, because Alx is
influenced by heart rate, an index normalized for heart rate of 75 bpm (Alx at 75)
was used. Only high-quality recordings, defined as an in-device quality index
>80% (derived from an algorithm including average pulse height, pulse height
variation, diastolic variation, and the maximum rate of rise of the peripheral
waveform) and acceptable curves on visual inspection were included in the
analysis.

Echocardiography

Left ventricular diastolic function was assessed using transmitral pulsed
Doppler recordings. The sample volume was placed in the mitral valve orifice by
the mitral leaflets. Peak E and A (peak early transmitral filling velocity and preak
transmitral atrial filling velocity during late diastole respectively), E/A ratio and
e’ (myocardial early diastolic velocity by tissue Doppler) were calculated. The
E/e’ was calculated as well. Deceleration time (DT) was calculated in
milliseconds as the time elapsed between the peak E velocity and the point where
the deceleration slope crossed the baseline. The isovolumetric relaxation time was
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calculated as the time elapsed between aortic valve closure and mitral valve
opening. Pseudonormalized filling patterns were unmasked by asking the patients
to carry out a Valsalva maneuver which results in a reduction in LV filling

pressures.
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Exercise Training

Following baseline testing, patients were randomized to either the high-
intensity aerobic interval exercise group, or to the continuous, moderate-intensity
exercise group. Randomization was carried out using a simple software generated
randomization table. Because significant improvements in VOpeak and FMD can
be observed after just 4 weeks of training, a 4-week training program was deemed
to be sufficient for this pilot project (Moholdt et al., 2009; Tinken et al., 2008).
Patients in each group were required to complete a total of 12 training sessions
over a period of 4 weeks (3 days / week). Patients carried out exercise training at
a phase Il cardiac rehabilitation facility. All exercise training was carried out
using real-time wireless EKG telemetry monitoring.

Patients in the moderate-intensity group began with 15 min of continuous
exercise at 60% of peak heart rate (PHR), gradually increasing to 30 min of
continuous exercise at 70% PHR by the 4™ week (within limits of tolerance).
Patients in the high-intensity aerobic interval exercise group started with intervals
of 2 min duration at 80-85% of PHR, separated by 2 min of recovery at 50% of
PHR to achieve a total “on-time” of 16 minutes of high intensity exercise. They
were progressed to four, 4-min intervals at 85-90% PHR, separated by 4 min at
50% PHR (Wisloff et al., 2007). Each training session began with a 10-minute
warm-up at 50% of PHR and end with a 5-min cool down at 50% PHR. Exercise

progression was modified according to individual patient exercise tolerance.
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Exercise sessions were terminated if the patient requested to stop, or if
malignant ventricular arrhythmias or atrial fibrillation appeared during exercise.
No significant adverse events were detected during the exercise training in both
groups. Subjects were instructed to maintain usual levels of physical activity and
usual diet during the study and not to make any modifications in the same.

Quality of Life and depression questionnaires

Quality of life was assessed using the short form 12 questionnaire. The
questionnaire consists of 12 questions that assess scores in the physical and
mental health domains (Franzen et al., 2006). The Beck depression inventory was
also administered at the same time (Jiang et al., 2001). The questionnaires were
given to the subjects at the end of the test procedures at the start and at the end of
the study. Subjects were instructed to mail-in the questionnaires when they
completed them and given information and return mail envelopes for the same.
Unfortunately, less than 50% of the subjects sent in complete questionnaires and

the data were not analyzed.
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Sample Size and Analysis

The primary outcome measure was FMD percent change assessed by B-
mode ultrasound. The sample size was calculated to detect 5% difference (SD =
3.2%) of FMD scores between treatment and control groups with 4 weeks
intervention, which was based on the previous publications of chronic heart
failure patients (Berger et al., 2001). In addition, I anticipated a 15% dropout rate
with 90% of power at a 0.05 alpha level of significance (two-sided). Based on
these parameters, the recruitment goal was 20 patients (n=10 per group, Table 1).
Even though | failed to recruit the projected amount of patients in the stipulated
amount of time | met minimum guidelines that were delineated by the power

analysis outlined below.
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Table 1. Sample size estimation

Estimates of total sample size (2N) for HIIT and MOD groups
with significance level (o) of 0.05 (two-sided).

Power
Detectable difference  80% 85% 90%
5 % (FMD) 15 17 20
6 % (FMD) 11 12 15
7 % (FMD) 8 9 10
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Statistical Analysis

General linear models (GLM) were used to investigate the effects of high
intensity training on BAFMD, aortic pulse wave velocity, Vo,peak values, and
systolic and diastolic functions compared with control group after adjustment for
covariates. The Mann-Whitney or Kruskal-Wallis tests were used if the
assumption of normality or homogeneity of variance was unjustified. Paired t-
tests were used to examine within group differences and unpaired t-tests were
used to examine the difference between the deltas between both exercise groups.
Partial Pearson or Spearman rank-ordered correlations were used to examine the
associations of BAFMD, aortic pulse wave velocity, VO,peak and diastolic
dysfunction grade values. All statistical procedures were performed by PASW

software (IBM Inc., Armonk, NY).
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Chapter 4
RESULTS
The descriptive characteristics of the subjects who participated in this
study are presented in Table 2. There were no significant differences between
patient characteristics at baseline in the high-intensity interval training and the

moderate intensity exercise groups.

Within-group effects of exercise on diastolic, vascular and
cardiopulmonary function in patients with HFPEF

Results of within-group differences are presented in Table 3. High
intensity interval training had a significant beneficial effect on modifying the
degree of diastolic dysfunction observed on two-dimensional echocardiography
that was present in the patients with HFPEF. Training lowered diastolic
dysfunction by approximately 1 grade (pre: 2.13 + .354 vs. post: 1.25 + .707, p =
0.031). Early diastolic filling (E) was significantly reduced post-training as well
(pre —0.93 + 0.28 m/s vs. post — 0.28 m/s, p = 0.033). Deceleration time increased
significantly in the HIT group as well (pre — 189.4 + 56.9 ms vs. post — 222.9 +
42 ms, p =0.022). A trend was observed for reductions in the left atrial volume
index at the end of training as well (pre — 36 + 3.1 vs. post—31.6 + 7.2, p =
0.086). The medial E/e’ ratio which is an important component of diastolic
dysfunction grading also showed a trend towards improvement (pre — 14.8 + 6 vs.

12.3+ 4.8, p=0.1).
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Table 2: Baseline characteristics of subjects (means + SD)
HIIT (n=8) Mod (n = 6)
Age (yrs) 69 + 6.5 715+ 117
3Sex 7m,1f 4m,2f
Weight (kg) 86.8 + 15.3 87.4+12.1
BMI (kg/m°) 28.4+4.8 29.3+2.8
SBP (mmHg) 131.2 +11.7 133.5 +24.4
DBP (mmHg) 82 +8 777+73
VO,peak (ml/kg/min) 18.6 + 5.7 16.87 +3
2+05 2+0.63

Diastolic dysfunction grade

“m” and “f” denote male and female respectively.

No significant differences were detected at baseline between the high intensity

interval and the moderate intensity training groups.
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High intensity interval training did not result in significant improvements
in VO_peak at the end of the month long intervention (p = 0.45). However, the
rate pressure product (RPP) at the ventilatory threshold (VT) and at VO,peak
showed trends that suggested an improvement in those parameters (Table 3).
Total treadmill time also showed a trend towards improvement at the end of the 4-

week long intervention.
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Table 3: Within-group effects of high intensity interval training

HIT p-value
Pre Post

DD grade 213+04 13+0.7 0.031
LA volume index 36 +3.1 316+7.2 0.086
(ml/m?)
E (m/s) 0.93+0.3 0.76 + 0.3 0.033
A (ms) 0.74 +0.2 0.71+0.2 0.649
E/A ratio 1.35+0.6 1.18 +0.5 0.303
DT (ms) 189.3 +56.9 222.9+41.9 0.022
e’ (m/s) 0.06 + 0.01 0.06 + 0.01 0.598
E/e’ 148+6 12.3+4.8 0.10
IVRT (ms) 91.3+11.7 98 + 23.6 0.651
BAFMD (%) 6.7+4 7.7+3.8 0.571
Aortic SBP (mmHg) 110.7 +10.2 113.4 + 135 0.653
Aortic DBP (mmHg) 75.1+7.4 743+5.7 0.81
Augmentation index 20.1+15.2 22.4 +21.7 0.54
@ HR75
RPP at VT 14969 + 3413 13624 + 2317 0.1
RPP at VO2peak 20825 + 4899 18741 + 3544 0.12
Treadmill time (secs) 843.8 + 155 900 + 152 0.12




No significant improvements in endothelium-dependent flow-mediated
dilation or vascular stiffness were observed. The moderate intensity exercise
program appeared to have no significant effects on diastolic dysfunction, vascular
function and cardiorespiratory exercise capacity. However, the moderate-intensity
exercise program did result in slightly lowered systolic blood pressures (pre —

133.5 + 24.42 mmHg vs. post — 122.2 + 26.66 mmHg, p = 0.062).
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Table 4: Within-group effects of moderate intensity training

MOD p-value
Pre Post

DD grade 2+0.6 22+0.8 0.317
LA volume index 40.5+9.3 46.3 +18.1 0.241
(ml/m?)
E (m/s) 09+0.2 08+04 0.235
A (m/s) 08+0.1 0.6 +0.5 0.38
E/A ratio 1.2+0.6 16+1.1 0.265
DT (ms) 199.2 + 705 220.2 +42.6 0.421
e’ (m/s) 0.05+0.01 0.06 + 0.01 0.259
E/e’ 17.7 + 6.3 16.7 +5.2 0.734
IVRT (ms) 92.8+20.9 74.3 +49.7 0.465
BAFMD (%) 81+4.2 34+36 0.144
Aortic SBP (mmHg) 127.67 + 16 118.3 + 25.3 0.312
Aortic DBP (mmHg) 748+ 7.3 71.2+104 0.427
Augmentation index 18.7+10.4 225+3.9 0.264
@ HR75
RPP at VT 13771 + 4077 12118 + 2870 0.377
RPP at VO2peak 20350 + 4110 18816 + 3616 0.371
Treadmill time 760 + 241 778 + 204 0.264

(secs)




Between-group effects of exercise on diastolic, vascular and
cardiopulmonary function in patients with HFPEF

High-intensity interval training appeared to be superior to moderate
intensity exercise with regard to improvements in diastolic function (p = 0.003;
Figure 2). The left atrial volume index improved significantly in the high intensity

exercise group as compared to the moderate intensity group (p = 0.02; Figure 3).
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Figure 2: Changes in diastolic function in both groups
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Figure 3: Changes in left atrial volume index (in ml/m?) across both

groups

50 Group
W HuT
NMoD
40 *

LA Volume Index

Pre Post

Time

* p = 0.02 between groups

48



Relationship between vascular function and left ventricular diastolic
function

A two-way ANOVA revealed a trend towards a condition-by-time
interaction that was observed for change in brachial artery flow-mediated dilation
and change in diastolic function grade (p = 0.06). A significant inverse correlation
was observed between BAFMD and change in diastolic dysfunction grade (r = -
0.585, p = 0.028) was noted when all the data was pooled. Specifically, as
BAFMD improved, diastolic function appeared to improve as well (Figure 5). No
significant correlation was observed between change in vascular stiffness and
change in diastolic function.

Quiality of life

I met with very poor compliance on the return rates on the quality of life
questionnaires. Only 50% of the subjects filled out complete SF-12 and Beck
depression inventory forms. Since this greatly reduced sample size, | did not
analyze the data.

Compliance

Compliance with exercise training was extremely good. Of the 14 subjects

that completed the study each completed the allotted 12 sessions of exercise.
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Figure 4: Relationship between change in BAFMD and change in diastolic
function (N=14)
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Chapter 5
DISCUSSION

This is the first randomized control trial to demonstrate the efficacy of a
high-intensity interval training program with regard to improving diastolic
dysfunction in patients with heart failure and preserved ejection fraction. Patients
randomized to the month long high intensity exercise intervention improved their
grade of diastolic function by ~ 1 grade and reduced their E/e’ ratio (p =0.1).

This may have important health implications for patients with heart failure
and preserved ejection fraction because HFPEF is a disease without any
established or proven evidence-based therapies that improve outcomes (Borlaug
& Redfield, 2011a). High intensity interval training in patients with heart failure
and reduced ejection fraction has been shown to improve markers of diastolic
function (Wisloff et al., 2007). Similarly, moderate intensity exercise training has
been shown to improve diastolic stiffness in patients with heart failure and
reduced ejection fraction (Malfatto et al., 2009). This pilot study demonstrates a
“proof of concept” that similar improvements may be possible in patients with
heart failure and preserved ejection fraction. Given that these improvements were
observed with just a month long training program, it suggests that high intensity
interval training may be a time-efficient strategy to improve diastolic function in
patients with heart failure and preserved ejection fraction.

Previously, several authors have demonstrated the effectiveness of long

term (12- 24 week long) moderate intensity exercise training programs on
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improving markers of diastolic function in patients suffering from heart failure
with preserved ejection fraction (Alves et al., 2011; Edelmann et al., 2011). I did
not observe any significant improvements in diastolic function in the moderate
intensity exercise training group in the present study. This may in part be due to
the length of the intervention and it is plausible that similar improvements would
have been observed in the moderate intensity group if the length of the
intervention were to be matched with previously published data.

No significant improvements in VO,peak were observed in the present
study in both the high intensity and moderate intensity exercise groups. However,
trends for improvement were observed in total treadmill time, and rate pressure
product at the ventilation threshold and VO,peak in the HIIT group. Interestingly,
reductions in E/e” was significantly correlated with reductions in the rate pressure
product at the ventilation threshold (r = 0.786, p = 0.021) in the HIIT group. This
finding would be associated with lower myocardial workload at submaximal
exercise. These findings suggest possible improvements in cardiorespiratory
function and the lack of significant results likely signifies a power issue. Previous
12-24 week long exercise trials that have utilized moderate intensity exercise in
the treatment of heart failure and preserved ejection fraction have shown
significant improvements in VO,peak (Alves et al., 2011; Edelmann et al., 2011;
Kitzman, Brubaker, Morgan, Stewart, & Little, 2010). One could speculate that
the lack of improvements in VO,peak in the present study may be a result of
improvements in cardiorespiratory function lagging improvements in diastolic
function.
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Reductions in resting left atrial volume index have been previously
reported following exercise training (Edelmann et al., 2011). The changes |
observed in the left atrial volume index were in line with those reported by
Edelmann and colleagues after 12 weeks of moderate intensity exercise and
resistance training. It is encouraging to note that salutary cardiac remodeling can
occur in a relatively short amount of time following the initiation of a high
intensity interval training program.

A trend towards a condition by time interaction was observed for brachial
artery flow mediated dilation and a significant association was observed between
change in BAFMD and change in diastolic function across all subjects (Figure 4).
Subject # 7 complained of an upper respiratory tract infection during the post-
testing period (patient was afebrile and did not meet any exclusion criteria for
VO;peak testing) and the subject’s BAFMD dropped from 15% in the pre-testing
period to — 1%. However, even when this subjects’ values were removed from the
dataset the p-values for the correlation went from r = - 0.585 (p = 0.02) tor = -
0.561 (p = 0.046). It is unclear as to why the BAFMD in the moderate intensity
group decreased in the post-testing period. Diastolic function appeared to improve
in-line with improvements in BAFMD. This is likely because improvements in
brachial artery flow mediated dilation have been observed to be positively
correlated with improvements in coronary endothelial function (Teragawa et al.,
2005). Coronary NO production has been linked to LV diastolic function (Paulus

& Shah, 1999). It is plausible that these changes which are analogous to improved
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nitric oxide bioavailability may have had salutary effects on LV diastolic
function.

One possible limitation of the study was that | did not rigorously control
for dietary intake. However, subjects were instructed to not deviate from their
normal dietary habits but this was not confirmed via a food recall. However, it is
important to note that subjects always reported for vascular testing after a > 12

hour fast and thus, it’s unlikely that meals affected their vascular function.

Adverse events

Subject # 1 complained of lightheadedness during a high intensity exercise
session and was found to transiently be in a junctional rhythm. However, the
patient was hemodynamically stable and after consultation with the treating
cardiologist, the decision was made to continue with exercise training. He did not
have any further episodes. Subject # 6 did have an emergency department
admission during the study after 2 sessions of moderate intensity exercise due to
suspected community acquired pneumonia. Upon discharge and recuperation he
elected to re-enter the study. His treating cardiologist agreed to the same. He was
then enrolled into the study again following repeat baseline testing. His initial
exercise sessions were considered null and void and he carried out the full 12
sessions of moderate intensity exercise. No significant major adverse cardiac
events were observed during the study and this serves to further underscore the
safety of exercise training in patients with heart failure and preserved ejection
fraction.
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Chapter 6
CONCLUSION

In conclusion, the results show that significant improvements in diastolic
function are possible after a month-long, high-intensity aerobic interval training
program. These improvements in diastolic function were observed in conjunction
with improvements in other echocardiographic variables such as left atrial volume
index and E/e’ ratio and are in line with previous findings in patients with heart
failure and reduced ejection fraction that underwent high intensity interval
training (Wisloff et al., 2007). These improvements in diastolic function may have
important implications for health outcomes in patients with heart failure and
preserved ejection fraction. Previous studies have demonstrated the utility of
moderate intensity exercise on improving diastolic function in patients suffering
from heart failure and preserved ejection fraction. However, the training volume
in those studies ranged from 3 — 6 months. | have demonstrated that similar
improvements may be possible with a substantially lower training volume. The
broader question of how to best maintain these changes remains and, is the next

logical avenue of inquiry.
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The SF-12v2™ Health Survey ]

Instructions for Completing the Questionnaire

Please answer every question. Some questions may look like others, but each one is different.
Please take the time to read and answer each question carefully by filling in the bubble that best
represents your response.

1. In general, would you say your health is:
Excellent Very good Good Fair Poor
G O O o O
2. The following questions are about activities you might do during a typical day. Does your
health now limit you in these activities? If so, how much?

Yes, Yes, No, not
limited limited limited
alot a little at all

a) Moderate activities, such as moving a table,
pushing a vacuum cleaner, bowling, or playing golf o o O

b) Climbing several flights of stairs C O (@]
3. During the past 4 weeks, have you had any of the following problems with your work or
other regular daily activities as a result of your physical health?

All of the Most of Some of A little of None of
time the time the time the time the time

a) Accomplished less than you ‘ o o o o o

would like I
b) Were limited in the kind of work
or other activities ; o O © © ©
Thursday, June 26, 2008 Page I of 2

SF-12vI™ © 1999 QualityMetrie, Inc. All Rights Reserved.
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4. During the past 4 weeks, have you had any of the following problems with your work or
other regular daily activities as a result of any emotional problems (such as feeling
depressed or anxious)?

All of the Most of Some of ‘A little of None of
time thetime thetime thetime the time

a) Accomplished less than you would
like

b) Did work or other activities less
carefully than usual

O o] 0 o 0O
o O 0 o o)

5. During the *past 4 weeks*, how much did *pain* interfere with your normal work
(including both work outside the home and housework)?
Not at all A little bit Moderately Quite a bit Extremely
O O O ] O
6. These questions are about how you feel and how things have been with you during the past

4 weeks. For each question, please give the one answer that comes closest to the way you
have been feeling. How much of the time during the past 4 weeks...

Allof Mostof Some Alittle Noneof
the the of the of the the
time time time time time
a) have you felt calm and peaceful? 0] o O o O
b) did you have a lot of energy? e} o 0] @] @}
¢) have you felt downhearted and
depressed? o © o o o

7. During the past 4 wecks, how much of the time has your physical health or emotional
problems interfered with your social activities (like visting friends, relatives, etc.)?

All of the Most of Some of A little of None of
time the time the time the time the time
O o @) O O

THANK YOU FOR COMPLETING THIS QUESTIONNAIRE!

Thursday, June 26, 2008 Page 20f 2
SF-12vZ™ © 1999 QualityMetric, Inc. All Rights Reserved.
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Name:

Occupation:

Marital Status: Age: Sex:

Education:

Instructions: This questionnaire consists of 21 groups of statements. Please read each group of statements carefully, and
then pick out the one statement in each group that best describes the way you have been feeling during the past two
weeks, including today. Circle the number beside the statement you have picked. If several statements in the group
seem to apply equaily well, circle the highest number for that group. Be sure that you do not choose more than one
statement for any group, including Item 16 (Changes in Sleeping Pattern) or Item 18 (Changes in Appetite).

1. Sadness
0 Idonot feel sad.
1 1 feel sad much of the time.
2 1am sad all the time.
3 lam so sad or unhappy that I can’t stand it.

2. Pessimism
0 Tam not discouraged about my future.

1 I feel more discouraged about my future than I
used to be.

2 1do not expect things to work out for me.

3 I feel my future is hopeless and will only
get worse.

3. Past Failure
0 I do not feel like a failure.
1 Thave failed more than I should have.
2 AsIlook back, I see a lot of failures.
3 Ifeel I am a total failure as a person.

4, Loss of Pleasure

0 I get as much pleasure as I ever did from the
things I enjoy.

1 Idon’t enjoy things as much as I used to.

2 I getvery little pleasure from the things [ used
to enjoy. )

3 Ican't get any pleasure from the things I used
to enjoy.

5. Guilty Feelings
0 Idon’t feel particularly guilty.

1 I feel guilty over many things I have done or
should have done.

2 Ifeel quite guilty most of the time.
3 Ifeel guilty all of the time.

6. Punishment Feelings
0 Idon’t feel I am being punished.
1 I feel I may be punished.
2 Iexpect to be punished.
3 I feel | am being punished.

7. Self-Dislike
0 I feel the same about myself as ever.
1 Thave lost confidence in myself.
2 Iam disappointed in myself.
3 Idislike myself.

8. Self-Criticalness

1 don’t criticize or blame myself more than usual.
I am more critical of myself than T used to be.

1 criticize myself for all of my faults.

I blame myself for everything bad that happens.

WM = O

9, Suicidal Thoughts or Wishes
1 don’t have any thoughts of killing myself.

1 1 have thoughts of killing myself, but I would
not carry them out.

2 T'would like to kill myself.

3 I'would kill myselfif I had the chance.
10. Crying

0 Idon’tcry any more than I used to.

1 Icry more than I used to.

2 Iery over every little thing,

3 I feel like crying, but I can’t.

PEARSON
—

2627 282930ABCDE 2812831 32

Copyright & 1996 Aaron T. Beck. All rights reserved.
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11. Agitation
0 Iam no more restless or wound up than usual.
1 1feel more restless or wound up than usual.
2 Tam so restless or agitated that it’s hard to stay
still.

3 1am so restless or agitated that I have to keep
moving or doing something.

12. Loss of Interest
0 Ihave not lost interest in other people or

activities.

1 Tam less interested in other people or things
than before.

2 T have lost most of my interest in other people
or things.

3 It’s hard to get interested in anything.

13. Indecisiveness
0 1 make decisions about as well as ever.

1 Ifind it more difficult to make decisions than
usual.

2 Thave much greater difficulty in making
decisions than I used to.

3 Ihave trouble making any decisions.

14. Worthlessness
0 Idonot feel I am worthless.
1 Idon’t consider myself as worthwhile and useful
as I used to.
2 I feel more worthless as compared to other
people.
3 I feel utterly worthless.

15. Loss of Energy
0 Thave as much energy as ever.
1 Thave less energy than I used to have.
2 1don’t have enough energy to do very much.
3 Idon’t have enough energy to do anything.

16. Changes in Sleeping Pattern
0 Ihave not experienced any change in my
sleeping pattern.

1a 1 sleep somewhat more than usual.
1b 1sleep somewhat less than usual.

2a [ sleep a lot more than usual.
2b I sleep a lot less than usual.

3a Isleep most of the day.
3b 1 wake up 1-2 hours early and can’t get back
to sleep.

17. Irritability
0 Iam no more irritable than usual.
I Iam more irritable than usual.
2 I am much more irritable than usual.
3 Tam irritable all the time.

18. Changes in Appetite
0 I have not experienced any change in my
appetite.

1a My appetite is somewhat less than usual.
1b My appetite is somewhat greater than usual.

2a My appetite is much less than before.
2b My appetite is much greater than usual.

3a I have no appetite at all,
3b [crave food all the time.

19. Concentration Difficulty
0 Ican concentrate as well as ever.
1 Tcan’t concentrate as well as usual.
2 It’s hard to keep my mind on anything for
very long.
3 Ifind I can’t concentrate on anything.

20. Tiredness or Fatigue
0 Iam no more tired or fatigued than usual.
1 I get more tired or fatigued more easily than

usual.

2 Iam too tired or fatigued to do a lot of the things
I used to do.

3 Iamtoo tired or fatigued to do most of the
things I used to do.

21. Loss of Interest in Sex
0 1 have not noticed any recent change in my
interest in sex.

1 Tam less interested in sex than I used to be.
1 am much less interested in sex now.
3 1have lost interest in sex completely.

" NOTICE: This form is printed with biue and black ink. if your
copy does not appear this way, it has been photocopied in
violation of copyright laws.
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Approval Date: 07/09/2010

Review Type: Expedited F2 F4

IRB Protocol #: 1004005096
Effects of a novel, high-intensity aerobic interval training program on endothelial

Study Title: function, vascular compliance, and peak cardiorespiratory capacity in patients with
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The above-referenced protocol was approved following expedited review by the Institutional Review Board.
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