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Abstract

Left ventricular assist device (LVAD) implantation is now an established treatment
option for patients with advanced chronic heart failure (CHF) unresponsive to
conventional medical treatment. Despite augmented central haemodynamic support
provided by the LVAD, patients still experience an impaired aerobic capacity, which
limits their capacity to perform activities of daily living and quality of life (QoL).
Reasons behind this remain unclear. Alterations in the vasculature and end-organ
function, such as the brain and skeletal muscle may be important factors. Currently,
there is a scarcity of data regarding the daily physical activity (PA) levels and the
effects of exercise training for this patient population. As LVAD therapy becomes
more common, it is important to better understand the effects of physiological and
clinical implications of LVAD implantation and responses to exercise. The objectives
of the present research thesis were to examine the impact of left ventricular assist
device devices in people with advanced CHF on daily PA levels and aerobic fitness;
and the effects of acute and chronic responses to exercise on the cardio- and
cerebrovascular systems. For these purposes, four experimental studies were

conducted.

Study 1. Background: LVADs are associated with increased aerobic capacity in
patients with CHF. However, studies evaluating the impact of LVAD implantation on
PA are lacking. The aim of this study was to compare daily PA levels in participants
with LVADs with well-matched CHF participants. Methods: Sixteen participants with
an LVAD (age: 59.1 + 10.8 yr) were case-matched to 16 participants with advanced
CHF (age: 58.3 = 8.7 yr), who were listed or being considered for cardiac
transplantation. Participants underwent a cardiopulmonary exercise test to determine
peak oxygen consumption (VO peak). PA was monitored continuously for at least
seven consecutive days with an Actiheart monitor. Results: VO peak in the CHF
group (12.3 * 3.5 mL-kg*-mint) was not significantly different to the LVAD group
prior to LVAD implantation (10.4 + 2.1 mL-kg™*-min'), but was lower than in the
LVAD group following implantation (15.8 + 4.3 mL-kg*-min; p < 0.05). PA was
higher in the LVAD (19.7 * 6.4 kJ-kg™-day®) compared with the CHF group (11.6 +
6.9 kJ-kgl-day'; p = 0.001). LVAD participants spent more time performing
moderate-intensity PA than their CHF counterparts, 26 (24-40) [median (IQR)] vs. 12
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(9-16) min/day (p < 0.001). PA was correlated with VO peak (r = 0.582; p = 0.001)
across participants in the CHF and LVAD groups. Conclusion: Higher levels of PA
were observed in participants with LVAD compared with patients with advanced CHF.
This may be due to a higher VO, peak, resulting in an improved capacity to perform

activities of daily living with fewer symptoms.

Study 2. Background: Patients with CHF experience cerebral hypoperfusion at rest,
but little is known regarding the acute effect of exercise on blood flow (CBF) in
patients with CHF, or whether this is effected by LVAD implantation. We
hypothesised that patients with CHF would exhibit impaired cerebrovascular
responses to incremental exercise when compared to age- and sex-matched healthy
control participants (CTRL), but that this would be enhanced by LVAD implantation.
Methods: Internal carotid artery (ICA), intra-cranial middle cerebral (MCAV) and
posterior cerebral artery velocities (PCAv) were measured continuously using Doppler
ultrasound, with concurrent assessment of cardiorespiratory parameters at rest and in
response to an incremental cycle ergometer exercise protocol to volitional exhaustion
in nine participants with LVADs (57.8 + 14.6 yr; 87.38 + 15.98 kg), nine age- and sex-
matched participants with CHF (57.6 £ 8.3 yr; 83.6 £ 11.49 kg), and nine healthy
control participants (54.8 = 13.9 yr; 73.80 + 15.76 kg). Results: At rest, ICA
haemodynamics (velocity, shear stress and flow) were greater in the CTRL and LVAD
group than the CHF group (p < 0.05). Higher levels of MCAv (52.7 £ 14.7 vs. 43.0 £
15.8 cm.st; p < 0.001) and PCAv (48.8 + 14.6 vs. 34.9 + 7.6 cm.s, p < 0.001) were
also observed in the LVAD compared with the CHF group, respectively. During
exercise, ICA flow increased at all workloads in the CTRL group (A63.62 + 10.8
ml.min at 60 W, p < 0.0001), whereas no exercise-induced increases were apparent
in the either the CHF or LVAD groups. MCAV increased from baseline in both the
CHF and CTRL group (p = 0.0001), but not in the LVAD group. Despite this, the
CTRL and LVAD groups possessed significantly higher MCAv (p = 0.006) and PCAv
(p <0.0001) values throughout exercise than the CHF group. Conclusion: Our findings
indicate that patients with LVADs exhibit higher cerebral blood flow at rest and during
exercise than matched CHF subjects, but attenuated brain blood flows during exercise
when compared to healthy subjects.



Study 3. Background: Cerebrovascular dysfunction is associated with advanced CHF.
While LVAD implantation may improve cerebral perfusion at rest, it remains impaired
during exercise. Exercise training is an effective therapy for improving vascular
function, but no study has yet assessed its impact on cerebral perfusion. The aim of
this study was to determine whether a 12-week exercise training program could
mitigate cerebrovascular dysfunction in patients with LVADs. Methods: ICA blood
flow and MCAv and PCAv artery velocities were measured continuously using
Doppler ultrasound, with concurrent assessment of cardiorespiratory measures at rest
and in response to an incremental cycle ergometer exercise protocol in 11 participants
with LVADs (53.6 £ 11.8 yr; 84.2 £ 15.7 kg; 1.73 + 0.08) pre (PreTR) and post
(PostTR) completion of a 12-week supervised exercise rehabilitation program.
Results: At rest, ICA flow and MCAV remained unchanged after the training program,
whereas PCAv was reduced (from 43.0 + 10.8 to 38.1 + 10.4 cm.s™; p < 0.05). During
exercise, the decline observed in PCAv (PreTR) from rest to exercise (5.2 + 1.8%) was
mitigated PostTR (p < 0.001). Similarly, exercise training enhanced ICA flow during
submaximal exercise (8.6 £ 13.7%), resulting in increased ICA flow PostTR compared
to a reduced flow PreTR (p < 0.001). Although both end tidal carbon dioxide (PetCO>)
and mean arterial pressure during incremental exercise were greater PostTR than
PreTR, only the improved PerCO> was related to the improved ICA flow (r = 0.37; p
< 0.05). Conclusion: Our findings suggest that short-term exercise training may
improve cerebrovascular function during exercise in patients with LVADs. This
preliminary finding should encourage future studies to investigate the effects of

longer-term exercise training on cerebral vascular adaptation.

Study 4. Background: Left ventricular assist device (LVAD) implantation is an
established treatment for patients with advanced chronic heart failure (CHF). To date,
studies evaluating the impact of aerobic training in patients with L\VVADs have focused
on moderate-intensity exercise. Methods: This was a randomised controlled trial
comparing the effects of high-intensity interval training (HIIT) versus moderate-
intensity continuous training (MICT) on VO2 peak in patients with LVADs. Secondary
outcomes included 6-minute walk test distance (6MWTD), cardiac function, flow-
mediated dilation, body composition and quality of life. Assessments were conducted
at baseline and after 12 weeks of supervised training performed 3 times weekly.

Participants were randomised to either HIIT (4x4min at 80-90% VO reserve,
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interspersed with 4x3-min at 50-60% VO reserve) or MICT (28-min continuously at
50-60% VO reserve). P<0.05 was considered statistically significant. Data are
expressed as marginal means with 95% confidence intervals. Results: 21 participants
(HIT: 57.7 £ 13.1 years; n=11) and (MICT: 55.6 £ 14.2 years; n=10) were
randomised. No major adverse events occurred in response to training in either group.
HIIT significantly improved VO, peak (from 15.6 [13.2-17.8] to 18.4 [16.0-20.8]
mL-kg*-min?) compared with MICT (16.2 [13.8-18.7] to 17.2 [14.6-19.7] mL-kg"
Lmin?); p<0.05 between groups. No significant differences were detected in
secondary outcomes between groups. Conclusion: HIT was well tolerated and
increased aerobic capacity more than MICT in patients with LVADs. Further studies
are required to evaluate the effect of HIIT on a broader range of physiological and

clinical outcomes in this cohort.

The work presented in the present thesis expands our current knowledge regarding the
impact of LVAD implantation on daily PA levels and how acute and chronic exercise
impacts the cerebral and cardiovascular systems. We observed that patients receiving
an LVAD engage in higher PA levels compared with well-matched patients without
mechanical circulatory support. This seems to be due to a higher aerobic capacity. The
improved functional capacity allows patients to engage more vigorously in
rehabilitation exercises and activities of daily living with fewer symptoms. In study 2,
we showed that patients with LVADs have greater volumetric CBF at rest and during
exercise compared to patients with CHF. However, CBF remains attenuated in these
clinical cohorts relative to matched healthy controls. In Study 3, we found that CBF
during exercise was improved following a short-term exercise training program in
patients with LVADSs. These findings suggest that exercise rehabilitation may be an
effective treatment option for partially reversing the cerebrovascular dysfunction that
these patients experience. In Study 4, we found that HIIT may be a safe and more
efficient training mode compared to MICT for improving cardiorespiratory fitness in
this clinical population. Our findings suggest that higher intensity aerobic exercise may
be prescribed in rehabilitation programs for clinically stable patients after an initial

lead-in period of moderate intensity is successfully completed.

Vil



Note: Some participants partially overlapped between Studies 3 and 4, not all of them.
However, outcome measures and assessments were different and reported separately

for each study.
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Chapter 1 General introduction

1.1 Background

Chronic heart failure (CHF) is defined by a reduced capacity of the heart to pump
sufficient blood flow to meet the metabolic demands of the body.! It is characterised
by impaired ventricular function with a resultant decrease in cardiac output, leading to
abnormal neurohormonal activation and compensatory mechanisms of peripheral
vasoconstriction and fluid retention.>2 Common symptoms of CHF include dyspnoea
and muscle fatigue, resulting in exercise intolerance, which becomes progressively

more pronounced as the condition progresses.>

Chronic heart failure is a global pandemic disease affecting over 26 million in the
world people and is a leading cause of morbidity and mortality.* In Western countries,
the prevalence of CHF ranges between 1-3% of the population®, increasing to 10% for
those aged >75 years®. Its economic impact is estimated at 2% of total health-care
expenditure.” In Australia, the direct and indirect cost of CHF has been estimated at

more than one billion a year.?

Given the increasing prevalence of CHF secondary to an ageing population and
improved management of early-stage CHF, the proportion of patients reaching an
advanced phase of the syndrome, class I1I-1V of the New York Heart Association
(NYHA) functional classification system, is constantly increasing.® Estimations of the
growth of CHF rates into the future are alarming: by 2030, the prevalence of CHF is
projected to increase nearly 50%*° with a subsequent economic burden incremented
by 127%.1

As a chronic disease, once adverse structural changes occur in the heart, the majority
of patients eventually progress to an advanced stage of the disease despite optimal
medical therapy. For those refractory to conventional medical management, advanced
therapies might be warranted. Historically, heart transplantation was the sole treatment
option for patients with advanced CHF. However, due to the limited availability of
donor's hearts and strict inclusion criteria for transplant waiting lists, only a small

proportion of patients with advanced CHF receive a heart transplant. Even for those
1



patients who are actively listed for a heart transplant, time on a waiting list may be
months or even years'?. Over the past 25 years, mechanical circulatory support
employing ventricular assist devices (VADS) has been an increasingly viable treatment
option to complement heart transplantation in the treatment of advanced CHF for a
select but broadening cohort of patients with advanced CHF.*?*® Ventricular assist
devices are electromechanical pumps that are surgically implanted into the right
(RVAD) or left ventricle (LVAD) of the heart to augment cardiac output and increase
blood flow to the lungs (RVAD) and other vital organs and periphery (LVAD).13
LVADs are far more commonly implanted than RVADs in the management of
advanced CHF and are the focus of this thesis.

LVADs were initially used predominantly as a bridge to cardiac transplantation,
however indications for LVADs now also include a variety of options; such as bridge-
to-transplant eligibility, bridge-to-recovery (where the myocardium recovers and the
LVAD is removed) and following the seminal REMATCH study,®® are being
implanted increasingly as destination therapy (DT), where the device remains
implanted for the rest of the patient’s life.'® Data from the Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS) indicate that the number
of patients supported with LVADSs has increased dramatically over the past decade,
with more than 17,000 LVAD implantations.!” Survival rates at one-year post-implant
are 81%, 59% at five years,!’ with increasing numbers of patients supported with an
LVAD surviving to over 10 years,*®!° highlighting the importance of strategies to

support long-term health and wellness in these patients.

An important objective of LVAD implantation is to reduce the exertional symptoms
and impaired functional capacity that are characteristic of CHF, to facilitate a more
active lifestyle and enable patients to engage in and benefit from structured cardiac
rehabilitation. Physical activity (PA) is an important determinant of aerobic capacity
in CHF?® and its beneficial effects on mental and physical health are well
documented.?! Indeed, both PA and aerobic capacity (expressed as VO, peak) correlate
with prognosis in patients with CHF.?2?> However many patients with LVADs
continue to experience exercise intolerance and other heart failure-related
symptoms,?*2® which are likely to limit activities of daily living and structured
exercise. There remains relatively little research into the effect of LVAD implantation

on exercise and PA. In a descriptive study, Hu et al.?” reported that the majority of

2



patients with LVADs engage only in low-intensity PA and for a limited period of time.
More recent research has shown that while patients augmented their PA levels over
the initial phase following LVAD-implantation, this did not differ in comparison to a
control group of patients with CHF but without mechanical circulatory support.?®
However, participants in the CHF control group in this study were not well matched
for CHF severity to the LVAD group, with a VO2 peak that was significantly higher in
the CHF group compared with the LVAD group (pre-LVAD). Accordingly, whether
LVAD implantation improves PA levels in patients with advanced CHF remains
unresolved. Furthermore, the time spent at different intensities of PA, and the
relationship between PA and potential mediators such as aerobic capacity physical

activity self-efficacy remain to be elucidated.

As highlighted above, one of the hallmark characteristics of advanced CHF is exercise
intolerance.?® The beneficial effect of exercise to improve functional capacity in
patients with CHF may result from a range of mechanisms. One under-researched area
relates to the growing recognition of the heart and brain interaction in patients with
CHF?*® and emerging findings suggest that cerebral signals may contribute to improved
sympathovagal balance and attenuated activation of ergo- and metabo-reflexes during
exercise.>®2 In patients with CHF, a 12-week program involving high-intensity
interval training (HI1IT) was found to improve oxygen uptake efficiency by enhancing
cerebral and muscular haemodynamics during exercise.3? These peripheral factors may
be important contributors to exercise capacity, possibly by increasing cardiac
efficiency and the delivery and/or utilisation of oxygen during exercise to the skeletal
muscle and brain. It is conceivable that these mechanisms would be upregulated by
LVAD implantation and evaluating cerebral blood flow (CBF) during exercise
provides a novel assessment of the effects of LVAD implantation on systemic blood
flow and specifically blood flow to the brain. A comprehensive assessment of the
impact of LVAD implantation on CBF will help to provide a more detailed
understanding of its effects on the systemic haemodynamic response to exercise. As
exercise training (ET) seems to improve arterial vascular function®® and cerebral
haemodynamics,3? we hypothesised that it may improve cerebrovascular function in

patients implanted with LVADs.



A final important consideration in patients with LVADs is how best to deliver exercise
rehabilitation to optimise training-induced benefits. Exercise training interventions
applied in randomised controlled trials to date have applied a conservative approach
of aerobic exercise involving moderate-intensity continuous training (MICT), at an
intensity of 50-60% of cardiorespiratory reserve.>*3® However, training at this
intensity has not increased aerobic capacity (VO peak) above untrained control
participants. HIIT has recently been applied in patients with CHF, and resulted in
significantly greater improvements in VO, peak, left ventricular ejection fraction and
endothelial function than MICT,*"-3 but this form of exercise has not been evaluated

to date in patients with LVADs, so it’s feasibility and efficacy remain untested.

1.2 Objectives of the research project

The purpose of the present thesis is to address the three outstanding research questions
related to physical activity and exercise in patients with LVADs, highlighted in the
Introduction. Specifically, the project was designed to accomplish the following

objectives:

1. Toassess the intensity and duration of physical activity in patients with LVADs
versus well-matched patients with CHF without mechanical circulatory
support and its relationship with aerobic capacity, quality of life (QoL) and

self-efficacy.

2. Toassess the impact of LVAD implantation on cerebral haemodynamics at rest
and in response to exercise compared with age- and sex-matched CHF and

healthy individuals.

3. Toexamine the impact of exercise training in patients with LVADs on cerebral

haemodynamics at rest and during exercise.

4. To determine the effects of different exercise training intensities in patients
with LVADs on VO, peak, submaximal exercise capacity, cardiac function,
endothelial function, body composition, biomarkers, QoL and self-efficacy in
patients with LVADs.



1.3

Thesis structure

Chapter 2 presents the literature review. This chapter provides an overview of
the exercise physiology in individuals with CHF and how LVAD implantation
affects the cardiovascular system at rest and in response to both acute and

chronic exercise exposure.

Chapter 3 is presented as a published manuscript entitled “Left ventricular
assist device implantation is associated with higher physical activity levels in

patients with advanced chronic heart failure” describing Study 1.

Chapter 4 is also presented as a published manuscript entitled “Cerebral blood
flow velocities during exercise in patients with chronic heart failure: Impact of

left ventricular assist devices” describing Study 2.

Chapter 5 presents Study 3 which examined the impact of exercise training on
cerebrovascular responses during exercise in patients with left ventricular

assist devices. This study is also presented as a published manuscript.

Chapter 6 presents Study 4 which examined the effects of different intensity
exercise training in patients with left ventricular assist devices in a multicentre,
randomised, controlled trial. This study evaluated the impact of a 12-week
HIIT program versus the usual care exercise rehabilitation (MICT program) on
VO, peak, cardiac function, endothelial function, and QoL in patients
supported with LVADs.

Chapter 7 presents the main findings of the present research project, discusses
the overall findings and their clinical implications, acknowledges its
limitations, suggests future research considerations and outlines the general

conclusion of the thesis by research.
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Chapter 2 Review of literature

2.1 Background

Left ventricular assist devices (LVADS) are an increasingly common treatment option
for patients with advanced chronic heart failure (CHF), that are used as a bridge to
cardiac transplantation, as destination therapy where the patient has the device for the
remainder of their life, or in rare cases, as a bridge to myocardial recovery. Following
LVAD implantation, and an initial period of post-surgical recovery, patients usually
experience a rapid improvement in exercise tolerance,* likely due to the increase in
‘total cardiac output’ resulting from the combination of LVAD flow and cardiac output
from the native left ventricle. However, VO, peak remains significantly reduced
compared with age- and sex-predicted values,'? which is likely due at least in part to
the ‘hangover’ from the peripheral sequelae and associated physical deconditioning
associated with CHF but also an inability of LVADs to generate augmented output in
the setting of exercise. Indeed, relatively little is known about peripheral
haemodynamics during exercise in patients with LVADs. Furthermore, this limited
exercise tolerance may compromise activities of daily living and meeting daily
physical activity (PA) recommendations, which may result in further deconditioning.
In contemporary clinical practice, it is common for patients with LVADSs to undergo
exercise rehabilitation as part of multidisciplinary management. However, the
literature relating to exercise training (ET) in patients with LVADs is relatively sparse
and remains equivocal. Randomised control trials (RCTs)3® performed to date on the
effects of ET for patients with continuous-flow LVVADs have not found a significant
improvement in aerobic capacity compared with untrained controls. Furthermore,
there are a lack of evidence-based guidelines for ET in the growing population of
LVAD recipients. In view of these limitations to the current literature, optimal training

protocols are yet to be determined.

The goals of the present review of the literature are to:
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i.  Describe how CHF affects the physiology of exercise and factors that influence
exercise performance.

ii.  Summarise the current knowledge of exercise physiology in LVADs to better
understand how exercise affects the cardiovascular system acutely and
chronically.

1. Highlight gaps in the existing knowledge and suggest future research lines.

2.2 The acute haemodynamic response to exercise in
healthy individuals

During exercise, there is an increased requirement for blood flow to the active skeletal
muscles to supply oxygen and substrates to meet the metabolic demands and facilitate
the removal of carbon dioxide and metabolites. This hyperaemia is achieved by an
increase in cardiac output (CO) which is proportionate to the increase in metabolic
requirements. According to the Fick principle,® oxygen consumption (VO,) is the
product of CO multiplied by the arterial-venous oxygen content difference (a-vO:
diff); (VO2 = CO x a-vO; diff). In normal healthy individuals (non-athletes), resting
oxygen consumption is ~250 mL/min, increasing up to 10 to 15-fold at maximal effort,
depending on age, gender, body mass and level of fitness. During exercise, an increase
in VO is achieved by a 4-6-fold increase in CO and 2-3-fold increase in a-vOdiff.’”
Augmented CO occurs as a function of increases in both stroke volume (SV) and heart
rate (HR). Stroke volume increases up to 50% due to a greater contractile force
produced by an elevation in left ventricular end-diastolic volume (LVEDV) and by
greater left ventricular emptying leading to a reduced left ventricular end-systolic
volume (LVESV). This is facilitated by increased contractibility and peripheral
vascular dilation. Increases in LVEDYV occur in response to enhanced venous return,
mediated by the active skeletal muscles (‘muscle pump’) and the ‘respiratory bellows’
effect of respiration. While SV reaches a plateau at approximately 50% of VO, peak
(from ~70 mL at rest to ~110 mL at peak exercise),® HR is able to increase up to 4-
fold at peak exercise, depending on the age. It is pertinent to note that while HR is
initially stimulated through a decreased in parasympathetic activity via vagal

withdrawal, at higher exercise intensities, HR is driven by increased levels of
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sympathetic activity highlighting the role the central nervous system (CNS) plays in
the cardiovascular response to exercise. It is well established that the increase in HR

during exercise is closely correlated with VO3 in healthy individuals. 1!

2.3 The pathophysiological mechanisms of exercise
intolerance in chronic heart failure

Chronic heart failure is commonly classified as either heart failure with preserved
ejection fraction (HFpEF) or heart failure with reduced ejection fraction (HFrEF). The
latter is characterised by systolic dysfunction, whilst the former is characterised by
diastolic dysfunction.!? Mechanical circulatory support has not been systematically
evaluated in patients with HFpEF, however, LVADs implanted in patients with
restrictive or hypertrophic cardiomyopathies suggested an increased incidence of right
ventricular failure after implantation.** Accordingly, the focus of the following
description of CHF is HFrEF.

By definition, CHF is a progressive syndrome that commonly commences as a result
of a myocardial injury that damages the myocardium or weakens its contractile force
generation.* The aetiology behind the initial injury are complex and multiple, and
exceed the scope of the present review, but are most frequently related to an acute
myocardial infarction or hypertension. Other causes include valvular disease, viral
infection, alcohol/drugs and genetic origin, among others. Regardless of the initial

cause, the common feature of CHF is a reduction in CO.%®

Impaired CO triggers compensatory mechanisms involving neurohormonal activation,
in order to maintain hemodynamic homeostasis.**® In brief, the neurohormonal
activation includes the sympathetic nervous system (SNS), the renin-angiotensin-
aldosterone system (RAAS), and the arginine vasopressin system. These systems
preserve CO via salt and water retention, enhanced cardiac contractibility as well as
vasoconstriction of peripheral arteries.'®!” However, while these systems preserve the
cardiovascular equilibrium relatively well in the short-term, when they are chronically
activated they lead to a detrimental and vicious cycle, causing cardiotoxicity, LV
remodelling, cardiac cell necrosis, and excessive fluid retention.’®*8 As such, the

neurohormonal response contributes to the progression of the heart failure syndrome
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and there exists a relationship between neurohormonal activation levels and the
severity of CHF.1® As a consequence of the increase in systemic vascular resistance,
afterload increases resulting in additional load on an already impaired myocardium.
These processes contribute to further cardiovascular deterioration, which in turn

contributes to worsening of CHF.18:20

The clinical presentation of CHF is comprised of several typical symptoms, such as
oedema, breathless and fatigue. It is usual medical practice to use the New York Heart
Association (NYHA) functional classification?! to assess and report the severity of

symptoms and functional capacity. These are classified as:

e Class I: No limitations to physical activity; ordinary physical activity does not
cause symptoms.

e Class II: Slight limitations to physical activity. Comfortable at rest, but
ordinary physical activity results in breathlessness, fatigue or palpitations.

e Class Ill: Marked limitations of physical activity. Comfortable at rest, but less
than ordinary activity causes symptoms.

e Class IV: Unable to carry on any physical activity without discomfort.

Symptoms at rest can be present.

As such, exercise intolerance is a hallmark of CHF. According to the Fick Principle,
the loci of limitation underpinning exercise intolerance in CHF may lie in either of two
broad mechanisms; the inability to increase the pumping of oxygenated blood via an
increase in CO and/or the ability to improve the utilisation of oxygenated blood (and
remove metabolic by-products) from the skeletal muscles. Although initially thought
to be exclusively the result of cardiac dysfunction (reduced cardiac output), there has
been an increasing recognition over recent years that peripheral mechanisms linked to
the pathophysiology of CHF contribute significantly to the exercise intolerance
experienced by patients with CHF.?* In this section, the factors contributing to

exercise intolerance in patients with CHF are described.
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2.3.1 Central mechanisms

Chronic heart failure, by definition, is characterised by an inability of the heart to meet
the metabolic demands of the body. This occurs as a result of the two physiological

components that contribute to CO:

(1) Failure of the Frank-Starling mechanism to increase SV. In patients with CHF, the
heart functions on a portion of the Frank-Starling curve with a decreased slope so
that higher end-diastolic volumes (and pressures) are required to maintain adequate
contractile force. Over time, this mechanism fails resulting in augmented LVESV.
Figure 2.1 illustrates the relationship between LVEDYV and SV, according to the
Frank-Starling Law in a healthy heart and a heart with heart failure. SV is also
lowered at rest and can increase only moderately at peak exercise up to 40-60
mL/beat,?®> whereas healthy individuals reach over 100 mL/beat.?® This occurs as
a dilated LV at rest is pumping relatively close to its maximum volume and thus,
some of its contractibility capacity is already consumed.

(2) Incompetence to increase HR proportionally with metabolic demands
(chronotropic incompetence),?” compounded by the fact that patients with CHF
often have an elevated resting HR, secondary to an augmented sympathetic
activation and parasympathetic inhibition. Moreover, some commonly prescribed
medications (such as B-blockers, calcium antagonist, digitalis and amiodarone) for

CHF patients are known to further compromise the chronotropic response.

These factors in combination contribute significantly to the impaired aerobic capacity
experienced by patients with CHF, with peak oxygen consumption values <50% of
predicted in patients with advanced CHF (Figure 2.2).
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Figure 2.1 Representation of the Frank-Starling mechanism of compensation for CHF.
Adapted from Muslin.'*
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Figure 2.2 Oxygen consumption values at rest and peak exercise capacity in healthy
versus people with CHF. Data adapted from Dhakal et al.?®

16



2.3.1.1 Role of cardiac output to exercise intolerance: is it
mainly a central matter?

Although there is a linear correlation between VO, peak and peak CO in healthy
individuals, previous studies have shown that resting left ventricular ejection fraction
(LVEF) is a poor predictor of VO, peak in patients with CHF.?82° However, a series
of acute studies in patients with CHF conducted by Borlaug et al.,*>3? consistently
found similar a-vO2diff at peak exercise between patients with CHF and matched-
healthy controls, suggesting that a reduced VO peak might be mainly due to a lower
CO, secondary to chronotropic incompetence. According to Borlaug,®? there are
different lines of evidence supporting the theory that the reduced VO peak is
predominantly caused by a low CO. This notion is supported by the following
observations: i) Activation of only half the total body muscle mass is sufficient to
achieve VO, peak and additional recruitment of skeletal muscles do not increase CO
or VO any further. ii) When additional muscles are activated during maximal exercise,
arterial pressure is preserved by vasoconstriction to the local working muscles; iii) The
capacity for oxygen consumption from the skeletal muscle surpasses the CO.
However, it is pertinent to highlight that in one of their studies,® the healthy control
group had a VO peak of 14.4 mL.min".kg™, indicating a severe impairment in aerobic
capacity and therefore, raising significant questions about the validity of their methods.

In contrast to Borlaug’s theory, there is a large body of research that supports an
important role of peripheral factors contributing to exercise intolerance.?6*%3% Studies
of acute exercise response in patients with CHF versus healthy individuals?®=® have
shown that reduced VO2 peak in the former was associated with a concurrent decreased
peak CO and a-vO.diff relative to healthy controls. Interestingly, the authors suggested
that the drop in peak exercise CO might be secondary to a lower peak HR, rather than
an impaired SV.% A more recent study performed by Shimiaie et al.®” compared the
cardiopulmonary responses to exercise in three groups: patients with HFpEF, HFrEF,
and healthy controls. Both cardiac function (HR and SV) and peripheral (a-vO.diff)
determinants correlated closely with oxygen uptake throughout exercise in all groups.
This finding suggests that these factors may be key determinants of exercise capacity
irrespective of the phenotype of cardiac insufficiency. An interesting observation was
that the HFrEF group showed an increased a-vO.diff at peak exercise compared with

the HFpEF and healthy control groups, which could be interpreted as an improved
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peripheral function. An alternative explanation may be that the increase in oxygen
extraction during exercise may be a compensatory mechanism as a consequence of a
diminished CO, as other investigations have suggested.®5* It should be noted that a-
vOdiff was only calculated indirectly according to the Fick equation. In accordance
with this finding, an invasive haemodynamic study conducted by Dhakal et al.,?® found
that peak a-vO.diff was the major determinant of VO, peak in patients with CHF (the
degree of a-vOdiff impairment was greater than the CO), reflecting the significant
role of peripheral oxygen extraction and utilisation (Figure 2.3). Likewise, Bhella et
al.,® observed that CO was not significantly different in patients with CHF compared
to age-match healthy subjects, despite having a lower VO, peak. It is worth mentioning
the considerable contribution to the field made by Haykowsky and colleagues,*34 who
have consistently shown the existence of peripheral abnormalities, such as perfusive
and diffusive oxygen transport, vascular dysfunction as well as impaired mitochondrial
oxidative capacity in patients with CHF.

These aforementioned studies, by conducting acute haemodynamic assessments, have
demonstrated the existence of different peripheral factors influencing a-vO.diff during
exercise, and consequently VO peak. Taken together, these data strongly suggest that
a single and dominant determinant of exercise intolerance in CHF seems to be

implausible, and rather, it is a multifactorial issue.
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Figure 2.3 Determinants of peak oxygen uptake and its maximum incremental
capacity in healthy subjects (black font) compared to matched-individuals with CHF
(red font). Data adapted from Dhakal et al.?®
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2.3.2 Peripheral mechanisms

As CO increases during exercise, the vascular system has the capacity to regulate both
the volume and flow of blood to ensure it is directed to the working muscles in order
to match the metabolic requirements. This redistribution of blood flow supply is
achieved by regional vasodilation in the active muscles, combined with
vasoconstriction in vessels supplying less metabolically demanding organs, such as
inactive muscles, the viscera, liver, and kidneys. The capacity of the vascular system
to regulate blood flow during exercise is also vital for blood pressure control, given
that without this regional vasoconstriction, hypotension would occur due to the
dilation capacity of the conduit arteries in response to increased blood flow. Although
reflex increase of the sympathetic system leads the vasoconstriction in less demanded
areas, redistribution of blood flow is also regulated at the local level. Among these

mechanisms, the endothelium plays a crucial role in maintaining vascular homeostasis.

2.3.2.1 Role of vascular endothelial function

The inner layer of blood vessels is composed of a single layer of squamous cells known
as the endothelium. Historically, considered a passive layer of cells which simply
separated the circulating blood from the vascular wall,*° the seminal discovery by
Furchgott and Zawadzki*! in 1980 identified that endothelial cells play an obligatory
role of in the relaxation of arterial smooth muscle. It is now understood that the
endothelium exerts an influence over vascular tone, and therefore blood flow
distribution, by synthesising and releasing an array of vasoactive compounds. This
includes vasoconstrictors such as thromboxane Az, prostaglandin Hz, and endothelin 1
and vasodilators such as hyperpolarizing factor, prostacyclin and nitric oxide
(NO).*24 Thus, vascular tone is determined by the balance between these
vasoconstricting and vasodilating influences. NO is the most extensively studied of
these compounds and there is now a wealth of literature supporting its involvement in
influencing vasomotor tone in the coronary** and peripheral conduit arteries.*
Endothelium-derived NO production is upregulated by stimuli, such as chemical
agents (e.g. acetylcholine) or hemodynamic shear stress occurring during exercise. 04
While low levels of NO are released under normal resting conditions, in response to

acute exercise, high laminar shear stress is applied to the vascular wall, increasing the
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production of NO in order to normalise the shear stress.*® In addition, endothelium-
derived NO inhibits the adhesion and aggregation of platelets and leukocytes, reducing
vascular inflammation and atherosclerosis, including the coronary microvascular and
endocardial blood vessels.*® Therefore, NO acts as an important mechanism in
preventing plaque accumulation which may ultimately result in an acute coronary

thrombosis in a coronary artery and subsequent myocardial infarction.

2.3.2.2 Endothelial dysfunction in chronic heart failure

In healthy individuals, the endothelium preserves vascular homeostasis via
vasodilatory, anti-inflammatory and antithrombotic factors thereby counterbalancing
vasoconstricting, inflammatory and thrombotic compounds.*” Whereas in the setting
of CHF, reduced shear stress, secondary to impaired CO, combined with
neurohormonal activation provoke a breakdown of this equilibrium.*® The
overproduction of reactive oxygen species, proinflammatory cytokines and uncoupled
eNOS are not proportionally compensated by the endothelium and bone marrow
endothelial progenitor cells, resulting in systemic inflammation.*® These processes
culminate in reduced NO bioavailability. This endothelium-derived vascular response
is a major determinant of vasodilation and vasoconstriction imbalance, associated with
CHF.47-49

Over recent years, a large body of evidence has established a link between endothelial
function and cardiovascular pathologies.*>*3* Importantly, large sample size research
studies®>? have demonstrated that brachial artery endothelial function, measured
using flow-mediated dilation (FMD), -the gold standard technique for measuring
vascular endothelial function non-invasively- is an independent predictor of
hospitalisation and death in participants with both ischemic and non-ischaemic CHF.
Additionally, an increased activity of the SNS occasioned by elevated plasma levels
of catecholamine has also been associated with vasoconstriction and impaired
vasodilation response at rest and during exercise in CHF.>*%* Moreover, a
hyperactivated SNS produces an increased sensitivity of the chemoreceptors and
ergoreceptors reflexes located in the vasculature and the muscle, along with the
suppression of baroreceptors reflex activity®®, which may be contributing factors to

fatigue and dyspnoea during exercise in this patient population.®

20



Prior investigations have found that exercise intolerance is associated with impaired
vascular endothelial function in patients with CHF.>"*® Conduit arteries must dilate in
response to exercise to enable the transportation of increased blood flow to the working
skeletal muscles. It is now understood that the capacity for endothelium-mediated
vasodilation of conduit arteries in response to increased laminar shear stress associated
with exercise is blunted in patients with CHF, compromising oxygen availability and
utilisation in the working muscles. This directly affects exercise performance. For
instance, Hundley et al.>® conducted a cross-sectional study conducted in patients with
HFpEF, HFrEF, and healthy age-matched control subjects. They found that femoral
artery FMD was significantly decreased in the HFrEF compared to the HFpEF group
and the healthy control group. Femoral FMD was associated with VO, peak in patients
with HFrEF (r = 0.9; p = 0.02) as well as in the healthy group (r = 0.58, p = 0.05), but
there was no association in the HFpEF group (r = 0.07; p = 0.6). This data suggests
that while endothelial dysfunction may be an important determinant of exercise
intolerance in patients with HFrEF, it may not be as such for patients with HFpEF, a

finding supported by follow up research.®

2.3.2.2.1 Impact of exercise training on endothelial function in
chronic heart failure

A wide body of evidence has shown that ET programs are effective non-
pharmacological interventions for improving, or even normalising, endothelial
dysfunction in patients with CHF.%*%* While training intensity is considered a key
element in the prescription of exercise rehabilitation for these patients,% whether high-
intensity interval training (HIIT) provides better outcomes compared to the usual
moderate-intensity continuous training (MICT) for patients with CHF remains a topic
of debate.

In a systematic review, Vuckvic et al.* evaluated the effect of ET on vascular
endothelial function in patients with CHF. The authors included 11 studies (n=318)
and concluded that collectively, aerobic, resistance and combined ET improved
endothelium-dependent function, independently of age, NYHA functional class or
aetiology of CHF. However, owing to the heterogeneity of ET protocols used in the
literature, the latter review did not resolve whether exercise intensity plays a key role
in improving endothelial function. Interestingly, Ashor et al.%® conducted a meta-

analysis evaluating the impact of different exercise modalities (aerobic, resistance or
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combined) on endothelial function across studies in different clinical populations,
including CHF. In total, 51 RCTs (N=2,260) were included. Authors found that all
exercise modalities improved endothelial function up to 2.8% and observed a dose-
dependent relation in which a 10% increase of relative aerobic exercise-intensity
resulted in 1% unit increment in FMD. However, due to the wide range of populations
included, extrapolating these findings to people with CHF is problematic. Specifically
in CHF, Wisloff et al.®® conducted an RCT comparing the effects of HIIT versus MICT
and found that 12 weeks of HIIT improved brachial endothelial function significantly
more than MICT. Similarly, HIIT was superior to MICT for improving VO, peak (46%
vs. 14%; p < 0.001), with the increase in VO, peak strongly correlated with the
increase in endothelial function (r = 0.69; p < 0.05). Conversely, a recent systematic
review with meta-analysis® including 13 studies, showed that both HIIT and MICT
improved similarly vascular endothelial function, as measured by brachial FMD, in
patients with CHF. The precise mechanism by which exercise training is associated
with improved endothelial function remains to be fully elucidated. Several
investigations have suggested that changes related to cardiac performance, blood
pressure, LDL profile, and improved NO production may be involved.®” Also, it has
been demonstrated that repetitive episodes of acute increases in intra-arterial blood
flow promote endothelium-dependent NO-releasing, which in turn, result in enhanced

vascular function and structure in the long-term.*368

These experimental studies suggest that any modality of ET (aerobic, resistance and
combined) may result in significant improvement in endothelial function in patients
with CHF.%° However, the high degree of heterogeneity among studies, (i.e. different
clinical populations and hence difference medication use, couple with different
exercise prescription methods and training protocols) may have contributed to the
equivocal findings. Overall, findings from the aforementioned studies suggest that
factors like frequency, and particularly aerobic exercise-intensity, play a vital role in
endothelial function enhancement and should be the focus in future exercise

intervention studies.

2.3.2.3 Role of skeletal muscle function

During exercise, the majority of oxygen is consumed by the active muscles, as such,
skeletal muscle function likely plays an important role in exercise capacity. In a person
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with CHF, diminished blood flow, and subsequently decreased shear stress, is
associated with attenuated vasodilation. This affects systemic oxygen delivery to the
working muscles,*® leading to an early reliance on anaerobic metabolism, contributing
to the development of symptoms like fatigue and dyspnoea.?° It is well documented
that patients with CHF undergo a range of maladaptations in skeletal muscle
morphology and function.” In addition to muscle mass loss, other alterations occur
including a shift from type | (oxidative) to type Il/1Ib (fast-switch glycolytic) muscle
fibres, and reduced oxidative enzymes,’*"2 mitochondrial volume density’?, and
capillary-muscle interface,” which have all been associated with decreased aerobic
capacity.’l:"

2.3.2.3.1 Skeletal muscle function during acute exercise in
chronic heart failure

In a cross-sectional study, Haykowsky et al.,” observed that oxygen uptake during
cycling, indexed to leg lean mass, is severely decreased in patients with CHF compared
with healthy controls. Similarly, Weiss et al.,” recently found that patients with CHF
deplete muscular phosphocreatine reserves significantly quicker than healthy controls.
This may be an indication that muscular oxygen diffusion capacity and/or oxygen
utilization are impaired in patients with CHF, even after correction for skeletal muscle
mass; and may explain the shift in fibres type that patients commonly experience and
their reliance on anaerobic metabolism and lactate accumulation, leading to early

muscle fatigue.

In addition to a blunted connective and diffusive transport of oxygen and utilisation at
the local level, patients with CHF also exhibit an impaired functional capacity,
associated with muscle wasting’® and strength in the lower limbs compared with age-
matched healthy individuals.”®’” For example, Panizzolo et al.,”” compared the passive
force in the soleus muscle between 12 participants with CHF and 12 age- and physical
activity-matched controls and reported that CHF participants had a 30% reduced
passive soleus force at the same relative muscle strength. However, passive force was
not different when data were normalised for muscle cross-sectional area, suggesting
that muscle size may have a greater effect than muscle intrinsic properties on muscle

strength.

23



These findings in combination suggest that while preservation of skeletal muscle mass
may be an important determinant of muscular strength, underlying abnormalities in the
oxidative metabolism within the muscular level may compromise exercise tolerance

and functional capacity in patients with CHF.

2.3.2.3.2 The impact of exercise training on skeletal muscle
metabolism and function in chronic heart failure

Extensive research has demonstrated that ET is an effective approach that specifically
targets the skeletal muscle maladaptations evident in patients with CHF.”®° In an early
study, Hambretch et al.®° demonstrated that patients with CHF experienced significant
improvements in total volume density of mitochondria and volume cytochrome c-
oxidase following a training program. ET has also been shown to induce a shift to a
greater percentage of type | skeletal muscles fibres®® and a higher capillary-fibre
ratio.®2 Additionally, ET studies have reported improvements in muscular cross-
sectional area,®® mitochondrial ATP production rate* and aerobic enzyme activity.®
Following quadriceps training,®® changes in skeletal muscle function and structure
were correlated with increased oxygen uptake,® highlighting the close relationship

between muscular metabolism and exercise capacity.

Similarly, trials to date that have combined aerobic and resistance training, have
reported significant improvements in mitochondrial size,®® muscle mass and
strength, %8788 which is an independent predictor of survival in CHF.8® These findings
emphasize the importance of incorporating a resistance component in training
programs to specifically target cachexia, which becomes increasingly severe as the

severity of heart failure increases.”

2.3.2.4 Role of cerebrovascular function

The human brain, despite being 3% of the total mass in the body, consumes ~20% of
the total oxygen uptake, at rest.®® As the brain cells lack reserve energy storage, they
are fully dependent on adequate blood flow supply to meet the oxygen and glucose
requirements as well as to clear metabolic waste to ensure normal function. Functional
hyperemia serves hereafter to match cerebral blood flow (CBF) with metabolic
requirements to preserve homeostasis. During exercise, the cardiovascular system
must increase blood supply to the active muscles, while sustaining sufficient flow to
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the rest of the key body organs, including the brain. Research has found that CBF is
regulated by a set of different mechanisms, which involve partial pressure of carbon
dioxide (PaCOy), arterial blood pressure, cerebral metabolism, neurogenic activity and
CO.°! In healthy individuals, the normal CBF response to acute exercise has been
described as biphasic, with a gradual and proportional flow increment as a function of
exercise intensity up to ~60-70% of VO, peak, followed by a plateau and decline

despite increases in exercise intensity.

Chronic heart failure is a syndrome characterised, but not limited to, reduced CO. The
insufficient end-organ perfusion leads to deterioration in other body organs, including
the brain.®2 Interestingly, both the heart and the brain suffer common
pathophysiological processes caused by atherosclerosis and thrombosis, which
eventually leads to chronic organ impairment.®® Despite the important interconnection
that the heart and brain have, not much is known about the role of cerebral
haemodynamics in CHF and its clinical implications. In fact, a recent position
statement®® from the European Society of Cardiology has called for further empirical

work to address this gap in the literature.

Historically, it was believed that despite the reduced CO, CBF was preserved in
patients with CHF due to compensatory mechanisms.?*% However, contemporary
evidence has revealed that compared with healthy controls, patients with CHF
experience significantly decreased cerebral perfusion.®®*® Indeed, the degree of CBF
reduction correlates with NYHA class*’ and left ventricular ejection fraction.®® It
seems logical to assume that a chronically reduced CBF will have neurological
consequences. Indeed, the impact of chronically reduced perfusion to the brain has
been linked to cognitive decline.®® A considerable body of evidence has revealed that
the prevalence of cognitive impairment is disproportionally high in patients with
CHF.1%° However, the association between CHF and cognitive impairment must be
interpreted with caution, and a cause-effect relationship cannot be assumed. Firstly
because these conditions share common risk factors; and secondly because not
everyone with CHF has cognitive impairment, and vice-versa. Nevertheless,

cerebrovascular alterations seem to be involved.0?

The precise mechanism underlying the reduction in CBF in CHF remains unclear but

may be related to the impaired CO and the neurohormonal activation. Interestingly,
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CBF has been demonstrated to normalise following cardiac transplantation,%2
supporting the notion that CBF is reversible and heavily dependent on cardiac

function.

2.3.24.1 The acute cerebrovascular response to exercise in
chronic heart failure

A recent intriguing proposition is that reduced CBF may further contribute to exercise
intolerance that patients with CHF normally experience.’®® There may be several
mechanisms involved. Although the main cause is probably due to a reduced CO® it
is unlikely to be the sole reason, as this patient population also exhibit an impaired
cerebrovascular reactivity,'%* measured as vasodilation capacity in response to
increased levels of carbon dioxide (CO2). Also, the elevated ventilatory responses
(VE/VCOy) that these patients experience during exercise leads to a diminished PaCO:
and may result in vasoconstriction in the cerebral blood vessels.!%*% Furthermore, as
CHF activates the compensatory neurohormonal responses, the interaction of these
factors and neurotransmitters hyperactivates sympathetic nerve activity, which
promotes vasoconstriction in the cerebrovasculature, as it does in the conduit
arteries.’®® Nonetheless, sympathetic-induced vasoconstriction is also a known
mechanism of cerebral autoregulation,'®” which is a protective physiological
mechanism to preserve blood pressure stability in the brain despite changes in the rest
of the body. As a result of these interactions, CBF may be attenuated during exercise
implying a drop in oxygen levels to the brain, and as a consequence, a decline in the

central motor drive as well as an increased perception of fatigue.%®

Moreover, since there is a relationship between aerobic capacity and cerebrovascular
function in healthy individuals,'®® it seems plausible that a reduced CBF experienced

by patients with CHF may affect their exercise tolerance.®

While previous studies have focused on cerebral haemodynamics at rest, there is a
surprising scarcity of studies assessing the CBF response to exercise in patients with
CHF. The only study investigating this area was conducted by Fu et al.}% who
observed reduced cerebral oxygenation during exercise —measured by near-infrared
spectrometry (NIRS)- in patients with CHF compared with healthy controls. To date,
it is known that CHF negatively influences CBF at rest, however, whether and to what
degree it is diminished during exercise remains to be determined.
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2.3.2.4.2 Impact of exercise training on cerebral blood flow in
chronic heart failure

To date, only two ET studies have been conducted on cerebral haemodynamics in
patients with CHF. Fu et al.,'® found that a 12-week HIIT program improved
ventilatory efficiency, CO and cerebral oxygenation (measured by NIRS) to a greater
extent than MICT or a non-exercise control group. In a separate study*® by the same
research group, comparing the impact of a 12-week HIIT on central and peripheral
responses in patients with HFrEF versus HFpEF, HIIT improved the cardiac response
to exercise in the HFrEF group, while the cerebral haemodynamic and ventilatory
efficiency response to exercise was further improved in patients with HFpEF. These
findings suggest that HIIT may be superior to the traditional MICT approach for

improving cerebral haemodynamic function in people with CHF.

A limitation of these studies relates to the use of near-infrared spectrometry (NIRS),
an index of CBF, which only can measure regional relative changes in oxy- and deoxy-
haemoglobin, rather than absolute oxygen concentration.!'! According to the
recommendations suggested by Brassard and Gustafsson'% comprehensive assessment
of cerebrovascular function, requires an evaluation of both intracranial and
extracranial blood flow, cerebrovascular reactivity, and neurovascular coupling.!*?
Ideally, the assessment should be done on one artery from the anterior circulation
(middle cerebral artery/ internal carotid artery) and on one from the posterior
circulation (posterior cerebral artery/vertebral artery), at least. This can be done safely

and non-invasively employing a transcranial Doppler ultrasound.

Therefore, employing this optimal assessment technique has yet to be carried out for

proper measurements of volumetric CBF during exercise in this patient population.

2.4 Physical activity levels in patients with chronic
heart failure

Daily physical activity (PA) is an important determinant of cardiorespiratory fitness in
people with CHF!'® and its beneficial effects on mental and physical health are well

documented.!'* Indeed, PA levels are associated with better prognosis and survival in
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patients with CHF.1® Thus, promoting PA is a relevant treatment strategy for these
patients to improve functional capacity, quality of life (QoL) and prognosis.t!® Current
guidelines from the Heart Foundation of Australial'’ and the American Heart

Association!

recommend that people with cardiovascular disease accumulate at least
30 minutes of moderate-intensity PA (i.e., >3 METSs) on a daily basis for health
benefits. However, research has shown that a considerable proportion of patients (34
to 50%) with CHF fail to meet these recommendations,'!3!1811% which ultimately may
further impact QoL and prognosis.

In a cross-sectional study, Klompstra et al.?° found that one-third of patients with CHF
did not comply with these PA guidelines and that men were significantly more active
than women. Motivation, educational level and self-efficacy were factors positively
correlated with PA. Although, this study used a self-reported questionnaire (IPAQ) as
a means to measure PA, which is known to be prone to recall bias.!?* Using more
objective methods, Dontje et al.*!® found that approximately 50% of patients with CHF
have a sedentary lifestyle (i.e., <30 min/day at moderate/vigorous-intensity PA) with
an absolute physical activity energy expenditure (PAEE) of 284 + 302 kcal/day or 1.2
+ 0.2 METs, on average. It was also found that functional classification- as measured
by New York Heart Association (NYHA) class- and especially self-efficacy, were
associated with PA levels, consistently with previous investigations.*??123 While daily
PA was objectively measured by using an accelerometer, it was only recorded for two
days. In an elderly cohort with advanced CHF, none of the patients complied with the
PA guidelines performing, on average, only 1 minute per day at moderate/vigorous-
intensity.'?* Therefore, in contrast to previous studies that used subjective measures of
PA, the latter studies indicate that a high proportion of patients with CHF engaged in
low levels of daily PA.

2.4.1 The impact of exercise training on physical activity
levels and quality of life in chronic heart failure

As part of cardiac rehabilitation, many patients with CHF benefit from a tailored and
structured exercise training program.?® Once discharged, maintenance of regular PA
in the long-term is essential to preserve the benefits associated with training, as they

can vanish in a relatively short period if they are not continued. However, whether
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participating in structured ET increases the daily PA levels in people with CHF

remains unclear.

A recent meta-analysis?®

evaluated this outcome and found that ET participation was
associated with higher daily walking (by 1,423 steps/day) and active energy
expenditure (by 879 Kcal/week) compared with a control group without structured ET.
However, this difference was not considered clinically meaningful,!?” and the time
spent (min/day) inactive, performing light-intensity or moderate-to-vigorous-intensity
exercise between groups was not statistically significant. This finding suggests that ET
participation is not associated with an increase in PA in people with CHF. Limitations
of this meta-analysis included the lack of standardisation of PA outcomes and the mix
of both subjective and objectives measures. Moreover, 50% of trials were identified as
“at risk of bias” and outcomes were reported at different time-points (median of 6-
months after intervention). Accordingly, the authors recommended that future studies
should assess PA objectively (e.g., using accelerometry), and outcomes should be
reported in relation to international guidelines so direct comparisons and interpretation
can be made. This is an interesting area to explore, given that increasing daily PA
levels as recommended in current guidelines is a key objective of cardiac rehabilitation

programs.

With regards to QoL a recent Cochrane review*?® which included 33 RCTs found that
ET participation was associated with a significant improvement in QoL compared with
a control group in patients with CHF (effect size = 0.46 [0.26 to 0.66]; p < 0.001). In
a cohort of patients with predominantly NYHA class I1-111 symptoms, meta-regression
analyses showed that the benefits of ET were independent of age, sex, degree of LV
dysfunction and type of exercise (aerobic exercise with or without resistance
component). In agreement with this, another meta-analysis*?® in an elderly cohort with
CHF, also found a positive impact of ET on QoL (effect size = 0.7 [0.4 to 1.0]; p <
0.001). These findings strongly suggest that a structured ET program positively and
moderately impacts self-reported QoL, irrespective of patients' characteristics or
exercise mode. However, despite the strong evidence provided by these meta-analyses,
whether there is a most effective training-intensity on QoL for patients supported with

an LVVAD remains to be determined.
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2.5 Summary of findings

In summary, it is evident that exercise intolerance is not solely due to impaired central
haemodynamics mechanisms in patients with CHF and that peripheral mechanisms
may play a crucial role in the well-documented impairment in exercise capacity. These
factors include vascular endothelial dysfunction, low muscle mass and abnormal
muscular  metabolism, overstimulated sympathetic nervous system and
cerebrovascular dysfunction. Randomised control trials to date have shown that ET is
a safe and effective intervention for addressing these factors, resulting in improved
aerobic capacity in this patient population. Studies to date suggest that, overall,
patients with CHF engage in insufficient daily levels of PA with a significant
proportion of them not meeting the minimum doses of exercise according to the
guidelines. However, evidence on this topic remains limited. Aerobic capacity and
self-efficacy may be important determinants of daily PA that warrant further research.
Given that the peripheral sequelae of CHF persist despite optimal medical therapy, it
is likely that using ET to target peripheral maladaptations in patients with CHF may

be an efficacious management strategy for improving aerobic capacity.
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2.6 The physiological impact of left ventricular
assist device implantation

2.6.1 The progression of chronic heart failure

As previously described in section 2.3, CHF is a progressive syndrome whereby
cardiac structure and function typically deteriorate over time. While there are currently
medical therapies available to treat and reduce symptoms of CHF, not much can be
done to fully reverse the underlying molecular pathological mechanism driving the
disease.* Thus, once cardiac dysfunction has occurred, it tends to worsen over time.
Following the commencement of medical treatment, most patients experience
significant symptomatic improvement in the short-term. Figure 2.4 provides a brief
overview of the stages and treatment options for patients with CHF. The main
objectives of medical therapy for these patients are: (i) improve prognosis and reduce
mortality; and (ii) to alleviate symptoms and reduce morbidity by reversing or, at least,

slowing down the cardiac and peripheral dysfunction.

Thanks to appropriate medical treatment, patients usually experience a stabilisation
that lasts a variable period, but in the majority of cases, will be followed by recurrent
episodes of exacerbation characterised by medical visits, changes in medication or
hospitalisations. A typical clinical course of the disease is illustrated in Figure 2.5.
Eventually, most patients will develop clinically advanced symptoms (NYHA
functional class 111-1V), despite optimal medical therapy. For those patients who are

refractory to standard medical management, advanced therapies may be considered.
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Figure 2.4 Stages of Chronic heart failure and treatment options. Adapted from Jessup et al.®** ACE-I, angiotensin-converting enzyme inhibitor (ACE-1) and angiotensin
receptor blockers (ARBs) are used from an early stage for neuro-hormonal modification, provoking vasodilatation and reduce SVR, which lowers blood pressure. Beta-
adrenergic blockers counteract the damaging effects of the hyperactivated sympathetic system, as they promote sodium excretion, arrhythmia prevention and control of
ventricular rate. Diuretics and salt restriction are used to reduce the edema by the reduction of blood volume and venous and fluid. For those with advanced CHF, aldosterone
levels may become elevated, which promotes salt retention, potassium excretion and myocardial hypertrophy. Aldosterone antagonists, as an adjunct to other drugs for additive
diuresis, counteracts these responses and improve heart rate variability, ventricular function and decrease ventricular arrhythmias. For those patients with severe systolic
dysfunction that exhibit intraventricular conduction defects (left bundle-branch block), cardiac resynchronisation therapy (CRT) may be indicated. This is a cardiac-pacing
device that restores mechanical coordination by electrically activating simultaneously the left and right ventricles. It can be also used in combination with an implantable
cardioverter-defibrillator (ICD), which rapidly terminates an abnormal life-threatening cardiac rhythm. Its beneficial effects include reverse remodelling and decreased mitral
regurgitation. Revascularization, either through a bypass or angioplasty can be used to increase cardiac perfusion. While patients at any stage of CHF should be screen for
myocardial ischemia, those at stage C or D may benefit from vascular bypass surgery to reduce myocardial wall stress. Inotropic agents are normally used at an advance stage
for patients with acute decompensation. These drugs improve the contractility of the myocardium, but also affect heart rate and peripheral vascular resistance as a means to

restore organ perfusion and reduce congestion.
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Figure 2.5 Depiction of the functional capacity progression of chronic heart failure:
(1) initial presentation and treatment; (2) care for stabilisation; (3) progressive

deterioration; (4) advanced therapy needed. Illustration adapted from Goodlin et al.*3!

A major revolution has occurred over the last two decades regarding the treatment of
advanced CHF. Due to the scarcity of donor hearts for transplantation, significant
resources have been used to foster the development of mechanical circulatory support

as a life-saving treatment option for the management of advanced CHF.

2.6.2 Evolution of left ventricular assist devices

The history of mechanical circulatory support commenced in 1963 with the first
intracorporeal pump implantation by Liotta and Crawford.*3? Although the patient died
several days later, this experience provided valuable information for the National
Aeronautics and Space Administration (NASA) and the National Institute of Health
(NIH) in the USA to support the investigation and development of these devices. In
1971 DeBakey et al.,*® successfully performed the implantation of a pneumatic
ventricular pump system. During the 1970s, DeBakey progressed the development of
both LVADs and the total artificial heart (TAH), but due to the large rate of
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complication and mortality in the latter, it became apparent that LVADs were a more
realistic alternative to support patients in need of a heart transplant.3*

Significant technological advances continued to occur over the 1980s with the
introduction of volume displacement pumps in clinical settings. These first-generation
devices used pulsatile-flow and adjusted pump rate based on patient activity,
increasing CO during physical exercise.! Despite improved cardiac output and
enhanced pulsatility from these devices, minimal improvements in survival were
reported. Later on, second-generation devices were developed, which employed axial

flow to augment blood flow through the systemic circulation.**®

More recently, a third-generation of devices have been developed which operate using
hydrodynamic centrifugal forces.>!3® The second and third-generation devices are
known as continuous-flow left ventricular assist devices (CF-LVADs).*” While they
differ in the way they rotate the blood within the pump, mechanistically they are
similar, and trials to date have shown that patients implanted with either axial- or
centrifugal-flow have comparable postoperative outcomes, long-term survival,**® end-
organ function,**® functional capacity and quality of life.}*° They are implanted in the
pericardial space, without the need for abdominal surgery in already compromised
patients.**! Figure 2.6 illustrates the components of a modern third-generation CF-
LVAD system. Currently, the most commonly used CF-LVADs are HeartMate I,
HeartMate 3 (HMII and HM3, Thoratec Corp., Pleasanton, CA,) and HeartWare
(HVAD; HeartWare Inc., Framingham, MA) (Table 2.1).14? These contemporary
devices operate at a set pump velocity, independent of patient activity, are non-
pulsatile and are capable of delivering up to ten litres per minute of blood flow,

depending on the pre- and afterload.**®

Although both (pulsatile and continuous-flow) systems have been found to provide
similar hemodynamic support, in terms of CO, pump flow, mean pulmonary artery and
wedge pressures and aerobic capacity (15.4 + 4.0 vs 15.6 + 4.7, respectively),!*
modern continuous-flow LVAD systems are quite smaller, more durable and are
associated with better clinical outcomes.'* Consequently, current generation CF-
LVADs have replaced pulsatile-flow LVAD systems and are an increasingly common
treatment option for patients with advanced CHF.

34



Control
unit

Figure 2.6 Components of a left ventricular assist device. The blood flow enters the
pump through an inflow cannula implanted into the apex of the left ventricle or is
implanted directly into the left ventricle. A motor inside the pump rotates the blood at
high velocity and propels the flow to the ascending aorta via an outflow cannula. An
external control unit operates the pump function through a driveline cable, which exits
the body via a site in the abdomen. The control unit is connected to two batteries for

power supply or can be connected to mains power.

Table 2.1 Main characteristics of the continuous-flow LVADs most commonly

implanted.
Brand/model Pump type Displaced Flow Pump speed
volume output
HeartWare Continuous-flow 50 cc 10 L/min 1,800 up to 4,000
centrifugal rotation rpm.
HeartMate Il Continuous-flow axial 160 g 10 L/min 6,000 up to 15,000
rotation rpm
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HeartMate 3 ~ Continuous-flow by 281g 10 L/min 6,000 up to 9,000
magnetically levitated rpm

centrifugal rotation

Rpm, revolutions per minute.

2.6.3 Impact of left ventricular assist device implantation
on central haemodynamics

The impact of LVAD implantation on the cardiovascular system is complex. The
LVAD sets a unique scenario in the central haemodynamic system, in which two
pumps work in conjunction to augment total cardiac output (TCO). In this scenario,
TCO is then influenced by two determinants: native left ventricular output and pump
output (TCO = LVO + P0O).2® While pump output is mostly dependent on pump speed,
which is maintained at a constant rotation speed regardless of the exercise metabolic
requirements, it is also influenced by differential pump flow pressure (APP: aortic
pressure - LV pressure).?>145146 |f the pump speed increases, so does TCO. However,
the differential pump pressure affects TCO in a proportional inverse manner: if the
differential pump pressure increases, then pump blood-flow decreases.

While most of the TCO is carried by the pump during the diastolic phase of the cardiac
cycle,*" flow through the pump can be further supplemented to some extent by native
cardiac function during the systolic phase, as LV pressure increases during systole
making the APP drop. Moreover, it is worth noting the role that blood pressure plays
on the cardiovascular system. Higher blood pressure will increase the APP, decreasing
the flow through the pump resulting in an elevated differential pump pressure due to

high blood pressure and/or low LV pressure, 148147

2.6.3.1 Preload-Afterload with an LVAD

The performance of the LVAD is also highly influenced by its preload and afterload
sensitivity (this is the ability to change flow based on changes in preload/afterload). In
a heart with normal function, CO is augmented with increasing preload but is relatively

insensitive to changes in afterload. However, an LVAD is more sensitive to these
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changes, as pump output quickly drops with a decrease in preload and afterload.
Salamonsen et al.*° estimated that preload sensitivity in LVADs was approximately
1/3 of a normal heart, whereas the afterload sensitivity was 3-fold higher compared
with a normal heart. Although it should be noted that these estimations may differ
depending on the type of LVAD implanted. Because LVADs are more susceptible to
changes in pressure,!#® the abnormal Frank-Starling ventricular preload and afterload
sensitivity may represent a limiting factor for TCO, and subsequently limit exercise

capacity.??

2.6.3.2 Effect on the left and right ventricles

The LV competes with the pump for the same preload. This is directly determined by
RV function, pulmonary vascular resistance and transpulmonary blood flow. Given
that the pump speed doesn’t decrease as a function of LV filling, poor transpulmonary
blood flow may result in emptying and suck-down of the LV. This leads to suction
events and reduces flow through the pump,'*’ although modern devices have an
integrated algorithm that will trigger a transient reduction of pump speed. Suction
events are unwanted as they may provoke ventricular arrhythmias. Indeed, suction or
ventricular tachycardia tends to be more common patients with poor RV function.?
LVAD implantation provides an uninterrupted reduction in LV filling pressures and
surges in systemic CO. Consequently, RV afterload decrease, and improvement in RV
function.'® Over time, a sustained reduction in LV filling pressures may improve
pulmonary hypertension and lead to normalisation of pulmonary vascular resistance
and improvements of RV afterload.’® However, in the presence of a poor RV
dysfunction, a sudden increase in venous return may lead to wall stress and tricuspid

regurgitation.

2.6.3.3 The impact of continuous-flow on the vasculature

Because modern LVAD systems provide circulatory support in a continuous-flow, it
has been perceived that supported individuals lack a pulse. However, it is important to
highlight that the LVAD physiology does not necessarily imply a total absence of
pulse, as this largely depends on the contractile reserve of the native ventricle. Even
with a closed aortic valve, some degree of pulsatility seems to be present.*>? Especially
with lower pump speed, where the aortic valve opens more frequently and pulsatility
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increases. In contrast, at higher pump speed, the aortic valve tends to open less
frequently, and thus, pulsatility decreases.

An important mechanism by which blood pressure is controlled relies on the arterial
baroreceptors located in the aortic arch and carotid sinus.*>® These mechanoreceptors
respond to stretching of the arterial wall by modifying the firing frequency of actions
potentials, and provide information to the brain, which then modulates the SNS on a
beat to beat basis by a negative feedback loop.'>* Therefore, with reduced pulsatility
there is lesser distension of the baroreceptors, causing less inhibition of the SNA. As
previously explained in section 2.3; patients with CHF experience an augmented SNA.
This occurs in an attempt to maintain CO by increasing contractility and HR, but
another consequence is increased arterial and venous pressure. In patients supported
with LVADs, sympathetic tone seems to be even more elevated; this has been
attributed to the baroreceptor unloading induced by the low physiological pulse
environment.?> This impairment in baroreflex function may be exacerbated by
alterations in the endothelial function in patients with LVADs,**® as a consequence of
a lessened shear-stress and the LVAD-induced haemolysis.’® As a result,
hypertension may be due to these extremes levels of SNA, which in turn, may also
predispose to clinical complications that this patient population commonly experience,

such as aortic insufficiency, stroke or gastrointestinal bleeding, among others.**®

2.6.3.4 Impact of left ventricular assist device implantation on
skeletal muscle

As discussed in section 2.3.2.2, CHF is associated with metabolic alternations and a
catabolic state which contributes to muscle wasting and an early transition to anaerobic
metabolism.”® However, how LVAD impacts the musculoskeletal system has not been
systematically investigated. The only study to date which looked at this,*® found that
LVAD implantation increased growth hormone resistance, skeletal muscle cross-
sectional area and oxidative capacity. Remarkably, these metabolic and morphologic
changes were accompanied by an improvement in muscle strength. These findings
suggest that LVAD-induced haemodynamic improvement partially corrects the
metabolic and functional impairments occasioned by CHF. In the absence of medical

therapy specifically targeting muscle dysfunction in CHF, exercise training is the only
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approach to further improve muscular metabolism, structure and function for these

patients.

2.6.4 Factors that may influence exercise capacity in
patients with left ventricular assist devices

Even though current LVADSs have a feedback system incorporated in their settings that
decrease the pump speed in case of suction (unbalanced LV emptying), the device does
not adjust pump speed in response to increased RV and LV filling.*%° At rest, the
majority of TCO is pumped by the LVAD system,*61162 however during exercise there
Is an increased reliance on the native cardiac function to meet the increased metabolic
demands of skeletal muscle. This is achieved through an increase in HR and LV
pressure combined with increased preload through the Frank-Starling mechanism to
augment SV. This increases the pressure in the LV, while blood pressure usually
remains relatively constant, which in turn gradually lowers the pressure differential
across the pump and as a result, blood flow through the pump is slightly
augmented.163164 Despite the constant pump speed, several studies have shown that
pump output increases during aerobic exercise, although the increase is relatively
modest and changes in TCO are driven predominantly by native heart
function. 162163165 1n an acute haemodynamic study involving patients implanted with
an LVAD, Martina et al.,*®® observed that although pump output augmented slightly
at the onset of the exercise, it remained constant during the rest of the exercise test,
while TCO gradually increased until the end of the exercise test. Similarly, Schmidt et
al.1®® reported that while pump output increased from rest to peak exercise effort by
35%, TCO augmented by 84%, providing further evidence that native LV function is
the predominant mechanism for increasing TCO during exercise in patients with
LVADs.

2.64.1 Native left ventricular function

The contribution of native CO to TCO depends on the extent of LV dysfunction.
During exercise, most patients are able to produce an LV filling pressure that exceeds
that of the systemic blood pressure, leading to the opening of the aortic valve (Figure

2.7).1%7 This requires that the patient has an adequate residual LV function and a
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competent aortic valve. While LV output increases, systemic vascular resistance
(SVR) decreases due to peripheral vasodilation,'®® allowing more blood flow through
the aortic valve. Therefore, during exercise with a competent aortic valve, TCO is
gradually increased due to the contribution of native cardiac function. In a small study,
Camboni et al.*®® manipulated LVAD speed to facilitate aortic valve opening during a
cardiopulmonary exercise testing (CPET) in patients implanted with an INCOR
LVAD system and found that aortic valve opening was associated with an impaired
VO, peak. However, these results should be interpreted with caution, given the small
sample size (n = 8), absence of a control group and maybe device-specific. Conversely,
a retrospective study performed by Imamura et al.'®° reported that LVAD patients with
a competent aortic valve had a higher VO, peak, lower levels of aortic regurgitation
(leaking of the aortic valve causing blood flow in the reverse direction back to the
ventricle) and greater LV remodelling compared with patients with aortic
insufficiency. Accordingly, some hospitals have adopted a low-speed pump policy in
order to allow intermittent aortic valve opening.t”® This policy has gained popularity
over recent years given that the number of long-term supported patients is growing
and these patients are being supported for a longer duration.}’* However, despite
LVAD implantation, many patients continue experiencing aortic insufficiency. To
date, there are no data available regarding the impact of ET on the aortic valve function
in patients with LVADs, providing an interesting area for future research.

While the relationship between native cardiac function and exercise capacity in
patients supported with LVADs is not completely understood, a novel study conducted
by Noor et al." found that worse native ventricular function was associated with lower
VO, peak and patients were more sensitive to pump speed changes compared with
those with better native LV function, highlighting the importance of native cardiac
performance during exercise in patients with LVADs. In contrast, other studies have
shown a poor correlation between VO, peak and EF.1317 For example, Jakovljevic et
at.1™ reported that VO, peak was not associated with native cardiac function in LVAD
patients. This apparent discrepancy may be attributed to the difficulty in reliably
assessing EF in patients with modern LVADs. But also it suggests that aerobic capacity
may be limited by other factors apart from the cardiac function.
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Figure 2.7 Depiction of a heart with a left ventricular assist device system in situ. A)
At rest, total cardiac output is usually generated only by the pump while the aortic
valve is closed. B) During exercise, total cardiac output is generated by the

contribution of both the pump and the native left ventricle as the aortic valve opens.

2.64.2 Heart rate

The other determinant of CO is HR. The literature contains contradictory results in
relation to the specific role of HR on pump flow in LVAD recipients. Exercise studies

in patients with early generation of LVADs?414%174 showed that augmentation of pump

41



output during exercise was attributed to an increased HR since the systolic phase gains
time while the diastolic phase is compromised. A more recent study conducted by
Muthiah et al.1® did not corroborate the impact of HR to further improve pump output
in patients with third-generation LVADS. In this study, HR increases were induced by
pacing, which may have provoked a different physiological response to a natural,
exercise-induced HR rise. Moreover, the patient’s ongoing B-blocker therapy may
further affect their chronotropic response negatively and thus CO performance.
Furthermore, it has recently been found that LVADs also show a linear relationship
between HR and VO peak during exercise, provided that patients are not being
paced.!’® This finding supports the premise that monitoring HR during exercise may

be a useful estimate of exercise intensity in patients with LVADs.

2.6.4.3 Right ventricular function

Another potential relevant determinant of exercise intolerance in patients with LVADs
is right ventricular (RV) dysfunction. Despite LVAD implantation being associated
with a lower RV afterload and decreased pulmonary artery pressure,'’” some patients
with LVADs (13-40%) still experience RV failure.r’® Interestingly, preliminary
analyses from the RVF-LVAD study*® has identified three potential predictors of RV
failure in patients implanted with modern LVADs: tricuspid regurgitation, poor RV
global longitudinal strain, and small LV size. Adequate functioning of the RV is
essential to fill the left side of the heart and improving thus CO during exercise. In
patients with CHF, studies have shown a positive significant association between right
ventricular ejection fraction (RVEF) and VO, peak.1”® However, the literature is scarce
in relation to the role of the RV on maximal exercise capacity in patients with L\VVADs.
It has been proposed that RV failure could limit VO, peak, as it does in patients with
CHF. Camboni et al.!® conducted a right heart catheterization in participants
implanted with an obsolete ‘Incor’ LVAD system while they underwent a CPET. At
peak exercise, participants had an increased pulmonary artery wedge pressure and
pulmonary artery pressure above the normal predicted values. Moreover, participants
showed an augmented pulmonary artery resistance, rather than an expected reduction.
In line with this finding, Mutiah et al. also reported an elevated right atrial pressure
and pulmonary artery wedge pressure in patients with LVADs during exercise. These

findings suggest that RV dysfunction may occur as a consequence of LV failure and a
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remodelling of the pulmonary artery, and highlight that previous RV failure may

further contribute to exercise intolerance in people with LVADs.

2644 Vascular endothelial function

As described in section 2.3, vascular endothelial dysfunction has been documented in
people with CHF with endothelium function correlating closely with VO peak.8!
More recently, endothelial dysfunction has been postulated as a significant contributor
to exercise intolerance.®? However, only very limited information exists in relation to
endothelial function in people with LVADs in situ. While LVAD implantation
improves CO at rest, the absence or low physiological pulse has been suggested to

further aggravate vascular dysfunction, 6183

Following LVAD implantation, the principal vascular changes are seen in the proximal
compliance vessels. A study conducted by Ambardekar et al.!8® assessed aortic wall
composition and structure in age-matched participants with CF-LVAD (support
duration of 6-months) versus CHF and healthy controls and found that the LVAD
group had an increase in wall thickness, collagen, and smooth muscle content,
accompanied by a reduction in elastin and mucinous ground-substance content. These
findings suggest that the low pulsatility contributes to changes in the structure and

composition of the aorta.

Keeping with this finding, in a cross-sectional study conducted by Witman et al., >
peripheral vascular function, measured as %FMD shear rate, was significantly reduced
in LVADs (0.09 £ 0.01 %A/s™!) compared with the CHF group (0.13 £ 0.02 % A/s™),
and this was significantly lower than control subjects (0.24 + 0.03 %A/s™?). These
findings suggest that the already compromised vascular function which exists in
patients with advanced CHF is further exacerbated after LVAD implantation (on
support duration of 5-7 months). In contrast, in a small experiment, Pitha et al.'8 did
not find significant improvement in endothelial function compared with pre-LVAD
implantation. In line with the latter study, Lou et al.*®® showed that L\VAD implantation
did not have an impact on endothelial function. These contradictory results may be
explained by the smaller sample size (n=6 and 8, respectively) of the latter

studies,'®*18 as well as the short duration of time on LVVAD support (1-4 months vs 5-
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7 months, respectively). It has also been found that restoration of pulsatility through
cardiac transplantation is associated with improvement of %FMD.!8 Therefore, there
is evidence indicating that the unique physiology of current LVADs may directly affect

endothelial cell function.

To the best of our knowledge, there are currently no studies assessing either the acute
or the chronic impact of exercise on endothelial function in people with LVADs.

2.7 The acute haemodynamic response to exercise in
left ventricular assist devices

While LVAD implantation restores central haemodynamics to near normal values at
rest, preventing low end-organ perfusion, aerobic capacity remains clearly
compromised. As previously described in section 2.5, similarly to patients with
advanced CHF (but no LVAD), it is likely that there are multiple causes, lying in both
centrally and peripherally. However, the acute physiological transition from rest to
exercise is not fully understood. In the following section, the current state of the
literature regarding the acute haemodynamic impact during exercise in patients with
LVAD:s is addressed.

2.7.1 Aerobic capacity

Although differences in exercise testing mode, participant’s gender and age, type of
LVAD, as well as support duration, limit the direct comparison of results across
studies, general findings can still be summarised (Table 2.2). Overall, patients with
LVADs showed an impaired aerobic capacity with VO peak values that range from
10.6 to 20.3 mL-kg*-mint in patients aged from 33 to 63 years old (37-54% of age-

predicted values).

2.7.2 Cardiac output

Because pump speed is fixed, patients with LVADs rely predominantly on native
cardiac function to increase TCO during exercise, with a smaller contribution from

pump output, although the exact contribution share is difficult to distinguish. TCO can
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be measured most accurately by assessments methods such as right heart catheter, CO>
rebreathing or inert gas rebreathing. While differences across studies in terms of CO
assessment method, LVAD type, time on support and participants’ characteristics limit
direct comparisons, an overall overview can be summarised. Taken together, studies
report increases in TCO that ranged from 3.4 - 6.3 L/min at rest, to 5.3 - 13.6 L/min at
peak exercise in participants aged 39 - 61 years (Table 2). An interesting observation
is that younger patients tended to experience a greater increase in TCO during exercise
compared with older ones, consistent with previous literature,?*1% and similar to VO
peak. 22187

Jacquet et al.,?* employing thermodilution, found that LVAD participants had higher
TCO peak compared with matched patients with advanced CHF without mechanical
circulatory support, at both during rest (5.3 £ 0.7 vs. 3.5 £ 0.4 L/min, p < 0.05) and
peak exercise (9.2 + 1.8 vs. 5.6 + 1.6 L.min, p < 0.05). Likewise, participants with
LVAD:s also showed a greater aerobic capacity. (LVAD: 15.8 + 6 vs. CHF: 10.9 + 3.0
mL-kg*-min?; p <0.05). Jakovljevic et al.,'" reported similar values at rest (LVAD:
5.5+ 2.1 vs CHF: 4.1 + 1.3 L/min; p<0.05), as well as at peak effort (12.4 £ 2.2 vs.
9.1 + 2.1 L/min; p < 0.05) by using inert gas rebreathing methodology. Again, the
LVAD group had a higher VO, peak (19.8 + 4.1 mL-kg™*-min't) versus the CHF group
(15.8 *+ 5.8 mL-kgt-mint; p < 0.05). While these findings suggest that there is a
relationship between CO and VO peak, the latter study’”® found a moderate
correlation (r = 0.55), but this was not statistically significant. These findings support
the notion that in addition to CO, peripheral factors account significantly for VO, peak
in patients with LVADs.

In agreement with these reported TCO values, Andersen et al.,*®° performed right heart
catheterisation simultaneously with echocardiography in 12 patients with an LVAD
and found that TCO markedly increased from rest to peak exercise (6.3 + 2.2 to 13.0
+ 3.0 L/min; p < 0.001), while no changes in LV diameters were observed. These
results propose that increments in TCO in LVADs may be achieved with minor
increases in filling pressures. It has been previously suggested that while LVAD
implantation seems to provide sufficient haemodynamic support at rest, this may not
be sufficient near peak exercise, given that TCO does not increase proportionately with
workload. Likewise, Brassard et al.,'®? reported a peak exercise TCO at 13.6 L/min (in

a cohort of mean age 39), which is lower than predicted values of healthy subjects of
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similar age (~17 L/min). Similarly, Schmidt et al.,'%® assessed CO by using inert gas
rebreathing and found that TCO levels at peak exercise (6.95 = 1.4 L/min) in patients
with LVADs were relatively low in comparison with age-predicted values (~12
L/min). This study observed that while TCO progressively increased during the initial
phase of the CPET (from 3.76 to 6.24 L/min), it remained unchanged from moderate
to peak effort. Whereas the normal response is to rely more heavily on CO at higher
intensities of exercise.' This suggests that cardiac performance in LVADs is limited
at near maximal exercise, likely due to an impaired residual function coupled with
chronotropic inability.

Overall, patients with LVADs seem to be unable to adequately increase TCO during
exercise to meet increased metabolic demands. This appears to be due to the
combination of impaired residual cardiac function, and the inability of the pump to
augment output in response to exercise. However, whether an increasing pump speed
during exercise would result in an improved aerobic capacity is unclear. Studies to
date have found that increased pump speed provides only modest,4%18%-1%1 or no

improvement 23172.180,192.193 iy gerobic capacity.
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Table 2.2 Studies assessing the acute effects of exercise on haemodynamics in patients with LVADs.

Study Participant’s characteristics. CPET VO2zpeak (mL.mintkg Main findings
mode D)
Haft 143 16 P-LVAD vs 18 CF-LVAD at 3 Treadmill 15.4+4.0 vs 15.6+4.7 Pulsatile vs. CF LVADs augmented similarly exercise capacity
(2007) months post-implantation. Age: (NS). Precicted: despite better LV unloading of the pulsatile devices.
51+14 vs 52114 yr. 49.1+13.6

Andersen!®® 12 CF-LVAD. Bicycle Not defined TCO augmented from 6.3+2.2 to 13.0+£3.0 L/min, without LV
(2010) Age: 38 (20-65) dimensions nor fractional shortening changes. Right leg blood

flow increased from 0.7 to 4.4 L/m.
Jakovljevicl® 20 CHF vs 18 CF- LVAD. Age: Treadmill 11.2+1.9 vs 14.7+4, Both resting (5.5+2.1 vs 4.1+1.3 L/min) and peak TCO
5 45+10 vs 39+14 yr. p<0.05 (9.1+£2.1 vs 12.4+2.2 L/min) were greater in LVAD vs CHF.
(2010) SVR was higher in CHF vs LVAD.
Jakovljevicl” As above As above Correlation between peak CPO and VO peak, CP, VE/VCO;
3 is only mild to moderate in LVADs and CHF.
(2011)
Dimopoulos® 7 LVAD vs 14 CHF vs 7 HC Bicycle 13.8+2.8 vs 13.5%2.3 vs LVAD implantation did not improve VO peak, chronotropic
% Age: 45£16 vs 50+10 vs 45+7. 30.348.3 inability or HR reserve in patients with advanced CHF.
(2011)
Jacquet? 10 HMII vs 10 CHF. Age: Bicycle LVAD: 15.8+6 vs. CHF: LVAD showed significantly higher resting TCO than HF group
(2011) 47.3+13.1 and 50.1£13.2 yr, 10.9+3.0; p<0.05. (5.3%0.7 vs. 3.5+£0.4 L/min, p<0.05); and peak TCO (9.2+1.8

respect.

vs. 5.6+1.6 L/m, p<0.05).
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Brassard!62
(2011)

Noor?"

(2012)

Kerrigan!®
(2013)

Martinal63
(2013)

Compostella
196(2014)

8 CF-LVAD. Age: 39+18.
CPET at constant (9775 rpm) vs

rpm) pump

Bicycle

increasing (+400
speed.

30 CF-LVAD Age: 3513 yr. Treadmill
CPET at normal (9000 rpm) vs

(6000 rpm) pump speed.

23 CF-LVAD. Age: 5513 yr. Treadmill

30 CF-LVAD. Age: 43+14y. At6 Bicycle
months post-implantation.
Comparison of resting vs peak
exercise haemodynamics.

26 CF-LVAD vs 30 CHF. Age:

63.4+7.4 vs 64.6£5.3 y

Bicycle

Exercise time: 698+270

vs  700+300
p=0.94.

seconds,

Pump speed reduction did

not affect VO
20.3+5.2 vs
NS.

129+31

18.0+6.2 mL/kg/min.
(51% of predicted)

LVAD: 12.5+3.0
CHF: 13.6+2.9, NS.

peak:
19.346.1,

A

With constant speed, TCO, leg BF increased during exercise
but CBF was unchanged. However, increasing pump speed
protocol provoke augmented peak CBF (37+12 vs 40+15 cm/s,

p<0.05) versus constant pump speed.

Although reducing pump speed did not significantly impact
VO, peak in patients with EF>40%; it made an impact in those
with EF<40% (17.2+5.3 to 14.7£5.9 ml/kg/min, p=0.02). Also,
VO, peak was associated with EF at both normal (r =0.41,
p=0.03) and reduced pump speed (r =0.50, p=0.01).

KCCQ score was associated with VO peak (r=0.51, p=0.019)
and muscle strength (r=0.58, p=0.006). There was no
association between VO, peak and 6MWD (r=0.119; NS).
TCO increased from rest to peak exercise (4.1+1.1 to 8.5+2.8
L/min; p<0.01), while PO augmented from 5.1+0.7 L to 6.4
+0.6 L/min; p<0.01. SVR decreased from baseline to maximal
exercise (1766750 to 1013+383 dynes.s/cm®).

Within 2 months post-LVAD implantation VO, peak did not
improve compared to CHF, the kinetics of VO recovery after
exercise was improved: 212.5+62.5 peak vs CHF: 261.1+80.2
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Cambonil68

(2014)

Dumlay*®’
(2014)
Schmidt!®
(2017)

Schmidt166
(2018)

8 CF-LVAD. Age: 45+ 13 y

25 CF-LVAD. Age: 63.4+99y

69 CF-LVADs
Age: 559+ 11.7 yr.

20 CF-LVAD. Age: 60.8+7.3 yr.

Bicycle

Treadmill

Bicycle

Bicycle

12.4+2.5
predicted)

11.5+2.5
predicted)
106 +

predicted)

10.9£3.0
predicted)

(38%

(43%

29 (37%

(39%

seconds, p<0.05.

Exercise increased TCO from 4.7 £ 0.5 to 6.2 £ 1.0 L/min
(p=0.008); PVR from 117+35.4 to 125+35.1 dyn*sec*cm™
(p=0.58) and PAP from 16+2.4 to 27+2.8 mmHg (p<0.001).
Compared to cardiac transplanted patients, aerobic capacity in
LVADs remains significantly lower.

Following LVAD implantation (3-months post) aerobic
capacity remains restricted, whereas, 6MWD improves

significantly.

Initially, from rest to light intensity, TCO increases
significantly (from 3.8£0.9 to 5.7+1.2) but did not change
significantly beyond that until peak effort (6.9+1.4).

Values presented as mean £ SD.; P-LVAD; pulsatile left ventricular assist device; CF-LVAD, continuous-flow left ventricular assist device; CHF,

chronic heart failure; HC, healthy control; TCO, cardiac output; LV, left ventricular; SVR, systemic vascular resistance; HR, heart rate; CPO,

cardiac power output; BF, blood flow; CBF, cerebral blood flow; EF; ejection fraction; KCCQ); Kansas city cardiomyopathy questionnaire; PVR,;

peripheral vascular resistance; PAP, pulmonary artery wedge pressure; 6MWTD, six-minute walk test distance.
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2.7.3 Peripheral factors

2.7.3.1 Systemic vascular resistance

In comparison to patients without mechanical circulatory support, those supported
with LVADs had a significantly lower SVR during rest (1694 + 269 vs. 1333 £ 157
dynes.sec.cm™; p < 0.05) and at peak exercise (1144 + 359 vs. 783 + 99 dynes.sec.cm”
® p < 0.05).% Likewise, Camboni et al.,'®® reported a significant decline in SVR from
rest (1084 + 211 to peak exercise 678 + 27 dynes.sec.cm™, p < 0.05), which was
associated with a significant increase in TCO. Of note, these studies determined SVR
based on the physiological relationship: SVR = (MAP-CVP)/TCO; where TCO was
directly assessed by conducting an invasive right heart catheterisation. By using less
rigorous and indirect estimation methods based on oxygen uptake,*® Martina et al., 1%
reported a similar magnitude change in SVR from rest to peak exercise (1776 + 750
dynes.sec.cm™ to 1013 + 383 dynes.sec.cm™) in patients with LVADs. Interestingly,
SVR had the strongest association with TCO (r = —0.72), compared with pump output
(r =-0.68), and HR (r = 0.63), which were all significant (p < 0.01). These findings
suggest that during peak exercise, patients rely more heavily during on exercise-

induced vasodilation in reducing SVR and thus, afterload.

2.7.3.2 Arteriovenous oxygen content difference

Using arterial and Swan-Ganz catheters, Jacquet et al.,** evaluated a-vO.diff
throughout a CPET in participants with CHF versus LVADSs. Arteriovenous oxygen
content difference significantly increased from rest to peak exercise in both groups.
However, despite having a greater CO at peak exercise, participants with LVADs had
a significantly lower a-vO.diff than those with CHF both at rest (6.2 £ 1.2 vs. 8.6
1.8 mLO2/ dL, p < 0.05) and at peak exercise (12.4 + 1.1 vs. 14.4 + 2.3 mLO2/dL, p <
0.05). Given that the LVAD group had a higher VO, peak and TCO peak than the CHF
group, this finding suggests that inefficiency in peripheral metabolism may exist. This
may be attributed to an impaired oxygen delivery due to attenuated vasodilatory
capacity, and/or impaired oxygen utilisation at the muscular level. An alternative
explanation may be that patients supported with LVADs lose some compensatory
peripheral adaptions due to the increased CO. Interestingly, Schmidt et al.,® also

found an elevated a-vOdiff at rest (7.4 + 1.9 mLO2/dL or 44% oxygen extraction ratio)
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in patients with LVADs, while the normal ratio in healthy individuals is ~33%. This
relatively high resting levels of a-vOdiff are commonly seen in CHF and likely to be
attributed to compensatory mechanisms through increased production of hydrons (H™)
within the muscle capillary due to lactic acid, whereby additional oxygen extraction is

promoted to balance the low CO.2%

Another observation which is important to highlight is that while a-vO:diff and TCO
both increased significantly during the initial phase of the CPET (to 9.9 + 2.3
mLO>/dL, p < 0.01) no further differences were seen with increasing workloads (up to
13.2 £ 3.1 mLO>/dL, NS). These peak exercise a-vO.diff values remain relatively low
compared to a normal response (15 to 18 mLO2/dL or 80% of oxygen content).201:202

This is an indication of oxygen extraction and utilisation impairment in the periphery.

2.7.3.3 Skeletal muscle metabolism

Advanced CHF is associated with muscle wasting and changes in its metabolism and
structure. However, there are currently few studies regarding the impact of LVADSs on
the musculoskeletal system. Andersen et al.,'®° invasively assessed skeletal muscle
blood flow via a catheter in the right femoral vein in three participants with LVADs
while conducting a CPET on a supine bicycle. A marked increase in muscular blood
flow was observed from rest (0.7 L/min) to peak effort (4.4 L/min), in parallel with
augmentation of TCO via aortic valve opening. Khawaja et al.,?*® compared 25 patients
with CHF pre- versus post-LVAD implantation and found an increase in muscle cross-
sectional area (1005 £ 668 vs. 1240+ 670 pum2, p < 0.001). This was associated with
an increased number of oxidative type | muscle fibres. This study demonstrated that
LVAD implantation improves skeletal muscle mass and function.

2.7.34 Cerebrovascular function

The eighth INTERMACS report?® revealed that from 6 months to 4 years following
LVAD implantation, stroke is the major cause of death. Despite this, very little is
known t with regards to the role of CBF in patients with CHF, either supported with
an LVVAD or not. It would be of great interest to elucidate a better understanding of the
cerebrovascular function in this patient population. It appears that cerebral
autoregulation is preserved in LVAD patients, as shown by recent studies.?%>2" As

previously described in section 3.2.2, patients with CHF experience a lowered CBF.
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The degree of CBF reduction seems to be associated with disease severity.?*% The
implications of this may be multiple, including cerebrovascular accidents,?%* cognitive
impairment and dementia,®®?% and may also be a contributory factor to exercise

intolerance.1%®

Currently, information is scarce regarding the role of cerebral haemodynamics in
patients with LVADs, as only one study to date has been performed. In a novel

162 assessed CBF, measured by transcranial

experiment, Brassard and co-workers.
Doppler ultrasound, alongside invasive cardiac haemodynamics in eight patients with
an LVAD. At rest, middle cerebral artery flow velocity (MCAvV) was 39 = 14 cm/s,
which equates to ~80% of that observed in healthy individuals, and remained
unchanged throughout the exercise test, while the normal response is to progressively
increase up to ~60-70% VO, peak. Interestingly, when pump speed was gradually
augmented during exercise, and thus TCO, MCAv was also elevated but the response
did not achieve the values observed in healthy individuals. These results suggest that
cerebral perfusion may be impaired in patients with LVADs during exercise. However,
this study only measured one cerebral artery, did not include a control group, and
comparison data was taken from studies in the early 90s, neither were participants
matched for characteristics. Therefore, whether LVAD implantation improves cerebral

perfusion and to what degree, during rest and exercise remain to be determined.

2.7.4 Summary of findings

At rest, the pumping capacity of LVADs appears to provide sufficient haemodynamic
support to meet metabolic demands. In the transition from rest to moderate exercise,
patients are able to meet the increasing metabolic demands through an increased in
both LVAD output and native CO. This is achieved by a reduction in pump head
pressure, which is determined by pump speed (which remains constant), LV
contractility and enhanced venous return due to exercise-induced vasodilation and the
mechanism of the muscle pump. However, from moderate-intensity to peak exercise,
pump output is unable to further increase and patients rely heavily on LV unloading to
further augment TCO. If the LV contractibility increases and exerts a pressure superior
to that of the systemic blood, the aortic valve will start to open enabling additional
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output. This sets out a competing mechanism between the native LV and the LVAD,
as mean arterial pressure (and pulse pressure) increase, and subsequently flow through
the aorta surges in detriment of the pump output. Concurrent with changes in TCO,
oxygen extraction in the skeletal muscles increases gradually during light and
moderate exercise but reaches a plateau at high exercise intensity. This is likely due to
a limited oxygen extraction reserve capacity (as it is already augmented at rest),
secondary to impairments observed in the oxidative metabolism attributed to vascular
dysfunction, skeletal muscle wasting and mitochondrial alterations, resulting in a

reduced capacity for oxygen delivery and utilisation.

These observations suggest that oxygen uptake in patients with LVADs remains
limited with increasing workloads from moderate-intensity upwards as both TCO and
a-vOdiff cannot meet the increasing demands of exercise. Prescribing ET at higher
intensities relative to individual exercise capacity may be a potentially effective
approach to further improve aerobic fitness in this clinical cohort.

2.8 The effects of exercise training in patients with
left ventricular assist devices

2.8.1 Safety of exercise training

While exercise is generally considered to be safe for CHF, very little data is currently
available in LVADs. The first RCT2% considering this outcome reported no adverse
events over 168 cardiovascular gymnasium visits. However, Kerrigan et al.®
documented a major adverse event due to a syncopal episode precipitated by a wide
complex tachycardia after completing an exercise session (one event in 313 sessions).
Similarly, Lamotte et al.,?'° reported that two patients suffered pre-syncopal episodes
during their sessions, which were managed and solved without further complications.
No major adverse events were reported in over 400 training sessions. In a retrospective
analysis,?!! only one exercise-related event was found (non-sustained ventricular

tachycardia) out of the 1600 training sessions performed by patients.

Since limited studies (only two RCTs) have looked at safety data of ET in patients

with LVADs, definitive conclusions cannot be made. Based on the available data, it
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seems that ET may be well-tolerated and safe for the vast majority of patients.
Remarkably, all studies were conducted in a medically controlled and supervised
environment and used training protocols involving only low- to moderate-intensity
aerobic exercise. An important question that remains to be answered is whether these
patients are able to tolerate and engage safely at higher ET intensities. Future well-
powered investigations are needed to elucidate the potential relationship between

exercise intensity and rates of serious adverse events.

2.8.2 Aerobic Capacity

Limited but encouraging findings exist in relation to the impact of ET on exercise
capacity in LVADs. A small pilot RCT conducted by Adamopoulos et al.?*? reported
a beneficial effect of ET on VO_ peak in patients with LVADs. However, this study
has only been published as a conference abstract so the specific details and results of
the trial are unclear (Table 2.3). The remainder of the RCTs*® to date have not found
a statistically significant difference in VO2 peak between the ET and the control group.
The first trial to evaluate the impact of ET in patients with an LVAD was conducted
by Laoutaris et al.® In patients on LVAD support for a mean of 6 months, there was a
within-group improvement by 2.5 mL-kg-min?in the ET group (15%; p < 0.01),
whereas the control group remained unchanged, but there were no between-group
differences. However, this study included patients with an older generation of LVADs,
which function in a different manner and are no longer used clinically. A more recent
study” in which participants were assessed early following CF-LVAD implantation (1
month on support) found that both the training group (A4.3 mL-kg™-min™or 41%; p
< 0.05) and the control group (A2.9 mL-kgt-min*t or 23%; p < 0.05) experienced
significantly improved VO, peak following an 8-week intervention. Although the
difference between groups was not significant (p = 0.43), it is worth mentioning that
the observed increments in aerobic capacity were relatively large in both groups,
suggesting that the control group may have engaged in significant exercise over the
program duration; control participants underwent a structured mobilisation protocol
(Table 6.3). This may partially explain the lack of statistical differences between
groups. Similarly, the largest trial thus far, conducted by Kerrigan et al.®, reported a
modest increase in VO, peak of 1.7 mL-kg™*-min* (12%; p < 0.01) in the ET group

following 6 weeks of aerobic training, compared with 0.6 mL-kg*-min? (5%; NS) in

54



the control group. Participants in this study were recruited, on average, at 3 months
post-LVAD implantation. But again, the change between groups was not statistically

significant.

In contrast to these findings, two non-randomised prospective studies in patients with
LVADs have found significant between-group differences in VO, peak following ET.
In a long-term multimodal intervention (composed of home-based exercise, nutrition
and psychological support program), Kugler et al.?®® observed a significant
improvement in aerobic capacity (reported as %predicted VO, peak) in the
intervention versus the control group (A8 % vs A3%, respectively; p < 0.05).
Consistent with this finding, a recent non-randomised prospective trial?*? found that
following 6 months of ET, participants with LVADs improved VO2 peak by 5mL-kg"
L. min (A34%) compared with a 2% increase in those who did not attend supervised
exercise rehabilitation (p < 0.01 for between-group comparison). However, this study
included only four participants in the control group. The significant improvement
experienced in the ET group may be explained by potential bias inherent to the study
design, the relatively long ET period, young age of participants (49 years) and the fact
that only one woman was included in the group. While the large disparity between the
training and control group highlights the potential of ET rehabilitation in a hospital-
based supervised setting, these limitations compromise the interpretation of the study’s

findings.

It is worth noting that the improvements in VO, peak following training in the
abovementioned RCTSs, although relatively modest in most cases, surpass the clinically
meaningful threshold of 1 mL-kg™-min (or an increase of 10%) for CHF.2*42!5> An
interesting observation is that those studies with longer program duration and/or higher
training intensity seem to result in greater benefit. This suggests that for people with
LVADs, a higher intensity of exercise and longer program duration may be required
to obtain significant improvements in aerobic capacity.

Although quasi-experimental in nature, several observational retrospective studies
have documented significant improvements in aerobic capacity after a period of ET
rehabilitation. For instance, Karapolat et al.?!® reported a small but significant
improvement in aerobic capacity (14.68 + 3.63 to 15.13 + 3.42 mL-kgt-min?; p <

0.05) following an 8-week supervised exercise rehabilitation program involving
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aerobic and strength exercises. Similarly, Marko et al.?!* found that a one-month ET
regimen was sufficient to detect aerobic capacity gains (11.3+4.1t0 14.5+ 5.2 mL-kg
L. min; p = 0.007) in patients with LVADs. However, these findings warrant caution

given the studies’ research design.

Current evidence shows conflicting results regarding the impact of ET on VO peak,
assessed by CPET, in patients with LVADs. While findings from low-quality studies
suggest that structured and supervised ET may be an effective approach for eliciting
aerobic capacity improvements, well-design RCTs have been unable to demonstrate
the efficacy of ET. However, these studies were limited by small sample size, short
program duration and employed only low- to moderate-intensity of exercise.
Therefore, it is conceivable that a longer training period at higher intensities may

improve aerobic capacity greater to a greater extent than has been reported to date.

2.8.3 Submaximal exercise capacity

The six-minute walk test (6MWT) is widely used clinically and relatively simple
assessment tool that provides a measure of functional capacity as an alternative to
CPET. It has been shown that LVAD implantation improves six-minute walk test
distance (6MWTD).! The MOMENTUM 3 RCT** found that implantation of both
HMII and HM3 provide similar functional capacity enhancement (assessed by
6MWTD) at 6-month follow up from baseline (HM3: 94 (1-274) vs. HMII: 188 (43—
340) m; median and interquartile range). However, the impact of ET on functional

capacity is less clear for this patient population.

Consistently with the findings on aerobic capacity, studies to date have been unable to
detect a difference comparing ET with the usual care group on submaximal exercise
capacity. Although, within-group improvements from baseline to follow up have been
reported. For example, Kerrigan et al.> observed a 52 m improvement (p < 0.05) in the
ET rehabilitation group, as opposed to the 19-m increase seen in the control group
(NS). However, Hayes et al.?% observed significant changes on 6MWTD in both the
ET training group (A180 m), as well as in the control group (A122 m). Similarly,
Laoutaris et al.® observed an increase in 6MWTD by 65 m (p = 0.005) in the training
group compared to baseline, whereas the control group only changed by 18 m (NS). It
is worth reiterating, that the usual care treatment of the control groups included the
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standard recommendation to perform daily walking. This may have reduced the
between-group difference in 6MWTD, similar to that observed for VO, peak.
Furthermore, despite no trials detecting a significant difference between ET and usual
care, the reported values exceeded the minimally clinically important difference for
6MWTD of 45 m for CHF, which has been associated with improvements in QoL.2Y

2.8.4 Muscular strength

Very little information is available on the effect of ET on skeletal muscle strength in
patients with LVADs, as only one RCT to date has assessed this outcome.®
Interestingly, their training intervention did not incorporate a muscle resistance
component. It was found that single-leg strength improved (from 85 = 5 to 100 + 10
N-m; p = 0.003) in the training group, while the control group remained unchanged (at
90 £ 5 N-m) over time. The change between groups was significant (p = 0.016). This
finding suggests that for LVADSs, aerobic training alone may be able to improve
skeletal muscle strength. The underlying mechanism of this is not known. One possible
explanation is that stimulus provided by aerobic training due to increased muscular
blood flow during exercise may have provoked structural and strength improvements

on the lower limbs.

While this improvement in muscle function for the training group was relevant, the
observed values remained reduced compared with normative data, representing only
51% of age-match individuals.?® Consequently, incorporating resistance training to
ET programs may be a potential option to further improve muscle function and
strength in patients with LVADs. This is particularly important given the severe
muscle atrophy and wasting?!® that patients with LVADs experience due to the
hospitalisation periods (e.g. post-LVAD implantation) and the cachexia induced by
CHF. Moreover, muscular strength correlates well with physical disability in CHF
patients,??° and with health-status in LVADs.!%® Therefore, it seems important that
further ET studies in LVADSs incorporate resistance training component, consistent
with best practice, and include muscle strength as an outcome measure to further

investigate its potential benefits.
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2.8.5 Anthropometry

There is little research in the literature about the impact of ET on body weight or body
mass index (BMI) in patients with LVADs. Kugler and colleagues®® found a
significant effect of their multimodal intervention on BMI at 18-month follow-up.
While BMI remained unchanged in the intervention group (median: 24.0 to 24.5
kg/m2), in the control group increased from 23.8 to 29.7 kg/m? (p < 0.02 for between-
group comparison). In contrast, Lamotte et al.,?® found that BMI increased
significantly and to a similar extent in both training (23.2 + 3.0 to 25.1 + 3.3 kg/m?)
and control (23.6 + 2.4 to 25.2 + 2.7 kg/m?) groups from baseline to follow-up (p <
0.01). However, the interpretation of these results is limited, as BMI does not
distinguish between adipose tissue, muscular mass, bone density or oedema, which is
a very important component of the medical management of these patients.
Accordingly, future studies need to assess the effects of ET on body composition by

using more valid and acute methods.

2.8.6 Quality of life

Data from clinical trials suggest that improvement in QoL can be seen post-LVAD
implantation from 3 months onwards.?????2 Of note, female sex and older age are
factors that have been associated with a lower score in QoL in this clinical cohort.??
While results indicate that overall physical function is improved following
implantation, likely due to improved functional capacity, many patients continue to
experience significant emotional distress.??* Regular exercise is known to have
favourable effects on psychological outcomes in patients with CHF,?% suggesting that

similar benefits may be experienced in LVADs.

Utilising the Kansas City Cardiomyopathy Questionnaire (KCCQ), Kerrigan and co-
workers® found that the ET group improved QoL (61 + 8 to 75 + 5; p = 0.001), while
the control group remained unchanged (65 + 5 to 66 £ 5; NS), with a significant
difference between groups (p = 0.005). Of note, a five-point increment on the KCCQ
score is considered clinically meaningful, and it has been found to be a stronger
predictor of health-status than 6MWTD.2% Conversely, Hayes et al.,?* did not detect
differences between the training group (ET: 30.4 + 10.7 to 59.6 + 24.2) and the control
group (36.7 £12.2t0 53.0 £ 6.2; NS) on QoL scores using the SF-36 survey. Although
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there were significant improvements only within the training group in several
subdomains, such as body pain, vitality, social function, and mental health. Using the
same instruments, Kugler et al.,?*3 also failed to detect between-group differences in
QoL. Laoutaris et al.,® using the Minnesota Living with Heart Failure Questionnaire
(MLHFQ) found that while the ET group improved QoL (48.9 + 12.8 t0 38.2 £ 11.6
a.u; p = 0.005), the control group did not (49.8 + 9.5 t0 50.8 + 10.3 a.u; p = 0.3). But
again, there were no between-group differences (p = 0.3). The different surveys
utilised limits the direct comparison of results across studies. However, it is worth
highlighting that all RCT to date have detected within-group improvements in QoL
following ET. The only study® which detected a significant difference compared with
the control group was the one with the biggest sample size. This suggests that the
power to detect true differences between groups in the previous trials may have limited
the results; and ET may indeed, be able to further improve quality of life following
LVAD implantation. Future trials are needed to confirm the impact of ET on QoL for

these patient population.

2.8.7 Summary of findings

Studies to date evaluating the effects of ET on maximal and submaximal exercise
capacity, strength and QoL in patients with LVADSs have been equivocal. Current trials
have had a training period ranging from six to ten weeks and used low- to moderate-
exercise intensity. It is possible that these training protocols may have been too
conservative and applied a suboptimal exercise intervention. The more encouraging
findings from several quasi-experimental studies, such as non-randomised
prospective, pilot studies documented in conferences and retrospective analysis,
suggest that further research is warranted. Compelling evidence is growing in people
with cardiovascular disease??’, including CHF®3, that greater improvements can be
achieved with higher exercise intensity and with longer training periods. Thus, it is
possible that a longer training period, with higher exercise-intensity training, may
provide better clinical outcomes without increased risk. Moreover, the RCTs to date
have included predominantly males who were supported for ‘bridge-to-transplant’,
limiting the generalisability of the findings. Given that the proportion of LVADs
indicated as a ‘destination therapy’ has progressively increased over the last decade,

and now represents ~50% of total implants, it is important to include a more diverse
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clinical population in future trials. As such, finding from these small single-centre
RCTs must be interpreted cautiously.

Future research also needs to further assess the safety and efficacy of optimised ET
involving training protocols at a higher intensity of aerobic exercise (>80% VO2 peak),
as well resistance training, as recommended by best practice,??® and apply longer
program duration (at least 12 weeks) in a cohort of patients that better represents the

current population.
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Table 2.3 Prospective exercise training trials in patients with LVADs.

Study Design

Kerrigan® RCT
(2014)

Adamopo RCT
ulos??
(2013)

Hayes* RCT
(2012)

Participants

16 Exvs. 7C
Age: 5513 y.

16 Exvs. 16 C
Age: Not
defined

7Exvs.7C
Age:  49+15
and 4615y

LVAD
type

CF-
LVADs

Not
defined

CF-
LVADs

Exercise intervention

Treadmill + cycling at
60% HR reserve for 30

min.

Aerobic training for 45
min at Borg scale 12-
14 + plus inspiratory
muscle training.

Aerobic exercise at
50% VO reserve +
resistance training for

an hour.

Control group

Standard
recommendations to
perform daily walking.
Received follow-up calls
at weeks 2, 4, and 6 week.
Not defined

Mobilization  protocol:
advised to progressively
walk at least 5 days a
week for 60 min at
intensity level of 13 RPE.

Duratio

n

3x/week

for

weeks.

6

3x/week

for

weeks.

12

3x/week

for

weeks

8

CPE
T
mode
Tread

mill

NA

Cycle
ergom

eter

VO2 peak Advers
(mL-kg-1-min-1 €
) events

Ex (136 +33to 1

15.3 = 4.4) vs. C syncop
(11.2+2.0t0 118 e
+2.0),

p=0.222.

Ex: 17.0 £ 0.8 vs. Not

C: 126 %= 0.7; defined
p<0.05.

Ex (10.5+2.3 to None
14.8+4.9) vs C
(12.4%1.7 to
15.314.4),

p=0.43.
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Laoutaris
3(2011)

Lamotte?!
0(2018)

Kugler??
(2012)

RCT

Non-
radomis
ed

Non-
radomis
ed

10Exvs.5C  BIiVAD

Age: 37+18 vs , &

42+15y pulsatil
eLVAD
S

11Exvs.4C

Age: 52.5+12

vs. 46.7+14 y

34Exvs.36C  CF-

Age: 52+2 vs LVADs

5142y

Aerobic training for 45

min +  supervised
inspiratory muscle
training.

Aerobic exercise at 13-
14  on Borg-scale

+strength exercises

Home-based exercise
+ nutritional &

psychological support.

Advised to walk every

day for 30-45 min

Not defined

Standard

recommendations

on

healthy diet, to exercise

on daily basis and to seek

the psychosocial support.

3-5x/
week for
10

weeks.

3x/ week
for 18

weeks

18

months

Tread

mill

Cycle
ergom

eter

Cycle
ergom

eter

Ex (from 16.8+3.7
to 19.3+4.5) vs ¢
(from 14.9+4 to
14.8+4.2), p=0.1

Exercise  group
(from145+4.4to0
195 £+ 8.6) vs.
control (fromll +
5t01l £2)p<
0.01.

VO, % pred. in
exercise group (61
to 69%) vs control
(59 to

629%),p<0.05.

None

2 lipo-
thymic
episode

S.

None

Values presented as mean + SD. p-value for comparison between groups. RCT, randomized controlled trial; Ex, exercise training group;

C, control group; CF-LVAD, continuous-flow left ventricular assist device; BiVAD, Biventricular assist device; HR, hear rate.
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2.9 Might high-intensity interval training be a safe
option for patients with left ventricular assist
devices?

From a historical perspective, significant progress has been achieved over the last few
decades in terms of exercise prescription for populations with cardiac conditions. Prior
to 1988, exercise was considered an absolute contraindication in patients with severely
reduced cardiac function as it was believed this represented an increased risk for
cardiac events. Our paradigm and understanding regarding the impact of exercise
changed with the landmark paper by Sullivan et al.,??® in which the beneficial effects
on central and peripheral haemodynamics following an ET program were first
observed. Their findings marked the commencement of a new era that changed the
scientific and clinical approach for the treatment of CHF in relation to exercise. Over
the past three decades of research, the effects of exercise in CHF have been extensively
studied and consistently yield improvements on functional capacity, CHF-related
symptoms, quality of life, morbidity and mortality.?**'® Accordingly, ET has become

a well-established evidence-based medical adjunct for the treatment of CHF.

The aerobic exercise modality of training most commonly being used in clinical
settings for CHF involves moderate-intensity continuous training (MICT), in
accordance with international guidelines.?®* However, in recent years, high-intensity
interval training (HIIT) has gained popularity. Initially designed and applied by
athletes, a growing body of evidence is showing in patients with metabolic and
cardiovascular diseases,?*? including CHF,?* that HIIT may be well-tolerated and
more beneficial than MICT at eliciting improvements in physiological and functional
outcomes. These findings have raised the question of whether HIIT should be
considered as an alternative, or complementary option, to the standard approach of
MICT that is currently applied in clinical practice. However, a general concern relates
to the safety of HIIT. While preliminary evidence in CHF seems to indicate that it may
be a safe option for selected patients, no data has been reported yet in patients with
LVAD:s.

High-intensity interval training involves periods of vigorous exercise that are

interspersed with periods at a lower intensity, or periods of rest, as a means to recover.
0o



The workload employed is relative to the individual’s capacity, so it may vary
considerably among participants. The basic principle of HIIT is that during the
intervals performed at high-intensity, there is a greater physiological stimulus
compared with MICT, and therefore has the potential to invoke greater cardiac,
vascular and musculoskeletal adaptations. A recent meta-regression analyses®* in
patients with coronary heart disease and CHF looked at study-related factors which
determine improvement in aerobic capacity following ET. Interestingly, only exercise

intensity was significantly associated with the magnitude of VO, peak improvement.

HIIT has been applied using a variety of protocols, combining different parameters in
relation to work/recovery periods, intensity, timing, duration, number of sets, etc.
While different protocols have been studied in patients with CHF, there is one that has
been notably widespread. Since the impressive results found in 2007 by Wisloff and
colleagues® after a 12-week program (46% increase in VO2 peak in HIIT vs. 14% in
MICT), the protocol of 4-min work at 90-95% HR peak, interspersed with 3-min active
recovery at 50-70% HR peak for 4 sets on a treadmill has been most commonly
applied. This exercise protocol — the so-called ‘Scandinavian HIIT Protocol’- has been
replicated in several subsequent studies, although vyielding disparate results. For
instance, the recent multicentre SMARTEX HF trial>®® did not find significant
differences in VO peak in the HIIT versus the MICT group (8.3% vs. 5%,
respectively; p = 0.70). Furthermore, there were no significant differences between
groups in the number of adverse events. An important limitation of the latter trial was
that the intensities at which the groups trained varied somewhat from that intended and
partially overlapped; 50% of participants in the HIIT group failed to achieve the
prescribed intensity, whereas 80% of participants in the MICT group trained at an
intensity higher than prescribed. This may reflect the challenge of closely supervising
participants across different sites. Furthermore, the HR method for exercise
prescription for these patients may not be ideal due to the frequent chronotropic
inability and HR drift that they commonly experience during exercise.?®® Rather,
prescribing workload corresponding to a percentage of VO, peak adjusting over time
for perceived level of effort has been suggested to be more appropriate.?3>2%

Several meta-analyses in CHF have found the superiority of HIIT over MICT at
improving aerobic capacity. Haykowsky et al.?’ reported that HIIT was more effective
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than MICT for improving VO peak (mean difference: 2.1 mL-kg*-min™). With
regards to safety, no serious adverse events in participants carrying out HIIT were
encountered. In accordance with this, a more recent meta-analysis?® found that the
improvement with HIIT (mean change: 2.6 mL-kg-min') was significantly superior
to the MICT (1.4 mL-kgt-min™t). Another systematic review looking at safety data in
patients with coronary heart disease and CHF found only one major adverse event
(non-fatal) during a HIIT out of 17083 training sessions.?®® On the basis of these
findings from systematic reviews with meta-analyses, there is a strong case to be made
that well-implemented HIIT may be more effective at improving aerobic capacity in
patients with CHF compared with traditional MICT and the risk of adverse events
when performed in a medically controlled environment appears to be relatively low.
This is an important finding given the prognostic value of VO, peak in predicting

mortality.24

In patients with LVADs, data is lacking as no study has yet tested the safety and
efficacy of HIIT. There is, however, a case-report that applied the Scandinavian HIIT
protocol for 8 weeks in a 61-year old male with severe LV dysfunction implanted with
an LVAD.?*! The participant tolerated the training well and VO, peak increased from
13.1 to 17.3 mL-kg*-min’. This case report suggests that HIIT may be feasible and
safe in patients implanted with L\VVADs for improving aerobic capacity. Considering
that HIIT has been shown to be more effective than MICT for improving VO3 peak in
patients with CHF and appears to be associated with low rates of adverse events,
similar to MICT it is timely that HIIT be investigated in patients with LVADs.

2.10  Physical activity levels in patients with left
ventricular assist devices

Despite the improved cardiac output associated with LVAD implantation, a sizable
number of patients continue experiencing exercise intolerance and other heart failure-
related symptoms.2?2242 As a consequence, activities of daily living and quality of life
may be substantially impacted in this population. Specifically in patients implanted
with LVADs, there is a paucity of data available in regards to the patterns and intensity

of daily PA, as only three studies have been performed to date.?+324
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A preliminary study in people with LVADs showed that they continued to have a
sedentary lifestyle and engaged only in short-duration and low intensity PA (daily
average PA range from 0.75 to 1.53 METSs).?* In a more recent study, Granegger et
al.2*® found that similar to aerobic capacity, patients with L\VVADs achieved half of the
PA levels that is undertaken in age-matched healthy individuals. In a longitudinal
study, Jakovljevic et al.?*® observed that while patients augmented their PA levels
significantly over the initial 3 months of recovery period post-LVAD implantation
(from 18£8 to 48+17 min/day at moderate-intensity exercise), PA then plateaued, and
did not differ compared with the CHF control group (41+12 min/day at moderate-
intensity PA). However, the latter study?*® had some limitations that warrant
consideration. Firstly, the CHF control group had a VO, peak above the cut-off point
for cardiac transplantation; suggesting that participants may have not been well-
matched in terms of disease severity. Moreover, all participants were males and had
the same LVAD system (Heartware) indicated as s bridge-to-transplant. Given that
these factors may directly affect daily PA levels, whether LVAD implantation allows
patients with advanced CHF to achieve higher levels of PA than patients of a similar
severity of CHF, but no LVAD, remains unclear.

2.11  Conclusions and implications for research

The pathophysiological mechanisms related to exercise intolerance in patients with
CHF are complex and multifactorial, involving both central and peripheral
factors.343637 For patients with advanced CHF implanted with an LVAD, despite
improved haemodynamic support, exercise capacity remains significantly reduced.!
This limits their capacity to perform activities of daily living and quality of life
compared with healthy age-matched individuals.!?> While the underlying mechanisms
behind these limitations remain to be fully elucidated, alterations in the vasculature
and end-organ function, such as the brain and skeletal muscle may play an important

role and are potential targets for ET interventions.’8103.187

During low- to moderate-intensity exercise in patients with LVADs, TCO increases
proportionately to exercise intensity, with LVAD output contributing in a significant

extent. However, this haemodynamic support reaches a plateau from moderate-
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intensity to peak exercise, limiting peak oxygen uptake because further increases in
TCO must rely on native LV function in a failing heart.!5®1%* Likewise, the
abnormalities in the periphery associated with CHF are not resolved by LVAD
implantation and continue to adversely impact exercise tolerance. Accordingly, ET
that specifically targets the periphery may be an important intervention for augmenting

exercise capacity during higher exercise intensities.

Relatively little is known about the effects of ET in patients with LVADs, as only three
RCTs have been conducted to date.®® These trials have involved conservative training
protocols and have failed to improve cardiorespiratory fitness in the training
intervention compared with a control group. Recent studies in patients with CHF have
investigated HIIT and found it to be a safe and effective approach for improving
exercise capacity,%23"2 put this promising intervention has not been tested to date in
patients with LVADs, and therefore it remains unresolved whether it is feasible, safe

and effective for improving VO peak for this population.

Finally, it is evident that more research is needed to address significant gaps in the
understanding of cerebral haemodynamics in relation to exercise in patients with CHF.
For example, whether LVAD implantation and ET have an impact on cerebral

perfusion at rest and during exercise remains unknown.

Given the increasing prevalence of people supported with LVADs, either temporarily
as a bridge to transplant or for the remainder of their life in the case of destination
therapy,?®* it is important to better understand the factors limiting exercise capacity,
and to test and implement interventions aimed to optimise exercise tolerance. This is
an important clinical outcome, given that even a modest improvement in oxygen
uptake has prognostic implications in patients with CHF.?'® Sufficient aerobic capacity
is also a fundamental requisite for performing activities of daily living, which
ultimately affects patient’s quality of life. The studies in the present thesis seek to
address these research questions in order to extend what is understood about physical

activity and exercise in patients with LVADs.
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3.1 Introduction

Left ventricular assist devices (LVADs) are implanted to augment cardiac output in
patients with advanced chronic heart failure (CHF) which is refractory to conventional
medical management. ‘Bridging’ a patient to cardiac transplantation remains the most
common indication for an LVAD, however in recent years LVADs have been used
increasingly as ‘destination therapy’, where the patient has the device for the
remainder of their life, resulting in an increasing number of implants occurring
worldwide.! In addition to improving survival,> LVAD implantation is associated with
increased exercise tolerance,*® addressing a hallmark symptom of CHF. This provides
an opportunity for patients to participate more in cardiac rehabilitation programs,
increase walking and engage more in tasks of daily living. However, many patients
with LVADs continue to experience impaired exercise tolerance, and peak oxygen
consumption (VO2) remains well below age-predicted values.®® There are currently
only limited data available regarding the patterns and intensity of daily physical
activity (PA) in patients with an LVAD in situ.®% Recent studies have observed that
while PA levels improve over the initial period post-LVAD implantation, they remain
markedly below healthy individuals and cardiac transplant patients,®* and were not
significantly higher than in patients with CHF without mechanical circulatory
support.’® However, in the latter study, the only longitudinal study to date to compare
PA in LVAD directly with patients with CHF, participants in the CHF comparison
group were deemed “too well” for cardiac transplantation based on their VO, peak and
were therefore not well matched to the LVAD cohort. Furthermore, participants in that
study were all males, relatively young (mean age = 49 years), and all had received the
one device (Heartware). Accordingly, whether LVAD implantation improves daily PA
compared with patients with CHF of similar severity, and in a cohort more
representative of the contemporary population of LVAD recipients, remains
unresolved. Of particular importance is whether PA is higher in a cohort of patients
with LVADs beyond the initial post-implantation period, compared with patients with
CHF. The primary objective of the present study was to evaluate daily PA levels in
patients with LVAD support compared to well-matched participants with advanced
CHF without LVVAD support.
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3.2 Methods

3.2.1 Participants

This was a case controlled study of PA in patients with LVADs versus well-matched
patients with CHF, but no LVAD. Participants were recruited from the Advanced
Heart Failure and Cardiac Transplant Service at Royal Perth Hospital/Fiona Stanley
Hospital. Participants in the LVAD group had an LVAD in situ for at least six weeks
and were hemodynamically stable. All patients with an LVAD in situ or receiving an
LVAD during the study recruitment period, who met the selection criteria, were invited
to participate in the study. Each participant with an LVAD was matched for age (+ 5
years), sex and New York Heart Association (NYHA) functional class pre-LVAD
implantation with a control participant. The control group was recruited from patients
with severe heart failure (NYHA 1I/1V) who were either wait-listed for cardiac
transplantation or had been considered for transplant but excluded for non-cardiac
reasons in order to have a control group who were well-matched in terms of clinical
severity of CHF. All participants from both groups were enrolled in the hospitals’
cardiac rehabilitation program, which included supervised exercise sessions. Potential
participants were excluded from the study if they had contraindications to exercise
testing!?> (e.g. unstable angina, uncontrolled arrhythmias, hypertension, severe
symptomatic aortic valve stenosis, acute systemic infection) or myocardial/skeletal
muscle ischaemia, severe musculoskeletal disorders, respiratory disease or other non-
heart failure related causes of exercise intolerance likely to influence the ability to
undertake PA. Data are provided on aerobic capacity and anthropometry for the CHF
group only at the time of PA assessment. For the LVAD group, aerobic capacity and
anthropometry are provided at the time of PA assessment, as well as from prior to
implantation, for comparison with the CHF group and to allow a pre-post comparison
in the LVAD group.
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3.2.2 Assessments

3.22.1 Aerobic capacity assessment

Cardiopulmonary exercise testing (CPET) was performed using a graded treadmill
exercise test to volitional exhaustion with three-minutely increments in grade and/or
speed.'® Prior to the test patients were weighed in light clothing, and for LVAD
participants, without the weight of the controller or batteries. Breath-by-breath expired
gas analysis was measured by indirect calorimetry using a calibrated metabolic
analysis system (Vyntus Jaeger CPX, Carefusion, Hoechberg, Germany) and used to
determine ventilatory parameters at rest and during exercise. VO2 peak was calculated
as the highest VO, recorded during the exercise test averaged over a 30-second period.
Twelve-lead electrocardiogram (PC-ECG 1200, Norav Medical Ltd., Yokneam,
Israel), pulse oximetry (Oxypleth 520A, Novametrix Medical Systems Inc.,
Wallingford, Connecticut, USA) were measured continuously at rest and throughout
exercise. Mean arterial pressure (MAP) (Dopplex MD2, Huntleigh Healthcare Ltd.,
Cardiff, UK) and rating of perceived exertion (Borg Category Scale)** were recorded
during the final 30 seconds of each three-minute stage and at peak exercise.'>® Serial
cardiopulmonary exercise testing is employed in the service where the study was
conducted. All patients in the CHF group had at least one cardiopulmonary exercise
test prior to the test employed for the study. In the LVAD group, three participants did
not have a cardiopulmonary exercise test prior to LVAD implantation due to the device
being implanted as an emergency intervention, soon after referral to the service. The
pre-LVAD cardiopulmonary exercise test was routinely conducted in the fortnight
preceding LVAD implantation, while post LVAD implantation cardiopulmonary

exercise tests were conducted at the time of PA activity assessment (Table 3.1).

3.2.2.2 Physical activity assessment

Physical activity energy expenditure (PAEE) was monitored for at least seven
consecutive days. Participants were fitted with the Actiheart device immediately
following the CPET, but data was analysed from the following to ensure a full day of
recording. Participants were instructed not to alter their usual PA during the week of
monitoring, including maintaining their scheduled cardiac rehabilitation sessions.
Follow-up phone calls from an investigator were made to participants to address any
issues that they were experiencing with the monitoring device. Daily PAEE was

98



measured as active energy expenditure (kJ-kg?l-dayl) by using an Actiheart
monitoring device (Cambridge Neurotechology Ltd., Cambridge, U.K.) which
combines accelerometry and heart rate (HR) monitoring simultaneously. Heart rate
response have previously been found to be a reliable indicator of PA intensity in
patients with LVADs.!” The Actiheart monitor was attached to participants’ upper
chest horizontally, via two ECG electrodes, positioned at the level of third intercostal
space. The device was individually calibrated and set up to collect data over one
minute epochs. The Actiheart has been validated against doubly labelled water for
measuring energy expenditure under free-living conditions and during different
conditions such as at rest, walking and running.’®2° At the end of the Actiheart
monitoring period, participants returned the device to the researchers and data were
downloaded for subsequent data analysis. PAEE was calculated using the branched
equation model for adults described by Brage et al.,?! and converted to metabolic
equivalent of task (MET) to determine minutes of sedentary time (< 1.5 METS), and
activity performed at conventional levels of low (1.5 - 3.0 METSs), moderate (> 3.0 —
6.0 METSs) and vigorous (METs > 6.0) intensity.

3.2.2.3 Self-efficacy and quality of life assessment

A 16-item Heart Disease Self-Efficacy (HDSE) Scale, modified slightly from a
previously validated PA scale??? to make it more appropriate for patients with heart
disease, was administered to all participants prior to the commencement of the PAEE
monitoring period. This scale was used to rate the perceived ability of the participants
to begin, continue and complete PA under a range of specific circumstances. The scale
measures the strength of efficacy beliefs against a 100-point scale, ranging in 10-unit
intervals from ‘0’ (cannot do), through ‘50’ (moderately certain can do), to 100

(absolutely certain can do).

Health-related quality of life (QoL) was measured using the SF-36 questionnaire. This
tool measures a variety of health domains and gives two aggregate summary measures:
the Physical Component Summary (PCS) and the Mental Component Summary
(MCS). These scores rank in a scale from 0-100, where the higher the score, the less
disability.?
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The study was approved by the Royal Perth Hospital Research Ethics & Governance
Unit (REG13-122) and reciprocal ethics was granted by Curtin University Human
Ethics Research Committee (HR147/2013). The study was registered with the
Australian and New Zealand Clinical Trials Registry (ACTRN12614000233628). All

participants provided written informed consent prior to enrolment in the study.

3.2.3 Data analysis

A statistical power test was performed assuming a between group difference on PAEE
of 12 kJ-kg*-day* with a standard deviation (SD) of 8 kJ-kg*-day™*,*® with a p-value
of 5% for significance at a power of 80%. Factoring in a conservative dropout rate of
15%, we aimed to recruit a total sample size of 32 participants. Statistical analysis was
performed using Windows SPSS 25 software (SPSS, Chicago, IL, USA). Student’s
paired t-test was used to assess the within-group changes from pre- to post-
implantation in the LVAD group. Between groups comparison was performed using
unpaired Student’s t-test for normally distributed data or the Mann-Whitney U-test for
nonparametric data, as appropriate. For nominal data, the chi-squared was used. To
determine the associations between continuous variables either Pearson’s or
Spearman’s rank correlation coefficient was applied, depending on whether the data
were parametric or not. Data are presented as mean + SD for normally distributed data
and median and interquartile range for nonparametric data. All statistical analysis were

two-tailed with statistical significance set at p < 0.05.

3.3 Results

3.3.1 Participants’ characteristics

Thirty-two participants were recruited and completed the study (16 LVAD and 16
CHF). Detailed participant characteristic are described in Table 3.1. Of the available
LVAD patients during the recruitment period, we excluded one patient due to severe
back pain who was bed bound and one patient with severe respiratory disease. Two
other patients were invited to take part in the study but declined. No significant
differences were observed for age, weight, or NYHA functional class between the
LVAD and CHF groups. Weight and BMI were higher in the LVAD group post
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implantation compared with pre implantation (p < 0.001). Male sex was predominant
(82%). No participants in either group were receiving intravenous inotropes at the time
of testing. All participants in the L\VAD group were implanted with a continuous-flow
LVAD: HeartWare (HeartWare Inc, Framingham, Massachusetts) (25%), HeartMate
I1 (56%) and HeartMate 3 (19%) (Thoratec Corporation, Pleasanton, CA).

Table 3.1 Characteristics of participants in the LVAD and CHF groups

Parameter LVAD group CHF group
(n=16) (n=16)
Pre-LVAD Post-LVAD
implantation  implantation p-value
Age (years) 59.1+10.8 - 58.3+8.7 0.808
Female sex 3 (19%) - 3 (19%)
Weight (kg) 787+116  848+153* 791+129  0.234
BMI (kg-m?) 26.9+3.3 28.1+£4.2* 25.8+3.2 0.353
Ischemic cardiomyopathy 7 (44%) - 8 (50%)
Duration of HF diagnosis 7.7 £ 75 (0- 59 £ 6.2 (- 0.662
(years) 24) 19)
NYHA functional class, n 0.710
(%)
" 5 (31%) 6 (38%)
v 11 (69%) 10 (63%)

INTERMACS profile, n

(%)

3 5 (31%)

4 3 (19%)

5 4 (25%)

6 4 (25%)
LVEF (%) 222+9.2 - 25375 0.321
Days on LVAD support - 154 + 138 (82- -

580)
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Indication for LVAD, n

(%)

Bridge-to-transplant 9 (16%)

Bridge-to-candidacy 2 (13%)

Bridge-to-recovery 1 (6%)

Destination therapy 4 (25%)

MAP (mmHg) 80.3+7.9 87.3+9.38 78.8+6.8 0.663

CRT/CRTD, n (%) 3 (19%) 2 (13%) 0.122

Medication, n (%)
Levosimendan infusion 11 (69%) 9 (56%) 0.455
ACE-Il or ARB 15 (94%) 13 (81%) 0.274
B-blockers 13 (81%) 12 (75%) 0.687
Aldosterone antagonist 6 (38%) 6 (50%) 0.501
Warfarin 16 (100%) 3 (19%) 0.001
Diuretics 14 (88%) 13 (81%) 0.590
Amiodarone 3 (19%) 7 (44%) 0.134
Antiplatelet agents 14 (88%) 9 (56%) 0.051
Phosphodiesterase 9 (56%) 5 (31%) 0.150

inhibitor (PDE-5)

Data are presented as mean * standard deviation and (range) or number of participants
(percentage); LVAD, left ventricular assist device; CHF, chronic heart failure; BMI,
body mass index; NYHA, New York Heart Association; LVEF, left ventricular
ejection fraction; MAP, mean arterial pressure; CRTD; cardiac resynchronization
therapy defibrillator; ACE-I, angiotensin-converting enzyme inhibitor; ARB:
angiotensin-receptor blocker; p-values in the table are for comparison between pre-
LVAD implantation and CHF group. “levosimendan infusion” reflects an infusion at
any time prior to the physical activity assessment. *denotes significant within-group

difference (from pre- to post-LVVAD) by paired t-test.

3.3.2 Aerobic capacity

Pre-implantation VO, peak was not significantly different in the LVAD group
compared with the CHF group (Table 3.2). Following LVAD implantation VO, peak
was significantly higher in the LVAD compared with the CHF group (p < 0.025) and
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in the LVAD group post- versus pre-LVAD (p < 0.001). The ventilatory efficiency
slope (VE/VCO2) was significantly steeper in the CHF compared with the LVAD
group. Peak MAP was higher in the LVAD compared with the CHF group. There were
no statistical significant differences between groups on test duration, peak respiratory

exchange ratio, peak rating of perceived exertion or peak heart rate.

Table 3.2 Results of the cardiopulmonary exercise testing of participants in the LVAD

and CHF groups
Parameter LVAD group CHF group

(n=16) (n=16)

Pre-LVAD Post-LVAD p-value
VO, peak (mL-kgt-min?t) 104 +2.1 15.8+4.3*  123+35  0.021
% of age-predicted 36.2+9.6 53.4 + 15** 38.8+10.1 0.012
VO, peak (L-min?) 0.82+0.2 1.35+0.5** 09704 0.042
VE/VCO; slope 443 +8.5 32.4 + 3.5* 43.7 £9.6** <0.001
Test duration (s) 521 + 147 616 + 205 578 +190 0.705
Peak RER 1.18+0.2 1.20+£0.1 1.16 £0.1 0.858
Peak RPE 18.1+0.9 17.0+£0.9 16.6+£0.8 0.243
Peak MAP (mmHg) 103.9+10.1  111.2+115  959+189 0.019
Peak HR (bpm) 122.3+18 1286+219  1267+25 0.833

Data are presented as mean + SD; LVAD, left ventricular assist device; CHF, chronic
heart failure; VE/VCO2, minute ventilation/carbon dioxide production; RER,
respiratory exchange ratio; RPE, rating of perceived exertion; MAP, mean arterial
pressure; HR, heart rate; **p < 0.001 and *p < 0.05 for LVAD within-group
comparison; p-value for comparison between groups (post-LVVAD implantation versus
CHF group).
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3.3.3 Physical activity

Mean daily PAEE levels in the LVAD group were significant higher compared with
the CHF group (Figure 3.1). The LVAD group spent more time performing moderate
intensity PA than their CHF counterparts, but there was no difference in light or
vigorous intensity PA. However, brief bouts of vigorous intensity PA were more
common in the LVAD group (44% of participants) compared with the CHF group
(19% of participants). Sedentary time was significantly higher in the CHF cohort
compared to the LVAD group (Table 3.3).
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Figure 3.1 Comparison of mean PA levels in the LVAD group versus the CHF group.
PAEE, physical activity energy expenditure; CHF, chronic heart failure; LVAD, left

ventricular assist device. ** for p = 0.001 by independent samples t-test.

Table 3.3 Physical activity duration at different intensities in the LVAD and CHF

groups.
Physical activity intensity LVAD group CHF group p-value
(METS) (min/day) (min/day)
Sedentary, including 1294 (1265 -1317) 1329 (1305 - 1360) 0.015*
sleeping (< 1.5)
Light (1.5 - 3) 116 (99 - 148) 99 (73 - 125) 0.136
Moderate (> 3 - 6) 26 (24 - 40) 12 (9 - 16) <0.001*
Vigorous (> 6.0) 05(0-1) 0(0-0.3) 0.126
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Values are presented as median (interquartile range); MET, metabolic equivalent of
task; LVAD, left ventricular assist device; CHF, chronic heart failure.” p-value for

between-groups comparison by Mann-Whitney U test.

3.34 Self-efficacy and quality of life

Table 3.4 presents the results of QoL derived from the SF-36, and self-efficacy from
the HDSE scale. There was a significantly higher physical role score, and physical
health summary component score in the LVAD group compared with the CHF group.
There were no significant differences between groups in the scores from the physical
function, pain, general health, vitality, social function and emotional role domains.

HDSE score was not significantly different between groups.

Table 3.4 Scores from the SF-36 and Heart Disease Self-Efficacy Scale in the LVAD

and CHF groups

Domain LVAD group CHF group p-value
SF-36
Physical Function 56.3+16.1 43.3+23.8 0.080
Physical role 72.4+30.2 449 + 35.2 0.025*
Pain 60.8+21.1 66.8 £ 25.1 0.466
General Health 53.6+243 46.6 £21.9 0.387
Vitality 55.1+19.7 49.0 +18.9 0.381
Social Function 68.3+29.8 69.2 +£19.7 0.917
Emotional role 79.6 £26.1 60.4 £ 37.3 0.101
Mental Health 72.7+18.5 776+17.8 0.448
Summary scores
Physical Health 48.6 +13.1 405+8.1 0.045*
Mental Health 522+11.2 493+94 0.429
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Heart Disease Self-efficacy 73.8+15.7 68.4 £ 18.7 0.381

score

Data are presented as mean + SD; LVAD, left ventricular assist device; CHF, chronic

heart failure. * for p-value for between groups comparison by independent t-test.

3.35 Relationship between physical activity and aerobic
capacity, quality of life and exercise self-efficacy

There was a significant correlation between PAEE and VO, peak (r = 0.582; p = 0.001)
across participants in the CHF and LVAD groups (Figure 3.2). Similarly, a negative
moderate correlation was detected between PAEE and VE/VCO; slope (r = -0.569; p
=0.001). Likewise, there was a modest positive correlation between the HDSE Scale
score and PA level, which approached statistical significance (r = 0.343; p = 0.055).
No significant relationship was evident between time on LVAD support (days post-
implant) and PAEE (r = 0.306, p = 0.249).

PAEE (kJ-kg!-day")
-

10 o CHF
. e LVAD
0 ; ; ; ' ' i

0 5 10 15 20 25 30

VO, peak (mL-kg'-min™)

Figure 3.2. Relationship between physical activity and VO, peak. The black line
indicates the linear regression across participants. PAEE, physical activity energy

expenditure.
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3.4 Discussion

In this study investigating PA in patients with an LVAD in situ, we observed that
participants with LVADs had a significantly higher level of daily PA, and spent less
time being sedentary, than patients with CHF who were well-matched for CHF
severity. LVAD participants also reported a better QoL as expressed by the physical
component score of the SF-36. These findings support that LVAD implantation is

important in the functional rehabilitation of patients with advanced CHF.

Daily PAEE was 70% higher for the LVAD group, compared with the CHF group.
This finding is in contrast with that reported by Jakovljevic et al.,'® who did not
observe a significant difference in PAEE, between participants 12 months post LVAD
implantation compared with CHF controls. These disparate findings may reflect the
less severe exercise intolerance in their CHF group, compared with the current study.
Indeed, the VO peak of Jakovljevic’s CHF group was closer to that observed in our
LVAD group post implantation. In the current study, the average time spent
performing PA at any intensity, defined as an energy expenditure > 1.5 METS, was
higher in the L\VAD group compared with the CHF group. This was due predominantly
to a higher volume of moderate intensity PA (26 min/day versus 12 min/day). The
converse of this finding related to PA is that CHF participants spent longer each day
being sedentary, which has been associated with a multitude of health risks.?®> Similar
to the observation of Jakovljevic et al.,’® we observed that short-bouts of vigorous
activity were more common in LVAD participants than those with CHF. It is worth
highlighting that LVAD participants in the current study achieved, on average, just
below the daily dose of PA recommended for health benefit by evidence-based
guidelines for the general population?® and patients with cardiovascular disease,?’
whereas the CHF group were well below this. However, compared with observations
from a large trial of healthy individuals of similar age that also used the Actiheart
device, LVAD participants in the current trial had a much lower level of PAEE (19.7
versus 35 kJ-kg™t-day™?). This is in accordance with a previous study, which found that
PA in patients with LVADs was only 53% of that measured in age-matched healthy
subjects.® The suboptimal levels of daily PA in patients with LVAD, and more
strikingly in advanced CHF, highlight the importance of strategies to increase PA in

these groups, despite their exercise limitations.
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There are several factors that may influence PA in patients with LVAD compared to
those with CHF. Primarily, the augmented cardiac output resulting from the LVAD is
likely to improve the delivery of oxygenated blood to the skeletal muscles during
activity. It has also been reported that oxidative capacity of skeletal muscle is increased
following LVAD implantation.?® In combination, these two factors will potentiate an
increase VO peak according to the Fick equation. Indeed, we observed a 52% increase
VO, peak from pre- to post-LVAD implantation, consistent with previous studies.?®3!
This will enable a given level of submaximal activity to be conducted at a lower
percentage of maximum, reducing symptoms of breathlessness and fatigue and
translating to greater tolerance of many daily activities. Furthermore, there was a
positive correlation between VO, peak and PA in this study, reflecting that aerobic
capacity and PA in patients with advanced CHF (with or without an LVAD) are closely
associated, consistent with the findings of Graenneger et al.® Another factor that may
influence PA level is exercise self-efficacy. Several studies in patients with CHF have
reported an association between PA levels and self-efficacy,®?22 and it has recently
been proposed as a mediator for being physically active.3* In the current study, we
found a modest positive correlation between self-efficacy and PA levels that
approached statistical significance. Further studies involving a larger cohort of patients
are required to elucidate this interesting preliminary finding. Finally, an interesting
observation in the current study was the increase in weight and BMI in the LVAD
group from the pre-implantation, to the post-implantation assessment. Prior to LVAD
implantation, patients are often cachectic and this appeared to be at least partially
reversed following a period with an LVAD in situ. However, further studies are
required to evaluate the relative changes in muscle versus fat mass that may occur
following LVAD implantation, and whether increased muscle mass may also be a

factor contributing to improved exercise tolerance.

We also considered the relationship between LVAD implantation and QoL in the
current study and observed that the physical function domain of the SF-36 was
significantly higher in the LVAD compared with the CHF group, which may reflect
the capacity of these patients to participate in physical tasks of daily living with less
symptoms. However, there was no difference between groups for the mental health
summary score. An improvement in QoL has previously been reported following
LVAD implantation in several trials.>%>% In the REMATCH-trial,® patients with
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LVADs had a higher score in the physical function as well as the emotional role
domains compared with CHF controls. Similarly, Jakovljevic et al.’® documented a
better QoL, based on the disease specific Minnesota Living with Heart Failure
Questionnaire, in LVAD patients compared with patients with CHF. Our results,
combined with those from previous studies provide strong evidence that LVAD
implantation significantly improves QoL in advanced CHF patients, and this may be
due in part to an enhanced tolerance of PA. Importantly, improved capacity for
physical activity allows for a more proactive approach to ‘rehabilitating’ patients from
the debilitating effects of CHF, allowing exercise to be prescribed at higher intensities
and for longer durations. This is likely to translate to an improved ability to perform
tasks of daily living and increase physiological reserve for surgery in those patients

awaiting cardiac transplantation.

There are limitations of the present study that warrant highlighting. Firstly, a within
group comparison of PA pre- and post-LVAD implantation would have strengthened
the research design. However, this would have reduced the study power because over
a third of LVAD implants at our centre are emergency cases. Furthermore, this study
only involved patients with HeartWare, HeartMate 1l and HeartMate 3 LVADs and
therefore the findings should not be translated to patients with other LVADs. However,
our cohort includes the most diverse group of LVAD participants to be included in a
study of PA to date, given the inclusion of multiple devices, the broad age range of
participants and duration of LVAD support, the inclusion of females and destination
therapy patients. Due to the relatively small sample size, it was not possible to perform
sub-group analysis between types of LVADs. However, the sample size was consistent
with a priori power test for the primary outcome of a difference in PAEE. The study
may also have been underpowered to identify associations between PA and other
outcomes, such as HDSE Scale score, which approached statistical significance, but

didn’t quite achieve it.

Finally, we undertook PA assessment as early as 82 days post-implantation and it is
possible that PA levels may have increased further with prolonged recovery, meaning
that the potential difference in PA level between LVAD patients and CHF patients
may be greater than we observed.
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In conclusion, we observed that patients with an LVAD in situ engage in higher levels
of PA compared with well-matched patients with advanced CHF without mechanical
circulatory support, which appears to be related to greater aerobic capacity. The
improved functional capacity evident in patients with LVADs is likely to translate to
an enhanced ability to participate more actively in rehabilitative exercise programs and
engage in activities of daily living with less symptoms, important clinical objectives
in both patients with advanced CHF being bridged to cardiac transplantation, or on

long-term LVVAD support.
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4.1 Introduction

Exercise tolerance is impaired in chronic heart failure (CHF), due to diminished
cardiac output, impaired lung function and/or peripheral abnormalities in skeletal
muscle and vascular function.'* Exercise training, a class | recommendation in CHF,®
improves functional capacity,®’ but impacts on cardiac function are limited and
benefits have traditionally been ascribed to improvements in peripheral factors.®
However, recent studies have proposed a potential role for cerebral blood flow (CBF)
as a factor in CHF exercise limitation,* although it was concluded in a review on the
topic that further research is needed regarding of the impacts of exercise on brain
perfusion during exercise in CHF.2

Left ventricular assist devices (LVADs) are increasingly used in patients with
advanced CHF.® LVADs improve exercise capacity, an effect which may, in part, be
due to enhanced cardiac output.> LVAD implantation also facilitates exercise
rehabilitation, which in turn targets the peripheral skeletal muscle and vascular
abnormalities which can limit functional capacity.'® A recent experiment by Brassard
et al.? indicated that increasing LVAD pump speed during exercise enhanced cerebral
perfusion, cardiac output and exercise tolerance. However, there are currently no data
quantifying and comparing volumetric CBF in patients with CHF or with an LVAD in
situ during incremental exercise. Accordingly, the main objective of the present study
was to assess intra-and extra-cranial arterial blood flow, in both anterior and posterior
cerebrovascular circulations, at rest and during exercise in patients with an LVAD,

against those with CHF (but no LVAD) and healthy controls, who were matched for

age and sex.
4.2 Methods
4.2.1 Participants

Nine participants instrumented with a left ventricular assist device (LVADs; age: 57.8
+ 14.6 yr; weight: 87.38 = 15.98 kg; height: 1.72 £ 0.08 m, 623 2Q) and nine age and
sex-matched patients with chronic heart failure (CHF age; 57.6 + 8.3 yr; 83.6 £ 11.49
kg; 1.77 £ 0.06 m, 6339) were recruited from the Advanced Heart Failure Service at
Fiona Stanley Hospital (Perth, Western Australia). Nine healthy control participants
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(CTRL; age: 54.8 + 13.9 yr; weight: 73.80 + 15.76 kg; height: 1.68 + 0.1 m, 6339)
were contemporaneously recruited to match the age and sex of the participants with
LVADs and CHF. All participants with LVADs were recruited greater than 3 months
post-LVAD implantation (76 £ 108 weeks) and had been medically stable for at least
4 weeks prior to participating in the study. The LVAD group had an average ejection
fraction of 26.1 + 7.9% (6275 + 2740 rpm average pump speed). Four participants with
an LVAD had a diagnosis of ischemic aetiology, and five had a diagnosis of idiopathic
dilated cardiomyopathy. The LVAD systems included three Heartmate Il (Thoratec
Corporation), two HVAD (HeartWare) and four Heartmate Il devices (Thoratec
Corporation). The CHF group had an average ejection fraction of 25.0 £ 9.0%, with
three participants having an ischaemic aetiology, five having a diagnosis of idiopathic
dilated cardiomyopathy, and one had hypertrophic cardiomyopathy. The drug
regimens for LVADs and CHF groups are provided in Table 4.1. The healthy CTRL

group were not taking any medication.

The study was approved by Fiona Stanley Hospital (FSH) Human Ethics Research
Committee (HREC; REG: 2015-164). Curtin University HREC granted reciprocal
approval. All aspects of the study complied with the ethical principles outlined by the
Declaration of Helsinki. The participants were informed of all experimental
procedures and associated risks. Participants provided written informed consent before

the commencement of the study.

Table 4.1 List of medications for the LVAD and the CHF groups

Medical therapy =~ LVAD CHF p-value
(n=9) (n=9)

ACE-I 9 (100%) 5(56%) 0.04
Angiotensin Il 6(67%) 4(44%) 0.32
receptor blockers

Beta blockers 8(89%) 7(78%) 0.50
Clopidogrel 7(78%) 6(67%) 0.50
Warfarin 9 (100%) 5(56%) 0.04
Diuretics 8(89%) 7(78%) 0.50
Digoxin 2 (22%) 4 (44%) 0.32
Aspirin 5(56%) 5(56%) 0.68
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Sildenafil 3(33%) 2(22%) 0.50
Amiodarone 4 (44%) 5(56%) 0.50

Fisher’s exact test conducted on the frequency of use.

4.2.2 Procedures

After inclusion, participants were tested in the Exercise Physiology laboratory of the
Advanced Heart Failure and Cardiac Transplant Unit at FSH. Participants visited the
laboratory on one occasion, in a fasted state (~ 6 hours), having abstained from alcohol,
caffeine and vigorous exercise for 24-hours. Upon arrival, participants were
instrumented and underwent a 10 min rest period in a semi-recumbent position.
Baseline (BL) recordings of the primary outcome measures were then collected during
a further 5-minute period of quiet rest. Resting measures were collected during the
final minute of this period. Subsequently, participants performed a cardiopulmonary
exercise test (CPET) on a recumbent cycle ergometer (Angio imaging ergometer,
Lode, Netherlands), with starting workloads of 15 Watts for LVADs and CHF, and 45
Watts for CTRLs. The exercise intensity increased by 15-watts every 2 minutes until
volitional exhaustion. Peak oxygen consumption (VO2 peak) was calculated as the
highest VO, recorded during the exercise test, averaged over a 30-second period.
Cerebrovascular (transcranial Doppler and duplex vascular ultrasound) and
cardiorespiratory assessments were continuously collected and compared using the
relative workloads (i.e., 20, 40 and 60% of the maximum achievable workload
[YoWmax]).

4.2.3 Cerebrovascular assessment

Non-invasive insonation via 2MHz transcranial Doppler ultrasound (TCD; Spencer
Technologies, Seattle, WA) was used to assess blood velocity in the middle (MCAv)
and posterior (PCAV) cerebral arteries continuously during exercise by transfixing the
probes to a specialized head frame (Marc 600, Spencer Technologies, Seattle, WA).
The cerebral arteries were identified and optimised according to their signal depth,
waveform and velocities, in keeping with previously published guidelines.!! The
MCAv and PCAv were continuously sampled at baseline, and throughout the
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incremental CPET at 1000Hz via an analogue-to-digital converter (Powerlab, 16/30
ADlInstruments, Colorado Springs, CO, USA), and analysed offline using a specialized
analytical software package (LabChart 8, ADInstruments, Colorado Springs, CO,
USA).

Blood velocity and diameter of the internal carotid artery (ICA) and vertebral artery
(VA) were measured using a 10-15MHz multi-frequency linear array vascular
ultrasound (Terason T3200, Teratech, Burlington, MA).*>'® The ICA and VA
recordings were captured at baseline and ICA recordings were continuously captured
throughout the incremental exercise test using identical techniques as previously
outlined by our research group.'**® Briefly, blood velocity and diameter of both
arteries was measured using a 10-15MHz multi-frequency linear array vascular
ultrasound. B-mode imaging was used to measure arterial diameter, while
simultaneously captured pulse-wave mode was used to concurrently measure peak
blood flow velocity.*'” Diameter and velocity were measured at least 1.5 cm distal to
arterial bifurcations to eliminate recordings of turbulent and retrograde flow and non-
uniform shear. Care was taken to ensure that the insonation angle (60°) was unchanged
throughout each test and there were no alterations of B-mode settings after acquisition
of the resting baseline to avoid any artificial changes in arterial wall
brightness/thickness. All recordings were made in accordance with our published
guidelines,>*3 with screen capture and storage of video files for offline analysis.*’
This analysis involved concurrent determination of arterial diameter and peak blood
velocity at 30Hz, using our customized edge detection and wall tracking software
which is automated and designed to mitigate observer bias. We have published
extensive reproducibility data using this approach’ and our within day coefficient of
variation for the assessment of ICA diameter is 1.5% using this technique.'® Blood
flow and shear rate were calculated as previously described.!*1%° It was not
technically possible to capture VA responses during exercise due to the challenges of

imaging these vessels during movement in the exercising patients.

Twelve-lead electrocardiogram (PC-ECG 1200, Norav Medical Ltd., Yokneam,
Israel) and pulse oximetry (Oxypleth 520A, Novametrix Medical Systems Inc.,
Wallingford, Connecticut, USA) were measured continuously at rest and throughout
the CPET. Workloads relative to individual Wmax were compared at 20, 40 and 60%
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Wmax. All of the ICA and VA recordings were screen-captured and stored as video
files for offline analysis.r” Arterial blood pressure (MAP) in CTRLS and CHF was
assessed using finger-based photoplethysmography (Finometer Pro, Finapres Medical
Systems, Amsterdam, the Netherlands) with manual brachial oscillometry for
calibration purposes, whereas MAP was measured using Doppler ultrasound (Dopplex
MD2, Huntleigh Healthcare Ltd., Cardiff, UK) on the radial artery, which is
considered an adequate surrogate measure in patients LVADs who do not typically
exhibit an adequate pulse for oscillometric approaches.?’ These assessments of MAP
were recorded during the final 30 seconds of each two-minute stage and at peak
exercise. Partial pressure of oxygen (PerO2) and carbon dioxide (PerCO.) were
assessed from a sample tube connected to the mouthpiece using a gas analyser
(ADInstruments, Colorado Springs, CO). All cardiorespiratory variables were sampled
continuously throughout the CPET protocol. Breath by breath VO, and minute
ventilation (Ve) were measured via indirect calorimetry (Vyntus CPX, Jaeger,

CareFusion, Germany).

The CPET workloads relative to individual Wmax were compared at 20, 40, 60% of
Wmax for all variables. All of the ICA recordings were screen-captured and stored as
video files for offline analysis.!’

4.2.4 Statistical analyses

Statistical and graphing analysis was performed using GraphPad PRISM 6.01 software
(GraphPad Software, LaJolla, CA, USA). All data were normally distributed. All
absolute data parameters were compared using two-way repeated-measures ANOVA,
whilst changes from baseline scores were compared using a one-way ANOVA.
Bonferroni-correction for multiple comparisons were used for all post-hoc analysis of
the mean changes from baseline, standard error of the difference and 95% confidence
intervals (Cls) are provided as indices of variability. Statistical significance was a
priori set at p < 0.05. All data in tables and figures are reported as mean + standard

deviation (SD) unless otherwise stated.
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4.3 Results

4.3.1 Comparison between groups at rest

4.3.1.1 Cardiorespiratory measures

All cardiorespiratory measures can be found in Table 4.2. No differences were
observed between BL values of VO, or PerCO2 in LVAD, CHF and CTRL groups. In
contrast, compared to CTRL, MAP was reduced at rest in LVAD (A-14 + 2 mmHg, p
<0.0001) and CHF (A-24 £ 2 mmHg, p <0.0001). Resting MAP was higher in LVADs
that CHF subjects (A+10 + 2 mmHg, p < 0.001).

4.3.1.2 Cerebrovascular measures

Cerebrovascular measures obtained for the internal carotid, as well as middle and
posterior cerebral arteries are listed in Table 4.2. At BL, ICA haemodynamics
(velocity, shear stress and flow), as well as velocities in the MCA and PCA, were
greater in LVADs (and CTRLs) compared to CHF participants (Figures 4.1 & 4.2; p
< 0.05). ICA diameter was reduced in LVAD participants compared with CHF and
also the CTRLs (p < 0.05). Higher levels of MCAv (A+ 5.52 £ 1.59 cm.s?, Cl = 1.68
t0 9.36, p = 0.003) and PCAv (A+ 5.82 + 1.41 cm.s™, Cl = 1.85 to 8.69, p = 0.001)
were observed in LVAD patients than healthy controls. Blood flow in the VA at BL
was not significantly different in CTRL, LVAD or CHF participants.
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Table 4.2 Cardiorespiratory and cerebrovascular measures during incremental exercise in the LVAD, CHF and CTRL groups.

Variable Group BL 20% W max 40% Wmax 60% Wmax Stats
VO, (ml-kg*-min?)  LVAD? 3.2+0.3 6.2+ 1.5% 7.8 £2.0* 9.5+ 2.9* Exercise: p < 0.0001;
CHF® 3.6+£0.6 8.1+3.0% 9.7 £ 3.4% 114 £3.9*¢ Group: p =0.0008;
CTRL 3.3+£05 13.2 £ 3.0* 15.6 £ 3.5* 19.0 £ 4.6* Interaction: p < 0.0001
% VO peak LVAD 27.0+7.6 50.9 + 13.6*¢ 62.8 £ 17.1*¢ 75.4 + 18.3*¢ Exercise: p < 0.0001;
CHF 29.2+£5.7 64.1 +11.3* 76.1 £9.1* 89.4 £ 9.2* Group: p =0.01;
CTRL, 14.8 £ 6.6 51.1+14.2*%¢ 62.0 £ 16.8*¢ 72.2 £18.5%¢ Interaction: p < 0.01
Workload (watts) LVAD 15+£0 28.0+ 3.0¢ 41.0 £5.9%¢ 54.0 £ 8.9*¢ Exercise: p <0.001;
CHF 15+£0 27.8 £ 2.6° 40.5 + 5.2*¢ 53.3+ 7.8* Group: p <0.01;
CTRL 45+0 63.0+5.38 90.0+11.7* 105.0 + 17.5* Interaction: p < 0.05
PerCO2 (mmHQ) LVAD 30.5+3.2 33.2+4.4* 335+ 4.6* 33.7 £5.8* Exercise: p < 0.0001;
CHF 28.6+2.8 31.1 +£4.0* 32.6 £ 4.4* 32.9+4.9* Group: NS;
CTRL 33.3+3.7 38.6 + 3.5* 39.6 + 3.3* 39.8 £ 3.0* Interaction: NS
MAP (mmHg) LVAD 89 + 12%¢ 97 £ 11*% 97 + 9*¢g 101 + 8*¢p Exercise: p < 0.0001;
CHF¢ 77 +13% 81 + 13*¢ 84 + 15*¢ 87 £ 12*¢ Group: p =0.001;
CTRL 100 + 17 110 £ 18* 117 £ 21* 126 + 18* Interaction: p = 0.002
ICA velocity (cm.st) LVAD 37.1£6.9% 40.6 + 10.0, 39.7 £9.5¢ 39.4 £ 7.6%¢ Exercise: p = 0.0002;
CHF 25.7+6.1¢ 27.4 +£9.1¢ 27.7 £10.2¢ 29.3+11.3¢ Group: p =0.02;
CTRL 33.9+8.3 38.2+84 40.0 + 8.0* 422 +11.1* Interaction: p = 0.016
ICA diameter (mm) LVAD 4.86 £ 0.58 ¢ 4.80 £ 0.57%¢ 4.79 £ 0.59%¢ 4.77 £+ 0.58%¢ Exercise: NS;
CHF 5.20 £ 0.69 5.26 +0.72 5.26 +0.72 5.19+0.76 Group: NS;
CTRL 5.14 £ 0.62 528 +0.72 5.24 + 0.67 5.28 £ 0.63 Interaction: p = 0.04
ICA flow (ml.minY) LVAD 212 +59.3¢p 225 + 64%¢ 222 + 79%¢ 206 + 47¢ Exercise: p < 0.0001;
CHF 162 £ 42¢ 177 £ 60¢ 184 + 64¢ 188 + 63¢ Group: NS;
CTRL 220 + 106 257 + 106* 271 + 110* 284 + 132* Interaction: p = 0.004
MCAvV (cm.s?) LVAD 52.7 £ 14.6%¢ 524 +14.4, 52.6 + 14.8¢ 52.1 £ 14.6%¢ Exercise: p = 0.0001;
CHF 43.0 £ 15.8¢ 45.3 +19.2¢ 47.5 + 20.9%¢ 47.9 + 22.7*¢ Group: NS;
CTRL 472 £14.0 55.5+13.1* 57.3 +13.8* 57.2+£13.0* Interaction: p = 0.0004
PCAv (cm.s?) LVADg 48.8 + 14.6%¢ 49.7 + 15.09 48.4 + 13.6¢ 46.8 + 12.3%¢ Exercise: p < 0.0001:
CHF 349 +7.6° 37.8£9.2¢ 38.5+9.2¢ 37.9+9.2¢ Group: p = 0.04;
CTRL 43.6 +£9.9 49,5+ 10.3* 50.9 + 11.2* 534 +12.4* Interaction: p < 0.0001

* signifies statistical difference from baseline;? signifies statistical difference from CTRL; ¢ signifies statistical difference from CHF.
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4.3.2 Comparison between groups in response to exercise

4.3.2.1 Cardiorespiratory measures

Incremental exercise stimulated progressive increases in VO2, MAP and PerCO2 in all
groups. VO, peak values were 12.7 + 4.4 mL-kg-min™ and 13.0 + 2.7 ml-kg*-min‘*
in the CHF and LVAD groups, respectively, both significantly lower compared to
CTRL (25.4 + 8.3 mL-kg*-min™). Incremental values for %VO. peak at each absolute
exercise workload (Watts) are included in Table 4.2, with main effect differences

indicating a lower observer value for CTRL compared to CHF.

A main effect of group was observed for MAP (p < 0.0001) and VO2 (p = 0.0008).
Post hoc analysis of the main group effect revealed that MAP was reduced when
comparing CHF (A-31. 0+ 6.9 mmHg, Cl =13 to 49, p = 0.001) to CTRL participants.
Similarly VO2 was lower in CHF (A-4.3 + 1.2 mL-kg™*-min, Cl = 1.1 to 7.58) and
LVAD (A-5.4 + 1.2 mL-kg*-min?; CI = 2.2 to 8.6, p = 0.001) compared to CTRL.
LVAD and CHF participants did not differ in terms of group effects for MAP.
Interaction effects were observed for both VO, and MAP and post hoc analyses
revealed that VO, and MAP were significantly lower in both LVADs and CHF groups,
compared to CTRLs, at 20, 40 and 60 %Wmax. No significant main effects for group,
or interactions, were observed for PerCOx.

4.3.2.2 Cerebrovascular measures

Significant interaction effects for the impact of exercise between groups were apparent
for ICA velocity, diameter, flow and shear, as well as MCAv and PCAVv (Figure 4.2 &
4.3). Post hoc analysis revealed that exercise increased ICA flow from BL at 20 (A+
36.97 + 10.8 ml.min* | Cl = 66.6 to 7.32, p = 0.008), 40 (A 51.26 + 10.8 ml.min%, CI
=91021.6,p=0.0001), and 60 (A 63.62 + 10.8 ml.min, Cl =93.2 t0 34.0, p < 0.0001)
%Wmax in CTRL participants, whereas no exercise-induced increases in these
variables were apparent in the either the CHF or LVAD groups. Nonetheless, the
enhanced ICA flow that was apparent in LVAD compared to the CHF group at rest,
remained during exercise at 20 (A 48.2 + 10.8 ml.min"t CI = 21.5to 74.1, p = 0.0001)
and 40 (A 38.1 £ 10.8 ml.min, Cl = 11.4 to 64.9, p = 0.002), but not at 60 %Wmax.
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There was no significant main effect of exercise (p = 0.43) or group (p =0.32) on ICA
diameter. Post hoc analysis of interaction effects revealed significantly lower ICA
diameters (Figure 4.2) in LVAD (4.810.57cm, 4.79 = 0.59cm, 4.77 + 0.58cm)
participants compared to CHF (5.26 £ 0.72 cm, 5.26 + 0.72 ¢cm, 5.19 £ 0.76 cm) and
CTRL (5.28 £0.72 cm, 0.524 = 0.67 cm, 5.28 + 0.63 cm) participants at 20, 40 and 60
%WMax (p < 0.0001), respectively.

Main effects of group (p = 0.02) and exercise (p = 0.0002) were identified for ICA
velocity (Figure 4.2). Post hoc analysis of the main effects revealed ICA velocities
were, on average, different when comparing LVADs (A+ 11.57 £+ 4.205 cm.s%, Cl =
0.37 t0 22.78, p = 0.04) and CHF participants, whereas exercise-induced increases in
ICA velocity from BL were only observed in the CTRL group (at 40%WMax A 6.03
+1.46 cm.s?, Cl = 2.02 to 10.05, p =0.0009 and 60%WMax A8.25 £+ 1.46 cm.st, Cl
= 4.23 t0 12.26, p < 0.0001). Analysis of interaction effects (Table 4.2, Figure 4.2)
indicate significantly reduced ICA velocities in CHF compared to CTRLS and LVADs

throughout exercise.

Post hoc analysis of the main effect (p = 0.0001) for exercise revealed an increase in
MCAV from BL in both CHF and CTRL participants, but not in VAD patients. CTRLS
increased PCAv from BL (Table 4.2, Figure 4.3), but this effect was not apparent with
exercise in the other groups. Significant MCAv and PCAV interactions (Table 4.2,
Figure 4.3) were due to higher velocities throughout exercise in LVADs and CTRLS,
compared to CHF participants. Comparisons between CTRLs and LVADs revealed
significant higher MCAv (p = 0.006) and PCAV (p < 0.0001) values at 60% WMax in
CTRLS.
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Figure 4.1 Individual (dots) and average (lines) resting flow in the internal carotid
(ICA: panel A) and vertebral (VA: panel B) arteries, as well as intracranial velocity in
the middle (MCAVv: panel C) and posterior (PCAv: panel D) cerebral arteries in
participants with left ventricular assist devices (LVAD), chronic heart failure (CHF)
and healthy and gender age matched controls (CTRL). ¢ signifies statistical difference

from CTRL,; , signifies statistical difference from CHF.
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Figure 4.2 Average hemodynamic responses (diameter [A]; velocity [B]; shear [C];
flow [D];) in the internal carotid artery (ICA) during BL and exercise at 20, 40 and
60% of the maximum achievable cycle ergometer workload (%Wmax) in participants
with left ventricular assist devices (LVAD), chronic heart failure (CHF) and healthy
and gender age matched controls (CTRL). * signifies statistical difference from
baseline;¢ signifies statistical difference from CTRL; and , signifies statistical

difference from CHF.
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Figure 4.3 Average intracranial cerebral blood velocity at rest and during incremental
exercise at 20, 40, and 60% of the maximum achievable workload (%Wmax) in the
middle (MCAv; panel A) and posterior (PCAv; panel B) cerebral arteries in
participants with left ventricular assist devices (LVAD), chronic heart failure (CHF)
and healthy and gender age matched controls (CTRL). * signifies statistical difference
from baseline;® signifies statistical difference from CTRL; , signifies statistical
difference from CHF.

4.4 Discussion

It is well established that LVAD implantation, as a treatment for advanced CHF,
improves survival and enables rehabilitative approaches to be applied that can enhance
functional capacity and quality of life.® LVADs are increasingly used as a “destination
therapy”, alongside their role in bridging to transplant and recovery. This is the first
study, to our knowledge, to compare intra- and extra-cranial arterial blood flow at rest
and during exercise in LVAD, and age- and sex-matched CHF and healthy control
participants. Our principal finding was that participants with LVADs had an enhanced
cerebral blood flow at rest compared to participants with CHF and that this resting
benefit was sustained during submaximal exercise. Furthermore, at rest, the LVAD
group showed a normalised resting intracranial and extracranial blood flows relative
to the CTRL group. During exercise, however, intracranial and extracranial arterial
flow responses were lower in participants with L\VADs compared with healthy CTRLs

and did not increase as exercise intensified. As described below, these findings may
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have implications for the prescription of effective exercise-based rehabilitation in
LVAD patients.

To date, no study has directly assessed the cerebrovascular responses during exercise
in patients with LVADs compared with CHF and healthy control groups. In healthy
individuals, cerebral blood flow is known to increase during exercise until a plateau at
approximately 60-70% of VO, peak.?! This did not occur in our LVAD group and, in
contrast with the CTRL group and to a lesser extent to participants with CHF,
responses did not increase as a function of exercise intensity. The disparity between
the LVAD flow responses and those of healthy controls increased as exercise
intensified. Brassard et al.? recently demonstrated that cerebral blood flow velocity
(i.e., MCAV) did not significantly increase during incremental exercise in patients with
LVADs, but that cerebral perfusion increased modestly when pump speed was
progressively increased. Our study complements and adds to this observation in that
we report that both anterior and posterior cerebrovascular responses are impaired,
relative to well-matched control participants and that LVAD implantation does not
adequately compensate for the demands of exercise. Our study also included novel
volumetric flow measurements performed in the ICA which confirmed the intracranial
velocity data, being lower during exercise in LVAD patients than CTRL. Taken
together, our findings, coupled with those of Brassard et al.® strongly suggest that the
impaired cerebrovascular perfusion evident in CHF subjects during incremental
exercise, relative to healthy control subjects, is not fully compensated for by the
implantation of LVAD.

The cardiorespiratory mechanisms controlling cerebrovascular perfusion during
exercise are complex, inter-dependent and exhibit multiple redundancies.>** Exercise-
induced changes occur as a result of the compound influence of metabolic and humoral
factors and neuronal activation.}??? CHF is a model of myriad systemic dysfunction,
with abnormalities in each of the links in the Fick equation chain.?® It is possible, for
instance, that respiratory inefficiency contributes to the impairment we observed in
brain blood flow response to exercise in the present study, but skeletal muscle
abnormalities that induce metaboreflex activation likely also contribute, alongside
activation of baroreflexes and chemoreflexes. A schema summarising the profound

impact of mechanistic abnormalities in CHF on cerebral perfusion was recently
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proposed.? Interestingly, cardiac transplantation has beneficial impacts of CBF in
CHF and increasing LVAD pump speed during exercise also enhances perfusion,?

supporting the theory that cardiac output is a major regulator of CBF.

In the present study, we elected to match and compare CBF along with
cardiorespiratory responses to acute exercise relative to maximal exercise workload,
rather than absolute workloads given the marked differences in aerobic capacity
between the cohorts with CHF and the healthy control group. However, both the
LVAD and CHF groups achieved a similar workload and VO2 peak values, suggesting
that CBF parameters are equally comparable in absolute workload terms. By contrast,
the healthy control group achieved much higher maximal workload and oxygen
consumptions values, with significant elevations in MAP, but no differences in
PerCO2 across groups. One could assume that CBF during exercise is largely
dependent on arterial blood pressure. However, previous studies have reported a lack
of temporal linearity between these parameters during incremental exercise.? Thus, it
is likely that the CBF response may be the result of the balance between multiple
interactions of different factors, such as cardiac output,?* PetC0O2,!8 shear stress,* and
cerebral metabolism?>?2! Qur study was not designed to investigate the specific
mechanisms responsible for impaired cerebral perfusion in CHF and LVAD patients.
Further investigation into the regulation of brain blood flow in CHF patients including
those instrumented with an LVAD, alongside measures of the integrated physiological
responses to dynamic exercise, are needed, but, likely, interventions like exercise
training,>% that target the multiple dysfunctional pathways would improve cerebral
blood flows during exercise. In this context, it is clear that one advantage of LVADs
is that they enable CHF patients to participate more actively in exercise-based

rehabilitation programs.

The impact that repeated episodes of low cerebral flow may have on brain function,
cerebrovascular health and the risk of atherothrombotic events should be considered.
Studies investigating cerebrovascular function in aging have indicated that enhanced
brain blood flow is associated with greater fitness across the life span, alongside
improved cognition and quality of life.?"?8 The long-term consequences of exposing
patients to repeated conditions where cerebral perfusion is compromised in the face of

increased cerebral metabolic demands induced by exercise are currently unknown, but
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given that the matching of cerebral perfusion to metabolic demand (termed
neurovascular coupling)® is a critical process regulating the supply oxygen and
nutrients to the brain, any impairment in this response may be associated with poor
cerebrovascular outcomes in the longer term.%® Moreover, since elevations in cerebral
perfusion and related shear patterns are key mechanisms to improve cerebrovascular
health,®! attenuated cerebral blood flow responses may hinder the potential cognitive

benefits of exercise-based rehabilitation.

A technical limitation of TCD ultrasound is that one ipsilateral assessed is typically
performed. To account for potential variation in contralateral blood flow distribution,
we employed our standardized imaging practices!?!8 to screen for any differences in
contralateral flow in the extracranial arteries. No observable differences in
contralateral flow were observed in any of our LVAD, CHF or CTRL subjects;
therefore, resting intracranial (MCA and PCA) and extracranial (ICA and VA) cerebral
arteries were assessed as valid surrogates for global brain vascular function. There is
no evidence, to our knowledge, suggesting a disparate contralateral flow pattern in
response to exercise in LVADs and healthy individuals. We used “volitional
exhaustion” as a criterion for test cessation in our subjects and this may have resulted
in some of the controls achieving a criterion for maximal effort, whilst, as it is typical,
many of the CHF subjects will not have attained this level of exertion. Indeed, it was
recently observed that almost 50% of CHF individuals fail to achieve an RER >1.10
during CPET.®2 We, therefore, opted to present data at matched Watts and also at
%Wmax, allowing comparisons at both absolute and relative levels which are relevant
to the performance of tasks of daily living. Another factor to consider is that
participants did not perform a familiarisation session (to reduce the assessment burden
on participants). However, it is unlikely that this biased the results because none of the
participants across groups had previously performed this test on a semi-recumbent
cycle with this kind of instrumentation. Furthermore, it should be acknowledged that
a higher proportion of participants in the LVAD group than the CHF group were taking
angiotensin-converting-enzyme inhibitors (100% vs 56%, respectively). Although its
impact on cerebrovasculature function is not currently known, this drug has vascular
effects in other vascular beds, which could have affected the function of intracranial
and extracranial arteries at rest and during exercise. A further limitation of this study

was that intracranial diameters were not assessed. However, a novel aspect of our study
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was the assessment of ICA diameters as a surrogate for calibre changes that may
contribute to cerebrovascular modulation. A further limitation is that our sample size
did not allow for sub-group analysis of the impacts of sex, drugs or LVAD type on
outcomes; this should be a focus in larger future studies. Finally, although we
measured both intra- and extra-cranial blood flow and velocity, we did not assess
cerebral oxygenation. We are therefore not in a position to characterise Fick
components related to oxygen delivery versus extraction.’* Such additional measures

should be considered in future studies.

In conclusion, we have found in the present study that volumetric CBF is attenuated
during exercise in patients with LVAD compared to healthy controls and that, in
common with CHF patients, there is limited compensatory increase in cerebrovascular

perfusion to cope with the physiological demands of exercise.
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5.1 Introduction

Left ventricular assist device implantation (LVAD) is an increasingly common
approach for the treatment of advanced chronic heart failure (CHF).! Augmented
cardiac output and peripheral blood flow are factors commonly proposed to underpin
enhanced exercise capacity following LVAD implantation.? However, relatively little
is known about the impact of LVAD implantation on cerebral blood flow (CBF) during
exercise in this group. Despite the observation that LVADs normalise CBF at rest,*®
in the previous chapter we found no observable increases during incremental exercise.®
This impairment may be ameliorated if pump speed is progressively increased in
conjunction with exercise intensity.® The relative lack of cerebral hyperemia during
exercise may relate to a lack of reflex increase in cardiac output,® as well as the absence
of an increase in intra-cranial vasodilation due to impaired shear stress and the lack of
pulsatility.” Cerebrovascular dysfunction during aerobic exercise in CHF that persists
despite LVAD implantation®®, may have potential long-term implications for brain

function and health.

Exercise rehabilitation programs are now recommended as usual care to improve
functional capacity and quality of life in patients with LVADs.! We have demonstrated
that arterial function can be enhanced, including in patients with CHF, as a result of
repetitive and episodic increases in intra-arterial shear stress during exercise.®!
However, a paucity of studies have investigated the impact of exercise training (ET)
in patients with LVADs,*>* and none to our knowledge have evaluated training
effects on cerebrovascular responses during exercise. Therefore, the present study
aimed to evaluate the effects of a 12-week supervised and structured exercise
rehabilitation program on CBF responses at rest and during exercise, in patients
implanted with an LVAD in situ. We hypothesised that ET would enhance

cerebrovascular function during exercise.
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5.2 Methods

52.1 Participants

Fifteen participants were recruited after being implanted with an LVAD for clinical
reasons. Twelve participants completed the intervention, and eleven subjects had
sufficient ICA windows for pre and post-assessments (59, age: 53.6 + 11.8 years;
weight: 84.2 + 15.7 kg; height: 1.73 £ 0.08 m). Participants were recruited from the
Advanced Heart Failure and Cardiac Transplant Service at Fiona Stanley Hospital
(FSH; Perth, Western Australia) and were on average 68 + 99 weeks post-LVAD
implantation (range: 12 - 311 weeks) at the time of enrolment. All participants had
been hemodynamically stable for more than 4 weeks prior to participating in the study.
Routine transthoracic echocardiography was performed at intervals in these patients to

characterize ejection fraction (EF%).

The study protocol was approved by the Royal Perth Hospital Human Research Ethics
Committee (HREC) and Fiona Stanley Hospital Governance Unit (REG15-164).
Reciprocal ethics approval was granted by Curtin University (HR13/2016). The study
was prospectively registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12616001596493). All aspects of the study complied with the ethical
principles outlined by the Declaration of Helsinki. The participants were informed of
all experimental procedures and associated risks. They provided written informed

consent before the commencement of the study.

5.2.2 Cerebrovascular assessment

Participants underwent a series of baseline assessments which were repeated after the
12-week ET program. The cerebrovascular assessment procedure and methodology

was identical as described in the previous chapter in section 4.2.3.

5.2.3 Exercise training intervention

The ET program consisted of three one-hour sessions weekly for 12 weeks. Sessions
were supervised by experienced exercise physiologists and physiotherapists in a
dedicated cardiac rehabilitation facility at FSH.
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Each exercise session commenced and concluded with a warm-up/cool-down
involving 5 minutes of low intensity continuous aerobic exercise, followed by 5
minutes of muscular stretching. Participants undertook aerobic exercise on a treadmill
for 28 minutes at an intensity ranging from 50 to 90% of VO; reserve; this was refined
based on the rating of perceived exertion from 11 (“fairly light”) to 15 (“hard”) on the
Borg Category Scale.’® ET involved both continuous and interval modes of exercise
and was progressed across the 12-week training period according to individual
adaptation. The ET program was reviewed every fortnight during the course of the
intervention to adapt for cardiopulmonary changes by progressively increasing the
intensity, as tolerated. Following the aerobic exercise component, participants
undertook a set of resistance exercises involving three lower-body (leg press,
hamstring curl, and leg extension) and three upper body exercises (incline bench press,

lat pull-down and biceps curl) at 50-60% of the baseline one-repetition maximum test.

We chose our exercise intervention based on our previous extensive experience of
combined aerobic and resistance training in patients with end-stage CHF*%1%:1¢ and
other comorbidities. The rationale is to include an aerobic stimulus for
cardiopulmonary conditioning, alongside a resistance stimulus to enhance skeletal
muscle adaptation. We have previously demonstrated improvements in aerobic
capacity, skeletal muscle strength and vascular function using this approach, which is
routinely applied clinically in our advanced heart failure and cardiac transplant
service.1%1118 Whilst we used treadmill exercise in the training program to maximize
the training stimulus, we used recumbent cycling for outcome testing since it allowed

us to optimize the imaging we performed.

524 Statistical Analysis

Statistical analysis was performed using SPSS 25 software (IBM, Chicago, IL, USA)
and GraphPad PRISM 6.01 software (GraphPad Software, Lalolla, CA, USA).
Changes from baseline during exercise were assessed using two-way repeated-
measures ANOVA. Post-hoc corrections for multiple comparisons were also
performed for main effect and interaction effects between pre-training (PreTR) and
post-training (PostTR) measures. To measure the strength of association between
variables, either Pearson’s or Spearman’s rank correlation coefficient was used,

depending on normality assumptions, as appropriate. All statistical testing was two-
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sided with a level of significance set at p < 0.05. All data are presented as mean +

standard deviation (SD) unless otherwise stated.

5.3 Results

Participants had a mean EF of 24.8 + 7.6 % at baseline. Several different continuous-
flow LVAD systems were implanted in participants (two Heartmate Il, Thoratec
Corporation; two HVAD, HeartWare, and seven Heartmate 3, Thoratec Corporation),
and no changes in pump speed (6275 = 2741 rpm) were made between PreTR and
PostTR. The medication regimen of participants are provided in Table 5.1. Compliance
with the ET sessions was 95% (sessions attended). Post-training evaluations were

performed between three to five days after training ceased.

Table 5.1 Frequency of medication use for participants with LVADs

Medical therapy Pre-training (n=11)

ACE inhibitors 10 (91%)

Angiotensin 1l receptor 7 (64%)

blockers

B-blockers 8 (72%)
Clopidogrel 7 (64%)
Warfarin 11 (100%)
Diuretics 7 (64%)
Digoxin 3 (27%)
Aspirin 5 (45%)
Sildenafil 4 (36%)
Amiodarone 4 (36%)

ACE, Angiotensin-converting-enzyme.
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5.3.1 Effect of training on VO, peak and workload
maximum

Based on data derived from the recumbent bicycle ergometer cardiopulmonary
exercise test (CPET), peak oxygen consumption (VO peak) increased from 11.7 + 3.1
to 14.6 + 3.7 mL-kg*-min (p < 0.005). Mean respiratory exchange ratio at PreTR
assessment was 1.2 + 0.1 and 1.3 + 0.1 VCO,/VO; PostTR. Workload maximum
increased from 64 + 19 to 85 = 19 Watts (p < 0.001).

5.3.2 Effect of training on cerebral haemodynamics at
rest

Resting ICA blood flow, and MCAv were unchanged PostTR, whereas PCAv PostTR
(p < 0.05) was lower than the PreTR value (Table 5.2, Figure 5.1). Similarly, velocity
and shear rate were not significantly altered following training. In contrast, ICA
diameter (4.9 £ 0.5 vs 5.2 + 0.8 mm; p < 0.05) increased following training. Resting
PerCO2 (29.8 £ 2.5 vs. 30.9 £ 2.3 mmHg; p = 0.26) and MAP were both unaltered by
training (85.8 £ 9.8 vs. 92.5 £ 9.0 mmHg; p = 0.43).
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Figure 5.1 Data presented as mean + standard deviation, along with individual values.
Pre and post-training internal carotid artery flow (ICA) and middle (MCAv) and

posterior (PCAV) cerebral artery velocity at rest, in panels A, B and C respectively.

5.3.3 Effect of training on cerebral haemodynamics
during exercise

Table 5.2 presents cerebral hemodynamic responses measured during exercise, both
PreTR and PostTR. A main effect for exercise intensity and an interaction between
exercise training and intensity (p < 0.001) were observed for PCAv. Post hoc analysis

revealed that only PreTR PCAV at 100% Wmax was reduced from baseline (2.4 + 0.8
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cm.s?) (Figure 5.2: B; p < 0.01), with greater reductions in PCAv from baseline at 80
(5.4 £ 1.8 %) and 100 (5.2 £ 1.8 %) %WMax PreTR than PostTR (Figure 5.2: B and
D; p <0.001). No post hoc differences were observed for MCAv (Fig 5.2: A and C).
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Figure 5.2 Data presented as mean + standard deviation. Absolute middle (MCAV)
and posterior (PCAV) cerebral artery velocities (A, and B) at rest (BL) and during
exercise at 20, 40, 60, 80 and 100% of the maximum achieved workload (% of Wmax).
Relative percent change from baseline are shown in C, and D. * signifies main effect
difference from baseline, p < 0.05. t signifies interaction and post-hoc revealed

difference between difference (PreTR) and post-training (PostTR), p < 0.001.

A main effect for exercise intensity was observed for ICA diameter (Figure 5.3: A; p
< 0.05). No main effects of group or exercise intensity were observed for ICA velocity
or flow. However, there were significant interaction effects for ICA velocity and flow
(Figure 5.3and 5.4; p <0.001). Post hoc analysis revealed that PreTR, but not PostTR,
ICA flows were reduced from baseline (-24.6 + 8.1 ml.min) at 60% WMax (p = 0.02).
Post hoc assessment of the interactions between relative changes (i.e., A%) from
baseline revealed divergent pre and post-training ICA velocity and flow responses to

incremental exercise. Mean differences between PreTR and PosTR changes from
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baseline in ICA velocity at 40 and 60% WMax were 8.6 £ 2.7% and 10.6 £ 2.7%
(Figure 5.4: B; p = 0.02), respectively. Similarly, mean differences between PreTR
and PostTR ICA flow at 40 and 60% WMax were 8.6 + 2.9 % and 13.7 £ 2.9 %
(Figure 5.4: D; p = 0.004), respectively. No main effect or interactions were observed

for ICA shear rate (Figure 5.4).
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Figure 5.3 Data presented as mean + standard deviation. Internal carotid artery
diameter (A), velocity (B), shear stress (C) and flow at rest (BL) and during 20, 40,
and 60% of the maximum achieved workload (% of Wmax). t signifies interaction and
post-hoc revealed differences between pre-training (PreTR) and post-training
(PostTR), p < 0.001.
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Figure 5.4 Data presented as mean + standard deviation. Relative change from resting
internal carotid artery diameter (A), velocity (B), shear stress (C), and flow (D) during
20, 40, and 60% of the maximum achieved workload (% of Wmax). 1t signifies
interaction and post-hoc revealed difference between pre-training (PreTR) and post-
training (PostTR), p < 0.001.
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Figure 5.5 Data presented as mean + standard deviation. Resting (A) partial pressure
of end-tidal carbon dioxide (PerCO-) and the relative percent change (B) from rest at
20, 40, and 60% of the maximum achieved workload (% of Wmax). Pre (C) and post
(D) training relationship between the change in internal carotid artery flow and PerCO-
during exercise. 1 signifies interaction and post-hoc revealed differences between pre-

training (PreTR) and post-training (PostTR), p < 0.001.

534 Effect of training on cardiorespiratory measures
during exercise

Elevated PerCO, was identified at 40, 60, 80 and 100% WMax for both PreTR and
PostTR (Table 5.2; p < 0.001). A main effect was observed between PreTR and
PostTR, revealing a greater post-training PerCO2 during 40, 60, 80 and 100% Wmax
(Figure 5.5: B mean difference = 2.6 + 0.4 mmHg, p = 0.03). No correlation between
the change in ICA flow and PetCO> was observed PreTR, but a significant correlation

was observed PostTR (r = 0.37; p < 0.05).

Similar MAP values were observed at each intensity, except during 100% Wmax for
pre-training (102 + 8.7 mmHg) and post-training (108 + 8.4 mmHg) groups (Figure
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5.6: B; p < 0.01). Post-hoc analysis following interaction, revealed for the MAP
increases from baseline (Figure 5.6: p = 0.0006), indicated pre-training changes were
lower than post-training at 80 (mean difference between pre and post-training A from
baseline =-5.8 + 1.7 mmHg) and 100% Wmax (mean difference between pre and post-
training A from baseline = -8.2 = 1.7 mmHg). Post hoc interaction analysis revealed
a higher ICA vascular conductance (CVCi) at 60 %Wmax PostTR (Figure 5.6: C; p =
0.0003) compared to PreTR values. Exercise progressively increased heart rate
similarly in both PreTR and postTR (Table 5.2; p < 0.05). No difference between

conditions was observed.

5.35 Correlations between variables

At rest, VO, peak correlated with ICA velocity (r = 0.596; p < 0.05), and ICA flow (r
= 0.695; p < 0.01). Regarding pre-training data collected during exercise, specifically
at 60%Wmax, VO, peak was correlated with PCA (r = 0.551; p < 0.05), ICA velocity
(r=0.747; p <0.01), and ICA flow (r = 0.673; p < 0.05). There were no correlations
between the change in cerebral blood flow parameters and the change of VO peak.
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Figure 5.6 Mean arterial pressure (MAP) at rest (panel A) and the absolute change in
MAP (panel B: 20-100 of the maximum achieved workload [% of Wmax]) and
internal carotid conductance (ICA CVCi: panel C: 20 — 60% Wmax), in participants
implanted with left ventricular assist devices (n =12 - 25: 7). * signifies main effect
difference from BL, p < 0.05. t signifies interaction and post-hoc revealed differences

between pre-training (PreTR) and post-training (PostTR), p < 0.0
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Table 5.2 Cardiorespiratory and cerebrovascular parameters at rest and during exercise (%oworkload maximum), pre- and post-exercise training

Variable BL 20 40 60 80 100 Significance

MCAV (cm.s?) Pre  55.0+14.1 53.0£13.7 534 +134 53.7+13.8 53.1+14.8 51.8+143
Post 57.6+125 53.1+10.3 53.8+ 105 54.7+10.1 54.4 +10.2 52.0+10.3

PCAV (cm.s?) Pre  43.0+10.38 43.0+£9.9 43.1+105 43.0 £ 10.7 42.1+10.8 40.6 £ 10.0* ME: * p < 0.05;
Post 38.1+104t 395+112t 39.6%+1157t 397120t 39.7+116t 385+116 INT: T p <0.001

ICA flow (ml.mint) Pre 216.8+56.8 2205+62.2 209.8+759 1922+485 - - INT: t p<0.001
Post 2226+625 2204+59.9 2304+60.0t 2254+5607t - -

ICA diameter (mm) Pre  49+05 48+0.5 48+0.5 4.7+05 - - ME:* p < 0.05
Post 52087 51+£087 51+£0.77 50£0.77t - -

ICA velocity (cm.s') Pre  37.4+6.4 39.1+9.0 37.2+95 36.3+7.5 - - INT: 7 p<0.001
Post 36.1+7.3 37496 38.6+87t 38798t - -

PeTrCO2 (mmHg) Pre 29.8+25 31.5+3.1* 32.1+3.0* 31.8+2.9* 31.5+3.3* 30.9 £ 3.4* ME: * p < 0.05;
Post 309%23 328+20* 342+23* 348+23*t 344+24* 334x34*tr INT:tp<0.001

MAP (mmHg) Pre 858+9.38 93.2+105 946 +8.8 97.3+8.7 99.5+79 102.6 + 8.7 ME: * p < 0.05;
Post 825+9.0 89.6 £ 8.7 93.0+10.3 97.5+9.6 102.5+8.3 108.3+8.4t INT:tp<0.001

Heart Rate (1/min) Pre 83+8 95+ 13* 100 £ 17* 105 + 21* 110 + 20* 117 + 23* ME:* p < 0.05
Post 78%9 91 + 6* 96 + 7* 101 £ 9* 109 £ 12* 119 + 14*

Data expressed as mean + SD. BL, baseline (resting); ICA, internal carotid artery; MAP, mean arterial pressure; MCAv, middle cerebral artery velocity; PCAv,

posterior cerebral artery velocity; PerCO; , end-tidal partial pressure of carbon dioxide; Pre, pre-training; Post, post-training. ME, main effect; INT, interaction

effect. * Signifies statistical difference from BL (p < 0.05); 7 signifies statistical difference from Pre-training (p < 0.001).
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54 Discussion

This is the first study, to our knowledge, to measure cerebrovascular function during
incremental exercise in patients with LVADs before and after an ET intervention. Our
principal finding is that a 12-week ET program significantly enhanced CBF responses

to incremental exercise, despite a reduction in absolute intracranial PCAv.

The improved durability of third-generation LVADs and the continuing scarcity of
donor organs has led to an increase in the number of LVAD implantations worldwide
as destination therapy.*” Although functional capacity improves from pre-implantation
status, recipients of LVADs still experience impaired aerobic capacity and
cerebrovascular function during exercise.>” ET is an evidence-based adjunct treatment
for patients with CHF.'32° While ET is currently being delivered in cardiac-
rehabilitation settings to improve functional capacity and health,* there is a paucity of
evidence regarding its specific effects in patients with LVADs.*2142! We found that a
comprehensive ET program, involving aerobic and resistance exercise, is associated

with improvements in cerebrovascular function.

In the previous chapter, we found that LVAD implantation normalises CBF at rest, but
fails to compensate during exercise, compared with age-matched healthy controls and
patients with CHF.> In healthy individuals, the exercise CBF response follows a
biphasic pattern of initial vasodilation during submaximal exercise, followed by a
plateau.?>>* During submaximal exercise (from 20% to 60% VO peak), there is
typically a 10-20% vasodilatory increase in CBF, which is positively correlated with
increases in PerCO,, MAP and intra-arterial shear rate.”® We did not observe such
increases during exercise in LVAD individuals in our recent study,® or in our pre-
training LVAD group in this study. A novel study by Brassard et al.® found that, in
order to increase CBF during exercise in untrained patients with LVADs with
continuous-flow pumps, increases in pump speed were required. Other studies
investigating the effect of pump speed manipulation during exercise have resulted in
trivial’®?” or no improvement?®?° in aerobic capacity. These findings suggest that
peripheral factors (e.g., cardiorespiratory and musculoskeletal) are likely to play an
important role in the ongoing exercise intolerance experienced by patients with

LVADs.! Following the training program, our cohort of participants with LVADs
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improved aerobic capacity, peak workload and cardiorespiratory (i.e., MAP and
PerCO») responses during incremental exercise. Non-cardiac (musculoskeletal and
respiratory) improvements following ET both have the capacity to enhance aerobic
capacity and peak achievable workload.™” We did not design or power the present
study to identify the relative contribution of specific cardiorespiratory and/or
musculoskeletal variables to the changes in cerebral blood flows we observed.
Nevertheless, our findings suggest that training-induced improvements occur in
parallel with systemic cardiorespiratory responses associated with healthy cerebral
hemodynamics during exercise. Therefore the improved aerobic capacity, peak
workload and cardiorespiratory responses in the study may be linked to the improved
cerebrovascular function in patients with LVADs, in keeping with the suggestion of
Brassard et al.,” who postulated links between exercise intolerance and cerebral

perfusion in CHF.

The enhanced capacity of the brain to respond to physiological and regulatory stimuli
is important to maintaining brain health across the lifespan.®®3! Although a few cross-
sectional studies indicate an overall heightened cerebrovascular function in exercise-
trained individuals, a more recent study demonstrated that dynamic cerebrovascular
autoregulation is modestly attenuated in athletes following six-weeks of high intensity
interval training (HIIT), despite no change in resting CBF.*? It is unknown what impact
interval and continuous training intervention had on cerebral autoregulation in our
clinical population, but Lewis et al.3® observed no significant improvement in cerebral
autoregulation following an 8-week exercise intervention that included three weeks of
HIIT in chronic obstructive pulmonary disease patients, despite a significant increase
in VO2 peak, which was similar to that observed in the current study. The benefits of
HIIT in other clinical populations are not fully established, particularly with respect to
changes in brain perfusion. Future research investigating the impact of different forms
of ET on cerebrovascular function in clinical populations, including those with heart

failure, is warranted.

Cerebrovascular endothelial function is quantified via hypercapnic shear-mediated
vasodilation in the internal and common carotid arteries.?**® Shear-mediated
vasodilation in the extracranial arteries also occurs during exercise in healthy

individuals,?® but not in patients with LVADs.® Our findings, including those related
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to resting carotid diameters, suggest that ET in patients with LVADs may improve
cerebrovascular vasodilation in extracranial arteries. The observed mismatch between
relative ICA flow and MCA responses during exercise suggests that intracranial
dilation may be present in patients with LVADs in the current study. Because the 5-
10% change in ICA flow was not observed in MCA velocity, MCA artery dilation
must occur (~2-3%) to achieve conservation of blood flow. Unfortunately, because of
technological limitations associated with measuring diameter and velocity in
intracranial vessels (i.e., MCA), it is unknown if intracranial blood flow, shear stress
and endothelial function can be enhanced by ET in patients with LVADs. Future
studies are needed to directly assess cerebrovascular endothelial in patients with

LVADs during exercise and resting conditions.

Few studies have assessed the posterior cerebral circulation in patients with LVADs.
Our findings indicate that, during exercise, PCAv decreased significantly below
baseline levels prior to training, but this did not occur after training. The lack of
volumetric blood flow data through the vertebral artery during exercise (technically
difficult to obtain) makes it difficult to discern the impact that a lower posterior
cerebrovascular perfusion may have on LVAD cerebrovascular health. However, it
would appear that ET improves PCAvV responses to exercise, potentially via an
elevation in cardiorespiratory responses (e.g., a greater increase in MAP and PerCO>
responses at maximal exercise). Warnert et al.% suggested, by the “selfish brain”
hypothesis, that maintaining adequate posterior cerebral perfusion is a critical
regulatory factor. Although speculative, our data suggest that training may act to
maintain adequate perfusion to autonomic centres of the brain. Unfortunately, our data
are unable to fully address this speculation, and future studies investigating exercise
which control for the impacts of CO> and MAP and utilize volumetric posterior CBF

measures in patients with LVADs will be required.

Recently, Stohr et al.*”8 and Cromwell et al.3®4° discussed the importance of pulsatile
flow in maintaining normal cerebral perfusion in patients with LVADs. Both authors
stated that resting cerebral perfusion was relatively normalised by LVAD
implantation. While Cromwell et al.>**° suggested that evidence does not indicate
adverse impacts on cerebral processes in non-pulsatile systems, Stohr et al.®"® argued

that micro-bleeds and endothelial dysfunction may be higher in individuals implanted
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with non-pulsatile, compared to pulsatile systems. Our experimental findings indicate
that cerebral perfusion can be enhanced in patients implanted with LVADs during
exercise and that training generally enhances cerebrovascular perfusion variables. We
cannot speculate about the impact of pulsatile versus non-pulsatile LVADs on
endothelial function or other outcomes such as cognition or infarction, but the
relationships between perfusion and these variables deserve a larger dedicated trial.
Since one outcome of LVAD implantation is that enables many patients to return to
the gym and undertake more robust and targeted exercise therapy, our findings are
encouraging for the positive effects observed in cerebrovascular function. It is also
worth remarking that the test modality (semi-recumbent cycle) was different to that
undertaking during training (treadmill), our findings therefore reflect a more

generalised response to ET that appears to be transferable to other modes of exercise.

There are several limitations to the current study. The most important relates to the
lack of a control group, which restricts the interpretation of our results to distinguish
between the effects of ET versus spontaneous effects occurring over time. However,
participants were recruited to the study, on average, 68 weeks post-LVAD
implantation, while receiving optimal medical therapy, pump speed and medication
was not changed throughout the intervention. It seems unlikely that our findings were
due to spontaneous recovery in such a group or to the short-term impacts of device
implantation. Furthermore, in a previous study of ET in patients with LVADs
commencing after a similar period of recovery to the current study (>12 weeks),
control participants did not show spontaneous changes in aerobic capacity, pulmonary
function or quality of life,** suggesting that, like our cohort, they were physiologically
stable. Similarly to the previous study (Chapter 4), we elected to match CBF responses
during incremental aerobic exercise relative to maximal workload achieved in the
CPET, rather than absolute workloads. We opted for this approach as CBF has been
previously studied and reported relative to maximal capacity, allowing thus
comparisons of CBF parameters across individuals with different cardiorespiratory
capacity. Furthermore, there is no data to compare at the highest intensities of exercise
in the pre-training group due to the lower peak exercise capacity. Another limitation
relates to the use of transcranial Doppler ultrasound to assess intracranial cerebral
blood flow has some technical limitations. As mentioned above, it is unable to measure

intracranial arterial diameters, and thus provides only an index of blood flow via
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velocity profiling. Typically, MCAv and ICA flow measures follow similar responses,
and measurement of ICA calibre is an appropriate surrogate for changes in MCA
calibre. However, our findings indicate divergent responses, with ICA flow
increasing, due largely to an enhanced velocity, in contrast to no observable changes
in MCA velocity. Downstream vasodilation would reduce resistance, or inversely
increase conductance, which might explain the lack of velocity change in the MCA.
Nonetheless, the lack of direct intracranial diameter assessment in the study remains a
limitation and hinders quantification of the contribution of intracranial diameter
change during exercise. We have previously mentioned the potential confound of the
contralateral differences that may exist in cerebral artery responses,® however we
applied standardized ultrasound imaging techniques to screen for differences in all
intracranial** and extracranial®® vessels. No differences were observed; thus, we
interpreted our ICA, MCA and PCA measures to be valid surrogates or global
cerebrovascular hemodynamic responses to exercise. Disparate contralateral flow
patterns during exercise in patients with LVADs have not been previously observed,
and no evidence suggests that contralateral flow patterns would differ in vessels that
have been screened to rule out any divergent patterns at rest. Finally, we observed no
correlations between the change in cerebral blood flow parameters and the change of

VO, peak, which may relate to the relatively modest sample size in this study.

In conclusion, this pilot intervention study found that CBF responses to exercise were
increased following a 12-week ET program in patients with LVADs. Our findings,
therefore, support the role of short-term ET to improve cerebrovascular function in
LVAD patients. Future studies investigating long-term training programs and cerebral

and peripheral vascular adaptation are needed.
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6.1 Introduction

Left ventricular assist devices (LVADs) are becoming an increasingly common
treatment for patients with advanced chronic heart failure (CHF), resulting in improved
survival,’® quality of life (QoL) and exercise tolerance.*> However, despite the
augmented cardiac output resulting from an LVAD, aerobic capacity an important
prognostic indicator in CHF,® remains significantly impaired compared with
normative values.” While exercise rehabilitation is an evidence-based adjunct to
medical management in the treatment of patients with CHF, there remains a dearth of
research into the effects of supervised exercise training (ET) in patients with LVADs,
with only three randomised controlled trials (RCTs) to date.®1% These studies applied
short duration periods of training (6-10 weeks) and moderate intensity training (50 to
60% of cardiorespiratory reserve) but failed to demonstrate an increase in aerobic
capacity with ET, compared with a home walking program prescribed in the control

groups.810

A method of ET that has gained popularity in recent years in cardiac rehabilitation is
high intensity interval training (HIIT).12* HIIT involves alternating bouts of high and
moderate-intensity exercise and has consistently been found to be well-tolerated®® and
more effective at improving aerobic capacity than moderate-intensity continuous
aerobic exercise (MICT).* In the seminal work of Wisloff et al.,*® 12 weeks of HIIT
in patients with CHF increased VO peak significantly more than MICT. Furthermore,
a recent meta-analysis found that HIIT was more effective than MICT at improving
vascular endothelial function,'? an important indicator of vascular health, which is
commonly impaired in patients with CHF.1” However, it remains unknown as to
whether HIIT training is feasible, safe and effective for patients with an LVAD in situ.
Therefore, the primary objective of the present trial was to evaluate the safety and
efficacy of a 12-week HIIT program compared with MICT on VO peak. Secondary
outcomes included functional capacity as measured by six-minute walk test distance
(6MWTD), cardiac function and structure, vascular endothelial function, body

composition, leg strength, QoL and biomedical blood markers.
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6.2 Methods

6.2.1 Study design

This was a prospective, parallel-group RCT with 1:1 participant ratio involving three
participating sites in Australia: Fiona Stanley Hospital (FSH, Perth), St Vincent’s
Hospital (SVH, Sydney) and The Alfred Hospital (TAH, Melbourne). The trial was
approved by the Ethics and Research Governance Units of FSH (REG15-164) as well
as by TAH and SVH (HREC/297/16). Curtin University Human Research Ethics
Committee (HR13/2016) granted reciprocal ethical approval. The study was
prospectively registered with Australia and New Zealand Clinical Trials Registry
(ACTRN12616001596493) and conducted and reported according to SPIRIT and
CONSORT guidelines. Moreover, it was notified under the Clinical Trial Notification
Scheme (CT2016CTNO040471) and received by The Therapeutic Goods
Administration (TGA). All participants provided written and oral informed consent
prior to enrolment in the study. The trial was conducted between November 2016 and
July 2019.

6.2.2 Participants

Patients who had undergone continuous-flow LVAD implantation were screened for
participation. Eligibility criteria included having an LVAD for a minimum period of
six weeks, haemodynamic stability and aged older than 18 years. Exclusion criteria
were having contraindications to exercise testing or training (e.g. unstable angina,
uncontrolled arrhythmias, severe symptomatic aortic valve stenosis, acute systemic
infection), myocardial/skeletal muscle ischemia, or severe musculoskeletal disorders,
respiratory disease or any other non-cardiac condition that would preclude

participation in an exercise program.

6.2.3 Study procedure

Assessments were conducted at baseline and after the completion of the 12-week ET
program. Baseline and follow-up assessments were performed at the same time of day
to exclude diurnal variation and were tested with participants taking their prescribed
medications. Participants were block randomised to either HIIT or MICT according to

the recruitment site using an automated clinical trials allocation system operated by a
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third party. To ensure allocation concealment, researchers conducted randomisation
once baseline assessments were completed. Participants were instructed not to alter

their routine level of physical activity, conducted outside the trial, during the study.

6.2.3.1 Aerobic capacity assessment

A cardiopulmonary exercise test (CPET) was performed using a Modified Naughton
Protocol to volitional exhaustion on a treadmill, commencing at Stage 2 with two-
minutely increments in grade and/or speed.'® Breath-by-breath expired gas analysis
was measured by indirect calorimetry using a calibrated metabolic analysis system
(Vyntus Jaeger CPX, Carefusion, Hoechberg, Germany). Peak oxygen consumption
(VO peak) was calculated as the highest VO recorded during the exercise test
averaged over a 30-second period. Twelve-lead electrocardiogram (PC-ECG 1200,
Norav Medical Ltd., Yokneam, Israel) and pulse oximetry (Oxypleth 520A,
Novametrix Medical Systems Inc., Wallingford, Connecticut, USA) were measured
continuously at rest and throughout exercise. Mean arterial pressure (MAP) (Dopplex
MD2, Huntleigh Healthcare Ltd., Cardiff, UK) and rating of perceived exertion (Borg
Category Scale)® were recorded during the final 30 seconds of each two-minute stage

and at peak exercise.?%%

6.2.3.2 Submaximal exercise capacity assessment

A 6MWT was performed using a standardised protocol according to the American
Thoracic Society guidelines.?? The 6BMWT was conducted at least two days apart from
the CPET, in a temperature-controlled, flat, quiet and straight corridor, with marked
lines to indicate a 30-metre course. Two tests were conducted at baseline to account
for familiarisation, with at least 30-minutes rest between each test and the best result

utilised for analysis.

6.2.3.3 Stress echocardiographic assessment

Echocardiographic assessment was performed at rest, and immediately following
completion of the CPET to determine peak exercise cardiac function. Immediately
after the CPET termination, participants returned to a left lateral decubitus position. A
standardised protocol was employed across sites to ensure comparability of results.?

Experienced echocardiographers performed traditional diagnostic echocardiographic
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assessments using a Doppler ultrasound system (Epiq 5, Phillips Medical Systems,
Eindhoven, The Netherlands), with 2D and novel post-hoc myocardial tissue imaging
(speckle and strain) to assess regional diastolic and systolic function. Left ventricular
(LV) reserve was determined using traditional LV dimensions (linear and volume). In
addition, longitudinal and circumferential strain was assessed to evaluate residual
contractility. Right heart function was measured in the lateral tricuspid annular region
in the apical four-chamber view. Raw data were recorded as DICOM files and sent to

the coordinating site (FSH) to allow post-hoc analysis by the same analyser.

6.2.3.4 Vascular endothelial function assessment

Endothelium-dependent arterial function was assessed using flow-mediated dilation
(FMD) of the brachial artery. In accordance with guidelines,? participants were
assessed in a quiet, temperature-controlled room after fasting for >6 hours and after
abstaining from moderate to vigorous exercise, alcohol, and caffeine for >24 hours.
Prior to imaging, participants rested in a supine position for 20 minutes. Mean arterial
blood pressure was assessed at 18 minutes and 20 minutes of rest and measurements
were undertaken once blood pressure was stable. A portable high-resolution duplex
ultrasound system (Terason T3200, Teratech, Burlington, MA) was used to record B-
mode images of the brachial artery in the longitudinal plane proximal to the antecubital
fossa. A high- resolution linear array ultrasound transducer was used for measurements
(15L4; Terason) and the angle of insonation was <60°. Vessel diameter and blood flow
velocity were recorded for a 1-minute baseline. Subsequently, a blood pressure cuff
(Flexi Port, Welch Allyn, New York, USA) positioned on the participant’s forearm
distal to the olecranon process, was inflated to 220mmHg for 5 minutes to provide an
ischaemic stimulus. Recording resumed 30 seconds prior to cuff deflation and
continued for 3 minutes post-ischaemic stimulus. Images were then analysed with
custom-designed edge detection software. This method has been previously described

in detail and found to reduce examiner variability compared to manual methods.?>%

6.2.3.5 Anthropometric assessment

A whole-body fan-beam dual-energy X-ray absorptiometry (DXA) scan (Hologic
Discovery A SN87390 DPX-1Q, Massachusetts, USA) was employed to determine

total skeletal muscle mass, fat mass, and bone mineral density.
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6.2.3.6 Muscular leg strength assessment

Maximal isotonic voluntary strength was assessed by using the one-repetition
maximum (1-RM) method on a seated dual leg press pin-loaded resistance training
equipment (Cybex International Inc., Medway, MA, USA). Participants were
instructed to lift the weight with the correct technique and avoiding the Valsalva
Manoeuvre. One-repetition maximum was defined as the weight that the subject could

lift only once, with three minutes of rest between sets and load increments of 5 kg.

6.2.3.7 Quiality of life and self-efficacy assessments

The 12-item Short Form Health Survey (SF-12) was administered to all participants to
measure health-related QoL. This self-reported questionnaire measures a variety of
health domains and gives two aggregate summary measures: the physical component
score (PCS) and the mental component score (MCS). These scores rank in a scale from
0-100, where the higher the score, the less disability.?” Additionally, exercise self-
efficacy was measured by using the 16-item Heart Disease Self-Efficacy (HDSE)
scale, slightly modified from a previously validated physical activity scale?®?® to make
it more appropriate for patients with CHF. This scale was used to rate the perceived
ability of the participants to begin, continue and complete activities under a range of
specific circumstances. The scale measures the strength of efficacy beliefs against a
100-point scale, ranging in 10-unit intervals from ‘0’ (cannot do), through ‘50’

(moderately certain can do), to 100 (absolutely certain can do).

6.2.3.8 Blood analyses

Blood samples were drawn by standard venepuncture between 8 to 10 am after an
overnight fast. Full blood picture, serum creatinine (CR), C-reactive protein (CRP),
total cholesterol (Chol), serum triglycerides (TG), low-density lipoprotein cholesterol
(LDL), high-density lipoprotein (HDL) and B-type natriuretic peptide (BNP) were
analysed by standard laboratory methods according to the clinical pathology

laboratory procedures at the site.

6.2.4 Exercise training protocol

Exercise training occurred for approximately one hour, three times per week for 12

weeks, in a hospital gymnasium supervised by experienced exercise physiologists and
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physiotherapists. Each session commenced/concluded with a warm-up/cool-down,
involving five minutes of low-intensity aerobic exercise (<40% of VO, reserve),
followed by five minutes of muscular stretching. A detailed log of attendance and
exercise performed by each participant was kept and an independent safety monitoring
board was established. Safety was assessed by the rate of serious adverse events
(SAEsS), defined as all-cause death, worsening heart failure requiring hospitalisation or
intensified medication treatment, atrial and ventricular arrhythmias, unstable angina,
inappropriate implantable cardioverter-defibrillator shocks, and other events leading
to hospital admission. Any SAEs were required to be reported to the trial cardiologist
and HREC, in accordance with the Therapeutic Goods Administration guidelines for

Good Clinical Practice in Australia.®°

6.2.4.1 High-intensity interval training

The HIT protocol consisted of aerobic exercise performed on a treadmill and
comprised of four sets of four-minute efforts at 80-90% of VO reserve, interspersed
with 3-minutes active recovery at 50-60% of VO- reserve (Figure 6.1: Panel A),

consistent with training protocols employed in previous studies. 23!

6.2.4.2 Moderate-intensity continuous training

The MICT protocol consisted of continuous aerobic exercise, also performed on a
treadmill at 50-60% VO, reserve for 28 minutes, such that the total duration of ET was
matched across both groups (Figure 6.1: Panel B). This is similar to the ET intervention
employed in previous RCTs in patients with LVADs,®® and typical of usual care

exercise rehabilitation in clinical practice.3>33
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Figure 6.1 Comparison of training interventions. Panel A, HIIT protocol: 4x4 min at
80-90% VO3 reserve interspersed with 3-min active recovery at 50-60% VO, reserve.
Panel B, MICT protocol: 28-min at 50-60% VO3 reserve walking up an incline on the

treadmill.

6.2.4.3 Exercise training prescription

Aerobic exercise intensity was primarily guided by the speed and grade of the treadmill
based on the baseline CPET that elicited the desired percentage of VO, reserve. Heart
rate (HR) reserve, which correlates well with VO reserve in patients with LVADs,3*
and rating of perceived exertion using Borg’s Category Scale, measured during the
fourth minute of the final high intensity interval (HIIT group) and the final minute of
aerobic exercise (MICT group) were used to refine the training intensities.>® The
exercise program was reviewed every two weeks to adapt to cardiopulmonary changes
by progressively increasing the intensity as tolerated. This was progressed based on
the rating of perceived exertion by using Borg’s Category Scale and HR monitoring,

so that participants remain in their target training intensity zone.
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Both groups undertook identical resistance training protocols, following the aerobic
training component of the exercise session. The resistance training exercises involved
one set (8 to 12 repetitions) of three lower body exercises (leg press, hamstring curl,
leg extension) and three upper body exercises (incline press, lat. pulldown and biceps
curl) at 50-60% 1-RM.

6.2.5 Statistical analysis

A power test based on data from a previous study comparing HIIT vs. MICT in CHF?®,
indicated a sample size of 24 was required to test the primary hypothesis based on a
mean difference between groups in the change in the primary outcome (VO peak) of
2.5 mL-kg*-min™ and a standard deviation (SD) of 2.5 mL-kg-min* assuming 80%
power and p < 0.05 level of significance. Statistical analysis was conducted using
STATA software (version 15.1, StataCorp, College Station, TX, USA). Baseline
characteristics and ET intensity of the two groups were compared using Student’s
independent t-test or the Mann-Whitney U-test, depending on whether data were
parametric or not. For nominal data, chi-square test was used. The principle of
intention-to-treat was applied using linear mixed models (LMM) in which all available
data were included, with random subject effects to estimate within- and between-group
differences in primary and secondary outcomes over time adjusting for recruitment
site. The model fit was checked by residual plots.® Contrast were employed to assess
the difference of change between groups based on the model. Results are summarised
as marginal means with 95% confidence intervals (CIs), unless otherwise stated. All

analyses were two-tailed and p < 0.05 was considered statistically significant.

6.3 Results

6.3.1 Baseline characteristics

Twenty-three patients consented to participate in the trial (20 from FSH, two from
SVH and one participant from TAH). Complete data were obtained from 16
participants (Figure 6.2). Baseline characteristics were not significantly different
between groups (Table 6.1). Prior to study commencement, HIIT group participants
had the LVAD in situ for a median of 90 days (range: 49 to 1223), while participants
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in the MICT group had the LVAD in situ for a median of 103 days (range: 54 — 2139);
(p = 0.623). Participants in the HIIT and MICT groups who completed the trial

attended 93 + 4% and 94 + 5% of their scheduled exercise sessions, respectively.

[ Enrolment ]

Assessed for eligibility (n = 28)

Excluded (n=5)
Not meeting inclusion criteria (n = 2)
Declined to participate (n = 3)

A 4

Randomised (n = 23)

Y

Allocation ]

)

J

Allocated to HIIT intervention (n = 12) Allocated to MICT intervention (n=11)

v [ Follow-up ] v
A
Lost to follow-up (n=4) Lost to follow-up (n = 3)
Received cardiac transplant (n = 3) Received cardiac transplant (n = 2)
Discontinued intervention (n= 1) Discontinued intervention (n = 1)
Y [ Analysis ] L 4
L J
Analysed (n=11) Analysed (n=10)
Completed study (n = 8) Completed study (n = 8)

Figure 6.2 Consolidated Standards of Reporting Trials (CONSORT)*’ flow diagram
of participants through the trial.
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Table 6.1 Participant’s characteristics at baseline

Characteristic HIIT group (n=11) MICT group (n =10) p-value
Age (years) 57.7+13.1 55.6 + 14.2 0.736
Female sex (%) 3 (28%) 5 (50%) 0.313
Weight (kg) 83.6 +14.9 82.6 £13.0 0.908
Height (cm) 175.3+95 169.3+4.1 0.473
BMI (kg/m?) 273+ 4.2 29.0+4.4 0.376
BSA (cm?) 2413 + 261 2459 + 174 0.847
Ischemic 6 (55%) 5 (50%) 0.823
cardiomyopathy
HR rest (1/min) 86.7 £ 8.7 84.3+9.3 0.683
MAP rest (mmHg) 86.4 +9.6 85.1+9.5 0.847
MPA (mmHg) 34.8+14.6 39.9+14.6 0.300
EF (%) pre-LVAD 23.6+11.3 21.2+5.2 0.424
CO (L/min) pre-LVAD 3.6+1.2 44+13 0.251
Cl (L/min/m?) pre- 1.9+0.6 22+0.7 0.206
LVAD
PAWP (mmHg) pre- 26.6+85 27.4+6.2 0.932
LVAD
Haemoglobin (g/L) 129+ 4 126+ 4 0.662
Haematocrit (L/L) 0.40+0.0 0.39+0.0 0.725
INTERMACS profile 0.530

2 2 (18%) 2 (10%)

3 5 (27%) 3 (30%)

4 2 (36%) 1 (30%)

5 0 (9%) 2 (20%)

6 1 (9%) 2 (10%)
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Indication for LVAD 0.517

(%)
Bridge-to-transplant 7 (55%) 7 (70%)
Bridge-to-candidacy 0 (0%) 1 (10%)
Bridge-to-recovery 1 (9%) 0 (0%)
Destination therapy 3 (36%) 2 (20%)
LVAD type 0.856
HeartMate 11 2 (18%) 1 (30%)
HeartMate 3 5 (36%) 6 (50%)
HeartWare 4 (45%) 3 (30%)
CRT/CRTD 3 (28%) 2 (20%) 0.713

Medical therapy

ACE-Il or ARB 9 (82%) 8 (80%) 0.909

B-blockers 5 (45%) 6 (60%) 0.502

Aldosterone 2 (18%) 2 (20%) 0.909
antagonist

Anticoagulants 10 (90%) 10 (100%) 0.316

Loop diuretics 8 (72%) 9 (90%) 0.310

Antiarrhythmic 3 (28%) 2 (20%) 0.677

Values are expressed as mean + standard deviation, or as number and percentage where
appropriate. BMI, body mass index; INTERMACS, interagency registry for
mechanically assisted circulatory support; HR, heart rate; MAP, mean arterial
pressure; MPAP, mean pulmonary artery pressure; EF, ejection fraction; CO, cardiac
output; CI, cardiac index; PAWP, pulmonary artery wedge pressure; CRT/CRTD,
cardiac resynchronization therapy defibrillator ACE-I, angiotensin-converting enzyme

inhibitor; ARB, angiotensin-receptor blocker. p-value for comparison between groups.
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6.3.2 Exercise training intensity

The average estimated workload on the treadmill during the aerobic ET protocol was
significantly higher in the HIIT group (3.6 = 0.9 METs) compared with the MICT
group (3.0 £ 0.4 METSs; p < 0.001, Figure 6.3). This corresponded to a mean relative
ET intensity of 72 + 15 %VO reserve for the HIIT, versus 54 + 5 %VO; reserve for
the MICT group (p < 0.001). The median rating of perceived exertion reported was
significantly higher in the HIIT group (16 (IQR: 14-17)) in comparison with the MICT
group (13 (IQR: 12-14); p < 0.001).
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1 2 3 4 5 6 7 8 9 10 11 12
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Figure 6.3 Average workload (mean + SD) on treadmill during aerobic exercise

training protocol over the 12 weeks of training.

6.3.3 Safety of exercise

No SAEs occurred in either of the training interventions. Of the total 336 individual
exercise sessions in the MICT group, one participant experienced an episode of
supraventricular tachycardia during a training session and stopped exercising
prematurely. There were no adverse events of any kind in the 345 individual exercise
sessions in the HIIT group. Similarly, no adverse events occurred during the CPET in

either group.
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6.3.4 Aerobic capacity

There was no significant difference in VO peak between groups at baseline. HIIT
improved VO2 peak (p < 0.001), while the change in VO2 peak in the MICT group was
not significant (Figure 6.4). There was a significant difference in the change in VO,
peak between groups of 1.9 mL-kg*-min? (95% CI, 0.3 to 4.2; p < 0.05) (Table 6.2).
The minute ventilation/carbon dioxide production (VE/VCO.) slope decreased in the
HIIT group (p <0.01), while no change was observed in the MICT group. Test duration
was significantly increased in both groups after training. There were no differences in

peak HR, MAP or RER between groups, either before or after training.

p <0.05
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Figure 6.4 Change in peak oxygen uptake before and after training in the MICT versus
the HIIT group.
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Table 6.2 Cardiopulmonary exercise testing data.

HIIT group MICT group

Parameter Baseline Follow up Baseline Follow up p-value
VO, peak 15.6 (13.2to 18.4 (16.0to 16.2 (13.8 to 17.2 (14.6 to 0.029
(mL-kg 17.8) 20.8)** 18.7) 19.7)
Lmin)
VO, peak 1.31 (1.07 to 1.60 (1.35to 1.38 (1.13 to 1.48 (1.21to 0.067
(L-min™) 1.55) 1.86)** 1.64) 1.75)
% of 48.2 (41.6 to 56.8 (50.0 to 50.2 (43.2 to 53.0 (45.7 to 0.045
predicted 54.8) 65.7)** 57.1) 60.3)
VO, peak
MAP peak 112 (104 to 117 (109 to 105 (97 to 108 (99 to 0.772
(mmHg) 119) 126) 112) 117)
HR peak 131 (119to 139 (126 to 129 (116 to 133 (120 to 0.486
(1/min) 142) 152) 141) 146)
VE/VCO: 34.3(32.0to 31.2 (28.7to 32.9 (30.6 to 31.5(28.7 to 0.352
slope 36.6) 33.7)* 35.2) 34.3)
Test 621 (502 to 764 (641 to 582 (457 to 690 (560 to 0.374
duration (s) 741) 887)* 708) 819)*
Peak RER 1.12 (0.98 to 1.11 (0.96 to 1.13 (0.98 to 1.18 (1.03 to 0.129

1.27) 1.25) 1.28) 1.35)

Data are presented as estimated marginal mean with 95% Cls. p-value for between-

group comparisons calculated as adjusted contrast by LMM. * signifies statistically

significant within-group difference for p < 0.05 and ** for p <0.001 by using LMM.,

VO, oxygen consumption; MAP, mean arterial pressure; HR, heart rate; VE/VCOx,

minute ventilation/carbon dioxide production; RER, respiratory exchange ratio.
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6.3.5 Six minute walk test results

There was no difference between groups in 6MWTD at baseline. Both MICT and HIIT
increased 6MWTD from baseline to follow-up (p < 0.001) but there was no difference
between groups (27 m, 95%Cl, -18 to 73; p = 0.241); Figure 6.5.
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Figure 6.5 Change in 6-minute walk test distance before and after training in the MICT

versus the HIIT group.

6.3.6 Muscular leg strength

Leg strength was similar in both groups before the exercise intervention. Both the HIIT
[from 107 (95%CI, 93-121) to 125 (95%Cl, 110-139 kg] and the MICT group [94 kg
(95%Cl, 80 to 107) to 113 kg (95%ClI, 100 to 126)] improved significantly after the

completion of the ET program, but there was no difference between groups (p =0.778).

6.3.7 Vascular endothelial function

Similar values for baseline and peak diameters, FMD%, time to peak and shear rate
area under the curve were observed in both groups at baseline (pre-training). MICT
significantly increased FMD% (p < 0.05) but there was no change in the HIIT group
(Table 6.3) and no significant difference between groups (-0.78%, 95%Cl, -2.4 t0 0.9).
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Table 6.3 Vascular endothelial function data by flow-mediated dilation on the brachial

artery
HIIT group MICT group
Variable Baseline Follow up Baseline Followup  p-
value
Baseline 3.9(3.4to 3.9(3.3t0 3.6(3.2t0 3.6 (3.2t0 0.823
diameter (mm) 4.3) 4.4) 4.0) 3.9)

Peak diameter 4.2 (3.7to 4.2 (3.6t 35(3.0to 3.9(3.4to 0.313

(mm) 4.7) 4.7) 4.1) 4.5)
FMD (%) 7.4 (5.6 o 8.0 (6.1 to 6.9 (5.1 to 85(6.6t0  0.182
9.2) 9.9) 8.8) 10.4)*

Time to peak 102 (85 to 72 (51t092)* 92 (75t0110) 65 (45t087)* 0.833
(s) 119)

SRauc (a.U) 34992 (25358 27033 (16564 37946 (28311 35574 (25106 0.292
to 44627) to 37502) to 47579) to 46043)

Data are presented as estimated marginal means with 95% Cls. p-value for between-
group comparisons calculated as adjusted contrast by LMM. FMD, flow-mediated
dilation; SRauc, shear rate area under the curve. * signifies p < 0.05 for within-group

comparison by LMM.

6.3.8 Cardiac function and structure

The HIIT and MICT groups were well matched for echocardiographic parameters at
baseline and there were no significant differences, either at rest or peak exercise,

within or between groups (Table 6.4).
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Table 6.4 Effects of HIT versus MICT on cardiac function parameters at rest and
peak exercise

HIIT group MICT group
Parameter  Stress Baseline Follow-up Baseline Follow up vpazlue
LVEDD Rest 57(5.0to6.6) 58(5.1t06.3) 6.4(5.6t07.2) 6.3(5.6t07.0) 0.674
(cm)
PE 58(5.1t06.6) 57(4.7t06.5) 6.2(54t07.0) 6.3(54t07.2) 0.413
LVESD Rest 51(4.0to6.1) 50(4.1t059) 57(46t06.8) 54(43t06.4) 0.788
(cm)
PE 50(4.0to59) 4.8(3.7t06.0) 5.2(4.2t06.2) 5.7 (7.0) 0.148
AR VC Rest 0.19(0.08to  0.46(0.16to0  0.13(0.05t0  0.08 (-0.18to  0.100
(cm) 0.30) 0.76) 0.22) 0.35)
AR ASE Rest 1.17 (0.52 to 1.50 (0.72 to 1.14 (0.55to 1.17 (0.42t0  0.405
1.81) 2.28) 1.74) 1.87)
PE 0.67(-0.25t0  1.17(0.01to  0.25(-0.55to 1.0(0.09t0  0.494
1.59) 2.34) 1.05) 1.91)
MR ASE Rest 1.00 (-0.23to0  1.17(0.06to0  2.07 (1.03to 1.43(0.41to 0.730
2.22) 2.27) 3.11) 2.45)
PE 1.33(0.41to 1.30 (0.11 to 1.50 (0.58 to 1.80 (0.61to  0.696
2.26) 2.49) 2.43) 2.99)
MR VC Rest 0.10(-1.21to 0.09(-1.11to 1.19(-0.27to 0.10(0.29t0  0.453
(cm) 1.41) 0.29) 2.66) 0.28)
RVOT VTl  Rest 12.1 (9.6 to 10.6 (8.5to 9.7 (7.3 to 10.2(8.0to  0.855
14.6) 12.7) 12.2) 12.4)
PE 116 (8.8to 12.2 (9.6 to 13.6 (10.8 to 124 (9.6to  0.589
14.5) 14.7) 16.5) 15.2)
TR ASE Rest 1.1(06tol1l6) 14(04to24) 16(1.1to2.1) 11(0.2t02.0) 0.452
PE 1.8(0.8t02.7) 0.8(-0.1to 14 (0.7to 15(0.5t02.5) 0.276
1.8) 2.1)
TRv max Rest 24(20t029) 22(15t030) 24(23t02.7) 26(20t03.2) 0.966
(m/sec)
PE 29(26t03.1) 29(23t036) 29(2.7t03.1) 29(24t03.4) 0.884
LA size Rest 384 (23.2to0  47.1(242t0 47.7(341to 535(34.1to 0.493
(ml/ m?) 53.6) 70.0) 61.3) 72.8)
PE 549 (38.2to0 52.0(322to 646(50.1to0  46.2(30.1to 0.913
71.6) 71.8) 79.0) 62.4)
RA size Rest 29.8(123t0  315(172to  39.8(256t0 37.5(259t0 0.812
(ml/ m?) 47.2) 45.7) 54.1) 49.1)
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(cm?)

(cm?)

PE 32.3(106t0 327(21.0to  475(258t0  38.8(29.2t0
54.0) 44.5) 69.2) 48.4)

RVEDA  Rest  248(9.9t0 264(17.7t0 235(106t0 229 (12.2t0
39.7) 35.2) 36.5) 33.6)

PE 222(83t0  21.6(9.7t0  236(115t0 21.0 (12610
36.2) 33.5) 35.7) 29.4)

RVESA  Rest 174 (5.4t0  183(12.3t0  17.1(67t0  16.8(9.4t0
29.4) 24.4) 27.4) 24.1)

PE 153(5.3t0  13.9(2.8t0  14.8(72t0  14.0(6.2t0
25.3) 24.9) 24.5) 21.8)

RVEDD  Rest 50(41t05.8) 4.4(39t04.9) 43(3.6t04.9) 4.3(3.8104.8)

(cm)

(%)

PE 42(27t057) 36(3.2t04.1) 43(3.0t05.6) 4.3(4.0t04.7)
RVs (cm/s) Rest 6.2(45t07.9) 56(3.2t07.9) 6.3(4.6t08.0) 59(3.5t08.2)
PE 10.0 (7.0to 7.6 (8.0to 10.8(4.3t0 6.8(4.0t09.7)
13.0) 13.7) 10.9)
RV FAC Rest 30.6 (19.8to0  30.6(30.3to0  28.8(19.4t0  26.9(26.5t0
41.4) 31.0) 38.1) 27.2)
PE 276 (10.6t0  379(24.7t0  342(19.4to 345(25.3to
44.6) 51.0) 48.9) 43.9)

IVC (cm)  Rest 18(13t023) 23(15t03.0) 1.7(1.3t021) 1.8(1.3t02.2)

0.459

0.378

0.742

0.588

0.405

0.535

0.099

0.164

0.201

0.073

0.628

0.297

Data are presented as adjusted marginal mean (95% confidence intervals). p-value for
between-group comparisons calculated as adjusted contrast by LMM. PE, post
exercise; LVEDD, left ventricular end-diastolic diameter, LVESD, left ventricular
end-diastolic diameter; AV, aortic valve; AR VC, aortic regurgitation vena contracta
(width of the regurgitating jet); AR, aortic regurgitation; ASE, American Society of
Echocardiography; MR, mitral regurgitation, MR VC, mitral regurgitation vena
contracta; RVOT VTI, right ventricular outflow track velocity time integral; TR,
tricuspid regurgitation; TR Vmax, tricuspid regurgitation velocity maximal; LA, left
atrium; RA, right atrium; RV, right ventricular; EDA, end-diastolic area, ESA, end-
systolic area; EDD, end diastolic dimension; S’, right systolic myocardial velocity;

FAC, fractional area change, IVC, inferior vena cava.
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6.3.9 Anthropometry

Participants in both groups demonstrated similar whole-body composition outcomes
at baseline. Following the ET intervention, no statistically significant changes in body

composition were detected between groups (Table 6.5).

Table 6.5 Body composition derived from dual exergy X-ray absorptiometry.

HIIT group MICT group
Parameter Baseline Follow up Baseline Followup  p-value
Total fat 24.8(20.8to0 26.1(220to 255(21.1to 26.7(22.2to0  0.976
mass (kg) 28.9) 30.1) 30.0) 31.2)
Fat mass 8.0 (6.610 8.4 (7.0to 8.8 (7.3t0 9.2(7.7t0 0.956
index (kg/m?) 9.3) 9.4) 10.3) 10.7)
Total lean 56.1 (51.2to0 56.6 (52.0to 52.7 (47.2to 54.8(49.3t0  0.210
mass (kg) 61.1) 61.6) 58.1) 60.4)

Lean index 18.0(16.8to0 18.2(169t0 18.0(16.6to0 18.8(17.3to  0.147

(kg/m?) 19.3) 19.4) 19.4) 20.2)
BMC (g) 5059 (4303t0 5260 (4483to 5430 (4594 t0 55428 (4581  0.359
5815) 6038) 6265) to 6276)

BMD (g/cm?) 2.01(1.81to 2.03(1.81to 220(1.98t0 2.22(1.99t0  0.996
2.24) 2.24) 2.43) 2.45)

Totalbody ~ 29.2(26.4t0 29.9(270t0 30.1(26.9t0 30.4(27.2to  0.599

fat (% body 32.1) 32.8) 33.3) 33.6)

mass)

Leg BMD 148(0.99t0 1.72(1.21to 2.12(1.58t0 2.17(1.61to  0.356
(g/cm?) 1.97) 2.23) 2.66) 2.72)

179



Leg fat mass

(9)

Leg lean

mass (g)

Leg fat mass
(%)

8.2 (6.3t0
10.2)

16.8 (14.8 to

18.8)

31.9 (27.2 to

36.7)

8.3 (6310
10.3)

16.9 (14.8 to

19.0)

31.1 (26.4 to

35.9)

9.1(6.3t0
10.3)

15.8 (13.6 to

18.0)

32.9 (27.6 to

38.1)

9.6 (7410
11.8)

16.7 (14.4 to
18.9)

31.2 (26.4 t0
35.9)

0.194

0.380

0.480

Data are presented as adjusted marginal mean 95% Cls. p-value for between-group

comparisons calculated as adjusted contrast by LMM. BMC, bone mineral content;

BMD, bone mineral density.

6.3.10

Quiality of life and self-efficacy

HIIT and MICT both improved the physical functioning and role physical domains,

PSC and HDSE (Table 6.6) but there were no significant differences between groups.

Table 6.6 Quality of life and heart disease self-efficacy data

HIIT group MICT group

Domain Baseline Follow up Baseline Followup  p-value
Physical 36.6 (32.1to0 43.7(389t0 36.6(32.1to 43.1(380to  0.816
Functioning 41.1) 48.5)* 41.1) 48.1*
Role 36.7(32.7t0 43.6(39.3t0 36.7(32.7to0 46.8(423t0  0.825
Physical 40.8) 48.0)** 40.8) 51.4)**
Bodily pain  46.0 (41.3to0 489 (43.7t0 415(36.8to 47.1(41.6to  0.527

50.8) 54.2) 46.2 52.7)
General 33.6(26.8to0 38.3(30.8to0 33.6(26.8t0 38.3(30.8to 0.713
Health 40.5) 45.7) 40.5) 45.7)
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Vitality

Social

Functioning

Role

Emotional

Mental
Health

Summary

SCores

PCS

MCS

HDSE

Score

51.1 (44.2 to
57.9)

40.9 (35.5 to
46.3)

55.7 (50.0 to
61.6)

61.9 (56.3 to
67.5)

30.7 (26.3 t0
35.0)

61.5 (55.5 to
67.4)

67.4 (60.0 to
74.9)

56.7 (49.3 to
64.1)

47.1 (41.110
53.0)

53.8 (47.7 to
59.8)

64.0 (58.3 to
69.8)

38.1(33.6 to
42.6)**

61.7 (55.6 to
67.8)

75.8 (68.3 0
83.3)*

53.0 (46.2 to
59.6)

40.9 (35.5 to
46.3)

49.0 (43.2 to
54.8)

56.2 (50.5 to
61.8)

33.4 (29.1 to
37.8)

56.1 (50.2 to
62.0)

69.3 (61.3 to
77.2)

58.0 (50.2 to
65.7)

45.5 (39.1 to
51.8)

49.3 (42.3 to
55.8)

59.7 (53.9 to
65.6)

40.0 (35.4 to
44.6)**

56.9 (50.7 to
63.2)

80.4 (72.4 t0
88.3)*

0.892

0.751

0.400

0.422

0.685

0.853

0.597

Data are presented as adjusted marginal mean 95% Cls. p-value for between-group

comparison calculated as adjusted contrast by LMM. * signifies p < 0.05 and ** p <

0.001 for significant difference compared with baseline values. PCS, physical

component score; MCS, mental component score; HDSE, heart disease self-efficacy.

6.3.11

Biomarkers

HIT decreased CPR, and TG, while CR increased significantly. There were no

changes following MICT. There were no between-group differences following the

exercise intervention (Table 6.7).
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Table 6.7 Haematological and biochemical data

HIIT group MICT group

Variable Baseline Follow up Baseline Follow up  p-value
BNP 404 (252 to 279 (104 to 453) 361 (194t0 236 (48to 0.992
(ng/L) 555) 530) 423)
Hb (g/L) 129 (122 to 135 (128 to 144) 126 (118to 133 (124 to 0.808

136) 133) 143)
CRP 9.1(1.3to 6.8 (-1.3 to 14.9)** 9.1(1.3to0 9.3(1.0to 0.474
(mg/L) 16.9) 16.9) 17.6)
CR 101 (87 to 112 (98 to 126)* 101 (88 to 107 (92 to 0.256
(umol/L) 114) 115) 122)
Chol 4.7 (4.1to 4.3 (3.71t05.0) 3.9(3.2to 39(3.1to 0.386
(mmol/L) 5.3) 5.0) 4.6)
HDL 1.1(0.9to 1.1 (0.9 t01.2) 1.1(1.0to 1.1(0.9to 0.784
(mmol/L) 1.3) 1.3) 1.3)
LDL 2.8 (2.3to 2.6 (2.1t03.1) 2.2 (1.7to 2.2 (1.6to 0.700
(mmol/L) 3.3) 2.7) 2.8)
TG 1.8(1.3to0 1.4 (1.0to 1.9)* 16(1.1to 16(1.1to 0.121
(mmol/L) 2.2) 2.0) 2.1)

Data presented as estimated marginal means with 95% Cls. p-value for between-group

comparison calculated as adjusted contrast by LMM. * signifies p < 0.05 and ** p <

0.001 for significant within-group difference. BNP, B-type natriuretic peptide; Hb,

haemoglobin; CPR, c-reactive protein-serum; CR, serum creatinine; Chol, total

cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG,

triglycerides.
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6.4 Discussion

To our knowledge, this is the first RCT comparing the effects of HIIT versus MICT in
patients with a continuous-flow LVVAD in situ. We observed that HIIT was feasible,
well tolerated and superior to MICT for improving aerobic capacity. This finding
contrasts with previous studies of low to moderate intensity ET in patients with
LVADs, which have failed to demonstrate an improvement in aerobic capacity beyond
that observed in a control group and supports the use of higher intensity ET in stable

patients with LVADs, to optimise cardiorespiratory fitness.

There have been very few RCTs of structured ET in patients with LVADs and none to
date that has found a greater effect of structured ET on aerobic capacity, compared
with a control group.®1° Laoutaris et al.*® prescribed 10-weeks of combined home-
walking, cycling and inspiratory muscle training in patients supported with first-
generation pulsatile LVADs. While VO, peak improved, the change in aerobic
capacity was not significantly greater than a control group who undertook a home-
walking program. Similarly, of the two studies involving participants with continuous-
flow LVADs,2° neither observed a significant difference between the ET and the
control group. These trials also applied low-to-moderate intensity ET, at an intensity

similar to the MICT group in the current study.

LVAD trials (ELEVATE, MOMENTUM 3) have consistently shown marked
6MWTD gains at 6-month post-implantation (>2.5 times pre-LVAD distance).383
However, increases in VO peak have been less dramatic, typically remaining at
approximately 50% of predicted values.***! It has been proposed that while the fixed
pump speed characteristic of current LVADs may provide adequate haemodynamic
support during submaximal exercise, it may be insufficient to meet the metabolic
demands of higher workloads,*>** limiting an increase in VO peak. The ‘ceiling
effect’ on circulatory output*® may also restrict the effect of exercise training on
aerobic capacity, and improvements likely reflecting peripheral adaptations such as
increased oxidative capacity of skeletal muscles. Given the modest increase in VO
peak observed following LVAD implantation, and also moderate intensity training, ET
that specifically targets skeletal muscle oxidative capacity may be the ‘best bet’ to

increase this clinically important physiological parameter.
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In recent years, HIIT has been extensively studied for the rehabilitation of
cardiovascular disease.’****° However, the effects in patients with CHF remain
equivocal. Wisloff et al.'® reported a 46% increase in VO, peak. In contrast, a recent
multicentre trial of HIIT, also in patients with CHF (SMARTEX HF),> reported an
increase of just 8% in VO peak, despite prescribing a similar HIIT protocol. The
magnitude of improvement in VO peak of 17% with HIIT in the current study lies
between these extremes. Several factors may explain the variability in results. The
Wisloff study'® was a single centre trial, with exercise that was closely supervised,
whereas the SMARTEX HF®° study was a multi-centre trial and adherence to both the
HIIT and MICT training protocols was suboptimal; 51% of HIIT participants exercised
below the prescribed heart rate, while 80% of the MICT participants exercised above
their target. The current trial was also closely monitored, with no less than a 1:3
supervisor to participant ratio during exercise sessions, suggesting that close
supervision may be necessary to help patients adhere to the relatively high ratings of
perceived exertion we observed during HIT versus MICT, which can be challenging
to maintain for some people.®® Participants in the current study had all undergone a
standard rehabilitation regimen of supervised, progressive exercise at up to a moderate
intensity for at least 8 weeks post-implantation, which may have reduced the training
response to some extent, leading to a more modest effect of HIIT compared with that
reported by Wisloff et al. Moreover, the differing effects on aerobic capacity may have
been influenced by the aetiology of CHF (all post-myocardial infarction in Wisloff
study), age (approximately 15 years older in Wisloff study) and clinical characteristics
of participants (CHF versus LVAD). Nevertheless, the change in VO2peak in the HIIT
group in the current study is likely to be clinically meaningful. Although no data exist
specifically for patients with LVADs, in patients with CHF a 1.0 mL-kg*-min‘
increase in VO2 peak is associated with an 8% reduction in mortality.® Importantly, we
incorporated a broad eligibility criterion, including patients supported with three
different continuous-flow LVVAD systems currently used in clinical settings, as well as
a broad indication for LVAD implantation (bridge to transplant, eligibility, recovery
and destination therapy) and included patients recently implanted (<10 weeks) and
those on long-term support to ensure that our results are generalisable across a broad

spectrum of patients with LVVADs.
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An important consideration relating to HIIT is safety. A recent systematic review
analysing safety data in patients with coronary heart disease and CHF found only one
SAE related to HIIT (cardiac arrest with successful resuscitation) out of 17,083
training sessions.*® These results suggest that HIIT may be a safe alternative to MICT,
in haemodynamically stable patients exercising in a medically controlled environment.
Although our sample is small, we also observed that HII'T was well tolerated in patients
with LVADs with no SAEs occurring during the 12-week training period. While HIIT
was not associated with any SAE, we acknowledge that the current study did not have
the power to conclusively assess the safety of HIIT and that further research is required
in this setting before the safety of HIIT in patients with LVADs can be stated

conclusively.

There were no significant changes in cardiac function or structure in either group in
the current study. Our observations are in accordance with the majority of previous
trials involving a similar 12-week HIIT protocol in patients with CHF,%%°2%4 a5 well
as a recent meta-analysis.> The exception being the by Wisloff et al.'® which reported
reverse LV remodelling with HIIT. The SMARTEX HF study®® found a modest effect
of HIIT on LVEDD (-2.8 mm), but this was not significantly different to the MICT
group (-1.6 mm). Most studies showing reverse cardiac remodelling with aerobic ET
in CHF patients have involved at least 6 months of training,*®>° so the relatively short
intervention period of the present study may have limited the potential for
improvement in cardiac function in our cohort of LVAD patients. The absence of a
change in cardiac structure and function is supported by no change in plasma BNP

levels, a marker of cardiac hypertrophy and myocardial stretching, in either group.

It has been proposed that the low-pulsatility environment, associated with continuous-
flow LVAD systems might be detrimental to vascular endothelial function.®%” ET has
consistently been found to improve endothelial function in chronic conditions,®>°
including CHF,®° but its impact in patients with LVADs has not previously been tested.
In the present study, we found that endothelial function significantly improved
following MICT but not HIIT, with no differences between groups. This finding is in
agreement with a recent meta-analysis in CHF,%! but in contrast with Wisloff et al.®
who found a greater improvement in endothelial function following HIIT versus the

MICT in patients with CHF. A previous investigation in healthy individuals,®? found
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that moderated intensity aerobic exercise may augment endothelial function to a
greater extent than higher intensity training, because exercise above the anaerobic
threshold may increase reactive oxygen species, which scavenge circulating

antioxidants and ultimately attenuate nitric oxide production.

Considering our findings of a lack of effect of HIIT on cardiac or vascular function, in
the context of the Fick principle, we could deduct that the observed increase in VO,
peak is likely due to peripheral adaptations pertaining to aerobic capacity of skeletal
muscle. It is well established that skeletal muscle oxidative capacity is impaired in
patients with CHF,%® but this only partially improves following LVAD implantation.®*
Aerobic ET has consistently been found to improve skeletal muscle ultrastructure,
oxidative capacity and function in patients with CHF,%>% including through increased
mitochondrial volume and enzyme density,%® and a shift to a greater proportion of
oxidative muscular fibres,®® adaptations which have correlated with changes in VO2
peak.®>’ Although we didn’t measure skeletal function in the current study, we
speculate that HIIT may have enhanced the intrinsic ability of the skeletal muscle to
extract and utilise oxygen to a greater extent than MICT, resulting in the observed

increase in VO, peak. This hypothesis remains to be confirmed by future studies.

Reduced skeletal muscle mass also contributes to exercise intolerance in CHF,”*"® and
is a strong prognostic indicator.”* Given the cachexia experienced by patients receiving
LVADs® ", restoration of skeletal muscle strength and mass is an important clinical
outcome in these patients. Combined HIIT and resistance training has been found to
provide a greater increase in muscle strength than HIIT alone in patients with CHF.™
Therefore, we included an identical resistance training component for both groups,
consistent with best-practice exercise prescription.”” While there was no change in
either whole-body or leg muscle mass following either training intervention, leg
strength significantly improved in both groups to a similar extent, suggesting that HIT
did not provide additive to strength compared with MICT. In the absence of muscle
hypertrophy, the observed improvement in strength likely reflects neural™
adaptations. This finding is consistent with previous studies in patients with CHF,
which have reported an increase in muscle strength after 12 weeks of resistance

exercise, despite no change in skeletal muscle mass.’®"®
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Following LVAD implantation, patients experience clinically relevant improvements
in QoL, mainly attributed to enhanced physical function.®#! However, QoL remains
impaired compared with healthy, age-matched individuals and patients following
cardiac transplantation® but may be further improved by ET.8% In the present study,
we found an improvement in several QoL domains related to physical health with ET,
but no difference between MICT and HIIT. In contrast, no changes in the mental health
component were observed. Our results concur with those of a recent meta-analysis in
CHF,® which reported that structured and supervised training improves QoL,
independent of the intensity of exercise. Of the RCTs to date evaluating ET in
LVADs,®1 only the study by Kerrigan et al.® has shown a significant difference
between the ET and the control group in QoL, as assessed by the Kansas City
Cardiomyopathy Questionnaire. We also assessed whether training improved exercise
self-efficacy, a key determinant of self-care in CHF,3* as well as long-term compliance
with exercise recommendations.® Similar to QoL, self-efficacy was improved in both

groups, but no difference existed between groups.

The current study has some limitations that warrant highlighting. Firstly, several
participants who enrolled in the trial were lost to follow-up, predominantly due to
cardiac transplantation before they completed the intervention. The characteristics of
these participants were similar to those who completed the study, so it is unlikely that
this would have created bias. While this reduced the sample size and compromised the
power to detect changes in some of the secondary outcomes, in the final analysis, we
had a similar numbers of participants to previous ET trials in patients with an LVAD,®
10 and we were able to address our primary hypothesis comparing the effect of HIIT
versus MICT on VO peak. While our findings should be confirmed in larger trials, the
current research provides a valuable ‘proof of concept’ for the prescription of HIIT in
clinically stable patients with an LVAD in situ. This study only involved patients
implanted with HeartWare, HeartMate Il and HeartMate 3 LVADs and therefore the
findings should not be extrapolated to patients with other types of LVADs. Total
energy expenditure was not matched between training protocols in the current study
because we elected to apply a pragmatic study design that matched training protocols
for total exercise duration, acknowledging that time is a well-documented factor
limiting attendance at cardiac-rehabilitation sessions.®®8” Finally, it is important to

note that HIIT was performed in a closely supervised environment in a hospital-based
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gymnasium and these findings may not necessarily translate to an unsupervised or non-

clinical setting.

To conclude, in this preliminary trial of HIIT in patients with LVADs, we found that
12 weeks of HIIT was well-tolerated and resulted in a greater increase in aerobic
capacity than MICT, which has typically been applied in the rehabilitation of these
patients. In the absence of significant changes in cardiac structure and function, it is
likely that the improvement in aerobic capacity occurs as a result of skeletal muscle
adaptations, however future studies that directly assess muscle metabolomics are
required to confirm this hypothesis. These findings should encourage rehabilitation
providers to prescribe exercise at higher intensities for clinically stable patients with
LVADs, once an initial period of low to moderate exercise has been successfully

completed.
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Chapter 7 General discussion

7.1 Introduction

This thesis examined the impact of third generation, continuous-flow left ventricular
assist device (CF-LVAD) implantation on daily physical activity (PA) levels, and the
acute and chronic responses to exercise. To achieve these objectives, four experimental
studies were conducted. The first study (Chapter 3) evaluated how LVVAD implantation
affects aerobic capacity and daily PA levels compared with well-matched patients with
chronic heart failure (CHF) without mechanical circulatory support. Chapter 4
assessed the cerebrovascular responses at rest and during exercise in patients with
LVADs in comparison with matched patients with CHF and healthy controls. In
Chapter 5, the effects of 12-weeks of supervised exercise training (ET) on
cerebrovascular function during exercise were evaluated in patients with LVADs.
Lastly, a randomised controlled trial (RCT) was conducted to evaluate the effects of
different ET intensities on aerobic capacity, cardiovascular and functional outcomes
in patients with LVADs (Chapter 6).

In the present Chapter, a summary of the overall findings from the project is provided,
along with implications for clinical practice. Following the main summary, the
limitations of the thesis are discussed. Finally, the general conclusions of the research

project are presented along with future research considerations.

7.2 Summary of key findings

In the present thesis, there are several key findings to highlight. In Chapter 3, we
observed that patients implanted with an LVAD undertake higher levels of daily PA
compared with well-matched patients with advanced CHF, without mechanical
circulatory support. This is likely attributed to an augmented peak oxygen uptake post-
LVAD implantation. Chapter 4 revealed that patients with advanced CHF, either on
LVAD support or not, exhibit cerebrovascular dysfunction during rest and exercise

relative to age-matched healthy individuals. However, patients supported with an
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LVAD had enhanced resting volumetric cerebral blood flow (CBF) compared with
patients with CHF, but no LVAD. This difference was also evident during incremental
aerobic exercise. In Chapter 5, we found that the cerebrovascular function of the
internal carotid artery (ICA) during exercise was improved followingl2-weeks of
supervised ET. This was associated with an improved partial pressure of end-tidal
carbon dioxide (PerCO>), suggesting that improved exercise ventilation may be a
possible mediator for the change in cerebrovascular function post ET. In Chapter 6,
we observed that high-intensity interval training (HIIT) was feasible, safe and superior
to the conventional approach to ET in patients with LVADs, involving moderate-
intensity continuous training (MICT). Taken together, our findings indicate that
LVAD implantation provides clinically relevant benefits for the rehabilitation of
patients with advanced CHF, and in combination with comprehensive, structured and
supervised ET, functional and haemodynamic outcomes can be further improved, with
higher intensity exercise appearing to be more effective than moderate intensity.

7.3 What does this thesis add to the existing body of
scientific literature?

Currently, the literature investigating PA in patients with LVADSs remains scarce, as
only three previous studies have been conducted. An early study? reported that patients
with LVADs continue living a sedentary lifestyle, engaging only in low-intensity PA.
More recent studies have observed that while LVAD patients augmented their daily
PA during the initial recovery period post-implantation (<3 months), it plateaued after
this point.2® Jakovljevic et al.® found that patients with LVADs engaged in similar
habitual PA levels compared with patients with advanced CHF not undergoing LVAD
support. This finding suggested that LVAD support does not improve PA levels,
however, the CHF control group in this study had a peak oxygen consumption (VO,)
above the cuff-off value for cardiac transplant, suggesting they were not well-matched
at baseline for disease severity and had an aerobic capacity more akin to that observed
following LVAD implantation. Moreover, only male participants were included in the
study, and participants were only implanted with a HeartWare device. As such, the
generalisability of these findings are limited and should be interpreted with caution.
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In order to make our sample generalisable to a broader cohort of patients implanted
with LVADs, we included female patients, indications for implantation across the
spectrum of clinical management (i.e., as a bridge-to-transplant, destination-therapy,
bridge-to-recovery and bridge-to-eligibility), as well as three different third-generation
CF-LVAD models (HeartWare, HeartMate Il and 3) in our sample. In contrast to
Jakovljevic et al.,® we found that patients with LVADs achieved significantly higher
daily PA levels compared with patients with advanced CHF, who were well-matched
for CHF severity, age and sex. This was predominantly due to the LVAD group
engaging in a higher volume of moderate-intensity exercise compared with the CHF

group.

In line with previous studies,*° participants in the LVAD group had a VO, peak 52%
higher than the CHF group. It is likely that this higher aerobic fitness translates to an
improved capacity to perform activities at a lower relative percentage of maximum,
making it less demanding and reducing thus symptoms of breathlessness and fatigue.
Indeed, we found a positive correlation between VO peak and PA levels, in agreement
with Granegger et al.> These findings supports the notion that aerobic capacity is an
important determinant of PA in patients with advanced CHF. Furthermore, we also
found that LVAD implantation was associated with an increased quality of life (QoL)
related to physical health, consistently with previous reports.*®” Another important
determinant of PA in CHF that has been proposed is self-efficacy.® In our study, we
found a positive association that approached statistical significance. Further studies

involving a larger sample size are needed to clarify this relationship.

In the general population, low PA levels have been shown to be an independent
predictor of all-cause mortality and cardiovascular events.® Similarly, recent evidence
in patients with CHF suggests that PA levels strongly predict prognosis.'®!* Likewise,
engaging daily in PA decreases disease progression and loss of independence, while
improving functional capacity and QoL.*2** However, despite the general awareness
of the PA guidelines,'® a considerable proportion of patients still fail to meet these
recommendations. While exercise intolerance is an important limitation for these
patients that must be acknowledged, sedentary behaviour should be avoided.® It is
suggested that, in addition to routinely attending ET programs as an integral part of

cardiac-rehabilitation, daily PA outside the gymnasium should be considered as an
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adjunctive therapy, and prescribed accordingly. Because PA is also involved during
activities of daily living, such as routine domestic chores, taking stairs instead of an
elevator, going for regular walks, etc., incidental activities such as these should be
further promoted to encourage patients with CHF, with or without an LVAD, to
achieve PA requirements. Research has shown that in order to be effective, advice
should be individualised to the patient's preferences and capacities, structured,
specific, measurable and achievable.®'” We propose that medical, nursing and allied
health providers in CHF management teams and rehabilitation programs can play an

important role in promoting PA.

Chapter 4 focused on the cerebral haemodynamic response to acute exercise. Previous
research has shown that CBF is reduced in patients with mild through to advanced
CHF'20 and is proportional to disease severity.’®® These patients also exhibit
impaired cerebral autoregulation.?! Although no study to date has directly compared
cerebral autoregulation pre- versus post-LVAD implantation, two studies?>?® found
that patients with LVADs show virtually identical indices of cerebral autoregulation
to age-matched healthy controls. This suggests that LVAD implantation may
normalise cerebral autoregulatory function. However, it is unclear the extent to which
cerebral perfusion is impacted in patients with LVADs. Brassard et al.?* reported that
resting cerebral perfusion in LVADs was only 80% of that in normal subjects,
however, no control group was included. Conversely, a more recent study conducted
by and Cornwell et al.® found that resting CBF in patients with LVADs was
comparable to age-matched healthy individuals, suggesting that LVAD implantation

may normalise CBF, at least under resting conditions.

These studies only measured cerebral perfusion at rest, and there is currently a paucity
of information regarding the effects of CHF on the cerebral haemodynamics during
exercise. Fu et al.?® initially showed that patients with CHF exhibit an abnormal
cerebral oxygenation response to aerobic exercise. In patients supported with LVADs,
Brassard et al.?* observed that middle cerebral artery velocity (MCAv) LVADs
remained unchanged during exercise, while the normal response is to increase up to
60-70% of VO, peak, followed by a plateau.?’” However, when LVAD pump speed
was manipulated to increase gradually during exercise, participants experienced a

significant elevation in MCAwv. Although this response did not achieve normal levels,
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it was significantly improved. These findings suggest that cardiac output (CO) is an
important determinant of cerebral perfusion during exercise in patients with LVADs.
In our study, we followed the recommendations suggested by Brassard and
Gustafsson?® for conducting an integrative assessment of the cerebrovascular function,
including the monitoring of intra- and extra-cranial arteries from both the anterior (i.e.,
MCA / ICA) and posterior circulation (i.e., posterior cerebral artery [PCA] / vertebral
artery [VA]). To our knowledge, our study is the first to compare novel volumetric
CBF responses to acute exercise in patients with advanced CHF, patients implanted
with an LVAD, and healthy subjects, who were age- and sex-matched. Consistently
with Cornwell et al.,® we found that patients with L\VVADs had similar CBF to matched
healthy controls at rest. Whereas those with CHF (but no LVAD support) had a
lowered resting CBF. During exercise, however, we observed that patients with
LVADs exhibited impaired anterior and posterior cerebrovascular responses and they
did not increase as a function of exercise intensity. Furthermore, exercise-induced
shear-stress in the extracranial artery did not cause significant vasodilation in the CHF
nor LVAD group. Therefore, while LVAD implantation may normalise cerebral
perfusion at rest, it does not fully compensate for the haemodynamic requirements

during incremental exercise.

In Chapter 5, we tested whether ET could improve cerebrovascular dysfunction that
patients with LVADs experience during exercise. To the best of our knowledge, this
is the first study to evaluate this. We found that a supervised and comprehensive 12-
week ET program, involving aerobic and resistance exercises, significantly improved
cerebrovascular parameters during exercise. At rest, we noted an increased ICA
diameter following ET, but not flow, while PCAv decreased. However, the PCAv
response during incremental exercise was mitigated following training. Likewise, ET
resulted in a ~5-10% increase in ICA blood flow during submaximal exercise (20-60%
VO, peak). Our results suggest that ET may improve cerebrovascular endothelial
function during exercise, at least in the extracranial arteries. The increase in CBF
during exercise was associated with an enhanced PerCO2 response to exercise. Further
research is required to elucidate the relationship of this ventilatory parameter and
cerebral haemodynamics during exercise in patients with LVADs. Although no
statistically significant relationship was found between the change in VO_ peak and

CBF parameters, positive correlations were detected at baseline (pre-training) between
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VO, peak and CBF parameters (ICA velocity, flow and PCAv) both at rest and during
submaximal exercise. The lack of a significant difference may relate to the modest
sample size, as four participants were lost to follow-up. Thus, our findings support
Brassard’s theory?® which proposes that cerebral hypoperfusion may be a contributing

factor for exercise intolerance in patients with CHF.

The underlying mechanisms of cerebral hypoperfusion during exercise for people with
CHF and those supported with an LVAD remain unknown. It seems evident that CO
is a major determinant, however, CBF regulation is multifactorial, as arterial blood
gases, blood pressure, neurovascular metabolism, autonomic neural activity also play
a role.?” Because exercise affects all these factors and their interactions,?® particularly
in the setting of CHF, there are several aspects to consider. Firstly, vascular endothelial
cell dysfunction has traditionally been linked to systemic vasoconstriction, which may
be aggravated following LVAD implantation.®*3! This has been attributed to arterial
baroreceptor unloading induced by the lack of physiological pulse and LVAD-induced
hemolysis.®>% It also should be noted that chronic exposure to high blood pressure
may promote remodelling of the cerebrovasculature,® including vessel hypertrophy
and increased cerebrovascular resistance,3* which may result in impaired vasodilatory
capacity. During exercise, the blunted ventilatory response (elevated VE/VCO>) that
these patients commonly experience may further contribute to vasoconstriction of the
cerebrovasculature,?® prompted by diminished partial pressure of carbon dioxide.?*3°
It remains unclear the specific role of increased sympathetic nervous system activation
in relation to cerebral perfusion. Given that patients with LVADs have a markedly
increased sympathetic tone,® it has been proposed that it may provoke
vasoconstriction of the cerebral vascular beds,**” and subsequent reduction in CBF.
However, animals models have suggested that sympathetic mediated vasoconstriction
could also act as a protective mechanism by preventing overdistension of the brain
vessels during dramatic acute changes in blood pressure.®® This notion partially
explains why cerebral autoregulation is preserved following LVAD implantation.
Thus, whether increased autonomic tone associated with CHF, and even more
pronounced in patients with CF-LVADs* is beneficial for CBF regulation, and
whether it may impact significantly on cerebral haemodynamic during exercise

remains to be determined.
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Cerebrovascular dysfunction may have important clinical implications for patients
with CHF. Because the brain cannot store energy reserves, it is dependent on
functional hyperaemia to match the local energetic demands induced by neural
activity.340 Thus, any alteration or disruption of CBF may implicate severe damage
in the regional cells. Apart from potentially contribute to exercise intolerance, a
mounting body of evidence suggests that cerebrovascular alterations may be involved
in amyloid-B plaques and hyper-phosphorylated tau peptides accumulation, identified
biomarkers in the pathogenesis of vascular cognitive decline.***® Although a recent
study** found that LVAD implantation improves cognition, and this may be directly
related to the improvements in cerebral perfusion from augmentation of cardiac output;
the incidence of cognitive decline in this cohort remains relatively high, especially in
those supported as destination therapy.*® Additionally, cerebrovascular dysfunction
may account for the development of adverse neurological events, such as ischemic or
haemorrhagic stroke, which are a leading cause of death for patients with LVADs.*
Interestingly, risk factors for vascular cognitive decline and stroke overlap,*’ such as
hypertension, smoking, diabetes, obesity and low levels of PA, supporting the concept
of a shared predisposition. Of note, Teuteberg et al.*® observed that having a mean
arterial pressure >90 mmHg (at rest) was associated with a higher prevalence of
cerebrovascular accidents in patients with CF-LVVADs. This finding is not surprising,
given that hypertension is also a risk factor of stroke for the general population.
Therefore, maintaining mean arterial pressure <90 mmHg may be an important

mitigation strategy to prevent serious neurological events in patients with LVADs.

Whether the lack of physiological pulse increases the likelihood of adverse
neurological events remains a topic of debate.**>° While Cornwell?® argued that brain
physiology in patients with LVADs is not dissimilar to healthy individuals with normal
pulsatile circulation, because cerebral autoregulation and perfusion is preserved
regardless of the pump type used (pulsatile- or continuous-flow); the high occurrence
of cerebral microbleeds®® suggests a problem with the endothelial cell function®?
and/or with the neurovascular coupling.*® In fact, patient with pulsatile-flow pumps
exhibit reduced endothelial dysfunction compared to those with CF devices,>? which
may be reversible with cardiac transplantation,® highlighting the relevant role of
repetitive physiologic increases in blood flow for vascular reactivity. Another factor

that compounds endothelial cell dysfunction and inflammation may be the elevated
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shear forces generated by LVADs that utilise rotary pumps, in which haemolysis
occurs and platelets activate. This liberates free-haemoglobin and microparticles in
plasma, increasing nitric oxide scavenging capacity.>® These findings suggest that
pulsatility may play a vital role in the vascular health and function and may be directly

related LVAD complications.

Thus, there might be several factors involved in cerebral complications for these
patients, including acquired von Willebrand syndrome, excessive anticoagulation and
antiplatelet therapy, chronically elevated arterial pressure, L\VAD-induced haemolysis
and -related infections.>** The potential interactions between cerebrovascular
dysfunction and the pathophysiology of stroke and cognitive decline warrants
additional investigation. While there is a lack of understanding and hence lack of
treatment, our findings suggest that LVAD therapy coupled with exercise training may
mitigate the cerebrovascular alterations that patients with CHF experience. Therefore,
long-term exercise programs and incidental PA may be a promising approach to
maintain or even improve cerebrovascular health and brain function with a reduction

in subsequent adverse clinical outcomes in this patient population.

Lastly, we conducted an RCT to test the effects of different ET intensities in patients
with LVADs. For the first time in this clinical cohort, we showed that HIIT was
feasible and superior to the conventional approach of MICT for improving VO2 peak
(17% vs. 6%). This was an interesting finding, and when viewed in concert with
previous trials in patients with CHF,%8 suggests that HIIT could be applied as a
means to further improve aerobic capacity in patients implanted with LVADs. To date,
only three RCTs involving an exercise intervention have previously been conducted
in patients with LVADs. All of these failed to show a positive effect of the ET
intervention on aerobic capacity compared with the control group.®®-¢ These findings
may have been influenced by small sample sizes, short intervention periods and/or
suboptimal training protocols. However, ET has consistently been shown to improve
VO, peak, QoL, as well as the risk of all-cause hospitalisation and death in patients
with CHF.%2%* Therefore, although these studies of ET performed to date in patients
with LVADs have provided valid and useful data for practice, the question of whether
HIIT is more effective in patients with LVADSs has not previously been addressed.
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For clinically stable patients with CHF, the conventional mode of aerobic exercise
prescription has been MICT.®%% However, recently, a growing body of evidence has
suggested that the magnitude of improvement across a range of physiological
measures, including VO peak, may be dependent on the underlying intensity of the
exercise performed.®®®” In a meta-analysis® that compared the effects of three
different ET intensities (i.e., high, moderate and low), VO, peak was found to improve
by 23%, 16% and 7%, respectively compared with a control group. In keeping with
this notion, Udin et al.%® performed a meta-regression analysis and confirmed that ET
intensity was associated with the degree of increase in VO peak. Furthermore,
separate meta-analyses’®’2 of RCTs over recent years have consistently found HIIT to
be superior to MICT for improving VO peak. Taken together, these findings highlight
the importance of ET intensity for the rehabilitation of patients with CHF.

Notwithstanding the potential benefits of HIIT, it needs to be balanced against the
safety risk. Since higher exercise intensity demands higher myocardial oxygen
consumption,” many health care professionals remain cautious about HIIT. For
example, in a systemic review’* evaluating the safety of a single acute HIIT session in
patients with metabolic and cardiovascular disease, including CHF, an adverse
response incidence rate of 8% of sessions was reported. Although the majority of these
occurrences were not severe (i.e., ventricular bigeminy, self-terminating myocardial
ischaemia, asymptomatic atrial tachycardia), it highlights the importance of close
supervision during and following this type of training. Conversely, a more recent and
larger systemic review that considered safety data of HIIT in patients with coronary
artery disease or CHF,” found only one serious adverse event out of 11,333 hours of
training. Importantly, this adverse event occurred during the participant’s first week of
training, suggesting it may be prudent for patients have had a lead-in period of
moderate-intensity exercise prior to commencing HIIT. In the current project
involving patients with LVADs, all participants had undergone at least 8 weeks of
standard rehabilitation at up to a moderate-intensity. Although the sample is small, ET
was well-tolerated and safe overall, with no serious adverse events occurring in either
training group. While this study was not designed or powered to assess the effects of
HIIT on clinical events, it suggests that HIIT may be relatively safe to conduct for

patients with LVADs within a clinically supervised setting. Future multicentre RCTs
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involving a larger sample size are needed to more comprehensively evaluate the safety

of HIIT in patients with LVADs, but these findings are promising.

In contrast to the significant effect of HIIT on VO peak, no statistically significant
differences were found between HIIT and MICT on secondary outcomes (cardiac
function and structure, endothelial function, submaximal exercise capacity, muscle leg
strength, body composition, QoL and biomarkers). Given the relatively small sample
size of the study, these findings should be interpreted with caution. However,
significant within-group improvements were noted in both training groups, in
submaximal exercise capacity, muscular leg strength, vascular endothelial function,
QoL domains related to physical health and self-efficacy. These findings highlight the
important role of ET for the rehabilitation of patients with LVADs.

There was no improvement in cardiac function or structure suggesting that similar to
patients with CHF,”* training-induced improvements in VO_ peak are likely to be
predominantly the result of peripheral adaptations. However, future trials are needed
to more specifically elucidate the mechanisms of improvement in aerobic capacity
with ET in patients with LVADs.

7.4 Limitations

There are several limitations associated with this project that warrant consideration.
Although a broad eligibility criteria was applied to all the studies included, our
recruitment pool was limited to patients implanted with only three models of CF-
LVADs (HeartMate 11, HeartMate 3 and HeartWare), and therefore, our findings may
not be applicable to patients with other types of LVADs.

It is also important to acknowledge the relatively small sample size in the project,
especially in relation to determining the superiority of one ET intervention compared
with another. As a consequence, some of the findings, especially those when no
significant difference was found, must be interpreted with caution and require
replication in larger trials with increased power. However, this was essentially a pilot
study to test novel concepts in a unique and relatively small (but growing) patient
cohort, which we hope will stimulate further research in the exciting area of

rehabilitation of patients implanted with LVADs. A further limitation of the small
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sample size was that it was not possible to conduct sub-group analyses between LVAD
types, which would have provided an interesting insight with any differences that

might exist in the response of different LVADSs to exercise.

Specifically for Chapter 3 and 4, we applied a cross-sectional design. The lack of pre-
LVAD assessment on daily PA levels or CBF, respectively, limits our understanding
of the direct effect of LVAD implantation on these outcomes. However, the feasibility
of doing this would have been challenging given that a substantial proportion of
patients receive an LVAD as emergency cases, while for others the decision for LVAD
implantation is made once the patient is severely ill and hospitalised, or undergoing
advanced medical treatment, which limits the patients capacity to participate in trials
of the type undertaken in this thesis. Accordingly, a pre-post design would have
restricted our recruitment of subjects and further compromised our sample size. It is
also important to acknowledge the lack of a control group in Chapter 5, which restricts
the interpretation of findings due to the inability to distinguish the impact of ET from

the natural course over time.

7.5 Conclusions and future research directions

The findings from the present thesis by research highlight the critical role of LVAD
therapy in functional rehabilitation, and the extent to which exercise impacts acutely
and chronically on exercise physiology in these patients. In summary, several findings

deserve remark.

Firstly, patients supported with an LVAD engage in higher daily PA levels compared
with well-matched patients with advanced CHF without mechanical circulatory
support, beyond the initial post-surgical recovery period. This seems to be related to
an improved VO peak post-LVAD. Our findings highlight the beneficial role of
LVAD implantation for the functional rehabilitation of these patients. In addition to
aerobic fitness, improving self-efficacy may be an important target. Future research
studies need to perform longitudinal assessments in patients before and after LVAD
implantation to clearly determine its impact on PA levels over time. Moreover, a better
understanding of the determinants of PA is needed with the aim of developing
strategies to optimise PA levels in this clinical cohort.
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Secondly, LVAD support may normalise cerebral perfusion at rest. However, during
exercise, it is significantly attenuated, and in common with unsupported patients with
advanced CHF, there seems to be inadequate compensatory augmentation in CBF to
cope with the increasing demands of exercise. These findings suggest that
cerebrovascular dysfunction persists despite LVAD support. An integrative
assessment of global CBF, monitoring two arteries from the anterior circulation (ICA
and MCA) and two from the posterior circulation (PCA and VA), in conjunction with
CO and expired gases analyses is needed to formally delineate the precise mechanisms
that regulate cerebral perfusion at rest and during different forms of acute exercise
(i.e., aerobic and resistance). Since patients with LVADs have a marked increase in
sympathetic nervous system activation, future studies are required to examine the
extent to which autonomic function affects the brain physiology during exercise and
its relation to neurological events. Furthermore, whether added pulsatility per se has a
direct and beneficial impact on the cerebrovascular and peripheral endothelial function

remains unresolved.

Thirdly, ET may improve cerebrovascular function during exercise in patients with
LVADs. However, future randomised controlled trials are needed to confirm our
preliminary findings. ldeally, these should involve larger samples, longer intervention

periods and include peripheral vascular outcomes.

Lastly, we found that for patients with LVADs, HIT may be feasible, safe and superior
to MICT for improving aerobic capacity. While these findings need to be replicated in
larger multicentre trials that include longer follow up periods to confirm the
effectiveness and safety of this training mode in this clinical cohort, they are
encouraging findings. The largest ET study to date in patients with CHF (HF-
ACTION),’® found that a 6% increase in VO, peak conferred a 7% lower risk of all-
cause mortality. Although there are currently no studies documenting the prognostic
relevance of aerobic capacity in patients with LVADs, it is highly conceivable that
patients with a higher VO peak may have a survival advantage over those with a lower
VO, peak.

There continues to be many important objectives and challenges related to
understanding exercise physiology in patients with LVADs and how it relates to

rehabilitation in this interesting patient cohort. Some of the important issues include:
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1. A better understanding of barriers, facilitators and potential limitations for PA
in patients with LVADs, and to develop effective strategies to optimise daily
PA levels.

2. How time on LVAD support impacts the main physiological paramters (i.e.,
cardiac function and strcuture, vascular function, skeletal muscle metabolism,
etc.).

3. The need to develop exercise prescription recommendations and guidelines
specifically for LVAD patients.

4. An improved understanding of the pathophysiology of advanced CHF, how
this is improved with LVAD implantation, the residual effects of the ‘CHF
hangover’, and a better understanding of the physiology associated with the
low pulsatility environment in patients with LVADs.

5. Mechanistic insight into exercise intolerance and training-induced adaptations,

especially in the periphery, in patients with LVADs.

It is hoped the projects undertaken in this thesis will form the foundation for future
research in these and other areas, that ultimately lead to improved rehabilitation
strategies for patients with LVADSs, and help them to live with better physical function

and improved QoL.
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Appendix B Ethical and site-specific
assessment authorisation at
Fiona Stanley Hospital

B.1  Ethical approval

Department of Health

Equ Govarnment of Waestern Australia
_Ale L. South Metropolitan Health Sarvice

Royal Perth Hospital
Human Research Ethics Committee

4 December 2015

AfProf Andrew Maiorana
Drepartment of Allied Health

Fiona Stanley Hospital
Drear Andrew

Project Title: The effects of different intensity exercise training in patients with left ventricular assist
devices: a multicentre, randomized, control trial.

HREC Reference: REG 15-164

The ethics application for the project referenced above has been approved by the RPH Human
Research Ethics Committee (HREC).

Approved documents:
PISCF Study 1

PISCF Study 2
Research Proposal

This approval is valid to 4 December 2018 and on the basis of compliance with the ‘Condiiona of
HREC Apprval for a Ressnrch Projeot’ (wiitached).

The nominated participating site(s) in this project isfare:
» Fiona Stanley Hospital
If additional sites are recruited prior to the commeneement of, or during the research project, the

Coordinating Principal Investigator is required to notify the HREC. Notification of withdrawn sites
should alzo be provided to the HREC in a timely faghion.

walg This project cannot proceed at any site until separate
srte ﬂ.l.lthorlsﬂtlun has I:lem obtamed from the CE, or delegate, of the site following Site Specific
Assessment by a Research Governance Officer.

The RPH HREC is registered with the Australian Health Ethice Committee and operates according
to the NHMRC Mational Statement on Ethical Conduct in Human Research and Intemational
Conference on Harmonisation — Good Clinical Practice.

Should you have sy querias slout the HREC's congiderabon of your projsst, please contact the
HREC Adminkiratva Offoar on 6151 1180. Tha HREC s Tamw of Referencs, Standand Opamting
Procedures, membership and standard forms are available from the SIRO Research Ethics &
Govemanoe Unit or from the website

Southern Integrated Research Organisation (SIRO)
Locked Bag 100, PALMYRA DC WA 6961

Telephone: 08 6151 1180

Email: SMHS _REG@health wa_gov_au
www_southmetropolitan_health wa_ gov.au
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Yours sincersly

PROF FRANK VAN BOCKXMEER
CHAIRMAN ROYAL PERTH HOSPITAL HUMAMN RESEARCH ETHICS COMMITTEE
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B.2

Site-specific assessment authorisation

1 Government of Western Australia FIONA \‘J
]. 3 Department of Health STAIEJI E ‘.
K~ hospital

I Erquines - (0&; £15° 1180

Associate Professor Andrew Maiorana
Advancad Heart Failure and Transplant Service
Fiona Stanley Hespital

11 Rabin Warren Drive

MURDOCH WA 6150

Dear Associate Professor Maicrana

Project Title: The effects of different intensity exercise fraining in patients with lelt venlicular assisl
devicas: a mullicenire, randomized, control trial,

Protocol No: Version 2D

HREC Reference: 2015-164

On behalf of Fiona Stanley Hospital, | give authorisation for your research project to be conductad at
Fiona Slanlay Hospilal.

The documents approved for use af site are those approved by the HREC In the letter dated 25 August
2016:

Approved document(s) 7 1

» Research Protocol Version 2D
» Flona Stanley Hospital Sile Parlicipan! Informalian and Consent Form Version 2e dated 29
August 2016 based on Master Participant Information Sheat and Consent Form Version 2d

This autharisation is based on the approval trom the Royal Perth Hospital Human Research Ethics
Committiee and the review frem the Research Governance Office. Thig authorigation is valid subjecl o
the ongoing approval from the HREC, and on the basis of compliance with the 'Conditions of Site
Authorigation to Conduct a Research Project’ (attached) and with the campliance of all reports as
required by the Research Governance Office and approving HREC. Noncompliance with these
requiraments could result in the authorigation teing wilhdrawn,

The responsibilily for the conduct of this project remains with you as the Principal Investigator at the
site,

Yours sincerely

Dr Paul Mark
AJEXECUTIVE DIRECTOR

2]
A

August 2016

. Telephone

www.fsh.health.wa.gov.au
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B.3

Extension approval

}::-_";,L Zowernren of Western dusiralis
! Easzl Molropelitan Heallh Scmvice
=1 0

15 October 2018

Assoc Professor Andrew Maiorana
Advanced Heart Failure and Transplant Service
Fiona Stanley Hospital

Dear Assoc Professor Maiorana

Project Title: The effects of different intensity exercise training in patients with left
venticular assist devices: a multicentre, randomized, control trial.

REG Number: 2015164

HREC: Royal Perth Hospital Human Research Ethics Committee (EC00270)

Site: Fiona Stanley Hospital

The following amendment/s (and associated documents) have been approved by the HREC:

Amendment/Documents

Extension of Approval:

Hew Approval Date: 04/12/2021

Please submit a copy of this approval letter to the Research Govemnance Office at parficipating sites.

Yours sincerely

SUE WALLACE
Delegate of the Chair
Royal Perth Hospital HREC

Research Ethics & Governance

Level 2 Kirkman House, Royal Perth Hospital, GPO Box X2213 Perth WA 6847
Telephone: (08) 8224 2260 / (08) 9224 2202

Email: EMHS. REGEhealth wa.gov.au
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B.4

MEMORANCUM % )

Curtin University reciprocal approval

To. ‘#fPraf Andrew Maiorana
. Dfflce of Resaaich and
Scheol of Physiotharaty and Fxere se Soience LIEn IOpTENL
Humzn feszassh Zthizs Mfficg

[aled Mecho Moreno Siarse

e . “ELEPAQME J2EE 2154
- . ” . =ACSIMILE JAGE 3793
Fram Frofesacr I'-‘éier 'Leary, Cheir HRED EMAIL  hrec@eutnod:s o

Subjzul | Reciprocal etics approvel

Approval aumber HR1 a0 6

Dats 20-Jan-16

Tramk yad far yous applestion submitted {2 {he Human Rezearch Exhics Cifice for the nraject: 5244

Tha effects of differant intanzity exercise in patientz with e veatricular assist devices: a multicentre,
raadomized, contiol trial

Your application has hesn approved throagh Codin Lniversity Homan Reseanh £thlzs Commlbes (HRECH
through & reciproesl spproval process with the lead FRED.

RPH Human Research Sthice Commidas ECILZT0

The leao | RLEC far hig project has been idenified as

Acproval numcar from ire lead HREC is nated 2s: REG 13-164

Fipase 1o1a tha folawing conditions of approval

Bhould you have Sn
Officer for your fa
rosaaren ctivics fo

Yours sincersly,

Profassor Pate

1. Aazreval is granted from 21-Jan-18 o i:lf-!:)elc-l"llg

2. Rgazarch must be condupisd a3 staved in the gpproved protoco..

3. Aqy amendments to the aperoved protacol must be 2ppraved by the Ethics Qifice.

4. A1 annual progress report ryst ne submited 1o the Ethics Qffice snnually, on the anniversary of
approvsl.

5. A adverse avents must bs reported ta the Ethics Offics.

f. & nomplatlan repar: muwzt ba submittad to the Etbics Offica an completion of she project.

7. Data must b2 stored in accordance with WALISDA and Cutin Lniversity paliny.

8. I'he kth.os Hiee may conduet 2 raaZomly ideqtiied audit of a proporion of “egearch orojects
approved oy the HREC.

Lerdzs abaut tha considaration of paur projec: please contact the Ethics Support
aFtne Ethics Office al hreci@ourin.edu.au or o D2ZEE 2724 All human
d G Zelince are availasle oo dhe edhics weheite.

" —
(heir. Haoman Hiyﬁ; Comertiee
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Appendix C Ethical and site-specific
assessment authorisation at
participating sites

C.1  Ethical approval at Alfred Hospital Human
Research Ethics Committee

theAlfred

ETHICS COMMITTEE CERTIFICATE OF APPROVAL
This is to certify that
Project No: HREC/18/Alfred/119 (Local Reference: Project 207/18)

Project Title: The effects of different intensity exercise training in patients with left ventricular assist
devices: & mulicentre, randomized control trial

({Coordinating) Principal R s: Ms Louise Fuller & A/Prof Andrew Maiorana

was considered under the Consultafive Gouncil for Glinical Trial Research (CCCTR) Nationa! Mutual
Accepu‘m (NM4) scheme by the Ethics Commitiee on 25-Aug-2016, meets the requirements of the
National Siaterment on Ethica! Condwef in Human Research (2007) and was APPROVED on 25-Oct-20H6.

It is the Principal Researcher’s responsibiity to ensure that all researchers associated with this project are
aware of the condiions of approval and which documents have been approved.

The Principal Researcher is required to notify the Secretary of the Ethics Commitee, via amendment
OF progress report, of

= Any significant change to the project and the reason for that change. inchuding an indication of ethical
implications
(i anyk

= Senous adverse effects on participants and the acBon taken to address those effects;

= Any other unforeseen events or unexpected developments that merit notfication;

=  The inahdity of the Principal Researcher to continue in that role, or any other change in research
personnel involved in the project;

= Any expiry of the insurance coverage provided with respect to sponsoned dinical trials and proof of re-
msurance;

= A delay of more than 12 months in the commencement of the project; and,

=  Termination or dosure of the project.

Additionally, the Principal Ry her is ired to submit
= A Progress Report on the anniversary of approval and on completion of the project (forms fo be
jprowvided);

The Ethics Committee may conduct an audit at any time.

All research subject to the Afred Hospital Ethics Commitiee review must be conducted in accordance with
the Mational Statemnent on Ethical Conduct in Human Reseanch (2007).

The Alfred Hospital Ethics Committee is a properly constituted Human Research Ethics Committes in
accordance with the Mational Statement on Ethical Conduct in Human Research (2007).
APPROVED DOCUMENTS

Documents. reviewed and approved at the meefing were:

Document Version Dafe

Protocol 1 28-Jul-2018
Masier Invitafion Lefter 1 24-Aug-2016
Masier Participant Infoemation & Consent Form 5 24-Aug-2016

Heart Disease Self Efficacy Scale (modified)
5F-12 Health Survey
Ethics Approval Cestificale HRECH IBAIed 119 Page 1of2
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APPROVED SITES

Approval is given for this research project to be conducted at the following sites and campuses:
»  Alfred Hospital (VIC)
»  S5tVincent's Hospital, Sydney (MSW)

The Alfred Hospilal Ethics Committee has approved the study but does nof iake responsibility for research
govemance processes af the parficipafing sites. # is the responsibilify of each participating sife fo create and
implement research govemance practices fo adequaiely authorise, monior and oversee the conduct of fhe
study af their site.

5|I3e-$p-emﬁt: nssessme-nl {55Al

5 i !
ﬂ'leresea'dlmec:can mt'rmeme

The completed Site-Specific Assessment Form and a copy of this ethics approval letter must be submitted to
the Research Governance Officer for authorisation by the Chief Executive or delegate. This applies to each

site participating in the research.

The HREC wishes you and your colleaues every SUCCess in your research.

SIGNED:

Chalr, Ethics Committes (or delegats)
Please qUOTe project numbar and Toe in Al comespondance

Ethics Approval Cerfficate HRECH1G/ATed' 119 Page 20 2
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C.2

Site-specific assessment authorisation at the

Alfred Hospital

theAlfred
Dr Angela Henjak

Manager, Office of Ethics & Research Governance
Alfred Health

Ms Louise Fuller

Senior Physiotherapist

The Alfred Hospital

Heart and Lung Transplant Unit
Alfred Hospital

Commerdal Road

Melbourne, VIC 3004

20 February 2017
Dear Ms Fuller

Study title: The effects of different intensity exercise training in patients
with left ventricular assist devices: a multicentre, randomized, control
trial.

HREC Reference Number: HREC/16/ALFRED /119

SSA Reference Number: SSA/ 16 /Alfred /191

Protocol version: 1.0

Protocol date: 29-Jul-2016

Thank you for submitting a Site Specific Assessment Form for authorisation of the
abowve project at Alfred Health.

I am pleased to inform you that authorisation has been granted for this project to
be conducted.

Reviewed and authorised documents
Documents reviewed and authorised were:

|pocument Version Date

Master Patient Information Sheet & Consent 3 24-Aug-2016

Form (Alfred Health - Local Governance Date
19-Aug-2018)

If you hawe any matters that arise regarding conduct of the research at this site,
please ensure you contact the Research Governance Officer.

Alfred Health wishes you and your colleagues every success in your research.
Yours sincerely
Angela Henjak

Manager, Office of Bthics & Research Governance
Alfred Health

Sike Auvthorisation Letter HRECS 16/Alfred 119 Page 1o0f 1
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C.3  Site-specific assessment authorisation at St
Vincent’s Hospital

’ s e el ety

W St Vincent’s Hospital pooc:
StVirceriz Heepta Svdney Ltd
AEN US4 D3 8T
330 Vicuniz Soed
Darbnghist NEW 2019
Austrela

T+G1 24262011
F+61203:24°42
3 March 2017 wwea ST

Prof Christapher Hayward
Toe Victor Chang Cardiac Research Institute
Darlinghurst NSW 2010

Dear Christopher,

SVH File Number: 16/256

Project Title: The effects of different inLensity exercise training in patients with left ventricular assist
devices: a multicentre, randomized, control trial.

Short Title: $5A_Exercise training in patients with LVADs.

HREC reference: HREC/16/Alfred/119

ssa reference: SSAS16/5VH/351

Thank yeu lor suomitticg an pplicaton for #uthorizaticn cf this project. | am pleased 1o advise that ths
Diractar of Rezearch or 1 March 2617, Ras granted site authorisation for the above project to commenc: at
e StVincent’s Hospital, Sydney

Documents to be used at this site ars:
*  S\F “artcipant Informztion Shezt and Coreznt forrs, Vearsion
*  Frotocol, Version 1, Afrad, dated 29 iuly 2016
e SV mwitetion etter, Mersion 1.1, dated 10 Dotober 2000
e Fearl Disease Self Efficacy Scals (moified)
o SF-L2 Hezith Survey

i, datec 13 Decemas’ 2015

T S34 lore revivwed was: AUS2/EBA23
tite authorizaticr will caase on the date of HAEC expiry (25 October 2021).

Plegse note that il is not considered best oractice Lo store reseinek data on personal hordware. No
identtiable participant data can lzave 3 site, There alweys reeds tc ke data secusity measurss i~ paceans a
clear plan for z=rman=nt destruction of data needs to be adhzred to at comosletion of the project.

Plewss ‘ind enclosed the follow ng documents:
e Mediviees Ausiralia Clinigel Trial Rysearcn Agreemenl (x2)

Ihe fol'owirg conditiors apply te this research prejecs. 1 hes= ars addizional to these conditiors imaosed by
the Fuman Research Ethics Commiiies that granted ethical aoprova:

1. The Frincipal 1nves: gator must provids tiz 5t Vircent's Hospital Aesaccn Governance Oficer
vig el (SY1-5 Rescarch@svha oreaul with the Tal owing OHRME/RM oM mposad Metrcs
= \Within 45 endas days cf the date that the delegate of the insiitation Fas granee site
zuthorisation fcr this project, repert the date ¢~ which the first participant was enrzll2d to
tre clincal trizl by tnis slte If 2t least ane particlpant was not ensalled within 40 colendar
days, a reason for the delay in errelment glso must be roported to the Rasearch
Goverrance Officer.

e Within 15 days cof site closure to enrclmens, rzport the tctal number of participants
enrclled in the dinical trial at the above site and resorl whether the minimum enrolment
Larget s per the STRA was reached. 1T Ene cnroleen, arge. was ool reached, provide an
explaration.

o-nLIng =he Klssian o tha Slsters

D
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2. Amannual progrees rapart will be provided to che Rescareh Governznce Officer ackizowlsdgesd
by the LCAD R # in October 2017,

1. Froposed armencments to the research protocol o- conduct of the rosearch which meay allect
the ethical acceprabillty of the project. and are subeited to the lood HRED for revicw, are
coped to the Research Sovernance Cffiee griar te implementation of the amaadment en site.

begin

4. 2l proposed amendeungs to the resgarch protoce’ or conduct of the research which nay affeet
the ongoing site azcsotabiliy of the project zre to be sabmitted via email o the fesezrch
Governgnce Officer for raview.

LS Ihe relevant Universice FREC Way Peguife nstifcation for prajects that zre uaceriaken by
inwestigators  holding an academic appointmen: (incduding conjaint appednsreenss] ar by
studznts as part of 2 Univassity course. This 15 the responsis iy of the invesdigators

Please notz that only ar elost-onic copy of this levter wi | e provided, if vou sequire the origina signed lettes
plewise conteet the Research O ice and we will ba hzppy to provide this,

Should you have any guerles abiool voor project olease cortact the Sesearch Office, PR 8382 2960, emall

HE. Researchi@simn.eog. Thz HRFC Terms of Rederence, Stendard Cperating “rocedarss, Nabtiona!
Slepferment oo Cehica! Corguct in Humon Research [2007) and the CEMESTH Noie fud Buitonee on Soos
Ciinicgi Praceice ang standard for=s are avallabis on the Research Oice wessite to be found at:
httpsfsvhe orp auhomefrecearch-education freseargh-gff e

Plerase quete SWH file reference 16/256 end HREC refarence HREC/16/AFred, 119 In all correspand sages,
The SVH Rezesrch Office wizhes you every suczess i vour research,

tours slacersly,

D Sabine Giesehrecht

Resparch Governance Officer

5t Wincent's Hospital Research Offica

Trans 'sticnal Research Centre, 27-205 Soosdary Sliee,

e Clare Cogies
TRIM REF: D/2017,/22895
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Appendix D Participant information sheet
and consent forms

D.1  Study1l

Govermmant of Waster Australis FIONA i]
Popanentf ot Rospital

PARTICIPANT INFOEMATION AND CONSENT FOEM

The impact of left ventricular assist device implantation on physecal activity levels in patients with
advanced chronic heart failure

Principal Investigator: Dr Andrew Maiorana, Advanced Heart Failure and Cardiac Transplant
Service, Fiona Stanley Hospital

This information sheet explains a study being undertaken at Fiona Stanley Hospital (FSH) and desenbes what
will be imvolved should you decide to parficipate. Please read the information carefully and ask any questions
you might have. You may also wish to discuss the study with a relative or fiend

Background and aim

A left ventricular assist device (LWVAD) 1s 2 small pump that is implanted into the heart of people with severely
impaired beart fimetion to help circulate blood around the body. One of the objectives of LVAD implantation
is to mprove exercise tolerance and enable recipients fo lead more active Lifestyle. However, to date, few
studies have directly imvestizated the effects of LVAD implantation on physical activity levels.

The aim of this study is to evaluate whether patients with a history of heart failure who have LVADs, undertake
msore physical activity than people with heart falure but who have not recerved an LVAD. Thes study will alse
assess the relationship between how mmch phy=sical activity someone does and their level of confidence in
performing exercise, their quality of life and their fitness.

Improving an understanding of physical activity levels in people with heart fahwre, with and without LVADs,
will improve the understanding of the impact LVADs have on pecples’ lives and the potential benefits on
exercise and phy=ical actnaty.

What participation in the study involves

If vou choose to participate, you will be asked to undergo an exercise fest, complete two questionnaires and
‘wear a monitor that measures the amount of physical actrvity you perform over seven days. Some participants
will also be provided with a second activaty momtor that gives you feedback on the amount of actmaty you
perfornn

Assessmenis:

An assessment session will be conducted at FSH and will take approximately two hours. Firstly, you wall be
requred to complete two guestoonares. The first questiooname confams questions that relate to your
confidence to perform different activities. The second questionnaire is used to assass how your heart condition
affects your ability to cope with your day to day life. You will then underso an exercize test on a treadoull n
order to measure your heart and lung fitness by defermuning the amount of cxygen you consume dunng
exercise. Electrodes will be placed on your chest to monitor your heart and you will be required to breath
through a mouthpiece so the air that you exhale can be collected and analysed. The treadmill test will
commence with walking slowly then every 3 minutes the speed and slope of the treadmmll will be gradually
increased making the exercise become progressively harder until you are unable to continue.

The first questionnaire poses 16 statements, each describing a different physical act. You will be required to
rate each actrvity from 0 to 100 based on vour confidence for undertakimg that activity (07 desenbes an activity
that you “camnot do at all” and “100” is an activity you rate as “absolutely certain I can do™.

The second queshonnaire poses 36 questions about how your heart condition impacts upon your physical and
menfal health If the researcher administering the questionnaire identifies that vour mental health is being
significantly mpacted by your heart condifion, we will advise vou and offer you a referral to a Psychiatnst or
Climical Psychologist for follow up.
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Physical activity level assessment:

At the conclusion of the assessment session you will be provided with a physical actvity monitor (Actheart)
that you will be asked to wear for the next 7 days. The activity momitor 15 small {about the size of a 20 cent
pieoe) and iz wom mder clothieg, so "t noticeabis to ofhers B atimches to two standard EOG dots an your
chest. If vou wish, you can take the momtor off when sleeping and showenngbathing, however 1t 15 important
to put it back on 1mmediately after these actvihes. If you have an allergme reachion to ECG dots, let the
researchers know and the activity monitor can be attached to a strap that is wom around the chest. You will be
provided with a stamped post pack to return the device to EPH at the end of seven days so that the data it has
collected can be reviewed. After the inihal physical activity assessment, some parficipants will be provided
with a dufferent type of activity momtor {called a Fitbit) that is worn avound the wnist and zives you feedback
et T Anorgtt OF setiviy yom'se dodng vin . soobThe phsis, 8 yirg ¢l knep Infistd abwut your physical
activaty.

During the 7 days of assessment with the Actiheart device, you will also recerve follow up phone calls from
an investipator to momtor how you are managing with the device and your vsnal daily activihies. You will also
be able to contact the mvestigators at any stage if yvou need advice. For the people who are allocated the Frtbit,
after several weeks using this device, you will be required to wear the Actiheart for a further 7 days.

Risks
Maximal exercise testing is commeonly used m clinical practice and 15 associated with a very low nisk of adverse
events m people with heart conditions, less than 1 complication m 1,000 tests. You will be carefully monitored
throughout and appropriately trammed staff will be present at all times to ensure your safety. There 15 also a sk
¥ou may expenence some muscle soreness after exercise testing, however this should resolve within 48-72
hours.

Because vou will be required to undertake your usual activities dunng the 7 days of physical activity
assessment, yvou should not experience any symptoms different to those that vou would expenience if you
woren®t being moniomes]

Some people experience skin imtation from wearing the ECG electrodes for the extended peniod required for
the study. If vou have a history of skin imitation due to ECG electredes, or if imtation oceurs dunng the course
of the stady please nform the researchers immediately. In the case where skin imifation ocewrs, you will be
provided with a chest strap to wear that the actiaty monitor can be attached

Pozsible henefits

Regular phy=ical activity is mmportant m the management of patients with beart falure, including those with
LVADs. Information derived from this study will provide vahuable knowledge to mmprove the care of people
with heart faglure in the future.

Privacy and confidentiality

The information gathered about you by the mveshzator or obtzined dunng this stady will be held by the
mveshgator m stnet confidence.  All the people who handle your mformation wnll adhere to tradihonal
standards of confidentiahty and will also comply with the Prvacy Act 1988, If the mesults of the trial are
published m a medical journal, s is intended, no reader will be able to identify individual patients.

What if something goes wrong?

In the event that you suffer an expected or unexpected side effect or medical accident dunng this study that
anses from your participation, you will be offered all full and necessary treatment by Fiona Stanley Hospatal.
The Ethucs Committes has approved this stady on the basis (amongst others) that the reported risk of such an
event 15 either small or acceptable in terms of the risk you face as a result of your corrent 1llness.

Coaosts to participation

There will be no costs incurred as a result of paricipation in this study. You will not be paid for participation,
however expenses you incur associated with parking will be remrmbuarsed at your request.

Voluntary Participation and withdrawal
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Participation in this study 1s entirely volontary. You do not have to participate if vou do not want to and your
decision to participate or not will in no way affect your curvent or fuhure care at EPH. You are also free to
withdraw from the study at any time without reason or justification.

Contaet Information

If vou have questions abowut thiz study, please contact Dr Maiorana on (08) 6152 2222 This study has been
approved by the Roval Perth Hospital Ethies Commttes  If you have any eo about the conduct of the
study or your right= as a research participant, please contact Prof Frank van Bockxmeer, Chairman of the RPH
Ethies Committee, on (08) 9224 2244 and quote the ethics approval number (13-122).
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The impact of left ventricular azzizt device implantation on physical activity levels in patients with
advanced chronic beart failure

Principal Investigator: Dr Andrew Maiorana, Advanced Heart Failure and Cardiae Transplant
Service, Fiona Stanley Hozpital

| A agree to partiolpate in the shove stmdy. T have read and onderstood the
attached mformation sheet and 1 have retaned a copy of the signed document. I have been given the
opportumty to ask questions about the study by the Investigator. I understand that I may withdraw from the
study at amy time without affecting any firture medical treatment. or the treatment of the condition which is the
subject of the study.

of Investigator
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D.2

Study 2

PARTICIPANT INFORMATION SHEET

A comparison of acute haemodynamic responses to exercise in people with ventricular assist
devices compared with chronic heart failure & healthy individuals

Prindipal Inyestigator: Dr Andrew Maiorana, Allied Health Dept. and Cardiac Transplant Service, FSH

Fiona Stanley Hospital (F5H) and Curtin University are investigating exercise responses in people who
receive ventricular assist devices (VADs), people who have heart failure but don't receive a VAD and
healthy individuals. The following information describes what will be involved should you decide to
participate in this research project. Please read the information about this study carefully and ask any
guestions you may have. You may also wish to discuss the study with a relative or friend.

BACKGROUND

Ventricular assist device (VAD) implantation is associated with improved survival, exercise capacity and
quality of life. A key goal of VADs is to iImprove physical function, facilitating the returmn to activities of
dally living as soon as possible. Exercise training plays an important role in this, and is currently a vital
component of patients’ clinical management. However, little is known about the contribution of VADs
during exercise and the responses of the circulatory system.

'WHAT IS THE PURPOSE OF THE STUDY?

The aim of this study is to compare brain blood flow at rest and during exercise between people with
VADs, chronic heart failure and healthy people. This will provide new information about how VADs
contribute to brain blood flow during exercise.

WHAT WILL PARTICIPATION INVOLVE?

If you agree to take part in the study, you will first be asked to attend an initial screening appointment
at F5H, which will take about approximately half an hour. The following will occur at the initial
appolntment:

1. We will review this Information Sheet, answer any guestions you have and, if you agree to
continue, ask you to sign the attached Consent Form. We will document your medical history and
demographic information. Some of this may be recorded in your medical records, so we are requesting
your permission to access these details. We may need to confirm some of this information or seek further
information from you, but obtaining the information already available in your medical record will save
time and ensure accuracy.

2. You will perform a maximal strength test on 2 leg press resistance machine. This will involve
testing how much weight you are able to lift just once.

PhD Study 1 F5H version 4 dated 9 Aug 2018 Page 1
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At least 48 hours later, you will be asked to attend a second appointment at F5H to complete the
main study tests. This appointment will take approximately 2 hours.

1. Blood vessel function test: This assessment involves non-invasive ultrasound of an artery in your
arm. The test measures the change in blood vessel size prior to and following occlusion of blood
flow by a blood pressure cuff for five minutes.

2. You will be asked to perform a cyding test and weight lifting test while blood flow to your brain
is measured. The order of these tests will be randomised and separated by a 20 minute recovery
period.

Prior to the first test we will set up the equipment and get you to rest quietly for 20 minutes. We will
then take resting measurements of your blood flow to the brain:

The eyding test will be performed on a semi-recumbent bike in order to measure your heart and lung
fitness by determining the amount of oxygen you consume during exercise. Electrodes will be placed
on your chest to monitor your heart and you will be asked to breathe through a mask so the air that
you exhale can be collected and analysed. The exercise test will start by pedalling at a low workload.
Every two minutes the pedal’s resistance will be gradually increased, making the cycling become
progressively harder until you are unable to continue. While you are completing the exercise test, blood
flow to the brain will be examined non-invasively via ultrasound. Small ultrasound probes (similar to
those used to monitor unborn babies) will be mounted on a head frame, which resembles a bicycle
helmet, and will sit in front of your ears so we can examine the speed of blood flowing through an artery
in your brain. Meck blood flow with be measured using a vascular ultrasound probe applied to the side
of you neck and held in place by an experienced sonographer throughout the exercise protocols.

Arterial blood pressure: Blood pressure will be recorded using a blood pressure monitoring cuff device
attached to your finger. There are no side effects to this technique.

Respiratory gas exchange: Oxygen and carbon dioxide will be assessed while breathing face mask
throughout the cycling exercise. There are no side effects to this technigue.

You will be asked to perform two sets of lower body lifting exercises (leg press). The weight for each
stage of this test will be based on your lifting capacity previously recorded during your first visit. We
will be measuring your brain blood flow and cardiorespiratory measures with the same devices as
described above. Each stage of testing will be separated by a 5-minute rest period to allow brain blood
flow to return to resting levels.

= First set of resistance exercise: 50% of maximum lifting capacity for 10-15 repetitions.

PhD Study 1 FSH version 4 dated 9 Aug 2018 Page 2
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= Second set of resistance exercise: 75% of maxmum lifting capacity for 5-10 repetitions.
SUMMARY OF VISITS AND TIME COMMITMENT

The table below lists the visit and test schedule.

Appointment Procedure Timing

Visit 1: Screening -Introduction to the study 15 min

-Review of information sheet, medical history and | 20 min
demographic information

- Weight lifting capacity test (1-RM)
= Vascular function test 30 minutes

Visit 2: Experimental
Protocol - Resting brain blood flow (ultrasound) 1,30 hours
-Exercise brain blood flow during the cycling and lifting tests
(About 1 week after
sereening)

WHAT ARE THE POSSIBLE DISADVANTAGES AND RISK OF TAKING PART?

Maximal exercise testing is commonly used in clinical practice and is associated with a very low risk of
adverse events in people with advanced heart conditions, with less than 1 complication in every 1,000
tests. While there is a transient increase in the risk of a cardiovascular event with exercise, recent studies
have found exercise testing and training to be safe for people with VADs and have recommended
exercise training from 3 weeks after the surgery. To minimise any risks with testing and training you will
be carefully monitored by oppropriately trained staff at all times to ensure your safety and ECG
moniftering will be used during the exercise test,

There is also a risk you may experience some muscle soreness after exercise testing, however this
should resolve within 48-72 hours.

During some sessions you may be asked to exercise at an Intensity which is higher than you are used
to, this may result in moderate fatigue. However, as the exercise intensity will be partidpant controlled
{l.e. will involve your rating of how hard you find the exercise), we expect this discomfort will be
minimal.

POSSIBLE BENEFITS

PhD Study 1 FSH wersion 4 dated 9 Aug 2018 Page 3
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All partidpants will receive an individualised comprehensive fitness test with full expired breath
analysis. While this may lead to individual benefits for you, this cannot be guaranteed.

WHAT ARE THE COSTS OF BEING IN THIS STUDY?

There are no financial costs associated with participating in the study. You will not be paid for
participation, however expenses you incur assoclated with travel and parking to attend study specific
visits will be reimbursed.

PRIVACY AND CONFIDENTIALITY

The information gathered about you by the investigator or abtained during this study will be held by
the investigator in strict confidence. All the people who handle your information will adhere to
traditional standards of confidentiality and will also comply with the Privacy Act 1988, Your research
data will initially be identified only by a unique study code and held separately from a link that matches
the code to your name. No identifiable data (i.e. with your name attached) will leave FSH. Once the
study is completed, the data will be anonymised, by deleting the link that matches the code to your
name. If the results of the trial are published in a medical journal, as is intended, no reader will be able
to identify individual patients.

WHAT IF SOMETHING GOES WRONG?

In the event that you suffer an expected or unexpected side effect or medical accident during this study
that arises from your participation, you will be offered all full and necessary treatment by Flona Stanley
Hospital.

VOLUNTARY PARTICIPATION AND WITHDRAWAL

Participation in this study is veluntary. You do not have to participate and, if you declde to participate,
you can stop at any time without explanation. Your decision to participate or not, or to later withdraw
from the study, will in no way affect your current or future care at Fiona Stanley Hospital.

CONTACT INFORMATION
If you have guestions about this study, please contact Associate Professor Andrew Maiorana on (08)
61521692 or alternatively Nacho Suarez on 0403 243 221,

This study has been approved by the Royal Perth Hospital Human Research Ethics Committee. If you
have any concerns about the conduct of the study or your rights as a research participant, please
contact the RPH Ethics Committee on (08) 6151 1180 or SMHS.REG@health.wa.gov.au and quote the
ethics approval number [REG 15-164).
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The acute haemodynamic responses to exercise in individuals with ventricular assist devices
Principal Investigator: Dr Andrew Maiorana, Cardiac Transplant Service, FSH

D bssuisamnsesisiisrare agree to participate in the above study. | have read and understood the
attached information sheet and | have retained a copy of the signed document. | have been given the
opportunity to ask questions about the study by the Investigator. | understand that | may withdraw
from the study at any time without affecting any future medical treatment, or the treatment of the
condition which is the subject of the study.

Sigr Date

of person obtaining consent

Name

of person obtaining consent
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PARTICIFANT INFORMATION SHEET

The effects of different intensities of exercise training in patients with ventricular assist devices

Erincipal Investigator: Dr Andrew Maiorana, Allied Health Dept. and Advanced Heart Failure and
Cardiac Transplant Service, F&H

You are being invited to participate in a study investigating the benefits of moderate and high intensity
exercise programs on patients who have a ventricular assist device (VAD) because you are scheduled
to have a VAD inserted at Fiona Stanley Hospital (FSH). This project is being undertaken and leading by
F5H and Curtin University, as well as other hospitals in Australia.

This information sheet describes what will be involved should you decide to participate. Please read
the information carefully and ask any questions you might have. You may also wish to discuss the study
with a relative or friend.

BACKGROUND

Exercise training is an important and beneficial component of cardiac rehabllitation. For people who
have ventricular assist devices (VADs), moderate-intensity continuous exercise is the current clinical
standard. Howewver, based on recent research in people with cardiac conditions, exercise at an
increased intensity, performed in shorter duration intervals, may be a more effective and time-efficient
method of exercise for improving fitness.

WHAT IS THE PURPOSE OF THE STUDY?

The aim of this project is to compare the effects of 12 weeks of high-intensity interval exercise training
[HIT) with the current clinical standard exercise of moderate-intensity continuous training (MIT) on
fitness, heart and blood vessel function and “quality of life’ in individuals supported with VADs. We
anticipate that the findings of the study will be used to refine exercise training protocols for people
following VAD implantation.

Participants will be randomly allocated [as if by the toss of a coin) to either the high intensity (HIT) or
moderate intensity (MIT) group.

*  Participants in the HIT group will complete 3-4 minute bouts of relative high-intensity aerobic
exercise training on a treadmill, interspersed with 3-4 minutes of active recovery at a low-
moderate intensity.

* Participants in the MIT group will be asked to perform continuous aerobic exercise training on
a treadmill at a moderate intensity for up to 30 minutes per session.

PhD study 2 FSH site version 2e dated 29 August 2016 Page 1
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Exercise training in both groups will be performed three times a week. Both groups will also receive a
standard, moderate intensity resistance [weights) exercise rehabilitation program for a period of &
weeks following VAD implantation and prior to being randomily assigned to one of the study groups.

Lt

WHAT WILL PARTICIPANT INVOLVE?
If you agree to take part in the study you will be asked to attend an initial study appointment which
will take less than 1 hour and will occur during one of your routine visits to FSH.

The following will occur at your initial study appointment:

1. We will review this Information Sheet, answer any questions you have and, if you agree to
continue, ask you to sign the attached Consent Form.

2. We will document your medical history and demographic information. Much of this will be
recorded in your medical records, so we are requesting your permission to access these details.
We may need to confirm some of this information or seek further information from you, but
obtaining the information already available in your medical record will save time and ensure
acCuracy.

3. You will be asked to complete two questionnaires for the study. The first questionnaire
measures your confidence in undertaking different types of physical activity and in different
settings. The second questionnaire poses questions about how your heart condition impacts
upon your physical and mental health. If the researcher administering the guestionnaires
identifies that your mental health is being significantly impacted by your heart condition, we
will advise you and offer you a referral to a Psychiatrist or Clinical Psychologist for follow up.

Assessment Visit 1: Measurement of heart function and exerdse oxygen consumption

1. Heart function: An experienced sonographer will perform echocardiography assessments of the
heart to measure the size and pumping ability of the heart's chambers before and after the
exercise test described below.

2. You will be asked to complete an exercise test on a treadmill or bike in order to measure your
heart and lung fitness by determining the amount of oxygen you consume during exercise.
Electrodes will be placed on your chest to monitor your heart and you will be required to
breathe through a mouthpiece so the air that you exhale can be collected and analysed. Before
the test your breathing will be measured at rest. The exercise test will then commence at a low
workload, then every 2 minutes the workload will be gradually increased making the exercise
become progressively harder until you are unable to continue.

PhD study 2 F5H site version 2e dated 29 August 2016 Page 2
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Assessment Visit 2: Peripheral blood flow, heart and daily functional capacity assessment

L W

1. Ablood sample will be taken following at least & hours of fasting (no food nor caffeine allowed).
Approximately 30mL of blood will be collected to assess full blood picture, cholesterol, markers
of inflammation and the health of blood vessels and different organs in the body (heart, liver,
kidneys, etc.). Note: The blood sample will only be used for this study, after which any leftover
blood will be destroyed.

2. You will be asked to have a dual x-ray absorptiometry [DEXA) scan to measure your body fat,
muscle mass and mineral bone density. This involves a low level of radiation (described below).

3. Blood vessel function test. This assessments involves non-invasive ultrasound of an artery in
your arm. The first test measures the change in blood vessel size prior to and following occlusion
of blood flow by a blood pressure cuff for five minutes.

4. You will be asked to perform the Six-Minute Walk Test [EMWT), in order to evaluate your
functional capacity. This test measures the distance that you can quickly walk on a flat, hard
surface in a period of & minutes. It reflects the functional exercise level for daily life activities.

Assessment Visit 3: Brain blood flow measurement during exercise

You will be asked to return to Fiona Stanley Hospital to complete a cycling test and weight lifting test
while blood flow to your brain is measured. These will be conducted in a randomised order, with a 20
minute recovery period between each test.

The cycling exercise test will start with a light intensity worklcad, which will progressively increase in
Iintensity every 2 minutes until you are unable to continue., .

a. While you are completing the exercise test, blood flow to the brain will be examined via
ultrasound. Small ultrasound probes (similar to those used to monitor unborn babies) will
be mounted on a head frame, which resembles a bieycle helmet, and will sit in front of your
ears 5o we can examine the speed of blood flowing through an artery in your brain. Meck
blood flow with be measured using a vascular ultrasound probe applied to the side of you
neck and held in place by an experienced sonographer throughout the exercise protocols.

b. Arterial blood pressure: Blood pressure will be recorded using non-invasive blood pressure
monitoring device attached to your finger. This device involves the placement of a small
blood pressure cuff around your finger. There are no side effects to this technique.

t. Respiratory gas exchange: Oxygen and carbon dioxide will be assessed non-invasively while
breathing through a mouthplece throughout the cycling exercise. There are no side effects
to this technique.
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The weight lifting test will involve performing a series of lower body lifting exercises (leg press). The
weight for each stage of this test will be based on your lifting capacity previously recorded during your
training assessments as part of your rehabilitation. We will be measuring your brain blood flow and
cardiorespiratory measures with the same devices used in Assessment Visit 2. Each stage of testing will
be separated by a 10 minute rest period to allow cerebral blood flow to return to baseline.

Stages:
a. 50% of maximumi lifting capacity for 10-15 repetitions
b. 75% of maximum lifting capacity for 5-10 Repetitions

Once all the tests have been completed you will be notified which group you have been randomly
allocated to; either moderate-intensity continuous training (MIT) or high-intensity interval training
{HIT).

Exercise training intervention (12 weeks):

It is estimated that you will need to attend FSH three times a week for 12 weeks for approximately one
hour per session. The first week will be used to familiarise you with the exercises to be completed
during the training program. All exercise intensities will be prescribed according to your fitness level
achieved on the exercise test performed at the start of the study. Each session will begin and end with
a five-minute warm-up and cool down.

Follow-up Visits
At the conclusion of the 12 week exercise program, we will ask you to attend three follow-up visits that
will repeat the tests undertaken in the initial set of Assessment Visits.

SUMMARY OF VISITS AND TIME COMMITMENT
The table below lists the visit and test schedule.

Time period Procedures Time commitment
Initial study | -Review of information sheet, medical history and | <lhour
appolintment demographic information.

-Completing questionnaire
Baseline Visit 1 -echocardiogram 1.5 hour

-Maximal exercise test
Baseline Visit 2 ~fasting blood sample 2.0 hours

-DEXA scan

-blood vessel function (ultrasound)
-6 minute walk test

Baseline Visit 3 ~Cycling and lifting test 2.0 hours
=Brain blood flow [ultrasound)

12 week exercise program [randomised to either HIT or MIT) 36 hours
(3 x 1 hour sessions a week)
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Follow-up -Review of recent medical history 1.5 hours
Visit 1 -Completing questionnaires

-Echocardiogram

-Maximal exercise test
Follow-up ~fasting blood sample 2.0 hours
Visit 2 -DEXA scan

=blood vessel function (ultrasound)
-6 minute walk test

Follow-up =Cycling and lifting test 2.0 hours
Visit 3 =Brain blood flow [ultrasound)

WHAT ARE THE POSSIBLE DISADVANTAGES AND RISK OF TAKING PART?

Maximal exercise testing is routinely used in clinical practice and Is associated with a very low risk of
adverse evants in people with advanced heart fallure, with less than 1 complication in every 1,000 tests.
While there is a transient increase in the risk of a cardiovascular event with exercise, recent studies have
found exercise testing and training to be safe for people with VADs and have recommended exercise
training from 3 weeks after the surgery. To minimise any risks with testing and training you will be
carefully monitored by appropriately trained staff at all times to ensure your safety and ECG monitoring
will be used during the exercise test.

There is also a risk you may experience some muscle soreness after exercise testing and training,
however this should resolve within 48-72 hours.

As well, this research study involves exposure to a very small amount of radiation. As part of everyday
living, everyone is exposed to naturally occurring background radiation and receives a dose of about 2
millisieverts (mSv) each year. The effective dose from this study s about 0.01 m5v. At this dose level,
no harmful effects of radiation have been demonstrated as any effect is too small to measure. The risk
is believed to be minimal.

During some sessions, you may be asked to exercise at an intensity which is higher than you are used
to. This may result in moderate fatigue; however, as all exercise intensity will be participant controlled
{i.e. based on a level of perceived exertion), we expect this discomfort will be minimal.

It is possible that you may experience bleeding, bruising or pain at the blood sampling site, similar to
that experienced with routine blood tests.

POSSIBLE BENEFITS
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All participants will receive an individuallsed, supervised exercise training program, as well as

comprehensive body composition analysls and fitness test with full expired breath analysis. While this
may lead to individual benefits for you, this cannot be puaranteed.

WHAT ARE THE CO5TS OF BEING IN THIS STUDY?

There are no financial costs associated with participating in the study. You will not be paid for
participation, however expenses you incur associated with travel and parking to attend study specific
visits will be reimbursed.

PRIVACY AND CONFIDENTIALITY

The information gathered about you by the investigator or obtained during this study will be held by
the investigator in strict confidence. All responses to the questionnaires and tests as well as information
provided by you will be held in de-identified format and stored in a locked cabinet or on a password
protected computer at FSH. Only members of the research team will have access to the information.
All the people who handle your information will adhere to traditional standards of confidentiality and
will also comply with the Privacy Act 1988, If the results of the trial are published in a medical journal,
as is intended, no reader will be able to identify individual patients.

WHAT IF SOMETHING GOES WRONG?

In the event that you suffer an expected or unexpected side effect or medical accident during this study
that arises from your participation, you will be offered all full and necessary treatment by Flona Stanley
Hospital.

VOLUNTARY PARTICIPATION AND WITHDRAWAL

Participation in this study is voluntary. You do not have to participate and, if you decide to participate,
you can stop at any time without explanation. Your decision to participate or not, or to later withdraw
from the study, will in no way affect your current or future care at Flona Stanley Hospital.

CONTACTS FOR FURTHER INFORMATION

If you have guestions about this study, please contact Associate Professor Maiorana on (08) 61521692
or alternatively Nacho Suarez on 0403243221,

This study has been submitted by the Royal Perth Hospital Human Research Ethics Committee. If you
have any concerns about the conduct of the study or your rights as a research participant, please
contact the RPH Ethics Committee on (08) 6151 1180 or SMH5.REG@health.wa.gov.au and guote the
ethics approval number (REG 15-164).
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CONSENT FORM
The effects of different intensities of exercise training in patients with ventricular assist devices

Principal Investigator: Dr Andrew Malorana, Cardiac Transplant Service, FSH

OO ROTROP agree to participate in the above study. | have read and understood the
attached information sheet and | have retained a copy of the signed document. | have been given the
opportunity to ask questions about the study by the Investigator. | understand that | may withdraw
from the study at any time without affecting any future medical treatment, or the treatment of the
condition which is the subject of the study.

Signed Date

Signature Date

of person obtaining consent

Hame

of person obtaining consent
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