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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 (V̇O2 peak). PA was monitored continuously for at least 

seven consecutive days with an Actiheart monitor. Results: V̇O2 peak in the CHF 

group (12.3 ± 3.5 mL·kg-1·min-1) was not significantly different to the LVAD group 

prior to LVAD implantation (10.4 ± 2.1 mL·kg-1·min-1), but was lower than in the 

LVAD group following implantation (15.8 ± 4.3 mL·kg-1·min-1; p < 0.05). PA was 

higher in the LVAD (19.7 ± 6.4 kJ·kg-1·day-1) compared with the CHF group (11.6 ± 

6.9 kJ·kg-1·day-1; 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 V̇O2 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 V̇O2 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.s-1; p < 0.001) and PCAv (48.8 ± 14.6 vs. 34.9 ± 7.6 cm.s-1, 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 (Δ63.62 ± 10.8 

ml.min-1 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. 
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 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-1; 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 (PETCO2) 

and mean arterial pressure during incremental exercise were greater PostTR than 

PreTR, only the improved PETCO2 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 LVADs 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 V̇O2 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% V̇O2 reserve, 
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interspersed with 4x3-min at 50-60% V̇O2 reserve) or MICT (28-min continuously at 

50-60% V̇O2 reserve). P<0.05 was considered statistically significant. Data are 

expressed as marginal means with 95% confidence intervals. Results: 21 participants 

(HIIT: 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 V̇O2 peak (from 15.6 [13.2-17.8] to 18.4 [16.0-20.8] 

mL·kg-1·min-1) compared with MICT (16.2 [13.8-18.7] to 17.2 [14.6-19.7] mL·kg-

1·min-1); p<0.05 between groups. No significant differences were detected in 

secondary outcomes between groups. Conclusion: HIIT 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 LVADs. 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. 
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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.1 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.3   

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.4 In Western countries, 

the prevalence of CHF ranges between 1–3% of the population5, increasing to 10% for 

those aged >75 years6. Its economic impact is estimated at 2% of total health-care 

expenditure.7 In Australia, the direct and indirect cost of CHF has been estimated at 

more than one billion a year.8  

 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 III-IV of the New York Heart Association 

(NYHA) functional classification system, is constantly increasing.9 Estimations of the 

growth of CHF rates into the future are alarming: by 2030, the prevalence of CHF is 

projected to increase nearly 50%10 with a subsequent economic burden incremented 

by 127%.11 

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 
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patients who are actively listed for a heart transplant, time on a waiting list may be 

months or even years12. 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.12,13 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).13,14 

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,15 are being 

implanted increasingly as destination therapy (DT), where the device remains 

implanted for the rest of the patient’s life.16 Data from the Interagency Registry for 

Mechanically Assisted Circulatory Support (INTERMACS) indicate that the number 

of patients supported with LVADs has increased dramatically over the past decade, 

with more than 17,000 LVAD implantations.17 Survival rates at one-year post-implant 

are 81%, 59% at five years,17 with increasing numbers of patients supported with an 

LVAD surviving to over 10 years,18,19 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 CHF20 and its beneficial effects on mental and physical health are well 

documented.21 Indeed, both PA and aerobic capacity (expressed as V̇O2 peak) correlate 

with prognosis in patients with CHF.22,23 However many patients with LVADs 

continue to experience exercise intolerance and other heart failure-related 

symptoms,24-26 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.27 reported that the majority of 
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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.28 

However, participants in the CHF control group in this study were not well matched 

for CHF severity to the LVAD group, with a V̇O2 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.29 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 

CHF30 and emerging findings suggest that cerebral signals may contribute to improved 

sympathovagal balance and attenuated activation of ergo‐ and metabo‐reflexes during 

exercise.31,32 In patients with CHF, a 12-week program involving high-intensity 

interval training (HIIT) was found to improve oxygen uptake efficiency by enhancing 

cerebral and muscular haemodynamics during exercise.32 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 function33 and cerebral 

haemodynamics,32 we hypothesised that it may improve cerebrovascular function in 

patients implanted with LVADs. 
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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.34-36 However, training at this 

intensity has not increased aerobic capacity (V̇O2 peak) above untrained control 

participants. HIIT has recently been applied in patients with CHF, and resulted in 

significantly greater improvements in V̇O2 peak, left ventricular ejection fraction and 

endothelial function than MICT,37-39 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. To assess 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. To assess 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. To examine 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 V̇O2 peak, submaximal exercise capacity, cardiac function, 

endothelial function, body composition, biomarkers, QoL and self-efficacy in 

patients with LVADs. 
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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 

V̇O2 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,1 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, V̇O2 peak remains significantly reduced 

compared with age- and sex-predicted values,1,2 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 LVADs 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)3-5 performed to date on the 

effects of ET for patients with continuous-flow LVADs 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. 

iii. 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,6 oxygen consumption (V̇O2) is the 

product of CO multiplied by the arterial-venous oxygen content difference (a-vO2 

diff); (V̇O2 = CO x a-vO2 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 V̇O2 is achieved by a 4-6-fold increase in CO and 2-3-fold increase in a-vO2diff.7 

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 LVEDV 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 V̇O2 peak 

(from ~70 mL at rest to ~110 mL at peak exercise),8 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 V̇O2 in healthy individuals. 9-11 

 

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.12 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.13 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.14 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.15  

Impaired CO triggers compensatory mechanisms involving neurohormonal activation, 

in order to maintain hemodynamic homeostasis.14,15 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.16,17 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.16-18 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.19 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 classification21 to assess and report the severity of 

symptoms and functional capacity. These are classified as:   

 Class I: No limitations to physical activity; ordinary physical activity does not 

cause symptoms. 

 Class II: Slight limitations to physical activity. Comfortable at rest, but 

ordinary physical activity results in breathlessness, fatigue or palpitations. 

 Class III: Marked limitations of physical activity. Comfortable at rest, but less 

than ordinary activity causes symptoms. 

 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.22-24 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 LVEDV 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,25 whereas healthy individuals reach over 100 mL/beat.26 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),27 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 β-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.14 

 

 

Figure 2.2 Oxygen consumption values at rest and peak exercise capacity in healthy 

versus people with CHF. Data adapted from Dhakal et al.26 
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2.3.1.1 Role of cardiac output to exercise intolerance: is it 

mainly a central matter? 

Although there is a linear correlation between V̇O2 peak and peak CO in healthy 

individuals, previous studies have shown that resting left ventricular ejection fraction 

(LVEF) is a poor predictor of V̇O2 peak in patients with CHF.28,29 However, a series 

of acute studies in patients with CHF conducted by Borlaug et al.,30-32 consistently 

found similar a-vO2diff at peak exercise between patients with CHF and matched-

healthy controls, suggesting that a reduced V̇O2 peak might be mainly due to a lower 

CO, secondary to chronotropic incompetence. According to Borlaug,32 there are 

different lines of evidence supporting the theory that the reduced V̇O2 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 V̇O2 peak and additional recruitment of skeletal muscles do not increase CO 

or V̇O2 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,31 the healthy control 

group had a V̇O2 peak of 14.4 mL.min-1.kg-1, 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.26,33-35 Studies 

of acute exercise response in patients with CHF versus healthy individuals26,36 have 

shown that reduced V̇O2 peak in the former was associated with a concurrent decreased 

peak CO and a-vO2diff 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.26 A more recent study performed by Shimiaie et al.37 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-vO2diff) 

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-vO2diff 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.38,64 It should be noted that a-

vO2diff was only calculated indirectly according to the Fick equation. In accordance 

with this finding, an invasive haemodynamic study conducted by Dhakal et al.,26 found 

that peak a-vO2diff was the major determinant of V̇O2 peak in patients with CHF (the 

degree of  a-vO2diff impairment was greater than the CO), reflecting the significant 

role of peripheral oxygen extraction and utilisation (Figure 2.3). Likewise, Bhella et 

al.,39 observed that CO was not significantly different in patients with CHF compared 

to age-match healthy subjects, despite having a lower V̇O2 peak. It is worth mentioning 

the considerable contribution to the field made by Haykowsky and colleagues,33,34 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-vO2diff during 

exercise, and consequently V̇O2 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.  

 

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.26 
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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,40 the seminal discovery by 

Furchgott and Zawadzki41 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 A2, prostaglandin H2, and endothelin 1 

and vasodilators such as hyperpolarizing factor, prostacyclin and nitric oxide 

(NO).42,43 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 coronary44 and peripheral conduit arteries.45 

Endothelium-derived NO production is upregulated by stimuli, such as chemical 

agents (e.g. acetylcholine) or hemodynamic shear stress occurring during exercise.40,43 

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.43 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.46 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.47 Whereas in the setting 

of  CHF, reduced shear stress, secondary to impaired CO, combined with 

neurohormonal activation provoke a breakdown of this equilibrium.48 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.49 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.40,43,50 Importantly, large sample size research 

studies51,52 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.53,54 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 activity55, which may be contributing factors to 

fatigue and dyspnoea during exercise in this patient population.56 



 

 

21 

 

Prior investigations have found that exercise intolerance is associated with impaired 

vascular endothelial function in patients with CHF.57,58  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.59 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 V̇O2 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.60  

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.61-64 While training intensity is considered a key 

element in the prescription of exercise rehabilitation for these patients,65 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.64 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.66 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.63 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 V̇O2 peak (46% 

vs. 14%; p < 0.001), with the increase in V̇O2 peak strongly correlated  with the 

increase in endothelial function (r = 0.69; p < 0.05). Conversely, a recent systematic 

review with meta-analysis62 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.67 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.43,68 

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.69 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,30 leading to an early reliance on anaerobic metabolism, contributing 

to the development of symptoms like fatigue and dyspnoea.20 It is well documented 

that patients with CHF undergo a range of maladaptations in skeletal muscle 

morphology and function.70 In addition to muscle mass loss, other alterations occur 

including a shift from type I (oxidative) to type II/IIb (fast-switch glycolytic) muscle 

fibres, and reduced oxidative enzymes,71,72 mitochondrial volume density72, and 

capillary-muscle interface,73 which have all been associated with decreased aerobic 

capacity.71,72  

 

2.3.2.3.1 Skeletal muscle function during acute exercise in 

chronic heart failure 

In a cross-sectional study, Haykowsky et al.,74 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.,75 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 wasting76 and strength in the lower limbs compared with age-

matched healthy individuals.76,77 For example, Panizzolo et al.,77 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.  
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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.78,79 In an early 

study, Hambretch et al.80 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 I skeletal muscles fibres81 and a higher capillary-fibre 

ratio.82 Additionally, ET studies have reported improvements in muscular cross-

sectional area,83 mitochondrial ATP production rate84 and aerobic enzyme activity.85 

Following quadriceps training,35 changes in skeletal muscle function and structure 

were correlated with increased oxygen uptake,35 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,86 muscle mass and 

strength,65,87,88 which is an independent predictor of survival in CHF.89 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.78 

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.90 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 (PaCO2), arterial blood pressure, cerebral metabolism, neurogenic activity and 

CO.91 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 V̇O2 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.92 Interestingly, both the heart and the brain suffer common 

pathophysiological processes caused by atherosclerosis and thrombosis, which 

eventually leads to chronic organ impairment.93 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 

statement93 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.94,95 However, contemporary 

evidence has revealed that compared with healthy controls, patients with CHF 

experience significantly decreased cerebral perfusion.96-98 Indeed, the degree of CBF 

reduction correlates with NYHA class47 and left ventricular ejection fraction.98 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.99 A considerable body of evidence has revealed that 

the prevalence of cognitive impairment is disproportionally high in patients with 

CHF.100 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.101 

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,102 

supporting the notion that CBF is reversible and heavily dependent on cardiac 

function.  

2.3.2.4.1 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.103 There may be several 

mechanisms involved. Although the main cause is probably due to a reduced CO103 it 

is unlikely to be the sole reason, as this patient population also exhibit an impaired 

cerebrovascular reactivity,104 measured as vasodilation capacity in response to 

increased levels of carbon dioxide (CO2). Also, the elevated ventilatory responses 

(V̇E/V̇CO2) that these patients experience during exercise leads to a diminished PaCO2 

and may result in vasoconstriction in the cerebral blood vessels.103,105 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.106 Nonetheless, sympathetic-induced vasoconstriction is also a known 

mechanism of cerebral autoregulation,107 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.103  

Moreover, since there is a relationship between aerobic capacity and cerebrovascular 

function in healthy individuals,108 it seems plausible that a reduced CBF experienced 

by patients with CHF may affect their exercise tolerance.109  

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.105 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.,109 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 study110 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.111 According to the 

recommendations suggested by Brassard and Gustafsson103 comprehensive assessment 

of cerebrovascular function, requires an evaluation of both intracranial and 

extracranial blood flow, cerebrovascular reactivity, and neurovascular coupling.112 

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 CHF113 and its beneficial effects on mental and physical health are well 

documented.114 Indeed, PA levels are associated with better prognosis and survival in 
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patients with CHF.115 Thus, promoting PA is a relevant treatment strategy for these 

patients to improve functional capacity, quality of life (QoL) and prognosis.116 Current 

guidelines from the Heart Foundation of Australia117 and the American Heart 

Association114 recommend that people with cardiovascular disease accumulate at least 

30 minutes of moderate-intensity PA (i.e., ≥3 METs) 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,113,118,119 which ultimately may 

further impact QoL and prognosis.  

In a cross-sectional study, Klompstra et al.120 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.121 Using more 

objective methods, Dontje et al.119 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.122,123 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.124 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.125 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-analysis126 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,127 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 review128 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 II-III 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-analysis129 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 LVAD 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.14 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 III-IV), 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.130 ACE-I, angiotensin-converting enzyme inhibitor (ACE-I) 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.131 

 

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.132 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.,133 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.134  

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.1 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.135  

More recently, a third-generation of devices have been developed which operate using 

hydrodynamic centrifugal forces.1,136 The second and third-generation devices are 

known as continuous-flow left ventricular assist devices (CF-LVADs).137 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,138 end-

organ function,139 functional capacity and quality of life.140 They are implanted in the 

pericardial space, without the need for abdominal surgery in already compromised 

patients.141 Figure 2.6 illustrates the components of a modern third-generation CF-

LVAD system. Currently, the most commonly used CF-LVADs are HeartMate II, 

HeartMate 3 (HMII and HM3, Thoratec Corp., Pleasanton, CA,) and HeartWare 

(HVAD; HeartWare Inc., Framingham, MA) (Table 2.1).142 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.135  

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),143 

modern continuous-flow LVAD systems are quite smaller, more durable and are 

associated with better clinical outcomes.144 Consequently, current generation CF-

LVADs have replaced pulsatile-flow LVAD systems and are an increasingly common 

treatment option for patients with advanced CHF. 
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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 

volume 

Flow 

output 

Pump speed 

HeartWare Continuous-flow 

centrifugal rotation 

50 cc 10 L/min 1,800 up to 4,000 

rpm. 

HeartMate II Continuous-flow axial 

rotation 

160 g 10 L/min 6,000 up to 15,000 

rpm 
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HeartMate 3 Continuous-flow by 

magnetically levitated 

centrifugal rotation 

281 g 10 L/min 6,000 up to 9,000 

rpm 

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 + PO).23  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 (ΔPP: aortic 

pressure - LV pressure).22,145,146 If 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,147 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 ΔPP drop. Moreover, it is worth noting the role that blood pressure plays 

on the cardiovascular system. Higher blood pressure will increase the ΔPP, decreasing 

the flow through the pump resulting in an elevated differential pump pressure due to 

high blood pressure and/or low LV pressure.148,147 

 

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.149 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,149 the abnormal Frank-Starling ventricular preload and afterload 

sensitivity may represent a limiting factor for TCO, and subsequently limit exercise 

capacity.22  

 

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,147 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.23  

LVAD implantation provides an uninterrupted reduction in LV filling pressures and 

surges in systemic CO. Consequently, RV afterload decrease, and improvement in RV 

function.150 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.151 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.152 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.153 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.154 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.155 This impairment in baroreflex function may be exacerbated by 

alterations in the endothelial function in patients with LVADs,156 as a consequence of 

a lessened shear-stress and the LVAD-induced haemolysis.157 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.158   

 

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.70 However, how LVAD impacts the musculoskeletal system has not been 

systematically investigated. The only study to date which looked at this,159 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 LVADs 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.160  At rest, the 

majority of TCO is pumped by the LVAD system,161,162 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.163,164 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.162,163,165 In an acute haemodynamic study involving patients implanted with 

an LVAD, Martina et al.,163 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.166 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. 

2.6.4.1 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).167 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,163 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.168 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 

V̇O2 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.169 reported that LVAD patients with 

a competent aortic valve had a higher V̇O2 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.170 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.171 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.172 found that worse native ventricular function was associated with lower 

V̇O2 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 V̇O2 peak and EF.163,173 For example, Jakovljevic et 

at.173 reported that V̇O2 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. 

 

2.6.4.2 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 LVADs24,149,174 showed that augmentation of pump 
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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.175 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 β-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 V̇O2 peak during exercise, provided that patients are not being 

paced.176 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,177 some patients 

with LVADs (13-40%) still experience RV failure.178 Interestingly, preliminary 

analyses from the RVF-LVAD study13 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 V̇O2 peak.179 However, the literature is scarce 

in relation to the role of the RV on maximal exercise capacity in patients with LVADs. 

It has been proposed that RV failure could limit V̇O2 peak, as it does in patients with 

CHF. Camboni et al.168 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.180 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.  

 

2.6.4.4 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 V̇O2 peak.181 

More recently, endothelial dysfunction has been postulated as a significant contributor 

to exercise intolerance.182 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.156,183 

Following LVAD implantation, the principal vascular changes are seen in the proximal 

compliance vessels. A study conducted by Ambardekar et al.183 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.,156 

peripheral vascular function, measured as %FMD shear rate, was significantly reduced 

in LVADs (0.09 ± 0.01 %Δ/s-1) compared with the CHF group (0.13 ± 0.02 % Δ/s-1), 

and this was significantly lower than control subjects (0.24 ± 0.03 %Δ/s-1). 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.184 did 

not find significant improvement in endothelial function compared with pre-LVAD 

implantation. In line with the latter study, Lou et al.185 showed that LVAD 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,184,185 as well as the short duration of time on LVAD 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.186 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 

LVADs 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 V̇O2 peak values that range from 

10.6 to 20.3 mL·kg-1·min-1 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 



 

 

45 

 

be measured most accurately by assessments methods such as right heart catheter, CO2 

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,24,166 and similar to V̇O2 

peak.22,187 

Jacquet et al.,24 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-1, p < 0.05). Likewise, participants with 

LVADs also showed a greater aerobic capacity. (LVAD: 15.8 ± 6 vs. CHF: 10.9 ± 3.0 

mL·kg-1·min-1; p < 0.05).  Jakovljevic et al.,173 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 V̇O2 peak (19.8 ± 4.1 mL·kg-1·min-1) versus the CHF group 

(15.8 ± 5.8 mL·kg-1·min-1; p < 0.05). While these findings suggest that there is a 

relationship between CO and V̇O2 peak, the latter study173 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 V̇O2 peak 

in patients with LVADs. 

In agreement with these reported TCO values, Andersen et al.,160 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.,162 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.,166 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.188 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,149,189-191 or no 

improvement 23,172,180,192,193 in aerobic 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 

mode 

V̇O2peak (mL.min-1.kg-

1) 

Main findings 

Haft 143  

(2007)  

 

16 P-LVAD vs 18 CF-LVAD at 3 

months post-implantation. Age: 

51±14 vs 52±14 yr. 

Treadmill 15.4±4.0 vs 15.6±4.7 

(NS). Precicted: 

49.1±13.6 

Pulsatile vs. CF LVADs augmented similarly exercise capacity 

despite better LV unloading of the pulsatile devices. 

Andersen160 

(2010) 

 

12 CF-LVAD. 

Age: 38 (20-65) 

 

Bicycle Not defined TCO augmented from 6.3±2.2 to 13.0±3.0 L/min, without LV 

dimensions nor fractional shortening changes. Right leg blood 

flow increased from 0.7 to 4.4 L/m. 

Jakovljevic16

5 

(2010) 

20 CHF vs 18 CF- LVAD. Age: 

45±10 vs 39±14 yr. 

Treadmill 11.2±1.9 vs 14.7±4, 

p<0.05 

 

Both resting (5.5±2.1 vs 4.1±1.3 L/min) and peak TCO 

(9.1±2.1 vs 12.4±2.2 L/min) were greater in LVAD vs CHF. 

SVR was higher in CHF vs LVAD. 

Jakovljevic17

3 

(2011) 

As above  As above Correlation between peak CPO and V̇O2 peak, CP, VE/VCO2 

is only mild to moderate in LVADs and CHF. 

Dimopoulos1

94 

(2011) 

7 LVAD vs 14 CHF vs 7 HC 

Age: 45±16 vs 50±10 vs 45±7. 

Bicycle 13.8±2.8 vs 13.5±2.3 vs 

30.3±8.3 

LVAD implantation did not improve V̇O2 peak, chronotropic 

inability or HR reserve in patients with advanced CHF. 

Jacquet24 

(2011) 

 

10 HMII vs 10 CHF. Age: 

47.3±13.1 and 50.1±13.2 yr, 

respect. 

Bicycle LVAD: 15.8±6 vs. CHF: 

10.9±3.0; p<0.05. 

LVAD showed significantly higher resting TCO than HF group 

(5.3±0.7 vs. 3.5±0.4 L/min, p<0.05); and peak TCO (9.2±1.8 

vs. 5.6±1.6 L/m, p<0.05). 
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Brassard162 

(2011) 

8 CF-LVAD. Age: 39±18. 

CPET at constant (9775 rpm) vs 

increasing (+400 rpm) pump 

speed. 

 

Bicycle Exercise time: 698±270 

vs 700±300 seconds, 

p=0.94. 

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. 

Noor172 

(2012) 

30 CF-LVAD Age: 35±13 yr. 

CPET at normal (9000 rpm) vs 

(6000 rpm) pump speed. 

Treadmill Pump speed reduction did 

not affect V̇O2 peak: 

20.3±5.2 vs 19.3±6.1, 

NS.  

Although reducing pump speed did not significantly impact 

V̇O2 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, 

V̇O2 peak was associated with EF at both normal (r =0.41, 

p=0.03) and reduced pump speed (r =0.50, p=0.01). 

Kerrigan195 

(2013) 

23 CF-LVAD. Age: 55±13 yr. 

 

 

Treadmill 12.9 ± 3.1 KCCQ score was associated with V̇O2 peak (r=0.51, p=0.019) 

and muscle strength (r=0.58, p=0.006). There was no 

association between V̇O2 peak and 6MWD (r=0.119; NS). 

Martina163 

(2013) 

30 CF-LVAD. Age: 43±14 y. At 6 

months post-implantation. 

Comparison of resting vs peak 

exercise haemodynamics. 

Bicycle 18.0±6.2 mL/kg/min. 

(51% of predicted)  

 

 

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 (1766±750 to 1013±383 dynes.s/cm5). 

Compostella

196(2014) 

26 CF-LVAD vs 30 CHF. Age: 

63.4±7.4 vs 64.6±5.3 y 

Bicycle LVAD: 12.5 ± 3.0 vs 

CHF: 13.6 ± 2.9, NS. 

Within 2 months post-LVAD implantation V̇O2 peak did not 

improve compared to CHF,  the kinetics of V̇O2 recovery after 

exercise was improved: 212.5±62.5 peak vs CHF: 261.1±80.2 
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seconds, p<0.05. 

Camboni168 

(2014) 

8 CF-LVAD. Age: 45 ± 13 y Bicycle 12.4±2.5 (38% of 

predicted) 

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-5 

(p=0.58) and PAP from 16±2.4 to 27±2.8 mmHg (p<0.001). 

Dumlay197 

(2014) 

25 CF-LVAD. Age: 63.4 ± 9.9 y Treadmill 11.5 ± 2.5 (43% of 

predicted) 

Compared to cardiac transplanted patients, aerobic capacity in 

LVADs remains significantly lower. 

Schmidt198 

(2017) 

69 CF-LVADs 

Age: 55.9± 11.7 yr. 

Bicycle 10.6 ± 2.9 (37% of 

predicted) 

Following LVAD implantation (3-months post) aerobic 

capacity remains restricted, whereas, 6MWD improves 

significantly. 

 

Schmidt166 

(2018) 

20 CF-LVAD. Age: 60.8±7.3 yr. Bicycle 10.9±3.0 (39% of 

predicted) 

 

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-5; p < 0.05) and at peak exercise (1144 ± 359  vs. 783 ± 99 dynes.sec.cm-

5, p < 0.05).24 Likewise, Camboni et al.,168 reported a significant decline in SVR from 

rest (1084 ± 211 to peak exercise 678 ± 27 dynes.sec.cm-5, 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,199  Martina et al.,163 

reported a similar magnitude change in SVR from rest to peak exercise (1776 ± 750 

dynes.sec.cm-5 to 1013 ± 383 dynes.sec.cm-5) 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.,24 evaluated a-vO2diff 

throughout a CPET in participants with CHF versus LVADs. 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-vO2diff 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 V̇O2 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.,166 also 

found an elevated a-vO2diff 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-vO2diff 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.200  

Another observation which is important to highlight is that while a-vO2diff and TCO 

both increased significantly during the initial phase of the CPET (to 9.9 ± 2.3 

mLO2/dL, p < 0.01) no further differences were seen with increasing workloads (up to 

13.2 ± 3.1 mLO2/dL, NS). These peak exercise a-vO2diff 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 LVADs on 

the musculoskeletal system. Andersen et al.,160 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.,203 compared 25 patients 

with CHF pre- versus post-LVAD implantation and found an increase in muscle cross‐

sectional area (1005 ± 668 vs. 1240 ± 670 μm2, p < 0.001). This was associated with 

an increased number of oxidative type I muscle fibres. This study demonstrated that 

LVAD implantation improves skeletal muscle mass and function.  

2.7.3.4 Cerebrovascular function 

The eighth INTERMACS report204 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 LVAD 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.205-207 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.94,98 The 

implications of this may be multiple, including cerebrovascular accidents,204 cognitive 

impairment and dementia,99,208 and may also be a contributory factor to exercise 

intolerance.103  

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 

experiment, Brassard and co-workers.162 assessed CBF, measured by transcranial 

Doppler ultrasound, alongside invasive cardiac haemodynamics in eight patients with 

an LVAD. At rest, middle cerebral artery flow velocity (MCAv) 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% V̇O2 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-vO2diff 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 RCT209 considering this outcome reported no adverse 

events over 168 cardiovascular gymnasium visits. However, Kerrigan et al.,5 

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.,210 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,211 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.212 reported 

a beneficial effect of ET on V̇O2 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 RCTs3-5 to date have not found 

a statistically significant difference in V̇O2 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.3  In patients on LVAD support for a mean of 6 months, there was a 

within-group improvement by 2.5 mL·kg-1·min-1 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 

study4 in which participants were assessed early following CF-LVAD implantation (1 

month on support) found that both the training group (Δ4.3 mL·kg-1·min-1 or 41%; p 

< 0.05) and the control group (Δ2.9 mL·kg-1·min-1 or 23%; p < 0.05) experienced 

significantly improved V̇O2 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.5, reported a 

modest increase in V̇O2 peak of 1.7 mL·kg-1·min-1 (12%; p < 0.01) in the ET group 

following 6 weeks of aerobic training, compared with 0.6 mL·kg-1·min-1 (5%; NS) in 
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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 V̇O2 peak following ET. 

In a long-term multimodal intervention (composed of home-based exercise, nutrition 

and psychological support program), Kugler et al.213 observed a significant 

improvement in aerobic capacity (reported as %predicted V̇O2 peak) in the 

intervention versus the control group (Δ8 % vs Δ3%, respectively; p < 0.05). 

Consistent with this finding, a recent non-randomised prospective trial210 found that 

following 6 months of ET, participants with LVADs improved V̇O2 peak by 5 mL·kg-

1·min-1  (Δ34%) 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 V̇O2 peak following training in the 

abovementioned RCTs, although relatively modest in most cases, surpass the clinically 

meaningful threshold of 1 mL·kg-1·min-1 (or an increase of 10%) for CHF.214,215 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.216 reported a small but significant 

improvement in aerobic capacity (14.68 ± 3.63 to 15.13 ± 3.42 mL·kg-1·min-1; p < 

0.05) following an 8-week supervised exercise rehabilitation program involving 
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aerobic and strength exercises. Similarly, Marko et al.211 found that a one-month ET 

regimen was sufficient to detect aerobic capacity gains (11.3 ± 4.1 to 14.5 ± 5.2 mL·kg-

1·min-1; 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 V̇O2 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).1 The MOMENTUM 3 RCT140 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.5 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.209 observed significant changes on 6MWTD in both the 

ET training group (Δ180 m), as well as in the control group (Δ122 m). Similarly, 

Laoutaris et al.3 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 V̇O2 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.217  

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.5 

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 LVADs, 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.218 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 wasting219 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,220 and with health-status in LVADs.195 Therefore, it seems important that 

further ET studies in LVADs 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 colleagues213 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/m2 (p < 0.02 for between-

group comparison). In contrast, Lamotte et al.,210 found that BMI increased 

significantly and to a similar extent in both training (23.2 ± 3.0 to 25.1 ± 3.3 kg/m2) 

and control (23.6 ± 2.4 to 25.2 ± 2.7 kg/m2) 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.221,222 Of note, female sex and older age are 

factors that have been associated with a lower score in QoL in this clinical cohort.223 

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.224 Regular exercise is known to have 

favourable effects on psychological outcomes in patients with CHF,225 suggesting that 

similar benefits may be experienced in LVADs. 

Utilising the Kansas City Cardiomyopathy Questionnaire (KCCQ), Kerrigan and co-

workers5 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.226 Conversely, Hayes et al.,209 did not detect 

differences between the training group (ET: 30.4 ± 10.7 to 59.6 ± 24.2) and the control 

group (36.7 ± 12.2 to 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.,213 also failed to detect between-group differences in 

QoL. Laoutaris et al.,3 using the Minnesota Living with Heart Failure Questionnaire 

(MLHFQ) found that while the ET group improved QoL (48.9 ± 12.8 to 38.2 ± 11.6 

a.u; p = 0.005), the control group did not (49.8 ± 9.5 to 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 study5 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 LVADs 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 disease227, including CHF63, 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% V̇O2 peak), 

as well resistance training, as recommended by best practice,228 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 Participants LVAD 

type 

Exercise intervention Control group Duratio

n 

CPE

T 

mode 

V̇O2 peak  

(mL·kg-1·min-1 

) 

Advers

e 

events 

Kerrigan5 

(2014) 

RCT 16 Ex vs. 7 C 

Age: 55±13 y. 

 

CF-

LVADs 

Treadmill + cycling at 

60% HR reserve for 30 

min. 

Standard 

recommendations to 

perform daily walking. 

Received follow-up calls 

at weeks 2, 4, and 6 week. 

3x/week 

for 6 

weeks. 

Tread

mill 

Ex (13.6 ± 3.3 to 

15.3 ± 4.4) vs. C 

(11.2 ± 2.0 to 11.8 

± 2.0), 

p=0.222. 

1 

syncop

e  

Adamopo

ulos212 

(2013) 

RCT 16 Ex vs. 16 C 

Age: Not 

defined 

Not 

defined 

Aerobic training for 45 

min at Borg scale 12-

14 + plus inspiratory 

muscle training. 

Not defined 3x/week 

for 12 

weeks. 

NA Ex: 17.0 ± 0.8 vs. 

C: 12.6 ± 0.7; 

p<0.05. 

Not 

defined 

Hayes4 

(2012) 

 

RCT 7 Ex vs. 7 C 

Age: 49±15 

and 46±15 y 

 

CF-

LVADs 

Aerobic exercise at 

50% V̇O2 reserve + 

resistance training for 

an hour. 

Mobilization protocol: 

advised to progressively 

walk at least 5 days a 

week for 60 min at 

intensity level of 13 RPE. 

3x/week 

for 8 

weeks 

Cycle 

ergom

eter 

Ex (10.5±2.3 to 

14.8±4.9) vs C 

(12.4±1.7 to 

15.3±4.4), 

p=0.43. 

 

 

None 
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Laoutaris

3 (2011) 

RCT 10 Ex vs. 5 C 

Age: 37±18 vs 

42±15 y 

 

BiVAD

,  & 

pulsatil

eLVAD

s 

Aerobic training for 45 

min + supervised 

inspiratory muscle 

training. 

Advised to walk every 

day for 30–45 min 

3-5x/ 

week for 

10 

weeks. 

Tread

mill 

Ex (from 16.8±3.7 

to 19.3±4.5) vs  c 

(from 14.9±4 to 

14.8±4.2), p=0.1 

None 

Lamotte21

0 (2018) 

Non-

radomis

ed 

11 Ex vs. 4 C 

Age: 52.5±12 

vs. 46.7±14 y 

 Aerobic exercise at 13-

14 on Borg-scale 

+strength exercises 

Not defined 3x/ week 

for 18 

weeks 

Cycle 

ergom

eter 

Exercise group 

(from 14.5 ± 4.4 to 

19.5 ± 8.6) vs. 

control (from11 ± 

5 to 11 ± 2) p < 

0.01. 

2 lipo-

thymic 

episode

s. 

Kugler213 

(2012) 

Non-

radomis

ed 

34 Ex vs. 36 C 

Age: 52±2 vs 

51±2 y. 

CF-

LVADs 

Home-based exercise 

+ nutritional & 

psychological support. 

Standard 

recommendations on 

healthy diet, to exercise 

on daily basis and to seek 

the psychosocial support. 

18 

months 

Cycle 

ergom

eter 

V̇O2 % pred. in 

exercise group (61 

to 69%) vs control 

(59 to 

62%),p<0.05. 

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.,229 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.230,116 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.231 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,232 including CHF,233 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 

LVADs. 

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. 



 

 

 

64 

 

 

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 analyses234 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 V̇O2 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 

colleagues63 after a 12-week program (46% increase in V̇O2 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 yielding disparate results. For 

instance, the recent multicentre SMARTEX HF trial235 did not find significant 

differences in V̇O2 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.236 Rather, 

prescribing workload corresponding to a percentage of V̇O2 peak adjusting over time 

for perceived level of effort has been suggested to be more appropriate.235,236 

Several meta-analyses in CHF have found the superiority of HIIT over MICT at 

improving aerobic capacity. Haykowsky et al.237 reported that HIIT was more effective 
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than MICT for improving V̇O2 peak (mean difference: 2.1 mL·kg-1·min-1). With 

regards to safety, no serious adverse events in participants carrying out HIIT were 

encountered. In accordance with this, a more recent meta-analysis238 found that the 

improvement with HIIT (mean change: 2.6 mL·kg-1·min-1) was significantly superior 

to the MICT (1.4 mL·kg-1·min-1). 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.239 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 V̇O2 peak in predicting 

mortality.240  

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.241 The participant tolerated the training well and V̇O2 peak increased from 

13.1 to 17.3 mL·kg-1·min-1. This case report suggests that HIIT may be feasible and 

safe in patients implanted with LVADs for improving aerobic capacity. Considering 

that HIIT has been shown to be more effective than MICT for improving V̇O2 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.2,22,242 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.243,244  
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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 METs).245 In a more recent study, Granegger et 

al.243 found that similar to aerobic capacity, patients with LVADs achieved half of the 

PA levels that is undertaken in age-matched healthy individuals. In a longitudinal 

study, Jakovljevic et al.246 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 study246 had some limitations that warrant 

consideration. Firstly, the CHF control group had a V̇O2 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.34,36,37 For patients with advanced CHF implanted with an LVAD, despite 

improved haemodynamic support, exercise capacity remains significantly reduced.1  

This limits their capacity to perform activities of daily living and quality of life 

compared with healthy age-matched individuals.1,2 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.78,103,187 

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.163,164 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.3-5 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,63,237,239 but 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 V̇O2 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,204 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.215 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.1 In addition to improving survival,2 LVAD implantation is associated with 

increased exercise tolerance,3-5 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 (V̇O2) remains well below age-predicted values.6-8 There are currently 

only limited data available regarding the patterns and intensity of daily physical 

activity (PA) in patients with an LVAD in situ.9,10 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,9-11 and were not 

significantly higher than in patients with CHF without mechanical circulatory 

support.10 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 V̇O2 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 LVAD 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 III/IV) 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 

testing12 (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 

3.2.2.1 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.13 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. V̇O2 peak was calculated 

as the highest V̇O2 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)14 were recorded 

during the final 30 seconds of each three-minute stage and at peak exercise.15,16 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 
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measured as active energy expenditure (kJ·kg-1·day-1) 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.17 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.18-20 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.,21 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 METs), moderate (> 3.0 – 

6.0 METs) 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 scale22,23 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.24 
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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-1·day-1 with a standard deviation (SD) of 8 kJ·kg-1·day-1,10 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 LVAD group were implanted with a continuous-flow 

LVAD: HeartWare (HeartWare Inc, Framingham, Massachusetts) (25%), HeartMate 

II (56%) and HeartMate 3 (19%) (Thoratec Corporation, Pleasanton, CA).  

 

Table 3.1 Characteristics of participants in the LVAD and CHF groups 

Parameter LVAD group  

(n=16) 

CHF group 

(n=16) 

 

 Pre-LVAD 

implantation 

Post-LVAD 

implantation 

  

p-value 

Age (years) 59.1 ± 10.8 - 58.3 ± 8.7 0.808 

Female sex 3 (19%) - 3 (19%)  

Weight (kg) 78.7 ± 11.6 84.8 ± 15.3* 79.1 ± 12.9 0.234 

BMI (kg·m-2) 26.9 ± 3.3 28.1 ± 4.2* 25.8 ± 3.2 0.353 

Ischemic cardiomyopathy 7 (44%) - 8 (50%)  

Duration of HF diagnosis 

(years) 

 7.7 ± 7.5 (0-

24) 

5.9 ± 6.2 (0–

19) 

0.662 

     

NYHA functional class, n 

(%) 

   0.710 

   III 5 (31%)  6 (38%)  

   IV 11 (69%)  10 (63%)  

 

INTERMACS profile, n 

(%)   

    

   3 5 (31%)    

   4 3 (19%)    

   5 4 (25%)    

   6 4 (25%)    

LVEF (%) 22.2 ± 9.2 - 25.3 ± 7.5 0.321 

Days on LVAD support - 154 ± 138 (82-

580) 

-  
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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-LVAD) by paired t-test. 

 

3.3.2 Aerobic capacity 

Pre-implantation V̇O2 peak was not significantly different in the LVAD group 

compared with the CHF group (Table 3.2). Following LVAD implantation V̇O2 peak 

was significantly higher in the LVAD compared with the CHF group (p < 0.025) and 

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 ± 9.8 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-I or ARB  15 (94%) 13 (81%) 0.274 

   β-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   

inhibitor (PDE-5) 

 9 (56%) 5 (31%) 0.150 
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in the LVAD group post- versus pre-LVAD (p < 0.001). The ventilatory efficiency 

slope (V̇E/V̇CO2) 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 

(n=16) 

CHF group 

(n=16) 

 

 Pre-LVAD Post-LVAD  p-value 

V̇O2 peak (mL·kg-1·min-1) 10.4 ± 2.1 15.8 ± 4.3** 12.3 ± 3.5 0.021 

% of age-predicted 36.2 ± 9.6 53.4 ± 15** 38.8 ± 10.1 0.012 

V̇O2 peak (L·min-1) 0.82 ± 0.2 1.35 ± 0.5** 0.97 ± 0.4 0.042 

V̇E/V̇CO2 slope 44.3 ± 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 ± 11.5 95.9 ± 18.9 0.019 

Peak HR (bpm) 122.3 ± 18 128.6 ± 21.9 126.7 ± 25 0.833 

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

heart failure; V̇E/V̇CO2, 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-LVAD 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).  

 

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 

(METs) 

LVAD group 

(min/day) 

CHF group  

(min/day) 

p-value 

Sedentary, including 

sleeping (< 1.5) 

1294 (1265 - 1317) 1329 (1305 - 1360) 0.015* 

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) 0.5 (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. 

 

3.3.4 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 44.9 ± 35.2 0.025* 

  Pain 60.8 ± 21.1 66.8 ± 25.1 0.466 

  General Health 53.6 ± 24.3 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 77.6 ± 17.8 0.448 

  Summary scores    

     Physical Health 48.6 ± 13.1 40.5 ± 8.1 0.045* 

     Mental Health 52.2 ± 11.2 49.3 ± 9.4 0.429 
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Heart Disease Self-efficacy 

score 

73.8 ± 15.7 68.4 ± 18.7 0.381 

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. 

 

3.3.5 Relationship between physical activity and aerobic 

capacity, quality of life and exercise self-efficacy 

There was a significant correlation between PAEE and V̇O2 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 V̇E/V̇CO2 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). 

 

Figure 3.2. Relationship between physical activity and V̇O2 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.,10 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 V̇O2 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 LVAD 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.25 Similar 

to the observation of Jakovljevic et al.,10 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 population26 and patients with cardiovascular disease,27 

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-1·day-1). 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.9 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.28 In combination, these two factors will potentiate an 

increase V̇O2 peak according to the Fick equation. Indeed, we observed a 52% increase 

V̇O2 peak from pre- to post-LVAD implantation, consistent with previous studies.29-31 

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 V̇O2 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.9 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,32,33 and it has recently 

been proposed as a mediator for being physically active.34 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.3,35,36 In the REMATCH-trial,35 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.10 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 II 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 LVAD 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.1-4 Exercise training, a class I recommendation in CHF,5 

improves functional capacity,6,7 but impacts on cardiac function are limited and 

benefits have traditionally been ascribed to improvements in peripheral factors.2,8 

However, recent studies have proposed a potential role for cerebral blood flow (CBF) 

as a factor in CHF exercise limitation,1-4 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.9 LVADs improve exercise capacity, an effect which may, in part, be 

due to enhanced cardiac output.3 LVAD implantation also facilitates exercise 

rehabilitation, which in turn targets the peripheral skeletal muscle and vascular 

abnormalities which can limit functional capacity.10 A recent experiment by Brassard 

et al.3 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, 6♂3♀) 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, 6♂3♀) 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, 6♂3♀) 

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 II (Thoratec 

Corporation), two HVAD (HeartWare) and four Heartmate III 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 

(n=9) 

CHF 

(n=9) 

p-value 

ACE-I 9 (100%) 5 (56%) 0.04 

Angiotensin II 

receptor blockers 

6 (67%) 4 (44%) 0.32 

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 (V̇O2 peak) was calculated as the 

highest V̇O2 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 

[%Wmax]). 

 

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.11 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 

ADInstruments, 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).12,13 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.14-16 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.13,17 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,12,13 with screen capture and storage of video files for offline analysis.17 

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 approach17 and our within day coefficient of 

variation for the assessment of ICA diameter is 1.5% using this technique.18 Blood 

flow and shear rate were calculated as previously described.14-16,19 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.17 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.20 These assessments of MAP 

were recorded during the final 30 seconds of each two-minute stage and at peak 

exercise. Partial pressure of oxygen (PETO2) and carbon dioxide (PETCO2) 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 V̇O2 and minute 

ventilation (V̇E) 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.17 

 

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 (CIs) 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 V̇O2, or PETCO2 in LVAD, CHF and CTRL groups. In 

contrast, compared to CTRL, MAP was reduced at rest in LVAD (Δ-14 ± 2 mmHg, p 

< 0.0001) and CHF (Δ-24 ± 2 mmHg, p < 0.0001). Resting MAP was higher in LVADs 

that CHF subjects (Δ+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 (Δ+ 5.52 ± 1.59 cm.s-1, CI = 1.68 

to 9.36, p = 0.003) and PCAv (Δ+ 5.82 ± 1.41 cm.s-1, CI = 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* signifies statistical difference from baseline;ᶲ signifies statistical difference from CTRL; φ signifies statistical difference from CHF. 

Variable Group BL 20%Wmax 40% Wmax 60% Wmax Stats 

V̇O2 (ml·kg-1·min-1) LVADᶲ 3.2 ± 0.3 6.2 ± 1.5*ᶲ 7.8 ± 2.0*ᶲ 9.5 ± 2.9*ᶲ Exercise: p < 0.0001; 

Group: p = 0.0008; 

Interaction: p < 0.0001 

CHFᶲ 3.6 ± 0.6 8.1 ± 3.0*ᶲ 9.7 ± 3.4*ᶲ 11.4 ± 3.9 *ᶲ 

CTRL 3.3 ± 0.5 13.2 ± 3.0* 15.6 ± 3.5* 19.0 ± 4.6* 

% V̇O2 peak LVAD 27.0 ± 7.6 50.9 ± 13.6*ᶲ 62.8 ± 17.1*ᶲ 75.4 ± 18.3*ᶲ 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; 

CTRLᵩ 14.8 ± 6.6φ 51.1 ± 14.2*φ 62.0 ± 16.8*φ 72.2 ± 18.5*φ Interaction: p < 0.01 

Workload (watts) LVAD 15 ± 0 28.0± 3.0ᶲ 41.0 ± 5.9*ᶲ 54.0 ± 8.9*ᶲ Exercise: p < 0.001; 

CHF 15 ± 0 27.8 ± 2.6ᶲ 40.5 ± 5.2*ᶲ 53.3 ±  7.8*ᶲ Group: p < 0.01; 

CTRL 45 ± 0 63.0 ± 5.8 90.0 ± 11.7* 105.0 ± 17.5* Interaction: p < 0.05 

PETCO2 (mmHg) LVAD 30.5 ± 3.2 33.2 ± 4.4* 33.5 ± 4.6* 33.7 ± 5.8* Exercise: p < 0.0001; 

Group: NS; 

Interaction: NS 

CHF 28.6 ± 2.8 31.1 ± 4.0* 32.6 ± 4.4* 32.9 ± 4.9* 

CTRL 33.3 ± 3.7 38.6 ± 3.5* 39.6 ± 3.3* 39.8 ± 3.0* 

MAP (mmHg) LVAD 89 ± 12ᶲφ 97 ± 11*ᶲφ 97 ± 9*ᶲφ 101 ± 8*ᶲφ Exercise: p <  0.0001; 

Group: p = 0.001; 

Interaction: p = 0.002 

CHFᶲ 77 ± 13ᶲ 81 ± 13*ᶲ 84 ± 15*ᶲ 87 ± 12*ᶲ 

CTRL 100 ± 17 110 ± 18* 117 ± 21* 126 ± 18* 

ICA velocity (cm.s-1) LVAD 37.1 ± 6.9ᶲφ 40.6 ± 10.0ᵩ 39.7 ± 9.5φ 39.4 ± 7.6ᶲφ Exercise: p =  0.0002; 

Group: p = 0.02; 

Interaction: p = 0.016 

CHF 25.7 ± 6.1ᶲ 27.4 ± 9.1ᶲ 27.7 ± 10.2ᶲ 29.3 ± 11.3φ 

CTRL 33.9 ± 8.3 38.2 ± 8.4 40.0 ± 8.0* 42.2 ± 11.1* 

ICA diameter (mm) 

 

LVAD 4.86 ± 0.58 ᶲφ 4.80 ± 0.57ᶲφ 4.79 ± 0.59ᶲφ 4.77 ± 0.58ᶲφ   Exercise: NS; 

Group: NS; 

Interaction: p = 0.04 

CHF 5.20 ± 0.69 5.26 ± 0.72 5.26 ± 0.72 5.19 ± 0.76 

CTRL 5.14 ± 0.62 5.28 ± 0.72 5.24 ± 0.67 5.28 ± 0.63 

ICA flow (ml.min-1) LVAD 212 ± 59.3φ 225 ± 64ᶲφ 222 ± 79ᶲφ 206 ± 47ᶲ Exercise: p < 0.0001; 

Group: NS; 

Interaction: p = 0.004 

CHF 162 ± 42ᶲ 177 ± 60ᶲ 184 ± 64ᶲ 188 ± 63ᶲ 

CTRL 220 ± 106 257 ± 106* 271 ± 110* 284 ± 132* 

MCAv (cm.s-1) LVAD 52.7 ± 14.6ᶲφ 52.4 ± 14.4ᵩ 52.6 ± 14.8φ 52.1 ± 14.6ᶲφ Exercise: p =  0.0001; 

Group: NS; 

Interaction: p = 0.0004 

CHF 43.0 ± 15.8ᶲ 45.3 ± 19.2ᶲ 47.5 ± 20.9*ᶲ 47.9 ± 22.7*ᶲ 

CTRL 47.2 ± 14.0 55.5 ± 13.1* 57.3 ± 13.8* 57.2 ± 13.0* 

PCAv (cm.s-1) LVADφ 48.8 ± 14.6ᶲφ 49.7 ± 15.0φ 48.4 ± 13.6φ 46.8 ± 12.3ᶲφ    Exercise: p <  0.0001: 

Group: p = 0.04; 

Interaction: p < 0.0001 

CHF 34.9 ± 7.6ᶲ 37.8 ± 9.2ᶲ 38.5 ± 9.2ᶲ 37.9 ± 9.2ᶲ 

CTRL 43.6 ± 9.9 49.5 ± 10.3* 50.9 ± 11.2* 53.4 ± 12.4* 
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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 V̇O2, MAP and PETCO2 in all 

groups. V̇O2 peak values were 12.7 ± 4.4 mL·kg-1·min-1 and 13.0 ± 2.7 ml·kg-1·min-1 

in the CHF and LVAD groups, respectively, both significantly lower compared to 

CTRL (25.4 ± 8.3 mL·kg-1·min-1). Incremental values for %V̇O2 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 V̇O2 (p = 0.0008). 

Post hoc analysis of the main group effect revealed that MAP was reduced when 

comparing CHF (Δ-31. 0± 6.9 mmHg, CI = 13 to 49, p = 0.001) to CTRL participants. 

Similarly V̇O2 was lower in CHF (Δ-4.3 ± 1.2 mL·kg-1·min-1, CI = 1.1 to 7.58) and 

LVAD (Δ-5.4 ± 1.2 mL·kg-1·min-1; 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 V̇O2 and MAP and post hoc analyses 

revealed that V̇O2 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 PETCO2. 

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 PCAv (Figure 4.2 & 

4.3). Post hoc analysis revealed that exercise increased ICA flow from BL at 20 (Δ+ 

36.97 ± 10.8 ml.min-1 
, CI = 66.6 to 7.32, p = 0.008), 40 (Δ 51.26 ± 10.8 ml.min-1, CI 

= 9 to 21.6, p = 0.0001), and 60 (Δ 63.62 ± 10.8 ml.min-1, CI = 93.2 to 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 (Δ 48.2 ± 10.8 ml.min-1 CI = 21.5 to 74.1, p = 0.0001) 

and 40 (Δ 38.1 ± 10.8 ml.min-1, CI = 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 (Δ+ 11.57 ± 4.205 cm.s-1, CI = 

0.37 to 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 Δ 6.03 

± 1.46 cm.s-1 , CI = 2.02 to 10.05, p = 0.0009 and 60%WMax Δ8.25 ± 1.46 cm.s-1 , CI 

= 4.23 to 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 (MCAv: 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). ᶲ signifies statistical difference 

from CTRL; ᵩ 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;ᶲ signifies statistical difference from CTRL; and ᵩ signifies statistical 

difference from CHF. 

 



 

127 

 

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;ᶲ signifies statistical difference from CTRL; ᵩ 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.9 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 LVADs 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 V̇O2 peak.21 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.3 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.3 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.2,11 Exercise-

induced changes occur as a result of the compound influence of metabolic and humoral 

factors and neuronal activation.1,2,22 CHF is a model of myriad systemic dysfunction, 

with abnormalities in each of the links in the Fick equation chain.2,8 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.2 Interestingly,  cardiac transplantation has beneficial impacts of CBF in 

CHF and increasing LVAD pump speed during exercise also enhances perfusion,2 

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 V̇O2 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 

PETCO2 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.23 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,24 PETCO2,
18 shear stress,15 and 

cerebral metabolism25,2,21 Our 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,2,26 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.27,28 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)29 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.30 Moreover, since elevations in cerebral 

perfusion and related shear patterns are key mechanisms to improve cerebrovascular 

health,31 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 practices12,18 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.32 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.1-4 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).1 Augmented 

cardiac output and peripheral blood flow are factors commonly proposed to underpin 

enhanced exercise capacity following LVAD implantation.2 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,3-5 

in the previous chapter we found no observable increases during incremental exercise.5 

This impairment may be ameliorated if pump speed is progressively increased in 

conjunction with exercise intensity.6 The relative lack of cerebral hyperemia during 

exercise may relate to a lack of reflex increase in cardiac output,6 as well as the absence 

of an increase in intra-cranial vasodilation due to impaired shear stress and the lack of 

pulsatility.7 Cerebrovascular dysfunction during aerobic exercise in CHF that persists 

despite LVAD implantation6-8, 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.1 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.9-11 

However, a paucity of studies have investigated the impact of exercise training (ET) 

in patients with LVADs,12-14 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 

5.2.1 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 (5♀, 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 V̇O2 reserve; this was refined 

based on the rating of perceived exertion from 11 (“fairly light”) to 15 (“hard”) on the 

Borg Category Scale.15 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 CHF10,11,16 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.10,11,16 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. 

5.2.4 Statistical Analysis 

Statistical analysis was performed using SPSS 25 software (IBM, Chicago, IL, USA) 

and GraphPad PRISM 6.01 software (GraphPad Software, LaJolla, 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 II, 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 II receptor 

blockers 

7 (64%) 

β-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 V̇O2 peak and workload 

maximum 

Based on data derived from the recumbent bicycle ergometer cardiopulmonary 

exercise test (CPET), peak oxygen consumption (V̇O2 peak) increased from 11.7 ± 3.1 

to 14.6 ± 3.7 mL·kg-1·min-1 (p < 0.005). Mean respiratory exchange ratio at PreTR 

assessment was 1.2 ± 0.1 and 1.3 ± 0.1 V̇CO2/V̇O2 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 

PETCO2 (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).  

 

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-1) (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). 

 

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. τ 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 5.3 and 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-1) at 60% WMax (p = 0.02). 

Post hoc assessment of the interactions between relative changes (i.e., Δ%) 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). τ signifies interaction and 

post-hoc revealed differences between pre-training (PreTR) and post-training 

(PostTR), p < 0.001. 

 



 

145 

 

 

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). τ 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 (PETCO2) 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 PETCO2 

during exercise. τ signifies interaction and post-hoc revealed differences between pre-

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

5.3.4 Effect of training on cardiorespiratory measures 

during exercise 

Elevated PETCO2 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 PETCO2 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 PETCO2 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 Δ from 

baseline = -5.8 ± 1.7 mmHg) and 100% Wmax (mean difference between pre and post-

training Δ 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. 

5.3.5 Correlations between variables 

At rest, V̇O2 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, V̇O2 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 V̇O2 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 - ♀5: ♂7). * signifies main effect 

difference from BL, p < 0.05. τ 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 (%workload maximum), pre- and post-exercise training 

Variable  BL 20 40 60 80 100 Significance 

         

MCAv (cm.s-1) Pre 55.0 ± 14.1 53.0 ± 13.7 53.4 ± 13.4 53.7 ± 13.8 53.1 ± 14.8 51.8 ± 14.3  

Post 57.6 ± 12.5 53.1 ± 10.3 53.8 ± 10.5 54.7 ± 10.1 54.4 ± 10.2 52.0 ± 10.3 

         

PCAv (cm.s-1) Pre 43.0 ± 10.8 43.0 ± 9.9 43.1 ± 10.5 43.0 ± 10.7 42.1 ± 10.8 40.6 ± 10.0* ME: * p < 0.05; 

INT: τ p < 0.001 Post 38.1 ± 10.4 τ 39.5 ± 11.2 τ 39.6 ± 11.5 τ 39.7 ± 12.0 τ 39.7 ± 11.6 τ 38.5 ± 11.6  

         

ICA flow (ml.min-1) Pre 216.8 ± 56.8 220.5 ± 62.2 209.8 ± 75.9 192.2 ± 48.5 - - INT: τ p<0.001 

Post 222.6 ± 62.5 220.4 ± 59.9 230.4 ± 60.0 τ 225.4 ± 56.0 τ - - 

         

ICA diameter (mm) Pre 4.9 ± 0.5 4.8 ± 0.5 4.8 ± 0.5 4.7 ± 0.5 - - ME:* p < 0.05 

Post 5.2 ± 0.8 τ 5.1 ± 0.8 τ 5.1 ± 0.7 τ 5.0 ± 0.7 τ - - 

         

ICA velocity (cm.s-1) Pre 37.4 ± 6.4 39.1 ± 9.0 37.2 ± 9.5 36.3 ± 7.5 - - INT: τ p<0.001 

Post 36.1 ± 7.3 37.4 ± 9.6 38.6 ± 8.7 τ 38.7 ± 9.8 τ - - 

         

PETCO2 (mmHg) Pre 29.8 ± 2.5 31.5 ± 3.1* 32.1 ± 3.0* 31.8 ± 2.9* 31.5 ± 3.3* 30.9 ± 3.4* ME: * p < 0.05; 

INT: τ p < 0.001 Post 30.9 ± 2.3 32.8 ± 2.0*τ 34.2 ± 2.3*τ 34.8 ± 2.3*τ 34.4 ± 2.4*τ 33.4 ± 3.4*τ 

         

MAP (mmHg) Pre 85.8 ± 9.8 93.2 ± 10.5 94.6 ± 8.8 97.3 ± 8.7 99.5 ± 7.9 102.6 ± 8.7 ME: * p < 0.05; 

INT: τ p < 0.001 Post 82.5 ± 9.0 

 

89.6 ± 8.7 

 

93.0 ± 10.3 

 

97.5 ± 9.6 

 

102.5 ± 8.3  

 

108.3 ± 8.4 τ 

 

Heart Rate (1/min) Pre 

Post 

83 ± 8 95 ± 13* 100 ± 17* 105 ± 21* 110 ± 20* 117 ± 23* ME:* p < 0.05 

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; PETCO2 , 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); τ signifies statistical difference from Pre-training (p < 0.001).
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5.4 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.17 Although functional capacity improves from pre-implantation 

status, recipients of LVADs still experience impaired aerobic capacity and 

cerebrovascular function during exercise.5-7 ET is an evidence-based adjunct treatment 

for patients with CHF.18-20 While ET is currently being delivered in cardiac-

rehabilitation settings to improve functional capacity and health,1 there is a paucity of 

evidence regarding its specific effects in patients with LVADs.12,14,21 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.5 In healthy individuals, the exercise CBF response follows a 

biphasic pattern of initial vasodilation during submaximal exercise, followed by a 

plateau.22-24 During submaximal exercise (from 20% to 60% V̇O2 peak), there is 

typically a 10-20% vasodilatory increase in CBF, which is positively correlated with 

increases in PETCO2, MAP and intra-arterial shear rate.25 We did not observe such 

increases during exercise in LVAD individuals in our recent study,5 or in our pre-

training LVAD group in this study. A novel study by Brassard et al.6 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 

trivial26,27 or no improvement28,29 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.1 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 

PETCO2) responses during incremental exercise. Non-cardiac (musculoskeletal and 

respiratory) improvements following ET both have the capacity to enhance aerobic 

capacity and peak achievable workload.1,7 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.,7 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.30,31 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.32 It is unknown what impact 

interval and continuous training intervention had on cerebral autoregulation in our 

clinical population, but Lewis et al.33 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 V̇O2 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.34,35 Shear-mediated 

vasodilation in the extracranial arteries also occurs during exercise in healthy 

individuals,25 but not in patients with LVADs.5 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 PCAv responses to exercise, potentially via an 

elevation in cardiorespiratory responses (e.g., a greater increase in MAP and PETCO2 

responses at maximal exercise). Warnert et al.36 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 CO2 and MAP and utilize volumetric posterior CBF 

measures in patients with LVADs will be required. 

Recently, Stohr et al.37,38 and Cromwell et al.39,40 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.39,40 suggested that evidence does not indicate 

adverse impacts on cerebral processes in non-pulsatile systems, Stohr et al.37,38 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,14 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,5 however we 

applied standardized ultrasound imaging techniques to screen for differences in all 

intracranial41 and extracranial42 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 

V̇O2 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,1-3 quality of life (QoL) and exercise tolerance.4,5 However, despite the 

augmented cardiac output resulting from an LVAD, aerobic capacity an important 

prognostic indicator in CHF,6 remains significantly impaired compared with 

normative values.7 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.8-10 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.8-10  

A method of ET that has gained popularity in recent years in cardiac rehabilitation is 

high intensity interval training (HIIT).11-14 HIIT involves alternating bouts of high and 

moderate-intensity exercise and has consistently been found to be well-tolerated15 and 

more effective at improving aerobic capacity than moderate-intensity continuous 

aerobic exercise (MICT).14 In the seminal work of Wisloff et al.,16 12 weeks of HIIT 

in patients with CHF increased V̇O2 peak significantly more than MICT. Furthermore, 

a recent meta-analysis found that HIIT was more effective than MICT at improving 

vascular endothelial function,12 an important indicator of vascular health, which is 

commonly impaired in patients with CHF.17 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 V̇O2 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. 

 



 

162 

 

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 (CT2016CTN040471) 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.18 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 

(V̇O2 peak) was calculated as the highest V̇O2 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)19 were recorded during the final 30 seconds of each two-minute stage 

and at peak exercise.20,21  

6.2.3.2 Submaximal exercise capacity assessment 

A 6MWT was performed using a standardised protocol according to the American 

Thoracic Society guidelines.22 The 6MWT 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.23 

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,24 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.25,26 

6.2.3.5 Anthropometric assessment 

A whole-body fan-beam dual-energy X-ray absorptiometry (DXA) scan (Hologic 

Discovery A SN87390 DPX-IQ, 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 Quality 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.27 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 scale28,29 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 V̇O2 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 

(SAEs), 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.30 

6.2.4.1 High-intensity interval training 

The HIIT protocol consisted of aerobic exercise performed on a treadmill and 

comprised of four sets of four-minute efforts at 80-90% of V̇O2 reserve, interspersed 

with 3-minutes active recovery at 50-60% of V̇O2 reserve (Figure 6.1: Panel A), 

consistent with training protocols employed in previous studies.12,31  

6.2.4.2 Moderate-intensity continuous training 

The MICT protocol consisted of continuous aerobic exercise, also performed on a 

treadmill at 50-60% V̇O2 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,8,9 and typical of usual care 

exercise rehabilitation in clinical practice.32,33 
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Figure 6.1 Comparison of training interventions. Panel A, HIIT protocol: 4x4 min at 

80-90% V̇O2 reserve interspersed with 3-min active recovery at 50-60% V̇O2 reserve. 

Panel B, MICT protocol: 28-min at 50-60% V̇O2 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 V̇O2 reserve. Heart 

rate (HR) reserve, which correlates well with V̇O2 reserve in patients with LVADs,34 

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.35 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 CHF16, 

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 (V̇O2 peak) of 

2.5 mL·kg-1·min-1 and a standard deviation (SD) of 2.5 mL·kg-1·min-1 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.36 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. 

 

 

Figure 6.2 Consolidated Standards of Reporting Trials (CONSORT)37 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 ± 9.5 169.3 ± 4.1 0.473 

BMI (kg/m2) 27.3 ± 4.2 29.0 ± 4.4 0.376 

BSA (cm2) 2413 ± 261 2459 ± 174 0.847 

Ischemic 

cardiomyopathy 

6 (55%) 5 (50%) 0.823 

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 4.4 ± 1.3 0.251 

CI (L/min/m2) pre-

LVAD 

1.9 ± 0.6 2.2 ± 0.7 0.206 

PAWP (mmHg) pre-

LVAD 

26.6 ± 8.5 27.4 ± 6.2 0.932 

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 II 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-I or ARB 9 (82%) 8 (80%) 0.909 

    β-blockers 5 (45%) 6 (60%) 0.502 

    Aldosterone          

antagonist  

2 (18%) 2 (20%) 0.909 

    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 METs; p < 0.001, Figure 6.3). This corresponded to a mean relative 

ET intensity of 72 ± 15 %V̇O2 reserve for the HIIT, versus 54 ± 5 %V̇O2 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).  

 

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 V̇O2 peak between groups at baseline. HIIT 

improved V̇O2 peak (p < 0.001), while the change in V̇O2 peak in the MICT group was 

not significant (Figure 6.4). There was a significant difference in the change in V̇O2 

peak between groups of 1.9 mL·kg-1·min-1 (95% CI, 0.3 to 4.2; p < 0.05) (Table 6.2). 

The minute ventilation/carbon dioxide production (V̇E/V̇CO2) 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. 

 

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 

V̇O2 peak 

(mL·kg-

1·min-1) 

15.6 (13.2 to 

17.8) 

18.4 (16.0 to 

20.8)** 

16.2 (13.8 to 

18.7) 

17.2 (14.6 to 

19.7) 

0.029 

V̇O2 peak 

(L·min-1) 

1.31 (1.07 to 

1.55) 

1.60 (1.35 to 

1.86)** 

1.38 (1.13 to 

1.64) 

1.48 (1.21 to 

1.75) 

0.067 

% of 

predicted 

V̇O2 peak 

48.2 (41.6 to 

54.8) 

56.8 (50.0 to 

65.7)** 

50.2 (43.2 to 

57.1) 

53.0 (45.7 to 

60.3) 

0.045 

MAP peak 

(mmHg) 

112 (104 to 

119) 

117 (109 to 

126) 

105 (97 to 

112) 

108 (99 to 

117) 

0.772 

HR peak 

(1/min) 

131 (119 to 

142) 

139 (126 to 

152) 

129 (116 to 

141) 

133 (120 to 

146) 

0.486 

V̇E/V̇CO2 

slope 

34.3 (32.0 to 

36.6) 

31.2 (28.7 to 

33.7)* 

32.9 (30.6 to 

35.2) 

31.5 (28.7 to 

34.3) 

0.352 

Test 

duration (s) 

621 (502 to 

741) 

764 (641 to 

887)* 

582 (457 to 

708) 

690 (560 to 

819)* 

0.374 

Peak RER 1.12 (0.98 to 

1.27) 

1.11 (0.96 to 

1.25) 

1.13 (0.98 to 

1.28) 

1.18 (1.03 to 

1.35) 

0.129 

Data are presented as estimated marginal mean with 95% CIs. 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. 

V̇O2, oxygen consumption; MAP, mean arterial pressure; HR, heart rate; V̇E/V̇CO2, 

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%CI, -18 to 73; p = 0.241); Figure 6.5.    

   

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%CI, 110-139 kg] and the MICT group [94 kg 

(95%CI, 80 to 107) to 113 kg (95%CI, 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%CI, -2.4 to 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 Follow up p-

value 

Baseline 

diameter (mm) 

3.9 (3.4 to 

4.3) 

3.9 (3.3 to 

4.4) 

3.6 (3.2 to 

4.0) 

3.6 (3.2 to 

3.9) 

0.823 

Peak diameter 

(mm) 

4.2 (3.7 to 

4.7) 

4.2 (3.6 to 

4.7) 

3.5 (3.0 to 

4.1) 

3.9 (3.4 to 

4.5) 

0.313 

FMD (%) 7.4 (5.6 to 

9.2) 

8.0 (6.1 to 

9.9) 

6.9 (5.1 to 

8.8) 

8.5 (6.6 to 

10.4)* 

0.182 

Time to peak 

(s) 

102 (85 to 

119) 

72 (51 to 92)* 92 (75 to 110) 65 (45 to 87)* 0.833 

SRAUC (a.u.) 34992 (25358 

to 44627) 

27033 (16564 

to 37502) 

37946 (28311 

to 47579) 

35574 (25106 

to 46043) 

0.292 

Data are presented as estimated marginal means with 95% CIs. 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 HIIT versus MICT on cardiac function parameters at rest and 

peak exercise 

  HIIT group MICT group  

 p-

value 
Parameter Stress Baseline Follow-up Baseline Follow up 

LVEDD 

(cm) 

Rest 5.7 (5.0 to 6.6) 5.8 (5.1 to 6.3) 6.4 (5.6 to 7.2) 6.3 (5.6 to 7.0) 0.674 

 PE 5.8 (5.1 to 6.6) 5.7 (4.7 to 6.5) 6.2 (5.4 to 7.0) 6.3 (5.4 to 7.2) 0.413 

LVESD 

(cm) 

Rest 5.1 (4.0 to 6.1) 5.0 (4.1 to 5.9) 5.7 (4.6 to 6.8) 5.4 (4.3 to 6.4) 0.788 

 PE 5.0 (4.0 to 5.9) 4.8 (3.7 to 6.0) 5.2 (4.2 to 6.2) 5.7 (7.0) 0.148 

AR VC  

(cm) 

Rest 0.19 (0.08 to 

0.30) 

0.46 (0.16 to 

0.76) 

0.13 (0.05 to 

0.22) 

0.08 (-0.18 to 

0.35) 

0.100 

AR ASE Rest 1.17 (0.52 to 

1.81) 

1.50 (0.72 to 

2.28) 

1.14 (0.55 to 

1.74) 

1.17 (0.42 to 

1.87) 

0.405 

 PE 0.67 (-0.25 to 

1.59) 

1.17 (0.01 to 

2.34) 

0.25 (-0.55 to 

1.05) 

1.0 (0.09 to 

1.91) 

0.494 

MR ASE Rest 1.00 (-0.23 to 

2.22) 

1.17 (0.06 to 

2.27) 

2.07 (1.03 to 

3.11) 

1.43 (0.41 to 

2.45) 

0.730 

 PE 1.33 (0.41 to 

2.26) 

1.30 (0.11 to 

2.49) 

1.50 (0.58 to 

2.43) 

1.80 (0.61 to 

2.99) 

0.696 

MR VC 

(cm) 

Rest 0.10 (-1.21 to 

1.41) 

0.09 (-1.11 to 

0.29) 

1.19 (-0.27 to 

2.66) 

0.10 (0.29 to 

0.28) 

0.453 

RVOT VTI Rest 12.1 (9.6 to 

14.6) 

10.6 (8.5 to 

12.7) 

9.7 (7.3 to 

12.2) 

10.2 (8.0 to 

12.4) 

0.855 

 PE 11.6 (8.8 to 

14.5) 

12.2 (9.6 to 

14.7) 

13.6 (10.8 to 

16.5) 

12.4 (9.6 to 

15.2) 

0.589 

TR ASE Rest 1.1 (0.6 to 1.6) 1.4 (0.4 to 2.4) 1.6 (1.1 to 2.1) 1.1 (0.2 to 2.0) 0.452 

 PE 1.8 (0.8 to 2.7) 0.8 (-0.1 to 

1.8) 

1.4  (0.7 to 

2.1) 

1.5 (0.5 to 2.5) 0.276 

TRv max 

(m/sec) 

Rest 2.4 (2.0 to 2.9) 2.2 (1.5 to 3.0) 2.4 (2.3 to 2.7) 2.6 (2.0 to 3.2) 0.966 

 PE 2.9 (2.6 to 3.1) 2.9 (2.3 to 3.6) 2.9 (2.7 to 3.1) 2.9 (2.4 to 3.4) 0.884 

LA size 

(ml/ m2) 

 

Rest 38.4 (23.2 to 

53.6) 

47.1 (24.2 to 

70.0) 

47.7 (34.1 to 

61.3) 

53.5 (34.1 to 

72.8) 

0.493 

 PE 54.9 (38.2 to 

71.6) 

52.0 (32.2 to 

71.8) 

64.6 (50.1 to 

79.0) 

46.2 (30.1 to 

62.4) 

0.913 

RA size 

(ml/ m2) 

Rest 29.8 (12.3 to 

47.2) 

31.5 (17.2 to 

45.7) 

39.8 (25.6 to 

54.1) 

37.5 (25.9 to 

49.1) 

0.812 
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 PE 32.3 (10.6 to 

54.0) 

32.7 (21.0 to 

44.5) 

47.5 (25.8 to 

69.2) 

38.8 (29.2 to 

48.4) 

0.459 

RV EDA 

(cm2) 

Rest 24.8 (9.9 to 

39.7) 

26.4 (17.7 to 

35.2) 

23.5 (10.6 to 

36.5) 

22.9 (12.2 to 

33.6) 

0.378 

 PE 22.2 (8.3 to 

36.2) 

21.6 (9.7 to 

33.5) 

23.6 (11.5 to 

35.7) 

21.0 (12.6 to 

29.4) 

0.742 

RV ESA 

(cm2) 

 

Rest 17.4 (5.4 to 

29.4) 

18.3 (12.3 to 

24.4) 

17.1 (6.7 to 

27.4) 

16.8 (9.4 to 

24.1) 

0.588 

 PE 15.3 (5.3 to 

25.3) 

13.9 (2.8 to 

24.9) 

14.8 (7.2 to 

24.5) 

14.0 (6.2 to 

21.8) 

0.405 

RV EDD 

(cm) 

 

Rest 5.0 (4.1 to 5.8) 4.4 (3.9 to 4.9) 4.3 (3.6 to 4.9) 4.3 (3.8 to 4.8) 0.535 

 PE 4.2 (2.7 to 5.7) 3.6 (3.2 to 4.1) 4.3 (3.0 to 5.6) 4.3 (4.0 to 4.7) 0.099 

RVs´ (cm/s) 

 

Rest 6.2 (4.5 to 7.9) 5.6 (3.2 to 7.9) 6.3 (4.6 to 8.0) 5.9 (3.5 to 8.2) 0.164 

 PE 10.0 (7.0 to 

13.0) 

7.6 (8.0 to 

13.7) 

10.8 (4.3 to 

10.9) 

6.8 (4.0 to 9.7) 0.201 

RV FAC 

(%) 

Rest 30.6 (19.8 to 

41.4) 

30.6 (30.3 to 

31.0) 

28.8 (19.4 to 

38.1) 

26.9 (26.5 to 

27.2) 

0.073 

 PE 27.6 (10.6 to 

44.6) 

37.9 (24.7 to 

51.0) 

34.2 (19.4 to 

48.9) 

34.5 (25.3 to 

43.9) 

0.628 

IVC (cm) Rest 1.8 (1.3 to 2.3) 2.3 (1.5 to 3.0) 1.7 (1.3 to 2.1) 1.8 (1.3 to 2.2) 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 Follow up p-value 

Total fat 

mass (kg) 

24.8 (20.8 to 

28.9) 

26.1 (22.0 to 

30.1) 

25.5 (21.1 to 

30.0) 

26.7 (22.2 to 

31.2) 

0.976 

Fat mass 

index (kg/m2) 

8.0 (6.6 to 

9.3) 

8.4 (7.0 to 

9.4) 

8.8 (7.3 to 

10.3) 

9.2 (7.7 to 

10.7) 

0.956 

Total lean 

mass (kg) 

56.1 (51.2 to 

61.1) 

56.6 (52.0 to 

61.6) 

52.7 (47.2 to 

58.1) 

54.8 (49.3 to 

60.4) 

0.210 

Lean index 

(kg/m2) 

18.0 (16.8 to 

19.3) 

18.2 (16.9 to 

19.4) 

18.0 (16.6 to 

19.4) 

18.8 (17.3 to 

20.2) 

0.147 

BMC (g) 5059 (4303 to 

5815) 

5260 (4483 to 

6038) 

5430 (4594 to 

6265) 

55428 (4581 

to 6276) 

0.359 

BMD (g/cm2) 2.01 (1.81 to 

2.24) 

2.03 (1.81 to 

2.24) 

2 20 (1.98 to 

2.43) 

2.22 (1.99 to 

2.45) 

0.996 

Total body 

fat (% body 

mass) 

29.2 (26.4 to 

32.1) 

29.9 (27.0 to 

32.8) 

30.1 (26.9 to 

33.3) 

30.4 (27.2 to 

33.6) 

0.599 

Leg BMD 

(g/cm2) 

1.48 (0.99 to 

1.97)  

1.72 (1.21 to 

2.23) 

2.12 (1.58 to 

2.66) 

2.17 (1.61 to 

2.72) 

0.356 
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Leg fat mass 

(g) 

8.2 (6.3 to 

10.2)   

8.3 (6.3 to 

10.3) 

9.1 (6.3 to 

10.3) 

9.6 (7.4 to 

11.8) 

0.194 

Leg lean 

mass (g) 

16.8 (14.8 to 

18.8) 

16.9 (14.8 to 

19.0)  

15.8 (13.6 to 

18.0)  

16.7 (14.4 to 

18.9) 

0.380 

Leg fat mass 

(%) 

31.9 (27.2 to 

36.7) 

31.1 (26.4 to 

35.9) 

32.9 (27.6 to 

38.1) 

31.2 (26.4 to 

35.9) 

0.480 

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

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

BMD, bone mineral density.  

6.3.10 Quality 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 Follow up p-value 

Physical 

Functioning 

36.6 (32.1 to 

41.1) 

43.7 (38.9 to 

48.5)* 

36.6 (32.1 to 

41.1) 

43.1 (38.0 to 

48.1*  

0.816 

Role 

Physical 

36.7 (32.7 to 

40.8) 

43.6 (39.3 to 

48.0)** 

36.7 (32.7 to 

40.8) 

46.8 (42.3 to 

51.4)** 

0.825 

Bodily pain 46.0 (41.3 to 

50.8) 

48.9 (43.7 to 

54.2) 

41.5 (36.8 to 

46.2 

47.1 (41.6 to 

52.7) 

0.527 

General 

Health 

33.6 (26.8 to 

40.5) 

38.3 (30.8 to 

45.7) 

33.6 (26.8 to 

40.5) 

38.3 (30.8 to 

45.7) 

0.713 
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Vitality 51.1 (44.2 to 

57.9) 

56.7 (49.3 to 

64.1) 

53.0 (46.2 to 

59.6) 

58.0 (50.2 to 

65.7) 

0.892 

Social 

Functioning 

40.9 (35.5 to 

46.3) 

47.1 (41.1 to 

53.0) 

40.9 (35.5 to 

46.3) 

45.5 (39.1 to 

51.8) 

0.751 

Role 

Emotional 

55.7 (50.0 to 

61.6) 

53.8 (47.7 to 

59.8) 

49.0 (43.2 to 

54.8) 

49. 3 (42.3 to 

55.8) 

0.400 

Mental 

Health 

61.9 (56.3 to 

67.5) 

64.0 (58.3 to 

69.8) 

56.2 (50.5 to 

61.8) 

59.7 (53.9 to 

65.6) 

0.422 

  Summary 

scores 

     

     PCS 30.7 (26.3 to 

35.0) 

38.1 (33.6 to 

42.6)** 

33.4 (29.1 to 

37.8) 

40.0 (35.4 to 

44.6)** 

0.685 

     MCS 61.5 (55.5 to 

67.4) 

61.7 (55.6 to 

67.8) 

56.1 (50.2 to 

62.0) 

56.9 (50.7 to 

63.2) 

0.853 

HDSE 

score 

67.4 (60.0 to 

74.9) 

75.8 (68.3 to 

83.3)* 

69.3 (61.3 to 

77.2) 

80.4 (72.4 to 

88.3)* 

0.597 

Data are presented as adjusted marginal mean 95% CIs. 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 

HIIT 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 

(ng/L) 

404 (252 to 

555)  

279 (104 to 453)   361 (194 to 

530)  

236 (48 to 

423)  

0.992 

Hb (g/L) 129 (122 to 

136) 

135 (128 to 144)  126 (118 to 

133) 

133 (124 to 

143) 

0.808 

CRP 

(mg/L) 

9.1 (1.3 to 

16.9) 

6.8 (-1.3 to 14.9)** 9.1 (1.3 to 

16.9) 

9.3 (1.0 to 

17.6) 

0.474 

CR 

(μmol/L) 

101 (87 to 

114) 

112 (98 to 126)* 101 (88 to 

115) 

107 (92 to 

122) 

0.256 

Chol 

(mmol/L) 

4.7 (4.1 to 

5.3) 

4.3 (3.7 to 5.0) 3.9 (3.2 to 

5.0) 

3.9 (3.1 to 

4.6) 

0.386 

HDL 

(mmol/L) 

1.1 (0.9 to 

1.3) 

1.1 (0.9 to1.2) 1.1 (1.0 to 

1.3) 

1.1 (0.9 to 

1.3) 

0.784 

LDL 

(mmol/L) 

2.8 (2.3 to 

3.3) 

2.6 (2.1 to 3.1) 2.2 (1.7 to 

2.7) 

2.2 (1.6 to 

2.8) 

0.700 

TG 

(mmol/L) 

1.8 (1.3 to 

2.2) 

1.4 (1.0 to 1.9)* 1.6 (1.1 to 

2.0) 

1.6 (1.1 to 

2.1) 

0.121 

Data presented as estimated marginal means with 95% CIs. 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 LVAD 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.8-10 Laoutaris et al.10 prescribed 10-weeks of combined home-

walking, cycling and inspiratory muscle training in patients supported with first-

generation pulsatile LVADs. While V̇O2 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,8,9 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).38.39 

However, increases in V̇O2 peak have been less dramatic, typically remaining at 

approximately 50% of predicted values.40,41 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,42-44 limiting an increase in V̇O2 peak. The ‘ceiling 

effect’ on circulatory output45 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 V̇O2 

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.13,46-49 However, the effects in patients with CHF remain 

equivocal. Wisloff et al.16 reported a 46% increase in V̇O2 peak. In contrast, a recent 

multicentre trial of HIIT, also in patients with CHF (SMARTEX HF),50 reported an 

increase of just 8% in V̇O2 peak, despite prescribing a similar HIIT protocol. The 

magnitude of improvement in V̇O2 peak of 17% with HIIT in the current study lies 

between these extremes. Several factors may explain the variability in results. The 

Wisloff study16 was a single centre trial, with exercise that was closely supervised, 

whereas the SMARTEX HF50 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 HIIT versus MICT, which can be challenging 

to maintain for some people.51 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 V̇O2 peak 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-1·min-1 

increase in V̇O2 peak is associated with an 8% reduction in mortality.6 Importantly, we 

incorporated a broad eligibility criterion, including patients supported with three 

different continuous-flow LVAD 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 LVADs.  
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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.46 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 HIIT 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,49,52-54 as well 

as a recent meta-analysis.55 The exception being the by Wisloff et al.16 which reported 

reverse LV remodelling with HIIT. The SMARTEX HF study50 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,48,55 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.56,57 ET has 

consistently been found to improve endothelial function in chronic conditions,58,59 

including CHF,60 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,61 but in contrast with Wisloff et al.16 

who found a greater improvement in endothelial function following HIIT versus the 

MICT in patients with CHF. A previous investigation in healthy individuals,62 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 V̇O2 

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,63 but this only partially improves following LVAD implantation.64 

Aerobic ET has consistently been found to improve skeletal muscle ultrastructure, 

oxidative capacity and function in patients with CHF,65-67 including through increased 

mitochondrial volume and enzyme density,68 and a shift to a greater proportion of 

oxidative muscular fibres,69 adaptations which have correlated with changes in V̇O2 

peak.65,70 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 V̇O2 peak. This hypothesis remains to be confirmed by future studies. 

Reduced skeletal muscle mass also contributes to exercise intolerance in CHF,71-73 and 

is a strong prognostic indicator.74 Given the cachexia experienced by patients receiving 

LVADs64,75, 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.76 

Therefore, we included an identical resistance training component for both groups, 

consistent with best-practice exercise prescription.77 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 HIIT 

did not provide additive to strength compared with MICT. In the absence of muscle 

hypertrophy, the observed improvement in strength likely reflects  neural78 

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.76,79  
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Following LVAD implantation, patients experience clinically relevant improvements 

in QoL, mainly attributed to enhanced physical function.80,81 However, QoL remains 

impaired compared with healthy, age-matched individuals and patients following 

cardiac transplantation82 but may be further improved by ET.83 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,13 which reported that structured and supervised training improves QoL, 

independent of the intensity of exercise. Of the RCTs to date evaluating ET in 

LVADs,8-10 only the study by Kerrigan et al.9 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,84 as well as long-term compliance 

with exercise recommendations.85 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,8-

10 and we were able to address our primary hypothesis comparing the effect of HIIT 

versus MICT on V̇O2 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 II 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.86,87 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 LVAD 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 following12-weeks of 

supervised ET. This was associated with an improved partial pressure of end-tidal 

carbon dioxide (PETCO2), 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 LVADs remains scarce, as 

only three previous studies have been conducted. An early study1 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.2,3 Jakovljevic et al.3 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 (V̇O2) 

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 II and 3) in our sample. In contrast to 

Jakovljevic et al.,3 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,4,5 participants in the LVAD group had a V̇O2 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 V̇O2 peak and PA levels, in agreement 

with Granegger et al.2 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.4,6,7 Another important 

determinant of PA in CHF that has been proposed is self-efficacy.8 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.9 Similarly, recent evidence 

in patients with CHF suggests that PA levels strongly predict prognosis.10,11 Likewise, 

engaging daily in PA decreases disease progression and loss of independence, while 

improving functional capacity and QoL.12-14 However, despite the general awareness 

of the PA guidelines,15 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.16 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 



 

202 

 

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.8,17 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 

CHF18-20 and is proportional to disease severity.18,19 These patients also exhibit 

impaired cerebral autoregulation.21 Although no study to date has directly compared 

cerebral autoregulation pre- versus post-LVAD implantation, two studies22,23 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.24 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.25 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.26 initially showed that patients with CHF exhibit an abnormal 

cerebral oxygenation response to aerobic exercise. In patients supported with LVADs, 

Brassard et al.24 observed that middle cerebral artery velocity (MCAv) LVADs 

remained unchanged during exercise, while the normal response is to increase up to 

60-70% of V̇O2 peak, followed by a plateau.27 However, when LVAD pump speed 

was manipulated to increase gradually during exercise, participants experienced a 

significant elevation in MCAv. 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 

Gustafsson28 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.,25 we found that patients with LVADs 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% 

V̇O2 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 PETCO2 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 V̇O2 peak and 

CBF parameters, positive correlations were detected at baseline (pre-training) between 
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V̇O2 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 theory28 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.27 Because exercise affects all these factors and their interactions,29 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.30,31 This has been attributed to arterial 

baroreceptor unloading induced by the lack of physiological pulse and LVAD-induced 

hemolysis.32,33 It also should be noted that chronic exposure to high blood pressure 

may promote remodelling of the cerebrovasculature,32 including vessel hypertrophy 

and increased cerebrovascular resistance,34 which may result in impaired vasodilatory 

capacity. During exercise, the blunted ventilatory response (elevated V̇E/V̇CO2) that 

these patients commonly experience may further contribute to vasoconstriction of the 

cerebrovasculature,28 prompted by diminished partial pressure of carbon dioxide.29,35 

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,32 it has been proposed that it may provoke 

vasoconstriction of the cerebral vascular beds,36,37 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.38 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-LVADs32 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.39,40  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-β plaques and hyper-phosphorylated tau peptides accumulation, identified 

biomarkers in the pathogenesis of vascular cognitive decline.41-43 Although a recent 

study44 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.45 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.46 

Interestingly, risk factors for vascular cognitive decline and stroke overlap,47 such as 

hypertension, smoking, diabetes, obesity and low levels of PA, supporting the concept 

of a shared predisposition. Of note, Teuteberg et al.48 observed that having a mean 

arterial pressure >90 mmHg (at rest) was associated with a higher prevalence of 

cerebrovascular accidents in patients with CF-LVADs. 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.49,50 While Cornwell25 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 microbleeds51 suggests a problem with the endothelial cell function32 

and/or with the neurovascular coupling.46 In fact, patient with pulsatile-flow pumps 

exhibit reduced endothelial dysfunction compared to those with CF devices,52 which 

may be reversible with cardiac transplantation,53 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.53 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, LVAD-induced haemolysis 

and -related infections.54,55 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 V̇O2 peak 

(17% vs. 6%). This was an interesting finding, and when viewed in concert with 

previous trials in patients with CHF,56-58 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.59-61 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 

V̇O2 peak, QoL, as well as the risk of all-cause hospitalisation and death in patients 

with CHF.62-64 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 LVADs 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.62,65 However, recently, a growing body of evidence has 

suggested that the magnitude of improvement across a range of physiological 

measures, including V̇O2 peak, may be dependent on the underlying intensity of the 

exercise performed.66,67 In a meta-analysis68 that compared the effects of three 

different ET intensities (i.e., high, moderate and low), V̇O2 peak was found to improve 

by 23%, 16% and 7%, respectively compared with a control group. In keeping with 

this notion, Udin et al.69 performed a meta-regression analysis and confirmed that ET 

intensity was associated with the degree of increase in V̇O2 peak. Furthermore, 

separate meta-analyses70-72 of RCTs over recent years have consistently found HIIT to 

be superior to MICT for improving V̇O2 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,73 many health care professionals remain cautious about HIIT. For 

example, in a systemic review74 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,75 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 V̇O2 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,71 training-induced improvements in V̇O2 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 II, 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 LVADs 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 V̇O2 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. Ideally, these should involve larger samples, longer intervention 

periods and include peripheral vascular outcomes.  

Lastly, we found that for patients with LVADs, HIIT 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),76 found that a 6% increase in V̇O2 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 V̇O2 peak may have a survival advantage over those with a lower 

V̇O2 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 LVADs, and help them to live with better physical function 

and improved QoL.  
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