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Abstract 

Background:  

Coronary heart disease (CHD) is a leading cause of death and disease burden 

globally. Survival rates have improved over the last 30 years, however this leaves a large 

number of people living with CHD as a chronic condition. Combined aerobic and resistance 

exercise programs and ongoing habitual physical activity are part of current secondary 

prevention and cardiac rehabilitation guidelines, due to their association with improved 

functional outcomes, risk factors and survival in people with CHD. In addition to survival 

benefits, exercise training has been associated with improved aerobic fitness, muscular 

strength, traditional risk factors (such as blood pressure and lipid profile), cognition and 

vascular endothelial function. Despite the benefits of regular exercise, the uptake of exercise 

programs and maintenance of an active lifestyle is often sub-optimal in those with CHD. 

There are many reasons contributing to this, including time pressures, lack of motivation 

and health factors, such as musculoskeletal comorbidities, and falls risk. New, effective 

exercise programs that address these factors are needed to involve patients in ongoing, 

regular exercise. Water-based exercise is an option that may help to address these factors, 

through providing an option that minimises the load on the lower limb joints and spine and 

provides a low risk of harm from falling. Additionally, a water-based environment may cater 

to some patients’ interests, and providing an individualised program with input from the 

patient is a key concept discussed in guidelines for exercise prescription for people with 

CHD. 

The physical properties of water immersion make water-based exercise a promising 

alternative to gym-based exercise, which has typically been prescribed in patients with CHD. 

The buoyancy effect of water reduces the weight bearing load through the lower limb joints 

and spine, which may be beneficial to the approximately 60% of people with CHD who have 

comorbid musculoskeletal pathology, such as arthritis. Additionally, the hydrostatic pressure 

and thermal effects of exercising in warm water may increase peripheral blood flow and 

associated arterial shear stress, a key mediator of vascular endothelial adaptations. 

Improving vascular endothelial function is associated with improved survival in people with 

CHD, so determining if water-based exercise has beneficial effects on vascular function is 

of significant clinical importance. Furthermore, increased cerebral artery blood velocity has 

been observed during water-based exercise, compared to matched-intensity land-based 



 

viii 

exercise, in young, healthy people. Whether this translates into training benefits for 

cerebrovascular function or cognitive outcomes in people with CHD has not previously been 

investigated. 

Aims and hypotheses:  

The overall aim of the trial was to determine whether water-based exercise training is an 

appropriate form of exercise, compared to gym-based exercise training for people with 

stable CHD. This was investigated through the following hypotheses: 

1. Water-based circuit training exercise (WEX) and gym-based circuit training exercise 

(GEX) will both increase VO2peak in people with stable CHD, and there will be no 

difference between modalities.  

2. WEX and GEX will provide similar benefits to secondary outcomes, including 

muscular strength, body composition, blood profiles (lipid profile, inflammatory 

markers) and blood pressure. 

3. WEX will improve endothelial function (measured as flow mediated dilation of the 

brachial artery) and cerebrovascular function. 

Methods: 

This was a randomised controlled trial of WEX versus GEX in people with CHD who were 

at least 6 months after a coronary event or intervention, and taking stable medications for at 

least one month. After undergoing baseline assessments, participants were randomised to 

12 weeks of: i) WEX three times per week, for approximately one hour per session, ii) GEX 

three times per week for approximately one hour per session, or iii) a control group who 

continued their usual activities. Baseline assessments were repeated following the 

intervention period. Generalised linear mixed models with appropriate links were used for 

statistical analysis for within group pre-post assessment and group-time interactions. 

Outcomes included:  

- Aerobic capacity (cardiopulmonary exercise test, peak oxygen consumption 

[VO2peak])  

- Skeletal muscle strength (one repetition maximum [1RM]: of leg press, hamstring 

curl, bicep curl and latissimus dorsi pulldown) 

- Anthropometry (weight, height, body mass index, waist and hip circumferences) 
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- Body composition (dual energy x-ray absorptiometry: fat mass, fat percentage, lean 

mass) 

- Blood profiles (lipid profile, C-reactive protein, fibrinogen, renal function)  

- Vascular endothelial function of the brachial artery (flow mediated dilation [FMD])  

- Vascular endothelium independent function of the brachial artery (glyceryl trinitrate 

[GTN] mediated dilation)  

- Resting blood pressure (automated blood pressure assessment) 

- Cerebrovascular measures: cerebral artery blood velocity (resting middle and 

posterior cerebral artery velocity [MCAv and PCAv]), dynamic cerebral autoregulation 

(response of the MCAv to spontaneous and induced blood pressure oscillations, 

indicative of the brain’s ability to buffer changes in systemic blood pressure), and 

neurovascular coupling (PCAv change in response to a visual stimulus).  

Results: 

Sixty participants underwent baseline assessments and 52 were randomised to the study 

(n=20 WEX, n=20 GEX, n=12 control). Forty-five participants completed the intervention 

(n=15 WEX, n=18 GEX, n=12 control). A sub-set of participants completed cerebrovascular 

or blood pressure assessments (n=11 WEX, n=14 GEX, n=10 control). Exercise training 

was well tolerated, with no adverse events with WEX, and one adverse event with GEX (an 

episode of supraventricular tachycardia in a person with a history of this condition, which 

resolved with medication). Data are presented as estimated mean and 95% confidence 

interval (CI). 

Hypothesis 1: Aerobic capacity: 

Compared to the control group, WEX and GEX improved aerobic capacity (WEX: 

+2.5ml.kg-1.min-1, 95% CI 0.6 to 4.4 ml.kg-1.min-1; GEX: +2.3 ml.kg-1.min-1, 95% CI 0.6 to 4.0 

ml.kg-1.min-1), with no difference between WEX and GEX (WEX minus GEX:0.2 ml.kg-1.min-

1, 95% CI -1.5 to 1.9 ml.kg-1.min-1). 

Hypothesis 2: Traditional risk factors and training outcomes: 

Compared to the control group, WEX and GEX improved hamstring curl strength 

(WEX: +6.3kg, 95% CI 1.2 to 11.3kg; GEX: +7.6kg, 95% CI 2.9 to 12.2kg) to a similar extent 

(WEX minus GEX: -1.3kg, 95% CI -5.8 to 3.2kg). WEX increased leg press strength ~7% 
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over time, but this was not significant compared to the change in the control group (WEX 

minus control: +7.1kg, 95% CI –3.5 to 17.7kg). GEX significantly improved leg press and 

latissimus dorsi pulldown strength compared to the control group (+15.5kg, 95% CI 5.7 to 

25.3kg and +4.2kg, 95% CI 0.3 to 8.1kg, respectively) and bicep curl strength compared to 

WEX (+1.0kg, 95% CI 0.1 to 2.0kg). Reductions in fat mass, compared to the control group, 

were similar between training groups (WEX: -1.1kg, 95% CI -2.3 to 0.0kg; GEX: -1.2kg 95% 

CI -2.3 to -0.1kg). The only change in the lipid profile was a reduction in triglycerides in GEX 

(-0.16 mmol.L-1, 95% CI -0.30 to -0.02 mmol.L-1). Diastolic and mean arterial blood 

pressures demonstrated a tendency to reduce in the WEX group (DBP: -4mmHg, 95% CI -

8mmHg to 0mmHg; MAP: -4mmHg 95% CI -9mmHg, to 0mmHg), with no between group 

differences observed.  

Hypothesis 3: Peripheral and cerebrovascular responses: 

Endothelial function (FMD) increased over time with WEX (1.3%, 95% CI 0.2 to 

2.3%) but was stable following GEX and control. There were no changes in endothelium 

independent function for any group. There were no changes in resting cerebral blood 

velocities, conductance, or responses to a visual stimulus (neurovascular coupling). A 

difference was observed in the dynamic cerebral autoregulation responses between WEX 

and GEX. Very low frequency spectrum gain and normalised gain were lower with WEX than 

GEX at rest (gain: -0.35 cm.s-1.mmHg-1, 95% CI -0.62 to -0.09 cm.s-1.mmHg-1; normalised 

gain: -0.57 cm.s-1.mmHg-1, 95% CI-1.13 to -0.01 cm.s-1.mmHg-1) and during squat stands 

(gain: -0.33 cm.s-1.mmHg-1,95% CI -0.55 to -0.11 cm.s-1.mmHg-1; normalised gain: -0.51 

cm.s-1.mmHg-1, 95% CI -0.76 to -0.26 cm.s-1.mmHg-1). 

Conclusion: 

WEX was well tolerated and there were no significant adverse events related to this 

modality. The first hypothesis that WEX would produce a similar increase in VO2peak to GEX 

was supported by this research. The second hypothesis that WEX would provide similar 

improvements to strength, body composition, blood profiles and blood pressures was largely 

supported by this research, as both modalities improved hamstring strength and body fat, 

while GEX improved triglycerides and WEX demonstrated a tendency to reduce diastolic 

and mean arterial blood pressure. The third hypothesis was partially supported by this 

research: while WEX was the only group to demonstrate an improvement in endothelial 

function (assessed though brachial artery FMD) over time, this was not significantly greater 

than the change in the GEX cohort. Additionally, while WEX demonstrated improved 
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dynamic cerebral autoregulation measures compared to GEX, there were no significant 

changes in resting cerebral blood velocity outcomes in any cohort.  

The clinical implication of these findings is that WEX can be considered as an effective 

alternative form of exercise training for people with stable CHD. The addition of WEX as an 

effective exercise option for people with CHD may help to engage a greater number of 

people with CHD in exercise, particularly those with musculoskeletal comorbidities who may 

have difficulty or pain with land-based training. These findings should encourage further 

research into WEX for improving cerebrovascular health, as well as the implementation of 

WEX into cardiac rehabilitation and secondary prevention programs. 
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Chapter 1. Introduction 

This thesis contains six chapters, exploring water-based circuit training exercise (WEX) as 

an alternative modality for exercise training for people with stable coronary heart disease 

(CHD). 

Chapter 1. Introduction.  

Chapter 2. Literature review. 

Chapter 3. The effects of WEX on aerobic fitness, strength and body composition 

in patients with stable CHD. 

Chapter 4. The effects of WEX on vascular function and blood profiles in patients 

with stable CHD. 

Chapter 5. The effects of WEX on cerebrovascular function in patients with stable 

CHD. 

Chapter 6. Discussion and future directions. 

1.1 Introduction 

CHD is the result of a narrowing of the coronary arteries due to atherosclerosis (1). 

The risk of atherosclerosis increases when the vessel lining (the endothelium) becomes 

dysfunctional (1). A dysfunctional endothelium impairs the release of vasoactive substance, 

such as nitric oxide, that regulate vasodilation (2) and platelet aggregation (3) and allows 

lipids and other substances to accumulate inside the artery wall (1, 4). The sub-endothelial 

accumulations can progress from lipid rich macrophage ‘fatty streaks’ through to complex 

lesions with fibrous caps, and may develop necrotic cores or can calcify (1) and this 

perpetuates an inflammatory response (4). While atherosclerosis can occur throughout the 

arterial tree (5), it commonly presents in the coronary arteries where it can lead to a 

compromise in myocardial blood flow and perfusion (6, 7), leading to angina and myocardial 

infarction (MI) (7). MI refers to the death of myocardial cells resulting from prolonged 

ischaemia (8) and often occurs after an atherosclerotic plaque becomes unstable and 

ruptures, resulting in thrombus formation which can occlude a coronary artery (1). 

CHD is a significant global issue, estimated to affect over 240 million people world-

wide in 2020 (9), including over half a million Australians (10). Approximately 20,000 deaths 
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in Australia resulted from CHD in 2022, making it the leading cause of mortality (11). While 

survival from coronary events has significantly improved over the last 40 years (12, 13), in 

Australia the prevalence of CHD is much greater in older adults (10) and the overall 

population structure is aging (14). This highlights the need for effective cardiac rehabilitation 

(CR) and secondary prevention strategies, as increasing numbers of people are surviving 

with the CHD. Furthermore, the economic burden of CHD is substantial, costing Australia 

over $2 billion annually (15, 16). 

Secondary prevention and CR programs target modifiable risk factors through 

lifestyle and behavioural measures, such as diet, smoking cessation and exercise, and aim 

to reduce the risk of recurrent coronary events (17, 18). One of the key risk factors for CHD 

is physical inactivity (19), which is estimated to contribute 11% of the burden of CHD in 

Australia (20). Consequently, regular exercise training and encouraging physical activity are 

core components of CR (21-24), with both aerobic and resistance exercise training 

recommended in current guidelines (22-24). 

Exercise training in people with CHD has (25) been found to benefit aerobic capacity 

(26, 27), muscular strength (26, 28), cardiovascular risk factors (27, 29, 30), arterial function 

(31) and mortality outcomes (32). Increased aerobic capacity and higher levels of muscular 

strength have been associated with increased survival in people with CHD (33, 34). In a 

meta-analysis of 18 studies in people with CHD, exercise training resulted in a +2.3ml.kg-

1.min-1 improvement in peak oxygen uptake (VO2peak) (35), the gold standard measure of 

aerobic capacity (36). Additionally, resistance training has been found to improve lower and 

upper body muscular strength by 25% and 46%, respectively (28) Further to this, exercise 

training and habitual physical activity in people with CHD have resulted in modest 

improvements in traditional cardiovascular risk profile factors, including lipid profiles (27), 

markers of inflammation (30), body composition (30) and blood pressure (27), when 

compared to sedentary individuals . 

However, reduction in traditional risk factors fails to explain 40-60% of the benefit in 

cardiovascular risk reduction seen with exercise (37, 38). Improved vascular endothelial 

function from exercise has been hypothesised as contributing to this additional risk reduction 

(37). Endothelial dysfunction, a precursor to atherosclerosis, has been reported in people 

with CHD (39-42). Both peripheral and coronary artery endothelial function has been found 

to improve with exercise training in people with cardiovascular disease and diabetes (43-

47).  
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Despite the mounting evidence supporting the benefit of exercise on cardiac and 

peripheral arteries, little is known about its effects on the cerebral circulation in people with 

CHD. Reduced cerebral blood flow velocity or reduced cerebral perfusion have been 

reported in people with CHD (48-50), and adverse changes to grey and white matter of the 

brain have also been observed (51-53). Furthermore, there is an increased risk of cognitive 

impairment or dementia in people with CHD (54). While exercise training has been shown 

to result in some improvement in regional cerebral perfusion (49), no changes have been 

observed in global measures of cerebral perfusion (50). Accordingly, further research into 

the effects of exercise training on cerebrovascular function and cognition are required.  

Whilst the benefits of exercise on cardiovascular risk have been well established, 

adherence to long-term exercise is commonly sub-optimal, with less than half of coronary 

event survivors achieving sufficient levels of physical activity twelve months after an event 

(55, 56). Accordingly, new approaches are needed to facilitate long-term adherence to 

exercise.  

Developing alternative exercise modalities to the typically prescribed gym-based or 

walking exercise programs may encourage more patients to exercise. Increased variety in 

exercise prescription is likely to cater for a wider range of patient preferences and address 

barriers to exercise participation, such as comorbidities like arthritis (57). Almost 60% of 

people with heart disease have reported musculoskeletal pain conditions or arthritis , and 

this sub-group of people with CVD were less likely to meet physical activity targets (57-59). 

Exercise modalities that reduce lower limb and spine weight bearing load, such as water-

based exercise (60), may be particularly well suited to this cohort, if the same health benefits 

are evident.  

Water immersion reduces weight bearing through the force of buoyancy acting 

upwards on the body equivalent to the amount of water the body has displaced (61). This 

depth-dependent response means a person submersed to the level of the xiphoid process 

only requires approximately 35% of their body weight to be transferred through their lower 

limbs and spine (62). This may be advantageous for the large sub-population of people with 

CHD who are overweight or obese, or have musculoskeletal pain conditions, such as 

arthritis. Lee, Joo and Brubaker (2020) recently found that six months of water walking 

provided similar benefit to land walking for changing body fat, cholesterol and aerobic 

capacity in people with CHD and arthritis (63).  
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Short-duration, high frequency (2-3 week, twice daily) programs of WEX in people 

with CHD have demonstrated improvements in VO2peak and peak workload/power output 

(64-66), however these programs would be difficult to maintain as an ongoing program due 

to their high frequency. Longer duration (16-24 week) upright, water-based interventions in 

people with CHD (67-70) have consisted of either aerobic training only (67, 70), or aerobic 

and resistance training as separate training sessions (68, 69), with no studies examining 

aerobic and resistance circuit training, or even conducting both modalities within one 

session. Only two longer-duration studies have assessed VO2peak, with water-based 

programs demonstrating increases over time (69, 70), however neither group provided a 

comparator to a standard gym-based training program with a resistance exercise 

component. Whole body strength was increased in water-based exercise programs that 

included resistance exercise (68, 69), although further research is needed to determine if 

water-based aerobic and resistance circuit training would provide similar benefits to 

muscular strength. 

Water immersion also results in distinct haemodynamic responses which may 

translate to effects on the vasculature. The effect of hydrostatic pressure on the body 

increases venous return from the lower limbs, precipitating and approximately 700ml 

increase in the thoracic circulation (71). This has been found to augment cardiac diastolic 

volumes and preload in healthy individuals, resulting in increased stroke volume and cardiac 

output (71-74), while reducing peripheral vascular resistance (72, 74-77), a pattern also 

observed in people with CHD (78-80). In people with CHD, heart rate has been found to 

decrease (80, 81) or remain unchanged (82) with water immersion. In people with and 

without CHD, water-immersed exercise causes the same pattern of changes in cardiac 

output, stroke volume, heart rate and peripheral resistance seen with land-based exercise, 

but starting from the altered resting immersion values described above (75, 78-80, 83-85).  

The vascular effects noted above may elicit an additional stimulus on the vascular 

endothelium, with increases in brachial artery (72) and forearm skeletal muscle blood flow 

(86) observed during thermoneutral (34-35°C) water immersion in healthy young adults. 

These effects appear to persist during exercise in healthy young adults, with increased 

brachial artery antegrade shear stress observed during underwater cycling exercise in 32 

and 38 °C water immersed to the umbilicus (87). Shear stress is a known mediator of 

endothelial function (88), and increased shear stress during water-based exercise may be 

a mechanism for augmenting endothelial function. 
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Limited research has investigated whether these acute effects translate into training 

benefits for people with CHD. Three weeks of high-frequency land and water-based exercise 

training increased plasma nitrate levels (a metabolite of nitric oxide) compared to land-based 

exercise training alone in people with CHD (65) and flow mediated dilation (FMD), a measure 

of endothelial function, was increased after 2 weeks of intensive water-based training (66). 

While the Vasić et al. (2019) found land and water-based exercise training over 2 weeks 

similarly increased FMD, the authors acknowledged randomisation failure, and there was a 

large baseline difference in FMD (5.5% vs 7.2%) between the water and land-based groups 

(66). This may have impacted the between-group findings, as people with low FMD scores 

at baseline are more likely to increase FMD with training (89), highlighting the need for future 

research in this area. Indeed, in people with type 2 diabetes longer duration (12 week) 

studies of water-based exercise demonstrated greater change in FMD and microvascular 

function than land-based training (90, 91). Additionally, it is important to determine whether 

longer duration, less intensive water-based exercise programs can improve endothelial 

function in people with CHD, as twice daily training is unlikely to be sustainable for the 

majority of patients as an ongoing program. 

The cerebral circulation also appears to be impacted acutely by changes in central 

blood volume and cardiac output during water immersion. Increases in middle and posterior 

cerebral artery blood flow velocity (MCAv and PCAv; surrogate measures of cerebral blood 

flow) and oxygenated haemoglobin have been observed with resting immersion in healthy 

individuals (92, 93), and the increases in MCAv and PCAv over non-immersion values have 

been maintained during exercise (83). However, little research has examined the effects of 

water-based exercise training on cerebrovascular function. In a six months study of water-

walking in healthy older adults, there were no changes in resting MCAv (94), although 

dynamic cerebral autoregulation was improved with the water walking group, compared to 

the land walking group (94). Dynamic cerebral autoregulation describes the ability of the 

cerebrovasculature to buffer changes in systemic blood pressure to maintain a constant 

blood supply to the brain, such as during changes in position (95). Whether these effects 

occur in people with CHD remains to be determined. 

In summary, exercise plays a significant role in secondary prevention strategies for 

people with stable CHD, yet less than 30% of people living with CHD are meeting physical 

activity guidelines (55, 96-99). An increase in the proportion of people with CHD who are 

attending exercise-based cardiac rehabilitation and adhering to secondary prevention 

strategies, such as regular exercise, is likely to reduce the prevalence of major adverse 
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cardiovascular events and the economic burden of CHD (100). Innovative exercise 

strategies, such as water-based exercise, may play a role in achieving this, if they are proven 

to provide comparable health and fitness benefits for patients as conventional gym-based 

approaches. Water-based exercise induces a reduced weight bearing load to the lower limbs 

and spine, which may encourage people with CHD and musculoskeletal complications to 

engage in exercise. Additionally, water-based exercise may be beneficial for very 

deconditioned patients, and those at risk of falls. Moreover, a broader range of exercise 

modalities will increase the variety of options available to patients, which may help to 

accommodate individual preferences and increase engagement with programs.  

1.2 Research question and hypotheses 

The gaps in the literature surrounding the efficacy of combined aerobic and resistance 

water-based exercise training for people with stable CHD in a sustainable, medium to longer 

duration format drives the primary research question: 

Is water-based combined aerobic and resistance circuit training exercise (WEX) an 

appropriate form of exercise for people with stable CHD, when compared to combined 

aerobic and resistance gym-based circuit training exercise (GEX) and continuing usual 

activities (control)? 

This will be examined through the following hypotheses: 

1. WEX and GEX will both increase VO2peak in people with stable CHD, and there will 

be no difference between modalities.  

2. WEX and GEX will provide similar benefits to secondary outcomes including 

muscular strength, body composition, blood profiles (lipid profile, inflammatory 

markers) and blood pressure. 

3. WEX will improve endothelial function (measured as flow mediated dilation of the 

brachial artery) and cerebrovascular function. 

1.3 Thesis overview 

This thesis presents the results of studies that investigated the effects of a combined 

aerobic and resistance circuit training exercise program conducted for one hour, three times 

per week for twelve weeks in people with stable CHD, either in a cardiac rehabilitation 

gymnasium, or a hydrotherapy pool, and these programs were compared to continuing usual 
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activities as a control group, in a randomised, controlled trial (see Figure 1.1). Training 

programs were matched for frequency, duration and intensity. Furthermore, resistance 

exercises were matched for muscle group between WEX and GEX. Assessments included 

the primary outcome measure of aerobic capacity (VO2peak), with secondary outcome 

measures including muscular strength (one repetition maximum [1RM] assessments), body 

composition (anthropometric measurements, dual energy x-ray absorptiometry [DXA]), 

blood biomarkers (lipid profiles, liver and kidney function, inflammatory markers), blood 

pressure, cerebral blood flow (transcranial Doppler ultrasound [TCD] assessments) and 

brachial artery endothelium function and endothelium independent function (FMD and 

glyceryl trinitrate mediated function assessments) to establish if WEX is an appropriate form 

of exercise compared to GEX for people with stable CHD. Data collection for the studies 

presented in this thesis occurred between January 2017 and July 2019.  

 

Figure 1.1 Study overview 

Chapter 3 has been published as a manuscript in the Journal of Physiotherapy, 

Chapter 4 has been published as a manuscript in the American Journal of Physiology: Heart 

and Circulatory Physiology and Chapter 5 has been submitted as a manuscript to the 

Journal of Physiology. 
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Chapter 2. Literature review 

2.1 Coronary heart disease 

Coronary heart disease (CHD) is a chronic, non-communicable sub-type of 

cardiovascular disease (CVD) that affects perfusion of the myocardium due to a narrowing 

or blockage of the coronary vessels (1). Other common terms for CHD include coronary 

artery disease and ischaemic heart disease. The pathophysiology of CHD is commonly 

associated with dysfunction of the endothelium, leading to the development of 

atherosclerosis (1). There are non-modifiable characteristics, such as age and sex, and a 

range of behavioural, biomedical, and psychosocial risk factors that predispose an individual 

to developing CHD (2). Furthermore, CHD is associated with several other chronic health 

conditions, such as arthritis, diabetes and heart failure (3). There is a significant fatal, non-

fatal and financial burden associated with CHD, including being the leading cause of death 

globally in 2019 (4). In Australia, the direct heath expenditure associated with CHD was 

estimated at $2.4 billion in 2018-2019 (5). 

2.1.1 Aetiology and pathophysiology 

Coronary heart disease occurs when atherosclerotic lesions develop in the coronary 

arteries (1). These lesions can reduce the blood supply to the myocardium causing angina, 

and if a lesion ruptures the resulting thrombus can completely occlude the artery resulting 

in a myocardial infarction (MI) (6). While CHD is a chronic condition, acute episodes can 

occur known as acute coronary syndromes (ACS). The most severe type of ACS is a ST 

segment elevated myocardial infarction (STEMI), where there is elevation of the ST segment 

of an electrocardiogram (ECG), and this is typically caused by a complete obstruction of a 

coronary artery leading to cell necrosis (7). The next category is a non-ST segment elevation 

myocardial infarction (NSTEMI), where there is no elevation of the ST segment on ECG, 

and it is usually caused by a partially blocked artery severely restricting blood flow (7). The 

final category of ACS is unstable angina, where there is a change in the severity of partial 

coronary artery blockages, and this can progress to NSTEMI or STEMI (7). While not 

categorised as an ACS, acute symptoms of angina can occur when there is a temporary 

period when myocardial oxygen demand is not met by supply, such as during physical or 

emotional stress (7).  
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2.1.1.1 Vascular structure and function 

The structure of the arterial wall is shown in Figure 2.1.and consists of three layers, 

the tunica intima, tunica media and tunica externa (or adventitia) (8). While the three layers 

occur throughout the arterial tree, the composition varies based on the location of the artery. 

For example, the aorta, an elastic artery, has a greater content of elastin per surface area 

than the femoral artery, a muscular/conduit artery (9). The tunica intima separates the lumen 

from the rest of the vessel wall (8) and consists of a single layer of endothelial cells, referred 

to as the endothelium, and the basement membrane consisting of collagen and 

glycoproteins, with the elastic fibres of the elastica interna forming the interface with the 

tunica media (10). The tunica media consists of vascular smooth muscle cells, along with 

collagen and elastic tissue (8). The elastica externa forms the boundary between the tunica 

media and the tunica externa (also termed tunica adventitia), which is predominantly 

composed of connective tissue (8).  

 

Figure 2.1 Arterial wall structure 

The endothelium releases signalling molecules in response to changes in chemicals 

in the blood and changes in blood flow or pressure (8). These vasoactive signalling 

molecules can lead to vasodilation or vasoconstriction though acting on the smooth muscle 

in the tunica media layer (11). One of the potent stimuli for vasodilation is wall shear stress, 

which describes the friction of blood on the endothelium (12). The wall shear stress can be 

calculated through Equation 1 (12). 
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Equation 1 Wall shear stress: 

𝑾𝒂𝒍𝒍 𝒔𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔 =  
𝒃𝒍𝒐𝒐𝒅 𝒗𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 𝒙 𝒃𝒍𝒐𝒐𝒅 𝒇𝒍𝒐𝒘 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚

𝒂𝒓𝒕𝒆𝒓𝒊𝒂𝒍 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓
 

Increased wall shear stress on endothelial cells in vitro has been shown to lead to 

the production of nitric oxide (NO) (13) and prostaglandins (14). During in vivo studies, NO 

was determined to play a role in the vasodilation response to increased blood flow (15), with 

endothelial nitric oxide synthase (eNOS) the implicated biological catalyst to endogenous 

NO production (11, 16). Additionally, when released into the blood, NO can reduce platelet 

(17) and leukocyte (18) adhesion. Other roles of the endothelium include regulating vascular 

smooth muscle cell proliferation and mitogenesis (19).  

Endothelial function can be assessed using a range of invasive and non-invasive 

techniques (20). In-vivo techniques used to measure endothelial function can include: intra-

arterial or intra-venous infusions to induce arterial diameter changes (e.g. intra-brachial 

infusion of acetylcholine), flow mediated dilation ([FMD] which utilises ultrasound to assess 

post-occlusion reactive hyperaemia in conduit vessels), peripheral arterial tonometry / 

reactive hyperaemia index (which assesses microvascular function using post-occlusion 

reactive hyperaemia), and laser Doppler imaging for skin microvascular function (which 

assesses changes in flow in response to a range of potential stimuli, such as cuff occlusion 

or heating) (20). Venous occlusion plethysmography has also been utilised, which assesses 

changes in limb volume with a sub-diastolic pressure cuff inflation (20). 

2.1.1.2 Endothelial dysfunction and atherosclerosis 

Dysfunction in the endothelium increases the risk of atherosclerosis developing 

through allowing lipids and fibrous elements to accumulate within the vessel wall (1). Certain 

stimuli can predispose the endothelium to becoming dysfunctional, such as hypertension, 

which alters shear stress patterns leading to increases in reactive oxygen species and 

inflammation (21). Other states that challenge the endothelium include elevated lipid levels, 

products of glycoxidation (from hyperglycaemia) and the release of pro-inflammatory 

cytokines (22). 

These challenging states can lead to an increased expression of adhesion 

molecules in the endothelial cells (22), which in turn increases leukocyte adhesion (18) and 

migration into the intima (22), promoting the development of atherosclerotic plaque. The 

most common sites for lesions are in areas of low shear stress and turbulent or oscillatory 

blood flow, such as very curved vessel regions, or surrounding artery branch points, where 
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there are regions of endothelium where there is increased contact time between particles in 

the blood and the endothelial cells (23).  

Pre-clinical lesions start with a ‘fatty streak’ of macrophages engorged with lipids 

that have migrated into the intima (1). Once in the intima and in the presence of inflammatory 

molecules, the leukocytes (predominantly T lymphocytes and macrophages) can 

communicate with the smooth muscle cells of the media and these cells can migrate into 

the intima and proliferate, producing an extracellular matrix (22). Substances in the 

extracellular matrix, mainly proteoglycans, can bind with lipids, not only keeping them in the 

intima, but also increasing their susceptibility to glycation. Glycation end products, such as 

oxidised phospholipids, can further sustain and propagate the inflammatory response (22). 

Lesions can calcify during progression and soft lipid ‘necrotic’ cores can develop due to 

death of the lipid rich leukocytes trapped in the intima (1, 22). During the earlier stages of 

the atherosclerotic process, lesions extend extraluminally (22) and the vessel remodels 

outwards around this, to a limit, prior to encroaching on the lumen (24). By the time a plaque 

forms a stenosis, there is often an extensive distribution of atherosclerotic lesions (22). 

Improvements in plaque imaging have found that lesions with high plaque burden, thin fibro-

atheroma caps, low attenuation, and outward remodelling are more vulnerable to progress, 

and plaque progression is linked to a substantially higher risk of further coronary events (24). 

If an atherosclerotic lesion ruptures, a thrombus (blood clot) can form, which can result in 

MI or stroke, depending on the location (1). If the lesion is untreated and occludes the vessel, 

end-organ damage can occur to the area supplied by the vessel (25), such as the 

myocardium if this occurs in the vessels supplying the heart (22). 

The systemic nature of the atherosclerotic process was highlighted by a study, 

which investigated atherosclerotic burden in 4,184 asymptomatic adults aged between 40-

54 years of age (26). Accenting the ‘silent’ nature of the early stages of disease, 71% of 

males and 48% of females demonstrated subclinical atherosclerosis, with 41% of 

participants displaying disease across multiple assessment sites (26). Furthermore, 

subclinical atherosclerosis was present in nearly 60% of people classified as having a low 

10 year risk of CHD using the Framingham Heart Study criteria (26).  

Given the diffuse nature of atherosclerosis, even in apparently healthy individuals, 

adherence to secondary prevention strategies is especially important in those with clinical 

disease, as there are likely numerous smaller lesions to manage to prevent further clinical 

issues. As the endothelium is the ‘gate keeper’ to this atherosclerotic process, it is a logical 

target for interventions to reduce CHD burden. 
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2.1.2 Prevalence, trends and demographics of coronary heart 

disease 

Coronary heart disease is a prevalent global health issue. It was estimated that 244 

million people were affected by CHD in 2020 (27), with over half a million people affected in 

Australia in 2020-2021 (5). Globally, CHD prevalence has increased since 1990 (27, 28), 

although there is a wide disparity in CHD trends between countries (28). While the rate of 

acute coronary events has declined in Australia (5), the populations structure is ageing (29), 

indicating a significant future problem. Demographically, males are more likely to be affected 

(27), along with older individuals (28, 30, 31), First Nations people (32), people from lower 

socioeconomic backgrounds (27, 33) and particular geographic regions such as Eastern 

Europe, North Africa and the Middle East (27, 28). 

The estimated global prevalence of CHD in 2020 was 244.1 million people (95% CI 

213.5-275.8 million people), with an age-standardised rate of 2,919.8 per 100,000 (95% CI 

2555.3 to 3296.6 per 100,000 people) (27). Estimation of true CHD prevalence is 

challenging due to differences in, and issues with, reporting between countries (34). 

Australian data estimated the national prevalence of CHD ranged between 2.9-3.1% of the 

population over the past 5 years (~571,000 to 580,000 people) (5). The global incidence of 

CHD was estimated to be 21.2 million people (95% CI 18.9-23.7 million people) in 2019 (35). 

In Australia 56,700 acute coronary events (MI or unstable angina) occurred in 2020 (5) which 

is used as a surrogate marker for the incidence for CHD in Australia (36). These figures 

highlight CHD as a significant global and Australian health problem. 

There have been disparate trends in prevalence and incidence of CHD across the 

world. Globally, there was a 34.9% (95%CI 31.3-38.4%) increase in the prevalence of CHD 

between 2010 and 2020, despite a relatively small increase in the age-standardised rate 

(1.80%, 95% CI -0.72 to 4.3%) (27). Contrastingly, the prevalence of CHD in Australia has 

been relatively stable since 2011, around 3% (5, 36), despite age standardised (5) and 

overall (37) rates of acute coronary events having fallen in Australia over the past 20 years. 

The age structure of the population may be a contributing factor to this, as CHD prevalence 

increases with age, particularly from 55 years onward (32), with the prevalence in people 

aged between 75 years and over 14%, compared to 1% in people aged 45 to 54 years (5). 

In Australia, the proportion of the population aged 65 years and over, who are at an elevated 

risk of CHD (37), has increased from 11% to 17% over the past 30 years (29). This 

proportional increase is expected to continue over the next 30 years, with those aged 65 

years and over anticipated to increase to 22% of the Australian population in 2053 (based 



 

18 

on analysis by the Centre for Population) (38). Given the association found between CHD 

prevalence and age (39), this ageing population structure is likely to impact the number of 

people living with CHD into the future. 

Demographically, global data indicate that males are more likely to be diagnosed 

with CHD than females, with 141.0 million (95% CI 123.6 to 159.2 million) males having 

CHD, compared to 103.1 million (95% CI 89.4 to 117.4 million) females (27). This 

observation is reflected in Australian data, after age adjustment, with 3.8% of males and 

1.9% of females reported as having CHD in 2017-2018 (37). Of note, global age 

standardised rates have been increasing in females (by 2.09%, 95% CI 0.32-3.89% from 

1990-2020 and by 3.30%, 95% CI 0.72-6.22% between 2010 and 2020), whilst global age 

standardised rates decreased in males from 1990 to 2020 (-2.27% , 95% CI -3.51 to -1.00), 

and stabilised between 2010-2020 (27).  

First Nations Australians were found to have a prevalence of CHD 2.8 times greater 

than non-Indigenous Australians in 2017-2018 (5), with a higher prevalence of CHD reported 

in First Nations people around the world (40, 41). American Indian or Native Alaskan peoples 

had 1.5 times the prevalence of Caucasian people in the United States (40), and Māori 

people had 1.5-2.4 times the prevalence of CHD as people of European descent in New 

Zealand (41), all highlighting the profound impact of CHD on First Nations peoples. 

Additionally, First Nations Australians were found to be affected at a younger age than non-

indigenous Australians (42).  

Socioeconomic status has been reported to impact CHD prevalence. In Australia, 

the population group with the lowest socioeconomic status had a CHD prevalence 1.6 times 

that of the group with the highest socioeconomic status (5), with a similar disparity (1.7 times) 

in the United States (40). Furthermore, Australians from the lowest socioeconomic areas 

are 1.5-1.75 times more likely to have a MI than those from the highest socioeconomic areas 

(33).  

In 2020, the regions with the highest age-standardised prevalence of CHD were 

Eastern Europe, North Africa, the Middle East, and Central and South Asia (27), with 

Eastern Europe found to have particularly high prevalence. For example, Russia was found 

to have an estimated prevalence of 4,198 per 100,000 people, compared to an estimated 

prevalence of 704 per 100,000 people in South Korea (28). It has been acknowledged that 

in low and middle income countries there is earlier disease onset compared to high income 

countries (43). Disparities between nations may be due to differences in the recording of 
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CHD cases, risk factors, treatments and primary and secondary prevention strategies (34). 

While the overall prevalence of CHD in Australia is lower than many other nations (28), 

within Australia, remote and very remote residents had age-standardised CHD 

hospitalisation rates of 745 per 100,000 people, which was 1.5 times the rate of those living 

in major cities (486 per 100,000 people) in 2020-2021 (5).  

These statistics highlight the need for improved primary prevention strategies for 

CHD. Additionally, the current disparities in CHD prevalence with socioeconomic status and 

for First Nations peoples, emphasise that further measures are needed to improve cardiac 

health in the most vulnerable populations. The high number of people living with CHD 

globally, and the projected ageing of the Australian population, highlight the need for diverse 

and effective secondary prevention strategies to manage this chronic condition into the 

future.  

2.1.3 Burden of disease 

Coronary heart disease is the leading cause of disease burden in Australia and has been 

since this was first assessed as an outcome in Australia in 2003 (44). Disease burden 

represents both fatal and non-fatal (living in ill-health) components (44). The total burden of 

CHD in Australia has reduced over time, due to a reduction in fatal burden, but CHD remains 

the leading specific cause of disease burden, and represented 5.5% of the overall disease 

burden in Australia in 2022 (44). Despite improvements in survival in people with CHD, it 

remained the global leading cause of death in 2019 (4). Furthermore, there are substantial 

non-fatal and financial implications of the disease, through living with a chronic condition, 

the direct medical costs and indirect costs to individuals living with the condition and the 

economy.  

2.1.3.1 Mortality  

Coronary heart disease is the leading cause of death both globally and in Australia 

(4, 45). In 2019, approximately 8.9 million deaths occurred due to CHD globally, equating to 

16% of global deaths and continuing the trend of CHD being the leading cause of death over 

the past 20 years (4). This is an increase since 2000, when 6.7 million deaths from CHD 

(13% of global deaths) were reported (4). In Australia, while the fatal burden of CHD has 

reduced since the late 1960s, CHD was still the leading cause of death in 2022, causing 

approximately 20,000 deaths, corresponding to 9.8% of total deaths (45).  
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Survival from coronary events in Australia has improved dramatically over the last 

40 years (46), with a 38% decline in total CHD deaths since 1985 and declines in the CHD 

mortality rate from 377 to 89 per 100,000 in males, and from 201 to 48 per 100,000 in 

females (32). Data from across Australia and New Zealand from 239,402 initial MI 

admissions found that while short term (6 month) survival was better in those who had a 

NSTEMI, the 7-year survival rate was higher after STEMI (70.8%) than NSTEMI (62.3%), 

with an 85% survival rate for those aged under 65 years old at the index admission (47). 

Those who underwent revascularisation (72% of STEMI, 42% of NSTEMI patients) had an 

80% survival rate, compared to 45% in those who did not receive revascularisation (47). The 

improved initial and subsequent survival in Australia has been attributed to improvements in 

early detection and treatment. While these reductions in mortality are encouraging, the 

population structure in Australia is ageing (38) and there is a high burden of risk factors and 

multimorbidity (5), which will likely lead to CHD remaining a leading cause of mortality into 

the future. 

2.1.3.2 Non-fatal burden 

The non-fatal burden from CHD has also decreased over time in Australia (44) with 

more variation found in global statistics (48). Epidemiologically, non-fatal burden is often 

termed ‘years lived with disability’ (YLD) (44). The 2017 Global Burden of Disease Study 

estimated that 126.5 million people were living with CHD, causing 5.3 million (95% 

uncertainty interval 3.7-7.2 million) YLD (48). In Australia, in 2022, the estimated YLD for 

CHD was 68,452 (44). Between 2003 and 2022 the age-standardised rates for YLD dropped 

in both sexes (from 5.05 to 2.66 per 1,000 of population in males, and from 2.66 to 1.33 per 

1,000 of population in females) (44). While on a population scale this is a positive 

development, on an individual level quality of life is still profoundly impacted in people with 

CHD. A longitudinal study of 9,566 MI survivors (25% female, mean age 64 years) found 

that 69% reported one or more perceived other health problems during their index admission 

(49). Despite an average improvement in perceived health problems, these problems 

persisted in 60% of participants at 12 months follow up (49). Females, those with 

comorbidities, and NSTEMI survivors had poorer quality of life outcomes at 12 months (49). 

These studies highlight that while on a population scale there has been improvement in the 

non-fatal burden of CHD, at an individual level there is often an adverse impact on daily life 

and functioning, highlighting the need for further refinement of rehabilitation treatments.  
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2.1.3.3 Financial  

Coronary heart disease places a substantial financial burden both on the economy 

and individuals, with direct healthcare costs (27, 50). and loss of productivity (27, 51). 

Additionally, households living with people with CHD may face financial strain (52). In the 

United States, the estimated healthcare costs of heart disease, including CHD, was $108.8 

billion dollars in 2017-2018, the 6th leading cause of health expenditure, while the indirect 

costs from lost productivity or mortality were $119.9 billion (27). In Australia, in 2018-2019, 

an estimated $2.35 billion was spent on direct costs of treating CHD (50). The key expenses 

from these data were $823 million on public hospital admissions, $892 million on private 

hospital services, $104 million on public hospital emergency department visits, $156 million 

for pharmaceutical benefits scheme medications, $101 million for specialist services and 

$72 million for general practitioner visits (50), highlighting the significant direct healthcare 

costs to the economy.  

2.1.3.4 Summary 

Coronary heart disease places a profound burden on society. While mortality has 

improved over time, it is still the leading cause of death globally and in Australia. Additionally, 

there is a significant non-fatal burden due to the chronicity of the disease, both in terms of 

YLD and quality of life changes. Financially, the cost of managing CHD causes strain due 

to productivity loss and medical expenses to the broader economy. While incidence rates of 

CHD may be reducing in Australia, the changes in population structure have led to a growing 

number of people living with CHD as a chronic condition, highlighting the need for strategies 

to reduce the burden of this disease on individuals and the economy into the future. 

2.1.4 Risk factors for coronary heart disease 

The Framingham Heart Study first coined the term ‘risk factor’ in the early 1960s, 

and today risk factor is defined as an attribute, exposure or characteristic associated with 

an increased probability of a person developing a health condition (5). Cardiovascular 

disease risk factors can be classed as demographic/non-modifiable, behavioural, 

biomedical and psychosocial (2) (see Figure 2.2). It has been recognised that there can be 

a cumulative impact of risk factors in CVD development (53). 
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Figure 2.2 Risk factors for cardiovascular disease. 

2.1.4.1 Non-modifiable risk factors 

Non-modifiable risk factors include demographic factors (such as age, sex and 

ethnicity) and other characteristics (such as family history or genetics) that predispose an 

individual to CHD development. These factors cannot be changed through lifestyle 

modifications or medications.  

Adults over the age of 55 years are more likely to develop CHD (32), with details of 

the demographics outlined in Section 2.1.2. Absolute 5 year risk scores found ‘high’ ratings 

for CVD risk for 2.1% of those aged 35 to 44 years, up to 37.3% in those aged 75 years and 

older (54). For developed nations such as Australia this is likely to pose a significant problem 

in the future, with the projected proportional increase in people aged 65 years and over in 

the next 20 years (38). 

In Australia, the age standardised prevalence of CHD in 2017-2018 CHD was higher 

in males (3.8%) than females (1.9%) (55) and this was reflected in global data (27). There 

are some female-specific risk factors for CHD development, including early menarche (56), 

early menopause (57, 58) and polycystic ovarian syndrome (56). Furthermore, pregnancy 

complications, including hypertensive and metabolic disorders of pregnancy, have been 

associated with a substantial increase in the risk of CHD development in later life for females 

(57, 59, 60).  
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Genetics appear to play a role in CHD development, with a study of twins finding 

moderate heritability for males and females, more so for premature disease onset (61). 

Further studies have demonstrated that a history of CVD in parents or first-degree relatives 

is associated with an increased risk to individuals, with premature CVD onset in relatives 

associated with higher risk (62-64). Genetic studies have identified many potential targets 

for CHD, with over 200 loci associated with CHD, rather than one primary genetic 

determinant (65). Allele differences in the interlukin-6-receptor pathway, which is linked to 

inflammation, have been found to lower the risk of CVD (66). Work is ongoing in this area, 

with population specific markers being identified (67).  

Higher rates of CHD have been seen in African-American and First Nations 

Australian populations, compared to non-indigenous/Caucasian populations (5, 68), and in 

Han Chinese compared to ethnic minorities (69). Additionally, higher CHD related deaths 

have been observed in South Asian migrants to America, compared to non-Hispanic people 

of European descent (70). In New Zealand, Pacific Islander, Māori and Indian people had a 

higher risk of CVD than people of European descent, whilst those of Chinese or other Asian 

descent were at a lower risk compared to those of European descent (71). Some of the 

disparities between different ethnic groups may be related to differences in risk factor 

profiles (53, 68, 72, 73). 

The non-modifiable risk factors for CHD highlight the increasing risks with older age, 

male sex, female sex-specific conditions, early onset of CHD in a family history, and an 

Indigenous or minority ethnicity or cultural background. These characteristics highlight the 

need to cater to a wide range of people within cardiac rehabilitation (CR) and exercise 

program designs, particularly ensuring the included exercises are suitable for older adults.   

2.1.4.2 Behavioural risk factors  

Behavioural risk factors have also been referred to as ‘lifestyle’ risk factors historically, and 

these are the target of secondary prevention programs. These factors include diet and 

alcohol intake, physical inactivity and smoking (2). 

2.1.4.2.1 Diet and alcohol 

Diet and high alcohol use have been identified as behaviour-related risk factors for CHD 

development (74-76). Poor diet was the second highest scoring risk factor in CHD and CVD 

in the Global Burden of Disease Study, with 6.9 million deaths attributed to diet-related CVD 

(74). The key dietary change related to the CVD death and disability rates varied between 
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geographic regions. A meta-analysis of diet related studies (22 studies, 70,273 participants) 

found that a high intake of nuts, fruit, vegetables and whole grains substantially reduced the 

risk of cardiovascular death, while red or processed meat increased the risk (77). A 2015 

study in Australia attributed 40.2% of the risk of CVD to dietary risks (78), highlighting the 

importance of this risk factor and the inclusion of dietary support within CR programs. 

The impact of alcohol consumption on cardiovascular risk has been varied in the 

literature, with some studies finding a small cardioprotective effect of low-level alcohol intake 

(58), while other studies have suggested this effect is due to confounding lifestyle factors 

(75, 76). After adjustment for lifestyle factors, the ‘protective’ effect of low-level alcohol intake 

has been shown to be reduced in large (370,000-600,000 people) cohort studies (75, 76).  

2.1.4.2.2 Physical activity and sedentary behaviour 

The World Health Organisation acknowledges insufficient physical activity as a 

leading risk factor for non-communicable disease burden, with projections of new non-

communicable disease presentations due to physical inactivity approaching 500 million 

cases between 2020-2030, at an estimated cost of $USD300 billion (79). Compared to 

people who perform 30 minutes per day of moderate intensity physical activity, people who 

are inactive have a 20-30% higher risk of all-cause mortality (80). In Australia 8% of the 

burden of CVD and 11% of the burden of CHD has been attributed to insufficient physical 

activity (81) (82). 

The impact of physical activity on MI risk has been examined in a broad reaching 

global study. Yusuf et al. (2004) conducted a case control study across 52 countries and 

determined that physical activity (≥4 hours of moderate or vigorous physical activity, or 

exercise, per week) reduced the risk of MI compared to no regular physical activity, when 

adjusting for other risk factors (OR 0.86, 99% CI 0.76-0.97) (83). Furthermore, physical 

inactivity was associated with 12% of the population attributable risk for MI (83). The benefit 

of physical activity and exercise varied across populations, with greater population 

attributable risk attributed to low physical activity in females (females: 27.1%, males: 9.3%) 

and certain geographic regions (23.8% for Australia and New Zealand, 38.4% for Western 

Europe, 4.2% for Middle East) (83). 

The Australian Physical Activity Guidelines from the Australian Government 

Department of Health encourage people who are inactive to become active, which may 
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mean beginning below the current recommendations and gradually building up. The current 

recommendations are: 

- Be active on as many days of the week as possible 

- Aerobic: accumulate 150-300 minutes (600-1200 MET/minutes) of moderate 

intensity physical activity, or 75-150 minutes (1600-1200 MET/minutes) of 

vigorous intensity physical activity, or an equivalent combination of both, weekly 

- Perform muscle strengthening exercise at least twice per week (84).  

In Australia, adherence to meeting all aspects of the guidelines is low (17.3% in 

2017-2018 (73), 28% in 2020-2021 (85)). In 2017-2018, 61% of adults reported doing at 

least 150 minutes per week of any level of physical activity, with 15% reporting no physical 

activity at all (73). Meanwhile, exercise participation of at least 150 minutes/week was met 

by 55% of those aged 18-64 years and 42% of those aged 65 years and older in 2017-2018 

(73).  

International data demonstrate varied findings on physical activity levels. A pooled 

analysis of data, from 168 countries and 1.9 million participants in 2016, found the global 

age-standardised prevalence of physical inactivity was 27.5% (95% uncertainty interval 

25.0-32.2%) (86). Rates varied widely between regions, ranging from 43.7% (95% 

uncertainty interval 42.9-46.5%) in Latin America and the Caribbean, to 17.6% (95% 

uncertainty interval 15.7-23.9%) in east and southeast Asia (86). In the United States, 24.2% 

of people aged over 18 met the American 2018 Physical Activity Guidelines in full in 2020, 

with 31% meeting muscle strengthening guidelines, 46.9% meeting aerobic exercise 

guidelines and 46.3% meeting neither guideline (87). Globally, females had higher levels of 

insufficient physical activity than males (31.7% vs 23.4%) (86). These studies suggest that 

there is a substantial risk from insufficient physical activity for CVD and CHD development, 

and that there is a large portion of people who are not meeting physical activity guidelines.  

Sedentary behaviour 

Further to a lack of physical activity, sedentary behaviour (activity of up to 1.5 METS 

, in a supported posture, such as lying down or sitting (88)) has been found through a meta-

analysis to independently increase the risk of all-cause mortality in all but the most active 

individuals (those who perform at least 60-75min of moderate intensity exercise per day) 

(89) and to increase the risk of CVD morbidity and mortality (90). In Australian adults, 

increased time spent in sitting increased all-cause mortality, even after adjusting for physical 
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activity levels, with risks significantly increasing for those sitting more than 8 hours per day 

(91). Accordingly, the Australian guidelines now include advice to reduce sedentary 

behaviour, encouraging people to avoid, or break up periods of prolonged sitting as often as 

possible (84). The prevalence of prolonged sedentary behaviour is high. In Australia, Van 

der Ploeg et al. (2012) found 25% of Australian adults surveyed reported sitting at least 8 

hours per day. Internationally, approximately 37% of adult respondents in Singapore 

reported sitting 8 or more hours per day (92), whilst an American study, using a 24 hour 

recall approach, found the average sitting time was 9.5 hours per day, with 50% of 

respondents reporting sitting for more than 9.5 hours per day (93). These studies show a 

high number of adults engage in sedentary behaviour at a level known to increase risk of 

mortality and CVD.  

2.1.4.2.3 Smoking 

Tobacco smoking has been associated with an increased risk of CVD development 

for both males and females and is an important component of risk calculations (58). In 

Australia, an estimated 13.8% of the Australian population were daily smokers in 2017-2018 

(73), and smoking was linked to a substantial disease burden, with 11.5% of the burden of 

CVD attributed to tobacco use (78). Furthermore, in those aged under 65 years, one quarter 

of ACS hospitalisations and one third of CVD deaths could be attributed to smoking (94). 

The adjusted relative risk of CHD development was 1.16 and 1.65 times higher in former, 

and current smokers, compared to those who never smoked (94). International data 

supports this association, with an additional finding of earlier onset of CHD by approximately 

10 years in people who smoke (95). Approximately 72% of people with CHD who were aged 

under 45 years were current smokers, compared to approximately 30% of males and 42% 

of females with CHD in the overall meta-analysis sample (95). These data suggest smoking 

is associated with an increased risk of CHD development at an earlier age and is accordingly 

attributed a high degree of disease burden.  

2.1.4.3 Biomedical risk factors 

Biomedical risk factors for CHD are bodily states which increase the probability of 

developing CHD (96). Biomedical risk factors for CHD are shared with other types of CVD 

and several are associated with other chronic conditions, such as diabetes and chronic 

kidney disease (96). The key biomedical risk factors for CHD are elevated blood pressure, 

adverse lipid profiles, obesity and diabetes. Additionally, there are female-specific risk 
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factors (including early menopause or menarche, and hypertensive or metabolic disorders 

of pregnancy), which were covered in Section 2.1.4.1.  

2.1.4.3.1 Blood pressure and hypertension 

One of the initial risk factors for CHD discovered by the Framingham Heart Study 

was hypertension (97). The current High Blood Pressure Clinical Practice Guidelines define 

stage 1 hypertension as systolic blood pressure (SBP) between 130 and 139mmHg, or 

diastolic blood pressure (DBP) between 80-89mmHg, and stage 2 hypertension as SBP 

≥140mmHg or DBP ≥90mmHg (98), although many risk factor and prevalence studies have 

used the current stage 2 definition as the definition of hypertension (5, 99). 

A large international case-control study of people hospitalised with an initial MI 

(n=15,512 cases, n=14820 controls, 52 countries) found self-reported hypertension was 

associated with an adjusted odds ratio of 1.91 (99% CI 1.74-2.10) for acute MI, compared 

to people without self-reported hypertension (83). Furthermore, the overall population 

attributable risk for MI associated with hypertension was 17.9% (99% CI 15.7-20.4) (83). 

Other studies have reported an association between hypertension and the development of 

CHD or CVD (5, 99, 100). In 2017-2018 approximately 34% of Australian adults had 

hypertension (defined per stage 2 hypertension above), with two-thirds of these cases not 

being adequately controlled by medication (5). Hypertension was estimated to contribute 

approximately 38% of the burden of CVD in Australia in 2015 (78). Given the large numbers 

of people with uncontrolled hypertension, the large burden of disease attributed to this risk 

factor, and the strong link to CHD, this risk factor is significant for preventive strategies.  

2.1.4.3.2 Lipid profiles 

Along with hypertension, the lipid profile was one of the earliest targets identified by 

the Framingham Heart Study (97). Elevated measures of total cholesterol, low density 

lipoprotein cholesterol (LDL-C) and triglycerides have been associated with CHD 

development (97, 101, 102), while higher levels of high density lipoprotein cholesterol (HDL-

C) have been associated with a protective effect (97), except with extreme elevation (103).  

While a meta-analysis of over 1 million participants found elevated total cholesterol 

was associated with increased risk of CHD development (104), this risk appears to be 

reversible with management, as a reduction in elevated levels is associated with an adjusted 

hazard ratio of 0.73 (95% CI 0.58-0.91) for cardiovascular events, compared to people with 

persistently elevated cholesterol (99). When investigated as components of the lipid profile, 
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increased LDL-C has been associated with greater risk of CHD (101) and MI (102), and 

triglycerides have been associated with an overall increased risk of CHD, even when LDL-

C levels are normal (101). Non-HDL-C (total cholesterol minus HDL-C) has been identified 

as another potential predictor for CHD development (101). In patients with low LDL-C 

(<100mg/dL) this marker may be particularly useful for discerning future CHD development, 

as the hazard ratio increases to 1.84 (95% CI 1.12-3.04) when non-HDL is ≥130mg/dL 

(compared to <130mg/dL) (101). While HDL-C has historically been considered to be 

protective for CHD development and raising HDL levels has become a therapeutic target 

(97), contemporary data suggests this association may be ‘U’ shaped, with extremely high 

HDL-C levels also associated with increased all-cause mortality (103).  

In Australia in 2011-2012, 63% of adults exhibited dyslipidaemia (at least one of the 

following: total cholesterol ≥5.0mmol.L-1, LDL cholesterol ≥3.5mmol.L-1, HDL <1.0mmol.L-1 

in males or <1.3mmmol.L-1 in females, triglycerides ≥2.0mmol.L-1, on any lipid modifying 

medications) (105). These studies demonstrate that dyslipidaemia is common, and the 

whole lipid profile should be examined in determining a person’s CHD risk, with 

improvements in lipid profile over time associated with reduced CHD risk.  

2.1.4.3.3 Overweight and obesity 

Classifications of overweight and obesity are often done by calculating body mass 

index (BMI), with categories including underweight (BMI <18.5kg.m2), normal weight (BMI 

18.5-24.9kg.m2), overweight (BMI 25.0-29.9kg.m2) and obese (BMI ≥30kg.m2) (106). Being 

overweight or obese increases the risk of CHD development (107), with the age-adjusted 

relative risk for CVD for overweight females being 1.20 (95% CI 1.03-1.40) and for males 

was 1.21 (95% CI 1.05-1.40), increasing to 1.64 (95% CI 1.37-1.98) in obese females and 

1.46 (95% CI 1.20-1.77) in obese males, when compared to normal weight individuals (106). 

The population attributable risk of being overweight (BMI of at least 25kg.m2) was 23% for 

males and 15% for females for CHD (106). A review by Katta et al. (2021) found that most 

studies agreed being overweight or obese, particularly centrally obese, increased the risk of 

CHD development (107). Measures of central adiposity, such as waist circumference, may 

provide more detail than weight or BMI on CHD risk (107). Approximately 67% of Australian 

adults are overweight or obese (5) and in keeping with the international data, 19.3% of the 

burden of CVD has been attributed to this (78). Given the substantial proportion of the 

population who are in the ‘at risk’ category, overweight and obesity is an important issue to 

address in primary prevention of CVD.  
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2.1.4.3.4 Diabetes mellitus 

Type 1 and type 2 diabetes mellitus have been acknowledged as a risk factors for 

CHD development (108, 109), as has a history of gestational diabetes mellitus (110). Type 

1 diabetes is an autoimmune condition where the pancreas does not produce sufficient 

insulin, while in type 2 diabetes there is a gradual increase in insulin resistance in the body, 

combined with a gradual reduction in the capacity for the pancreas to produce insulin (111). 

Gestational diabetes is a glucose intolerance that first develops during pregnancy, which 

may resolve after pregnancy (111). 

An international case-control study of 15,152 cases and 14,820 control participants 

found the adjusted odds ratio for MI in people with any diabetes mellitus was 2.37 (99% CI 

2.07-2.71) and the overall population attributable risk for MI was 9.9% (99% CI 8.5-11.5%) 

(83). Increased risk of incident CHD or cardiovascular events have been observed in people 

with type 1 (108, 112) and type 2 diabetes (109), and a history of gestational diabetes was 

found to increase the risk of incident CHD, MI and angina (110).  

In Australia, 4.9% of the population had diabetes in 2017-2018 and based on self-

reported data, 57% of people with diabetes had comorbid CVD (5). In 2020-2021, 17.9% of 

females who gave birth had gestational diabetes (111). Approximately 5% of the burden of 

CVD in Australia has been attributed to high plasma glucose (78). These studies highlight 

the imperative for closely monitoring cardiovascular risk factors in patients with diabetes.  

Given the increased risk of CHD in people with diabetes and the high prevalence of diabetes 

in people with CHD (95), some considerations for people with diabetes should be considered 

when designing exercise programs for people with CHD. These would include monitoring 

for potential hypoglycaemia, ensuring adequate foot protection, particularly for people with 

comorbid peripheral neuropathy (113), and being aware of the potential presence of cardiac 

autonomic neuropathy, which may alter ischaemic symptoms (114).  

2.1.4.3.5  Other biomedical risk factors 

Other chronic health conditions such as chronic kidney disease (CKD) and 

autoimmune conditions have been associated with an increased risk of CVD and CHD 

development. A long-term cohort study of 16,958 people, including 1,210 people with CKD, 

found the adjusted hazard ratio for CHD in people with CKD was 1.45 (95% CI 1.29-1.62), 

with hazard ratios for CHD increasing with increasing severity/stage of CKD (115). 

Additionally, autoimmune diseases have been linked with CHD development, possibly 



 

30 

though the pathological processes related to chronic inflammation (112). A recent database 

study found the presence of an autoimmune condition increased the risk of CHD, with a 

hazard ratio of 1.60 (95% CI 1.54-1.66), compared to people without autoimmune conditions 

(112). 

2.1.4.4 Psychosocial  

There is increasing acknowledgement of the role of psychological factors as a precedent to 

CHD. Psychosocial risk factors include poor social support, low socioeconomic status and 

education levels, mental health disorders and psychological distress. Psychosocial risk 

factors may act to increase the risk of CHD through eliciting biological changes in response 

to prolonged stressors, or through modifying behaviours and increasing the traditional risk 

factor burden (116).  

2.1.4.4.1 Social health 

Poor social health can result from social isolation, loneliness or lack of social 

support. A meta-analysis has found that people experiencing loneliness and/or social 

isolation had an average relative risk of 1.29 (95% CI 1.04-1.59) for incident CHD, compared 

to people who did not (117). In an Australian cohort study of 11,486 healthy older adults 

(≥70 years), the hazard ratio for incident CVD was 1.66 (95% CI 1.02-2.70, p=0.04) for social 

isolation (community activity engagement less than monthly, and contact with 4 or fewer 

relatives or close friends per month) and 2.05 (95% CI 1.31-3.21, p=0.002) for low social 

support, although loneliness was not significantly predictive for CVD (1.4, 95% CI 0.95-1.93) 

and none of the outcomes were significant for fatal or non-fatal MI (118). A review by Lane, 

Carroll and Yip (1999) summarised that strong social support can help to buffer the effects 

of psychological distress, reducing its impact on poor outcomes in people with established 

CHD (119). Group exercise has been associated with increased social support in males and 

females who were active for at least two exercise sessions per week (120), highlighting that 

a group exercise training program may be beneficial for a group at risk of social isolation.  

2.1.4.4.2 Socioeconomic status and education 

The influences of lower socioeconomic status and education levels on an increased 

incidence of CHD are likely to be multifactorial (33). For example, poorer living and 

environmental conditions may increase the propensity for some traditional risk factors (121). 

Additionally, adverse health-related behaviours have been linked to lower health literacy, 
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which has been associated with lower socioeconomic and educational status (121). 

Alternately, given the chronic nature of CHD, the association between lower socioeconomic 

status and CVD burden may be through reverse causation (i.e. people with CHD may be 

limited in their work capacity, and therefore end up in a lower income bracket (33)). As well 

as being associated with the primary risk of disease, socioeconomic status may impact 

secondary prevention. In Australia, a country with universal healthcare, in people with CHD 

51% of patients surveyed experienced financial hardship and 12% were unable to pay for 

medical services, with a similar number unable to pay for medication (52), which may impact 

on their compliance with appointments and medications. Indeed, in patients with CHD and 

diabetes in the United States those with financial hardship were significantly less likely to 

maintain medical appointments and have monitoring tests conducted and experienced a 

greater degree of vascular morbidity (122). Thus, given the role they can play in CHD, 

socioeconomic status and education need to be considered when prescribing exercise 

programs. 

2.1.4.4.3 Mental health conditions 

The potential pathways for mental health disorders impacting cardiovascular health 

are through associations with poorer health behaviours, influencing traditional risk factors 

(119, 123), and through direct pathophysiological effects. For example, with respect to the 

latter, through acute emotional stress altering autonomic nervous system function, causing 

a cascade of changes related to a catecholamine surge, which can in turn induce an 

inflammatory and prothrombotic state (116). The relative risk of CHD development was 

found to be 1.30 (95% CI 1.22-1.40) in people with depression (124) and 1.41 (95% CI 1.23-

1.61) in people with anxiety (125). Alongside the increased risk of CHD in people with anxiety 

and depression, there appears to be a high risk of anxiety and depression in people with 

CHD, with 51% of people with stable CHD without a history of MI reporting symptoms of 

anxiety and 34% reporting symptoms of depression, while those within 6 months of a MI, 

anxiety symptoms were reported by 57% and depressive symptoms in 23% (126). This is of 

clinical importance in people with CHD, as increased adverse outcomes were reported in a 

meta-analysis, with the hazard ratio major adverse cardiovascular events 1.37 (95% CI 1.27-

1.48) in males and 1.21 (95% CI 1.12-1.30) in females with psychological factors, such as 

anxiety and distress (127). Accordingly, recent guidelines for managing chronic coronary 

conditions have advocated the inclusion of assessments and management for comorbid 

mental health conditions (128). 
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Anxiety and depression have both been associated with inactivity (129). Lane, 

Carroll and Yip (1999) emphasised the interplay between psychological and behavioural 

factors, highlighting that physical activity and exercise can improve symptoms of depression 

and anxiety (119). While physical activity is likely to be beneficial for people with CHD and 

mental health conditions (119), motivational barriers may impact exercise participation in 

people with mental illness (130), as can symptomology and medication side effects (131), 

all of which need to be considered when designing exercise programs.  

2.1.4.5 Summary 

There are a wide range of non-modifiable, behavioural, biomedical and psychosocial 

factors which increase the risk of CHD development. Many of these risk factors are common 

to other conditions, such as type 2 diabetes and CKD, which are also independent risk 

factors for CHD. Notably, having multiple risk factors has a cumulative impact on CHD risk 

(132). In Australia, 57% of the population over 18 years of age have three or more modifiable 

risk factors (5), highlighting the need for strong public health programs to reduce the risk of 

CHD and other chronic conditions.  

2.1.5 Comorbidities in coronary heart disease 

There is a high prevalence of other chronic conditions in people with CHD, and these 

include other conditions that can affect multiple body systems (3, 5). In Australian data from 

2017-2018, 82% of people with CVD reported having at least one other chronic condition 

(5). Common comorbidities in patients with CHD include other types of CVD, CKD, 

musculoskeletal conditions, obesity, and cognitive dysfunction (3, 5, 133-136). While 

diabetes and mental health conditions are also often comorbidities in people with CHD, they 

have been discussed in the risk factor section (Section 2.1.4.3.4 and Section 2.1.4.4.3). The 

presence, or potential presence, of comorbidities needs to be considered when designing 

exercise and rehabilitation programs for CHD patients, as coexisting conditions can 

influence a person’s ability to engage in some forms of exercise (137, 138).  

2.1.5.1 Other vascular disease 

Given the shared risk factors between CHD and other vascular diseases, the high 

prevalence of vascular comorbidities in people with CHD is unsurprising. Swedish data 

found that between 6% and 14% of people with CHD had experienced a stroke, and between 

41 to 69% had hypertension, with the rates dependent on their BMI stratum (134). In a review 
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of Australian studies of people with CVD, the rate of hypertension ranged from 47-68% and 

vascular comorbidities different to the index condition were common, though the prevalence 

ranged widely depending on the baseline health of the population examined (133). Coronary 

heart disease has also been found to be associated with an increased risk of peripheral 

vascular disease, with an adjusted hazard ratio of 1.31 (95% CI 1.02-1.66, p=0.032). The 

presence of other vascular conditions is relevant to exercise training, as these comorbidities 

may need to be considered in exercise prescription and monitoring. For example, patients 

who have had a stroke may have balance concerns and start with seated exercises (139), 

or patients with peripheral arterial disease may experience claudication pain, altering the 

rests needed during exercise (140).  

2.1.5.2 Chronic kidney disease 

Chronic kidney disease and CHD are known to share risk factors (5), with CKD being an 

independent risk factor for CHD (115). In data from the United States, collected from people 

aged 45 years and older, impaired kidney function (low glomerular filtration rate) was more 

prevalent in individuals with CHD than in those without CHD (24% vs 8%) (3). Retrospective 

cohort data from Australia found the incidence of CHD events to be higher in people with 

CKD than in the general population, with an incidence rate ratio of 1.8 (95% CI 1.7-1.9) in 

males and 3.4 (95% CI 3.1-3.6) in females (141). Kidney disease was reported as a 

comorbidity by 6.6% of respondents with CVD in Australia in 2018 (5), while comorbid CVD 

was reported in 32% of people with kidney disease (5). Poorer kidney function has been 

linked to an increased incidence of sudden cardiac death in people with CHD over a median 

of 5.5 year follow up (hazard ratio of 1.11 per 10ml.min-1 reduction in estimated glomerular 

filtration rate, 95% CI 1.06-1.17) (142). The treatment for CKD may necessitate additional 

considerations for exercise training or physical activity, such as seated/cycling activities for 

those undergoing dialysis, with moderate intensity suggested as the intradialytic intensity 

limit (143).  

2.1.5.3 Musculoskeletal  

Musculoskeletal comorbidities, such as arthritis and joint pain, are common in 

patients with CHD (3, 135, 137). The prevalence of musculoskeletal comorbidities in people 

with CHD has been reported as ranging from 27 to 57% (3, 135, 137, 144), and higher than 

the rates observed in the general population (3, 135, 137). Two American cohort studies 

found the prevalence of arthritis to be 56-57% in cohorts with CHD, compared to background 
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population rates of 27-35% in people without CHD (3, 137). In data from the Netherlands, 

the adjusted odds ratios for back or neck problems, osteoarthritis and rheumatoid arthritis in 

people with, compared to people without CHD were 1.4 (95% CI 1.4-1.5), 1.4 (95% CI 1.3-

1.4) and 1.3 (95% CI 1.1-1.6), respectively (135). Australian data about musculoskeletal 

comorbidities and CHD are limited, with studies often focussing on the broader category of 

CVD instead of CHD specifically. One review of multimorbidity in older Australian adults in 

2008 found the prevalence of osteoarthritis ranged from 23-58% in people with CVD (133). 

More contemporary data from 2017-2018 demonstrated that arthritis and back conditions 

were reported by 49% and 35% of respondents with CVD, respectively (5). International and 

local data suggest a high proportion of people with CHD and CVD have comorbid arthritis. 

The presence of arthritis has been found to increase the risk of sedentary behaviour in 

people with CHD and has been identified as a barrier to exercise (137). Additionally, arthritis 

may change exercise prescription, with Exercise and Sport Science Australia’s most recent 

guidelines suggesting that low-impact exercise which places low amounts of stress on the 

affected joints may be best in those with lower extremity arthritis who experience pain (145).  

2.1.5.4 Obesity  

Being overweight and obese is common in both the general population (5) and in 

people with CHD (134). Obesity may exacerbate the vascular dysfunction evident in people 

with CHD; as adipose tissue can perpetuate inflammatory changes through the release of 

pro-inflammatory adipokines and a reduction in anti-inflammatory adipokines, leading to low-

grade, chronic inflammation (146), which can impair endothelial function (1) and contribute 

to atherosclerosis.  

A Swedish study of people with significant CHD found 45% and 21% of patients 

were overweight and obese (as classified by BMI), respectively (134). Similar rates were 

found in a Canadian study of patients with CHD, with 48% classified as overweight and 28% 

classified as obese (147). In 2017-2018 in the general Australian population, the prevalence 

of overweight or obesity was 67% for adults, with an obesity prevalence of 31% (5). 

Clinically, the high prevalence of people with CHD being overweight or obese may impact 

exercise training options due to pain or discomfort with exercise. In American adults, a large 

cohort study (n=430,912) found that rates of joint pain in people who were underweight, or 

normal weight (by BMI) were between 32-33%, increasing to 40% when people became 

overweight, and increasing from 48% to 61% with increasing levels of obesity (148). 

Meanwhile, arthritis prevalence was 20% in those who were classified as underweight or 
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normal weight, 27% in those who were overweight, and again increased with increasing 

levels of obesity from 34% to 46% (148). Clinically, the group with comorbid joint paint 

experienced a greater probability of functional impairment (36% of people with joint pain, 

compared to 10% of people without joint pain) (148). Of importance from these data, is that 

the prevalence of diagnosed arthritis appeared to underestimate reported joint pain in 

overweight and obese individuals, which may mean the high reported arthritis rates in people 

with CHD (3, 137) may not necessarily capture the full burden of joint pain in an obese or 

overweight subgroup of people with CHD.  

Current exercise guidelines for people with obesity highlight the need to manage 

musculoskeletal comorbidities during exercise (149). The effect of buoyancy assists in 

reducing the weight bearing load through the lower limbs and spine during water immersion 

(150), which may assist in making exercise more comfortable for those with obesity and joint 

pain. Indeed, a meta-analysis observed moderate to moderate-to-vigorous intensity water-

based exercise for more than 120 minutes per week was found to reduce indices of body fat 

and increase lean tissue (151), indicating that water-based training is likely to be beneficial 

in this sub-population of people with CHD who are overweight or obese. Furthermore, 

exercises supported in water may facilitate improvement in functional exercises, as greater 

improvements have been seen in some functional outcomes with water-based exercise 

training compared to land-based training in older males (152) which is important given the 

higher proportion of people with obesity and joint pain who reported functional impairment 

(148).  

2.1.5.5 Cognitive dysfunction  

Almost 40% of people who experienced an MI demonstrated impaired cognition on 

the Mini Mental State Exam during their index admission (153). While this figure decreased 

to 25% at 12 months (153), this still represents a substantial association between cognitive 

dysfunction and CHD. Cognitive impairment was noted as a significant comorbidity in a 

community living sample of older adults with CHD, with the prevalence of cognitive 

impairment being 30%, compared to 22% in people without CHD (3). These findings were 

supported by a meta-analysis, which found that the relative risk of cognitive impairment after 

MI was 1.49 (95% CI 1.20-1.84) and the relative risk with CHD was 1.27 (95% CI 1.18-1.36), 

with an increased relative risk for vascular dementia (1.34, 95% CI 1.28-1.39), but not 

Alzheimer’s disease (0.99, 95% CI 0.92-1.07) (136). Some of the cognitive impairment 

associated with CHD may be related to the impaired cerebral perfusion which has been 
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observed in people with CHD (154, 155). Impaired cerebral perfusion been associated with 

impaired cognitive function across a range of cardiovascular conditions (156). In people who 

were at least 80 years old who had undergone a percutaneous coronary intervention, 

cognitive impairment (Mini Mental State Exam score below 20) was associated with an 

increased risk of adverse cardiac events (odds ratio 3.2, 95% CI 1.23-8.29) and cardiac 

mortality in the 3 years after the intervention, odds ratio 3.8 (95% CI 1.19-12.32) (157). The 

presence of mild cognitive impairments may necessitate a change in exercise delivery 

strategies, such as including handouts, ensuring an appropriate communication style (e.g. 

more feedback, use of multimodal memory aids/music), including friends or relatives in the 

exercise program, and the choice of exercises used to ensure they are enjoyable and safe, 

particularly given the association between cognitive impairment and an increase in falls risk 

(158, 159).  

2.1.5.6 Summary 

There are many comorbid conditions associated with CHD, potentially affecting a 

range of body systems. The potential for comorbidities, such as arthritis and obesity, to lead 

to pain or discomfort with exercise, along with managing comorbidities such as stroke and 

cognitive dysfunction that are associated with an increased falls risk, highlights the need for 

careful consideration to be given when designing exercise programs for people with CHD to 

ensure programs are safe and enjoyable. For example, reduced weight bearing exercises 

may be more comfortable for those with joint pain comorbidities (148), and programs that 

allow for adequate support for balance tasks, while still maintaining a challenge, would be 

appropriate for those with balance impairments. Exercise strategies for people with CHD will 

be discussed in Section 2.2 and Section 2.3.  

2.1.6 The management of coronary heart disease 

Coronary heart disease is managed with a broad, multidisciplinary approach to 

reduce the risk of secondary events or complications, and to optimise patients’ physical, 

psychological and social health. The response during an ACS admission to hospital involves 

diagnosis, followed by reperfusion (if indicated; either through percutaneous coronary 

intervention [PCI], coronary artery bypass graft surgery [CABG] or medication), with patients 

provided with an individualised management plan for secondary prevention involving 

medication and cardiac rehabilitation (CR) (160). The treatment of chronic CHD involves 

ongoing medication and lifestyle management, and may involve revascularisation 
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procedures (PCI or CABG) as part of a staged treatment process or if symptoms persist 

(128). Current acute and chronic CHD management guidelines emphasise patient centred 

care, with shared decision making and goal setting (128, 160-163). 

2.1.6.1 Medical management 

Acute medical management of ACS admissions centres around reperfusion. In 

suspected ACS presentations 300mg of aspirin is recommended (160), with a P2Y12
 inhibitor 

(antiplatelet drug) in those with ACS and at high risk of recurrent events (when not 

contraindicated), with additional anti-clotting agents, if indicated, during procedures (160). 

Long-term medical management is aimed at reducing symptoms of angina and 

preventing secondary cardiovascular events (163). Angina can be managed acutely with 

short-acting nitrates, such as glyceryl trinitrate, and prophylactically with long-acting nitrates 

(163). Medications for secondary prevention vary depending on the length of time from the 

cardiac event or intervention. In the initial 12 months after a MI the recommended 

medications include an angiotensin-converting enzyme (ACE) inhibitor (or angiotensin 

receptor blocker if intolerant to ACE inhibitor), dual antiplatelet therapy (aspirin and a second 

medication, such as clopidogrel, unless contraindicated), a beta blocker and a statin (164). 

After 12 months the benefit of beta blockers in people with CHD who do not have heart 

failure is uncertain (163, 164). Other medications are often used in combination with the 

above to manage other comorbidities. Medications used in secondary prevention can affect 

the haemodynamic changes seen with exercise. For example, beta blockers lower heart rate 

at rest and during exercise (165). This has implications for exercise prescription, as typical 

age-predicted heart rate maximum equations may not be appropriate for individual patients. 

2.1.6.2 Percutaneous and surgical interventions  

In the case of an ACS admission to hospital, or for patients with chronic CHD and 

ongoing symptoms, revascularisation procedures may be indicated. An angiogram is 

performed to determine disease severity and the number of vessels affected, which, in 

combination with patient factors, informs whether PCI or CABG is most suitable (128).  

A PCI involves inserting a catheter into a peripheral artery (typically radial or 

femoral) which is then advanced to the base of the target vessel (166). A fine wire is then 

guided over the stenosed area to guide the remainder of the intervention (166). A balloon is 

inflated over the target area to open the stenosis, this is then withdrawn and a stent can be 

placed using a deployment balloon, which holds the vessel open (166). In instances where 
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the balloon is insufficient to disrupt the plaque, other techniques can be used to modify it, 

such as atherectomy, laser or lithotripsy balloon to ensure the stent can be fully expanded 

(166). 

The CABG surgical procedure involves the use of one or more of the internal 

mammary artery, radial artery or a peripheral (saphenous) vein, for revascularising coronary 

arteries with ≥50% occlusion (167). This procedure is generally used if there is a greater 

extent or severity of disease, particularly of the left main coronary artery, though a wide 

range of cardiac and extracardiac considerations guide the decision making process (167). 

The surgery is most commonly performed via an open chest procedure, though minimally 

invasive procedures have been used for isolated vessel lesions (167). People who have 

undergone CABG surgery as an open procedure will have a sternal wound that requires 

precautions during exercise for up to 3 months during the healing process.  

2.1.6.3 Cardiac rehabilitation 

In CR there is a multidisciplinary team approach to improve lifestyle factors and 

medication adherence in a patient centred manner, with the aim of accelerating recovery, 

halting disease progression and reducing the risk of secondary cardiovascular events (128, 

162, 168). Furthermore, CR has been widely regarded as an effective modality for improving 

health outcomes in people with CHD, with benefits to survival (169-172), reductions in 

hospitalisations (169, 172) and improvements in function and quality of life (169, 173). 

Accordingly, guidelines recommend CR for people with CHD, particularly those who have 

had a recent MI, PCI or CABG procedure, and those with stable angina (128, 162, 163). 

The core components of CR services in Australia have been acknowledged as: 

referral and access to CR, assessment and short-term monitoring (before and after 

programs), recovery of function and long-term maintenance, behavioural modifications 

(including lifestyle changes and medication adherence) and evaluation/quality improvement 

(162). Individualised exercise programs are a key aspect of CR programs and CHD 

management (128, 161-164, 174-177), with the exercise component discussed in more 

detail in Section 2.2. Other aspects of CR are incorporated as appropriate for individuals, 

and can include: education to aid understanding their condition, strategies for self-

management, medication management, advice on: smoking cessation, maintaining a 

healthy diet (nutrition and alcohol intake), reducing sedentary time, managing comorbidities 

and medical risk factors (including diabetes, hypertension, dyslipidaemia, adiposity), 

screening for signs of depression or anxiety, and assisting in return to daily activities (161).  
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A Cochrane review found that only a few studies have reported on the cost 

effectiveness of CR, with the existing studies reporting variable results, concluding CR may 

be cost effective (169). In the Australian context, a 2005 study by Briffa et al. found the 

estimated incremental cost of CR per quality adjusted life year was $42,535 at 12 months 

(in 1998 Australian dollars), though this reduced to $27,030 when modelling was extended 

to 3 years (178). More recently, Driscoll et al. (2020) reported CR in Australia has a 99.9% 

probability of being cost effective at the conventional threshold of cost-effectiveness of 

$50,000 per quality adjusted life year, and 98.7% probability of being cost effective at a more 

conservative estimate of marginal productivity ($28,033 per quality adjusted life year), 

concluding that CR is cost effective in an Australian context, with low costs for high health 

benefits (179). 

While CR is a guideline advocated secondary prevention strategy, the uptake and 

completion of programs remains sub-optimal (180-183) and this problem persists in 

Australia. A single-centre Australian study assessing CR uptake found that approximately 

40% of people referred to CR attended at their centre, with 45% of those attending 

withdrawing prior to program completion (184). A more recent analysis of 49,909 

separations of patients eligible for CR in one Australian state (South Australia), between 

2013-2015, found that 30% of eligible patients were referred to CR and only 28% of those 

referred attended (183). Finally, an analysis of 39 sites across multiple regions in Australia 

found a completion rate of 59% in the 2,436 patients engaged in programs during the 

recording period in 2017 (182).  

The gap between established best practice, of having all appropriate patients 

referred to and attending CR (160, 162), and the challenge of achieving this in clinical 

practice (182, 183), highlights the need to address barriers to referral and participation, such 

as developing alternative strategies to increase patient engagement. This is particularly 

pertinent to exercise and physical activity, which require ongoing adherence for benefits to 

be maintained (185, 186).  

2.2 Exercise in the management of coronary heart disease  

Exercise and physical activity are essential components of both CR and secondary 

prevention for people with CHD (128, 174, 177). Guidelines for exercise prescription for 

people with CHD (174-176), apply the same principles to those recommended in the general 

population (84), but are refined to reflect patients’ cardiovascular disease status. The 

benefits of exercise in people with CHD range from increased survival (187) through to 
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improvements in risk factors (188), aerobic capacity (187), function and quality of life (173, 

189, 190). While there are many established benefits of exercise in people with CHD, 

adherence to exercise and physical activity is often sub-optimal and there are several 

identified barriers to exercise participation, ranging from time and motivation through to 

comorbidities.  

2.2.1 Exercise prescription for people with coronary heart disease 

Historically, exercise prescription for people with CHD focussed on aerobic training 

at low to moderate intensities (191, 192). With new evidence for other exercise modalities 

emerging, guidelines have evolved to incorporate increases in intensity for aerobic activity, 

and resistance training has been included as a core component (174, 175). Aerobic exercise 

involves repetitive rhythmic movements of large muscle groups, such as walking or cycling, 

which draw on aerobic metabolism for energy production (193), while resistance exercise 

involves muscle contraction against an external force, like lifting weights or performing a 

movement against an elastic band (194).  

A key benefit derived from aerobic exercise training is increased aerobic capacity, 

measured as peak oxygen consumption (VO2peak) (188), with a higher VO2peak (195) and 

greater increases in VO2peak as a result of exercise training (187) being found to be 

associated with increased survival. A meta-analysis of aerobic endurance training has found 

reductions in SBP and LDL-C, with increases in HDL-C (188). Other studies have found that 

continuous aerobic training can improve endothelial function (196-200), suggesting there 

are a wide range of potential benefits from this modality.  

Resistance training in people with CHD has been supported by a recent scientific 

statement by the American Heart Association, finding the modality safe and effective for 

people with stable CVD (194). Meta-analyses examining the role of exercise training 

modalities in people with CHD found that aerobic and resistance exercise training produced 

similar benefits to aerobic capacity (VO2peak) (201, 202) and quality of life outcomes (202). 

While few studies have examined the impact of resistance training alone on endothelial 

function in people with CHD, Vona et al. (2009) observed that flow mediated dilation (FMD) 

increased with resistance training (199). Furthermore, greater quadriceps strength has been 

associated with a lower mortality risk in people with CHD (203). This is in line with the 

findings of a meta-analysis in the general population, where the performance of muscular 

strengthening activities was associated with a 15% reduction in the risk of all-cause mortality 
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(204). The benefits seen with resistance training in people with CHD supports the inclusion 

of resistance exercise training in programs for people with CHD. 

As there are survival benefits from increasing aerobic capacity (187) and muscular 

strength (203), combined aerobic and resistance exercise training (combined training) is 

often recommended in CR (174). Early meta-analyses found that combined training 

increased exercise test duration more than aerobic training alone (201, 205), while the most 

recent meta-analysis, by Fan et al. (2021), found a greater increase in VO2peak from 

combined training than aerobic training alone (mean difference +1.26ml.kg-1.min-1, 95% CI 

0.41-2.90ml.kg-1.min-1) (202). Furthermore, muscular strength changes were found to be 

greater with combined training than aerobic training (201, 205) and fat free mass, left 

ventricular ejection fraction and global quality of life outcomes increased, while body fat 

percentage and trunk fat decreased with combined training compared to aerobic training 

(202, 205). These positive changes occurred without an increase in training program 

withdrawals (205), indicating that combined aerobic and resistance training should be 

included for patients with CHD.  

Research into exercise training types in people with CHD has translated into clinical 

recommendations. A recent position statement from the Cardiac Society of Australia and 

New Zealand provides a clinical guideline for exercise and physical activity prescription in 

CR, and incorporates both aerobic and resistance exercise training (174). Additionally, these 

guidelines highlight the importance of exercise programs being patient-centred and 

individualised (174). Other recommendations include using an assess-prescribe-adjust-re-

assess cycle for progressing programs, with prescription design following the FITT-VP 

(frequency, intensity, type, time, volume and progression) principles (174). In addition to 

exercise recommendations, the position statement encourages the reduction of sedentary 

behaviour (174), which international guidelines support (128, 175). 

The detailed recommendations for aerobic training are (174):  

- Frequency: at least three sessions per week (if performing high intensity training 

2 or more sessions should be high intensity)  

- Intensity: moderate to high intensity (55-90% of maximum heart rate, or rating of 

perceived exertion 12-16 on the Borg Category Scale)  
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- Time: sessions of more than 30 minutes of aerobic activity, this can be split into 

smaller bouts and then progressed towards 30 minutes for deconditioned 

patients 

- Type: a variety of exercises that use large muscle groups, such as walking, 

swimming, rowing, cycling can be used, and upper limb ergometry can be used 

if there are lower body limitations  

- Volume: at least 150 minutes per week, with more than 210 minutes 

recommended for greater benefit  

- Progression: slow and gradual (5-10% every 1-2 weeks), increasing duration up 

to the 30 minutes per session before increasing intensity.  

The detailed recommendations for resistance training are (174): 

- Frequency: 2-3 sessions per week with, ideally, 2 days between sessions  

- Intensity: moderate to high intensity (50-80% of one repetition maximum, or 

rating of perceived exertion of 5-7 on the Borg Category Ratio Scale  

- Time: at least 20 minutes per session, and each repetition should be more than 

4 seconds (with a 1:3 ratio of concentric/ muscle shortening to eccentric/ muscle 

lengthening within each repetition)  

- Type: a range of major muscle groups, can be whole body exercises, or 

exercises where the muscle crosses one or two joints, ideally done bilaterally for 

limb exercises. The resistance can be from body weight, weights machines, 

elastics or free weights  

- Volume: each session volume of 15-36 repetitions per muscle group (up to 3 

sets of 8 to 15 repetitions)  

- Progression: progress volume and intensity prior to progressing other factors 

e.g. increase repetitions to 15 prior to increasing intensity (and lowering reps).  

International guidelines largely concur with the Australian position statement, 

supporting at least 150 minutes per week of moderate to high intensity exercise (128, 163, 

175), or 75 minutes of vigorous intensity exercise (128), with the European guidelines 

specifying the activity should be on at least 5 days per week (163). Additionally, European 

guidelines use the FITT approach, with an additional consideration of time from last meal 
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(175). Resistance training has some additional guidance in the European secondary 

prevention guidelines, which proposes using 40-80% of one repetition maximum for the 

lower body and 30-70% of one repetition maximum for the upper body  for exercise 

prescription, with a target of 12-15 repetitions in one set (175).  

As both aerobic and resistance exercise components are recommended in the 

guidelines, methods for incorporating these into CR sessions need to be considered. 

Strategies undertaken have included separate aerobic and resistance training sessions 

(206), segmented training sessions, with an aerobic or resistance block, followed by the 

other (207, 208), or circuit training exercise (209), involving alternating stations of aerobic 

and resistance exercises. Gym-based circuit training involving alternating aerobic and 

resistance exercises has the benefit of allowing aerobic and resistance exercise to occur 

within the same session, and has been found to provide a range of health benefits, including 

increased exercise test duration or maximal metabolic equivalent (209-212), endothelial 

function (209, 213, 214), left ventricular ejection fraction and diastolic function (210), and 

muscular strength (210-212) and VO2peak (211, 212), in populations with heart failure, type 2 

diabetes and CHD. Given that a lack of time is a common barrier to exercise in people with 

CHD (184, 215), selecting an efficient and effective training program may assist with 

adherence. 

2.2.2 Effect of exercise or exercise based cardiac rehabilitation on 

morbidity and mortality in coronary heart disease 

Exercise-based CR has been found to have favourable impacts on cardiovascular 

mortality and morbidity in people with CHD (169). Further, meta-analysis data from a recent 

Cochrane review reported significant reductions in cardiovascular mortality (overall risk ratio 

0.74, 95% CI 0.64-0.86), MI (overall risk ratio 0.82, 95% CI 0.70-0.96) and all-cause 

hospitalisation (overall risk ratio 0.77, 95% CI 0.67-0.89) in people with CHD who underwent 

exercise-based CR (216). A greater reduction was seen for MI risk and cardiovascular 

mortality with longer duration (>36 months) follow up (216). Supporting the use of longer 

duration training programs in people with CHD, Taylor et al. (2017) investigated the effects 

of exercise dose on survival in people with CHD following an extended community-based 

exercise-based CR program with follow up lasting a median of 14 years (185). They found 

that supervised exercise for more than 36 months reduced mortality by one third compared 

to programs with a duration shorter than 36 months, even when baseline characteristics, 



 

44 

comorbidities and survivor bias were accounted for (adjusted HR 0.67, 95% CI 0.47-0.97) 

(185).  

There has been some debate whether CR programs in the modern treatment era 

still confer survival benefits, with one meta-analysis finding that studies after 2000, 

conducted after the introduction of increased revascularisation and improved medical 

therapies (217), no longer conferred survival benefits (218). However, another meta-

analysis which only including studies recruiting from 1995 onward, found significant survival 

benefits (171), as did an updated Cochrane review for cardiovascular mortality (169, 216). 

Furthermore, a recent large cohort study (26,171 people who participated in CR, 57,516 

people who did not participate) found CR to reduce mortality with an adjusted hazard ratio 

of 0.68 (95% CI 0.65-0.71) (219), indicating CR programs are still effective in the modern 

treatment era.  

In addition to exercise-based CR, physical activity changes over time have been 

linked to survival in people with CHD (186, 220). Over a median 15.7 years follow up, people 

with CHD who met physical activity guidelines, or had high levels of physical activity, had a 

lower risk of adjusted all-cause mortality than people with CHD who remained inactive over 

the study period (adjusted hazard ratio 0.64, 95% CI 0.50-0.83) (220). A smaller reduction 

was seen in those who maintained low levels of physical activity (below guideline levels) 

over time (adjusted hazard ratio 0.81, 95% CI 0.67-0.97), compared to inactive people (220). 

In terms of cardiovascular mortality, benefit was only seen in those who maintained high 

levels of physical activity over time, and in those who were inactive initially but who 

subsequently transitioned to high levels of physical activity (220). A meta-analysis of 

physical activity trajectory data found in people with chronic CHD that, compared to inactive 

people who remained inactive, those who were active over time had a 40% lower risk of 

mortality, those who became active had a 31% lower mortality risk and those who decreased 

activity over time had no difference in risk (186). These findings have been supported by a 

singular baseline assessment of physical activity levels at study entry in people with chronic 

CHD who were then followed over a median 3.7 year period (221). Total mortality was 

approximately 30% lower in people with CHD who were the most active, compared to those 

who were in the lowest tertile for physical activity when adjusted for baseline covariates, with 

similar findings for cardiovascular mortality (adjusted hazard ratio 0.71, 95% CI 0.58-0.88) 

(221). 

Increases in cardiorespiratory fitness (aerobic capacity), as expressed by VO2peak 

appear to be associated with survival improvements in people with CHD. Patients 
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undertaking a CR program who improved their VO2peak had lower mortality than people who 

did not (13% vs 22%) (187). Further to this, those who increased their VO2peak by at least 

2.5 ml.kg-1.min-1 (high responders) had improved survival compared to those who were low 

responders (<2.5 ml.kg-1.min-1 improvement) and non-responders (≤0 ml.kg-1.min-1) (187).  

In summary, these studies suggest that exercise-based CR, increases in aerobic 

capacity and high levels of physical activity reduce mortality and some adverse outcomes, 

such as hospitalisation, in people with CHD and that the degree of benefit may be related, 

in part, to the extent of training-related changes in cardiorespiratory fitness. Furthermore, 

longer duration programs and those resulting in sustained increases in physical activity had 

better survival outcomes, demonstrating the importance of long-term exercise and physical 

activity for risk reduction for people with CHD. This highlights the need for effective CR 

programs with good adherence to support ongoing exercise and health. 

2.2.3 Effect of exercise on health-related outcomes in people with 

coronary heart disease 

Exercise training can provide many benefits to function, health and risk factors, which likely 

contribute to the improvement in survival outcomes seen with exercise-based CR. This 

section outlines the impact of exercise on aerobic capacity, muscular strength, vascular 

function, body composition, blood pressure, blood profile and cerebrovascular outcomes.   

2.2.3.1 Aerobic capacity 

Aerobic, resistance and combined exercise training have all been found to increase aerobic 

capacity, measured as VO2peak, in people with CHD (187, 188, 201, 202). Meta-analyses in 

people with CHD have found that aerobic endurance training increased VO2peak
 (mean 

difference +3.47ml.kg-1.min-1, 95% CI 2.41-4.53ml.kg-1.min-1) (188), with comparable 

benefits from aerobic and resistance training (+21% and +16%, respectively) (201). 

Furthermore, there may be an added benefit from combined aerobic and resistance training, 

over aerobic exercise training alone (+1.26 ml.kg-1.min-1, 95% CI 0.41-2.12ml.kg-1.min-1) 

(202). 

Aerobic capacity at baseline entry to CR was associated with all-cause and cardiovascular 

mortality risk over a median 5 year follow up, with a 1 ml.kg-1.min-1 higher VO2peak associated 

with a 15% reduction in all-cause mortality, and this relationship was maintained when the 

influence of improved secondary prevention medication prescription was accounted for 

(195). More recently, the degree of VO2peak change within a program was found to vary 
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between individuals, when an aerobic exercise dominated CR program led to improvements 

in most (77%), but not all, patients with CHD attending CR in a large single centre study 

(n=1,171) (187). Approximately 38% were high responders (>2.5 ml.kg-1.min-1change in 

VO2peak), 39% were low responders (0 to ≤2.5ml.kg-1.min-1 change in VO2peak) and 23% were 

non responders (<0 ml.kg-1.min-1 change in VO2peak) (187). The high responders 

experienced greater survival benefits, compared to both low and non-responders (8% 

mortality, compared to 17% for low responders and 22% for non-responders) (187). Given 

the substantial difference in survival outcomes between response categories, the lack of 

universal improvement with aerobic training, and the positive difference in VO2peak seen 

though meta-analysis for combined training (202), modifying training programs based on 

training responses, or trialling a combined aerobic and resistance program initially may be 

advantageous. This is supported by data from young, healthy people, which demonstrated, 

in a crossover study of aerobic and resistance training, that only 4% of people had no 

change, or negative change in VO2max, in response to both aerobic training and resistance 

training (222), indicating that if no improvement was seen with one modality, then the other 

should be considered.  

2.2.3.2 Muscular strength and function 

A meta-analysis found that both lower and upper body muscular strength were 

increased with either resistance training alone, or in combination with aerobic training, 

compared to a control group performing usual activities in people with CHD (201). However, 

Fan et al. (2021) noted the difficulty in making comparisons between training types due to 

the variety of assessment methods used, but agreed that aerobic and resistance training 

generally had favourable effects on muscular strength compared to aerobic training alone 

(202). Increased quadriceps strength in relation to body weight has been associated with 

improved survival in people with CHD (203), and in the general population muscle 

strengthening activities was found to reduce the risk of all-cause mortality by 15% (204), 

indicating the clinical importance of this outcome.  

In addition to increases in strength, improvements have been reported in functional 

outcomes with exercise training in people with CHD. In one study, 12 weeks of combined 

training, with low or high load resistance, three times per week was compared to aerobic 

training alone (223). The high load, low repetition resistance training program provided 

greater benefits to gait speed, arm strength, Up and Go Test time, compared to the aerobic 

training group (223). The lower load, high repetition program provided greater benefit to Up 
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and Go Test time and the sit to stand test than aerobic training (223). All groups improved 

six-minute walk test time, postural balance, heel raises and lower limb flexibility (223). These 

functional improvements are important, as impairments in static and dynamic balance are 

associated with falls risk in people with CHD (224). Given that optimising function is a key 

aim of CR (162), and that outcomes of tests such as the Up and Go Test are linked with 

survival in older adults (225), these findings further highlight the clinical benefits of exercise 

training in people with CHD. 

2.2.3.3 Vascular function 

Vascular endothelial dysfunction is a key process in the development of CHD 

(discussed in Section 2.1.1) (1, 209, 226). Flow mediated dilation is used to assess 

endothelial function non-invasively in peripheral arteries (227) and this assessment has 

been shown to be at least partially mediated by NO (15). People with CHD have been found 

to have impaired (lower) FMD compared to age-matched people without CHD (209, 228, 

229), with the degree of impairment associated with the severity of coronary lesions (226). 

Persistently impaired endothelial function in people with newly diagnosed CHD over six 

months, despite otherwise optimal management of risk factors, is associated with an 

increased risk of cardiovascular events (adjusted hazard ratio 2.9, 95% CI 1.5-6.2) (230). A 

meta-analysis supported the association of impaired FMD and adverse outcomes in CVD, 

finding in people with CVD for per 1% increase in percent FMD the risk ratio is 0.84 (95% 

CI 0.79-0.88) for cardiovascular events (231). 

Flow mediated dilation can be improved with exercise-based CR, with a meta-

analysis of 18 studies finding a moderate-sized standard mean difference of 1.04 (95% CI 

0.76-1.31), in people with CHD (200). While study heterogeneity and inconsistency were 

high, sub-analyses did not indicate a concern of bias (200). The adaptation in endothelial 

function with exercise training is likely to be mediated by repeated exposure to transient 

increases in shear stress (232, 233). As explained in Section 2.1.1, shear stress occurs as 

the result of the friction of blood on the endothelium (12) and is augmented from the 

increased blood flow that occurs during exercise (232, 234, 235), or from other stimuli that 

increase blood flow to the periphery, such as a local limb heating (236).  

Shear stress stimulates the release of NO and other vasoactive substances, 

inducing vasodilation (13, 232). Over time, repeated bouts of exposure lead to adaptation in 

the artery (233). Initially this is a functional change, and the endothelium increases the 

expression of eNOS (232). This has been demonstrated in the internal mammary arteries of 
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people with CHD who undertook exercise training prior to a CABG procedure (196). After 

an initial increase in functional response to the increase in shear stress, vessel remodelling 

may occur (233, 237). Given the association with disease severity and survival, exercise-

induced improvements in endothelial function are an important target for training programs 

in people with CHD. Taking into consideration the acute differences in shear stress during 

different types of exercise (235), research is required to determine if exercise training can 

be tailored to maximise any possible benefits to endothelial function. 

2.2.3.4 Plaque volume 

Invasive imaging studies have demonstrated a relationship between physical 

activity and plaque progression and structure (238, 239). In one study, integrated 

backscatter intravascular ultrasound, which is used to determine the composition of plaques, 

was conducted at the time of PCI and after 8 months, with patients randomised to attend a 

higher frequency (twice or more weekly) CR program and perform at least 9,000 steps per 

day, or a fortnightly CR program (one or more visits fortnightly) with a ≥6,000 steps per day 

target (239). Despite the different prescribed programs, there was a similar change in step 

count and VO2peak, and the number of CR sessions attended was similar between groups 

(239). Both training groups significantly reduced plaque volume over time (-9% in intensive, 

-5% in control) (239). Due to the compliance issues with the training programs, the cohorts 

were re-analysed around the split of the median step count (7,000 steps per day) (239). 

When separated into more active and less active groups, plaque volume was significantly 

reduced in both groups, with the more active group significantly reduced compared to the 

inactive group (-13% vs -4%). The more active group also had a reduction in lipid and fibrous 

plaque volume and an increase in the percent calcified volume (a more stable plaque type), 

while these changes were not seen in the less active group (239). Physical activity and LDL-

C were univariate and multivariate predictors for plaque volume change, and the presence 

of diabetes approached significance (239). Physical activity was the only variable associated 

on both uni- and multivariate analysis for lipid volume, with ACS classification approaching 

significance and HDL-C approaching significance in the univariate analysis only (239). 

Another study utilising radiofrequency intravascular ultrasound compared 12 weeks of high 

intensity aerobic interval training (90% of peak heart rate) to moderate intensity continuous 

training (70% of peak heart rate) and found both training interventions reduced plaque 

burden by approximately 11% and significantly reduced plaque necrotic core (238). This 

occurred alongside a tendency for brachial artery FMD to increase in both groups (238).  
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These findings support the use of physical activity in improving plaque profiles and 

reducing plaque burden. The stabilisation of the plaque profile in non-stented segments 

provides a potential mechanistic explanation for the improvement in event free survival in 

patients who performed a cycling intervention, compared to stenting, over the course of 12 

months (240) and highlights the value of exercise interventions for improving cardiovascular 

disease risk in people with CHD.  

2.2.3.5 Body composition 

Changes in body composition as a result of participation in CR have been variable. 

A large (n=19,136) registry study in Sweden found that attending CR led to reduced weight 

gain at 12 months, compared to non-attenders, although while the effect was statistically 

significant the clinical relevance was uncertain (CR +0.0±5.7kg vs 0.3±5.7kg) (241). Another 

study found that a combined aerobic and resistance training program performed alongside 

traditional CR education (length of program dependent on baseline assessment of 

cardiovascular risk, between 12-31 sessions), found no changes in weight in patients with 

CHD, although a specific cohort who were post-MI increased weight by a small amount 

(+1.4kg), while there was no significant change in BMI, visceral body fat or waist to hip ratio 

(242). Theodorou et al. (2016) compared aerobic, resistance and combined exercise training 

in people with chronic CHD and found after 4 months of training, weight was lower in the 

aerobic and combined exercise groups and by 8 months of training it was reduced in all the 

training groups (-3.2%, -2.5% and -4.5% with aerobic, resistance and combined training 

respectively) (243). Body fat was reduced by 4 months with all training types (-4.3%, -3.4%, 

-3.1% with aerobic, resistance and combined training respectively), while BMI was lower 

with combined training at 4 months, and changed in all training groups at 8 months (243). 

The benefits observed on body composition may vary with the assessment outcome utilised. 

For example, assessments of body composition that can delineate changes in tissue types, 

such as dual energy x-ray absorptiometry (DXA) scans, may be able to pick up more subtle 

changes. A meta-analysis of DXA data found a weighted mean difference of +0.88kg (95% 

CI 0.39-1.36kg) for lean tissue and a 2.3% loss of body fat after combined aerobic and 

resistance training, compared to aerobic training, in people with CHD (205).  

Diet can impact the changes seen in body composition. Aerobic interval training for 

12 weeks led to a 1.6% reduction in weight, however dietary intervention over the same time 

period resulted in a 10.6% reduction in weight, suggesting exercise strategies may be more 

effective when combined with dietary input (244).  
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It appears, particularly for shorter duration exercise programs, that measures of 

body composition that can discern changes in tissue type may be able to better ascertain 

any benefits to body composition. Additionally, dietary intervention in tandem with exercise 

appears to have a greater impact on body composition than exercise alone.  

2.2.3.6 Blood pressure 

Hypertension is prevalent in people with CHD (134, 245) and associated with an 

increased risk of adverse outcomes (246). A meta-analysis of moderate to high intensity 

aerobic training interventions for people with CHD found a reduction in SBP of 4mmHg 

(205). A recent registry study in the United States (n=31,885) investigated the impact of 12-

36 sessions of Phase II CR on blood pressure (247). Cardiac rehabilitation was found to 

reduce SBP and DBP by a small (1mmHg), but statistically significant amount and 74% of 

attendees achieved a blood pressure <130/80mmHg by the end of the program (247). A 

higher number of sessions attended was associated with greater improvement in DBP (247). 

Furthermore, people with Caucasian or Asian heritage reduced SBP and DBP, while people 

with Black or American Indian heritage did not and people identifying a Hispanic ancestry 

only demonstrated improvements in DBP (247). A single centred trial in people with stable 

CHD and hypertension (n=74) found that aerobic exercise-based CR was effective for 

reducing SBP and DBP in patients who were obese (BMI>30kg.m2) and non-obese (SBP -

22mmHg obese, -15mmHg non-obese; DBP -11mmHg obese, -9mmHg non-obese) (248). 

Differences from the registry study may be related to differences within the patient cohorts, 

with the single centred study having a higher proportion of females, younger participants 

and higher baseline blood pressure readings (248). 

Findings of improved blood pressure with exercise are consistent with a large-scale 

meta-analysis of 270 trials (n=15,827) across a range of populations which investigated the 

impact of different exercise training modalities on blood pressure and found that aerobic 

training reduced SBP on average by 4.5mmHg, while in people with hypertension the 

reduction in SBP with aerobic exercise was 8mmHg (249). In people with hypertension, 

combined aerobic and resistance training reduced SBP by 11mmHg, compared to an 

8mmHg seen with aerobic training alone (249). These findings suggest exercise training in 

people with CHD reduces SBP and DBP, and there may be greater reductions in people 

with hypertension, which is common in people with CHD (133, 134). 
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2.2.3.7 Blood profiles  

Current lipid management and CHD guidelines emphasise the importance of LDL-C as the 

leading atherogenic lipoprotein (250-252). A meta-analysis of moderate to high intensity 

aerobic training interventions for people with CHD found a reduction in LDL-C (mean 

difference -5.5mg.dL-1), an increase in HDL-C (mean difference +3.8mg.dL-1), without 

significant changes in triglycerides or total cholesterol (188). Of note, three of the four 

studies included in the meta-analysis were 24 weeks long (188), so the effects of short-term 

training interventions are unclear. A trial by Theodorou et al. (2016) compared aerobic, 

resistance and combined exercise training in people with CHD, sampling at four and eight 

months, and found the only significant changes at four months were in triglycerides in the 

aerobic and combined training group and HDL-C in the combined group (243). By eight 

months changes were apparent in total cholesterol, LDL-C and HDL-C in the aerobic and 

combined training groups, and triglycerides in all the training groups (243).  

Another aspect of the blood profile that can be a marker of inflammation and 

cardiovascular risk is C-reactive protein (253). High sensitivity C-reactive protein reduced 

with aerobic, resistance and combined exercise training at four months, and remained lower 

than baseline values after eight months of exercise training in people with CHD, while the 

control group did not demonstrate any changes (243). A meta-analysis has found CR 

reduced high-sensitivity C-reactive protein (-1.81mg.L-1 95% CI -2.65 to -0.098), however 

there was high heterogeneity in the analysis and benefits appeared to be reduced with 

longer duration follow up (254).  

These studies suggest it may take an extended period of exercise training (≥12 

weeks) for changes in the lipid profile to become apparent in people with CHD, and it may 

take up to eight months for any changes in LDL-C to become apparent, highlighting the need 

for exercise strategies to promote ongoing exercise in this population. Conversely, high 

sensitivity C-reactive protein, an inflammatory marker, appears to reduce within weeks of 

starting exercise training.  

2.2.3.8 Cerebral outcomes 

As highlighted in Section 2.1.5.5, there is a link between cognitive impairment and 

CHD, with a meta-analysis finding the odds ratio for developing cognitive impairment or 

dementia in people with CHD is 1.45 (95% CI 1.21-1.74) (255). Another meta-analysis 

supported these findings, finding an increased risk of cognitive impairment and vascular 
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dementia, particularly in people who have had an MI (136). Additionally, adverse structural 

changes have been observed in cerebral grey (256, 257) and white matter (258), as well as 

reductions in cerebral perfusion (154, 155, 259). Furthermore, in people with severe CHD 

(triple vessel, or left main coronary artery), two thirds were found to have silent intracranial 

stenosis detectable by transcranial ultrasound (260), highlighting that people with CHD 

commonly experience atherosclerosis in other vascular beds apart from the coronary 

circulation.  

Reduced cerebral perfusion may contribute to cognitive impairments in people with 

CHD. In people at high risk of CHD, who did not have cognitive impairments, middle cerebral 

artery blood velocity (MCAv) was reduced at rest and during exercise, and associated with 

reduced language processing performance (261). Additionally, in older adults, an inverse 

relationship between left MCAv and global cognitive decline has been observed (262). With 

progression to overt CVD, reduced cerebral perfusion, assessed through magnetic 

resonance imaging, was associated with cognitive dysfunction (156) . 

Corrections of cerebrovascular perfusion deficit may be able to reverse some of the 

adverse changes in cognition. When cerebral hypoperfusion was improved after CABG or 

valve replacement in people with chronic cardiac conditions, an increase in regional cerebral 

blood flow was associated with an improvement in psychomotor speed (263). While global 

changes in MCAv were not seen with exercise-based CR (259), regional changes in cerebral 

perfusion have been demonstrated, particularly in areas of reduced perfusion at baseline 

(155), indicating more localised changes may occur, and some recovery was seen in areas 

where adverse changes to grey and white matter in the brain had been noted (256, 258). A 

longer duration (48 week) exercise program in people with CHD was associated with an 

improvement in executive function and verbal memory (264). However, existing adverse 

changes in white matter, such as hyperintensities in cholinergic tracts, attenuated the 

improvement in executive function seen with exercise training, despite similar improvements 

in VO2peak (264). Positive findings were observed during a shorter duration, 12 week program 

in people with CVD (specifically MI, CHD, hypertension or heart failure diagnoses) referred 

for CR, with improvement in attention-executive-psychomotor and verbal memory aspects 

of cognition (265). 

Some of these improvements in cognition and regional perfusion may relate to 

upregulation in cerebrovascular function. In the cerebral circulation, NO and shear stress 

have been implicated in cerebrovascular responses to environmental stimuli, such as 

neurovascular coupling (266, 267). In the peripheral circulation, repeated increases in shear 
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stress and the resultant increases in NO and other vasoactive substances are thought to 

mediate improvements in endothelial function (15, 233). Furthermore, peripheral arterial 

function changes may be linked to cerebral responses and cognition. A three-month long 

study of exercise-based CR in people with CHD found increased endothelial function 

(measured through peripheral artery tonometry) over time was associated with an 

improvement in overall cognition and processing speed (268).  

During acute exercise, increases in MCAv have been observed in people at high 

risk of CHD (261), which may provide an increase in cerebral shear stress. While exercise 

increased MCAv in people at high risk of CHD, the increase was attenuated compared to 

healthy controls (261), which may indicate the MCAv and cerebral shear stress response to 

exercise may be diminished in people with CHD (268). Further research is required to work 

out how to optimise cerebral shear stress for people with CHD to maximise improvements 

in cerebrovascular function and prevent cognitive decline.  

2.2.3.9 Summary  

 Exercise is a key component of CHD management, with the main modalities being aerobic, 

resistance and combined exercise training. The literature suggests greater benefits may 

come from combined training and contemporary CHD guidelines reflect this in their 

recommendations. Exercise training has been found to benefit aerobic capacity, muscular 

strength and vascular function, and improvements in these outcomes have been associated 

with increased survival in people with CHD. Additionally, benefits have been seen in body 

composition and blood profiles, with greater changes seen with longer duration (more than 

four month) programs. Caloric restriction provided greater benefit to body composition than 

training alone, highlighting the role of a multidisciplinary team for optimising risk factors in 

people with CHD. While exercise training was generally found to have favourable impacts 

on cognition and regional cerebral perfusion, little research has been done in this area and 

further research is required to optimise training interventions for these outcomes.  

2.2.4 Adherence to exercise and physical activity in people with 

coronary heart disease 

Long-term increases in physical activity have been associated with improved 

outcomes in people with CHD (186, 220), yet a variety of international cohorts have reported 

that the proportion of the population meeting exercise and physical activity guidelines was 

below 30% (269-272). Even when studies used a more relaxed ‘active’ criterion, of achieving 
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at least 150 minutes per week of any intensity activity, the proportion of participants who 

meet this criterion remained at or below 50% (273-275). While physical activity rates 

improved with exercise training and were maintained for 12 months in some studies of 

people with CHD (271, 273), there were still large residual proportions of the cohorts who 

remain sedentary (49% (271), 33% (273)). Conversely, a study of objectively measured 

physical activity found a reduction in the number of people meeting at least 90 minutes of 

moderate intensity physical activity per week between 2 months and 12 months post-CR 

(71% vs 49%), although the difference in those achieving the guideline recommendation of 

at least 150 minutes of moderate intensity physical activity was not significantly different 

between groups (54% at 2 months, 41% at 12 months) (276).  

The criteria for meeting physical activity goals have not been well specified 

throughout the literature, and studies have adopted different approaches for both measuring 

physical activity and defining physical activity goals, which may explain the variety of findings 

between studies. Additionally, the disparate findings may reflect differences in study 

populations as age (271) and comorbidities (273, 277, 278) are known to reduce physical 

activity levels in people with CHD. Regardless of the difference between studies in the 

physical activity criteria applied, regular physical activity has been shown to be consistently 

sub-optimal, with between 33-80% of people with CHD failing to achieve physical activity 

targets (269-273). 

While the proportion of people with CHD engaged in regular exercise is low, this is 

not solely due to an unwillingness to exercise. A large cohort study across Europe in people 

with CHD (n=8,261) observed that while only 34% of participants reported performing at 

least 30 minutes of planned physical activity five days week (no intensity specified), 58% of 

participants not currently exercising reported wanting to become more active (275). These 

findings highlight a major opportunity for exercise professionals to assist in increasing 

physical activity levels in people with CHD and highlight the importance of developing 

exercise and physical activity strategies that reduce barriers to exercise to facilitate an 

increase in participation.  

2.2.5 Potential barriers to exercise and exercise-based CR in people 

with coronary heart disease 

Most of the literature examining reasons for non-participation in exercise in people with CHD 

is related to non-participation in, or withdrawal from, exercise-based CR programs. As this 

project is focussed on an exercise training intervention, rather than a multidisciplinary CR 
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program, the literature has been reviewed in the context of potential barriers to exercise 

training. The key groupings for barriers to participation identified as affecting people with 

CHD and discussed below are: CR program, logistical, intrapersonal and clinical factors 

(181). 

2.2.5.1 Cardiac rehabilitation program factors 

Traditional outpatient, gym-based, group exercise may not suit all people with CHD. One 

study reported that the reasons for withdrawal from CR included patients preferring to 

exercise in a local community gym or closer to home, patients not feeling benefits from the 

program or disliking the program (181). A dislike of aspects of group programs, such as 

listening to the problems of others, and not feeling comfortable talking in groups has been 

identified (184), although these issues likely relate predominantly to the educational aspects 

of the program. Participants raising issues with traditional gym-based group CR not suiting 

them emphasises the need for alternative exercise strategies or settings to be investigated 

to support greater adherence to exercise participation in CR. 

2.2.5.2 Logistical factors 

The key logistical issues highlighted in the literature include time pressures and 

transportation or distance issues. Lack of time overall (184, 215), due to work (181, 184, 

279) or family commitments (215, 279) have been raised as barriers to outpatient hospital 

or primary care centre-based training by people with CHD. Access to transportation (181, 

184, 279, 280), the distance required to travel (184, 280, 281), and rural or inaccessible 

locations (280) have been other issues raised. Weather and environmental factors have also 

be found to affect exercise participation in an Australian study (215). These points 

emphasise the importance of developing individualised programs for patients with CHD that 

have more flexibility and fewer travel requirements than traditional CR, such as telehealth, 

local community programs or sessions delivered outside of work hours.  

2.2.5.3 Intrapersonal factors 

Motivation and self-efficacy have been identified as significant factors affecting exercise 

participation in people with CHD (280), while stress from a broad range of causes is 

associated with program withdrawal (181). 

Patients who felt they were managing their condition well (280) and those who felt 

they did not need CR (181, 280) or were not ‘sick’ enough for the intervention (181), were 
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more likely to withdraw from programs, as were those with higher self-efficacy (280). 

Research needs to be undertaken to determine if these participants went on to independent 

exercise after withdrawing from the group programs, or if they could benefit from a higher 

intensity training approach.  

People with lower self-efficacy were less likely to participate in an exercise-based 

CR program to begin with (280), and depression has been associated with poorer exercise 

self-efficacy in people with CHD (215). Cohort studies of people with CHD found self-efficacy 

was relevant to exercise behaviour change in the short-term (282, 283), although this 

relationship attenuates over time, particularly for women (283). Exercise physiologists and 

physiotherapists are well suited to supporting and encouraging exercise self-efficacy in the 

initial stages of CR to assist in engaging people in programs.  

Motivation to perform exercise was a significant factor affecting participation and 

withdrawal from exercise-based CR (181, 215, 279, 282). Self-determined motivation was 

associated with exercise behaviour at 12 months (282). A component of self-determined 

motivation is intrinsic motivation, from finding enjoyment in the behaviour (282), which has 

also been identified as key factor for improving exercise adherence in a review of factors 

influencing exercise adherence in people with chronic disease (284). Furthermore, 

motivation to exercise can be improved over time with an exercise and education 

intervention in people with CHD, with the authors suggesting health professionals should 

consider the addition of new exercise options or music to make training sessions more 

enjoyable (215). These findings highlight the influence of motivation on exercise adherence 

and the importance of strategies to keep participants motivated to exercise, such as 

individually tailored exercise programs, that are well-tolerated and enjoyable.  

In summary, lower exercise self-efficacy has been associated with poor uptake of 

exercise programs and behaviours, while lack of motivation has been a noted barrier in a 

range of studies. Exercise and education programs may be able to increase motivation to 

exercise (215), and exercise professionals are well-placed to support the development of 

exercise self-efficacy. Furthermore, ensuring there are exercise options that the participants 

find enjoyable is also likely to improve adherence (284).  

2.2.5.4 Clinical factors  

There is a high prevalence of comorbidities in people with CHD, as discussed in 

Section 2.1.5. General health issues (215) and comorbidities (181, 279) have been identified 
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as barriers to exercise-based CR participation. Aside from general health, other factors 

associated with non-participation and withdrawal from exercise-based CR, or low exercise 

participation, include smoking (280), a fear of falling or being at risk of falls (278), 

musculoskeletal pain (137, 144, 181, 277), reduced functional capacity and exercise 

tolerance (280, 285), type 2 diabetes (280), and more severe disease (280). In contrast, 

having had a CABG procedure was associated with increased participation (280). The 

impact of elevated BMI or obesity on exercise participation has been variable in the 

literature, with reductions in exercise or CR participation found in some (280, 285), but not 

all (286) studies. This section will outline in more detail the potential barriers of being at an 

increased risk of falls and musculoskeletal comorbidities, as these factors are present in a 

high proportion of people with CHD (3, 135, 137, 277) and are strongly associated with 

reduced exercise participation (144, 277, 278).  

Falls risk 

A meta-analysis of studies examining the prevalence of falls in people with 

cardiovascular conditions demonstrated that people with CHD were at greater risk of falling, 

with an adjusted odds ratio of 1.13 (95% CI 1.05-1.23) compared with people without CHD 

(287). This has been supported by data from a study of older adults admitted to hospital for 

a MI, which reported ~10% were classified as high falls risk and ~36% were classified as a 

moderate falls risk (224). People admitted for a MI who were at high risk of falling had a fully 

adjusted hazard ratio of 3.65 (95% CI 1.67-7.99) for all-cause death within 12 months 

compared to people with CHD and low falls risk (224). The impact on risk of all cause 

hospitalisations became apparent in the moderate risk group, with the fully adjusted hazard 

ratio for admission within 12 months being 1.31 (95% CI 1.02-1.68), increasing to 1.64 (95% 

CI 1.13-2.38) for those at high risk of falling (224). The impact of falls risk on mortality and 

hospitalisations was largely attributed to non-cardiac causes (224) and there was a graded 

increase in other risk factors, such as impaired renal function, dyslipidaemia, cancer, 

dementia, hypertension and stroke, across the falls risk spectrum, although these were 

accounted for in the fully adjusted modelling (224).  

The falls risk assessment marker most strongly associated with mortality and 

hospital admissions risk was the physical mobility Get Up and Go test (224), implying there 

may be a benefit to adverse outcomes from exercise training. Indeed, a meta-analysis of 

exercise training programs in older adults (≥65 years) found exercise training improved static 

and dynamic aspects of balance, fear of falling and confidence, along with decreasing the 

risk of falling (288). Additionally, exercise training in people with CHD has been found to 
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improve Up and Go Test measures and other markers of dynamic balance (223), 

demonstrating these benefits are available to people with CHD as well as healthy older 

adults. Concerningly, in people who were hospitalised for CHD and found to have a fear of 

falling, the rate of exercise participation (taken as a conservatively assessed three or more 

sessions weekly, of 30minutes or more) was 25%, which was significantly lower than the 

57% rate of participation in those without a fear of falling (278). Given exercise is an 

important component of falls risk management (288) and a physical mobility measure was 

most strongly associated with mortality in people with CVD (224), increasing exercise 

participation in people with high falls risk is likely to improve outcomes in this population. 

Furthermore, exercise has been included as a strategy for managing falls risks in people 

with CVD at risk of falling in an American Heart Association Scientific Statement (289). 

Developing exercise modalities that allow people with CHD who have a fear of falling, or are 

at an elevated falls risk, to feel safe while they exercise may help to increase their exercise 

participation and reduce their risk of falling, while obtaining benefits to traditional risk factors 

for secondary prevention.  

Musculoskeletal pain or comorbidities 

The number of patients with CHD affected by musculoskeletal pain conditions 

varies, from 27% in a relatively young (mean age 54 years) sample of people already 

attending exercise-based CR (144) up to 57% in two national population based surveys (3, 

137). Other studies have found prevalence rates around 50% (135, 277), indicating a 

significant proportion of the population with CHD have a musculoskeletal comorbidity. 

People with CHD and musculoskeletal pain were less active than those without pain, with 

35% of people with CHD and musculoskeletal pain reporting meeting 600 metabolic 

equivalent minutes per week of physical activity, while 56% of people without pain achieved 

this (144). In people with CVD, or at high risk of CVD, who were commencing CR, those 

with musculoskeletal comorbidities were significantly less likely to be meeting 30 minutes or 

more of aerobic exercise on five or more days per week (17% vs 28%) (277). Furthermore, 

musculoskeletal issues were the reason for 15% of exercise-based CR program withdrawals 

in women and 9% in men (279). Musculoskeletal comorbidities caused the alteration of 

exercise programs in 33% of people with musculoskeletal comorbidities, and those with 

arthritis and continuing musculoskeletal comorbidities demonstrated lower gains in aerobic 

capacity then those without musculoskeletal comorbidities (277). Furthermore, exercises 

that invoke pain or discomfort are linked to reduced adherence to exercise in people with 

chronic disease (284) and panels involving patients with osteoarthritis raised an issue that 
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pain may lead to hesitation in adopting exercise in people with arthritis (290). Encouraging 

exercise participation in people with CHD and comorbid arthritis is recommended not just 

for the cardiovascular health and secondary prevention benefits, but also for managing 

osteoarthritis, as per the American College of Rheumatology and Arthritis Foundation 

guidelines (290). Given the large proportion of patients affected by musculoskeletal pain and 

the impact these comorbidities have on exercise participation and outcomes, alternatives to 

traditional gym-based exercise are needed. Guidelines for arthritis management have 

indicated that low joint impact exercise alternatives may be required for these patients if 

traditional exercise provokes significant pain or discomfort (145, 290). 

2.2.6 Summary of exercise in the management of coronary heart 

disease 

Exercise is a core component of secondary prevention, both in international and 

Australian guidelines, with current guidelines including both aerobic and resistance exercise. 

Exercise and exercise-based CR are associated with improved survival, reduced 

hospitalisations, and reduced adverse cardiovascular events. Exercise benefits aerobic 

capacity, muscular strength, function, vascular endothelial function, body fat and lean tissue, 

blood pressure, lipid profiles, inflammatory markers and brain health, though further 

research is needed to optimise training programs to maximise these benefits. Despite the 

wide array of benefits from exercise training, participation in exercise-based CR and ongoing 

physical activity or exercise remains sub-optimal. There are many potential barriers to 

exercise in this population, including time pressures, lack of motivation, transport issues and 

clinical factors, such as a fear of falling, or musculoskeletal comorbidities. Training programs 

that reduce barriers to exercise for people with CHD are needed to assist with enhancing 

exercise participation and improving patient outcomes.  

2.3 Water-based exercise 

A key issue identified with traditional gym-based exercise training for people with 

CHD is the suboptimal adherence to exercise and ongoing physical activity, driven in part 

by the high proportion of people with CHD who experience barriers to exercise. A further 

consideration with exercise training is how to optimise vascular and cerebrovascular health. 

Novel exercise strategies that help to reduce barriers to exercise participation and enhance 

vascular function are needed to improve outcomes for patients with CHD.  
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The physical properties of water make water-based exercise an interesting modality 

to consider for people with CHD. Upright water immersion induces many physiological 

changes which impact the cardiovascular, renal, respiratory, nervous/autonomic and 

musculoskeletal systems, which in turn leads to changes in the body’s haemodynamic 

response to exercise. This may provide an added stimulus to the vasculature, through an 

enhanced shear stress stimulus. Secondly, the effects on the musculoskeletal and nervous 

systems may help to reduce barriers to exercise in people with CHD who have 

musculoskeletal comorbidities or are at risk of falling. Finally, the novel environment and 

comfort of exercising in the water may help to provide motivation to exercise in people with 

CHD. This section outlines the physical properties of water immersion, the physiological 

changes during water immersion in healthy individuals and individuals with CHD (where 

evidence is available), along with the impact of water-based exercise training on health 

outcomes for people with CHD.  

2.3.1 Physical principles of water immersion 

During resting water immersion, key factors acting on the body include hydrostatic 

pressure, buoyancy (related to density) and temperature (291). During movement in water, 

viscosity creates drag resistance and turbulence (291). Water immersion impacts 

physiological processes in all body systems, with the profound changes in the 

cardiovascular system particularly relevant to people with CHD (291).  

2.3.1.1 Hydrostatic pressure 

Hydrostatic pressure is the force of the water pushing in on itself (292) and the body 

when the body is submersed in water. The equation for hydrostatic pressure (excluding the 

existing air pressure, adapted from Wilcock, Cronin and Hing 2006 (293)) is: 

Equation 2 Hydrostatic pressure: 

𝑃 = 𝑔 𝑥ρ 𝑥 ℎ  

Where: P= hydrostatic pressure; g= gravity (9.81m.s-2 ); ρ = water density (994 kg.m-3 

assuming 35°C fresh water (294)); and h = height of the water column (depth) (m) (293). 

The pressure exerted is depth and temperature dependant, with each 1.36cm of 

submersion depth associated with a 1mmHg rise in pressure (291). The pressure gradient 

caused by hydrostatic pressure on the upright human body works to push fluid from the 
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lower limbs, or submersed body parts, from the lymphatic system back into the vascular 

system and this increases central blood volume and fluid in the chest cavity (292). 

Hydrostatic pressure also exerts force on the chest wall, and submersion can lead to a 

cephalic displacement of the diaphragm (291). 

2.3.1.2 Buoyancy  

The physical law of buoyancy, often referred to as the Archimedes’ Principle, states 

that at rest, any part of an object submerged in a fluid is acted upon by an upthrust equivalent 

to the weight of the displaced fluid (293, 295). The degree of buoyancy is dependent on the 

density of the water, which is affected by factors such as temperature, or additions of 

chemicals, such as salt (292). The density of fresh water at 34°C is approximately 994kg.m3 

(296), whilst the density of the average human is around 974kg.m3, leading to a 

predisposition for humans to float (291). Density in humans is dependent on body 

composition: individuals with a higher body fat content are less dense (therefore more 

buoyant), requiring less effort to float (291, 293).  

The buoyant force from the water reduces the weight bearing load on the lower limb 

joints and spine with upright immersion and the response is depth dependent (291). For 

example, submersion to the xiphoid process (at rest, arms out of the water) resulted in the 

immersed body weight being 35% of the land-based bodyweight (150). Postural changes 

and holding on to external supports in standing can also significantly alter the degree of 

weightbearing (297). This effect of buoyancy may be particularly beneficial for patients with 

musculoskeletal comorbidities, such as fractures, lower limb or spine injuries or pain, and 

arthritis, or obesity, through unloading joints and reducing the impact that occurs during 

exercise. This is particularly relevant to individuals with CHD, as musculoskeletal pain or 

arthritis has been reported by 27-57% of people with CHD (3, 135, 137, 277). 

2.3.1.3 Temperature 

Water temperature not only moderates the way the physical principles of water 

interact, it also influences many of the physiological changes elicited by water immersion. 

Increasing water temperature is known to reduce the density and viscosity of water (296), 

although these changes would be relatively small and unlikely to have significant impacts 

on water-based exercise therapy. However, water temperature does have a significant effect 

on thermoregulation during immersion. Water is an efficient conductor of thermal energy, 

transferring heat up to 25 times faster than air (291), and can impact the physiological effects 
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observed, particularly for outcomes involving blood flow and arterial function changes (298-

300).  

2.3.1.4 Viscosity, drag and turbulence 

Viscosity occurs due to the friction between the water particles in motion and 

contributes to drag and turbulence (291). Drag occurs when moving a limb, or object, 

through the water and occurs in the opposite direction to the movement (301). The force of 

drag can be determined by Equation 3. 

Equation 3 Drag Force: 

𝐹𝑑 = 𝑐𝑑

1

2
𝜌𝑣2𝐴 

Where Fd = drag force, cd = drag coefficient, ρ = density, v = flow velocity and A = 

frontal area of the body (302).  

Drag is caused by the friction between the water particles and the object moving in 

the water (skin/surface drag) and from the turbulence created from the pressure changes 

around the moving object (form drag) (301). As highlighted by Equation 3, the frontal surface 

area plays a major role in the determination of drag, with larger surface areas creating more 

drag than streamlined surfaces. Knowledge of this principle can be used to make exercises 

harder (larger surface area) or easier (more streamlined) in the aquatic environment and is 

imperative to consider when designing equipment for aquatic exercise.  

Turbulence occurs when there is a disturbance to laminar fluid flow and the fluid 

motion becomes chaotic, so that there will be a random fluctuation in velocity over time at a 

particular point in the fluid (303). During aquatic exercise the movement of the limbs or 

objects through the water creates turbulence and this can increase resistance (291). This 

provides a mechanism for resistance training, or concomitant aerobic and resistance 

training, in an aquatic environment. An example of the effects of turbulence and drag in 

action can be seen when greater VO2 is needed to move the same absolute workload during 

water-exercise, compared to land exercise. For example, the difference in oxygen 

consumption when cycling at 60 revolutions per minute against a 10kg load on land was 

9.7±1.7ml.kg-1.min-1, compared to 14.4.±3.2ml.kg-1.min-1 for the same scenario while 

immersed in 32°C water (298). 
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2.3.2 Physiological effects of thermoneutral water immersion 

The physical principles outlined above determine the physiological effects of water 

immersion. In healthy individuals the temperature and depth of submersion can greatly vary 

outcomes. This review will focus on temperatures between 30-35°C, as this is the typical 

range that public indoor and hydrotherapy pools are maintained within Australia. There is a 

close interaction between the body systems during immersion, with the cardiovascular, 

respiratory, musculoskeletal, renal and nervous systems being the key systems impacted, 

with key changes outlined in Figure 2.3.  

↑: increase, ↓: decrease, Tx: thoracic, WOB: work of breathing, VC: vital capacity, ERV: expiratory reserve 
volume, FRC: functional residual capacity, ANP: atrial natriuretic peptides, PRA: plasma renin activity, NE: 
norepinephrine, AVP: arginine vasopressin, EDV: end diastolic volume, BF: blood flow solid arrow: positive 
relationship, dashed arrow negative relationship 

Figure 2.3 The physiological effects of upright, thermoneutral water immersion. 

2.3.2.1 Thermoregulation 

Water immersion can alter both skin and core temperature. The impact of water 

temperature on the cardiovascular and other body systems will be discussed in the 

cardiovascular sections. This section will focus on skin and core temperature changes with 

resting water immersion.  

The temperature at which immersion does not cause a change in core temperature 

has been generally attributed the term neutral or thermoneutral in the literature (304, 305). 
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Participant and immersion characteristics appear to play a role in determining thermoneutral 

water temperatures (305, 306).  

Core temperature has several mediating influences, including the length of 

immersion time, body composition, sex and age. Immersion time was found to influence the 

temperature needed to prevent shivering, for example, participants immersed for one hour 

required water temperature to be ≥32°C to prevent uncontrolled shivering, whereas for 40 

minutes water temperatures ≥30°C were sufficient to prevent shivering (304). Body 

composition can alter core temperature changes, with higher fat percentages associated 

with attenuated rate of cooling during cold water immersion (307, 308). It should be noted 

that only limited studies have included females in studies of thermoregulation during 

immersion. Whilst there are known differences in fat mass and subcutaneous fat between 

sexes (309), differences have been seen in the response to cold water immersion between 

males and females with similar fat levels (308), suggesting participant sex may influence 

thermoneutral range independently of body composition. Finally, ageing impacts body fat 

and composition (310, 311), and has been found to influence the relationship between 

various markers of body composition and thermoregulation in response to a non-immersed 

cold stress (312), suggesting ageing may impact the thermoregulatory response to warmer 

water immersion. 

Changes in skin temperature appear to vary depending on the location of the skin, 

with peripheral and central skin reacting differently. Immersed peripheral skin (skin on limbs) 

temperature appear to follow the water temperature (304, 305, 313). Park et al. (1999) found 

that mean skin temperature increased from 32.4±0.35°C to 34.6±0.02°C with 34.5°C 

immersion and decreased to 30.1±0.03°C with 30°C water immersion (305). Ayme et al. 

(2014) reported similar findings in 34.2°C water, with non-immersed skin unchanged, whilst 

peripheral (immersed) skin increased towards water temperature (313). Contrastingly, 

abdominal skin (central) was significantly warmer than water temperature for temperatures 

below 34°C, with the difference increasing for colder temperatures (304). These temperature 

changes may influence factors such as skin or peripheral arterial blood flow, or sympathetic 

nervous system response. 

2.3.2.2 Cardiovascular system 

Thermoneutral water immersion elicits changes in the cardiovascular system and 

an overview of these changes is provided in Figure 2.3. Hydrostatic pressure acts on the 

submersed sections of the body, shifting fluid from the lymphatic system into the 
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cardiovascular system and driving the fluid centrally towards the lower pressure in the chest 

cavity (291, 292). This leads to increased central blood volume, with an increase of ~700ml 

noted for head out water immersion, which in turn increases cardiac volume (314). 

Simultaneously, there is a reduction in peripheral vascular resistance (291), which combines 

to alter cardiac function (291) in accordance with the Frank-Starling mechanism (315), 

discussed further in 2.3.2.2.3. These central changes in cardiac function precipitate changes 

in the peripheral and cerebral vessels and can trigger reflexes relating to renal and 

autonomic nervous system function (291, 316, 317). Cardiovascular system changes are 

particularly affected by variations in participant age, health status, submersion depth and 

water temperature (305, 306, 318, 319). Additionally, measurement techniques can affect 

findings, depending on whether they rely on imaging, invasive measures, or if they are based 

on calculations from non-invasive measures, contributing to a wide range of values reported 

in the literature.  

2.3.2.2.1 Atrial dimensions 

The literature generally agrees there is an increase in left atrial dimension of 

between 11-21% in healthy people with water immersion to the level of the xiphoid process 

(313, 318, 320, 321). There may be a step-wise increase with immersion depth, as 

suggested by data from Gabrielsen et al. in 2000, who observed an increase in left atrial 

diameter from 21% at the level of the xiphoid to 33% at the level of the neck (318), with a 

further study observing a significantly greater increase in left atrial diameter with neck deep 

immersion, compared to xiphoid level immersion in healthy people (322). The duration of 

immersion and activation of compensatory mechanisms can affect atrial volume findings. 

Increased left and right atrial size have been observed with seated immersion to the neck in 

34.5°C water (+17% on resting values), however a decline in atrial volumes with prolonged 

immersion was noted after approximately 2 hours for the right atrium and after 90 minutes 

for the left atrium (321). This suggests that compensatory mechanisms occurred (321). 

In people with New York Heart Association (NYHA) class II-III heart failure (mean 

left ventricular ejection fraction of 28%), immersion in 34.7°C water to the xiphoid process 

for 30 minutes increased left atrial diameter by a similar amount during immersion compared 

to healthy control participants (+6.1mm and +6.4mm, respectively), although the relative 

change was lower in people with HF due to an elevated baseline diameter (16% in HF, 27% 

in controls) (323). 
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2.3.2.2.2 Ventricular dimensions  

In healthy, young men, left ventricular end diastolic volume has been found to 

increase by 22-52% with immersion (305, 324) indicating increased preload on the heart 

(315). Correspondingly, small increases in left ventricular end diastolic diameter have been 

observed with water immersion in healthy, young males (313). Water temperature is 

suspected to play a mediating role in this relationship, with Park et al. (1999) finding a 35% 

increase in left ventricular end diastolic volume in 30°C water, but only a 22% increase in 

34.5°C water (305). Park et al. also observed reduced skin temperature and increased 

peripheral vascular resistance at the lower water temperature, speculating that peripheral 

vessel vasoconstriction contributed to the difference in preload for the two different 

temperatures (305). Increased preload contributes to functional changes in the heart and is 

a component of increasing cardiac output (291). 

In thirteen people with NYHA II-III chronic heart failure (CHF) immersion in 33-34°C 

water to the sternal notch did not further increase left ventricular end systolic or end diastolic 

volumes, from the distended values observed during land-based assessment. This was in 

contrast to significant increases in healthy control participants for both measures, however 

these increases occurred in the context of a lower baseline (319). While left ventricular 

volumes did not change from land-based measures in the people with CHF, cardiac function 

improved during immersion (discussed in Section 2.3.2.2.3), suggesting this level of 

immersion is appropriate for people with heart failure.  

2.3.2.2.3 Cardiac function and related factors 

Changes in the cardiac volumes, mentioned above, along with changes in peripheral 

vascular resistance, drive the changes in cardiac output, stroke volume and heart rate seen 

with water immersion (291). Cardiac output is the product of stroke volume and heart rate 

(315). Stroke volume is impacted by the balance of factors in the Frank-Starling mechanism, 

including preload, determined by the amount of ventricular filling, myocardial contractility, 

which is the ability of the heart muscle to contract, and the afterload, which is the resistance 

from the pulmonary or aortic pressure (315). This has been summarised in Figure 2.4. The 

impacts of water immersion on cardiac output, left ventricular ejection fraction, stroke 

volume, heart rate and total peripheral vascular resistance in people with and without CHD 
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or CHF will be described in this section. A summary of the studies involving cardiac disease 

is included in Table 2.1.  

Solid arrow indicates an increase has a positive effect on stroke volume, dashed arrow indicates an increase 

has a negative effect on stroke volume, text in brackets underneath descriptor indicates the typical response 

during thermoneutral water immersion in healthy individuals and WI refers to water immersion.  

Figure 2.4 Factors affecting cardiac output. 

Cardiac output and index 

With the exception of two studies (325, 326), most studies have found increases in 

cardiac output and cardiac index with water immersion from the depth of the xiphoid process 

and above in healthy, young people (305, 306, 313, 316, 318, 324, 327-333). Augmented 

cardiac output during immersion may assist in increasing blood flow and shear stress in the 

peripheral and cerebral arteries, to promote arterial health, or for patients with comorbidities 

such as heart failure, it may help to ensure adequate oxygen delivery during large muscle 

exercise to reduce fatigue (334). Whilst the finding of increased cardiac output has been 

consistent, the degree of increase has varied widely between studies, from 6-102% (306, 

316). Studies including people with CHD and CHF also observed an increase in cardiac 

output or index to a varying extent (see Table 2.1), with the exception of one stepwise 

immersion protocol (gradual water entry over 12 minutes) (335). Potential factors 

contributing to this variation between studies may be assessment technique, participant 

position, water depth and temperature, and participant factors, such as age.  
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Table 2.1 The effects of acute water immersion in people with coronary heart 

disease or chronic heart failure. 

Study Settings Condition  HR SV/ SV 
index 

CO/CI SBP/ 
[MAP] 

DBP SVR/TPR 

Cider  

(2006)(319) 

33-34°C 

Sternal N 

CHF II-III -15%* +37%* +14% [0%] -  

Grüner 
Sveälv 

(2009)(336) 

34°C 

Sternal N 

CHF II-III -10%* +47%* +35%* [-7%]* - -29%* 

Shah  

(2019)(337) 

33-35°C 

Supine  

CHF I-II - +26%* +30%* - - -33%* 

Schmid 

(2009)(338) 

32° 

Chest 

CHD -13%* - +14.5% -8% - ↓from 
pelvis* 

Schmid 

(2009)(338) 

32° 

Chest 

CHF -14%* - +17.3%* -5% - ↓from 
chest* 

Schmid 

(2007)(339) 

32° 

Chest 

CHD  -11%? +41%? +21%? -2%? -17%? -30%? 

Schmid 

(2007)(339) 

32° 

Chest 

CHF  -7%? +17%* +16%* -3%? 

 

-18%? -21%? 

Gabrielsen 

(2000)(323) 

34.7°C 
Xiphoid 

CHF II-III -6%* ~+40%* +37%* +5%* +4% 

 

~-20%* 

Schega 

(2007)(335) 

U°C 

Shoulders 

CHD 

stepwise 

↓ ↓* ↓* = ↓* - 

Schega 

(2007)(335) 

U°C 

Shoulders 

CHD 

immediate 

= ↑* ↑* ↓* = - 

Meyer  

(2004)(340) 

32°C 

Neck  

Moderate 
CHF 

- M+41%* 

S= 

- - - - 

Mourot 
(2010)(341) 

30-32°C 

1.3m 

CHD 

(untrained) 

+10%? +33%? +20%? +6%? 

[-2%]? 

-8%? 

 

+21%? 

Mourot 

(2010)(341) 

30-32°C 

1.3m 

CHD 

(trained) 

-6%? +30%? +14%? +4%? 

[-4%]? 

-11%? 

 

-15% 

Mourot 

(2010)(341) 

30-32°C 

1.3m 

CHF 

(untrained) 

-2%? +13%? +7%? -1%? 

[-2%]? 

-4%? 

 

-8% 

Mourot 

(2010)(341) 

30-32°C 

1.3m 

CHF 

(trained) 

- +22%? +15%? 1%? 

[-4%]? 

-8%? 

 

-9% 

Data displayed are the percentage changes from dry conditions/ baseline measures, or the directional 
change from dry conditions. HR = heart rate, SV = stroke volume, CO = cardiac output, CI = cardiac index, 
SBP = systolic blood pressure, [MAP] = mean arterial pressure (scores delineated by square brackets), DBP 
= diastolic blood pressure, SVR = systemic vascular resistance, TPR = total peripheral resistance, ↓ = 

reduced, ↑ = increased, U°C= unspecified temperature, Sternal N = sternal notch, CHD= coronary heart 

disease, CHF= chronic heart failure, I-II = New York Heart Association stage 1 to 2, II-III = New York Heart 
Association stage 2 to 3, stepwise = gradual water immersion (4 stages over 12 min), immediate = 
immersion straight to shoulder depth, M = moderate, S = severe, ?= p not specified, ~ = approximate 
measure derived from graph, = = no change from baseline,*= p<0.05.  
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Assessment method 

The clinically accepted ‘practical’ gold-standard for cardiac output assessment is 

pulmonary artery catheterisation with thermodilution, which is invasive, not without error 

(342) and would be difficult to perform during water-based assessment. Accordingly, 

alternative less or non-invasive methods have been developed, although there is no 

consensus on the best alternative methodology (342, 343). Consequently, cardiac output 

assessment methods vary between studies, with techniques including echocardiography 

(313), gas rebreathing (318, 327), impedance cardiography (305) and 

photoplethysmography (316), making comparisons between studies challenging and 

potentially altering the results. 

Participant position 

Participant positioning ranged widely between studies, including sitting semi- 

reclined on chairs (313), semi-recumbent supported standing (325), sitting stationary on a 

bike (306) and standing (316). This makes between-study comparison difficult, as cardiac 

output is significantly affected by body position (344).  

Immersion depth 

Immersion depth appears to impact cardiac output, with studies that have 

encompassed a range of depths finding graded increases in cardiac output with increasing 

depth (318, 327). 

Water temperature 

To date water temperature has not been found to play a substantial role in cardiac 

output differences for temperatures close to swimming pool ranges (in the range of 25-

36°C). Only small, non-significant, differences have been seen between cooler and warmer 

immersions at the same depth level for the iliac crests (345), sternal angle (330) and neck 

(305). 

Participant characteristics 

Participant factors have been found to impact cardiac output or index outcomes. 

Younger, female participants (mean age 22 years) were found to have significantly greater 

changes in cardiac index at the same immersion depth and temperature when compared to 

older females (mean age 54 years) with a 102% increase in younger females and a 49% 

increase in older females (306). Meanwhile Derion et al. (1992) found the 23% increase in 
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cardiac output in young males (20-29 years) was not statistically different to the 9% increase 

seen in middle-aged males (40-54 years) (328). Of note is that the majority of participants 

across studies have been young males, with limited numbers of female and older 

participants, so the applicability of these findings to all healthy populations may not be 

appropriate, especially given the recent acknowledgement of sex differences in 

cardiovascular physiology and the development of pathology (346). Additionally, health can 

impact cardiac output findings, for example in people with CHF the increase in cardiac output 

with water immersion was not significant (14%), whilst in healthy participants under the same 

conditions the 31% increase reached significance (319).  

Left ventricular ejection fraction 

In people with CHF (NYHA II-III), left ventricular ejection fraction has been observed 

to increase during 33-34°C water immersion to the sternal notch, from 31% to 35% (336) 

and from 24% to 27% (319), while in healthy control participants ejection fraction was not 

significantly altered (55% to 59%) (319).  

Stroke volume 

Similar to the increases in cardiac output with water immersion, stroke volume and 

stroke index have tended to increase in most (305, 306, 313, 316, 318, 324, 327, 328, 330-

333, 347), but not all (321, 326) studies in healthy individuals. Again, there was substantial 

variation in the absolute and relative changes reported by studies, for the same 

methodological reasons mentioned above for cardiac output/index. Similar to findings in 

cardiac output, increasing water depth was associated with increased stroke volume (318, 

327). Like cardiac output, no significant effects of temperature were seen on stroke volume 

in studies of one hour or less (305, 330, 347). Age was found to significantly lessen the 

observed increase in stroke index in females, from +95 % in younger females (mean age 22 

years) to +56% in middle-aged females (mean age 54 years) (306), and while a similar trend 

has been seen in stroke volume values between middle aged and younger males (+12% in 

40-54year old males, and + 34% in 20-29 year old males) this did not reach significance 

(328). 

In people with CHF (NYHA class II-III), seated immersion in 34.5-35°C water to the 

fourth rib resulted in a significant increase in stroke index (+41%), however this was less 

than the healthy control group (+58%) (348). Other studies in people with CHF and CHD 

have found stroke volume or index increase between 17-47% (319, 335-337, 339), see 

Table 2.1. One study of step-wise immersion did not find an increase in stroke volume in 



 

71 

people with CHD, although the same cohort responded with a stroke volume increase when 

rapidly entering the water (335). In this study there were three separate sub-groups in the 

cohort based on echocardiographic features, and although the study was underpowered to 

analyse these groups, the divergence of the responses between these groups may have 

affected the conclusions of step-wise versus immediate immersion (335), suggesting 

caution when interpreting this study. Stroke volume is one of the components for calculating 

cardiac output and the majority of findings support stroke volume changes being the likely 

mechanism for this increase, particularly given the heart rate changes discussed below.  

Heart rate 

Heart rate is a key contributing factor in the calculation of cardiac output (see Figure 

2.4). However, the physiological effects of water immersion on heart rate have been less 

consistent, with some studies in healthy people finding little to no change and others finding 

substantial variation. Seven of the sixteen cohorts examined exposed to 34-34.9°C water 

immersion reviewed observed less than a 5% change from baseline values (305, 306, 313, 

324, 329, 331, 349), four cohorts demonstrated a 5-10% reduction in heart rate (306, 329, 

333, 350), and five cohorts demonstrated a reduction greater than 10% (318, 320, 326, 330, 

347). Immersion in temperatures between 25-32°C reduced heart rate by between 7-32% 

(305, 316, 325, 330, 347, 351). The reduction in heart rate has been associated with the 

increased cardiac volume and is thought to be reflexive (315, 352, 353). Further outside of 

the thermoneutral range, heart rate increases during cold (14°C) (354) and hot (39°C) (355) 

water immersion. Colder water immersion at rest can lead to shivering and increased oxygen 

consumption (354). Hot water immersion likely increases heart rate to maintain the 

increased cardiac output required to cope with the increase in cutaneous vasodilation and 

skin blood flow for thermoregulation (356). 

Depth alters the heart rate response to immersion. In healthy individuals during 29-

30°C immersion heart rate is unchanged from standing heart rate during ankle or knee 

immersion, and becomes significantly reduced from the hip, reduces further to the umbilicus 

and then remains relatively unchanged between the xiphoid, shoulder and neck levels (353). 

Other studies in healthy, young people in thermoneutral water support the findings of 

minimal impact to heart rate between the xiphoid and neck (318), and navel, xiphoid and 

neck (326), while significant differences were observed between hip and neck immersion 

(357). Fahri et al. who conducted a graded immersion study in healthy males aged 25-34 

years in 35°C water and found that at the level of the hip, heart rate was 4% lower than dry 

values, with further immersion to the depth of the xiphoid, the heart rate showed an 11% 
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reduction on dry values, however when submersed to the chin heart rate was only 7% lower 

than dry values, although the increase in heart rate with neck immersion was not seen in 

most participants, with most plateauing from xiphoid values (358).  

The depth-dependent effect is tempered depending on resting standing heart rate. 

For xiphoid depth immersion the relative reduction from standing heart rate was -1 beat per 

minute in those with a standing resting heart rate between 50-59 beats per minute, -5 beats 

per minute in those with a standing resting heart rate between 60-69 beats per minute, up 

to -34 beats per minute in those with a standing resting heart rate between 120-129 beats 

per minute (353). The depth-dependent impact of thermoneutral immersion (34-35°C) in 

people with CHD and on beta-blockers or other vasoactive medications is unknown and 

requires investigation. 

The impact of ageing on heart rate response patterns in healthy people during water 

immersion remains unclear. Kruel et al. (2014) found no impact of age on heart rate 

response patterns (353), whilst Itoh et al. (2007) found a blunting of heart rate changes to 

water immersion in older (mean age 68 years), compared to younger (mean age 20 years) 

people (326). The participants in the Kruel et al. study were all regular water exercisers for 

at least 12 months prior to study entry and the older adult cohort was mostly female (88%) 

(353), while in the study by Itoh et al. the older adult cohort included people with 

comorbidities (27% were treated for hypertension with diuretics) and the sample was 

exclusively male (326), which may have impacted this difference.  

The effects of acute water immersion on heart rate in people with CVD is outlined in 

Table 2.1. The reduction in heart rate was similar between healthy younger males (mean 

age 33 years) and males with CHD (mean age 57 years, on beta blocker medication) 

reducing by 10% and 11%, respectively (339). Temperature was found to influence heart 

rate in people with CHD, with heart rates reducing during 29-32°C water immersion to the 

chest (338, 359). while no changes occurred in cool water (22°C) immersion (338). These 

changes suggest heart rate is similarly impacted by water immersion in people with CHD. 

Reduced heart rate during water immersion likely contributes to stroke volume and cardiac 

output increases (315) and if the changes in heart rate persist with exercise, this could alter 

exercise prescription. 

Peripheral resistance 

Total peripheral vascular resistance (TPR) or systemic vascular resistance (SVR) 

have generally been found to reduce with water immersion in temperatures above 30°C 
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(305, 313, 322, 324, 329, 331, 333). Cooler water temperatures were associated with an 

attenuated reduction (305), or an increase in TPR (325) compared to the same immersion 

positions in thermoneutral or warm water, likely due to peripheral vasoconstriction in cold 

temperatures. Reductions in TPR/ SVR reduces afterload on the heart, and can lead to 

increases in cardiac output (315).  

Different vascular beds contribute to peripheral resistance. In thermoneutral water 

measurements using 133Xenon washout, subcutaneous forearm vascular resistance was 

reduced during both xiphoid and neck level immersion, whilst only neck level immersion 

significantly reduced forearm skeletal muscle vascular resistance (322). In people with CHD 

or CHF reductions in TPR of ~20-30% have been observed (323, 336, 339) (Table 2.1), 

indicating participants with CHD or CHF likely still obtain benefits to afterload.  

2.3.2.2.4 Blood pressure 

The effects of water immersion on blood pressure have been varied in the literature, 

with temperature playing a mediating role. Thermoneutral water immersion (between 34.0-

34.9°C) demonstrated changes of less than 10% in mean arterial pressure (MAP), with the 

difference from land measures only significant in half of the 10 cohorts in studies examined 

conducted at the level of the xiphoid or deeper (305, 306, 313, 318, 320, 329, 349). 

In healthy individuals, temperature can impact blood pressure responses. During 

thermoneutral (34.5°C) water immersion to the neck, SBP increased by 8% but DBP was 

unchanged, while immersion in cooler water (30°C) increased SBP similarly to 

thermoneutral immersion, although DBP increased approximately 15% (significantly 

different from thermoneutral immersion) (305). During 30°C immersion, skin and 

oesophageal temperatures significantly reduced (305), and cold stimuli are known to elicit 

cutaneous vasoconstriction (360). Indeed, during 30°C immersion to the level of the right 

atrium in healthy, young participants, forearm and chest cutaneous vascular conductance 

were reduced (361) which may indicate that cutaneous or peripheral vasoconstriction may 

be related to the rise in blood pressure seen at this temperature. This is an important 

consideration for selecting water temperature in people with CHD, as hypertension (a 

common comorbidity of CHD (133, 134)), is associated with an exaggerated vascular 

constrictor response to cold stressors (360). 

The effect of ageing on blood pressure responses during water immersion has been 

variable. Ueno et al. (2005) found significant increases in SBP with older males (mean age 
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59 years) and no significant changes in younger males (mean age 24 years), during 

immersion to heart level (362), with the difference in part thought to be due to differences in 

carotid compliance and baroreflex sensitivity with ageing (362). However, a study in younger 

(22 years) and older (55 years) females found that head out water immersion in 34.5°C 

significantly increased SBP in younger females, and both groups increased mean arterial 

blood pressure. Whether these observations are due to sex or ageing is unknown.  

In people with CHD or CHF the effects of water immersion on blood pressure are 

varied, from a small (5%) increase in people with CHF evaluated for cardiac transplant (323) 

through to large (~17%-18%) DBP reductions in people with stable CHF and CHD (339) 

(see Table 2.1). This may be partially due to differences in vascular thermoregulation in 

hypertensive conditions (360), and some evidence suggests that while central responses to 

increased cardiac volume is preserved in people with CHF, subcutaneous vascular 

responses are impaired (323), as such there may be a gradient of impairment with varied 

clinical presentations.  

Pulse pressure 

Changes in pulse pressure (the difference between SBP and DBP) with immersion 

have been found to vary between studies. Some studies found no change in radial or 

brachial artery pulse pressure in 34-35°C water, submerged to the depth of the xiphoid or 

mid-chest in seated or semi-recumbent positions (313, 331). These studies used non-

invasive measures of arterial pressure. Contrasting this, significant increases in pulse 

pressure have been observed in other studies at the same temperature (34-35°C), with 

immersion levels between the xiphoid and neck (318, 320, 329, 333, 357), with Gabrielsen 

et al. (2000) including invasively measured brachial artery blood pressures (318). Ageing 

may impact the pulse pressure response, with Ueno et al. (2005) finding a significant 28% 

increase in pulse pressure with mid chest immersion in older (mean age 59 years) 

participants, whilst there was only a tendency to increase in younger (mean age 24 years) 

participants (+10%) which was not significant (362).  

Increased pulse pressure can increase circumferential stress (strain) on arteries, 

which may enhance the expression of endothelial nitric oxide synthase (eNOS) and other 

endothelium-dependent vasodilator pathways, although this stress can also elicit increases 

in reactive oxygen species and can encourage atherogenesis with chronic exposure (e.g. 

chronic hypertension) (232). Short duration increases in pulse pressure, such as during 

water immersion or exercise, may have positive effects on the artery from the enhanced 
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eNOS expression (232), however further research is needed to clarify the short-term effects 

of increased cyclic strain on arteries.  

In people with CHD, 30-32°C water immersion (1.3m depth) increased pulse 

pressure by 28% in people with CHD and 5% in people with CHF (341) before a training 

program and 29% and 15% for CHD and CHF respectively, after the program. During 32°C 

water immersion to the chest, the calculated change in pulse pressure (using SBP and DBP 

data) was +6% for healthy control men, +26% for males with CHD and +24% for males with 

CHF (339). Meanwhile in 33-34°C water immersion to the sternal notch, the change in pulse 

pressure was ~+10% in people with CHF (mean age 72 years), while in healthy control 

participants (mean age 72 years) the pulse pressure was ~+22% (calculated from SBP and 

DBP changes from land to immersion) (319).  

Differences between studies may be due to a range of factors, for example in 

Schmid et al. (2007) the baseline SBP (a determinant of pulse pressure) was 122mmHg in 

healthy individuals and 113mmHg in people with CHF (339). Training status and CVD type 

have also influenced pulse pressure (341). Additionally, there may be effects from the 

different water temperatures used between the studies. Despite the differences between 

cohorts, pulse pressure increased between 5-30% in people with CVD, indicating this 

modality may be useful for improving vascular function. 

2.3.2.2.5 Arterial function and health 

The impact of acute thermoneutral water immersion on peripheral arteries has not 

been well described in the literature. In healthy individuals, acute thermoneutral water 

immersion led to increases in arterial compliance (331) and forearm skeletal muscle blood 

flow (322), which may indicate an increased shear stress stimulus on the vascular 

endothelium. Increased shear stress stimulates the vascular endothelium to release 

vasoactive substances and leads to smooth muscle relaxation and vasodilation (13, 232). 

Indeed, after more than 30 minutes of 34.2°C water immersion to the xiphoid process, 

brachial artery diameter and blood flow significantly increased, although shear stress was 

unaltered at this timepoint (313). The shear stress stimulus may have been greater during 

the initial phase of immersion, as the peak cardiac volume change during immersion occurs 

at around 6 seconds (363), and vasodilation is known to occur within minutes of an increase 

in shear stress (227), highlighting the rapid response of the cardiovascular system to water 

immersion. An initial increase in shear stress may have led to the observed brachial artery 

dilation observed at the 30 minute time point (313). An increase in diameter is associated 
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with a subsequent reduction in shear stress on the arterial wall, in accordance with 

Poiseuille’s law (364), which may explain the lack of change in shear stress at the 30 minute 

time point.  

Potential mechanisms for the increase in arm blood flow seen with immersion 

include the impact of hydrostatic pressure during water immersion increasing central blood 

volume and cardiac output (see section 2.3.1.1 on hydrostatic pressure, Section 2.3.2.2 for 

cardiac volumes and function), the thermal effects leading to increased peripheral blood flow 

and cutaneous vasodilation for thermoregulation (236) or a combination of these effects. In 

addition to these blood flow changes, a reduction in sympathetic neural activity has been 

observed during thermoneutral immersion (317, 322) which may facilitate reductions in 

peripheral vasoconstriction (365).  

The acute shear stress response to thermoneutral water immersion and impact of 

this on shear stress responses during exercise in people with CHD has not been 

established. If there is an additional shear stress response from resting immersion in 

thermoneutral water in people with CHD, and this is sufficient to obtain the same benefits to 

vascular endothelial function as exercise, or local and global body heating seen in healthy 

people with repeated exposure (236, 366), then repeated thermoneutral water-immersion 

may become a tolerable option for obtaining vascular health benefits in severely 

deconditioned patients. Alternatively, if these changes are additive to those seen with 

exercise there may be a greater stimulus on the endothelium with water-based exercise 

training.  

The effects of 34.5°C water immersion on arterial compliance was examined by 

Boussuges (2006), who found immersion to the mid-chest in a seated position increased 

large (C1: aorta and main branches) and small (C2: distal circulation) artery compliance in 

healthy young males and females (331). In people with CHD, water immersion in 30-32°C 

to a depth of 1.3m did not significantly change arterial compliance, however there was 

substantial variability (341), requiring caution when interpreting these findings. Poor 

peripheral artery compliance has been associated with an increased risk of coronary 

stenoses (367), highlighting the importance of this for patients with CHD.  

Temperature appears to be a mediator for the vascular effects of water immersion. 

In cool water (30°C) an increase in sympathetic activation may occur, as significant 

increases in skin sympathetic nerve activity have been seen with skin temperatures below 

32°C (368), and during 30°C resting water immersion skin temperature has been found to 
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reduce in the immersed periphery (304, 305). Furthermore, reductions in skin cutaneous 

vascular conductance have been observed during 30°C immersion (361), and cold stress to 

a large portion of the body can lead to reflex peripheral vasoconstriction (360). Additionally, 

30°C immersion led to reductions in brachial artery blood flow, conductance and antegrade 

shear stress alongside an increase in retrograde shear stress (299). The contrast between 

the 30°C data and the thermoneutral studies highlights the importance of temperature in 

peripheral vascular regulation during immersion. Reassessing brachial artery diameter and 

flow patterns at different water temperatures and during exercise would assist in determining 

the mechanism behind the flow and diameter changes and address the disparate results 

reported between papers.  

2.3.2.2.6 Cerebrovascular  

Water immersion has been found to influence the function of the cerebral circulation 

(316, 361, 369). Transcranial Doppler ultrasound (TCD) (316, 361) and functional near-

infrared spectroscopy (369) have been utilised to measure markers of cerebral blood flow 

and cerebral oxygenation. These changes appear to result from multiple mechanisms and 

occurred both with (316) and without (369) central haemodynamic changes. 

Middle and posterior cerebral artery velocity (MCAv and PCAv, respectively), are 

often used as surrogate measures of cerebral blood flow. Both MCAv and PCAv increased 

during 30°C water immersion to the level of the right atrium in young, healthy participants 

(316, 361). Carter et al. (2014) found 8.5% and 7.3% increases in MCAv and PCAv 

respectively (316), with Pugh et al. (2015) reflecting similar changes (361). More recently, 

32°C water immersion to the waist was found to significantly increase MCAv in healthy, 

young people compared to land-based measures, while 38°C water immersion did not (300). 

Worley et al. (2021) produced similar results for MCAv between 35°C (+4-8%) and 39°C (-

2-3%) during immersion to the sternal notch (355).  

The possible mechanisms resulting in this resting increase in CBF include increased 

cardiac output, increased MAP, and increased end tidal carbon dioxide (PETCO2) (increased 

levels of arterial CO2 lead to increases in cerebral blood flow (370)). Indeed, moderate and 

strong correlations have been observed between changes in MCAv and changes in MAP 

and PETCO2, respectively during immersion (316). However, while PETCO2 was strongly 

correlated with MCAv, significant increases in MCAv have been observed during immersion 

to the hip (316) and waist (300) without a significant change in PETCO2. Furthermore, 

significant differences were seen in MCAv with water immersion between 32°C and 38°C, 
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despite similar levels of PETCO2 (300), suggesting other factors contribute to increasing 

cerebral blood velocity with water immersion, particularly during heat stress (300). 

Contributing to the investigation of the effects of increased PETCO2 during water immersion, 

Sackett et al. (2018) investigated the impact of one hour of seated 35°C water immersion to 

the neck, compared to a dry seated control condition with, added CO2 to match the PETCO2 

increase observed during water immersion (371). MCAv was elevated with water immersion 

compared to both the baseline assessment, and the dry time-control condition with matched 

PETCO2, which did not exhibit any change in MCAv (371). This highlights that increased 

PETCO2 is not the sole driver of increased cerebral blood velocity during water immersion. 

The haemodynamic changes during water immersion were akin to other studies, with an 

increase in cardiac output and stroke volume, transient reduction in mean arterial pressure, 

a reduction in total peripheral resistance and no change in heart rate (371). With the 

exception of an increase in mean arterial pressure over time, these variables were 

unchanged in the dry condition (371). These differences in haemodynamic variables 

between the dry and water-immersed conditions, despite similar PETCO2 changes, indicate 

the systemic haemodynamic changes associated with water immersion likely play a role in 

the changes seen in the cerebral circulation during water immersion.  

Another perspective on the potential mechanisms of increased cerebral blood flow 

during water immersion was provided by a study using functional near infrared spectroscopy 

in 34°C water (369). Participants were seated in a tank for five minutes, then the tank was 

filled over five minutes until the participants were immersed so the anterior aspect of the 

thigh was just underwater and remained at this depth for five minutes (369). Oxygenated 

haemoglobin was significantly increased during the immersion period in the primary 

somatosensory area, the parietal association area, and then later the primary and 

supplementary motor areas of the brain (369). It is unlikely these changes were driven by 

increased PETCO2, as a previous study did not find any increases in PETCO2 with hip level 

immersion (316). Moreover, the increase occurred in the absence of blood pressure or heart 

rate changes (369), indicating a change in cerebral metabolism driven by the changes in 

sensory input, rather than a MAP/ PETCO2 driven response, however cardiac output was not 

assessed. Limitations of this study included the lack of cardiac output assessment, that the 

seated control and immersion order wasn’t randomised, and that participants were seated, 

rather than standing, so the full effect of hydrostatic pressure is unlikely to have been utilised 

(as it is a depth dependent response). Furthermore, participants could become distracted, 

or fidget after the prolonged period of sitting, which could alter cerebral metabolism. One of 

the limitations of functional near infrared spectroscopy is that it can pick up changes in skin 
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blood flow (372), however this study measured skin blood flow and found no changes, 

suggesting the changes were due to alterations in the cerebral circulation.  

In combination, these studies show that water immersion can increase cerebral 

blood flow and may increase cortical activation/ cerebral metabolism, potentially through a 

variety of mechanisms, in young, healthy individuals. The effects of acute water immersion 

and water-based exercise on cerebral blood flow in people with CHD is unknown. The 

impact of water-based exercise on cerebral blood flow will be discussed further in Section 

2.3.3.2.4. 

2.3.2.3 Respiratory system 

Hydrostatic pressure is one of the driving forces of respiratory changes with water 

immersion. Increased venous return leads to increased thoracic blood volume (291) and, 

depending on the depth of immersion, there can be mechanical effects on the abdomen 

(373) and chest wall (374). The effects on the respiratory system appear to be depth and 

posture dependent (327, 373-375). Most of the included studies had small sample sizes and 

were conducted in younger, healthy males.(316, 327, 376-379). More data are required to 

determine the effects in older people, females and people with comorbidities.  

The greatest changes to lung volumes occur with submersion between the xiphoid 

and the base of the neck (374, 375). Increased thoracic blood volume with neck deep, steady 

state immersion was responsible for nearly 60% of the reduction in vital capacity seen with 

in a small sample of healthy males (379). Additionally, higher airway impedance/resistance 

was recently found by Hoshi et al. (2022) with immersion above the level of the xiphoid 

process, with increased pulmonary blood volume thought to be a contributing factor (376). 

This increase in intrapulmonary blood volume increases the stiffness of the lungs and 

increases the work of breathing (351, 375). In light of this, ensuring water-immersion is at 

an appropriate (lower) depth for people with respiratory comorbidities, muscle fatigue, or 

pulmonary vascular congestion, will assist in managing the added work of breathing and 

potential pulmonary congestion. with water immersion and immersed exercise.  

In addition to increased pulmonary blood volume increasing lung stiffness, hydrostatic 

pressure acting on the thorax adds resistance to thoracic expansion, further increasing the 

work of breathing. During immersion to the base of the neck 25-27cmH2O of positive 

pressure breathing was required to return expiratory reserve volume to dry land values 

(375). Water immersion to the clavicles has been found to reduce maximum inspiratory 
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pressure (374), while shallower immersion to the xiphoid is associated with less impact on 

the respiratory system, with one quarter of the change in expiratory reserve volume 

occurring at the xiphoid level (375). The added hydrostatic pressure and workload means 

the depth of immersion needs to be picked carefully for people with inspiratory muscle 

weakness to ensure they are not overburdened, and inspiratory muscle weakness is 

common in people with CHD (380). Alternatively, future research could investigate the 

potential of graded water immersion as a training load for improving inspiratory muscle 

strength. Water-based exercise training has been found to significantly increase inspiratory 

muscle strength in people with chronic obstructive pulmonary disease compared to a control 

group, while land-based exercise training did not (381). Furthermore, in healthy, young 

males, performing treadmill exercise while immersed to the level of the 4th rib induced 

significantly greater inspiratory muscle fatigue than matched intensity (60% of VO2peak) land-

based exercise (382). These studies suggest further research into water-based exercise for 

improving inspiratory muscle strength is indicated for the sub-population of people with CHD 

and inspiratory muscle weakness, particularly as increasing inspiratory muscle strength in 

people with CVD and inspiratory muscle weakness can improve exercise training outcomes 

(380). 

2.3.2.4 Musculoskeletal system and pain responses 

Warm water immersion impacts the musculoskeletal system through the supportive 

effects of buoyancy and can have thermal effects reducing pain perception (291). Buoyancy 

helps to support the body in the water and relieves the weightbearing load on lower limb 

joints and the spine (150, 291). The reduction in weightbearing is depth and sex specific, 

likely related to differences in body composition (383). For example, immersion to the 

xiphoid was related to 35% (range 30-37%) weightbearing in males and 28% (range:25-

31%) in females, with immersion to the 7th cervical vertebrae associated with 8% weight 

bearing in both sexes (383). These reductions in weight bearing load may assist participants 

who have conditions such as arthritis, lower limb or spinal pain to exercise more comfortably, 

as there are less compressive and shear joint forces affecting the lower limb and spinal 

joints (150). Additionally, partial weightbearing may be necessary during injury or joint 

replacement recovery (384), with water-based exercise allowing easier mobility to retrain 

activities and complete rehabilitative exercise. The ability to reduce weight bearing load 

while allowing exercise and movement is particularly relevant for people with CHD, due to 

the high proportion of people reporting comorbid arthritis or joint pain (3, 135, 137) which 

can act as a barrier to exercise in this population (137, 181).  
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In addition to reducing joint loading, pain perception may be attenuated during 

thermoneutral water immersion. Murine models of acute immersion have found warm 

(35°C), but not cool (25°C), water immersion reduced mechanical pain response, acting at 

both spinal and peripheral levels, in a persistent inflammatory pain model (385, 386). 

Chronic inflammatory pain has been identified in both osteo- and rheumatoid arthritis (386). 

These studies suggest warmer water immersion may be beneficial for people with 

musculoskeletal comorbidities if the pain results translate to humans. Reducing pain during 

water immersion may be beneficial for increasing exercise participation in people with CHD 

and musculoskeletal comorbidities, as the absence of negative experiences (like pain) has 

been identified as a key factor for increasing adherence to physical activity in adults with 

chronic disease (284). This will be discussed in greater detail in Section 2.3.3.2.5. 

2.3.2.5 Nervous system 

2.3.2.5.1 Central nervous system, postural control and cognition 

Along with the changes in cerebral blood flow and perfusion (see Section 2.3.2.2.6), 

changes have been seen in cortical activation (369) and cognition (387) during water 

immersion. Thermoneutral 34°C water immersion to the femur level in sitting in young males 

(mean age 22 years) increased oxygenated haemoglobin concentrations in the primary 

somatosensory and parietal association areas of the brain, followed by later increases in the 

primary and supplementary motor areas. These observations were made in the absence of 

changes in systemic haemodynamic or skin blood flow (369), suggesting the changes may 

result from increased cortical activation. These changes may reflect the multi-sensory 

stimulus on the immersed limbs, with the water providing tactile, pressure and thermal input. 

Whether the competing sensory stimuli play a role in pain inhibition or skill acquisition 

remains to be determined.  

Some cognitive tasks were found to be favourably influenced by chest deep water 

immersion in young people (mean age 23-24 years), with word recall improving by 7% and 

listening errors decreasing by 42% and 45% for single and dual tasking, compared to non-

immersed conditions (388). In older adults (mean age 72 years) water immersion also had 

a positive effect on listening errors in a cognitive auditory vigilance assessment (387). 

Postural control may be influenced by water immersion. The centre of pressure area 

(a measure of postural sway) was up to 164% larger during immersion in chest deep water 

in young, healthy individuals (mean age 24 years) (388), and 136-159% greater in older 
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adults (mean age 72 years) (387), suggesting postural control is more difficult in the water 

than on land. This may be related to buoyancy effects shifting the centre of gravity upwards. 

These findings indicate that water may be a good environment for training balance tasks, by 

providing both a safe environment for practice, and through adding challenges to postural 

control. This is particularly relevant to people with CHD who are at an increased risk of falling 

(287).  

2.3.2.5.2 Autonomic nervous system 

Thermoneutral water immersion has been associated with a reduction in 

sympathetic nervous system (SNS) activity and an increase in parasympathetic nervous 

system (PNS) activity (389), although these effects may be attenuated with ageing (317, 

326). Increased PNS and reduced SNS activity has been suggested to reduce the risk of 

cardiac events and arrhythmias (389). The main methods used in the literature for assessing 

autonomic nervous system function with water-based exercise are muscle sympathetic 

nerve activity (MSNA), skin conductance and heart rate variability (HRV). 

Muscle sympathetic nerve activity 

Muscle sympathetic nerve activity induces vasoconstriction in the vascular smooth 

muscle (390). Mano et al. (1991) assessed MSNA in healthy adults, ranging from 18-62 

years with graded immersion up to the neck in 34°C water (317). Greater reductions in 

MSNA were seen with increasing depth and this was associated with reductions in leg 

volume and total peripheral resistance, and increases in stroke volume (317).  

Skin conductance and sympathetic nerve activity 

Reduced skin sympathetic nerve activity has been observed with water immersion (317, 

391). Mano et al. (1991) employed microneurography to show that skin sympathetic activity 

was attenuated during water immersion, but this attenuation was less than that seen for 

MSNA (317). Sato et al. (2017) observed that water immersion in 34°C water blunted the 

increase in skin sympathetic activity seen in response to cognitive stress (391). While 

increased skin sympathetic activity in response to the cognitive stress was considered to 

support the increase in executive function required to complete the task, the attenuation was 

not associated with any reduction in task performance (391). This suggests water immersion 

may have beneficial sympathetic nervous system effects without impairing executive 

function. 
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Heart rate variability 

Heart rate variability provides an indicator of neurocardiac function, providing information on 

autonomic nervous system dynamics (359) and was found to be impaired in people with 

CHD compared to control participants (392). Reduced HRV in CHD patients is associated 

with increased mortality (393). There are three main methods of analysing HRV, time-

domain (measures relating to normal to normal R wave intervals), frequency domain 

(spectral analysis) and non-linear metrics (394). Spectral analysis has been more commonly 

used in the water-immersion literature during short term (5 minute) recordings, and provides 

values for very low frequency (≤0.04Hz), low frequency (0.04-0.15Hz), and high frequency 

(0.15-0.4Hz) components of HRV (395).  

In healthy, young participants, thermoneutral water immersion between 34-35°C was found 

to shift the frequency spectra towards a favourable reduction in the low to high frequency 

ratio (associated with parasympathetic dominance) (391, 396).  

Dionne et al. (2018) investigated the impact of supine positioning, standing on land and 

standing in 29°C water immersed to the xiphoid in people with CHD or stable CHF on short-

term HRV (359). Compared to standing on land, water immersion reduced heart rate and 

low frequency normalised units, and increased markers of beat-to-beat variability and high 

frequency normalised units. When compared to supine positioning (which is known to 

increase cardiac output (397) and pressures (340)) only markers of beat-to-beat variability 

remained increased (359). If these acute effects translate into training outcomes this would 

be an important finding for people with CHD, as increasing HRV is associated with better 

outcomes and survival (393, 398). 

Summary 

Cardiac disease is associated with increased sympathetic dominance, due to maladaptive 

chronic changes after myocardial ischaemia (399). This can predispose the individual to 

further cardiac dysfunction, inflammation and arrhythmia (399), and PNS and SNS 

imbalance is associated with adverse outcomes and death (389, 400). Water immersion 

shifts the autonomic nervous system balance towards parasympathetic dominance, through 

reducing SNS activity in healthy people (317, 389), with preliminary findings of positive 

autonomic nervous system changes in people with CVD (323, 359). Whether these positive 

effects are further augmented in response to water-based exercise training in people with 

CHD remains to be investigated.  
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2.3.3 Physiological effects of acute water-based exercise in people 

with and without cardiovascular disease  

2.3.3.1 Thermoregulation during exercise 

While thermoneutral temperatures during resting water immersion are generally 

between 34-35°C (see section 2.3.2.1), the temperature required to maintain 

thermoneutrality is reduced during water-based exercise, dependent on exercise intensity 

(401) and immersion depth (300, 402).  

During immersion to the neck, low-to-moderate intensity exercise in temperatures 

≤25°C reduced or prevented increases in core temperature during exercise (401, 403). 

Higher intensity exercise only failed to increase core temperature in water immersion ≤24°C 

(401). Craig and Dvorak (1968) observed that in males with a resting VO2 of 0.28L.min-1, 

rectal temperatures initially decreased from the onset of immersion for all water 

temperatures, and for low intensity exercise (average VO2 0.70 L.min-1) this decline 

continued in water temperatures below 32°C, while for a higher intensity exercise (average 

VO2 0.92 L.min-1) rectal temperatures increased in water ≥28°C (401). These findings were 

supported by Israel et al. (1989) who found that 30 minutes of cycling during water 

immersion to the neck at 63% of VO2max
 in 21.1°C and 25.3°C water did not elicit changes 

in core temperature, while 29.4°C water and 21.1°C land-based trials demonstrated similar 

increases in core temperature (+0.6°C water, +0.8°C land) (403). The effects of warmer 

water temperatures were examined by Carter et al. (2023) who observed that during 

immersion to the umbilicus, cycling against a progressively harder load increased core 

temperature modestly in 32°C water, while the same protocol in 38°C water substantially 

increased core temperature (+0.8°C) over 30 minutes (300).  

These studies highlight that exercise can affect thermoregulation and change the 

point of thermoneutrality during exercise. It is important to note that these studies included 

young and healthy, relatively lean and mostly male individuals, so the impacts on females, 

older people and those with chronic disease are yet to be determined.  

2.3.3.2 The physiological response to submaximal water-based exercise. 

Submaximal intensity exercise is employed in most exercise programs for people 

with CHD (128, 174), and therefore the submaximal physiological response to exercise will 

be the focus of this review.  
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2.3.3.2.1 Cardiovascular responses  

Acute water-based exercise in healthy individuals elicits similar changes to land-

based exercise, although from an altered baseline, as cardiac output and stroke volume are 

elevated at rest and total peripheral resistance is reduced (23, 72). While heart rate can be 

lower during resting water immersion (see 2.3.2.2.3), increases during submaximal water-

based exercise are similar to land-based exercise (23, 109). People with CHD generally 

exhibit similar patterns of change in haemodynamic variables during exercise as their 

healthy counterparts (44, 55, 110, 111). 

Cardiac output 

In healthy individuals, the pattern of cardiac output (305, 318, 361, 404), or cardiac 

index (324), increase during exercise is the same between water and land-based exercise. 

However, this often occurs from an elevated baseline when in water, due to the cardiac 

volume increase resulting from resting immersion, which can result in higher absolute values 

for water-based exercise (305, 319, 324, 404), although this is not universal (361). While 

the pattern of increase in cardiac output is similar between land and water-based exercise, 

the mechanism of increase may be different. Park et al. (1999) found that the increased 

cardiac output during water-based exercise (from resting immersion) was driven primarily 

by elevations in heart rate (as stroke volume was already elevated), compared with a 

combination of increased stroke volume and heart rate on land (305). In people with CHD 

the increase in cardiac index during immersion registered between that measured in people 

with CHF and healthy individuals, and demonstrated further increases during ‘jumping jack’ 

and swimming exercises (339). In healthy individuals, the increase in cardiac output with 

water-based exercise, compared to rest on land was +46%, and the increase from water-

based rest to exercise was +11% (319). In people with CHD, Hanna et al. (1993) observed 

increased resting cardiac output during water immersion, which rose further during water-

based exercise, however the absolute matched-intensity exercising values approximated 

those observed during land-based exercise (405). McMurray et al. (1988) observed the 

same pattern of increase in cardiac output for water and land-based matched intensity 

exercise in people with CHD, but the increase in absolute values with water-based exercise, 

compared to land-based exercise didn’t reach significance (406). The variable results may 

reflect small difference in the immersion temperatures (30°C (406) vs 31°C (405)), 

differences in immersion depth (xiphoid (406) and suprasternal notch (405)) or clinical 

variables/medications between cohorts.  
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Stroke volume 

In healthy individuals, stroke volume was generally elevated at rest with water 

immersion (305, 319, 361, 404) and may increase further during water-based exercise (404), 

particularly during the initial onset of exercise (404), although this was not observed in all 

studies (319). In people with CHD, stroke volume was increased at rest, and during the initial 

exercise response during water-based exercise up to 40% of VO2peak and during land-based 

exercise up to 60% of VO2peak, with no significant differences in absolute values between 

water and land-based exercise (405).  

In people with CHF, stroke volume increased with resting immersion, and while 

water-based exercise increased stroke volume from 52ml during resting immersion to 66ml 

this further increase did not reach statistical significance (319). Wide interquartile ranges 

and large standard deviations suggested there was significant variation in outcomes during 

water-based exercise, which may have impacted the significance of this finding given the 

relatively small sample size (n=13). There is likely a spectrum of responses between people 

with CHF dependent on the degree of cardiac impairment, with Meyer and Bücking (2004) 

finding increased stroke volume in people with moderate heart failure during resting water 

immersion to the neck, while in some patients with severe heart failure the left ventricle 

became dyskinetic and stroke volume failed to rise (340).  

Heart rate 

In healthy people, low to moderate intensity exercise (≤60% of VO2peak) resulted in 

similar heart rate responses between land- and water-based exercise (324, 361, 404). 

During exercise at ≥80% of VO2peak, heart rate was lower with water-based compared to 

land-based exercise (324, 404). Water temperature may mediate the heart rate response to 

water-based exercise. Pugh et al. (2015) reported that heart rate increased during 30°C 

water-based exercise to match land-based values (361), whilst Park et al. (1999) observed 

that the heart rate response to water-based exercise in 30°C water was lower than that in 

response to 34.5°C water (305). Furthermore, while heart rate increased during progressive 

exercise loading, the increase was lower during exercise at matched loads at 32°C, 

compared to 38°C (300).  

In people with CHD, submaximal exercise heart rate was the same during water- 

and land-based exercise at 40, 60 and 75% of VO2peak (405), while there was a tendency for 

a lower heart rate during low intensity exercise in the water (VO2 <1.0 L.min-1) (406), which 

equates to approximately 50% of VO2peak for people with CHD. These findings indicate land-
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based assessments can be used to guide heart rate for water-based exercise prescription 

in people with CHD, with this being most reliable at moderate exercise intensities.  

Total peripheral resistance 

Total peripheral resistance (systemic vascular resistance) was found to be reduced 

with water immersion compared to land-based measures (305, 361), and reduces further 

during both land and water-based exercise (305, 361). Park et al. (1999) observed a ~25% 

reduction in total peripheral resistance with land-based exercise, while resting water 

immersion in 30°C reduced resistance by 32% and in 34.5°C by 37% (305). Exercise elicited  

further 14% and 8% significant reductions in peripheral resistance with matched intensity 

exercise during 30°C and 34.5°C water immersion, reaching a total reduction of 

approximating 40% with water-based exercise (305). 

In people with CHD, total peripheral resistance reduced with water-based exercise in 

proportion to workload (339, 406). While this occurred in the same pattern as during land-

based exercise, the absolute values were consistently lower with water-based exercise 

(406), which may aid perfusion during exercise. 

2.3.3.2.2 Blood pressure 

Water and land-based exercise of matched intensity increased SBP to a similar 

extent in healthy individuals (305, 324, 404). Similar findings have been observed in people 

with CHD or CHF (405, 407). In males with CHD, an incremental cycle test immersed to the 

xiphoid resulted in a similar gradient of SBP increase during land-based assessment, 

compared with water-based exercise (when matched for VO2), however the absolute values 

remained lower (406).  

In healthy individuals, DBP did not change with moderate intensity land or water-

based cycle ergometry (305, 404). However, at 80% of VO2max there was a significant 

reduction in DBP for the land-based group compared to the water-based group (404). In 

people with CHD or CHF, DBP did not change from resting immersion to jumping jacks 

exercise (339). In contrast to this, water-based seated reciprocal unilateral knee extensions 

increased DBP in people with CHF and healthy individuals (319). This may be due to the 

different exercise protocols used, or different water temperatures.  

In healthy people, MAP was greater during resting water immersion than non-

immersed values, increased during exercise and remained greater than matched-intensity 

land-based low intensity exercise (361). In people with CHD, water-based exercise 
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increased MAP with increasing exercise intensity at a similar gradient to matched-intensity 

land-based exercise, however the absolute values of the water-based cycling were lower 

than the land-based cycling trial (406). The divergent MAP effects between these studies 

may reflect differences due to pathology, age, the exercise intensity (low intensity compared 

to progressive protocols), or potentially a greater vasoconstrictive response (as cutaneous 

vascular conductance was reduced and total peripheral resistance increased alongside the 

greater MAP response) (361). This may indicate higher sympathetic activation with the 

water-based protocol. Despite both studies occurring in 30°C water, people were exposed 

to this for longer before starting exercise in the Pugh et al. (2015) study (9 minutes to fill the 

tank and 5 minutes of rest) (361), whereas this did not occur in the McMurray study of people 

with CHD. Interestingly, McMurray et al. noted that the cool temperature would not allow for 

true resting baseline state to be achieved for the accurate measurement of physiologic 

outcomes (406), so the protocol was commenced sooner and progressed to a higher 

intensity, which may have prevented a vasoconstrictive response. 

Rate pressure product, an indicator of myocardial oxygen demand derived from SBP 

and heart rate measurements, tended to be reduced during low intensity (VO2 <1.4L.min-1) 

water-based exercise, compared to land-based exercise, in people with CHD (406).This may 

indicate there is less stress to the heart during exercise at lower intensities while immersed 

in water.  

2.3.3.2.3 Peripheral arterial function 

Only a few studies have investigated the effect of acute water-based exercise on 

arterial wall shear stress and endothelial function, with samples being mostly younger males 

(298, 408-410). During resting water immersion, shear stress and blood flow were found to 

be influenced by water temperature (299, 313, 322), although only one study has 

investigated these influences during exercise (298). 

Carter et al. (2023) investigated the effects of cycling during 32°C and 38°C water immersion 

to the umbilicus on brachial artery shear stress in young, healthy people (mean age 24 

years, mean BMI 22.8kg.m-2) (298), and included a land-based comparator. The prescribed 

workload was identical between conditions (+5kg, +10kg, +15kg), which precipitated 

differences in oxygen consumption between water and land-based trials (+15.8ml.kg-1
.min-1 

and +17.2ml.kg-1
.min-1 for 32°C and 38°C water immersion, compared to +9.8ml.kg-1

.min-1 

during land-based exercise at the highest workload (298)). These differences are likely due 

to the impact of increased drag resistance from water immersion (see 2.3.1.4). The 
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difference in exercise intensity between the land and water conditions renders the 

interpretation of shear stress changes between land and water exercise conditions more 

challenging, as there may be different exercise-induced changes in central haemodynamics 

in addition to the changes induced by water immersion.  

Water-based cycling exercise in 32°C water has been shown to increase brachial 

artery antegrade shear, however, due to a simultaneous increase in retrograde shear stress, 

total shear was not significantly different to land-based exercise (298). When water 

temperature increased to 38°C there was a significantly greater increase in total shear stress 

compared to land and 32°C water-based exercise, driven by an increase in antegrade shear 

stress with a simultaneous attenuation of retrograde shear stress (298). These changes 

were associated with a +0.3°C increase in core temperature with 32°C water-based exercise 

and a +0.8°C increase during 38°C water-based exercise, while core temperature during 

land-based exercise was unchanged (298). Land-based exercise slightly increased total 

shear, but to a lesser extent than 38°C water-based exercise (298).  

While increased retrograde shear in healthy, young males was associated with 

acute endothelial impairment (411), other findings suggested this effect does not occur in 

older males (412) and that the antegrade shear elicited by a stimulus likely plays a greater 

role in mediating the changes in FMD (413).  

Although acute exercise has been found to impair post exercise FMD, likely due to 

SNS influences (414), exercising in warm (38°C) water while immersed to the umbilicus 

increased 30 minute post exercise FMD from baseline (from 6.2±1.9% to 8.5±2.7%), while 

there were no changes in the 32°C or land groups (298). Ayme et al. (2014) examined the 

impact of one hour of low intensity (35-40% VO2peak) cycling in 32°C water (immersed to the 

xiphoid process), or on land, in young, healthy men, finding an increased brachial artery 

diameter 40 minutes after exercise cessation, while not significantly changing FMD from 

pre-exercise values with either modality (408). 

In contrast to the Ayme at al. (2014) and Carter et al. (2023) data, studies involving 

at least moderate intensity treadmill exercise have found latent post exercise impairment in 

FMD (409, 410). Hashimoto et al. (2019) investigated the impact of 30 minutes of walking 

exercise at 60% of heart rate reserve (137-138beats.min-1) in healthy, young men, and 

observed reduced FMD 30 minutes after the land-based trial, while no effect was observed 

for water-based exercise (30°C, xiphoid) (410). At 60 minutes post exercise, while FMD had 

recovered to be similar to pre exercise values in the land-based condition, FMD in the water-
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based exercise group was significantly higher (410). In males with hypertension and pre-

hypertension, Joubert et al. (2018) investigated the impact of a land or water-based treadmill 

exercise session at 60% of VO2peak on FMD one hour after exercise (409). The exercise bout 

lasted for a mean time of 30 minutes on land, and 29 minutes in the water, until 300 

kilocalories were expended (409). The water-based treadmill session occurred in 30-31°C 

water immersion to the xiphoid (409). One hour after exercise, FMD tended to be reduced 

after land-based treadmill exercise (-1.3%, 90% CI -2.7% to 0.2%) and improved after water-

based exercise (+1.2%, 90% CI -0.07% to 2.5%), with a between group difference in favour 

of water-based exercise (2.5%, 90% CI 0.6% to 4.4%) (409). 

While post exercise FMD in the water-based trials were consistently unaffected, the 

differences in the land-based responses may be related to differences in exercise modality 

(treadmill versus cycle ergometer) leading to differences in shear stress pattern, or 

alternatively, may be due to differences in intensity (light-to-moderate compared to 

moderate-to-heavy). Changes in SNS activation may impact the latent FMD response to 

exercise. Water immersion is associated with sympatho-suppression (317). Exercise at 75% 

of VO2peak has been observed to acutely impair FMD responses immediately post-exercise, 

and this was found to be related to sympathetic nervous system activation, as the 

administration of an α1-adrenoreceptor blocker prevented the decline in FMD post exercise, 

resulting in FMD increasing from 4.7% pre-exercise to 6.3% post exercise (414). Alterations 

to sympathetic function may go some way to explain the latent response still present one 

hour after exercise in people with hypertension, as this condition is associated with an 

overactivity of the sympathetic system (365), which may take longer to resolve. Alternatively, 

differences may be due to a change in the shear stress stimulus during exercise, although 

further research is needed to determine if this is the case. How the acute water-based 

exercise and post-exercise changes in shear stress and FMD impact training adaptations in 

people with CHD remains to be established.  

2.3.3.2.4 Cerebrovascular function 

Resting water immersion was found to increase MCAv and PCAv (316). From this 

elevated baseline, Pugh et al. (2015) examined low intensity stepping exercise, while 

immersed to the right atrium in 30°C water, observing increased MCAv and PCAv in the 

same pattern as during land-based exercise (361). The increase in MCAv was ~10% higher 

than land-based values, with PCAv increasing ~9% compared to land-based values (361). 

These changes were associated with increases in mean arterial blood pressure and the 
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partial pressure of expired carbon dioxide (CO2), which may be two potential mechanisms 

mediating this increase.  

Incremental water-based treadmill exercise increased MCAv during 32°C immersion 

to the iliac crest in healthy, young (mean age 27 years) participants, compared to land-based 

treadmill walking, and provoked a faster rise to peak MCAv in the water group (4 minutes vs 

10 minutes) (415). Furthermore, water-based walking elicited an increase in MCAv that was 

the equivalent of running on the land-based treadmill at estimated 65% VO2max (415). Water 

immersion depth during steady-state exercise did not significantly vary MCAv between mid-

thigh, iliac crest or xiphoid levels, while heart rate progressively reduced with increasing 

depth (415). This study highlights that water-based exercise can elicit greater changes in 

MCAv earlier in exercise programs, at lower heart rates and exercise intensities than land-

based exercise. This is promising for improving cerebrovascular function in people with 

conditions such as CHD, as both aerobic capacity (VO2peak) and aspects of cognitive function 

(short term memory, working memory, long term verbal memory, cognitive inhibition and 

flexibility) are lower in people with CHD, compared to age-matched healthy controls (416).  

Underwater cycling for three, 10 minute stages of increasing resistance in 32°C and 

38°C water immersion to the umbilicus in young, healthy participants (mean age 23.8years, 

BMI 23.0kg.m2) increased MCAv the initial stage of exercise with 32°C immersion, which 

was maintained for the remainder of the protocol (300). The MCAv of the 32°C water 

immersion group was elevated compared to the land-based group and the 38°C water 

immersion group throughout the protocol (300). Warm (38°C) water-based exercise 

attenuated the increases in MCAv seen at cooler temperatures, and this attenuation 

occurred in the context of similar increases in VO2 and PETCO2 (300). Exercising in 38°C 

also reduced the increase in MAP during exercise, and led to a greater increase in core 

temperature and peripheral artery blood flow than 32°C immersed exercise (300).  

It appears the optimal water temperature for eliciting peripheral and cerebral 

vascular effects is different, with exercising in water temperatures of less than 32°C eliciting 

positive cerebrovascular changes (300, 361, 415), while exercising in 38°C water was more 

conducive to increasing brachial artery shear and post-exercise FMD (298) . Determining 

the optimal water depth and temperature during exercise to enhance both peripheral and 

cerebral vascular outcomes has not been established. Optimising both cerebral and 

peripheral aspects of vascular health is important for people with CHD, as impairments in 

peripheral arterial function have been  associated with poorer survival outcomes (230, 417), 

and there is a strong link between CHD and increased risk of cognitive impairment (255).  



 

92 

2.3.3.2.5 Musculoskeletal system activation and pain responses 

Determining the optimum method to apply resistance and induce strength changes 

are important considerations for training programs. Furthermore, given that musculoskeletal 

comorbidities are common in people with CHD (3, 135), ascertaining the impact of an 

exercise modality on musculoskeletal comorbidities and pain is important when considering 

exercise program design.  

Colado et al. (2013) examined upper limb and core muscle activation with shoulder 

extension exercises with different resistance devices and water depths (418). No differences 

were found between the devices used (drag glove, a perforated disc to increase surface 

area, foam dumbbell and floating wristband) on latissimus dorsi or erector spinae activation, 

although wrist floats tended to produce a larger percentage of maximal muscle activation for 

the rectus abdominis. Compared to xiphoid depth immersion, clavicle depth immersion 

reduced latissimus dorsi activation and non-significantly reduced rectus abdominus 

activation, with erector spinae activation unchanged (418). This would suggest a shallower 

depth may be preferential for increasing muscle activation. A similar study conducted with 

different combinations of devices during hip adduction at maximal velocity while immersed 

to the xiphoid process again found no differences between device type (419). The 

contralateral oblique to the moving limb displayed greater activation than the ipsilateral side 

(419), highlighting the role of core activation for stabilisation during water-based exercises. 

In an examination of different rehabilitative exercises, muscle activation between land and 

water-based exercises (28°C) was similar for 66% of comparisons, with increased activation 

with water-based exercises in 5% of cases and with land-based exercise in 29% of cases 

(420). Furthermore, during rehabilitative exercises in the water, hip abduction/adduction and 

hip flexion/extension exercises produced the greatest activation in the gluteal muscle 

groups, even compared to squats (421), indicating this type of exercise is worth 

consideration for inclusion in water-based strengthening programs. 

Gait changes during water walking (150). When participants were asked to walk at 

a comfortable pace, water-based gait analysis during immersion to the xiphoid found 

significantly slower stride period compared to land-walking, with no impact on stride length, 

while vertical ground reaction force was lower (150). Leg joints exhibited similar ranges of 

motion between land and water walking, though the angular velocities were lower with water 

walking at a comfortable pace (150). Compressive and shear joint forces were significantly 

lower with water walking, compared with walking on land (150). The reduction in shear and 

compressive joint forces of the ankle, knee and hip suggests that water-based exercise to 
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the xiphoid provides a low impact option for exercise, which may make exercise more 

comfortable for people with CHD and musculoskeletal comorbidities.  

The impact of 11 acute musculoskeletal rehabilitation exercises in water with comparable 

exercises on land was investigated in people with chronic lower back pain (n=20) (420). Pain 

was provoked in 7.7% of land-based exercises, compared to 3.7% of water-based exercises, 

although the mean visual analogue pain scores were not significantly different (1.8±1.0 

immersed, 2.4±1.6 on land) (420). A subsequent study in 20 males with chronic lower back 

pain assessed 26 different water-based exercises, with reported pain in 2.8% of all exercises 

and mean non-zero pain level was 2.0 on the visual analogue scale (421).  

In summary, drag resistance and floatation equipment have tended to produce 

similar effects when moved at maximal pace in young, healthy people (418, 419), and 

ground reaction, joint shear and compressive forces were lower during comfortable-paced 

water walking (150). Water-based exercises were associated with lower pain provocation in 

people with chronic lower back pain (420), while muscle activation for gluteal muscles during 

water-immersed exercise can be optimised with hip extension and abduction exercises 

(421). These changes suggest water-based exercises are less likely to provoke 

musculoskeletal comorbidities, particularly for lower limb exercises and walking, and muscle 

activation can be successfully increased through a range of exercises and the addition of 

water-based resistance equipment.  

2.3.4 Effects of water-based exercise training in people with 

coronary heart disease 

In people with CHD, upright, water-based exercise training has been examined as 

an inpatient, high frequency, short-format intervention (2-3 weeks duration) (422-425), as 

well as in a longer duration, less intensive format (206, 426-428). A variety of exercise types 

have been discussed in the literature, including combined land and water programs (424, 

425, 427), separated strength and aerobic sessions (206, 422, 423, 426) and aerobic 

training with games (428). 

Aerobic capacity and exercise tolerance 

A meta-analysis of the effects of water-based exercise training in people with CHD 

included six studies with 189 participants (91% male) (429). Exercise test duration was 

measured in two studies (n=41) with water-based exercise training having a greater effect 

than a non-exercising control (mean difference +1.2 minutes, 95% CI 0.5-1.9 minutes) (429). 
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Furthermore, improvement in peak power output with combined land and water-based 

exercise was greater than land-based exercise alone (mean difference 11.0W, 95% CI 4.0-

18.5W) (429).  

While improving exercise tolerance is important for people with CHD (187, 430) 

measuring VO2peak is the gold standard for assessing aerobic capacity (431). There was a 

similar improvement in VO2peak seen with three weeks of high frequency land-based or 

combined land and water-based exercise (424, 425), with meta-analysis finding no 

significant difference between interventions (mean difference 1.97ml.kg-1.min-1, 95% CI -

0.94-4.88ml.kg-1.min-1) (429). Further studies have reported improvements in VO2peak with 

completely water-based training programs. A two week training program led to 27% and 

15% increases in VO2peak with water and land-based programs, respectively, and these 

changes were significantly different between groups and compared to a control group (422). 

Additionally, 24 weeks of water walking increased VO2peak by +2.0ml.kg-1.min-1, with a similar 

increase in the land-based walking group (+2.3ml.kg-1.min-1) and no change in the control 

group (-2.5 ml.kg-1.min-1) (427). Finally, 4 months of water-based training resulted in an 8.4% 

increase in VO2peak, although this was not significantly different to the change in a non-

exercising control group.  

These studies support the use of water-based exercise programs for improving 

VO2peak in people with CHD. However, no studies to date have evaluated the effects of water-

based circuit training, compared the effects of water-based with gym-based circuit training, 

nor have there been any exercise training programs studies for a duration longer than 3 

weeks that have examined changes in VO2peak compared to gym-based exercise. 

Muscular strength 

Only a few studies have examined strength outcomes. Meta-analysis calculated that 

water-based training increased total body strength, compared to a non-exercising control (2 

studies, n=41 participants) (429). Additionally, Volaklis et al. (2007) observed a similar 

improvement between land and water-based programs (206). These analyses suggest that 

water-based exercise can improve muscle strength in people with CHD who are inactive, 

and there are similar effects to land-based training.  

Body composition 

Meta-analysis of studies that assessed body composition with water-based exercise 

compared to control found no differences in body weight (n=3 studies, 67 participants) mean 
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difference -1.2; (95% CI -4.7-2.4), or BMI (n=2 studies, 46 participants) mean difference 

0.45; 95% CI -1.31-2.21), but calculated sum of skinfolds were improved by aquatic exercise 

over control (mean difference -8.6; 95% CI -12.3 to -4.8) (429). These analyses indicate that 

global measures of body composition were unaffected by water-based exercise training, 

however more specific indices, such as body fat, improved. This highlights the need for 

specific measures of body composition when assessing training interventions in people with 

CHD.  

Vascular function and other outcomes 

To date, only short duration studies have investigated the impact of water-based 

training on endothelial function in people with CHD. Vasić et al. (2019) reported that both 

short-term, high frequency (2 week, 24 session) water and land-based exercise training 

programs improved FMD in people with recent MI or revascularisation procedure (within 2-

4 weeks) compared to a wait-list control group, with no significant difference between 

training groups, although FMD in the land-based group was much lower than the other 

groups at baseline (5.5% compared to 7.2% and 7.0%) (422). Impaired baseline FMD is 

associated with a greater prospect of improvement with exercise (432), so whether the 

degree of improvement would have been the same between groups in a more homogenous 

sample is a point of contention. A further short-term, high-frequency, study comparing 

combined water and land-based exercise to land-based exercise in people with CHD (3 

weeks, 10 sessions per week) observed increases in plasma nitrate (a metabolite of 

endothelial function) with the combined training, but not with land-based training alone (424). 

The changes observed by Mourot et al. (2009) have been supported by observed 

differences in endothelial function, or markers of endothelial function, between land and 

water-based exercise in other populations (see Section 2.3.5). While the short-term studies 

suggest water-based exercise is at least as effective as land-based exercise for improving 

endothelial function in people with CHD, the high frequency (twice-daily) format of these 

studies may not be sustainable for the many patients, and the effects of longer-duration, 

less frequent, water-based exercise programs in people with CHD are yet to be examined.  

The effect of water-based exercise training on heart rate variability has been 

investigated over the short- (2 week) and longer-term (16-weeks) (423, 428). The main 

findings from the short-term training program were a slightly increased resting heart rate, an 

increase in the low to high frequency ratio and an increase in the non-linear short-term 

scaling exponent α1 from detrended fluctuation analysis (423) (these tests are outlined in 

more detail below).Given other markers of SNS function are elevated in the first six months 
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after an MI (433), these measures may have confounding factors other than training, 

including natural recovery, and from the addition of new medications post coronary event, 

such as beta blockers that can alter heart rate variability (434). While historically lower heart 

rates have been associated with improved myocardial oxygenation (435), recent research 

suggests heart rates that are too low, as well as heart rates that are too high, are both 

associated with an increased risk of death in people with CHD (436) and this has been 

reflected on overall population data (437). A lower low to high frequency ratio has historically 

been associated with increased parasympathetic dominance over 24 hour analysis, which 

would be favourable for people with CHD given the elevated sympathetic responses (433), 

however recent research has questioned this interpretation of the ratio and the 

appropriateness of the measure’s use as a short-term metric has not been established (394). 

The short-term scaling exponent α1 from detrended fluctuation analysis has been correlated 

with baroreceptor reflex, although this metric was designed to analyse a longer time series 

than the data from this paper (394). As the changes observed during the short-duration 

recordings were mixed (423), a study investigating the impact on longer-duration recordings 

of HRV (such as 24 hour recordings) may be of value for clarifying the effects of short-term 

water-based exercise training on HRV, as longer duration of recordings have formed the 

evidence base underlying the interpretation of these metrics (394).  

In a longer-term study, Fiogbé et al. (2018) observed that 16-weeks of water-based 

training did not change time or frequency domain HRV data, though improvements were 

seen in non-linear metrics (428). These improvements with water-based training may 

indicate improvement in cardiac autonomic modulation in people with CHD with water-based 

exercise training. However, this study had no land-based training comparator, so whether 

the water immersion, exercise or a combination of both, had mediated these changes is 

unknown.  

Summary 

While there are limited studies investigating water-based exercise training in people 

with stable CHD, the findings to date highlight the potential for water-based exercise training 

to improve indicators of exercise tolerance, muscle strength and body fat. Water-based 

circuit training, involving alternating aerobic and resistance stations within one session, has 

not been examined in the literature for people with CHD and may be beneficial for efficiently 

including both aerobic and resistance modalities within sessions to assist patients meeting 

exercise guidelines. Furthermore, studies of longer than 3 weeks duration have not 

examined the impact of water-based exercise on endothelial function, and no studies have 
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investigated the impact of water-based exercise training on cerebrovascular outcomes for 

people with CHD. Additionally, no randomised, controlled trials have compared water-based 

training to traditional, gym-based circuit training exercise on VO2peak responses.  

2.3.5 Effects of water-based exercise training on peripheral and 

cerebrovascular outcomes in other populations 

Water-based exercise and swimming have been found to improve arterial health in 

other clinical populations, although the impact in healthy people has been mixed. Studies 

investigating swimming training have demonstrated increased FMD compared to cycling 

exercise (438) and compared to inactive control groups in older adults (439) and people with 

hypertension or pre-hypertension (440). Additionally, improvements in arterial and carotid 

stiffness have been found with swimming, but not cycling exercise in adults with arthritis 

(438). While these swimming studies are promising, the effect of the horizontal position can 

affect cardiac pressures in people with cardiac conditions (340).  

In upright water-based exercise training studies, improvements in vascular function 

have been seen in clinical populations. In people with type 2 diabetes, both land and water-

based cycling (36°C, hip level immersion) improved FMD (land: 3.4% to 5.6%; water: 3.4% 

to 6.2%), while microvascular function only improved with water-based cycling (441). 

Additionally, Nuttumonwarakul et al. (2014) reported improvements in microvascular 

function with 34-36°C water exercise, although these effects were not evident in the land-

based exercise group (442). Meanwhile, water-based circuit training exercise increased 

FMD in people with type 2 diabetes compared to a non-exercising control group (443). In 

people with peripheral arterial disease, arterial stiffness, assessed using leg pulse wave 

velocity, was improved with water-based training, to a greater extent than with land-based 

training (444). In people with resistant hypertension water walking at a low to moderate 

intensity increased plasma NO (a metabolite of endothelial function), while reducing blood 

pressures, plasma renin and endothelin-1, but failed to increase peripheral arterial 

tonometry measures of reactive hyperaemia (a measure of endothelial function) (445).  

While the studies in clinical populations generally indicate a favourable vascular 

adaptation response to water-based exercise, responses in healthy individuals have been 

mixed (446, 447). Water-walking for 24 weeks in a 28-30°C pool was compared to a land-

based walking in healthy older adults and did not find any significant improvements in FMD 

over time within any group, however the land-based group demonstrated greater 

improvement than a sedentary control group (446). The difference between a healthy 
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population and clinical cohorts may relate to disease-related differences in endothelial 

function that occur with CVD (228, 448), the different patterns of shear stress from different 

exercise modalities (449), or differences related to the timing of assessments, as FMD 

typically returns towards baseline as structural remodelling occurs in longer duration studies 

(232). Furthermore, in healthy, sedentary adults, water-based treadmill training three times 

per week over 12 weeks in 33°C water immersion to the sternal notch at 60-85% of VO2max 

induced a 31% increase in vastus lateralis eNOS expression (a key regulator of endothelial 

function (450)), whilst there was no change with the land-based treadmill group (447), 

supporting the studies in clinical populations that found differences between training 

modalities. Water temperature may have played a role in some of the differences between 

responses in healthy individuals, as differential impacts on shear stress have been observed 

with different temperatures (298, 299).  

The effect of water-based training on cerebrovascular outcomes has not been well 

examined in the literature. A 24 week study comparing land and water-walking interventions 

in healthy older adults found no changes in resting MCAv or neurovascular coupling 

response with either modality, although there was an improvement in normalised gain during 

dynamic cerebral autoregulation assessment in the very low frequency spectrum with water-

based walking, compared to land-based walking (451). Cerebral autoregulation represents 

the ability for the brain to maintain perfusion despite changes in systemic blood pressure, 

with the gain representing the degree of attenuation in the MCAv signal related to the blood 

pressure, with lower gain thought to represent more effective regulation (452). Further 

research needs to be conducted to determine the impact of water-based exercise in a range 

of populations.  

2.3.6 Considerations for water-based exercise prescription 

2.3.6.1 Safety 

The main safety considerations that have been investigated in the literature include elevated 

filling pressures in people with heart failure and the risk of arrythmia during water immersion.  

Meyer and Bücking (2004) noted that pulmonary artery and capillary pressures increased 

during immersion, particularly during swimming, although remained below pathological 

values when immersed to the xiphoid or lower (340). In some patients with severe CHF, 

changes in cardiac filling may have resulted in the left ventricle becoming dyskinetic in a 

small (n<5) number of participants, as the systolic length diameter was observed to increase 
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more than the diastolic length diameter, with a failure to increase stroke volume, resulting in 

a reduction in stroke volume, although participants reported feeling well throughout 

immersion (340). Despite the safety concerns regarding water immersion in people with 

CHF, several studies have conducted training programs in this population with no ill effects 

(424, 453, 454) and studies have found acute improvements in cardiac function during 

immersion (319, 336).  

The risk of arrythmia with water immersion and water-based exercise has been 

examined for people with CVD. Moderately cold (22°C) water immersion led to an increase 

in premature ventricular contractions in people with CHF, compared to 32°C immersion or 

the average over a 24 hour period when not in the water, likely due to increased sympathetic 

activity associated with being immersed in cold water (338). There was no significant change 

in premature ventricular contractions in people with CHD at either 22°C or 32°C from land-

based recordings (338), and the highest form of ventricular arrythmia recorded was a short 

sequence of bigeminy out of the combined CHD and CHF cohort. These results suggest 

either temperature is appropriate for people with CHD and normal ventricular function. 

Assessment of oxygen consumption requirements for swimming and upright water-based 

exercise found upright water-based jumping jacks required a VO2 of 10.7±3.1ml.kg-1.min-1 

in people with CHD, while swimming (stroke type not specified) required 12.4±3.5ml.kg-

1.min-1, with the authors suggesting that for people with stable CVD a VO2peak ≥15.0ml.kg-

1.min-1 and an anaerobic threshold ≥10ml.kg-1.min-1 is recommended for participating in 

water-based exercise activities (339).  

Further research on the impact of water-based exercise was undertaken in males 

with stable CHD (n=62, post-MI, mean age 51 years) (455). The cohort took part in an eight 

week swimming training program twice per week for 55 minutes per session in 28-30°C 

water, and had Holter monitoring for 24 hours on land, and twice during a water-based 

exercise session (at the start and end of the program) (455). The water-based Holter 

readings were compared to a 55min and 40min period of the 24 hours recording (455). 

VO2peak increased by 15.3% over the training program and was maintained 12 months later, 

the mean number of ventricular ectopic beats over the 40 and 55 minute exercise and total 

session blocks were not significantly different to non-immersed values, and while there was 

an increase in supraventricular ectopic beats during the sessions, there were no complex 

arrhythmias or signs of myocardial ischaemia during training (455). During water-based 

training sessions, ventricular ectopic beats and supraventricular ectopic beats occurred 

more frequently than during cardiopulmonary exercise testing and activities of daily living 
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(455). Given the water temperature was relatively cold in this study, and there was a lot of 

low-movement time in the session (approximately 20-30 minutes), there may have been a 

cooling effect and increase in sympathetic activity in the participants which may have 

affected the findings. Additionally, swimming is a different stimulus on the heart to upright 

immersion (339, 340), because of the additional fluid shift in the horizontal position, which 

may have impacted findings.  

From the literature to date, a conservative approach for safely conducting water-

based exercise in people with stable CHD would be to include baseline cardiopulmonary 

exercise testing, (to screen for ischaemic changes with exercise and ensure an adequate 

VO2peak for water-based exercise), and then performing any program or immersed exercise 

up to the xiphoid depth in an upright position in ≥32°C water.  

2.3.6.2 Resistance exercise prescription in water-based exercise 

Resistance in the water is primarily applied through utilising the physical principles of water 

immersion to leverage the effects of buoyancy and drag resistance. Buoyancy resisted 

exercises that utilise equipment of low density but high volume (e.g. foam) which float, can 

be used to add resistance when they are pulled down into the water, while equipment that 

increases surface area can increase drag resistance (456).  

Issues identified with buoyancy resistance include the number of devices needed 

for different resistance levels and that certain actions are difficult to perform against 

buoyancy resistance (as the direction of movement needs to be directed towards the floor 

for maximal resistance) (456). As such, devices that increase drag resistance have been 

developed as an option. We have designed and utilised a set of these devices previously in 

a project involving people with type 2 diabetes, where lower limb strength was increased 

compared to control (443).  

An overview of the effects of drag resistance is provided in Section 2.3.1.4, with the 

drag force calculation outlined in Equation 3 (force of drag is the product of the drag 

coefficient, half the water density, the square of the velocity and the frontal surface area) 

(302). The variables that can be modified in training programs to increase drag force are the 

frontal area of the body (frontal surface area), by adding a flat device on top of the limb, such 

as a paddle or boot (301, 456), and through increasing the velocity of the movement (456). 

A doubling of the velocity equates to a quadrupling of the drag force, highlighting increasing 

the speed of movement as a feasible method for increasing load. A practical example of 



 

101 

calculating the drag force and drag coefficient has been provided by Pöyhönen et al. (2000), 

who used a hydro-boot and dynamometer to establish the drag coefficient and effects of 

different movement velocities (301). They found that the resistance of the bare leg, below 

the knee approximated 61N, while the addition of a boot which increased the surface area, 

moving at the same speed, increases the resistance to 270N (301).  

Factors to control drag force during water-based exercise training include; 

- Controlling the cadence of the movement 

- The size of the device (frontal surface area) 

- The position of the device on the limb  

- The position of the moving limb segment 

(456). 

Furthermore, cadence should be prescribed based on the desired difficulty and 

number of repetitions, and timing devices (such as a metronome) can be used to monitor 

this (456). Progressing exercise intensity can be achieved by using equipment with a larger 

surface area or increasing the speed of movement (456). Compared to isokinetic land-based 

exercise using a dynamometer, water-based exercise utilising drag resistance 

demonstrated an earlier reduction in concentric activation of the agonist muscles, and 

greater activation of the antagonist muscles to decelerate the limb towards the end of the 

movement range (457). This period of co-contraction may be particularly useful for 

increasing joint stabilisation, helping to promote functional strength and stability and may be 

useful for rehabilitating injured joints, where co-contraction is desirable. 

Limitations of using drag resistance include the core control or stability of the 

participant, thus potentially restricting movement speed or equipment size (456), and that 

there may be a lower maximal force generation capacity of some muscle groups with water-

based exercise, compared to isokinetic or isometric dynamometry on land (457). However, 

not all muscle groups were affected by this reduction (457), and modifications, such as 

changing the position the exercise is performed in to be perpendicular to the lift force, may 

be utilised to optimise drag resistance (457). Furthermore, in training programs for people 

with CHD it is rare to exercise at a 1RM level of resistance, meaning compensatory 

strategies, such as moving faster in the water to work at a higher relative load, could likely 

counteract this potential reduction in the percentage maximum the person is achieving in 

the water for any affected exercises.  
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In summary, water-based resistance training can be applied through a variety of 

means, with drag-resistance exercises able to be performed for a greater variety of 

movements than buoyancy resisted exercises. Guidelines have been suggested for 

implementing drag-resisted exercise, focussing on controlling the range of movement, 

equipment size and speed of movement to allow programs to be adequately monitored, 

compared and progressed.  

2.3.7 Summary 

Coronary heart disease is a significant global health issue (27) , with a profound 

clinical, social and financial burden (44, 48, 50). Coronary heart disease occurs when there 

is a narrowing or occlusion of the coronary arteries, restricting blood flow to the myocardium, 

and can lead to tissue damage if not reversed (1, 6). This process is often precipitated by 

endothelial dysfunction, where the function of endothelial cells lining the lumen of arteries 

becomes impaired, promoting a pro-atherogenic environment which is conducive to the 

migration of lipids and other substances into the blood vessel wall (1, 8). This process can 

narrow arteries, restricting blood flow to the myocardium and if a plaque ruptures, the 

affected coronary artery can be occluded, leading to a MI (1, 6). Accordingly, an increased 

risk of mortality has been observed in people with CHD and impaired endothelial function 

(417). While MI survival and incidence rates are improving in many developed nations (5) 

(34), the rapid ageing of the population (38) and elevated prevalence of CHD in older adults 

(5, 39) highlights that CHD will continue to be a significant health issue into the future.  

Cardiac rehabilitation and secondary prevention strategies are associated with 

improvements in morbidity and survival (169-172), with exercise and physical activity key 

components of these programs (128, 174). Both aerobic and resistance exercise training 

are recommended for people with CHD (128, 174, 175), and a combination of these 

modalities has been observed to be more effective than either in isolation (201, 205). 

Combined aerobic and resistance circuit training incorporates both modalities within one 

session, facilitating patients to achieve exercise guidelines in a time-efficient manner, and 

this approach has demonstrated benefits to a range of health outcomes, including aerobic 

capacity (210-212), muscular strength (211, 212), body composition (211) and endothelial 

function (209, 458) when conducted as a gym-based program for people with a range of 

chronic health conditions. Furthermore, this approach has been utilised in a water-based 

environment in people with type 2 diabetes, improving strength, aerobic capacity and 

endothelial function outcomes compared to a control group (443).  
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Despite the benefits of regular exercise and increasing physical activity (186, 220), 

the uptake and maintenance of exercise is often sub-optimal in people with CHD (269-272). 

Studies investigating the barriers to exercise in people with CHD and other chronic disease 

have found that common barriers include insufficient time, low motivation, health concerns, 

particularly around musculoskeletal comorbidities and falls risk, as contributing factors (181, 

284). Musculoskeletal comorbidities affect up to 60% of people with CHD (3, 135, 137), 

suggesting the extent to which this comorbidity may impact on exercise participation is 

significant. New exercise training options that help to address these barriers are needed to 

facilitate an increase in exercise participation.  

If proven to be efficacious, water-based exercise training is a promising strategy to 

support exercise in people with CHD and may be especially beneficial for endothelial 

function. The physical properties of water provide unique features that can impact on 

exercise. Buoyancy aids in supporting the body in the water and reduces the weight bearing 

load on the lower limbs and spine (150, 292), with a reduction in joint compressive and shear 

forces (150), which, combined with benefits to pain responses (385, 386, 420, 459), may 

make exercise more comfortable for people with arthritis or musculoskeletal issues (459). 

Furthermore, the support from buoyancy and influence of drag resistance may make water-

based exercise more appealing to people at risk of falling, and an elevated falls risk has 

been noted in people with CHD (287) and is associated with poorer health outcomes (224). 

Finally, the hydrostatic and thermal effects of water immersion can assist in venous return, 

cardiac preload and reducing sympathetic influence on the cardiovascular system (317, 324, 

363), which can result in increased cardiac output, reduce peripheral resistance and 

increase peripheral and cerebral blood flow (298, 305, 316, 361, 415). Limited studies have 

assessed the changes to peripheral and cerebral blood flow during exercise and these 

impacts are yet to be investigated in people with CVD. However, if the acute changes seen 

in healthy individuals also occur in people with CHD, water-based exercise may provide a 

mechanism for additive benefits to arterial health through increasing exercise induced shear 

stress, a potent mechanism for improving endothelial function (233).  

The only studies in water-based exercise training in people with CHD that have 

investigated the impact on arterial health have been in-patient, short duration, high 

frequency (twice daily) rehabilitation blocks (2-3 weeks duration) (422, 424) and only one 

has used a direct measure of endothelial function (422). While the format improved health 

outcomes in the short term (422), the high frequency water-based exercise training 

component would likely be unsustainable for patients as an ongoing modality. Whether 
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longer duration, less frequent, water-based exercise training programs can benefit 

cerebrovascular and peripheral endothelial health in people with CHD is currently unknown. 

Furthermore, whether a program of combined aerobic and resistance water-based circuit 

training, which helps to meet exercise guidelines for both exercise modalities, is effective for 

improving health outcomes for people with CHD has not been established. Current, longer 

duration studies in water-based exercise training for people with CHD either do not include 

resistance training (427, 428), lack a traditional exercise comparator (426, 428), or fail to 

utilise the gold standard measures for assessing aerobic capacity (VO2peak) (206, 428), 

which is strongly associated with survival outcomes in people with CHD. Moreover, the 

effects of water-based exercise training of greater than three weeks on peripheral vascular 

or cerebrovascular outcomes has not been conducted in this cohort.  

The current thesis addresses these gaps in the literature through a randomised, 

controlled trial of water-based circuit training, compared to traditional gym-based circuit 

training, in people with stable CHD. The project assessed a comprehensive range of 

outcome measures including traditional risk factors, functional outcomes and measures of 

peripheral and cerebrovascular health and function to determine whether water-based 

exercise is a suitable alternative to gym-based exercise. Broadening evidence-based 

exercise training options, to modalities such as water-based exercise, may increase the 

uptake of exercise, especially for the many patients with CHD who find traditional gym-based 

exercise difficult to perform, or not to their preference.  
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3.1 Abstract 

Question: In people with stable coronary heart disease, what are the effects of water-based 

circuit training exercise on aerobic capacity, strength and body composition? How do these 

effects compare to those of gym-based exercise?  

Design: Parallel group, randomised, controlled trial with concealed allocation and intention-

to-treat analysis.  

Participants: Fifty-two participants with stable coronary heart disease.  

Interventions: Twelve weeks of: three 1-hour sessions per week of moderate intensity 

water-based circuit training exercise with alternating aerobic and resistance stations (WEX); 

three 1-hour sessions per week of moderate intensity gym-based circuit training exercise 

(GEX); or continuing usual activities (control).  

Outcome measures: Aerobic capacity (VO2peak), upper and lower limb one repetition 

maximum strength (biceps curl, latissimus dorsi pulldown, hamstring curl, leg press), 

anthropometry (weight, body mass index, girths) and dual energy x-ray absorptiometry 

(DXA).  

Results: Forty-five participants completed the study (WEX n = 15, GEX n = 18, control n = 

12). Both training groups significantly improved VO2peak compared with control: WEX by 2.5 

mL/kg/min (95% CI 0.6 to 4.4) and GEX by 2.3 mL/kg/min (95% CI 0.6 to 4.0). WEX and 

GEX improved hamstring strength compared to control: WEX by 6.3 kg (95% CI 1.2 to 11.3) 

and GEX by 7.6 kg (95% CI 2.9 to 12.2). Compared with control, GEX increased leg press 

strength by 15.5 kg (95% CI 5.7 to 25.3) whereas the effect of WEX was less clear (MD 7.1 

kg, 95% CI –3.5 to 17.7). Only GEX improved latissimus dorsi pulldown strength. Compared 

with control, total body fat was reduced with WEX (–1.1 kg, 95% CI –2.3 to 0.0) and GEX (–

1.2 kg, 95% CI –2.3 to –0.1). There were negligible between-group differences in weight or 

waist circumference.  

Conclusion: WEX was well tolerated and improved aerobic capacity, leg strength and body 

fat to a similar degree as GEX in people with CHD. These findings suggest that WEX is an 

effective exercise training alternative to GEX for people with CHD.  

Trial registration: ANZCTR12616000102471. 

Key words: Hydrotherapy; Coronary artery disease; Circuit-based exercise; Muscle 

strength; Cardiorespiratory fitness. 
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3.2 Introduction 

Exercise participation and higher levels of aerobic fitness have been associated with 

reduced mortality and morbidity in people with coronary heart disease (CHD) (1,2). As such, 

exercise training has become an important component of CHD management (3,4). 

Guidelines recommend accumulating 150 to 300 minutes per week of moderate-intensity 

physical activity, 75 to 150 minutes of vigorous-intensity physical activity, or an equivalent 

combination, along with muscle strengthening exercises on ≥ 2 days per week (5). Despite 

the established benefits of exercise in people with CHD, many do not undertake sufficient 

physical activity to meet guidelines (6,7). 

Physical activity is particularly low in people with CHD who have comorbid 

conditions such as arthritis or obesity (8,9). This is concerning, given that arthritis is 

experienced by over half of the CHD population (9) and approximately two-thirds of people 

with CHD are overweight or obese (10). The high prevalence of these comorbidities 

suggests that low-impact exercise strategies may be beneficial for many people with CHD 

(11). Water-based exercise presents one such option due to the effects of buoyancy on 

reducing the weight bearing load on the lower limbs and spine (12). 

It was recently reported that an aquatic exercise training circuit with integrated 

aerobic and resistance exercises improved strength and aerobic fitness in people with type 

2 diabetes (13). However, there are currently very few randomised controlled studies with a 

duration of > 3 weeks comparing water-based exercise with gym-based exercise in people 

with CHD. The only study with a duration > 3 weeks comparing water-based and gym-based 

exercise found promising improvements in body weight, skinfolds, exercise test time and 

maximum strength in people with CHD following water-based exercise that were similar to 

those observed with gym exercise (14). However, this study was limited by the lack of gold-

standard outcome measures such as peak oxygen uptake and imaging-derived body 

composition measures. 

This study aimed to investigate the effect of 12 weeks of water-based circuit training 

exercise (WEX) training compared with 12 weeks of gym-based circuit training exercise 

(GEX) training at a similar intensity, to determine if water-based exercise is an effective 

alternative to the widely prescribed approach of gym-based exercise for people with CHD. 

Therefore, the research questions for this randomised controlled trial were: 
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1. In people with stable coronary heart disease, what are the effects of water-based 

circuit training exercise on aerobic capacity, strength and body composition? 

2. How do the effects compare with those of gym-based exercise? 

3.3 Method 

3.3.1 Design 

This was a three-arm, parallel group, randomised controlled trial with concealed 

allocation and intention-to-treat analysis. Participants underwent baseline assessments 

prior to group allocation. The blocked random allocation list was weighted towards the two 

experimental groups and concealed in opaque and sealed envelopes. Participants were 

allocated to continue their allocated intervention (WEX or GEX three times per week, or 

continuing usual activities for the control group) for 12 weeks, before reassessment within 2 

weeks of the final training session. The nature of the exercises prevented blinding of 

participants. Recruitment occurred from December 2016 to March 2019. Data collection was 

completed in July 2019. 

3.3.2 Participants, therapists, centre 

Participants were recruited through hospital databases and community advertising 

(Figure 3.1). The inclusion criteria were: a diagnosis of CHD (based on a previous 

myocardial infarction, percutaneous coronary intervention, diagnostic imaging showing ≥ 

50% occlusion of ≥ 1 coronary artery, or coronary artery bypass graft surgery); stable 

medication for ≥ 1 month; and ≥ 6 months after any coronary event or surgery. Participants 

were excluded if they: had an ejection fraction < 45%: had severe musculoskeletal, 

respiratory or neurological impairment that would limit exercise training; had received current 

or recent (within 6 months) chemotherapy or radiotherapy for cancer treatment; had 

displayed an adverse response on baseline exercise testing (ie, ischaemic signs or 

symptoms at a workload of < 4 METs, new-onset left bundle branch block or ventricular 

tachyarrhythmia); had baseline blood test results suggesting significant other health issues; 

had participated in a supervised exercise program in the past 3 months; were current 

smokers; or were using insulin. 

Assessments and exercise training sessions were conducted in a tertiary hospital 

outpatient setting in Perth, Australia, by a physiotherapist or an accredited exercise 

physiologist. Therapists were not blinded for the assessments. All water-based exercise 
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sessions were supervised by at least two people (at least one physiotherapist or exercise 

physiologist). 

 

Figure 3.1 Design and flow of participants through the study. 
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3.3.3 Intervention 

Regardless of which intervention group they were randomised to, participants were 

asked to maintain their usual diet throughout the study. Any medication changes during the 

study were documented. 

3.3.4 Exercise training programs 

The WEX and GEX participants trained 3 days per week for approximately 1 hour 

per session. All sessions commenced and concluded with 5 minutes of light aerobic activity 

and stretching. The conditioning phase involved a circuit of alternating aerobic and 

resistance exercise stations (45 seconds work, 15 seconds active recovery). Sessions 

progressed over the first 3 weeks from one to three circuits per session. Aerobic exercise 

intensity commenced at 50 to 65% of measured heart rate maximum in weeks 1 and 2, and 

increased to 60 to 65% in weeks 3 and 4, 60 to 70% in weeks 5 and 6, 70 to 80% in weeks 

7 and 8, and 80% in weeks 9 to 12. Heart rate was monitored using wrist-worn monitors with 

chest strapsa. Rating of perceived exertion (RPE) was also used to guide exercise 

prescription and was progressed from 11 to 14 over the course of training (15). Resistance 

exercises were matched for muscle group between WEX and GEX, and the range of motion 

of the arm exercises for both groups was limited to the range allowed by the water level of 

the WEX group. Resistance exercise RPE targets were 12 to 15. 

The WEX group trained in a graded-depth hydrotherapy pool (34.5 °C) and were 

submersed to the xiphoid process. Aerobic exercises included walking/jogging and high 

knee lifts. Strength exercises included unilateral knee flexion/extension, unilateral hip 

flexion/extension, unilateral hip abduction/adduction (with the side of this exercise alternated 

at each circuit), bilateral elbow flexion/extension, and bilateral shoulder abduction/adduction 

(limited by water depth). More details are presented in Appendix 1 on the eAddenda (see 

Figure 3.2). The resistance was provided by custom-designed paddles, using acrylic sheets 

either side of the limb, fastened by hook and loop fasteners or buckles, ranging from 15 x 

20 cm to 30 x 35 cm (Appendix 1 on the eAddenda, see Figure 3.2). Resistance was 

progressed by increasing the speed of movement guided by waterproof metronomes worn 

by participants on headbandsb whilst maintaining the same range of movement. Exercises 

were progressed to include larger paddle sizes once participants were able to maintain the 

set pace per repetition with good technique and Borg RPE fell below 13. 
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The GEX group exercised in a cardiac rehabilitation outpatient gymnasium. Aerobic 

exercises involved stationary cycling and treadmill walking. Strength exercises involved 

bilateral knee extension, bilateral latissimus pulldown, bilateral knee flexion, unilateral hip 

flexion/extension, bilateral tricepsc, unilateral hip abduction/adduction with ankle weightsd, 

bilateral biceps and bilateral shoulder abduction with dumbbells (limited to the height of the 

xiphoid process). Resistance exercises were initially prescribed at approximately 50% one 

repetition maximum (1RM). Participants commenced with 10 repetitions and progressed to 

the next weight once they could achieve 12 to 15 repetitions in 45 seconds, with good 

technique and at an RPE < 13. Due to the concentric-only nature of the WEX training, biceps 

and triceps and shoulder abduction and latissimus pulldown were alternated each circuit in 

the GEX program, so that after two consecutive sessions the time training each muscle 

group was matched between the WEX and GEX groups. 

3.3.5 Control group 

Participants in the control group were instructed to maintain their usual activities 

throughout the study and were offered an optional gym-based exercise program or home 

exercise advice at the completion of the study. 

3.3.6 Outcome measures 

3.3.6.1 Primary outcome 

The primary outcome was aerobic exercise capacity (VO2peak). 

3.3.6.2 Secondary outcomes 

Aerobic exercise capacity (VO2peak) was assessed by indirect calorimetrye using a 

modified chronotropic protocol on a treadmillf with increases in speed and incline every 3 

minutes. Participants were monitored with a 12-lead ECGg. The metabolic cart was 

calibrated according to standard procedures prior to each assessment. The test continued 

until volitional exhaustion, unless terminated by the supervising doctor. 

Muscular strength was assessed with 1RM assessments for bicep curl using a 

dumbbellh and for latissimus pulldown, leg press and hamstring curl using seated weight 

stack machinesi and the machine settings at baseline were used for follow-up assessments 

for reproducibility. Participants were instructed to avoid a Valsalva manoeuvre throughout 

strength testing. Participants initially conducted six repetitions of a light weight for a muscle-
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specific warm-up, followed by 1-minute rest, then two repetitions of a moderate weight 

followed by a 1-minute rest. Subsequently, progressively heavier weights were lifted once 

with 2 minutes rest between repetitions, with the last successful repetition that could be lifted 

through a full range of motion recorded as the 1RM. 

Anthropometric measures included weight, body mass index (BMI), waist 

circumference and hip circumference. Body weight was measured by digital scales j. Waist 

and hip girth measurements were taken in triplicate, with the median used for analysis. Dual 

energy x-ray absorptiometry (DXA) was used to measure body mass, body fat and bone 

mineral density. The DXA scan was performed on a body scannerk after ≥ 6-hour fast (16). 

Standard procedure of omitting the right arm and duplicating the left arm was used if a 

participant was too large to fit on the DXA bed. 

3.3.7 Data analysis 

Sample size was based on data from Tokmakidis et al (17), who found that water-

based exercise training over 4 months increased VO2peak in people with CHD from 26.2 (SD 

4.0) to 28.4 (SD 4.9) ml/kg/min (17). The calculated Cohen’s d was 0.48,(18) with an effect 

size of 0.24 (19). Assuming 90% power and a 5% level of significance, and a conservative 

estimated correlation among repeated measures of 0.75 (based on our previous study of 

water-based exercise for people with type 2 diabetes) (13), the estimated total sample size 

was 33 (ie, 11 per group for a repeated measures ANOVA (mixed model) with three groups 

over two timepoints)l. To allow for training program withdrawals, recruitment targets were 

set at 20 per group for the training groups. 

Results were analysed with commercial softwarem. Generalised linear mixed models 

with appropriate links were used for within-group pre-post assessments and group-time 

interactions. Mixed effects Tobit models were used for leg press and hamstring data due to 

ceiling effects in those outcomes. 

3.4 Results 

3.4.1 Flow of participants and therapists through the study 

Participant flow through the study is presented in Figure 3.1. Participant 

characteristics are described in Table 3.2. There was one adverse event during the study: 

a GEX participant with a history of supraventricular tachycardia experienced an episode of 

it during training in week 8 of his program. He received immediate medical attention and 
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recovered fully that day, although he withdrew from the study to undergo an elective ablation 

procedure. 

Aerobic capacity assessments were incomplete for three WEX participants (one due 

to illness, one injured outside the study and one unable to tolerate a mask or mouthpiece). 

Muscular strength assessments were incomplete for one WEX and one control participant 

due to illness. Due to musculoskeletal limitations, paired data were unavailable for leg press 

in three WEX, two GEX and two control participants; hamstring curl in two WEX and one 

control participant; biceps curl in one WEX, two GEX and one control participant; and 

latissimus pulldown in four WEX, three GEX and three control participants. DXA scans were 

not available for one WEX, one GEX and one control participant due to machine 

servicing/unavailability, and one control participant due to illness. DXA data were incomplete 

in one WEX participant due to artefact. 

Table 3.2 Baseline characteristics of participants. 

Characteristic Completed 
(n = 45) 

Lost to follow-up 
(n = 7) 

 WEX 
(n = 15) 

GEX 
(n = 18) 

Con 
(n = 12) 

WEX 
(n = 5) 

GEX 
(n = 2) 

Age (yr), mean (SD) 66 (8) 67 (8) 71 (5) 66 (5) 66 (7) 

Gender, n males (%) 12 (80) 16 (89) 9 (75) 3 (60) 2 (100) 

Time since diagnosis (yr)      

     median  3.3 2.3 5.5 4.0 11.2 

     range 0.8 to 15 0.5 to 29 0.5 to 18 1.3 to 9 2.4 to 20 

Medical history, n (%) 

     cancer (other than skin) 1 (7) 5 (28) 2 (17) 1 (20) 0 (0) 

     type 2 diabetes 1 (7) 1 (6) 3 (25) 0 (0) 0 (0) 

     pre-diabetes 1 (7) 3 (17) 0 (0) 0 (0) 1 (50) 

     stroke 1 (7) 0 (0) 2 (17) 0 (0) 0 (0) 

     transient ischaemic attack 0 (0) 1 (6) 1 (8) 0 (0) 0 (0) 

     peripheral vascular disease 1 (7) 0 (0) 0 (0) 0 (0) 0 (0) 

     arthritis 5 (33) 4 (22) 3 (25) 2 (40) 0 (0) 

     non-specified joint pain 6 (40) 4 (22) 6 (50) 3 (60) 2 (100) 

     respiratory condition 2 (13) 4 (22) 3 (25) 2 (40) 0 (0) 

Cardiac history, n (%) 

     silent  3 (20) 2 (11) 2 (17) 0 (0) 0 (0) 

     angina only 4 (27) 7 (39) 5 (42) 1 (20) 0 (0) 

     myocardial infarction 8 (53) 9 (50) 5 (42) 4 (80) 2 (100) 

Treatment, n (%)  

     CABG 2 (13) 7 (39) 6 (50) 0 (0) 1 (50) 

     PCI 11 (73) 14 (78) 7 (58) 5 (100) 1 (50) 
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     CABG and PCI 0 (0) 3 (17) 2 (17) 0 (0) 0 (0) 

     medication only 2 (13) 0 (0) 2 (17) 0 (0) 0 (0) 

Medication, n (%) 

     beta blockers 5 (33) 7(39) 9 (75) 1 (20) 1 (50) 

     lipid lowering 14 (93) 17 (94) 11 (92) 4 (80) 2 (100) 

     glucose lowering 0 (0) 1 (6) 3 (25) 0 (0) 0 (0) 

     antiplatelet/anticoagulant 15 (100) 17 (94) 12 (100) 5 (100) 2 (100) 

     ACE inhibitors 5 (33) 10 (56) 4 (33) 1 (20) 2 (100) 

     angiotensin II receptor blockers 4 (27) 4 (22) 5 (42) 2 (40) 0 (0) 

     calcium channel blockers 1 (7) 3 (17) 3 (25) 3 (60) 0 (0) 

     diuretic 0 (0) 1 (6) 1 (8) 1 (20) 0 (0) 

     proton pump inhibitors 5 (33) 4 (22) 5 (42) 2 (40) 1 (50) 

ACE = angiotensin converting enzyme, CABG = coronary artery bypass graft surgery, Con = control, GEX = gym-based 
exercise, PCI = percutaneous coronary intervention, Silent = picked up on investigation without prior cardiac symptoms, 
WEX = water-based exercise 

3.4.2 Research question 1 

Water-based exercise improved the primary outcome – aerobic capacity – by a 

mean of 2.5 ml/kg/min (95% CI 0.6 to 4.4) (Table 3.3). Water-based exercise also improved 

a measure of leg strength (mean difference in 1RM hamstring curl of 6.3 kg, 95% CI 1.2 to 

11.3) (Table 3.3). Water-based exercise also reduced total body fat by a mean of 1.1 kg 

(95% CI 0.0 to 2.3) (Table 3.4). Water-based exercise induced no clear changes in upper 

body strength or anthropometric measures (Table 3.3, Table 3.4). 

3.4.3 Research question 2 

Both modes of exercise training improved exercise capacity (VO2peak) to a similar 

extent and GEX increased exercise time (Table 3.3). Both WEX and GEX increased leg 

strength, but only GEX significantly improved latissimus pulldown strength (Table 3.3). Body 

fat decreased with both types of exercise training over time, with a negligible difference 

between the effects of the two types of training (Table 3.4). 

The results from all participants who completed baseline testing are available in 

Table 3.5 Appendix 2 (aerobic capacity and strength testing) and Table 3.6 Appendix 3 

(body composition) on the eAddenda. Individual participant data are presented in Table 4 

on the eAddenda. 
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Table 3.3 Aerobic capacity and muscular strength.  

Mean (SD) of groups, mean (SD) difference within groups, and mean (95% CI) difference between groups for paired aerobic capacity and muscular strength data. 

Outcome Groups  Difference within groups  Difference between groupsa 

 Week 0 Week 12  Week 12 minus Week 0  Week 12 minus Week 0 

 WEX 
 

GEX 
 

Con 
 

WEX 
 

GEX 
 

Con 
 

 WEX GEX Con  WEX minus 
Con 

GEX minus Con WEX minus 
GEX 

VO2peak (mL/kg/min) 
29.1 
(8.9) 

26.3 
(5.5) 

24.6 
(6.7) 

30.9 
(9.1) 

27.9 
(5.8) 

23.9 
(5.9) 

 
1.8 

(2.6) 
1.6 

(1.9) 
–0.7 
(2.6) 

 
2.5 

(0.6 to 4.4) 
2.3 

(0.6 to 4.0) 
0.2 

(–1.5 to 1.9) 

VO2peak (mL/min) 
2398 
(616) 

2188 
(383) 

1970 
(594) 

2502 
(571) 

2302 
(384) 

1915 
(576) 

 
104 

(242) 
114 

(128) 
–55 

(239) 
 

166 
(16 to 317) 

167 
(30 to 305) 

–1 
(–138 to 136) 

Percent of predicted 
VO2 maximum 

104.2 
(23.5) 

97.4 
(21.5) 

97.8 
(20.4) 

110.6 
(24.9) 

103.3 
(21.7) 

95.0 
(15.4) 

 
6.4 

(9.9) 
5.9 

(7.2) 
–2.8 
(7.4) 

 
9.5 

(2.5 to 16.5) 
8.7 

(2.3 to 15.1) 
0.8 

(–5.5 to 7.2) 

Exercise duration (s) 
942 

(184) 
843 

(116) 
831 

(233) 
998 

(220) 
946 

(120) 
867 

(174) 
 

56 
(83) 

103 
(39) 

36 
(84) 

 
22 

(–35 to 79) 
68 

(16 to 121) 
–47 

(–98 to 5) 

VCO2peak (mL/min) 
2679 
(703) 

2392 
(526) 

2117 
(683) 

2836 
(654) 

2620 
(581) 

2090 
(624) 

 
157 

(277) 
228 

(185) 
–27 

(267) 
 

195 
(9 to 381) 

253 
(83 to 424) 

–58 
(–228 to 112) 

VE/VCO2 slope 
28.9 
(3.9) 

27.6 
(4.1) 

29.6 
(3.5) 

29.0 
(3.4) 

27.8 
(4.0) 

28.7 
(3.4) 

 
0.1 

(1.6) 
0.2 

(1.4) 
–0.9 
(1.5) 

 
1.1 

(–0.8 to 3.0) 
1.1 

(–0.7 to 2.8) 
–0.0 

(–1.7 to 1.7) 

RER 
1.12 

(0.07) 
1.09 

(0.08) 
1.07 

(0.08) 
1.14 

(0.08) 
1.13 

(0.10) 
1.10 

(0.06) 
 

0.02 
(0.03) 

0.04 
(0.03) 

0.03 
(0.03) 

 
–0.01 

(–0.05 to 0.04) 
0.01 

(–0.03 to 0.05) 
–0.02 

(–0.06 to 0.02) 

RPE 
17 
(2) 

18 
(2) 

17 
(1) 

17 
(2) 

18 
(2) 

17 
(2) 

 
0 

(1) 
0 

(1) 
0 

(1) 
 

–1 
(–2 to 0) 

0 
(–1 to 1) 

–1 
(–2 to 0) 

Bicep curl 1RM (kg) 
11.4 
(4.4) 

10.1 
(3.5) 

9.0 
(2.7) 

11.2 
(4.2) 

11.1 
(3.6) 

9.2 
(3.0) 

 
–0.2 
(1.7) 

1 
(1.3) 

0.2 
(1.3) 

 
–0.4 

(–1.4 to 0.7) 
0.7 

(–0.3 to 1.7) 
–1.0 

(–2.0 to –0.1) 

Latissimus pulldown 
1RM (kg) 

45.0 
(12.7) 

41.3 
(10.9) 

38.8 
(9.5) 

47.0 
(10.9) 

47.0 
(12.1) 

40.0 
(8.5) 

 
2 

(5.3) 
5.7 

(4.2) 
1.2 

(4.5) 
 

0.6 
(–3.7 to 4.8) 

4.2 
(0.3 to 8.1) 

–3.6 
(–7.3 to 0.0) 

Hamstring curl 1RM 
(kg) 

49.9 
(12.5) 

50.6 
(12.4) 

44.6 
(9.8) 

55.1 
(16.0) 

57.3 
(12.1) 

43.4 
(11.1) 

 
5.2 

(5.9) 
6.7 

(4.1) 
–1.2 

(11.1) 
 

6.3b 
(1.2 to 11.3) 

7.6 b 
(2.9 to 12.2) 

–1.3 b 
(–5.8 to 3.2) 

Leg press 1RM (kg) 
124.0 
(37.0) 

121.5 
(33.6) 

122.5 
(44.8) 

132.1 
(39.9) 

138.2 
(31.4) 

123.5 
(49.2) 

 
8.1 

(16.4) 
16.7 

(11.5) 
1 

(22.2) 
 

7.1 b 
(–3.5 to 17.7) 

15.5 b 
(5.7 to 25.3) 

–8.4 b 
(–17.6 to 0.8) 

Con = control group, GEX = gym–based exercise training group, RER = respiratory exchange ratio, RPE = rating of perceived exertion, VCO2peak= peak carbon dioxide output, VO2peak 
= peak oxygen uptake, WEX = water-based exercise training group, 1RM = one repetition maximum strength.  
a Difference between estimated margins of means using general linear mixed model analysis.b Metobit analysis used.  
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Table 3.4 Anthropometry and body composition.  

Mean (SD) of groups, mean (SD) difference within groups, and mean (95% CI) difference between groups for paired anthropometry and body composition data. 

 

Outcome 

Groups  Difference within groups  Difference between groupsa 

 Week 0 Week 12  Week 12 minus Week 0  Week 12 minus Week 0 

 WEX GEX Con WEX GEX Con  WEX GEX Con  WEX minus Con GEX minus Con WEX minus GEX 

Anthropometry               

Weight (kg)  
85.2 

(13.9) 
84.7 

(12.9) 
80.3 

(10.4) 
84.4 

(14.1) 
83.8 

(12.1) 
80.1 

(10.7) 
 

–0.8 
(5.1) 

–0.9 
(4.2) 

–0.2 
(4.3) 

 
–0.6 

(–2.0 to 0.8) 
–0.7 

(–2.1 to 0.6) 
0.1 

(–1.1 to 1.4) 

BMI (kg/cm2) 
29.1 
(4.2) 

28.4 
(3.9) 

28.0 
(3.7) 

28.8 
(4.3) 

28.1 
(3.7) 

27.9 
(3.5) 

 
–0.3 
(1.6) 

–0.3 
(1.3) 

–0.1 
(1.5) 

 
–0.2 

(–0.6 to 0.3) 
–0.2 

(–0.7 to 0.3) 
0.0 

(–0.4 to 0.5) 

Waist girth (cm)  
100.6 
(12.5) 

102.8 
(10.7) 

101.5 
(8.6) 

100.2 
(11.8) 

101.2 
(9.9) 

101.6 
(9.9) 

 
–0.4 
(4.4) 

–1.6 
(3.4) 

0.1 
(3.9) 

 
–0.4 

(–2.8 to 1.9) 
–1.7 

(–3.9 to 0.6) 
1.2 

(–0.8 to 3.3) 

Hip girth (cm) 
107.9 
(7.4) 

105.6 
(6.2) 

104.5 
(6.9) 

107.1 
(8.7) 

104.4 
(5.8) 

103.9 
(7.5) 

 
–0.8 
(2.9) 

–1.2 
(2) 

–0.6 
(3.1) 

 
–0.1 

(–2.1 to 1.9) 
–0.6 

(–2.5 to 1.4) 
0.4 

(–1.3 to 2.2) 

Waist:hip ratio 
0.93 

(0.09) 
0.97 

(0.07) 
0.97 

(0.06) 
0.94 

(0.07) 
0.97 

(0.06) 
0.98 

(0.08) 
 

0.01 
(0.03) 

0.00 
(0.02) 

0.01 
(0.03) 

 
–0.00 

(–0.03 to 0.02) 
–0.01 

(–0.04 to 0.01) 
0.01 

(–0.02 to 0.03) 

DXA data               

Total mass (kg) 
85.3 

(14.7) 
83.8 
(13) 

79.7 
(11.4) 

83.9 
(14.9) 

83.2 
(12.4) 

80.1 
(11.9) 

 
–1.4 
(5.8) 

–0.6 
(4.4) 

0.4 
(5.2) 

 
–1.8 

(–3.3 to –0.4) 
–1.2 

(–2.5 to 0.2) 
–0.7 

(–1.9 to 0.6) 

Total fat (kg) 
29.5 

(12.0) 
28.6 
(7.0) 

27.1 
(8.0) 

28.5 
(12.1) 

27.6 
(6.7) 

27.3 
(8.2) 

 
–0.9 
(4.7) 

–1.0 
(2.4) 

0.2 
(3.6) 

 
–1.1 

(–2.3 to 0.0) 
–1.2 

(–2.3 to –0.1) 
0.1 

(–0.9 to 1.1) 

Tissue fat (%) 
35.0 

(11.4) 
35.2 
(6.1) 

35.0 
(7.7) 

34.4 
(12.1) 

34.3 
(6.5) 

35.0 
(7.5) 

 
–0.6 
(4.6) 

–0.9 
(2.2) 

0.0 
(3.4) 

 
–0.6 

(–1.6 to 0.5) 
–0.8 

(–1.8 to 0.2) 
0.2 

(–0.7 to 1.2) 

Total lean (kg) 
52.9 
(9.7) 

52.3 
(8.6) 

49.7 
(8.4) 

52.4 
(9.9) 

52.6 
(9.0) 

50.0 
(8.2) 

 
–0.4 
(3.8) 

0.3 
(3.0) 

0.3 
(3.7) 

 
–0.7 

(–1.5 to 0.0) 
0.0 

(–0.7 to 0.7) 
–0.7 

(–1.4 to –0.1) 

BMD (g/cm2) 
1.28 

(0.15) 
1.28 

(0.13) 
1.27 

(0.19) 
1.27 

(0.15) 
1.28 

(0.12) 
1.26 

(0.18) 
 

–0.01 
(0.06) 

0.00 
(0.05) 

–0.01 
(0.09) 

 
0.01 

(–0.01 to 0.02) 
0.01 

(–0.01 to 0.02) 
0.00 

(–0.01 to 0.02) 

GLMM= generalized linear mixed models, WEX = water-based exercise training group, GEX = gym-based exercise training group, Con = control group, BMI: body mass index; DXA: 
dual energy x-ray absorptiometry; BMD: bone mineral density. a Difference between estimated margins of means using general linear mixed model analysis 
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3.5 Discussion 

The estimates of treatment effects generated by this study show that water-based 

circuit training resulted in similar benefits in aerobic capacity, leg strength and total body fat 

as traditionally prescribed gym-based circuit training. These findings highlight water-based 

exercise as an effective alternative to gym-based training for people with CHD. 

It is believed that this study is the first parallel-group controlled trial to investigate 

the effect of water-based versus gym-based circuit training on VO2peak in people with stable 

CHD. It found that WEX resulted in a similar magnitude improvement in VO2peak to GEX, 

increasing by 1.8 ml/kg/min and 1.6 ml/kg/min, respectively. This is similar to DeSchutter et 

al’s finding of a 1.9 ml/kg/min mean improvement in a large cohort trial in centre-based 

exercise rehabilitation (2). Whilst not a randomised controlled trial, Tokmakidis et al 

examined two 4-month blocks of water-based exercise training, separated by 4 months of 

detraining in people with CHD (17). They reported comparable increases in VO2peak of 2.2 

ml/kg/min and 1.8 ml/kg/min (17). There is increasing recognition that aerobic capacity is an 

important prognostic indicator across a range of chronic conditions (2,20). In people with 

CHD, a 1 ml/kg/min higher VO2peak at baseline or improvement over time has been 

associated with a 10 to 16% improvement in cardiac and all-cause mortality (2,20,21), 

highlighting the importance of even modest improvements in VO2peak in this population. The 

mean change in VO2peak for both WEX and GEX exceeded 1 ml/kg/min more than the mean 

change in the control group, and there was no important difference in the change in VO2peak 

for the two training types, suggesting that these forms of exercise training are equally 

effective. 

Despite similar changes in VO2peak with both types of exercise training, only GEX 

significantly increased exercise test time compared with the control group. A similar effect 

was observed in a study of 24 weeks of water-based and land-based walking in older adults 

(22), which found a significant increase in exercise test time with land-based walking only, 

despite similar VO2peak changes. This may have been due to the specificity of treadmill 

training and land-based walking to the outcome of treadmill test duration (23), in contrast to 

a more generalisable effect on aerobic capacity, as measured by change in VO2peak. 

Both training groups experienced a similar mean reduction in fat mass. These 

reductions in fat mass occurred in the absence of dietary modifications. Previous studies 

have examined other markers of body fat, such as sum of skinfolds, and found favourable 
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effects of aquatic exercise on reducing body fat (14,17), which appear similar to gym 

exercise (14), whilst the effect on body fat measured with bioelectric impedance did not 

reach significance in another study (24). However, it is believed that this is the first study 

comparing DXA data in response to water-based exercise training compared with gym-

based training in people with CHD. There were no significant pre-post differences for lean 

tissue data in any group; however, there was a difference in the change in lean mass 

observed between GEX and WEX. The individual group differences were < 450 g, which fall 

within the margin of accuracy of 0.61 to 0.86 kg for lean tissue changes for the scannerk 

proposed by several studies (25, 26, 27), suggesting that clarification with a larger sample 

is required to determine the effects on lean tissue mass. Additionally, research in older 

adults found that 24 weeks of water-walking significantly increased lower limb lean tissue 

mass compared to a control group (28), suggesting a longer duration program may be 

required to induce substantial lean tissue changes. 

The mean improvements in leg strength with GEX equated to a 13% improvement 

in hamstring curl and a 14% improvement in leg press. The mean improvements with WEX 

equated to 10% for hamstring curl and 7% for leg press, with some uncertainty in the latter 

estimate (Table 3.3). For upper limb strength (latissimus pulldown), there were greater 

changes with GEX than WEX. This may reflect the limited range of motion for upper limb 

exercises during WEX due to the water depth during training (29). Buoyancy-resisted 

exercises may have a greater impact on upper limb strengthening in the pool and would be 

an interesting concept for future research. Alternatively, it may be necessary to supplement 

aquatic exercises with some gym-based or free weight exercises to address upper-body 

strength. 

Other studies of WEX in CHD have reported overall strength gains of between 12 

and 13% (14,17) and found similar changes between WEX and GEX (14). However, 

individual breakdown of muscle groups was not reported in these studies, so it is unknown 

if the lack of upper limb response is universal in response to WEX. Encouragingly, 

improvements in leg strength alone have been associated with reduced all-cause and 

cardiovascular mortality in people with CHD (30), suggesting that the strength changes seen 

in the current study are of clinical value, despite the lack of upper limb improvement. 

With improved treatment for acute coronary events, increasing numbers of people 

are living with chronic CHD. To reduce recurrent coronary events in this group, it is important 

that the exercise prescription paradigm shifts from merely a focus on time-limited 

rehabilitation to long-term secondary prevention. The findings from this study suggest that 
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water-based exercise should be encouraged as one of the suite of exercise options to help 

people with chronic CHD be sufficiently active to achieve health and fitness benefits. 

Importantly, WEX was well tolerated in the cohort of participants with stable CHD, with no 

adverse events occurring in this group. The three sessions of WEX per week prescribed in 

the study is consistent with exercise training guidelines (5). In the context of community 

exercise participation, people may wish to undertake multiple WEX sessions or combine 

WEX with other modes of exercise, depending on their preference and capabilities. For 

example, WEX could be used as an initial entry into exercise programs for deconditioned 

patients or those with musculoskeletal comorbidities. Alternatively, WEX could be used as 

an adjunct with GEX and/or walking programs to increase exercise variety. Clinicians 

wishing to prescribe similar aquatic exercise programs to the WEX program investigated in 

this study could easily and cheaply replicate the equipment used in this study (acrylic plastic 

sheets, with hook and loop or buckle fastenings, as pictured in Figure 3.2 Appendix 1) or 

use commercially available aquatic resistance equipment. Importantly, once individual 

tolerance to the program is established and correct techniques have been taught, many 

patients would be able to continue the program independently. 

This study excluded people with CHD if they also had left ventricular dysfunction, 

type 1 diabetes, treatment with insulin, or serious respiratory, neurological or 

musculoskeletal pathology, so the generalisation of the safety and efficacy for these sub-

populations remains unknown. Additionally, participants were recruited ≥ 6 months after any 

myocardial infarction, coronary artery bypass graft surgery or percutaneous coronary 

intervention, so the results may not be applicable to the initial stages of cardiac rehabilitation. 

It is recommended that future research should examine the effects of water-based exercise 

in sub-acute outpatient cardiac rehabilitation. It should be noted that the resistance 

machines used for strength assessment of latissimus pulldowns, biceps curl and hamstring 

curl were the same as those employed during training. This specificity may have influenced 

the findings for the GEX group. 

This is the first outpatient-based, parallel-group, randomised controlled trial of 

combined aerobic and resistance exercise comparing water-based and gym-based exercise 

to examine the effect on VO2peak and DXA-derived body composition. The study found that 

water-based circuit training was well tolerated and effective for improving aerobic capacity, 

leg strength and fat mass, similar to gym-based exercise in people with stable CHD. This 

supports the expansion of exercise prescription options for people with stable CHD to 
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include water-based exercise, which may be useful for adding a low joint-impact exercise 

option to facilitate exercise engagement. 

What was already known on this topic: With improved treatment for acute 

coronary events, increasing numbers of people are living with coronary heart disease. To 

reduce recurrent coronary events in this group, it is important that the exercise prescription 

includes a focus on long-term secondary prevention. 

What this study adds: Water-based circuit training that included both aerobic and 

resistance stations was well tolerated and effective for improving aerobic capacity, leg 

strength and fat mass in people with stable coronary heart disease. The benefits were similar 

in magnitude to the benefits of gym-based exercise in this population. 

Acknowledgements: We would like to thank Mr Eric Watson for his assistance with 

the pool-based training sessions and Ms Leanne Campbell for her assistance with the 

VO2peak assessments and training sessions. 
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Australia. iCybex, Cybex International, Medway, USA. jSeca 676 wireless scales, Seca 
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lG∗Power 3, Universität Düsseldorf, Düsseldorf, Germany. mSTATA V16 for Windows, 

Microsoft, Redmond, USA. 
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3.6 eAddenda 

These items and eAddenda Appendix 4 (excel spreadsheet of individual participant data) 

can be found under the Supplementary Data section with the online article with the following 

link: https://doi.org/10.1016/j.jphys.2021.08.012  

 

Figure 3.2 eAddenda Appendix 1. Aquatic resistance exercises and resistance 

exercise equipment 

 

 

https://doi.org/10.1016/j.jphys.2021.08.012
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Table 3.5 eAddenda Appendix 2  
Mean (SD) of groups, mean (SD) difference within groups, and mean (95% CI) difference between groups for aerobic capacity and  muscular strength data (all 

baseline data and available follow-up data). 

Outcome Groups  Difference within groups  Difference between groupsa 

 Week 0 Week 12  Week 12 minus Week 0  Week 12 minus Week 0 

 WEX 
(n = 20) 

GEX 
(n = 20) 

Con 
(n = 12) 

WEX 
(n = 15) 

GEX 
(n = 18) 

Con 
(n = 12) 

 WEX GEX Con  WEX minus 
Con 

GEX minus 
Con 

WEX minus 
GEX 

VO2peak (ml/kg/min) 
27.6 
(8.0) 

26.1 
(5.3) 

24.6 
(6.7) 

30.9 
(9.1) 

27.9 
(5.8) 

23.9 
(5.9) 

 
3.3 

(3.3) 
1.8 

(1.8) 
–0.7 
(2.6) 

 
2.5 

(0.6 to 4.4) 
2.3 

(0.6 to 4.0) 
0.2 

(–1.5 to 1.9) 

VO2peak (ml/min) 
2,281 
(644) 

2,217 
(373) 

1,970 
(594) 

2,502 
(571) 

2,302 
(384) 

1,915 
(576) 

 
221 

(218) 
85 

(125) 
–55 

(239) 
 

166 
(16 to 317) 

167 
(30 to 305) 

–1 
(–138 to 136) 

Percent of predicted 
VO2 maximum 

100.6 
(20.9) 

96.4 
(20.9) 

97.8 
(20.4) 

110.6 
(24.9) 

103.3 
(21.7) 

95.0 
(15.4) 

 
10 

(8.9) 
6.9 
(7) 

–2.8 
(7.4) 

 
9.5 

(2.5 to 16.5) 
8.7 

(2.3 to 15.1) 
0.8 

(–5.5 to 7.2) 

Exercise duration (s) 
930 

(190) 
832 

(116) 
831 

(233) 
998 

(220) 
946 

(120) 
867 

(174) 
 

68 
(76) 

114 
(38) 

36 
(84) 

 
22 

(–35 to 79) 
68 

(16 to 121) 
–47 

(–98 to 5) 

VCO2peak (ml/min) 
2,522 
(743) 

2,427 
(510) 

2,117 
(683) 

2,836 
(654) 

2,620 
(581) 

2,090 
(624) 

 
314 

(247) 
193 

(181) 
–27 

(267) 
 

195 
(9 to 381) 

253 
(83 to 424) 

–58 
(–228 to 112) 

VE/VCO2 slope 
28.3 
(3.7) 

27.5 
(3.9) 

29.5 
(3.3) 

29.0 
(3.4) 

27.8 
(4.0) 

28.7 
(3.4) 

 
0.7 

(1.3) 
0.3 

(1.3) 
–0.8 
(1.4) 

 
1.1 

(–0.8 to 3.0) 
1.1 

(–0.7 to 2.8) 
–0.0 

(–1.7 to 1.7) 

RER 
1.10 

(0.07) 
1.09 

(0.08) 
1.07 

(0.08) 
1.14 

(0.08) 
1.13 

(0.10) 
1.10 

(0.06) 
 

0.04 
(0.03) 

0.04 
(0.03) 

0.03 
(0.03) 

 
–0.01 

(–0.05 to 0.04) 
0.01 

(–0.03 to 0.05) 
–0.02 

(–0.06 to 0.02) 

RPE 
18 
(2) 

18 
(1) 

17 
(1) 

17 
(2) 

18 
(2) 

17 
(2) 

 
–1 
(1) 

0 
(1) 

0 
(1) 

 
–1 

(–2 to 0) 
0 

(–1 to 1) 
–1 

(–2 to 0) 

Bicep curl 1RM (kg) 
10.4 
(4.4) 

10.5 
(3.4) 

8.7 
(2.7) 

11.2 
(4.2) 

11.1 
(3.6) 

9.2 
(3.0) 

 
0.8 

(1.5) 
0.6 

(1.2) 
0.5 

(1.3) 
 

–0.4 
(–1.4 to 0.7) 

0.7 
(–0.3 to 1.7) 

–1.0 
(–2.0 to –0.1) 

Lat. pulldown 1RM 
(kg) 

45.0 
(12.3) 

41.8 
(10.5) 

36.7 
(10.9) 

47.0 
(10.9) 

47.0 
(12.1) 

40.0 
(8.5) 

 
2.0 

(4.8) 
5.2 

(4.1) 
3.3 

(4.7) 
 

0.6 
(–3.7 to 4.8) 

4.2 
(0.3 to 8.1) 

–3.6 
(–7.3 to 0.0) 

Hamstring curl 1RM 
(kg) 

50.4 
(15.0) 

51.5 
(12.7) 

43.1 
(10.6) 

55.1 
(16.0) 

57.3 
(12.1) 

43.4 
(11.1) 

 
4.7 

(5.6) 
5.8 

(4.0) 
0.3 

(4.5) 
 

6.3b 
(1.2 to 11.3) 

7.6b 
(2.9 to 12.2) 

–1.3b 
(–5.8 to 3.2) 

Leg press 1RM (kg) 
125.2 
(41.8) 

126.7 
(35.3) 

121.5 
(43.6) 

132.1 
(39.9) 

140.6 
(32.0) 

123.5 
(49.2) 

 
6.9 
(15) 

13.9 
(11.1) 

2.0 
(20.7) 

 
7.1b 

(–3.5 to 17.7) 
15.5b 

(5.7 to 25.3) 
–8.4b 

(–17.6 to 0.8) 

Con = control group, GEX = gym-based exercise training group, RER = respiratory exchange ratio, RPE = rating of perceived exertion, VCO2peak= peak carbon dioxide output, VO2peak 
= peak oxygen uptake, WEX = water-based exercise training group, 1RM = one repetition maximum strength, Lat. = latissimus dorsi  
a Difference between estimated margins of means using general linear mixed model analysis. 

b Metobit analysis used.   
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Table 3.6 eAddenda Appendix 3 anthropometry and body composition  
Mean (SD) of groups, mean (SD) difference within groups, and mean (95% CI) difference between groups for anthropometry and body composition data (all  

baseline data and available follow-up data). 

Outcome Groups  Difference within groups  Difference between groupsa 

 Week 0 Week 12  Week 12 minus Week 0  Week 12 minus Week 0 

 WEX 
(n = 20) 

GEX 
(n = 20) 

Con 
(n = 12) 

WEX 
(n = 15) 

GEX 
(n = 18) 

Con 
(n = 12) 

 WEX GEX Con  WEX minus 
Con 

GEX minus Con WEX minus 
GEX 

Anthropometry               

Weight (kg)  
83.1 

(13.5) 
86.4 

(13.4) 
80.3 

(10.4) 
84.4 

(14.1) 
83.8 

(12.1) 
80.1 

(10.7) 
 

1.3 
(4.8) 

–2.6 
(4.1) 

–0.2 
(4.3) 

 
–0.6 

(–2.0 to 0.8) 
–0.7 

(–2.1 to 0.6) 
0.1 

(–1.1 to 1.4) 

BMI (kg/cm2) 
28.5 
(4.1) 

28.9 
(4.1) 

28.0 
(3.7) 

28.8 
(4.3) 

28.1 
(3.7) 

27.9 
(3.5) 

 
0.3 

(1.5) 
–0.8 
(1.3) 

–0.1 
(1.5) 

 
–0.2 

(–0.6 to 0.3) 
–0.2 

(–0.7 to 0.3) 
0.0 

(–0.4 to 0.5) 

Waist girth (cm)  
100.2 
(12) 

103.8 
(10.6) 

101.5 
(8.6) 

100.2 
(11.8) 

101.2 
(9.9) 

101.6 
(9.9) 

 
0  

(4.1) 
–2.6  
(3.3) 

0.1 
(3.8) 

 
–0.4 

(–2.8 to 1.9) 
–1.7 

(–3.9 to 0.6) 
1.2 

(–0.8 to 3.3) 

Hip girth (cm) 
106.8 
(7.1) 

106.0 
(6.2) 

104.5 
(6.9) 

107.1 
(8.7) 

104.4 
(5.8) 

103.9 
(7.5) 

 
0.3  

(2.8) 
–1.6  
(1.9) 

–0.6  
(3) 

 
–0.1 

(–2.1 to 1.9) 
–0.6 

(–2.5 to 1.4) 
0.4 

(–1.3 to 2.2) 

Waist:hip ratio 
0.94 

(0.09) 
0.98 

(0.07) 
0.97 

(0.06) 
0.94 

(0.07) 
0.97 

(0.06) 
0.98 

(0.08) 
 

0.00  
(0.03) 

–0.01 
(0.02) 

0.01  
(0.03) 

 
–0.00 

(–0.03 to 0.02) 
–0.01 

(–0.04 to 0.01) 
0.01 

(–0.02 to 0.03) 

DXA data               

Total mass (kg) 
84.4 

(14.4) 
85.1 

(13.7) 
79.0 

(10.6) 
83.9 

(14.9) 
83.2 

(12.4) 
80.1 

(11.9) 
 

–0.5 
(5.4) 

–1.9 
(4.4) 

1.1 
(4.9) 

 
–1.8 

(–3.3 to –0.4) 
–1.2 

(–2.5 to 0.2) 
–0.7 

(–1.9 to 0.6) 

Total fat (kg) 
28.9 

(10.5) 
29.5 
(7.9) 

26.9 
(7.3) 

28.5 
(12.1) 

27.6 
(6.7) 

27.3 
(8.2) 

 
–0.4 
(4.2) 

–1.9 
(2.50) 

0.4 
(3.4) 

 
–1.1 

(–2.3 to 0.0) 
–1.2 

(–2.3 to –0.1) 
0.1 

(–0.9 to 1.1) 

Tissue fat (%) 
35.0 
(9.7) 

35.7  
(6.2) 

35.2 
(7.3) 

34.4 
(12.1) 

34.3 
(6.5) 

35.0 
(7.5) 

 
–0.6 
(4) 

–1.4  
(2.2) 

–0.2 
(3.2) 

 
–0.6 

(–1.6 to 0.5) 
–0.8 

(–1.8 to 0.2) 
0.2 

(–0.7 to 1.2) 

Total lean (kg) 
52.6 
(9.8) 

52.6 
(8.5) 

49.3 
(8.1) 

52.4 
(9.9) 

52.6 
(9.0) 

50.0 
(8.2) 

 
–0.1 
(3.7) 

–0.0 
(3.0) 

0.8  
(3.5) 

 
–0.7 

(–1.5 to 0.0) 
0.0 

(–0.7 to 0.7) 
–0.7 

(–1.4 to –0.1) 

BMD (g/cm2) 
1.27 

(0.16) 
1.28 

(0.13) 
1.27 

(0.17) 
1.27 

(0.15) 
1.28 

(0.12) 
1.26 

(0.18) 
 

0 
(0.06) 

0 
(0.04) 

–0.01 
(0.08) 

 
0.01 

(–0.01 to 0.02) 
0.01 

(–0.01 to 0.02) 
0.00 

(–0.01 to 0.02) 

BMD = bone mineral density, BMI = body mass index, Con = control group, DXA = dual energy x-ray absorptiometry, GEX = gym-based exercise training group, WEX = water-based 
exercise training group. 
a Difference between estimated margins of means using general linear mixed model analysis.
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4.1 Abstract 

Impaired endothelial function in people with coronary heart disease (CHD) is 

associated with increased mortality. Water immersion can increase peripheral artery shear 

stress which may provide an additional stimulus to the endothelium during exercise. This 

study compared the effects of water-based circuit exercise training (WEX) and gym-based 

circuit exercise training (GEX) on vascular function in people with stable CHD. Participants 

were randomised to 12 wk of WEX (n=20), GEX (n=20) or a control group (usual activities; 

n=12). Endothelium-dependent flow-mediated dilation (FMD) and glyceryl trinitrate-

mediated dilation (GTN) of the brachial artery were assessed pre- and postintervention. 

FMD increased following WEX [4.0% (3.0-5.1%) to 5.3% (4.1-6.5%); P = 0.016], but was 

unchanged following GEX [4.9% (3.8-5.9%) to 5.0% (3.8-6.1%); P = 0.822]. There were no 

between-group differences in the change in FMD and no significant changes in GTN-

mediated dilation percentage. Triglycerides decreased following GEX [1.2 mmol.L-1 (1.0-1.4 

mmol.L-1) to 1.0 mmol.L-1 (0.8-1.3 mmol.L-1); P = 0.022], but there were no further 

differences in lipid profiles. WEX improved endothelial function of the brachial artery in 

people with stable CHD, suggesting that WEX is an effective alternative to gym-based 

exercise in people living with CHD, which may specifically address vascular health.  

4.1.1 New & Noteworthy 

This study found that 12 wk of water-based circuit exercise training was well 

tolerated and improved vascular endothelial function in people with stable coronary heart 

disease. However, there was no effect on endothelium independent function. Water-based 

exercise appears to be an effective alternative to gym-based exercise for people with 

coronary heart disease, which has specific benefits to vascular health and function.  
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4.2 Introduction 

Coronary heart disease (CHD) is estimated to affect 244 million people globally, and 

results in approximately 9 million deaths annually (1). Endothelial dysfunction is a cardinal 

feature of CHD (2, 3), with the degree of impairment linked to disease severity (2).  

A recent meta-analysis reported that exercise-based cardiac rehabilitation improves 

flow mediated dilation (FMD), a measure of endothelial function, in people with CHD (4). 

Adaptations in endothelial function in response to exercise training are likely the result of 

repeated exposure to transient increases in shear stress (5, 6), which stimulates the 

endothelium to release vasoactive substances, including nitric oxide (5). Over time, this may 

increase the expression of endothelial nitric oxide synthase (eNOS) leading to improved 

endothelial function (5). 

Both hemodynamic and thermal changes during water immersion make water-

based exercise an intriguing prospect as an exercise training intervention for improving 

vascular function. Compared with land-based exercise, exercise in water augments vascular 

shear stress (7); during immersion, hydrostatic pressure increases venous return from the 

lower limbs, increasing preload, ventricular volume, and as a consequence, cardiac output 

(8-10), including in people with heart failure (11). Moreover, water immersion increases limb 

blood flow, with water temperature appearing to mediate immersion-related peripheral 

arterial shear stress (7, 12).  

Previous studies of water-based exercise have highlighted its potential for vascular 

benefits. Two to three weeks of intensive water-based exercise training in people with CHD 

led to increases in flow-mediated dilation (FMD) (13) and plasma nitric oxide metabolites 

(14), markers of improved endothelial function. Longer duration studies in people with 

cardiometabolic conditions have shown water-based exercise to increase the concentration 

of plasma nitric oxide metabolites (15, 16), FMD (15, 17) and microvascular function (15), 

suggesting favorable effects on the peripheral vasculature. Whilst these extended duration 

studies in participants with chronic disease are encouraging, there have been no studies 

>3-wk duration on the effects of water-based exercise on vascular function in people with 

CHD. 

The aim of the current study was to investigate the effects of 12 wk of water-based 

circuit exercise training (WEX) on vascular function in people with CHD, compared to gym-

based circuit exercise training (GEX) and usual care. We hypothesized that 12 wk of WEX 
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would improve FMD compared to usual care or GEX, without changing endothelium 

independent artery function.  

4.3 Materials and methods 

4.3.1 Study Design 

This was a parallel group, randomised, controlled trial. Participants were 

randomized to 12 wk of WEX, or GEX (3 times/ week), or continued their usual activities as 

a control group. Participants were randomised via block allocation after baseline testing 

using sealed opaque envelopes. This study was prospectively registered 

(ACTRN12616000102471). 

4.3.2 Participants 

Participants were recruited from hospital databases and community advertising. 

Inclusion criteria were as follows: diagnosed CHD (history of myocardial infarction, coronary 

artery bypass graft surgery, percutaneous coronary intervention, or diagnostic imaging 

demonstrating ≥50% occlusion of at least 1 coronary artery), prescribed stable medications 

for ≥ 1mo, and ≥18 yr of age. Exclusion criteria were as follows; heart failure (ejection fraction 

<45%, or diagnosed diastolic heart failure), recent (≤6 mo) history of angioplasty, bypass 

graft surgery, or myocardial infarction, an adverse response to baseline exercise testing 

requiring further investigation, treatment for cancer (≤6 mo), significant impediments to 

exercise, or blood test results suggesting other substantial health problems. Participants 

were excluded if they were taking insulin, or were current smokers, due to the potential acute 

vascular effects. There were no premenopausal participants. All participants provided 

written, informed consent prior to data collection. This study was approved by Royal Perth 

Hospital Human Research Ethics Committee (Ref. No. RGS0000002071). 

4.3.3 Assessments 

Brachial artery FMD (a measure of endothelium-dependent function), and brachial 

artery glyceryl trinitrate (GTN)-mediated dilation (a measure of endothelium-independent 

function) were assessed along with blood biochemistry at baseline and within 7 days of the 

final training session. 
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4.3.3.1 Brachial artery function 

Flow-mediated dilation was assessed before GTN mediated dilation (with ≥ 20 min 

of rest between tests). A Terason portable ultrasound system (Terason T3200, Teratech, 

Burlington, MA) was used with a high- resolution linear array transducer (15L4; Terason). 

Simultaneous B-mode images and Doppler velocities were recorded in a longitudinal plane, 

proximal to the antecubital fossa during both assessments (18). 

Ultrasound assessments occurred in a quiet, temperature- controlled room after 

participants had fasted for ≥6 h, abstained from moderate to vigorous exercise ≥24 h, and 

caffeine and alcohol for ≥12 h (18). Participants were assessed after taking their usual 

medications at the same time of day for baseline and follow up assessments to exclude 

diurnal variation (18). 

Before imaging, participants rested in a supine position for ≥20 min (18). Blood 

pressure was monitored every 5 min and measurements were undertaken only after blood 

pressure was stable (<5mmHg variation with previous measurement). The angle of 

insonation was <60° for Doppler recordings. Ultrasound scans were blinded by a third party 

for analysis and were analyzed with custom-designed edge detection software that 

continuously determined arterial diameter and shear rate. This method has been previously 

described in detail and found to reduce variability compared with manual methods (19).  

4.3.3.2 Flow-mediated dilation of the brachial artery  

Following a 1- min resting baseline, a blood pressure cuff (Welch Allyn; DS 66 Hand 

Aneroid Sphygmomanometer) located on the participant’s forearm distal to the olecranon 

process was inflated to 220mmHg. Recording restarted 30 s before cuff deflation and 

continued for 3 min after cuff deflation (18). 

4.3.3.3 Glyceryl trinitrate mediated dilation of the brachial artery  

After a 20-min rest from the FMD assessment, a 1-min resting baseline recording 

was followed by the administration of one 400μg dose of sublingual GTN. Recordings 

commenced 3 min after the spray and continued for 5 min.  

4.3.3.4 Biochemistry 

Blood samples were collected from the antecubital fossa after an overnight fast by 

an accredited laboratory. Full blood picture was taken at baseline, and serum C-reactive 
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protein, plasma; total cholesterol, triglycerides, high density lipoprotein (HDL), low density 

lipoprotein (LDL), fibrinogen, total protein, albumin, globulins, bilirubin, alanine 

aminotransferase (ALT), alkaline phosphatase (ALP), γ-glutamyl transferase (GGT), 

sodium, potassium, bicarbonate, urea, creatinine and estimated glomerular filtration rate 

(eGFR) were assessed at baseline and follow-up. For eGFR, the CKD-EPI algorithm was 

used, which includes sex, age, and creatinine only.  

4.3.4 Exercise training interventions: 

For participants to have been classed as having completed the training program, 

they were required to attend at least 75% of the sessions. The exercise interventions were 

conducted for 12 wk and have been described in detail previously (20). To summarize, The 

WEX group trained in a 34.5°C hydrotherapy pool submerged to the level of their xiphoid 

process and the GEX group trained in a gymnasium. Both modes of exercise were 

supervised by a physiotherapist or exercise physiologist. Participants in both training groups 

were prescribed three sessions per week of ~1-h duration per session. This involved a 5-

min warm up and cool down of light aerobic activity followed by stretching, plus 45 min of 

circuit training with alternating aerobic and resistance exercises (45 s of work to 15 s of 

active recovery). Participants progressed to completing 3 sets of the circuit of 15 exercises 

per session by the end of week 3 (see [Table 4.5] Supplementary Table 1 for more detailed 

information on exercise order, http://dx.doi.org/10.6084/m9.figshare.23939754).  

For aerobic exercise, target training heart rate was progressed from 50-65% of 

measured peak heart rate (from a baseline cardiopulmonary exercise test) in weeks 1 and 

2, to 60-65% in weeks 3 and 4, 60-70% in weeks 5 and 6, 70-80% in weeks 7 and 8, and 

80% from weeks 9-12 (20). Water-based aerobic exercises included high knee 

walking/jogging on the spot and walking or jogging across the pool. In the gym, walking or 

jogging on a treadmill and cycle ergometry were prescribed. 

Resistance training involved two upper limb (elbow flexion/extension and shoulder 

abduction/adduction) and five lower limb (hip and knee flexion/extension and hip abduction) 

stations per circuit (20). Resistance in the pool was applied by drag from custom designed 

rectangular paddles, involving acrylic plates strapped either side of the limb with hook and 

loop fastenings or buckles (see [Figure 4.2] Supplemental Fig. S1, 

http://dx.doi.org/10.6084/m9.figshare.23939652). Movement speed (individualized using 

waterproof metronomes) and paddle size were modified to increase resistance when 

participants could maintain the prescribed pace with good form and rating of perceived 

http://dx.doi.org/10.6084/m9.figshare.23939754
http://dx.doi.org/10.6084/m9.figshare.23939652
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exertion (RPE) (Borg) (21) <13 (somewhat hard). Resistance in the gym was applied by a 

combination of machine stack weights and free weights, starting at ~50% of 1 repetition 

maximum (RM) in week 1 and progressed when participants could perform 12-15 repetitions 

with good form over 45 s and RPE <13.  

4.3.5 Statistics 

Sample size for vascular outcomes was based on changes observed in FMD in 

people with CHD with circuit training exercise by Walsh et al. (3), FMD increased from 3% 

to 5.7% (SD of 3%). To detect a mean percent change from 3% to 5.5% (SD of 3%, effect 

size 0.83) with 80% power (α=0.05) in a repeated measures within and between factors 

interaction model over 2 timepoints, it was calculated that 11 participants would be needed 

per group (GPower, version 3, Kiel, Germany). To account for potential participant attrition, 

a target of 20 participants per training group was set.  

Pre-/postdata were analyzed with STATA version 16.1 (StataCorp LLC, TX) using 

generalized linear mixed models with appropriate links for within-group pre-/postassessment 

and group-time interactions. Because of the laboratory reporting format, C–reactive protein 

data were assessed as a binary variable using a mixed-effects logistic model (grouped as 

<1.0 and ≥1.0mg.L-1) and estimated glomerular filtration rate (eGFR) was assessed with a 

mixed-effects Tobit model because of a ceiling effect on the data. Total cholesterol was 

assessed using a log analysis with a γ distribution. P < 0.05 was considered statistically 

significant. 

4.4 Results 

Baseline assessments were conducted in 60 individuals, with seven excluded for 

medical reasons and 1 withdrawing from the study. Fifty-two participants were randomized 

in the study, 20 to WEX, 20 to GEX, and 12 to control. Five participants withdrew from the 

WEX group (unrelated injury or illness in 2 participants, work or family reasons in 3 

participants) and 2 participants withdrew from the GEX group (1 withdrew because of 

arrhythmia and 1 due to work or family reasons). Fifteen WEX, 18 GEX and 12 control 

participants completed the study. Baseline characteristics of participants are displayed in 

Table 4.2. There were no adverse events in the WEX group. One participant, with a history 

of supraventricular tachycardia, in the GEX group, experienced an episode of 

supraventricular tachycardia during gym-based training, which resolved after treatment with 

medication (metoprolol and adenosine).  
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Table 4.2 Baseline characteristics of participants 

Characteristics WEX GEX Control P Value 

n 20 20 12  

Age, (median [range]), yr 66.0 [51-77] 70.0 [50-79] 72.5 [63-78] 0.067 

Sex, males/females, n 15/5 18/2 9/3 0.487 

Weight [mean (SD)], kg 83.1 (13.5) 86.4 (13.4) 80.3 (10.4) 0.421 

BMI, (median [range]), kg.m2 
28.6 

(22.5-35.9) 

28.8 

(22.5-37.6) 

26.9 

(23.3-35.7) 
0.872 

Cardiac history, n (%)  

Asymptomatic 3 (15) 2 (10) 2 (17) 0.883 

Angina (no MI) 5 (25) 7 (35) 5 (42) 0.564 

MI 12 (60) 11 (55) 5 (42) 0.583 

Years since Dx, (median [range]) 3.6 (0.8-15) 2.4 (0.5-29) 5.5 (0.5-18) 0.592 

Management, n (%)     

Coronary bypass graft 2 (10) 8 (40) 6 (50) 0.028 

Stent 16 (80) 15 (75) 7 (58) 0.439 

Stent and coronary bypass 0 (0) 3 (15) 2 (17) 0.155 

Non-invasive treatment 2 (10) 0 (0) 1(8) 0.439 

Comorbidities, n (%)  

Hx cancer (excluding minor skin) 3 (15) 5 (25) 2 (17) 0.748 

Metabolic (pre/T2DM) 2 (10) 5 (25) 3 (25) 0.487 

Hx neurologic (CVA/TIA) 1 (5) 1 (5) 3 (25) 0.189 

Other cardiovascular 1 (5) 0 (0) 0 (0) 1.00 

Musculoskeletal 16 (80) 10 (50) 9 (75) 0.164 

Respiratory 4 (20) 4 (20) 3 (25) 1.00 

Medications, n (%)     

Antiplatelet/anticoagulant 20 (100) 19 (95) 12 (100) 1.00 

Lipid lowering 18 (90) 19 (95) 11 (92) 1.00 

Beta blockers 6 (30) 8 (40) 9 (75) 0.041 

ACE inhibitors 6 (30) 12 (60) 4 (33) 0.186 

Angiotensin II receptor blockers 6 (30) 4 (20) 5 (42) 0.462 

Calcium channel blockers 4 (20) 3 (15) 3 (25) 0.902 

Diuretic 1 (5) 1 (5) 1 (8) 1.00 

Glucose lowering 0 (0) 1 (5) 3 (25) 0.034 

Proton pump inhibitors 7 (35) 5 (25) 5 (42) 0.564 

Values are medians [ranges]; means (SD); and number of participants, n (%). ACE, angiotensin-converting 
enzyme; BMI, body mass index; CVA, cerebrovascular accident; Dx, diagnosis; GEX, gym-based circuit 
exercise-training group; Hx, history of; MI, myocardial infarction; TIA, transient ischemic attack; T2DM, type 2 
diabetes mellitus; WEX, water-based circuit exercise-training group. Statistical analysis for categorical 
variables was conducted using Fisher’s exact test, continuous variables with an approximately normal 
distribution was assessed using a one-way ANOVA (weight), and the Kruskal–Wallis test was used for 
continuous variables that were not normally distributed (age, body mass index, and time from diagnosis). 
Boldface indicates significant values. 
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4.4.1 Flow-mediated dilation 

Changes in FMD response are described in Table 4.3. FMD percent change 

increased by 32.5% following WEX, increasing from 4.0% (3.0-5.1%) to 5.3% (4.1-6.5%), P 

= 0.016 (Figure 4.1A), however there was no significant within-group difference for GEX 

(Figure 4.1B), and no significant difference between training groups. There were no changes 

in baseline diameter or shear rate over time within training groups (Table 4.3). One WEX, 

two GEX and two control scans were excluded from FMD analysis because of scan quality 

or motion artefact. Supplementary Table S2 

(see http://dx.doi.org/10.6084/m9.figshare.24242434 [Table 4.6 and Table 4.7] provides 

data from allometric analyses of FMD data.  

http://dx.doi.org/10.6084/m9.figshare.24242434
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Figure 4.1 Effects of 12 wk of exercise training or control period on vascular 

function. 

Gray bars, estimated means; T bars, upper limits of 95% confidence intervals; black circles, 
individual data points; black lines, connected paired data. A–C: percent change from baseline in 
FMD at 0 and 12 wk: WEX (week 0, n = 20; week 12, n = 14; A), GEX (week 0, n = 20; week 
12, n = 16; B), and control (week 0, n = 11; week 12, n = 11; C). D–F: percent change from 
baseline in GTN-mediated dilation at 0 and 12 wk: WEX (week 0, n = 14; week 12, n = 9; D), GEX 
(week 0, n = 19; week 12, n = 15; E), and control (week 0, n = 7; week 12, n = 8; F). General linear 
mixed models used for statistical analysis. *P = 0.016 between week 0 and week 12 WEX 
measures. No other significant within- or between-group effects over the 12 wk. Exact P values 
described in Table 4.3. FMD, flow-mediated dilation; GEX, gym-based circuit exercise training; 
GTN, glyceryl trinitrate-mediated dilation; WEX, water-based circuit exercise training. 
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Table 4.3 Effects of 12 wk of WEX, GEX, or control on vascular function. 

Values are means (95% confidence intervals); n, number of scans analyzed for that group and week. AUC, area under the curve; FMD, flow-mediated dilation; GTN, 
glyceryl trinitrate-mediated dilation; GEX, gym-based circuit exercise-training group; P1, P value for analysis of week 0 vs. week 12; P2, P value vs. change in 
control group; P3, P value for change in WEX vs. change in GEX; WEX, water-based circuit exercise-training group. *P < 0.05 at week 0 between WEX and GEX. 
General linear mixed models used for statistical analysis. Boldface indicates significant values. 

 Control  GEX WEX 

 Week 0 Week12 P1  Week 0 Week 12 P1 P2 Week 0 Week 12 P1 P2 P3 

FMD             

n 11 11  20 16   20 14    

Baseline 
diameter, mm 

3.69 

(3.39-3.99) 

3.78 

(3.48-4.08) 
0.069 

3.94 

(3.71-4.17) 

3.94 

(3.71-4.17) 
0.953 0.165 

3.73 

(3.50-3.96) 

3.69 

(3.45-3.92) 
0.380 0.051 0.496 

FMD 
response, mm 

0.15 

(0.10-0.20) 

0.17 

(0.12-0.21) 
0.484 

0.18 

(0.14-0.22) 

0.19 

(0.15-0.23) 
0.681 0.769 

0.15 

(0.11-0.18) 

0.20 

(0.16-0.24) 
0.011 0.277 0.119 

FMD 
response, % 

4.2 

(2.8-5.6) 

4.5 

(3.0-5.9) 
0.721 

4.9 

(3.8-5.9) 

5.0 

(3.8-6.1) 
0.822 0.888 

4.0 

(3.0-5.1) 

5.3 

(4.1-6.5) 
0.016 0.204 0.110 

Shear rate 
AUC, s-1, x103 

23.2 

(18.3-28.0) 

23.7 

(18.9-28.5) 
0.839 

20.2 

(16.5-23.9) 

19.6 

(15.6-23.5) 
0.785 0.742 

23.7 

(20.1-27.3) 

22.3 

(18.1-26.5) 
0.556 0.595 0.816 

             

GTN             

n 7 8  19 15   14 9    

Baseline 
diameter*, mm 

3.74 

(3.33-4.16) 

3.89 

(3.48-4.30) 
0.018 

4.08 

(3.81-4.34) 

4.09 

(3.82-4.35) 
0.808 0.070 

3.66 

(3.36-3.96) 

3.64 

(3.34-3.95) 
0.799 0.057 0.727 

Peak 
diameter, mm 

4.38 

(3.93-4.82) 

4.53 

(4.08-4.97) 
0.032 

4.74 

(4.46-5.03) 

4.77 

(4.48-5.06) 
0.632 0.133 

4.36 

(4.04-4.68) 

4.35 

(4.02-4.68) 
0.875 0.093 0.682 

GTN 
response, % 

17.0 

(13.7-20.2) 

16.3 

(13.0-19.5) 
0.299 

16.8 

(14.7-18.9) 

16.9 

(14.8-19.0) 
0.833 0.329 

19.8 

(17.4-22.1) 

19.8 

(17.3-22.3) 
0.929 0.411 0.958 
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4.4.2 Glyceryl trinitrate mediated dilation 

Changes in GTN mediated dilation are described in Table 4.3. There were no 

significant within- or between-group changes in endothelium independent function 

measured by percentage change in GTN-mediated dilation (Table 4.3, Figure 4.1 D-F). 

Numbers of scans included in the analysis are outlined in Table 4.3, GTN was not assessed 

in three control and five WEX participants during one or more visits because of medical 

contraindications. One participant in the WEX group declined GTN. Four control, two WEX, 

and three GEX scans were excluded because of scan quality or motion artefact. Two 

participants in the WEX group did not receive a full dose of GTN at baseline assessment 

because of dispenser malfunction.  

4.4.3 Blood biochemistry 

Blood parameters remained relatively stable across the 12-wk period (Table 4.4). 

While there were no differences between groups in total cholesterol, triglycerides reduced 

by 17% with GEX (P = 0.022). Fibrinogen was 5% lower after GEX (P = 0.012 vs control, P 

= 0.048 vs WEX). There was no change in C-reactive protein when assessed as a binary 

variable using a mixed-effects logistic model. 
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Table 4.4 Effects of 12 wk of WEX, GEX, or control on blood biochemistry.  

Values are means (95% confidence intervals); n, number analyzed. ALK, alkaline phosphatase; ALT, alanine aminotransferase; eGFR, estimated glomerular filtration 
rate; GGT, γ-glutamyl transferase; GEX, gym-based circuit exercise-training group; HDL, high-density lipoprotein; LDL, low-density lipoprotein; P1, P value for analysis 
of week 0 vs. week 12; P2, P value vs. change in control group; P3, P value for change in WEX vs. change in GEX; Total Chol, total cholesterol; Total protein, total 
plasma protein; WEX, water-based circuit exercise-training group. *n = 19 for GEX week 0 total cholesterol, LDL, triglycerides, and fibrinogen. §Log analysis with γ-

distribution. †Tobit analysis used. General linear mixed models used for statistical analysis, unless otherwise specified. Boldface indicates significant values. 
 

 Control GEX WEX 

 Week 0 Week12 P1  Week 0 Week 12 P1 P2 Week 0 Week 12 P1 P2 P3 

n 12 12  20* 18   19 15    

Total Chol§,mmol.L-1 
3.9  

(3.4-4.4) 

3.9 

(3.3-4.4) 
0.855 

3.9 

(3.5-4.3) 

3.8 

(3.4-4.2) 
0.562 0.612 

4.1 

(3.7-4.5) 

4.0 

(3.6-4.5) 
0.497 0.557 0.914 

HDL, mmol.L-1 
1.3 

(1.1-1.4) 

1.3 

(1.1-1.5) 
0.584 

1.3 

(1.1-1.4) 

1.3 

(1.1-1.4) 
0.453 0.961 

1.4 

(1.2-1.5) 

1.3 

(1.2-1.5) 
0.840 0.587 0.512 

LDL, mmol.L-1 
2.0 

(1.6-2.4) 

2.0 

(1.6-2.4) 
0.945 

2.1 

(1.8-2.4) 

2.0 

(1.7-2.3) 
0.749 0.799 

2.2 

(1.9-2.6) 

2.2 

(1.9-2.5) 
0.585 0.679 0.853 

Triglycerides, mmol.L-1 
1.3 

(1.0-1.6) 

1.4 

(1.1-1.7) 
0.567 

1.2 

(1.0-1.4) 

1.0 

(0.8-1.3) 
0.022 0.059 

1.2 

(0.9-1.4) 

1.1 

(0.9-1.4) 
0.630 0.454 0.232 

Fibrinogen, g.L-1 
3.6 

(3.3-3.9) 

3.8 

(3.4-4.1) 
0.084 

3.7 

(3.4-4.0) 

3.5 

(3.3-3.8) 
0.067 0.012 

3.5 

(3.2-3.7) 

3.6 

(3.3-3.8) 
0.321 0.526 0.048 

Creatinine, μmol.L-1 
84 

(74-93) 

81 

(71-90) 
0.174 

90 

(82-97) 

89 

(81-96) 
0.680 0.427 

81 

(73-88) 

80 

(73-88) 
0.953 0.328 0.814 

eGFR†, mL.min-1 .1.73m2 
74 

(66-81) 

77 

(70-85) 
0.108 

76 

(70-82) 

77 

(71-83) 
0.511 0.389 

81 

(75-87) 

80 

(74-86) 
0.434 0.083 0.308 

ALT, U.L-1 
29 

(21-37) 

29 

(21-37) 
0.968 

35 

(29-41) 

32 

(25-38) 
0.039 0.204 

34 

(27-40) 

32 

(26-39) 
0.509 0.683 0.365 

ALK, U.L-1 
70 

(60-81) 

74 

(64-85) 
0.029 

72 

(63-80) 

69 

(61-77) 
0.155 0.010 

71 

(63-79) 

69 

(61-78) 
0.380 0.027 0.755 

GGT, U.L-1 
27 

(13-41) 

23 

(9-36) 
0.172 

32 

(21-43) 

32 

(21-43) 
0.945 0.270 

37 

(26-48) 

38 

(27-49) 
0.798 0.234 0.887 

Total protein, g.L-1 
71 

(69-72) 

72 

(70-74) 
0.193 

73 

(71-75) 

72 

(70-73) 
0.110 0.044 

72 

(70-74) 

72 

(70-74) 
0.943 0.304 0.302 

Albumin, g.L-1 
42 

(40-43) 

42 

(40-43) 
0.869 

43 

(42-44) 

42 

(41-43) 
0.263 0.405 

42 

(41-43) 

42 

(41-43) 
0.529 0.589 0.769 

Globulin, g.L-1 
29 

(28-31) 

30 

(29-31) 
0.052 

30 

(29-31) 

29 

(28-31) 
0.106 0.012 

30 

(28-31) 

30 

(29-31) 
0.726 0.221 0.176 

Bilirubin, g.L-1 
13 

(10-16) 

12 

(9-15) 
0.652 

13 

(10-15) 

13 

(10-15) 
0.977 0.713 

14 

(11-16) 

15 

(12-18) 
0.266 0.283 0.424 
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4.5 Discussion 

This is the first study, to our knowledge, to investigate the effects of water-based 

circuit exercise training on vascular endothelial function in people with stable CHD. The 

increase in the percent change in brachial artery FMD from baseline of 1.3%, observed with 

WEX, represented a 32.5% relative improvement from the pretraining value. However, there 

was no significant difference in FMD following the gym-based intervention at a matched 

duration and intensity. These findings highlight the vascular benefits of water-based exercise 

and underscore the potential benefits of WEX in the secondary prevention of cardiovascular 

events.  

Mechanistically, repetitive bouts of increased shear stress have been implicated in 

enhancing endothelial nitric oxide synthase (eNOS) expression and phosphorylation (5) and 

in improving endothelial function with land-based training (6). The unique cardiovascular 

hemodynamics associated with water immersion may further mediate vascular adaptations 

to WEX. Upright water immersion causes hydrostatic pressure on the lower limbs to 

enhance venous return and cardiac blood volume, increasing cardiac output (9, 10) and has 

been found to increase arm blood flow at rest (8, 22). Consistent with these observations, a 

recent study observed increased brachial artery antegrade shear during water-based cycling 

(7) lending credence to the hypothesis that augmented shear stress observed in response 

to acute exercise may be a mechanism for the observed increase in FMD seen with WEX in 

this study. In addition to the direct hemodynamic effect of water immersion and exercise, 

water temperature also appears to mediate the vascular response. Brachial artery shear 

rate is reduced with immersion in 30°C water, with reductions in antegrade shear and 

increases in retrograde shear (12). This pattern of shear may be due to increased activation 

of the sympathetic nervous system and reduced skin blood flow observed at this skin 

temperature (23). Conversely, increased brachial artery diameter and brachial and forearm 

blood flow have been observed with 34.5 °C immersion (8, 22), and stepwise increases in 

antegrade shear stress occurred during immersed cycling at 32°C and 38°C (7). 

Furthermore, immersion in 34°C water has been found to reduce sympathetic nervous 

system activity (24), which is heightened in people with cardiovascular disease and can 

counteract endothelium-dependent vasodilation (25). 

The hydrostatic and temperature related effects of immersion may have contributed 

to the discrepancies in the WEX and GEX findings. Some research has indicated a 

‘threshold’ effect for shear stress may exist for eliciting significant brachial artery dilation 
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acutely (26), which may not have been achieved for the brachial artery in the predominantly 

lower limb-based GEX program without the augmentation from water immersion. In support 

of the threshold theory, a recent trial by Taylor et al. (27) in people with CHD found moderate 

intensity exercise failed to improve FMD in people with CHD, while high intensity interval 

training significantly increased FMD (+1.5%, 95% CI 0.9 to 2.1). High intensity exercise 

elicits a greater increase in postexercise brachial artery shear stress than moderate intensity 

exercise (28). Further research is needed to determine the acute changes in shear with 

immersed circuit training exercises.  

The improvement in FMD with WEX observed in the current study is supported by 

previous short duration, water-based exercise studies in inpatients with CHD (13, 14). Vasić 

et al. (13) reported that 2 wk of moderate intensity exercise (60%–80% of peak heart rate) 

performed for 30 min twice daily, 6 days/wk improved FMD in people who had experienced 

an acute coronary syndrome in the past 4 wk, with no difference between land- and water-

based exercise. In contrast, Mourot et al. (14) observed an increase in plasma nitrate 

(metabolite of nitric oxide, associated with endothelial function) with water- but not land-

based training from twice daily sessions, 5 days/wk for 3 wk. Although these short-duration 

studies show promising results, the programs would be difficult to sustain in the intensive 

format as an ongoing, regular exercise program. Findings from the current study suggest a 

longer duration WEX program, involving a lower training frequency, is efficacious for 

improving endothelial function in people with stable CHD. 

Although this is the first study of a WEX program >3 wk to evaluate the effects on 

endothelial function in people with CHD, longer duration studies have been conducted in 

other populations. In healthy older adults, a randomized, controlled trial by our group found 

24 wk of land-based walking increased FMD, but water walking did not (29). This conflicting 

finding may reflect the different training stimulus. In the current study, we combined aerobic 

and resistance training, which may alter the shear stress pattern [proposed to mediate 

vascular function adaptations (5)], or disparities may be due to differences in vascular health 

between participants in the two studies (known atherosclerotic disease vs. no significant 

health issues), or differences in water temperature (28°C–30°C vs. 34.5°C). Results more 

consistent with the current study were reported in healthy, middle-aged adults who 

completed a 12-wk water (33°C) or land-based treadmill program. This study observed a 

31% increase in eNOS expression following water-based exercise, but no change with land-

based training (30). 
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While the effects of water-based training on vascular function varied in healthy 

individuals, people with cardiometabolic conditions may obtain greater benefits from WEX. 

Studies in people with type 2 diabetes (15, 17), peripheral arterial disease (31), and resistant 

hypertension (16) all found improvement in markers of vascular function with water-based 

training, highlighting the potential for water exercise to positively impact vascular health in 

those most at risk. 

There were no significant changes in GTN-mediated dilation with either form of 

exercise training in the current study. This differs from Vasić et al. (13), who found small 

increases in GTN-mediated vasodilation with short-term water or land-based training 

programs in people with CHD. The contrasting findings may reflect the recency of 

participants’ coronary event/intervention (<4 wk), lower GTN-mediated dilation at baseline 

(10%–11% vs. 16%–20%), or Vasić et al.’s more intensive training intervention. Similar to 

the current study, 24 wk of land or water walking in healthy older adults revealed no changes 

in GTN-mediated dilation (29). In addition, a meta-analysis found no change in GTN-

mediated dilation with exercise-based rehabilitation in people with CHD (4). 

Lipid profiles were relatively stable during this study. Total, HDL, and LDL 

cholesterol were unchanged in either training group. Triglycerides significantly decreased 

by 17% with GEX, compared with an 8% increase in the control group. Comparatively, 

Volaklis et al. (32) observed 10% and 12% reductions in triglycerides with water and gym-

based training, respectively. Triglyceride improvement may be particularly relevant for 

secondary prevention in people with CHD, as an elevated risk of recurrent atherosclerotic 

events has been observed in people with elevated triglyceride levels (33). 

Evaluating the efficacy of alternative exercise modalities, such as WEX, for people 

with CHD is important to increase exercise variety and choice. Along with the improvement 

in FMD found in this study, we found this program significantly improves aerobic capacity 

[peak oxygen consumption (V̇O2peak)], leg strength, and body fat in people with CHD (20), 

highlighting a range of potential health benefits of WEX. Ultimately, a broad range of 

exercise options are important for inclusivity in the context of cardiac rehabilitation and 

secondary prevention. 

4.5.1 Study limitations 

There are several limitations of this study that warrant highlighting. First, participants 

were ≥6 mo post coronary event or intervention and clinically stable. Although this reflects 
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a large proportion of people living with CHD in the community, the safety and efficacy of 

WEX in people who have experienced a recent coronary event requires further investigation. 

Second, participants taking insulin were excluded from this study, as acute changes in 

insulin levels are known to affect FMD measures (34). Accordingly, the results cannot be 

generalized to these subgroups of people with CHD.  

4.5.2 Conclusion  

Twelve weeks of WEX improved FMD in people with stable CHD. The observed 

benefits of water-based exercise for vascular health and function highlight this mode of 

exercise as an effective training option for people with stable CHD, which may improve 

inclusivity and access to exercise, especially for those who have historically opted out of 

traditional gym-based exercise.  
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4.6 Supplementary material 

Table 4.5 Supplementary Table 1 

 

This is available through the link: http://dx.doi.org/10.6084/m9.figshare.23939754 

http://dx.doi.org/10.6084/m9.figshare.23939754
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Figure 4.2 Supplementary Figure 1 

This is available through the link: http://dx.doi.org/10.6084/m9.figshare.23939652 

 

 

 

 

http://dx.doi.org/10.6084/m9.figshare.23939652
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Table 4.6 Supplementary Table 2A  

CON, control group; GEX, gym-based circuit exercise training group; WEX, water-based circuit exercise 
training group; IAS, individual data point allometric scaling (peak diameter/base diameterexponent); all, all data 
points used in exponent calculation and analysis; paired, data with pre-post paired points included in 
exponent calculation and analysis; exponent, the slope of the regression of the natural log of baseline and 
peak diameters (the allometric exponent); raw, no exponent in calculation (i.e. peak/base diameter); cohort 
exponent, calculated from all participants and timepoints in study; group exponent, calculated from each 
group for pooled timepoints; group and week exponent, calculated from each group at each time point;   p1, 
p value for analysis of week 0 versus week 12; p2, p value vs change in control group; p3, p value for 
change in WEX vs change in GEX; n, number of scans analyzed for that group and week; FMD, flow 
mediated dilation; GTN, glyceryl trinitrate mediated dilation; AUC, area under the curve; ^ p<0.05 at week 0 
between WEX and GEX; ! p<0.05 at week 0 between GEX and CON; § = p<0.05 at week 0 between WEX 
and CON,  # Analysis- mixed effects general linear model (log link) with group and time interaction and a 
fixed covariate of the natural log of baseline, estimated means back-transformed. Other analyses- general 
linear mixed models.
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Table 4.7 Supplementary Table 2B 

Common slope of logarithmically transformed baseline and peak diameter. 

 

 

 

 

 

 

 

 

 

 

 

Cohort, all participants from all groups at all timepoints; CON, control group; GEX, gym-based circuit 
exercise training group; WEX, water-based circuit exercise training group. Analysis: linear regression of 
natural log of baseline and peak diameters by group and by group and week. 

Supplementary table 2A and 2B link: http://dx.doi.org/10.6084/m9.figshare.24242434 

 All data Paired data 

Group Slope 95% CI Slope 95% CI 

Cohort 0.94 (0.91-0.97) 0.94 (0.91-0.97) 

CON 0.94 (0.85-1.03) 0.94 (0.84-1.03) 

GEX 0.88 (0.84-0.93) 0.90 (0.86-0.94) 

WEX 0.97 (0.92-1.01) 0.97 (0.92-1.02) 

CON Week 0 0.91 (0.80-1.02) 0.90 (0.77-1.02) 

CON Week 12 0.98 (0.81-1.14) 0.98 (0.80-1.16) 

GEX Week 0 0.86 (0.80-0.92) 0.89 (0.83-0.96) 

GEX Week 12 0.91 (0.85-0.98) 0.91 (0.85-0.98) 

WEX Week 0 0.96 (0.89-1.02) 0.96 (0.88-1.05) 

WEX Week 12 0.98 (0.92-1.04) 0.98 (0.92-1.04) 

http://dx.doi.org/10.6084/m9.figshare.24242434
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5.1 Abstract 

Coronary heart disease (CHD) has been associated with impaired cerebral 

perfusion and changes in cognition and brain structure. The increase in cerebral blood 

velocity (CBv) observed during water-based exercise presents a potential mechanism for 

improving cerebrovascular outcomes in people with CHD. Fifty-two participants with stable 

CHD were randomised to three, 1-hour sessions/week of either water-based circuit training 

exercise (WEX, n=20), gym-based circuit training exercise (GEX, n=20), or usual activities 

control (n=12), over 12 weeks. Transcranial Doppler ultrasound was used to assess CBv 

and photoplethysmography assessed continuous blood pressure at rest, during 

neurovascular coupling (NVC), and during repeated mini squat stands (at 0.167Hz). 

Transfer function analysis was used to assess dynamic cerebral autoregulation (dCA). 

Eleven WEX, 14 GEX, and 10 control participants completed at least one cerebrovascular/ 

blood pressure assessment at baseline and follow-up. Compared to GEX, WEX precipitated 

a reduction in dCA very low frequency (VLF) gain and normalised gain at rest (p=0.010 and 

p=0.047) and during squat stands (p=0.003 and p<0.001). The mean difference in posterior 

cerebral artery velocity NVC response between WEX and GEX over the program did not 

reach statistical significance (5-10 seconds: 3.7cm.s-1, p=0.067; 10-15 seconds: 3.8cm.s-1, 

p=0.088). There were no effects of training on resting CBv. The directionally different 

adaptations in the VLF spectrum gain and normalised gain we observed between WEX and 

GEX suggest that water-based exercise may be a beneficial physiological approach for 

improving cerebrovascular perfusion-pressure regulation and supports the prescription of 

WEX for improving cerebrovascular outcomes in people with CHD. 
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5.2 Introduction 

Lower body water immersion in the upright posture induces changes in 

cardiovascular and neural responses and reflexes, including increases in cerebral blood flow 

(1, 2), some aspects of cognitive function (3), and a reduction in sympathetic nervous system 

activity (4). Hydrostatic pressure is an important factor in these physiological changes, 

driving increases in venous return, central blood volume, cardiac preload and output (5-7). 

Concomitant increases in cerebral blood velocities (CBv) (1, 2) and cortical oxygenated 

haemoglobin (8, 9) have also been observed. The associated increase in perfusion may 

have cerebrovascular benefits, as improvements in cognitive function have been observed 

during water immersion in older (3) and younger (10, 11) individuals. 

Upregulation of CBv may be particularly beneficial for patients with coronary heart 

disease (CHD), given that impaired cerebral perfusion (12, 13) and cognitive function (14) 

have been observed in these patients, and low cerebral perfusion has been associated with 

impaired cognitive function across a range of cardiovascular conditions (15). These 

maladaptations may be progressive, with cognitive function found to decline over time in 

people with CHD (16). A recent review by Ovsenik et al. (2021) highlighted the need for 

further research into cerebral blood flow assessment for early detection of the risk of 

cognitive decline in people with heart failure (17).  

Exercise has been identified as a potential strategy to improve cerebral function (18, 

19), and cognition (19, 20) in older adults. Furthermore, correlations between aerobic fitness 

(VO2peak) and executive function have been reported in people with CHD (14), and a 

systematic review found that exercise-based rehabilitation consistently improved executive 

function in people with cardiovascular disease (21). Exercise training in people with CHD 

has been observed to increase regional cerebral perfusion (13), regional grey matter volume 

(22) and white matter integrity (23). However, changes in resting CBv and the cardiovascular 

and cerebrovascular autoregulatory responses to sudden perturbations (e.g. sitting-to 

standing response) were not altered with exercise-based cardiac rehabilitation (24). 

While water-based exercise has been shown to improve body composition, aerobic 

capacity and strength in older populations (25-27) and in people with CHD (28, 29), the 

impact on cerebrovascular outcomes remains equivocal. Acute water-based exercise in 30-

32°C water elevated CBv compared to matched intensity land-based exercise in healthy, 

young adults (2, 30, 31). Whether these effects translate to training benefits in older 

individuals remains uncertain. Twelve to 24 weeks of water walking in older adults did not 
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change resting CBv (18, 32), although in older adults with type 2 diabetes Nordic water-

walking improved some cerebrovascular responses to hypercapnia, which correlated with 

improved aspects of cognitive function (32). Additionally, in healthy older adults, the 

assessment of dynamic cerebral autoregulation (dCA) revealed an improvement in very low 

frequency (VLF) normalised gain with water-walking, compared to land-based walking (18), 

indicative of improvement in dCA via more efficient dampening of the CBv response in 

relation to changes in systemic blood pressure (33). 

Previous studies investigating water-based exercise training on cerebrovascular 

outcomes have used aerobic exercise training modalities (18, 32), which produce sustained 

elevation in CBv in response to steady-state exercise (30). A combined aerobic and 

resistance circuit exercise program may induce greater fluctuations in blood pressure and 

blood flow, particularly as circuit training involves short duration exercise bouts across a 

range of exercises. Exercise modality can affect peripheral blood flow responses (34, 35), 

so it is feasible that a varied training stimulus, combined with the impacts of water immersion, 

may optimise the regulation of cerebral perfusion responses in the face of blood pressure 

change. However, the effects of water-based mixed-modality exercise training on 

cerebrovascular function in patients with CHD has not been established. In this randomised 

controlled trial, we hypothesised that twelve weeks of water-based circuit training exercise 

(WEX) would enhance changes in resting CBv, neurovascular coupling (NVC) responses to 

a visual paradigm, and dCA in people with CHD, compared with gym-based circuit training 

exercise (GEX).  

5.3 Methods  

5.3.1 Study design 

This was a randomised, control study comparing 12 weeks of WEX, GEX or control 

(usual activities), with assessments at baseline and 12-week follow-up. Following the 

provision of written, informed consent participants were allocated to the training or control 

groups through block randomisation, with participants selecting a sealed, opaque envelope 

to determine their grouping. The study was registered a priori with the Australian New 

Zealand Clinical Trials Registry (ACTRN12616000102471). The Ethical Principals from the 

Declaration of Helsinki were adhered to in this project and participants provided written 

informed consent. Ethical approval was provided by Royal Perth Hospital Human Research 

Ethics Committee (ref RGS0000002071), with reciprocal approval from the Human 
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Research Ethics Committees of Curtin University (ref: HR227/2015) and The University of 

Western Australia (Ref: RA/4/1/8382). 

5.3.2 Participants 

Adults with stable, CHD were recruited from a tertiary hospital and the local 

community. Inclusion criteria were; a CHD diagnosis (previous myocardial infarction, 

percutaneous coronary intervention, coronary artery bypass graft surgery, or diagnostic 

imaging demonstrating ≥50% occlusion of ≥1 coronary artery) on stable medication for at 

least 1 month. Participants were excluded if they had undergone coronary intervention or 

experienced a myocardial infarction in the past 6 months, or had any of the following; a 

diagnosis of heart failure or an ejection fraction <45%, musculoskeletal, neurological or other 

impairment that would prevent exercise training, including adverse responses to 

cardiopulmonary exercise testing (ischaemic signs or symptoms <4 METs, new onset left 

bundle branch block, or ventricular tachyarrhythmia), current or recent (last 6 months) 

history of smoking, or cancer treatment involving chemotherapy or radiotherapy. People 

medicated with insulin and those currently taking part in supervised exercise training, or 

having done so in the last 3 months, were also excluded.  

5.3.3 Assessments 

All participants attended the lab after fasting for at least six hours, avoiding caffeine, 

alcohol and moderate to vigorous physical activity or exercise for 24 hours (36). Participants 

were instructed to take all their usual medications at their usual times. Testing sessions were 

conducted at the same time of day pre- and post-intervention to exclude the effects of diurnal 

variation (36). 

A ST3 2 MHz Transcranial Doppler (TCD) ultrasound (Spencer Technologies, 

Seattle, WA, USA) was used to assess CBv in the middle cerebral artery (MCA) and 

posterior cerebral artery (PCA). Probes were held in place with a Marc 600 headframe 

(Spencer Technologies, Seattle, WA). Data was exported by PowerLab (AD Instruments, 

Sydney, Australia) to LabChart version 8 software (ADInstruments, Sydney, Australia). 

Concurrent measures of beat-by-beat blood pressure were recorded by the Finapres Nova 

(Finapres Medical Systems, Amsterdam, The Netherlands), ECG data was recorded (BIO 

Amp, ADInstruments, Sydney, Australia), and end-tidal carbon dioxide was measured by a 

calibrated gas analyser (ML 206, ADInstruments, Sydney, Australia). Labchart files were 

blinded before analysis by a person external to the study.  
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5.3.3.1 Resting data 

Participants were seated with feet resting on the floor (or a foot-rest if unable to 

reach the floor) for 20 minutes during instrumentation with the devices. Subsequently, 

resting CBv and blood pressure data were recorded for five minutes, with the best three to 

five minutes averaged in equal epochs, with areas of high signal noise and ectopy excluded 

from the analysis.  

5.3.3.2 Neurovascular coupling 

In participants who had an adequate PCAv signal, NVC was assessed after baseline 

measures. Table height and screen distance were adjusted to maintain a neutral head 

position and these distances were recorded. The visual stimulus was a black and white 

checkerboard displayed on a computer screen, inverting at a 0.5Hz interval, with a red dot 

centralised for participants to focus on during eyes open periods. A four-minute baseline 

was collected (two minutes of eyes open, followed by two minutes of eyes closed). 

Subsequently, five to six repetitions of 30 seconds eyes open followed by 30 seconds of 

eyes closed, were recorded. At least 3 trials of 30 seconds of eyes open and 30 seconds of 

eyes closed were used for the analysis. Trials containing significant noise or interference 

were excluded from analysis. Automated neurovascular software (iNVC; Innovate Calgary, 

Phillips, Ainslie, Chan, Lam, 2020) was used to analyse the data, with calculations detailed 

in Phillips et al. (2016) (37).  

5.3.3.3 Cerebral autoregulation 

The ability of the cerebrovascular system to dampen the MCAv response to changes 

in systemic blood pressure (dynamic cerebral autoregulation; dCA) was assessed at rest for 

five minutes and in response to a three-minute shallow squat-stand protocol conducted at a 

frequency of 0.167Hz (repeating 3 second shallow squats, followed by 3 second stands). 

The shallow squat protocol was found to be appropriate for measuring dCA in older 

individuals (38) and evidence suggests 180 seconds is able to produce valid transfer 

function analysis (TFA) estimates in populations where 300 seconds is not possible (39). 

Analysis was conducted using Ensemble-R software (Elucimed, Otago, New Zealand), 

which incorporates international guideline recommendations for analysis (40). Coherence, 

gain, normalised gain and phase data were extracted from the low frequency (LF; 0.07-0.20 

Hz) and very low frequency (VLF; 0.02-0.07Hz) ranges and cases with phase wrap-around 

were excluded from the analysis of phase data as per current guidelines (41). Coherence 
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represented the relationship between blood pressure oscillation and CBv, with 0 

representing no relationship and 1 representing CBv passively changing with blood pressure 

(33). Gain and normalised gain represent the degree of damping of the blood pressure 

changes in the CBv signal, with lower gain representing greater damping (i.e. better 

regulation) (33).  

5.3.3.4 Blood pressure 

Blood pressure was assessed during the resting cerebral measures, with the 

average taken of three automated measures (IntelliSense® Professional Digital Blood 

Pressure Monitor HEM-90XL, Omron Healthcare Inc., Kyoto, Japan). 

5.3.4 Exercise training 

Training sessions were conducted in an outpatient setting at a tertiary hospital, 

either in a cardiac rehabilitation gymnasium (GEX), or hydrotherapy pool (WEX) with 

participants submersed to their xiphoid process in 34.5°C water. Participants trained for one 

hour, three times per week, for 12 weeks. Circuit training was applied in both WEX and GEX 

groups and involved three sets of 15 exercises, with alternating aerobic and resistance 

stations. Each exercise in the circuit lasted for 45 seconds, followed by a 15 second active 

recovery. Participants commenced by performing 1 circuit, increasing to 3 circuits per 

session by week 3. 

Exercise intensity was prescribed based on the maximal heart rate (HRmax) during 

a graded exercise test at baseline and was monitored throughout training with Polar heart 

rate monitors (A300, FT4 and FT7, Polar Electronics, Guangzhou, China). Aerobic stations 

commenced at 50-65% of HRmax for the first two weeks of training, progressing to 60-65% 

for weeks 3-4, 60-70% for weeks 5-6, 70-80% for weeks 7-8, and 80% for weeks 9-12. 

Participants were kept below any ischaemic threshold identified during their baseline 

exercise test. Borg rating of perceived exertion (RPE) (42) was monitored and progressed 

from 11-14 over the course of the program. WEX aerobic exercises involved walking or 

jogging across the pool, and high knees stepping on the spot. GEX aerobic exercises 

involved treadmill walking or jogging, and cycle ergometry.  

Resistance exercises were matched for muscle group between interventions and 

involved hip flexion/extension and abduction/adduction, knee flexion/extension, shoulder 

abduction/adduction and elbow flexion/extension (28). The exercise circuit is described in 

detail in Supplementary Material 1. Resistance exercises in the GEX group were performed 
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utilising stack weight machines, pulley machines, dumbbells and ankle weights. Weights 

were increased once participants could achieve 12- 15 lifts with an RPE <13 (“hard”) and 

good technique. Resistance exercises in the WEX group utilised custom-designed double-

sided acrylic paddles to maximise drag resistance. (Supplementary Material 1). A 

metronome (Tempo Trainer Pro, FINIS, Tracy, USA) guided cadence for the exercises. 

Exercises were progressed once RPE fell below 13 by increasing the speed of movement, 

or the paddle size, whilst maintaining the same range of movement. 

5.3.5 Data analysis 

Data were analysed with STATA 16.1 software (StataCorp LLC, Texas, USA). 

Generalised linear mixed models were used to examine group-time interactions and within-

group changes in pre and post training data. Results were summarised using estimated 

marginal means, mean differences and 95% confidence intervals. Ladder of powers, based 

on the Tukey methodology, was used to assess normality of outcome data in order to 

determine appropriate transformations or canonical links. Median [interquartile ranges] of 

raw data are also reported. The level of significance was set at alpha=0.05. 

5.4 Results  

Fifty-two participants were randomised with 11 WEX, 14 GEX and 10 control 

participants completing at least one cerebrovascular or blood pressure outcome measure at 

both baseline and follow up. Baseline characteristics are described in Table 5.2. Pre-post 

resting data was available for MCAv in 10 WEX, 14 GEX and 9 control participants, and for 

PCAv in 10 WEX, 12 GEX and 8 control participants (Table 5.3). The numbers of pairs 

analysed are included in Table 5.3, with reasons for excluding scans from analysis reported 

in Supplementary Material 2; the main reasons being a priori inability to insonate the target 

vessel (n=5 MCA, n=4 PCA) and loss to follow-up (n=7 WEX, n=2 GEX, n=1 control). 

Additionally, one control participant's blood pressure trace was incomplete, so they were 

excluded from blood pressure derived resting measures.  
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Table 5.2 Baseline characteristics of participants who completed cerebrovascular 

or resting blood pressure outcome measures in the study. 

Characteristic WEX (n=11) GEX (n=14) Control (n=10) 

Age (yr), Mean (SD) 64.7 (8.0) 66.2 (8.5) 71.9 (5.2) 

Sex, males/females 9/2 13/1 9/1 

Weight (kg), Mean (SD) 82.2 (14.3) 84.1 (12.8) 80.6 (11.0) 

BMI (kg.m2), Mean (SD) 28.0 (4.3) 28.4 (4.0) 27.2 (3.1) 

Cardiac history, n (%) 

Asymptomatic 2 (18) 1 (7) 2 (20) 

Angina (no MI) 3 (27) 5 (36) 3 (30) 

MI 6 (55) 8 (57) 5 (50) 

Years since Dx, Median (range) 3.0 (0.8-12) 2.4 (0.5-29) 5.0 (0.5-16) 

Management, n (%)    

Coronary bypass graft 1 (9) 6 (43) 5 (50) 

Stent 8 (73) 10 (71) 5 (50) 

Stent and coronary bypass 0 (0) 2 (14) 1 (10) 

Non-invasive treatment 2 (18) 0 (0) 1 (10) 

Comorbidities, n (%) 

Cancer (excluding basal cell carcinoma) 2 (18) 4 (29) 2 (20) 

Metabolic (pre/T2DM) 1 (9) 2 (14) 2 (20) 

Neurologic (CVA/TIA) 0 (0) 1 (7) 2 (20) 

Other cardiovascular 1 (9) 0 (0) 0 (0) 

Musculoskeletal 7 (64) 5 (36) 8 (80) 

Respiratory 2 (18) 2 (14) 2 (20) 

Medications, n (%)    

        Antiplatelet/anticoagulant 11 (100) 13 (93) 10 (100) 

        Lipid lowering 10 (91) 13 (93) 9 (90) 

        Beta blockers 3 (27) 7 (50) 8 (80) 

        ACE inhibitors 5 (45) 9 (64) 4 (40) 

        Angiotensin II receptor blockers 2 (18) 3 (21) 5 (50) 

        Calcium channel blockers 0 (0) 2 (14) 3 (30) 

        Diuretic 0 (0) 1 (7) 1 (10) 

        Glucose lowering 0 (0) 1 (7) 2 (20) 

        Proton pump inhibitors 3 (27) 2 (14) 3 (30) 

WEX: water-based circuit training exercise group; GEX gym-based circuit training exercise group; n: number 
of participants; Dx: diagnosis; BMI: body mass index; MI: myocardial infarction; T2DM: type 2 diabetes 
mellitus; CVA: cerebrovascular accident; TIA: transient ischaemic attack; ACE: angiotensin converting 
enzyme 
 

5.4.1 Resting outcomes 

There were no changes in resting MCAv, or MCA conductance or pulsatility index 

(PI) in any group over the 12 weeks (Table 5.3). Mean PCAv and PCA conductance did not 

significantly change over time in any group. PCA PI increased over time with WEX 
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(+0.09AU, p=0.002) and was significantly different to the effect over time of GEX (p=0.019). 

For blood pressure measurements data was available from 10 control, 14 GEX and 11 WEX 

pairs. There were no between group differences in systolic blood pressure (SBP), diastolic 

blood pressure (DBP) or mean arterial blood pressure (MAP) from pre- to post intervention 

(Table 5.3).  

5.4.2 Dynamic cerebral autoregulation  

The control group was omitted from statistical analysis, as only 4 (rest) and 2 (squat 

stand) participants had data meeting criteria for coherence analysis. Wrap-around of phase 

data excluded analysis, per guidelines (41). No significant changes were observed in LF 

data at rest or during squat-stands (Table 5.4). In contrast, estimated mean change in 

resting VLF gain (0.26 cm.s-1.mmHg-1; CI 95%: 0.08 to 0.45 cm.s-1.mmHg-1, p = 0.005) and 

normalised gain (0.46 %.mmHg-1; CI 95%: 0.08 to 0.84%.mmHg-1, p= 0.018) were 

significantly increased following GEX. Total differences between WEX and GEX resting VLF 

gain differed by -0.35 cm.s-1.mmHg-1 (95% CI: -0.62 to -0.09 cm.s-1.mmHg-1, p=0.010) with 

a -0.57 %.mmHg-1 (-1.13 to -0.01 %.mmHg-1) change in normalised gain (Table 5.4). 

Additionally, whilst the reduced dCA gain in the VLF range after WEX (-0.14 cm.s-1.mmHg-

1; 95% CI: -0.30 to 0.02 cm.s-1.mmHg-1, p=0.077) during squat stands was not significant, it 

was directionally different (p = 0.003) compared to the significant change observed in the 

GEX group (0.19 cm.s-1.mmHg-1; 95% CI: 0.03-0.34 cm.s-1.mmHg-1, p = 0.017). The total 

difference between WEX and GEX during squat-stands in VLF gain was -0.33 cm.s-1.mmHg-

1 (-0.55 to -0.11 cm.s-1.mmHg-1, p=0.003), which remained different when gain was 

normalised to -0.51 %.mmHg-1 (-0.76 to - 0.26%.mmHg-1, p<0.001) (Table 5.4). 
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Table 5.3 The effects of 12 weeks of WEX, GEX or control period on resting cerebrovascular and blood pressure outcomes. 

 CON WEX GEX 

 n Week 0 Week12 p1 n Week 0 Week 12 p1 p2 n Week 0 Week 12 p1 p2 p3 

SBP  

(mmHg) 
10 

122 

(114-131) 

118 

(110-127) 
0.325 11 

121 

(113-129) 

115  

(107-124) 
0.125 0.730 14 

116  

(108-123) 

114 

(107-122) 
0.742 0.589 0.353 

DBP  

(mmHg) 
10 

73 

(67-79) 

72 

(66-78) 
0.493 11 

72 

(62-72) 

68 

(62-74) 
0.056 0.410 14 

67 

(62-72) 

66 

(61-71) 
0.363 0.949 0.408 

MAP  

(mmHg) 
10 

89 

(83-96) 

87 

(81-93) 
0.381 11 

88 

(82-94) 

84 

(78-90) 
0.068 0.533 14 

83 

(78-88) 

82 

(77-87) 
0.508 0.809 0.355 

MCAv  

(cm.s-1)! 
9 

40.1 

(34.5-45.7) 

40.4 

(34.8-46.0) 
0.885 10 

49.0 

(43.7-54.3) 

48.1 

(42.8-53.4) 
0.679 0.697 14 

45.1 

(40.6-49.6) 

46.1 

(41.6-50.6) 
0.563 0.804 0.491 

MCA PI 

(AU) 
9 

1.00 

(0.90-1.11) 

0.96 

(0.86-1.09) 
0.153 10 

0.99 

(0.89-1.09) 

1.02 

(0.92-1.11) 
0.327 0.087 14 

1.03 

(0.94-1.11) 

1.03 

(0.95-1.11) 
0.826 0.210 0.544 

MCA CVCi  

(cm.s-1.mmHg-1) 
8 

0.41 

(0.34-0.49) 

0.42 

(0.35-0.50) 
0.663 10 

0.51 

(0.44-0.58) 

0.50 

(0.43-0.56) 
0.680 0.548 14 

0.49 

(0.43-0.55) 

0.48 

(0.43-0.54) 
0.772 0.601 0.898 

PCAv  

(cm.s-1)!# 
8 

28.0 

(23.4-32.6) 

28.6 

(24-33.2) 
0.771 10 

34.7 

(30.5-38.8) 

35.9 

(31.8-40.1) 
0.499 0.815 12 

35.5 

(31.8-39.3) 

35.6 

(31.9-39.4) 
0.951 0.852 0.647 

PCA PI 

(AU) 
8 

0.97 

(0.86-1.08) 

1.01 

(0.90-1.11) 
0.237 10 

0.96 

(0.87-1.06) 

1.05 

(0.96-1.15) 
0.002 0.237 12 

1.05 

(0.96-1.13) 

1.04 

(0.96-1.13) 
0.934 0.332 0.019 

PCA CVCi  

(cm.s-1.mmHg-1) 
7 

0.28 

(0.22-0.34) 

0.31 

(0.25-0.37) 
0.272 10 

0.35 

(0.30-0.41) 

0.37 

(0.31-0.42) 
0.536 0.656 12 

0.40 

(0.35-0.45) 

0.38 

(0.33-0.43) 
0.317 0.139 0.258 

PETCO2  

(mmHg)! 
6 

34.5 

(32.2-36.8) 

34.1 

(31.8-36.4) 
0.740 6 

38.8 

(36.5-41.2) 

37.5 

(35.2-39.8) 
0.282 0.598 9 

35.7 

(33.8-37.6) 

36.6 

(34.7-38.5) 
0.350 0.397 0.154 

Data are estimated mean (95% confidence interval). CON: control group, WEX: water-based circuit training exercise group, GEX: gym-based circuit training exercise 
group, n: number of paired samples analysed for that group and outcome, p1: p value of estimated mean change between week 0 week 12, p2: p value for 
estimated mean change in outcome vs estimated mean change in control group, p3: p value for estimated mean change in WEX vs estimated mean change in GEX, 
SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial blood pressure; MCA: middle cerebral artery, v: velocity, PI: pulsatility index, AU: 
arbitrary units, CVCi: cerebrovascular conductance index, PCA; posterior cerebral artery,!: p<0.05 at week 0 between WEX and control, #: p<0.05 at week 0 
between GEX and control. 
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Table 5.4 Cerebral autoregulation of middle cerebral artery velocity responses at rest and with forced blood pressure 

oscillations before and after 12 weeks of exercise training. 

 WEX GEX WEX minus GEX 

 n Week 0 Week 12 Est. mean Δ p1 n Week 0 Week 12 Est. mean Δ p1 Est. mean Δ p2 

Resting              
Low Frequency             

Coherence  7 
0.63 

[0.48-0.80] 
0.70 

[0.54-0.80] 
0.03 

(-0.10-0.15) 
0.656 8 

0.63 
[0.54-0.77] 

0.61 
[0.51-0.70] 

-0.03 
(-0.15-0.09) 

0.602 
0.06 

(-0.11-0.23) 
0.496 

Gain (cm.s-1.mmHg-1)  7 
0.93 

[0.39-1.01] 
0.86 

[0.60-1.17] 
0.13 

(-0.16-0.43) 
0.364 7 

1.00 
[0.54-1.18] 

0.89 
[0.69-1.28] 

0.06 
(-0.22-0.34) 

0.673 
0.08 

(-0.33-0.48) 
0.708 

nGain (%.mmHg-1) 7 
1.32 

[1.18-1.85] 
1.80 

[1.05-2.48] 
0.32 

(-0.25-0.89) 
0.276 8 

2.19 
[1.14-2.38] 

1.82 
[1.35-2.58] 

0.05 
(-0.49-0.58) 

0.863 
0.27 

(-0.51-1.05) 
0.498 

Very Low Frequency             

Coherence 7 
0.62 

[0.53-0.69] 
0.63 

[0.43-0.65] 
-0.03 

(-0.15-0.09) 
0.618 8 

0.62 
[0.52-0.68] 

0.54 
[0.42-0.63] 

-0.11 
(-0.22-0.01) 

0.075 
0.07 

(-0.09-0.24) 
0.393 

Gain (cm.s-1.mmHg-1) 6 
0.66 

[0.56-0.80] 
0.57 

[0.41-0.67] 
-0.09 

(-0.29-0.11) 
0.366 7 

0.56 
[0.35-0.95] 

0.87 
[0.48-1.11] 

0.26 
(0.08-0.45) 

0.005 
-0.35 

(-0.62--0.09) 
0.010 

nGain (%.mmHg-1) 6 
1.04 

[0.87-1.37] 
0.91 

[0.86-1.31] 
-0.11 

(-0.52-0.30) 
0.612 7 

1.06 
[0.88-1.88] 

1.57 
[1.06-2.31] 

0.46 
(0.08-0.84) 

0.018 
-0.57 

(-1.13--0.01) 
0.047 

Squat-stands 0.167Hz             
Low Frequency             

Coherence^  6 
0.76 

[0.50-0.85] 
0.76 

[0.72-0.86] 
0.07 

(-0.13-0.27) 
0.499 8 

0.77 
[0.67-0.84] 

0.78 
[0.62-0.84] 

-0.01 
(-0.18-0.17) 

0.930 
0.08 

(-0.19-0.35) 
0.569 

Gain (cm.s-1.mmHg-1)  6 
0.58 

[0.53-0.75] 
0.59 

[0.51-0.76] 
0.00 

(-0.19-0.20) 
0.989 8 

0.40 
[0.40-0.66] 

0.55 
[0.43-0.72] 

0.06 
(-0.11-0.23) 

0.493 
-0.06 

(-0.32-0.20) 
0.661 

nGain (%.mmHg-1) 6 
0.95 

[0.59-1.13] 
0.95 

[0.87-1.22] 
0.04 

(-0.29-0.38) 
0.798 8 

0.80 
[0.67-1.12] 

1.07 
[0.86-1.20] 

0.21 
(-0.08-0.50) 

0.149 
-0.17 

(-0.61-0.27) 
0.453 

Very Low Frequency             

Coherence  6 
0.54 

[0.45-0.65] 
0.57 

[0.54-0.59] 
0.04 

(-0.06-0.14) 
0.454 8 

0.46 
[0.38-0.59] 

0.52 
[0.37-0.72] 

0.06 
(-0.04-0.15) 

0.235 
-0.02 

(-0.15-0.12) 
0.832 

Gain (cm.s-1.mmHg-1)! 5 
0.61 

[0.54-0.77] 
0.52 

[0.51-0.62] 
-0.14 

(-0.30-0.02) 
0.077 5 

0.37 
[0.33-0.39] 

0.46 
[0.45-0.63] 

0.19 
(0.03-0.34) 

0.017 
-0.33 

(-0.55--0.11) 
0.003 

nGain (%.mmHg-1)! 5 
0.97 

[0.77-1.00] 
0.96 

[0.93-0.96] 
-0.04 

(-0.22-0.13) 
0.626 5 

0.66 
[0.63-0.79] 

1.05 
[1.02-1.23] 

0.47 
(0.28-0.64) 

<0.001 
-0.51 

(-0.76--0.26) 
<0.001 

Week 0 and Week 12 are median [25th-75th percentile], Estimated mean change (95% CI) from modelled data. WEX: water-based circuit training exercise group, 
GEX: gym-based circuit training exercise group, p1: p value of estimated mean change between week 0 week 12, p2: p value of estimated mean change between 
WEX and GEX, WEX minus GEX: estimated mean change in WEX minus estimated mean change in GEX over 12 weeks, n: number of paired samples analysed, ^ 
data transformed for analysis, ! p<0.05 at week 0 between WEX and GEX.  



 

186 

Table 5.5 Neurovascular coupling responses. 

 WEX GEX WEX minus GEX 

 Week 0 Week 12 Est. mean Δ p1 Week 0 Week 12 Est. mean Δ p1 Est. mean Δ p2 
 n=7 n=7   n=8 n=8     

Eyes closed baseline 

PCA Vmean  
(cm.s-1) 

31.8  
(28.1-35.6) 

33.4  
(29.7-37.2) 

1.6  
(-1.1-4.2) 

0.240 
28.0  

(24.5-31.5) 
27.3  

(23.8-30.8) 
-0.7  

(-3.2-1.8) 
0.573 

2.3  
(-1.3-5.9) 

0.214 

MAP  
(mmHg) 

103  
(96-110) 

98  
(91-105) 

-5  
(-13-3) 

0.263 
95  

(88-102) 
96  

(89-103) 
1  

(-6-9) 
0.758 

-6  
(-17-5) 

0.304 

PCA PI  
(AU) 

0.98  
(0.86-1.11) 

1.04  
(0.91-1.16) 

0.06  
(-0.01-0.12) 

0.097 
1.09  

(0.97-1.21) 
1.10  

(0.99-1.22) 
0.01  

(-0.05-0.07) 
0.686 

0.04  
(-0.05-0.13) 

0.350 

PCA PR 
 

1.65  
(1.45-1.86) 

1.68  
(1.47-1.88) 

0.02  
(-0.15-0.20) 

0.798 
1.86  

(1.67-2.06) 
1.74  

(1.56-1.93) 
-0.12  

(-0.28-0.04) 
0.142 

0.14  
(-0.09-0.38) 

0.234 

PCA CrCP  
(mmHg) 

39  
(31-47) 

39  
(31-47) 

0  
(-9-8) 

0.951 
41  

(34-48) 
39  

(32-47) 
-2  

(-10-6) 
0.653 

2  
(-10-13) 

0.793 

PCA RAP  
(mmHg.cm.s-1)-1 

2.05  
(1.73-2.37) 

1.81 (1.49-
2.13) 

-0.24  
(-0.58-0.10) 

0.160 
1.94  

(1.64-2.24) 
2.11  

(1.81-2.41) 
0.17  

(-0.15-0.49) 
0.297 

-0.41  
(-0.88-0.05) 

0.082 

Peak NVC response 

PCA Vmean  
(cm.s-1) 

37.6  
(32.7-42.5) 

39.1  
(34.2-44.0) 

1.5  
(-1.4-4.5) 

0.318 
34.1  

(29.5-38.7) 
32.6  

(28.0-37.2) 
-1.5  

(-4.2-1.3) 
0.296 

3.0  
(-1.1-7.0) 

0.149 

Change PCA Vmean  
(%) 

17.5  
(12.1-23.0) 

16.7  
(11.3-22.1) 

-0.9  
(-7.0-5.3) 

0.782 
22.4  

(17.3-27.5) 
19.9  

(14.9-25.0) 
-2.4  

(-8.2-3.3) 
0.404 

1.6  
(-6.8-10.0) 

0.714 

PCA Vmax  
(cm.s-1) 

60.4  
(53.5-67.4) 

64.0  
(57.1-71.0) 

3.6  
(-1.3-8.5) 

0.150 
56.9  

(50.4-63.4) 
55.3  

(48.8-61.8) 
-1.7  

(-6.2-2.9) 
0.478 

5.3  
(-1.5-12.0) 

0.125 

Change PCA Vmax 

(%) 

15.9  
(11.5-20.4) 

14.2  
(9.8-18.7) 

-1.7  
(-6.5-3.1) 

0.487 
18.0  

(13.8-22.2) 
16.9  

(12.8-21.1) 
-1.1  

(-5.6-3.4) 
0.639 

-0.6  
(-7.2-5.9) 

0.852 

MAP  
(mmHg) 

105  
(97-112) 

101  
(93-108) 

-4  
(-12-5) 

0.365 
98  

(91-105) 
99  

(92-107) 
1  

(7-9) 
0.761 

-5  
(-17-6) 

0.384 

Change MAP  
(%) 

1.9  
(0.2-3.5) 

2.6  
(0.9-4.2) 

0.7  
(-1.2-2.6) 

0.467 
3.1  

(1.6-4.7) 
3.3  

(1.8-4.9) 
0.2  

(-1.5-2.0) 
0.814 

0.5  
(-2.1-3.0) 

0.712 

PCA PI 
(AU) 

1.10  
(0.96-1.24) 

1.14  
(1.00-1.28) 

0.04  
(-0.03-0.12) 

0.263 
1.16  

(1.02-1.30) 
1.18  

(1.04-1.32) 
0.02  

(-0.05-0.09) 
0.622 

0.03  
(-0.08-0.13) 

0.630 

PCA PR 
 

1.77  
(1.54-2.00) 

1.76  
(1.53-1.98) 

-0.02  
(-0.25-0.22) 

0.900 
1.98  

(1.77-2.19) 
1.81  

(1.60-2.03) 
-0.17  

(-0.39-0.05) 
0.133 

0.15  
(-0.17-0.48) 

0.351 

PCA CrCP  
(mmHg) 

42  
(34-50) 

41  
(33-49) 

-1 
 (-11-8) 

0.808 
44  

(37-51) 
41  

(34-49) 
-3  

(-12-6) 
0.526 

2  
(-11-14) 

0.798 
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PCA RAP  
(mmHg.cm.s-1)-1 

2.15  
(1.81-2.49) 

1.96  
(1.62-2.30) 

-0.19  
(-0.50-0.11) 

0.216 
2.03  

(1.72-2.35) 
2.17  

(1.85-2.48) 
0.13  

(-0.15-0.42) 
0.360 

-0.33  
(-0.75-0.09) 

0.126 

Time to peak PCA 
Vmax (s) 

9.5  
(4.8-14.1) 

11.4  
(6.7-16.0) 

1.9  
(-4.0-7.7) 

0.527 
16.4  

(12.0-20.7) 
12.8  

(8.4-17.1) 
-3.6  

(-9.1-1.9) 
0.197 

5.5  
(-2.5-13.5) 

0.179 

PCA Vmean (cm.s-1) averages 

Baseline 5 sec 
31.5  

(27.5-35.5) 
32.8  

(28.8-36.7) 
1.3  

(-1.1-3.6) 
0.294 

28.0  
(24.3-31.7) 

27.3  
(23.6-31.0) 

-0.6  
(-2.9-1.6) 

0.565 
1.9  

(-1.3-5.1) 
0.246 

0-5sec 
33.3  

(29.0-37.6) 
35.1  

(30.8-39.4) 
1.8  

(-0.8-4.4) 
0.175 

29.8  
(25.8-33.8) 

29.0  
(25.0-33.1) 

-0.8  
(-3.2-1.6) 

0.523 
2.6  

(-1.0-6.1) 
0.154 

5-10sec 
35.7  

(31.0-40.4) 
38.0  

(33.3-42.7) 
2.3  

(-0.6-5.2) 
0.120 

31.8  
(27.4-36.2) 

30.4  
(26.0-34.8) 

-1.4  
(-4.1-1.3) 

0.309 
3.7  

(-0.3-7.7) 
0.067 

10-15sec 
36.2  

(31.3-41.2) 
38.8  

(33.8-43.7) 
2.5  

(-0.6-5.7) 
0.119 

32.3  
(27.7-36.9) 

31.0  
(26.4-35.6) 

-1.3  
(-4.2-1.7) 

0.405 
3.8  

(-0.6-8.1) 
0.088 

15-20sec 
35.3  

(30.5-40.1) 
38.1  

(33.3-42.8) 
2.8  

(-0.3-5.8) 
0.073 

31.6  
(27.1-36.0) 

31.2  
(26.8-35.7) 

-0.3  
(-3.2-2.5) 

0.826 
3.1  

(-1.1-7.3) 
0.144 

20-25sec 
34.7  

(30.2-39.3) 
36.0  

(31.5-40.5) 
1.3  

(-1.3-3.8) 
0.328 

31.1  
(26.9-35.4) 

30.1  
(25.9-34.4) 

-1.0  
(-3.4-1.4) 

0.404 
-2.3  

(-1.2-5.7) 
0.199 

25-30sec 
33.3  

(28.8-37.8) 
35.1  

(30.6-39.6) 
1.8  

(-1.0-4.6) 
0.214 

31.6  
(27.3-35.8) 

30.4  
(26.1-34.6) 

-1.2  
(-3.8-1.4) 

0.375 
3.0  

(-0.9-6.9) 
0.130 

Data are estimated mean (95% confidence interval). WEX: water-based circuit training exercise group, GEX: gym-based circuit training exercise group, n: number of 
samples in analysis, p1: p value of estimated mean change between week 0 week 12, p2: p value of estimated mean change between WEX and GEX, WEX minus 
GEX: estimated mean change in WEX minus estimated mean change in GEX over 12 weeks, PCA: posterior cerebral artery, Vmean: mean velocity, Vmax: maximum 
velocity, MAP: mean arterial pressure, PI: pulsatility index, AU: arbitrary units, PR: pulse ratio, CrCP: critical closing pressure, RAP: resistance area product. 
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5.4.3 Neurovascular coupling 

Four GEX and 3 WEX participants were excluded due to signal noise. Control 

participants were not included in the statistical analysis, as only 4 participants who had PCA 

measures had data with adequate quality for analysis due to ectopy or noise. In the baseline 

to peak response analysis there were no significant differences between groups (Table 5.5). 

When PCAv mean response was averaged in 5 second segments, the change in WEX was 

not significantly different from GEX for any interval, although the 5 to 10 second (3.7 cm.s-

1, p=0.067) and 10 to 15 second (3.8 cm.s-1, p=0.088) responses tended to increase more 

with WEX (Table 5.5). 

5.5 Discussion 

This study is the first to compare the effects of water and land-based exercise 

training on cerebral autoregulation in people with stable CHD. We observed directionally 

different adaptations in the VLF spectrum for gain and normalised gain between WEX and 

GEX responses. These differences suggest that water-based exercise may represent a 

unique and beneficial physiological stimulus for improving cerebrovascular perfusion-

pressure regulation. Whilst the differential effect of WEX compared to GEX on PCAv mean 

response during NVC (p=0.067) and DBP (p=0.056) did not reach statistical significance, 

these preliminary findings support further research into the effects of water-based exercise 

on cerebrovascular health.  

Cardiometabolic conditions can impair dCA (43, 44), a marker of the capacity of the 

brain to buffer changes in blood pressure to maintain perfusion (33). We found reduced VLF 

gain and normalised gain in WEX, compared to GEX, over 12 weeks. This observation is 

consistent with previous findings of reduced VLF normalised gain (from induced blood 

pressure oscillations) in response to 24 weeks of water walking, compared to land walking, 

in healthy older adults (18). The gain derived from the transfer function analysis represents 

the degree of dampening in the MCAv signal, compared to the change in blood pressure, 

with lower gain representing more effective regulation (33). This may indicate an improved 

ability for the brain to maintain perfusion during perturbations, such as postural changes 

(33). 

The effects of hydrostatic pressure, superimposed on exercise, may underpin the 

differences in the cerebrovascular stimulus between water- and land-based exercise 
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modalities, explaining the dCA findings we observed. During immersion, hydrostatic 

pressure acts on the lower body, driving increased venous return, preload and cardiac 

output (5-7). Accordingly, CBv has been found to exhibit greater increases during water-

immersed exercise than land-based exercise at a matched-intensity during 30-32°C water 

immersion (2, 30, 31), indicating that the cerebrovasculature likely had different CBv 

exposures during this study.  

While the clinical implications of the effect of WEX on dCA remain to be fully 

elucidated, the MCAv and MAP response to a rapid stand challenge was blunted in people 

with CHD compared to controls (24), indicating autoregulation may be impaired. In people 

with CHD, six months of land-based exercise training did not change the rapid stand 

challenge MAP or MCAv responses (24), suggesting other modalities of exercise may be 

required to elicit improvements in dCA (18). While dCA directly relates to cerebrovasculature 

capacity to buffer changes in systemic blood pressure and cope with positional changes 

(33), impaired dCA has been associated with other adverse clinical states. In adults with 

hypertension and/or diabetes, increased LF gain was associated with lower fractional 

anisotropy (reduced white matter integrity) (45). This suggests an association between 

impairment in cerebral autoregulation and the risk of developing adverse changes to white 

matter. Furthermore, increased LF normalised gain has been associated with orthostatic 

hypotension and dementia in people with Parkinson’s disease (46), indicating there may be 

links between cerebrovascular function and cognitive and autonomic pathology.  

Further research is required into how these changes would impact people with CHD 

who have risk factors for developing orthostatic intolerance, such as older age (47), and the 

use of diuretic, nitrate and beta blocker medications (48). The beneficial effect of WEX 

compared to GEX on dCA in our study is meaningful, considering the population studied has 

a higher risk of orthostatic intolerance. Coupled with the increased aerobic capacity and 

improvement in body composition in this (28) and previous water immersion studies (25, 

26), WEX as a physical health modality should be considered for future research into 

optimising exercise training and improving cerebrovascular function in this population.  

Despite divergent responses in dCA between groups, no changes in resting MCAv 

or PCAv were observed in this study. This is consistent with findings from our group in 

healthy older adults following 24 weeks of water or land-based walking exercise (18), and 

with data from older adults with type 2 diabetes who performed Nordic walking in the pool 3 

times per week for 12 weeks (32). In a similar population to this study, Coombs et al. (2023) 

examined the effects of 6 months of land-based cardiac rehabilitation exercise in people 
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with CHD and found no change in resting MCAv over time (24). It seems likely that resting 

cerebrovascular functional measures are preserved by redundant compensatory 

mechanisms in humans. 

In the current study MCA PI was unchanged, while PCA PI increased (0.09AU, 

p=0.002) in the WEX group over the 12-week intervention, although not to a greater extent 

than the control group. PI is an indicator of small vessel cerebral resistance, with an increase 

in PI considered to reflect an increase in small vessel tone (37), although haemodynamic 

factors other than cerebrovascular resistance have been noted to impact PI (49). While 

previous research has found an association between elevated MCA PI and mild cognitive 

impairment in people with hypertension (50), the clinical effects of elevated PCA PI have not 

been determined. In the present study the change in PCA PI from week 0 to week 12 was 

of a similar magnitude to the differences seen with the NVC stimulus that occurs in seconds 

(PCA PI change at week 0 was +0.07AU with GEX and +0.12 AU with WEX), and remained 

within the range of normal values of 0.5-1.19AU (51), suggesting that it is unlikely that this 

finding is associated with negative clinical implications.  

The peak PCAv NVC response was not altered by exercise training and the change 

in mean PCAv during the eyes open response phase from baseline to week 12 in WEX 

compared to GEX between 5-10 and 10-15 seconds did not reach statistical significance 

(3.7 cm.s-1, p=0.067 and 3.8 cm.s-1, p=0.088, respectively). The lack of significant change 

in NVC response following exercise training in this study is similar to findings in healthy older 

adults (18). The 24 week land or water walking intervention in healthy adults ≥50 years 

utilised a similar visual paradigm to assess NVC as the present study and did not find any 

training related changes in PCAv responses (18). In healthy aging, PCAv mean responses 

to NVC are reduced compared to younger adults (52) and disease states such as 

hypertension can impair the function of cerebral vessels and NVC responses (53), which 

may contribute to the lack of significant change seen in the present study.  

While the effect on blood pressure did not reach significance between groups in the 

present study, the 4mmHg reductions in DBP and MAP (p=0.056 and p=0.068 respectively) 

in the WEX cohort should encourage further research in this area. A 24 week study in people 

with heart failure by Caminiti et al. (2011) found combined water and land based exercise 

significantly reduced DBP (-11mmHg) compared to land-based exercise alone (-4mmHg), 

however the baseline DBP measures were greater than in the current study (87-88mmHg 

compared to 67-73mmHg) (54). In populations with hypertension, water-based training has 

been found to be effective for reducing SBP and DBP (55), and was at least as effective as 
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land-based exercise in doing so (56), suggesting WEX may be more effective for reducing 

blood pressure in people with hypertension.  

Water-based exercise interventions have been found to have a range of health 

benefits for older adults and clinical populations. This WEX program was also found to 

improve endothelial function (57), aerobic capacity, leg strength and body fat (28) in people 

with CHD. Studies in older adults and people with diabetes have seen positive changes in 

lean mass (26), body fat percentage (32), endothelial function (58), aerobic capacity (25), 

functional strength (32) and glycaemic control (32), in addition to the cerebrovascular 

benefits of improved dCA (18), reduced MCA pulsatility index (32), and increased 

cerebrovascular conductance in response to hypercapnia (32). Furthermore, improvement 

in cognition has been seen with Nordic water-walking in people with type 2 diabetes and this 

was correlated with changes in cerebrovascular function (32). Taken together, these studies 

support larger future studies into the effects of water-based exercise training on 

cerebrovascular and cognitive function in people with CHD, and people at risk of 

cardiovascular disease or cognitive decline. 

5.5.1 Limitations  

Transcranial Doppler assessment of CBv is extensively used in the literature, with 

benefits including high temporal resolution, being non-invasive, non-radioactive, allowing for 

dynamic and low risk assessments. A potential limitation of this methodology is the reliance 

upon the assumption of constant target vessel diameter (59), both during the assessment 

session, and over the exercise program or control period, however, MCA diameter was 

found to be acutely stable in the absence of high levels of hypercapnia (60). A further 

limitation of this study is the relatively small sample size, resulting from several factors 

including participant attrition, signal interference, particularly from ectopy or irregular 

rhythms, poor tolerance of the positions and equipment by participants, musculoskeletal 

comorbidities, and difficulty insonating some participants, highlighting the challenges 

inherent in a RCT of this nature. Nonetheless, interventional training studies are important 

and robust approaches, as cross-sectional comparisons of trained vs untrained subjects are 

diluted by self-selection bias and myriad between-subject factors that impact human 

physiology. Future studies focusing on cerebrovascular outcomes of participants with 

cardiovascular disease may need to undertake screening tests prior to study enrolment to 

minimise the impact of these threats to internal validity. In healthy older adults approximately 

11% of those assessed in a 24 week water-walking study were unable to be insonated, 
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highlighting this is not a problem unique to this study (18). Furthermore, these effects may 

be compounded in a population with CHD, given the observed reductions in MCAv (24) and 

increased risk of arterial tortuosity (61), which may limit the ability to insonate at an 

appropriate angle. Future studies may consider the addition of methods such as magnetic 

resonance imaging, which may counter some of the technical challenges of the current 

study, however the ability to do functional tests, such as repeated squats, would be limited. 

This study excluded patients within 6 months of a cardiac event or intervention, with 

heart failure, and those medicated with insulin, limiting the generalisability of the findings to 

these cohorts. Additionally, participants were tested whilst taking usual medications, such 

as beta blockers and ACE-inhibitors, which may alter haemodynamic responses (62), and 

endothelial function. However, we determined it would be unethical to ask participants to 

cease any medications. Moreover, maintaining usual medications makes the results readily 

transferable to the clinical setting. In the context of these limitations, our preliminary findings 

should encourage further research into the effects of WEX on cerebrovascular function 

across diverse cohorts of people with CVD and an expanded set of outcome measures.  

5.6 Conclusions 

This exploratory study in people with CHD found changes in dynamic cerebral 

autoregulation between WEX and GEX, suggesting that water based mixed-modality 

exercise performed in the upright posture may be more beneficial for the brain’s ability to 

buffer blood pressure changes. Further research is needed to determine the longer-term 

effects of this stimulus on orthostatic tolerance, cerebrovascular health and cognition in 

people with CHD. While the effect of exercise training on NVC outcomes didn’t reach 

significance in the current study, future studies involving larger sample sizes and a broader 

range of neurovascular outcomes are warranted to more conclusively evaluate the potential 

clinical utility of WEX, an emerging exercise modality for people with cardiovascular disease.  
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5.7 Supplementary Material 

5.7.1 Supplementary material 1 

 

Figure 5.1 Supplementary material 1 exercise training programs. 
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5.7.2 Supplementary material 2 

Analysis limitations: 

Resting and overall session data limitations: 

The main data limitation was being unable to insonate MCA in 3 WEX, 1 GEX, 1 

control participants, and PCA in 1 WEX, 2 GEX, 1 control participants. Insonation was 

performed by a trained PhD student and checked by an experienced cerebrovascular 

researcher (Author K.S.). Other limitations included an inability to attend the follow up CBv 

session within the 1 week post-training window due to illness or travel (2 WEX, 1 control 

participants). Furthermore, near syncope (inability to tolerate the testing session) occurred 

in 2 GEX participants and signal noise affected readings from 1 GEX and 1 control 

participants for some measures.  

 

Dynamic cerebral autoregulation:  

Resting analysis was conducted in 7 WEX and 8 GEX participants. This was due to 

inadequate signal or signal interruption in 3 WEX participants, and 4 GEX participants and 

blood pressure trace interference in 2 GEX participants. The squat-stand analysis was 

conducted in 6 WEX and 8 GEX participants, due to musculoskeletal pain in 1 WEX 

participant, signal noise or failure in 2 WEX and 3 GEX participants, and ectopy affecting 

signals in 1 WEX and 3 GEX participants. The transfer function analysis software 

determined there was inadequate coherence for reliable gain and normalised gain measures 

in the VLF band for 1 WEX participant at rest, and 1 WEX and 3 GEX participants during 

squat stands. The control group was omitted from statistical analysis, as only 4 (resting) and 

2 (squat stand) control participants had data suitable for coherence analysis. Wrap-around 

of phase data should be excluded from analysis (per current guidelines) leaving insufficient 

data for phase analysis. 
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Chapter 6. Discussion  

6.1 Overview 

This thesis reports the first randomised, controlled trial investigating a WEX program 

for people with stable coronary heart disease (CHD). The findings from this study support 

WEX being an appropriate form of exercise to GEX for people with stable CHD. In agreeance 

with the first hypothesis, Chapter 3 highlighted WEX increased VO2peak to a similar extent as 

GEX. In addressing the second hypothesis, that WEX and GEX would similarly impact the 

secondary outcome measures of muscular strength, body composition, blood profiles and 

blood pressure, Chapter 3 found both WEX and GEX increased lower limb strength and 

reduced body fat, while Chapter 4 observed an improvement in triglycerides with GEX, and 

Chapter 5 demonstrated a tendency for blood pressure outcomes to improve with WEX. 

These findings highlight both exercise modalities were able to improve secondary outcome 

measures. Finally, in addressing the third hypothesis, that WEX would provide  benefits to 

endothelial and cerebrovascular function, Chapter 4 found WEX provided benefits to 

endothelial function, not evident with GEX performed at a similar relative intensity and 

involving similar muscle groups, and Chapter 5 observed that WEX may induce more 

favourable cerebral autoregulatory responses compared to GEX. These findings highlight 

that WEX is an appropriate alternative exercise modality for people with CHD which may be 

of specific benefit for improving vascular and cerebrovascular dysfunction.  

6.2 Addressing potential barriers to exercise in people with 

coronary heart disease 

Engaging people with CHD in regular, ongoing exercise is an important for the 

secondary prevention of further cardiovascular events, and is associated with improvements 

in fitness, cardiovascular risk factors, and cardiovascular mortality (1, 2). A meta-analysis of 

studies involving people with CHD who maintained an active lifestyle over the long term 

(study follow up periods ranging from 4.2-15.7 years), compared to people who remained 

inactive, reported that both all-cause and cardiovascular mortality were lowered by 

approximately 50% in the active cohorts (3). Furthermore, improvements in, or higher levels 

of, aerobic capacity, endothelial function and leg strength (outcomes which were improved 

with WEX in the present project) have been shown to be associated with improved survival 

in people with CHD (4-7).  



 

200 

While the benefits of exercise are well established for people with CHD, attendance 

rates at cardiac rehabilitation are often sub-optimal and physical activity levels are often 

below recommended guidelines (8-12). There are many potential reasons for this, including 

work pressures (13, 14), transportation or logistic issues (13-15), motivation and personal 

preferences (14, 16), and the impact of physical issues or comorbidities (13, 15, 17, 18).  

The physical properties of water immersion may provide a solution to some of these 

barriers. Musculoskeletal pain or discomfort has been associated with reduced exercise 

participation in people with CHD (17, 18). Water-immersion reduces the weight bearing load 

in proportion to the amount of the body submerged, and can also  modulate pain (19), which 

potentially may help to alleviate some of the discomfort experienced by some people during 

exercise (20). Indeed, in patients with heart failure who undertook water-based exercise 

there was moderate agreement (7/10 on a Likert scale) that exercising in the water reduced 

their self-rated musculoskeletal pain (21), and 76% of people with CHD who undertook land 

and water-based maximum exercise tests found the water-based test more comfortable 

(22). Ensuring patients are comfortable during exercise is important to optimise exercise 

adherence, as unpleasant experiences during exercise can reduce exercise participation 

(23). For example, reasons identified for people dropping out of exercise-based cardiac 

rehabilitation have included a fear of provocation of musculoskeletal conditions, or pain or 

discomfort with exercise (13), with 15% of withdrawals from cardiac rehabilitation in women 

and 9% in men being related to musculoskeletal issues (14). In addition to being a key 

component of secondary prevention (24), exercise is important for arthritis management 

(25). Recent exercise guidelines for people with osteoarthritis noted similar efficacy between 

water- and land-based exercise and suggest water-based exercise may be beneficial for 

those unable to exercise on land due to it being too difficult to perform, or too pain 

provocative (26). Given that a high proportion (up to 60%) of people with CHD experience 

some degree of comorbid arthritis (18), the inclusion of WEX as a suitable exercise modality 

for patients with CHD may help to increase exercise participation in this population.  

Water-based exercise may also address additional barriers to exercise for sub-

populations of people with CHD. Fear of falling has been associated with reduced exercise 

participation in people with CHD (27) and a meta-analysis concluded that in adults with CHD 

aged 50 years and over, there was an adjusted odds ratio of 1.13 (95% CI 1.05-1.23) for 

falls (28). In people hospitalised for a myocardial infarction, approximately 10% and 36% 

were classified as high and moderate falls risk, respectively (29). The hazard ratio for death 

within 12 months was 3.65 (95% CI 1.67-7.99) for those classified as high falls risk, 
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compared to those classed as a low falls risk (29). Meta-analyses have found that exercise 

training has a positive impact on fear of falling and falls risk factors in older adults (30), with 

water-based exercise and land-based exercise demonstrating similar benefits for dynamic 

balance (31). As a facilitator for encouraging exercise, the physical properties of water, such 

as buoyancy and viscosity, assist in supporting the body and would slow the body down in 

the event of a fall (19), reducing the chance of injury. These factors may encourage exercise 

training in the large cohort of people with CHD who are at risk of falling.  

Aside from physical comorbidities, motivation is an important component of exercise 

adherence in people with CHD (16). A literature review in people with chronic disease 

identified the importance of finding enjoyment in an exercise program to enhance adherence 

to the regimen (23). A key concept related to this is that what is enjoyable (or unpleasant) 

to one person may be different to that of a different person (23), emphasising the importance 

of having a broad range of exercise modalities supported by evidence for this patient group 

to cater to individual preferences.  

Exercise modalities that are effective for improving function and reducing risk factors 

are an integral component of cardiac rehabilitation and the secondary prevention of further 

adverse cardiovascular events, or complications (32). Local and international guidelines for 

exercise prescription in cardiac rehabilitation highlight the importance of applying a patient 

centred approach, which relies on individualised options for exercise prescription (32-34) . 

The findings from this thesis support the prescription of water-based exercise as a safe and 

effective exercise training modality that increases the range of effective exercise options 

available, facilitating patient choice, along with assisting in reducing barriers to exercise 

across a variety of subgroups of people with CHD.  

6.3 The efficacy of water-based circuit exercise training in 

people with coronary heart disease 

The literature on upright, water-based exercise training in people with CHD can be 

broadly categorised into two types of exercise programs- short-term intensive inpatient 

rehabilitation programs (35-39) and longer duration outpatient or community programs (40-

43). To date, the water-based exercise programs investigated in people with CHD have 

included aerobic (43), aerobic with some added resistance (42), a water-based 

gymnastic/callisthenic component of a combined program (35, 36, 39), or both aerobic and 

resistance training, conducted over separate sessions (37, 38, 40, 41). The studies 

undertaken and presented in this thesis are the first to describe the effects of a water-based 
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circuit training program, involving alternating bouts of aerobic and resistance exercises 

performed during each training session. A summary of the impact of the WEX intervention 

as described in this thesis, on aerobic capacity, muscular strength, body composition, 

vascular function, cerebrovascular function and cardiovascular risk factors, is presented 

below.  

6.3.1 Aerobic capacity  

The present project was the first to examine the impact of water-based aerobic and 

resistance circuit training on peak oxygen uptake (VO2peak), the gold standard measure of 

aerobic capacity, in people with CHD (44). As outlined in Chapter 3, WEX significantly 

increased VO2peak over the 12 week duration of the program compared to the control group, 

with no significant differences seen between WEX and GEX, supporting the first hypothesis. 

The magnitude of change over time was +1.8ml.kg-1.min-1 and +2.5ml.kg-1.min-1 compared 

to the control group. This improvement is comparable to that seen in a large (n=1,171) trial 

of 36 land-based exercise session in a phase II rehabilitation program (+1.9 ±3.3ml.kg-1.min-

1) (4). Furthermore, in people with CHD higher VO2peak is associated with improved survival 

(45), and an improvement of 1 ml.kg-1.min-1 in VO2peak was found to be associated with a 

10% reduction in mortality (4), highlighting the clinical relevance of the improvements seen 

in the present project.  

In relation to other water-based exercise studies in people with CHD, the effects 

observed in the current project were consistent with most of the previous studies (36, 39, 

40, 43). The only study whose results were discordant with our findings was the short-term 

study by Vasić et al. (2019), who found a greater increase in VO2peak with water- than land-

based training (land: +2.0 ml-1.kg-1.min; water: +4.0 ml-1.kg-1.min) (37).  

Interpreting the present findings in the context of previous studies, upright water-

based exercise programs consistently improve aerobic capacity, measured in terms of 

VO2peak, in a clinically meaningful way in people with CHD. Whether this occurs to a greater 

extent with short duration (2-3 week) high-frequency (twice daily) water-based exercise 

interventions, compared to land-based exercise interventions, remains unclear and warrants 

further research. Only two studies have compared the effects of land and water-based 

exercise training on VO2peak in an outpatient setting, the present project, and an aerobic 

walking intervention (43), which observed a similar effect on aerobic capacity. Collectively, 

this research indicates WEX, and other forms of upright, water-based exercise are 
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appropriate alternatives to traditional gym-based exercise programs for improving aerobic 

capacity in people with CHD. 

6.3.2 Muscular strength 

As outlined in Chapter 3, WEX increased hamstring curl strength by 10% (significant 

compared to control), but while leg press strength increased over time (7%) there was not a 

significant effect compared to the control group. While not significantly different to the 

change with WEX, the GEX group increased hamstrings and leg press strength by 13% and 

14% respectively (significant compared to control). This increase in leg strength with both 

WEX and GEX supports the second hypothesis, that both modalities would improve 

muscular strength. Limited changes were seen in upper limb strength, however, divergent 

from our second hypothesis, GEX significantly increased biceps strength compared to WEX, 

and latissimus dorsi pulldown strength compared to control. In the present project some 

participants were unable to complete 1 repetition maximum testing due to musculoskeletal 

limitations (7,3,4 and 10 participants for leg press, hamstring curl, bicep curl and latissimus 

dorsi pulldown, respectively), which may have impacted the results. Given the high 

prevalence of musculoskeletal comorbidities in this population, the inclusion of submaximal 

or functional measures of strength may be worth considering for future research projects, 

and in clinical practice. 

Only limited studies have investigated the impact of water-based training on 

muscular strength in people with CHD. Tokmakidis et al. (2008) found that whole body 

strength increased 12% over four months, with an increase seen in both upper and whole-

body strength summated measures (40). Compared to the present project, Tokmakidis et 

al. included four dedicated exercises involving the upper body (40), compared to two in the 

present project, which may explain the difference seen between studies. Another study that 

measured strength by Volaklis et al. (2007) only provided a measure of whole-body strength, 

reporting 12% and 13% increases with water- and land-based training, respectively (41), 

suggesting comparable effects between water and land-based training. Findings from other 

populations involving people with type 2 diabetes (46) and healthy older females (47) have 

failed to find significant improvement in pectoral deck strength and latissimus dorsi 

pulldowns respectively, although improvements in chest press strength were seen in healthy 

older females (47).  

In people with CHD, increased quadriceps strength has been found to be associated 

with improved survival (6), and in older adults, increased lower limb muscle strength has 
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been correlated with improved functional and gait outcomes (48, 49), highlighting the 

importance of the lower-limb strength increases observed in the present study. Further 

research into whether WEX interventions can be refined for improving upper limb strength 

is required. There are several exercise options that could be investigated to this end, 

including body weight resistance on the pool wall, buoyancy or elastic resisted exercises, or 

supplementary hand weight exercises.  

6.3.3 Body composition 

Chapter 3 presented anthropometric and dual energy x-ray absorptiometry (DXA) 

results, the first study to do so when investigated the effectiveness of WEX in people with 

CHD. While there were no significant differences between groups for anthropometric data, 

further detail from the DXA scans revealed 1.1kg (95% CI -2.3 to 0.0kg) and 1.2kg (-2.3 to -

0.1kg). reductions in mean fat mass compared to the control group for WEX and GEX, 

respectively, in support of the second hypothesis that WEX and GEX would similarly improve 

body composition. Excessive fat mass is associated with a pro-inflammatory state and can 

contribute to atherogenesis (50). Correspondingly, high body fat percentage has been 

associated with increased risk of major adverse coronary events in people with CHD (51).  

Other water-based exercise training programs in people with CHD have found 

reductions in adiposity assessed using the sum of skinfolds (40, 41) and bioimpedance 

analysis (43), though this finding was not universal (42). In studies in people with CHD 

comparing water to land-based exercise, measures of adiposity were found to reduce to a 

similar extent (41, 43). Thus, our finding supports this literature that WEX reduces body fat 

to a similar degree to GEX (51). 

Accompanying the reduction in adiposity, increased lean mass index is associated 

with a reduced risk of major cardiovascular adverse events in people with CHD (51). The 

present study found a small reduction in lean mass with WEX compared to GEX (-0.7kg, 

95% CI -1.4 to -0.1kg), although the individual group differences were 0.4kg or less, which 

is within the acknowledged margin of accuracy for lean tissue for the DXA machine used 

(0.61-0.86kg) (52-54).  

6.3.4 Vascular function 

As outlined in Chapter 4, WEX improved FMD percentage change, a measure of 

vascular endothelial function, from 4.0% (95% CI 3.0 to 5.1%) to 5.3%, (95% CI 4.1 to 6.5%), 
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while it remained stable with GEX. While the increase in FMD with WEX supports the third 

hypothesis, that WEX would improve endothelial function, the difference between WEX and 

GEX was not significant. Endothelial dysfunction underpins atherosclerosis, the underlying 

pathology in CHD (55-57). A meta-analysis found prognostic value in FMD assessment in 

people with CVD, with a 16% reduction in the risk of adverse cardiovascular events per 1% 

higher FMD score (58). In people with stable CHD, diagnosed at least 6 months previously, 

a singular FMD assessment was found to be useful for predicting adverse events (59). 

Furthermore, in people admitted for angiography with a new CHD diagnosis, lasting 

impairment in FMD over six months was associated with an increased risk of adverse 

cardiovascular events, independent of an improvement in traditional risk factors (5). These 

studies highlight the importance of improving endothelial function in people with CHD.  

Land-based exercise training has been found to improve coronary (60) and 

peripheral artery endothelial function (61) in people with CHD. This is considered to be 

driven by the recurrent exposure to transient increases in shear stress on arterial walls that 

occurs with exercise training (62). The physical properties of water immersion may augment 

the shear stress stimulus induced during exercise, resulting from a complex interplay of 

hydrostatic pressure and thermal effects (63). While the current project demonstrated an 

improvement in FMD with WEX, the mechanism of this change was not elucidated, and it 

may reflect a combination of influences; exercise-induced shear stress, hydrostatic pressure 

and thermal effects.  

Few studies have examined the impact of water-based training on endothelial 

function in people with CHD, with the current project being the first study outside of a high 

frequency, inpatient rehabilitation program to examine this outcome. Consistent with 

findings in the current thesis, short-duration inpatient water-based exercise programs have 

been found to improve markers of endothelial function (36, 37). In people recovering from a 

recent coronary event or intervention, two weeks of high-frequency, inpatient, water or land 

based exercise training increased FMD (37), while a 3 week high-frequency, inpatient study 

of land alone, or land and water-based exercise, found increases in metabolites of nitric 

oxide (associated with endothelial function) with the land and water group, but not the land 

alone group (36). The difference in FMD findings for GEX in the present project, compared 

to the two-week study, may be due to the influence of a different shear stress pattern 

provoked by the training stimulus (continuous aerobic exercise or gym sessions compared 

to alternating exercises), or the acuity of the patients. Data from these intensive studies 

support the findings of WEX improving FMD, and together with the results of the present 
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project, suggest similar benefits to endothelial function are available to people with CHD 

from a less-intensive exercise regimen that would be more suited to maintaining ongoing 

exercise. 

6.3.5 Cerebrovascular function 

The impact of water-based exercise training on cerebrovascular function in people 

with CHD has not previously been reported in the literature. The exploratory study in the 

present thesis, reported in Chapter 5, supported the third hypothesis that WEX would  

improve cerebrovascular function, with the observation that WEX had reduced gain and 

normalised gain in the low frequency spectrum during dynamic cerebral autoregulation 

assessment compared to GEX. These changes are indicative of improved dynamic cerebral 

autoregulation (the ability of the cerebrovasculature to counteract changes in systemic blood 

pressure (64)), supporting future research into the impact of WEX on cerebrovascular 

function in people with CHD.  

People with CHD have been observed to have changes in the grey (65, 66) and 

white (67) matter structures of the brain, reductions in regional cerebral perfusion (68), 

resting middle cerebral artery velocity (69) and are at increased risk of developing cognitive 

impairment or dementia (70). Functionally, cardiometabolic conditions can lead to 

impairments in dynamic cerebral autoregulation (71, 72), which is an indicator of how well 

the brain can buffer changes in blood pressure (64). Additionally, cerebral perfusion 

responses to stimuli can be blunted with ageing and hypertension (73, 74), suggesting that 

people with CHD are at risk of functional cerebrovascular changes.  

In people with CHD, exercise training has been found to ameliorate some of the 

deleterious adaptations seen in the grey (65) and white matter (67), perfusion changes (68) 

and aspects of cognitive function (75), although the optimum exercise prescription for 

improving cerebrovascular health has not been determined.  

In healthy older adults, 24 weeks of water walking demonstrated some benefit over 

land-walking for improving dynamic cerebral autoregulation, through exhibiting improvement 

in very low frequency normalised gain (76), with the present study supporting this finding. A 

recent study investigating the effects of land-based exercise training on the cerebral 

autoregulatory response to a rapid stand test in people with CHD and found no difference in 

mean arterial pressure or MCAv responses after exercise training (69), suggesting alternate 

training modalities should be considered if an improvement in cerebrovascular function is a 
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desired outcome. The adverse cerebral and cognitive changes observed in people with CHD 

highlight the systemic nature of the disease, and the need for exercise strategies to be 

developed that target improvements in brain health, with this project supporting the inclusion 

of water-based exercise modalities in future research. 

6.3.6 Other outcome measures 

Other markers that have been associated with cardiovascular risk that were 

assessed in the studies presented in this thesis include blood profile markers, reported in 

Chapter 4, and resting blood pressure, outlined in Chapter 5.  

In the current study, blood profiles remained relatively stable across the 12-week 

period. The only significant change in the lipid profile measures occurred in triglycerides in 

the GEX group, with a 17% reduction over time (p=0.022) and a trend for a reduction 

compared to control (p=0.059), but not WEX (p=0.232). While higher levels of triglycerides 

have been associated with increased risk of atherosclerotic events in people with CHD (77), 

low density lipoprotein cholesterol (LDL-C) has been acknowledged as the leading 

atherogenic lipoprotein in recent lipid management guidelines, and is the primary target of 

medical management (78-80). Neither HDL-C or LDL-C were found to be significantly 

altered in the present project, consistent with previous studies comparing land and water-

based exercise in people with CHD (41, 43). A study of aerobic, resistance and combined 

land-based exercise training in people with CHD found total cholesterol and LDL-C took 

eight months to improve (81). This suggests a longer duration training program may be 

needed to induce changes in other assays of the lipid profile. 

As discussed in Chapter 4, fibrinogen was significantly reduced with GEX compared 

to WEX and control, although the 5% reduction did not reach significance within the GEX 

group over the 12 weeks. Fibrinogen has been associated with increased mortality risk in 

people with CHD with a J-shaped association (lowest mortality between 2.95 and 3.69 g.L-

1) (82). Both training groups in the present study remained within the optimal zone 

throughout the study period, although the control group increased to just outside the upper 

margin at the end of the 12-week period. The present project found no changes in other 

blood markers associated with adverse outcomes in people with CHD, such as C-reactive 

protein (83) or renal function (estimated glomerular filtration rate (84)) in any group.  

Chapter 5 outlined changes in blood pressure in a sub-group of the study sample 

who completed cerebrovascular outcome measures. While there were no differences 



 

208 

between groups, there was a tendency for WEX to reduce DBP by ~6% over the 12 weeks 

(p=0.056). Other studies of WEX have observed similar findings (36, 43). Conversely, in 

people with resistant hypertension, water-based exercise training was found to reduce SBP 

and DBP (85). Collectively, it appears the degree of change in blood pressure with water-

based exercise training in people with, or at risk of, CHD may depend on the degree of 

hypertension at baseline. 

In summary, GEX, may favourably influence triglycerides and fibrinogen levels, and 

WEX may benefit DBP. An observation of note was the relatively sound control of lipid 

profile, fibrinogen and blood pressure compared to other studies, which may help to explain 

the lack of changes observed in the present study. Larger trials with greater variability in risk 

factors may provide further evidence for the efficacy of WEX and GEX in improving these 

measures. 

6.4 Limitations 

The participants included in this study were all stable and had lived with a CHD 

diagnosis for at least 6 months prior to study entry. While this means the program is readily 

translatable to the large population of people living with CHD as a chronic condition, caution 

should be applied to extending the results to the acute and sub-acute phase of cardiac 

rehabilitation. Intensive rehabilitation programs conducted early following a cardiac event (< 

four weeks) that had water-based exercise components (not circuit training specifically) were 

well tolerated and effective (36, 37), suggesting the exercise program prescribed in the 

current project may be suitable as the exercise component in a Phase II cardiac 

rehabilitation program taking place within 6 months of a coronary event, though further 

research is required.  

People with CHD and comorbid CHF were not included in this study in order to 

maintain a relatively homogenous cohort, so the findings cannot be extended to patients 

with CHF. Historically, there have been concerns regarding the suitability of water-based 

exercise for patients with CHF, due to the potential for increasing pulmonary artery/capillary 

wedge pressures and left ventricular overload (86). However, several studies have reported 

findings of improved ventricular function during water immersion (87, 88) and that water-

based training was well tolerated and effective for maintaining or improving functional fitness 

outcomes for people with CHF (36, 89-91). To date, there have not been any studies which 

have examined the effects of water-based circuit training involving alternating aerobic and 

resistance exercise in CHF, presenting a valuable opportunity for future research.  
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Patients with other severe comorbid conditions that limit exercise, such as severe 

musculoskeletal or respiratory conditions, were excluded from the present project to allow 

the exercise program to be standardised. A study sample that includes patients with an 

extensive range of comorbidities should be included in future research to ensure the 

program can be developed to suit as broad a range of individuals as possible. Given the 

merits of water-based exercise for people with arthritis, this is an especially important group 

to target. While the participants were on stable medications prior to study entry, one GEX 

participant reduced their dose of a beta blocker during the study and one WEX participant 

increased their cholesterol lowering medication in the final week of training. The GEX 

participant did not contribute MCAv data, and the WEX participant did not produce paired 

dynamic cerebral autoregulation measures, as such they did not impact the analysis of 

dynamic cerebral autoregulation. Their removal from FMD analysis did not impact the 

significance of the within-group FMD% results and there was no change to the significance 

of total cholesterol in the WEX group when the WEX participant with the medication change 

was removed. The impact of other medications could impact certain outcome measures, 

indeed, our results cannot be extrapolated to participants taking insulin, as insulin can 

acutely impact vascular endothelial function assessments, and so was an exclusion for this 

trial (92).  

There were also study limitations associated with the sample size for strength 

testing, due to musculoskeletal pain in some participants. The inclusion of submaximal or 

functional measures of strength (e.g. 30 second chair sit to stand test) are worthy of 

consideration for inclusion in future research to monitor those limited by pain on maximal 

testing. Furthermore, for vascular function and aerobic capacity outcomes, the present 

sample size may not be adequately powered to detect small, between-group changes. 

As outlined in Chapter 5, the investigation of cerebrovascular function poses some 

interesting questions for future research into optimising exercise for enhancing 

cerebrovascular function in people with CHD. The change in dCA response indicates the 

need for future research into the effects of WEX on cerebral blood flow in people with CHD. 

We suggest pre-screening participants for future studies in this area to ensure potential 

participants have an adequate window for the assessment of the target vessels with 

ultrasound and to assess their ability to tolerate the outcome measures. Furthermore, the 

presence of arrhythmias and ectopic beats, which are common in people with CHD, reduced 

the number of measures within an outcome that could be assessed in some instances, so 

increasing the number of trials per outcome would be advisable.  
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6.5 Directions for future research 

While the results presented in this thesis suggest water-based exercise is an 

appropriate modality for people with CHD, there are several avenues for future research that 

could be applied to help develop this modality for uptake in clinical practice. While positive 

changes to endothelial function were observed with WEX, establishing the physiological 

basis for the vascular changes seen requires further investigation. Additionally, further 

examination of the cognitive and cerebrovascular effects of WEX are warranted from the 

promising exploratory findings of this thesis. Finally, further research into translating water-

based exercise into routine clinical practice is needed, and this should be underpinned by 

research involving health economics and implementation science approaches.  

6.5.1 Establishing the physiological mechanisms of vascular 

changes with water-based exercise 

Differentiating the thermal and hydrostatic effects and their contributions to 

peripheral and cerebrovascular responses to water-based exercise in people with CHD may 

help to further optimise training regimens for people with CVD. A randomised controlled trial 

of exercising in different water-temperatures could be used to determine the mechanism of 

benefit from WEX and to inform how best to tailor water-based exercise for optimal outcomes 

in clinical practice.  

6.5.1.1 Acute responses to acute water- based exercise in people with 

coronary heart disease 

While some research has been conducted in healthy individuals into the acute 

effects of water immersion and water-based exercise on cerebrovascular (93-95), peripheral 

vascular (63, 96), and sympathetic nervous system responses (97, 98), the effects in people 

with CHD are unknown.  

Researching the acute effects of water-based exercise in people with CHD is 

important, as responses may differ from young, healthy controls due to the well-established 

impairments in endothelial function that are present in people with CHD (99), and attenuated 

cerebrovascular exercise responses in people with cardiometabolic conditions (100-102). 

Additionally, sympathetic activation can mediate vascular responses to exercise (103), and 

while activation is reduced during water immersion in healthy people (97, 98), this 

attenuation is blunted with age (104) and people with CHD demonstrate elevated 

sympathetic nervous system activation (105).  
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Questions to consider for acute water-based exercise studies in people with CHD: 

- What are the acute effects of water immersion and water-based exercise on 

peripheral limb and cerebrovascular blood velocity / shear / arterial diameter in 

people with CHD? 

- What are the impacts on sympathetic nervous system function, peripheral 

vascular resistance and cardiac outcomes at rest and during exercise? 

- How do these effects vary with different water temperatures and depth? 

- What are the impacts of low and moderate intensity drag resisted exercises on 

peripheral and cerebral blood flow velocities and thermoregulation during 

immersion? 

Answering these questions will help inform the optimal water temperature, depth and 

exercises for translation into clinical practice.  

6.5.1.2 Isolating the effects of water-based exercise training and repeated 

water immersion 

In the present study, participants in the WEX group were exposed to an exercise 

training stimulus and water immersion. Both have the potential to increase shear stress, a 

known mediator of endothelial function (62, 106). Within the water immersion stimulus there 

are both thermal (skin heating (98, 107)) and hydrostatic effects (central volume shift, with 

increased limb blood flow (98, 108)) that can create increases in shear stress. Future studies 

are required that isolate the immersion stimulus from the exercise training stimulus. This 

could be examined through using a repeated immersion group as a comparator to water-

based exercise training. If thermoneutral immersion alone is beneficial to vascular health 

this may prove to be a treatment option for patients with severely impaired mobility, or 

deconditioning. 

 Another consideration for future research would be investigating the effects of 

training in different water temperatures. For example, determining whether outcomes differ 

after training in a hydrotherapy pool (typically 34-35°C) compared with a community heated 

pool (typically 28-30°C). This would help to guide which pool type and temperature is 

required for optimising vascular benefits in people with CHD.  
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6.5.2 Examining the broader cognitive and cerebrovascular 

responses to water-based exercise training in people with 

coronary heart disease 

Given the structural and perfusion changes in the brain with CHD (65, 67, 68), and 

the link between CHD and cognitive dysfunction (70), interventions to improve 

cerebrovascular health in this population are imperative. The exploratory work presented in 

Chapter 5 regarding the impact of WEX on cerebrovascular function suggests that further 

research into the effects of WEX on cognition and cerebrovascular function in people with 

and without CHD is warranted.  

Given the increase in peripheral arterial FMD reported in Chapter 4, and the 

potential manipulation of shear stress with water-based exercise (63), examining the impact 

on cerebrovascular shear-mediated dilation (a recently developed assessment of the 

response in cerebral blood flow to a transient increase in carbon dioxide), which is known to 

be at least partially NO mediated (109), would provide valuable information on the impact of 

shear stress changes on cerebrovascular function. Furthermore, the trend for improvement 

in PCAv responses during neurovascular coupling assessment (reported in Chapter 5) 

suggests further investigation into the impact of WEX on neurovascular coupling responses 

is also warranted, particularly given the link between NO and peak PCAv response to a 

visual paradigm (110). Investigating the standard chequerboard sequence alongside a more 

complex visual task may be considered to provoke a greater PCAv response (111).  

The use of other imaging modalities, such as magnetic resonance imaging should 

also be considered in future studies. Recent evidence has suggested middle cerebral artery 

diameter may change with exercise training over time in young hypertensive people (112). 

Furthermore, in people with CHD, previous studies have shown that exercise training elicited 

changes in grey matter volume (65) and the fractional anisotropy of white matter tracts (67), 

indicating magnetic resonance imaging may provide greater detail about cerebral changes 

and assist with interpreting changes in cerebral blood velocity measured by ultrasound. 

Recently combined MRI and ultrasound data have been used with computational fluid 

dynamic modelling to develop a detailed understanding of the impact of changing cerebral 

blood flow in response to various stimuli (113). Applying this technology to people with CHD 

may aid in identifying areas at risk in the cerebral circulation and allow for any changes in 

these regions with exercise training to be characterised. Studies with larger samples and 

running for longer durations should consider cognitive assessment batteries to ascertain if 

WEX is effective for improving cognitive function.  
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6.5.3 Determining how to translate this program into clinical practice 

For WEX to be more broadly applied in clinical practice, its impact in people with 

comorbidities excluded from the present study need to be determined. Furthermore, if the 

program was to be widely adopted as a modality for outpatient cardiac rehabilitation in 

Australia, where many such programs are government funded, then feasibility and cost-

effectiveness studies are required to support implementation. Many cardiac rehabilitation 

programs do not have access to a hydrotherapy pool, however we have successfully 

conducted a similar program in a community pool for people with type 2 diabetes (46) and 

future research could determine any requirements to implement this as a community-based 

program. Research encouraging transitioning the WEX program from supervised training to 

independent practise should also be considered, to assist in the maintenance of ongoing 

exercise participation.  

6.6 Conclusion 

The research presented in this thesis represents the first study to examine the 

effects of water-based circuit training exercise in people with stable CHD. The WEX program 

was well tolerated and provided similar benefits to aerobic capacity, body fat and hamstring 

strength as GEX. Furthermore, brachial artery endothelial function increased with WEX, and 

favourable changes were observed during dynamic cerebral autoregulation assessment 

with WEX, in comparison to GEX. These findings support WEX as a well-tolerated option 

for exercise prescription in people with CHD, which may have additional benefits to vascular 

health. 

The development of effective exercise modalities that reduce barriers to exercise 

are important for increasing physical activity levels across the population of people with 

CHD. The recognition of WEX as an evidence-based mode of exercise training may help 

improve exercise participation rates by increasing the variety of exercise training options 

and by addressing barriers to exercise, such as musculoskeletal pain, by providing a low 

weight-bearing load option for exercise training.  
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Appendix A Primary HREC approvals 

A.1 Original application approval  
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A.2 Amendment approval May 2016 
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A.3 Amendment approval October 2016 
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A.4 Amendment approval March 2017 
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Appendix B Curtin University reciprocal approvals 

B.5 Original reciprocal approval 
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B.6 May 2016 reciprocal approval 
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B.7 October 2016 reciprocal approval 
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B.8 March 2017 reciprocal approval 
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Appendix C University of Western Australia reciprocal 

approval 
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Appendix D Governance approvals 

D.9 Fiona Stanley Hospital initial approval 
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D.10 Fiona Stanley Hospital amendment approval 
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D.11 Royal Perth Hospital initial approval 
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D.12 Royal Perth Hospital amendment approval 
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D.13 Estimated effective doses for radiographic procedures 

(initial) 
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D.14 Estimated effective doses for radiographic procedures 

(second) 
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Appendix E  Participant information sheet and consent 

forms 

E.15 Participant information sheet and consent form Version 3  

This was the first version for use with potential participants approved May 2016.
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E.16 Participant information sheet and consent form Version 4  

The pages with changes have been tracked and included below (Oct 2016). 
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Appendix F  Recruitment and advertising 

F.17 Invitation letter 
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F.18 Email for groups 
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F.19 Flyer example 
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F.20 Newspaper advertising  

 

This was displayed in local and state newspapers. 
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F.21 Radio advertising example 

Below is the script approved from the Human Research Ethics Committee. This was run on 

CurtinFM radio station.  

Radio advertisement plan: 

Have you had a heart attack, stent or coronary bypass surgery in the past? Are you 

looking to get more active to improve your health? 

Researchers at Curtin University and Fiona Stanley Hospital are investigating whether pool-based 

exercise training improves fitness and cardiovascular health. 

People who take part will undergo a comprehensive health and fitness assessment and 

will be randomly allocated to supervised gym-based exercise, pool-based exercise, or be 

asked to maintain their usual activity for a period of 12 weeks. People in the usual activity 

group will be provided with an individualised exercise program at the end of the study.  

For more information please contact Anna Scheer on 04XX XXX XXX or email: XXXXXX 
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Appendix G  Questionnaires 

G.22 Screening questionnaire 
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G.23 Medication list 

 

Participants filled this out at baseline and follow up assessments. 
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G.24 Food diary 

 

Participants filled this out prior to baseline and follow up assessments. 
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Appendix H Case report forms 

H.25 Aerobic capacity and body composition 
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H.26 Muscular strength- 1 repetition maximum 
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H.27 Vascular function 
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H.28 Cerebrovascular function and DXA 
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Appendix I Exercise programs  

I.29 Pool program participant exercises 
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These were printed as an A4 landscape booklet (1 exercise per page) and laminated 

to allow them to be seen from a distance by participants. Settings could be recorded on 

stickers and updated as required.  
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I.30 Gym program participant exercises 
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Each page represents 1 circuit (A and B), these were printed in half size, laminated 

on a lanyard and had settings/ weights for each exercise on stickers updated when 

participants progressed as a prompt for participants. 
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I.31 Pool program recording sheet 

I.32 Gym program recording sheet
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